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Effect of the Surface Energy Barrier on Sorbate Diffusion in AIPOs-5
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The importance of pore exit effects on the diffusion of molecules in AlB@ores is evaluated using two
molecular modeling techniques. In the first approach, a dual control volume grand canonical molecular dynamics
technique is used to obtain molecular fluxes of methane out of the truncated crystal as a function of temperature
and sorbate loading. The simulation results indicate the presence of a low-temperature surface barrier for
diffusion, which retards the flux of methane relative to its apparent flux in the intracrystalline regions of the
material. This pore exit barrier tends to diminish as temperature and loading increase. An explanation based
on clustering phenomena is proposed to explain the latter. Next, a simple activated transport model is proposed
to predict the relative importance of the surface barrier on the transport of sorbates ipRIPREe potential

of mean force for a single sorbate molecule along the pore axis of a truncated crystal provides the required
activation energy barriers for the model. The model correctly predicts the reduction in the importance of exit
effects with an increase in the temperature. It is also observed that exit effects become more important as the
ratio of the size of the sorbate molecule to the pore size approaches unity. In particular, exit effects are
significant in micrometer-thick AIP@5 crystals in the case of large molecules such as SaBd CC} at

room temperature.

1. Introduction magnitude lower than the microscopic measurements. It has been
postulated that the presence of surface barriers at the pore

Understanding the diffusion of molecules into, through, and g retard intercrystalline diffusion and thus could explain
out of zeolite pores is of crucial importance in catalytic and this discrepancy

separation applications. For example, permeation through zeolite The exact nature of the surface barrier is unclear. A barrier

membranes consisting of polycrystalline films deposited on a ;
support depends critically on both intra- and intercrystalline &Y exist due to the presence of structural defects at the surface

diffusion processes. The large number of crystal intergrowths, imparted durln_g preparatlcﬂw?_e.g., frc_)m _d(_aposmon of impen-
and the tortuous diffusion pathways that molecules follow to efrable ".‘a‘e“a' at the outside of |nd|V|du§1I crys‘ia!x by .
permeate the membrane, greatly complicates analysis. A SirnilarChanges in the crys_tal structure due to chemical reactions during
process occurs in zeolite catalysts, which typically consist of a th.(.a process of cation exlc;hange and hydrothermal treatfnent.
crystalline powder mixed with a binder and pressed into a pellet. Sarger.et alf] carrlefd out'*Xe PE.?.NMRf rplef;\(sulr\lements to d
Diffusion to and from the active sites involves a process in etermine t Pi surtace pke)zrmeadl |tr|]es 0 ¢ ar, gCaA, an
which molecules must enter the zeolite pores, diffuse within ZSM-5 crystals. It was observed that surface resistance was

the pores to an active site, diffuse away from the active site, important in NaCaA and ZSM-5, though similar experiments

and eventually leave the pore. It is generally assumed that theW.Ith methane d.'d not show any indication of the existence of
major resistance in this process is the intracrystalline step, andO“ﬁus'on"’1I barne.rs on the externql surface.

that diffusion into and out of the pores is facile. This is not  There also exists a natural barrier at the pore mouths due to
always the case, however, as certain zeolites can be tailored tghe discontinuity in the zeolite potential field at the surfé€e.
have large surface barriers which contribute to their selecidity.  KOGifik et al® used a microdynamic model to show that for

The issue of the relative importance of intracrystalline and ;mall crystgls thi_s nqtural surface resistance can exceed the
intercrystalline resistance to diffusion has also been proposedntracrystalline diffusional ressti)nce by several orders of
as a way of explaining the well-known discrepancy between magnltu_de. Barrérand later Kager'” derived generallzed_ flux
so-called “microscopic” and “macroscopic” diffusion measure- expressions that accounted for the “evaporation barrier” that
ments? Microscopic techniques such as pulsed field gradient arises due to the potential energy discontinuity at the zeolite
nuclear magnetic resonance (PFG NMR) and quasi-elasticsurface' It was shown that, under certain conditions, the presence

neutron scattering techniques measure intracrystalline self- of the pore exit can actually enhance the flux observed in a bed

