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Molecules through Y-Type Zeolite Membrane

Abhijit Chatterjee* and Takashi Iwasaki

Inorganic Materials Section, Tohoku National Industrial Research Institute, 4-2-1 Nigatake, Miyagino-ku,
Sendai 983-8551, Japan

Receied: May 4, 1999; In Final Form: August 5, 1999

The separation of individual component gases from a mixture of 8¢ CH, C;He, and Sk along with the
selective permeation of GGrom a mixture of CQ/N, through Na-zeolite-Y membrane have been investigated
using reactivity descriptors and interaction energy calculations by density functional theory (DFT). To locate
the active site of zeolite-Y, three different cluster models are considered to propose the role of zeolite framework
in the selectivity of gaseous molecular separation. All the interacting molecules were optimized with respect
to the framework cluster to compare the stability of the adsorption complex. We have analyzed the effect of
affinities of gas molecules for the membrane wall on the permeation to predict the optimal affinity strength,
e.g., for higher selectivity of CO We investigated the local softness of the interacting species with the
zeolite framework cluster models. The order of activity as obtained from reactivity index values of individual
molecules was compared with interaction energy calculations using DFT to validate the proposition. The
result successfully predicts the experimental observation of selective permeation of gaseous molecules through
Na-Y-zeolite pore in the orderf#8s < CH; < Sk < CO, < N, and also proposes the plausible mechanism

of zeolite membrane functionality.

Introduction of single components and mixtures of €&nd N, as well as

With the advancement of technology environmental issues CHs, CoHe, and Sk. The separation of COis the most

move from local level to global scale due to increasing industrial important industrial process in terms of its industrial application.
activities and production of new chemical materials. The S© far, there are many experimental and theoretical studies
problem which has generated the most attention is the globalto monitor the interaction of gases with zeolite framework, but

warming caused by the presence of gases such as carbon dioxidd€re is no effort so far to correlate the activity of the gas
methane, and chlorofluorocarbons in the environment. Among Melecules in terms of interaction with zeolite framework. Now,
these gases, the presence of excess carbon dioxide in thdh® hard-soft acid-base (HSAB) principle classify the interac-
atmosphere poses a serious threat to the global environmenttion between acids and bases'ln Ferms of global softness. Pearson
Technologies are on the way to remove carbon dioxide from Proposed the global HSAB principtéThe global hardness was
the atmospher&2 Direct separation processes are a convenient d€fined as the second derivative of energy with respect to the

choice to remove carbon dioxide from the exhaust gases releasedUMber of electrons at constant temperature and external
from a particular stationary source, namely thermal power plants Potential, which includes the nuclear field. The global softness
or fossil fuel combustion in large factoriéaterials of high 1S the inverse of this. Pearson also suggested a principle of
thermal and chemical resistance are needed for such facilities M@Ximum hardnesS;which states that, for a constant external
as the temperature of the exhaust gases is very high. Inorganid®©tential, the system with the maximum global hardness is most
membranes, which contain subnanometer pores, are useful foSt@Ple. In recent days, DFT has gained widespread use in
the separation of gas mixtures under severe conditions whereduantum chemistry. Some DFT-based local properties, e.g.,
organic membranes are not functiofial. Molecular sieving ~ ~UKui functions and local softnesshave already been used
separation, which is performed by microporous materials like for the rellablg .predlctlo.ns in various types of electrophilic
zeolite, is based on a much higher diffusion rate of the smallest@d nucleophilic reaction$.*” There are many recent
molecule. Zeolites have been designed to separate hydrocarborsiudies which reveal that DFT-based reactivity descriptors
molecules. MFI-type zeolite membrane formed onalumina- ~ ¢@n _reproduce the experimentally observed protonation
coateda-alumina porous tube, has been successfully used in SiteS:® 1.3-dipolar cycloadditior?™> reactivity of intermediates
the separation af-octanej-octane, ana-hexané. To employ of the aromatic nucleophilic substitutidh, and reac_t!vr[y
zeolite membranes in a practical manner, reproducibility in the S€duences of carbonyl compounds toward nucleophilic attack

membrane formation process is one of the most important ©" them?2In our recent Stﬂldf’f‘we_propqsedargactivity index
factors. Funke et d.reported that changes in membrane scale for heteroatomic interaction with zeolite framework.

morphology occurred, for the same porous substrate, underMoreover, Gazquez and Mend&zroposed that when two
different synthesis conditions. Kusakabe etalecently em- molecules A and B of equal softness interact, thereby implicitly

ployed Y-type zeolite membrane and studied the permeancesassuming. one of the species as nucleo_phile and the other as an
electrophile, then a novel bond would likely form between an

* Corresponding author. E-mail: chatt@tniri.go.jp. Phore81-22-237- atom A and an atom B whose Fukui function values are close
5211. Fax: +81-22-236-6839. to each other.
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The present study is in the area of zeolite membrane, which affinity of the molecule, respectively. Atomic softness values
selectively separates gas molecules through permeation. We firstan easily be calculated by using eq 4, namely,
use DFT-based local reactivity descriptors to correlate the

activity of several gas molecules such as;Cy, CH,, CoHg, 5x+ =[q(N+ 1) — q,(N)]S

and Sk with zeolite framework. Three different cluster models

are considered to reproduce and compare the effect of environ- s, =[0(N) — g(N — 1)]S (6)
ment on the activity of the active center present in zeolite

framework. The reactivity indices of nucleophilic and electro- Sf =9q,(N+1)—q,(N—1)]/2

philic sites were compared. An activity order is proposed. The
results were compared with the interaction energy calculations Computational Methodology and Model
for each molecule with zeolite framework using DFT. The role
of orientation of the molecule during permeation is also traced.
A priori mechanism of the separation process through Y-type
zeolite membrane was proposed.

In the present study, all calculations have been carried out
with DFT?8 using DMOL code of MSI Inc. BLYP?20exchange
correlation functional and DNP basis ¥avas used throughout
the calculation. BLYP has already shown its credibility for
explaining weak hydrogen bond type interactions in comparison
to MP2 level calculationg331t is also useful in describing the

Let us first recall the definition of various quantities interaction of heteroatomic molecules with zeolite framework
employed. The Fukui functiof(r) is defined by? cluster? Basis set superposition error (BSSE) was also calcu-

lated for the current basis set in nonlocal density approximation
f(r) = [8u/dv(r)IN = [8p(r)/oN]v @) (NLDA) using Boys-Bernardi method* Geometr);espgf all the
The function " is thus a local quantity, which has different interacting gaseous molecules £®,, CHa, CHs, and Sk
values at different points in the species, ahig the total number along with the zeolite framework cluster mode_ls representing
of electrons. Since(r) as a function oN has slope disconti-  the three different gateways of Y-type zeolite were fully

Theory

nuities, eq 1 provides the following three reaction indites: optimized for calculating the reactivity index. The theory of
reactivity index calculations is mentioned elsewhere in détail.
7(r) = [9p(r)/dN]v (governing electrophilic attack) Single-point calculations of the cation and anion of each
. _ - molecule at the optimized geometry of the neutral molecule were
f7(r) = [0p(r)/oN]v (governing nucleophilic attack) also carried out to evaluate Fukui functions and global and local

0y T - . softness. The condensed Fukui function and atomic softness
F(r) = 1/2[f*(r) + f (1] (for radial attack) were evaluated using eqs 2 and 6, respectively. The gross atomic
In a finite difference approximation, the condensed Fukui charges were evaluated by using the technique of electrostaic
functior?® of an atom, say x, in a molecule witl electrons potential (ESP) driven charges. It is well-known that Mulliken

are defined as charges are highly basis set dependent, whereas ESP driven
charges show less basis set depend@iéé*and are better
fx+ = [g(N + 1) — g,(N)] (for nucleophilic attack) descriptors of the molecular electronic density distribution.

Calculations have been performed on three different clusters
f. = [a(N) — g,(N — 1)] (for electrophilic attack) (2)  with formula (a) NaSiAIQHs, (b) NaSpAlO13H11, and (c)
NaSEAIO1gH1.. The adjacent silicon and aluminum atoms

fXO =[g(N+ 1) — q(N — 1))/2 (for radical attack) occurring in the zeolite lattice are replaced by hydrogens to
preserve the electroneutrality of the model as shown in Figure

where g is the electronic population of atomin a molecule.  1a—c. The terminal hydrogens are kept at a distance of 1.66 A.
In density functional theory, hardness) (s defined a¥ The aim of the present communication is to use DFT-based
5 5 reactivity descriptors to compare the local softness values of

n = 12BN )v(r) = 1/2(uloN)nv the atoms of the interacting molecules along with the zeolite

framework cluster. The atoms for which those values will be

The global softnesss, is defined as the inverse of the global closer will be considered as the most probable sites of

hardnessy. interaction. Then the proposition will be justified and the
S=1/2y = (ONIou)v mechdanism from interaction energy calculations will be pro-
posed.