diffusivities, while macroscopic methods such as gravimetric ©f Zeolite crystais® There have been several molecular dynam

uptake rate experiments measure a combination of intercrys-'®S ((';/'D) stu}ollles ?jf the pore en;rancr]e pro'blem.also;c Vigne
talline and intracrystalline diffusion under the presence of a Maeder et al- used MD to examine the trajectories of argon

transient concentration gradient. For some systems, the mac-2nd xenon atoms passing through the outer surface of MFI- and

roscopic measurements yield diffusivities several orders of MOR:-type zeolite crystals. The.y o_pserved that the flux c.)f the
larger molecule, xenon, was significantly retarded relative to

“To whom correspondence should be addressed. Phone: (219) 631_that of argon. This implies the presence of some form of barrier

5687. Fax: (219) 631-8366. E-mail: ed@nd.edu. URL: http:/iwww.nd.edu/ fOr pore entrance, the magnitude of which depends on the size
~ed. of the sorbate molecule. This was a significant finding, since
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Figure 1. Schematic diagram of AIP£b on thex—y plane showing ‘f?’L——J<l—>L—JTT‘

the pore running in the direction. The crystal unit cell is shown with slev I ov I 2lev
dashed lines. Figure 2. Schematic diagram of the setup of DCV-GCMD simulations

. . . . . . to study (a) intracrystalline transport rates and (b) transport rates at
most MD studies have only considered intracrystalline diffusion o por)é fax)it. Y P ®) P

and tend to agree quite well with the microscopic experimental
- ) ) _ o
techniqueg? Ford and Glandtused MD to obtain mass-transfer good agreement. The model is then used to make predictions

coefficients for hard spheres passing through a barrier comprised;s g the magnitude of the exit effect for the transport of other
of slit pore mouths. They observed a significant mass-transfer g jacules in AIPG-5.

resistance associated with the penetration of the pore mouth,
which_they attributed to steric and energetic intera_c’_[ions betweens pcv-GCMD Simulations
the diffusing molecules and the atoms comprising the pore
mouth. They also found that this resistance is extremely sensitive  2.1. Simulation Details
to slight changes in the hard sphere size whenever the ratio of To understand the role of a pore exit on transport rates, the
the penetrating molecule diameter and the pore diameter is neaPCV-GCMD technique is use.In this approach, a constant
unity. In a later study, Ford and GlaAgtconcluded that chemical potential is maintained in two control volumes using
adsorption resistance is also a significant source of mass-transfe® grand canonical Monte Carlo method (GCMC). The control
resistance, especially at low temperature and when the interacvolumes are kept at different chemical potentials and are
tions between the pore walls and the diffusing species are strongseparated by a diffusion or “transport” zone. The dynamic part
Webb and Grest have carried out large-scale MD simulations ~ of the technique involves a normal molecular dynamics simula-
to examine the mechanism by which alkanes enter the pores oftion in the microcanonical ensemble. The steady-state flux that
zeolites. They found that the process whereby a chain moleculedevelops is calculated and then related to the chemical potential
enters a zeolite pore is a complex sequence of events involvingdriving force through a transport coefficient.
surface adsorption, surface diffusion, and finally pore entrance.  For the study performed here, two different types of simula-
Most of the previous studies have focused on the natural tions are conducted. The first set of simulations are conducted
energy barrier for adsorption (i.e., pore entrance). There mayto compute the intracrystalline transport coefficient. Figure 2a
also exist a large energy (or “evaporation”) barrier at the pore shows a two-dimensional schematic of the simulation cell used
exit2810 This can be understood by considering the loss in to compute intracrystalline fluxes. The second set of simulations
favorable dispersion energy that a molecule gives up when it is used to determine an effective transport coefficient associated
leaves a pore, where it is in intimate contact with the lattice with only the pore exit process. Figure 2b shows the cell used
atoms, and moves out into a low-pressure gas phase. Thelo examine fluxes in the presence of a pore exit. As described
objective of the present study is to quantify the magnitude of later, these two transport coefficients will be used to determine
this exit effect in AIPQ-5 for a range of sorbates at varying the overall resistance to transport for a pore of arbitrary length.
temperatures and loadings. AIRS is chosen as the model In both cases, a central control volume (CV1) within the zeolite
zeolite system because it has a simple pore structure consistingoore is maintained at a high fugacity equaf¢o:. The second
of nonintersecting and approximately cylindrical pores of control volume (CV2) is maintained at a lower fugacityy..
nominal diameter 7.3 A running in the [001] direction. Figure For the intracrystalline diffusion simulations, CV2 is located
1 shows the pore structure of the zeolite in a schematic form. inside the zeolite pore, while, for the pore exit studies, CV2 is
The unit cell of AIPQ-5 has lattice parametess= 13.726 A, located outside the zeolite pore in the bulk phase. The length
b=13.726 A,c = 8.484 A,o. = 90°, B = 90°, andy = 120°. of the control volume iscy, while the length of the transport
In this paper the AIP@5 crystal is assumed to be rigid and zone isltr.
free of defects. First, dual control volume grand canonical  For the intracrystalline simulations where both control
molecular dynamics (DCV-GCMD) simulations will be con- volumes are inside the pore, periodic boundary conditions are
ducted for methane in both a periodic and truncated pore systemimplemented in thez direction, and each control volume
to compute intracrystalline and intercrystalline flux rates, encompasses the entire cross-sectional area of the pore. A
respectively. Although methane has relatively high transport steady-state flux is produced in the two transport regions by
rates in AIPQ-5, the DCV-GCMD simulations are still quite ~ maintaining a chemical potential difference between the control
demanding; species having a much lower intercrystalline or volumes. The length of the transport region is kept fixed at 42.42
intracrystalline mobility than methane are difficult to simulate A (equivalent to five unit cell widths in the direction).
with reasonable computational resources. To circumvent this In the pore exit simulations, periodic boundary conditions
problem, a simple activated transport model based on a coarseare applied in all directions, because molecules in the bulk phase
grained potential of mean force is developed. The model is testedare free to cross boundaries in thandy directions, as opposed
against the DCV-GCMD methane results and shown to give to molecules constrained within the pores in the case of
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intracrystalline simulations. The transport region in the  algorithm with a time step of 5 fs. After every 5 ps of the MD
direction is positioned such that half of its length in the  simulation, the GCMC routine is activated and a series of
direction is inside the zeolite pore and the other half is in the insertions and deletions (100 altogether) are performed in each
bulk. The transport region should at least encompass the exitof the control volumes. It is important to keep the frequency of
region, operationally defined here as twice the cutoff radius of insertions/deletions high enough to maintain a constant fugacity
the interaction potential (20 A). For convenience, we chose a in the control volumes, but small enough so as not to alter the
length of four unit cells, which is equivalent to 33.94 A. This dynamics of molecules near the control volurtnsport region
ensures that these simulations measure a faule pore exit interfaces. No thermostat is used in all the simulations as the
transport coefficient by including all the portions of the pore temperature remained fairly constant without thermostating. This
which are influenced by the pore mouth, and as little as possibleis because the control volumes become thermostated by the
the unaffectedintracrystalline component of the pore. The frequent insertions of molecules at the required temperature in
lengths of the control volumes in both sets of simulations vary the GCMC part of the simulations. In the case of pore exit
according to the sorbate loading desired. simulations, there is a slight reduction in the temperature of
The zeolite surfaces exposed to the bulk phase in the poremolecules escaping from the pore potential well. The temper-
exit simulations are generated by cleaving the lattice at the edgesature of these molecules is gradually brought back to the preset
of the unit cell. The surface on the “left” is created by cleaving temperature through collisions with molecules at the preset
the zeolite at the left edge of the unit cell, and therefore consiststemperatures escaping from the end control volumes. We believe
of tetravalent aluminum atoms at the surface, beneath which that this gradual temperature control is closer to what occurs in
lies a layer of doubly coordinated oxygen atoms. The surface a real system, and so chose not to apply an external homoge-
on the “right” side is produced by cleaving at the right edge of neous thermostat.
the unit cell and consists of singly coordinated oxygen atoms.  The methanemethane interaction is modeled using a Len-
There are other axial positions at which the zeolite may have 5,d-Jones (LJ) potential with interaction parameters 3.73
been cleaved to produce other types of surfaces. As discusseqk and ¢/k; = 147.95 K7 The interactions between methane
below, however, the slight structural differences between the g the |attice are modeled by only considering interactions with
two surfaces used here have little impact on the pore exit flux. e oxygen atoms of the zeolité.The methaneoxygen LJ
Thus, the choice of where to terminate the crystal does not parameters, also taken from ref 17, are= 3.214 A ande/kg
appear to affect pore exit rates to a great extent. In addition, N0— 1333 K. A cutoff radius ;) of 10 A is used in all