The local softness(r) can be defined as
Results and Discussion

) = @p(r)/auv 3) The global softness values of the zeolite cluster models as

Equation 3 can also be written as well as the interacting molecules calculated using DFT are
presented in Table 1. The global hardness values of the clusters

S(r) = [3p(r)/ON]v[oN/ou]v = f(r)S 4) are mentioned at the bottom of the table for comparison. The

. . . values of nucleophilic condensed local softnesg’)( and
hus, loca softness contains the same Information asthe PUukUicondensed Fukui functior() of the individual atoms of the
" p cluster models obtained through the ESP technique at the DFT

ular softness, which is related to the global reactivity with level are shown in Table 2. The electrophilic condensed local
respect to a reaction partner, as stated in HSAB principle. Using softness &) and condenséd Fukui functiofi() have been

the finite difference approximatior can be approximated as calculated for all the interacting molecules using ESP method

S=1/(IE — EA) (5) and presented in Table 3. Itis observed from Table 1, that those
global softness values for the zeolite cluster models are higher
where |IE and EA are the first ionization energy and electron than that of the interacting molecular species. So to test the
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Figure 1. Sketch of framework cluster models with formula (a) NaSifHg (b) NaSpAl,O13H1a, and (c) NaSJAIO1gH1». All the atoms are
labeled except the hydrogens for visual clarity. Only the oxygens directly interacting with the molecule are labeled according to their type (01/04)

TABLE 1: Global Softness Values (in au) for Zeolite TABLE 2: Condensed Fukui Function and Local Softness
Cluster along with Different Gaseous Interacting Molecule3 Values for Zeolite Cluster Models (Only the Oxygens of the
Cluster Interacting with Molecules are Labeled)
molecule global softness (au) : : _
framework cluster a 29188 atoms ESij technlqueatoms E+SP tecrlnquﬁoms +ESP tei:hnlque
framework cluster b 7.0472 of (@) & s¢ of(b) f s of(c) K Sk
framework cluster ¢ 8.5616 01 010 0291 Ol 0.02 0141 O1 0.02 0171
carbon dioxide 1.7663 O4 006 0175 O 0.04 0.282 04 0.01 0.085
nitrogen 1.4920 O 0.03 0.087 O 0.02 0141 O 0.03 0.257
methane 1.5909 04 005 0145 04 001 0.070 O 0.01 0.085
ethane 1.9306 O 0.04 0116 ©O1 0.02 0.141 O1 0.02 0.171
hexafluoro sulfur 1.2706 01 0.08 0233 O 0.02 0.141 ©O4 0.01 0.085
_ ) ) O 003 0087 O 002 0141 O 002 0171
aGlobal hardness (in au) for the zeolite clusters is (a) 0.1713, (b) H 0.06 0.175 04 0.01 0070 O 0.01 0.085
0.0709, and (c) 0.0584. H 0.05 0145 O©O1 001 0.070 O1 0.02 0.171
H 0.08 0.233 O 0.01 0.070 O 0.02 0.171
HSAB principle, it seems to be important to analyze whether H 005 01450 002 0141 O 003 0.257
he local softness values, Fukui functions, or reactive indices H 007 0204 O 002 0141 O 002 0171
the _ ' : \ €S 4 011 0321 O 002 0141 O 0.02 0171
for the constituent atoms of the cluster models and interacting Si  0.07 0.204 H 0.05 0352 O 0.02 0.171
molecular species will be more reliable parameters. First, the Al 007 0204 H 007 0493 O 0.01 0.085
interaction of the zeolite cluster models with each of the five Na 0120350 H 007 0493 O 001 0.085
. . H 0.06 0423 O 0.01 0.085
probe molecules is calculated using local softness values and H 006 0423 O 002 0171
an activity order is proposed. This is compared with existing H 008 0563 O 0.03 0.257
experimental permittivity order. Then, the effect of cluster size H 006 0423 H 003 0257
in explaining the activity order is compared and finally the H 007 0493 H 0.04 - 0.342
In explaining y order P : y H 005 0352 H 004 0342
interaction energy of the individual molecule with the best H 0.07 0.493 H 0.03 0.257
zeolite framework cluster model was carried out to justify the H 005 0352 H 0.06 0514
proposed order. Si 007 0493 H 005 0.428
The result has always been monitored in terms of the S 007 0493 H 0.06 0514
_ ay ( ) Al 006 0423 H 005 0.428
experimental permeation results to validate the experimental Al 0.07 0493 H 0.06 0.514
selectivity. Finally, from all the results a plausible mechanism Na 009 0634 H 0.06 0.514
of the permeation of gases through zeolite membrane is : 8'82 8"3‘32
proposed. _ o _ _ Si  0.03 0.257
a. Effect of Cluster Size on Reactivity DescriptorsZeolites Si 001 0.085
are crystalline aluminosilicates consisting of $ighd AlQ;~ Si 002 0171
tetrahedra, linked in such a way as to form cages and channels g: 8'8% 8%%
of molecular dimensions. The structure of zeolite g Al 002 0171
determined from neutron diffraction data, was recently reported Na 0.08 0.684