attempt is made to accurately model the atomistic details of c5\clations. To reduce computational effort, the sorbaémlite

the surface for the following reason. The purpose of the presentinieraction potential is stored over a three-dimensional grid (this
work is to assess the overall impact of the discontinuity in the (g jation of potentials at each grid point is referred to as the
sorbate-zeolite interactions on the diffusion process. While we potential ma) with roughly 0.2 A spacing, and an interpolating

chose a specific system (methane in AlPS), we are not as  gcheme is used during the simulations to rapidly compute the
interested in the specific details of this particular system as we potential and forces on each sorbate arising from interactions

are in the general trends. The exact chemical and physical naturgyith the |attice. We specifically require three potential maps:
of a zeolite surface is likely to be complex and certainly far .4 tor the periodic unit cell which does not “feel” the zeotite
from well understood. It is likely that the surface is terminated ) \\ interface. used in both intracrystalline and pore exit
with hydroxyl groups, and may be slightly reconstructed. Trying i jations ahd the other two for the dissimilar exit regions
to account for this detailed surface structure, however, would . ciher sio]e of the zeolitebulk interface required for the pore
involve a degree of arbitrariness. Since it is probable that the o . cimulations only.

detailed nature of the surface plays a secondary role in the To furth d tational effort. int i bet
diffusion process for a nonpolar species such as methane (unless 0 further reduce computational eflort, interactions between

of course the surface is deliberately altered to partially block sorbates in adja?ce”‘ pores were neglected. Although it _is possible
the pores), we felt it was best to focus on an ideal pore system.for the separathn between ‘h?se molg cules FO be slightly less
The control volumes are maintained at constant fugacity (and than the cutoff distance, these |nteract|9ns typically account for
therefore constant chemical potential) by stochastic creation andIeSS t.han 0.15% of the total potentlgl energy a molecule
deletion of sorbate molecules according to a fugacity explicit experiences. In other wqrds, the potential f|gld IS QOmlngted by
variation of the GCMC formalism. Molecules are inserted into the zeolite and s.orbates' in the Same pore, with neighboring pore
the control volumes according to the insertion acceptancé‘rule sorbate-sorbate Interactions belng.only a secondary effect Wh'Ch
are not expected to significantly impact transport properties.
Both sets of DCV-GCMD simulations are conducted at three
different average sorbate loadings: a low sorbate loading of
0.5 molecule/unit cell, a medium sorbate loading of 1.5
and deleted according to the deletion acceptance rule molecules/unit cell, and a high sorbate Ioading of 2.5 molecules/
unit cell. These are referred to as “L”, “M”, and “H”,
del ) N, N respectively, for the rest of the paper. In the intracrystalline
I, =min|1, fﬂ_veXp(_ﬂAV " (2) simulations, the difference in the loadings between the middle
control volume and the end control volumes is fixed at 0.25
where f is the fugacity of the fluid,Ny, is the number of molecule/unit cell. This means that the middle control volume
molecules present in the control volumes in stateN, = Np, is maintained at a loading 0.125 molecule/unit cell above the
+ 1 is the number of molecules in staigV is the volume of average and the end control volumes are maintained at a loading
the control volumes, andv is the difference in the potential  of 0.125 molecule/unit cell below the average. The fugacities
energies of statem andn. The molecules created are imparted required to maintain the control volumes at the desired loadings
velocities sampled from a MaxwetBoltzmann distribution can be obtained from the adsorption isotherms. Figure 3 shows
corresponding to the simulation temperature. The dynamic partthe computed adsorption isotherms for methane molecules in
of the simulation (molecular dynamics) uses a veloe¥erlet AIPO,-5 at five different temperatures ranging from 100 to 500

s = min(l, N:]ﬂ _\|_/ 1 exp(—ﬁAvm”)) 1)
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Figure 3. Adsorption isotherms for CHin AIPO4,-5 at different
temperatures. The dashed horizontal lines refer to the upper and lowermeasured every time step via the flux plane method

loadings for the L, M, and H types of loadings. The symbols represent
the values computed, while the dotted lines are to guide the eye.