by Fitch et af” The space group f&l3mwith a lattice parameter

a = 24.85 A. The framework is composed of cubooctahedral supercages. The supercages are interconnected by windows that
sodalite cages linked together in a tetrahedral arrangement byare formed by rings consisting of 12 Si/Al and 12 O atoms
six-membered rings of O1 atoms to form large cavities, called (Figure 2). The probable locations of extraframework cations
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in all these clusters, Na is occupying either the Sl or Sl site as
shown in Figure 2, as it happens to be in the structure. The
local parameters, Fukui function, and atomic softness values
show a reverse order, as anticipated from chemical intuition.
The charge on sodium is dissipated to its surroundings with
N\ increase in the cluster size. The charge delocalization is observed
from the reactivity descriptors values as obtained from ESP
charges generated from DFT. With the increase in cluster size
the environment is also changing which results in different
charge delocalization as observed from the values of the
.. 0 - reactivity descriptors as they are generated from the net charges
calculated by ESP methodology. It is also observed that the
active site of the zeolite cluster is the sodium, which may be
v termed as extraframework cation. In all the clusters we assumed
only one sodium per framework cluster. The first two clusters
\ (a and b) are demonstrating the small pore entry region, i.e.,
Sl site, while the third cluster (c) depicts the entry point along
with it surroundings as present inside the supercage i.e., site SI
as shown in Figure 2. The results show that ¢ will be the best
choice for further calculation as it is the best cluster model to
reproduce the environment of the active center.
Figure 2. Sketch of supercage of zeolite N¥ with the cation b. Interaction of Zeolite Cluster with CO»/N,. This is to
positions. The Sl site is located at the centers of the hexagonal prism; correlate the activity of the atoms of gas molecules with that of
the positions of Sli sites are in the supercages. The T atoms are locatedactive cation center of zeolite. The global softness values in

Y[ ——

AN

at the vertices. Table 1 show that the global softness of £i© much higher
TABLE 3: Condensed Local Softness and Fukui Functions than that Of N, where as t_he Fukui functiori,() and ?“°m'° .
for All the Interacting Gaseous Molecules softness §,7) of the constituent atoms show that nitrogen is
- more active in comparison to that of carbon and oxygen. In
atoms of interacting ESP technique other words, nitrogen is more nucleophilic than carbon and
molecules i S oxygen of carbon dioxide. It is observed for the smaller cluster
CinCG 0.2809 0.4961 (a), the most nucleophilic atom for G@& carbon with respect
OinCG, 0.3547 0.6265 to most nucleophilic atom of the zeolite cluster Na atom. Which
2!” N2 0.0512 0.7460 is different from that for clusters (b) and (c), now our
in CH, 0.1612 0.2564 S . L .
Hin CH, 0.2043 0.3250 obgervahon is that this behav]or is dependent on the gluster_3|ze
Cin GHs 0.0275 0.0532 or in another way on the environment of the active site, which
H in C;Hs 0.1575 0.3049 is not truly mimicked in cluster (a) but is realistic in clusters
Sin Sk 0.2873 0.3650 (b) and (c). In carbon dioxide, oxygen is more nucleophilic than
Fin Sk 0.2146 0.2726

carbon. The most nucleophilic atom will be attracted by the
are Sl and Sll as shown in Figure 2. To model the typical most electophilic moiety of zeolite cluster, which is in all the
architecture we considered three different clusters as shown inthree cases the extraframework cation sodium as observed from
Figure 1 and described in earlier section. As we have observedthe f,™ ands,™ values presented in Table 2. Experimentally, it
earlier?® there are two different oxygens present in zeolite-Y, is observed that during permeation carbon dioxide has a better
so based on that we also justified the location of sodium on the permeance in comparison to that of nitrogen. The stronger
cluster. This is also supported by the crystallographic structure nitrogen adsorption in zeolite matrices is also been observed
results by Bergerhoff et & who have shown for the first time by Papai et at? The interaction of smaller molecules with a
the presence of four different crystallographic oxygens present positive point charge has demonstrated that a classical descrip-
in Y-type zeolite. Here, in our models the oxygens directly tion involving electrostatic and induction energies, which depend
interacting with the framework were labeled as O1/04 as the respectively on their quadruple moment and dipole polarizability,
case may be. The model structure has been used for a mords adequate to explain the basic reason for a stronger nitrogen
realistic picture for Y-type zeolite crystals (though it is limited adsorption. This observation so far can be validated by HSAB
by the fact that the model is an approximation of the actual principle. We will further justify the permeation selectivity by
crystal). In several other theoretical studieé! the structure interaction energy calculations and will propose the plausible
of the cluster model is generated by geometry optimization at mechanism.

some level of sophistication. All the structures were fully c. Interaction of the Zeolite Cluster Model with CHg,
optimized for calculating the reactivity parameters, so they C;Hg, and Sks. The interaction of these gaseous molecules with
neither depict a particular site of the zeolite framework nor zeolite framework has been tested to validate the model. In real
reflect the actual experimental situation (environment) but could experiment, these gases are used in the feed in a process of
mimic the system in the best possible way. In the optimized separation as mentioned in the experimental results of Kusakabe
clusters the NaO distance is~2.38 A. The effect of cluster et all® The global softness values present in Table 1 show that
size was monitored. The global softness values for the zeolite the activity order is @Hg > CH; > SK. Now we compare the
clusters show an increase with the size of the cluster, as shownf,~ and s~ values for the constituent atoms of all three
in Table 1. The value of global hardness shown in the bottom molecules; the results are presented in Table 3. The results show
of the table shows a reverse trend; that is, with increase in thethat in methane the most nucleophilic atom is hydrogen, that
size of cluster the global hardness decreases. The effect of Siimeans hydrogen of methane will approach the most electrophilic
Al ratio and other parameters has not been monitored here. Now,site of zeolite, i.e., sodium. In the case of ethane the scenario is
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TABLE 4: Comparison of Condensed Local Softness and
Fukui Functions of the Most Nucleophilic Atom of the
Interacting Gaseous Molecules

J. Phys. Chem. A, Vol. 103, No. 48, 1998861

TABLE 5: BLYP and MP2 Binding Energy Results for
H,O—H,0 and H,O—HF Using a Similar Basis Set
[6-31++G(d,p) for MP2; DNP for BLYP &

atom of interacting

gaseous molecules « ¥ Sc
OinCQO, 0.3547 0.6265
N in N 0.4988 0.6337
H in CH, 0.2043 0.3250
H in C;Hs 0.1575 0.3049
Sin Sk 0.2873 0.3650

the same. Hydrogen having the higher valuéofands,~ will
approach the sodium of zeolite cluster, which has highést
andsc* values. The situation is totally different in the case of
hexafluoro sulfur. The Fukui function and local softness values
show that S in Sgis more nucleophilic than the F present. So
in this case, hexafluoro sulfur will act as the nucleophilic active
site while interacting with the electrophilic center of zeolite,
i.e., sodium. The possibility of electrophilic attack ons3fas
been confirmed by its reaction with certain Lewis aciéi$he
orientation of the optimized SFnolecule over the zeolite cluster
is discussed in the following section. Now ass3-octahedral
while interacting with the framework cluster it undergoes some
distortion to allow the pseudobond formation between its
nucleophilic center and the electrophilic center of the zeolite in
the domain of HSAB principle.

d. Reactivity Index Scale.One of the aims of the current
study is to rationalize an understanding of the permeation of

gaseous molecules through zeolite pores. As the rate of
permeation is dependent on the rate of interaction or in another

way how strongly the molecule interacts with the zeolite
framework, that will determine which molecule will pass more
easily through the zeolite membrane. This permeation is

MP2 BLYP
BE BE (BSSE) BE BSSE
system (kcal/mol)  (kcal/mol)  (kcal/mol) (kcal/mol)
H,O—H,0P —5.24 —4.47 —5.01 —4.54
H,O—HFe¢ —10.15 —8.13 —9.98 —8.76

aBE = binding energy; BE (BSSE¥ BSSE corrected binding
energy.? Results in ref 33¢ Results in ref 44.

Figure 3. Optimized structure of carbon dioxide molecule during
interaction with zeolite framework cluster model (c).

models with an error of0.01 kcal/mol. Now, for the interaction

dependent on pore architecture as well as on the interaction ofenergy calculation, the framework cluster “c” was chosen, as it
molecules with the zeolite framework. Now to explore this we considers the environment of sodium most realistically. The
first tried to find an order of activity of the gaseous molecules framework cluster was kept fixed and the interacting molecules
in terms of reactivity index. It is observed from Table 1 that were fully optimized. For each case, the most nucleophilic atom
the zeolite framework has a higher value for global softness in (as observed from the reactivity index values) of the interacting

comparison to interacting molecules. The order of global
softness for the interacting molecules in comparison to frame-
work cluster is SF < Nz < CHs < CyHg < CO,. Now, we

molecules was placed at a distande20A from the active
sodium of the zeolite framework. Since a linear'Nanolecule
geometry is the most favorable in the gaseous $fathe

present the results of condensed softness and Fukui functiondncoming molecules were approached to site Il (Sll) cations

of the most nucleophilic atom of the interacting molecules from

along the pseud@s axis of the six-membered ring, yielding

the ESP technique at the DFT level in Table 4. The results showthe optimum distances to Nathe interatomic bond lengths of
that in terms of Fukui functions and condensed local softness interacting molecules kept fixed at their equilibrium values

the interacting molecules can be arranged in the ordelg &
CH; < SK < CO, < No. Now, here we observed from the
results shown in Table 4, that individuigl ands,~ values for
the constituent atoms of interacting molecules are widely
different, which clearly shows that only one atom of the
interacting molecule is active in comparison to the other. In
our earlier publicatio”? we have shown that in a situation like
this the reactivity order will act as a scale, which can be
validated by interaction energy calculations. Thus, there will
be unisite interaction, i.e., the most nucleophilic site of the
molecule interacts with the most electrophilic site of the zeolite
framework cluster. Now to verify this order we need to perform
interaction energy calculation using DFT.

e. Interaction Energy Calculation. The interaction energy
calculation was performed using DFT with the BLYP functional.
The validity of the current methodology in predicting the
interaction energy is tested with a small model calculation with
H,O—H,0 and HO—HF systems. The results were compared
with existing results obtained from MP2 level calculati§ag?

optimized for isolated Na—N, (1.095 A). The orientation of
the incoming molecules has thus been adjusted, minimizing the
van der Waals repulsion with the neighboring atdh3he
optimized configurations of carbon dioxide, nitrogen, and SF
with respect to the framework cluster “c” are shown in Figures
3, 4, and 5, respectively. The results of the total energy of the
framework cluster and the individual interacting molecules along
with the adsorption complex and interaction energy (BSSE
corrected) are shown in Table 6. Now, as we mentioned earlier,
in all the cases the orientation of the interacting molecules with
the framework shows that parallel to the framework is the most
stable configuration with a tilt toward the sodium cation. We
varied the starting configurations, starting from perfectly parallel
to perpendicular, and optimized for each case. The global
minima for each molecule with respect to the framework are
tabulated. The interaction energy values fall in the range-2.23
9.65 kcal/mol. We will not emphasize the numerical values;
rather we will explore the trend. The interaction energy values
show the order aslg < CHs < SK < CO; < N». This trend

The results are tabulated in Table 5. It shows that our current matches perfectly with the order proposed by the reactivity index
methodology can reproduce the binding energy of the smaller in the earlier section. This validates our earlier proposition that,



9862 J. Phys. Chem. A, Vol. 103, No. 48, 1999 Chatterjee and lwasaki

observation, the permeance mechanism is not well understood.
They predicted that the permeation mechanism of the Y-type
membrane is different from the macroporous membrane. The
free aperture of the main channels in Y-type zeolite is 7.4 A
and is much larger than the diameters of all the interacting
molecules including carbon dioxide and nitrogen. If the
concentrations of C®and N in the micropores of the Y-type
zeolite membrane are equal to those in the outside gas phase,
these molecules permeate through the membrane at a lgv CO
N selectivity. However, this is not the case. The results obtained
from interaction energy calculations shows that nitrogen forms
the strongest adsorption complex in comparison to other gaseous
molecules, so the nitrogen gets stabilized inside the pore and
the carbon dioxide permittivity increases. Now, the permeation
takes place through the smaller six-member pore opening which
gradually gets saturated with the increase in the concentration
of the gas mixture. This problem is solved with the increase of
temperature. It is observed experiment&lipat the permeance

of Sk was higher than that of CfHand N, so our calculation
mimicked the situation with nice accuracy. The experimental
observation of the fact that nitrogen permeation occurs through
a nonadsorptive translatiercollision mechanism goes against
the proposition of these results. Nonadsorptivity does not occur
in the case of nitrogen as observed in the results. Actually, when
the rate of permeance gets slower by the accumulation of carbon
dioxide, then it is misleading with reagard to the adsorptivity.
We validate our proposition with the reactivity parameter as
well as the interaction energy results.

Figure 4. Optimized structure of nitrogen molecule during interaction
with zeolite framework cluster model (c).

Conclusion

This is the first study to rationalize the understanding between
selective permeation of gaseous molecules through zeolite
membrane in terms of reactivity index and is validated by
interaction energy calculations using DFT. Though this is not
a quantitative study, we claim that the findings which are
qualitative in terms of their numerical output are a novel
approach in solving the permeation process of a smaller
Figure 5. Optimized structure of hexafluoro sulfur molecule during  moplecule through zeolite membrane. The novelty lies in the
interaction with zeolite framework cluster model (c). simplicity of the approach, which is so far the only plausible

TABLE 6: Total Energy of the Framework and Interacting way to explain the mechanism of the permeation process. The
Gaseous Molecules along with Interaction Energy for Each results validate our earligproposition that for molecules with
of the Individual Interacting Molecules with Zeolite one active site, i.e., nucleophilic site can preferentially interact
Framework at Their Optimized Configuration with most electrophilic site of the interacting material (e.g.,
molecule and total energy interaction energy (kcal/mol) zeolite), the reactivity descriptors can conclusively predict the
cluster (au) BSSE corrected selectivity of the interacting molecules with respect to a
nitrogen —108.679 particular interacting matrix. Experimentally, the selectivity of
carbon dioxide —187.263 carbon dioxide over nitrogen is clearly understood. The current
hexafluoro sulfur —997.408 results also propose the mechanism of the permeation, which
Qﬁg‘nzne :‘;g:‘;gg logically defers from the experimental prediction of nonadsorp-
framework cluster ¢ —3271.361 tivity of nitrogen. The results show that nitrogen forms the
FW + nitrogen —3380.055 —9.65 strongest adsorption complex, which further helps in the
FW + carbon dioxide =~ —3458.635 -7.13 migration of other gases through zeolite pores. Zeolite clusters
EVWVI hextﬁfluoro sulfur —ggﬁ-g; —g-gé are rationally modeled to consider the environment of the active
methane - . -3. ; i it ; ; ; ;
FW + ethane 3351147 503 cation, which realistically considers the experimental situation.

The optimistic result paves a novel way of explaining reactive
for unisite interaction, the reactivity index scale is the best centers in a particular reaction, which can eliminate tedious

predictor for the interaction of molecules. So from the DFT- experimentation.
based local parameter descriptor, one can conclusively locate
the active site in the interacting molecular species, and by
comparing with the parametric value for zeolites one can choose (1) Suda, T.; Fujii, M.; Yoshida, K; lijima, M.; Seto, T.; Mitsuoka, S.
the best plausible candidate for a particular type of reaction. Energy Comers. Manage1992, 33, 317.

f. Mechanism of Permeation.The most challenging part for SCL(%CT,'%V.?SS?’ZE'S%Q,Edwards‘ D. J.; DuPart, M. S.; Tse, B&p.
the experimentalist is the separation of carbon dioxide and = (3) cogbill, M. J.; Marsh, G. PEnergy Comers. Manage1992 22,

nitrogen from the mixture. According to the experimental 487.
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