TABLE 1: Fugacities Corresponding to the Required
Loadings in the Two Control Volumes at Different

Arya et al.

this work are generally above the typical loadings observed in
experimental systems, and well below seturationor maxi-
mum attainable loadings. Also shown in Table 1 are the lengths
of the control volumes used at each of the conditions stated
before. Each simulation for the pore exit case is run at exactly
the same fugacities as its corresponding simulation for the
intracrystalline case. This means that the sorbate loadings in
CV2 differ between the two types of simulations, due to the
absence of attractive zeolite interactions in the pore exit
simulations. However, the loading inside the pore at the zeolite
bulk interface roughly corresponds to the equilibrium loading
at the interfacial fugacity value, which is nearly equafd,.
This means that the average loading inside the zeolite for the
two corresponding sets of simulations differs only slightly, as
shown in the next section.

The simulations were run for a time on the order of
microseconds so as to obtain reliable steady-state fluxes. The
lengths of the simulation runs varied with the simulation as
shown in Table 1. The simulations at low temperatures were
generally run for a longer period of time compared to those at
moderate to high temperatures because fluxes are lower at low
temperatures and thus harder to compute. The steady-state fluxes
were recorded only after an initial simulation timet@f (tinit
= 0.25us atT = 300, 400, and 500 K, = 0.5us atT = 100
and 200 K). The sorbate fluxes in ttedirection, J,, were

LTR RTL
N L

J, TtuA, ®3)

wheret,y, is the simulation run time over which the fluxes are

Temperaturest
T(K) Ic::sgllg fer(Pa)  for(Pa) o (R) t(us) te(us) recorded and\y is the cross-sectional area of the unit c#{IR
and JRTL represent the net number of sorbate molecules that
100 L 227x100 167x10° 33936 20 20 move left to right and right to left, respectively, through the
M 3.59x 10° 3.32x 10° 135.74 2.0 2.0 fl | . d h iddle of the righ .
H  458x10° 431x10° 6787 20 20 ux plane situated at the middle of the right transport region.
200 L 1.35x 10* 8.00x 10° 339.36 1.0 1.0 A second flux plane is placed at the middle of the left transport
M 3.87x 10* 3.15x 10* 13574 1.0 1.0 region, and the flux is measured in a similar way. The two
200 T %-%X 18;‘ ?-ggx :118;‘ 3%-% i-g i-g resulting fluxes are then used to obtain an average flux.
. X . X . . . H :
M 846x 10° 651x 10° 13574 10 1.0 2.2. Simulation Results
H 220x10f 1.75x 10° 67.87 10 1.0 Four sets of simulation runs were conducted at each of the
400 L 1.01x 10 555x 10° 339.36 0.5 0.5 prescribed conditions mentioned in the previous section. Each
M 4.06x 10° 3.04x 10° 13574 0.5 0.5 simulation started from a different initial configuration, and most
H 116x 10 897x10° 6787 05 05 of the results shown here are the averages of results from these
500 L 251x 100 1.37x10°F 339.36 05 0.5 four runs. One of the quantities calculated during each simula-
M  1.06x10° 7.85x 10® 13574 0.5 0.5 . < th ber densi tle. This i lculated b
H  317x 107 243x 100 6787 05 05 tion run is the number density profile. This is calculated by
dividing the axial length of the simulation box into a number

of bins, where each bin is the width of a unit cell (i.e., the bin

a Also shown are the lengths of control volumks, and simulation

. ; L . b
lengths for the intracrystalling;} and pore exit simulationgd). ° The size is equal to 8.484 Ain thedirection). The average number

length of CV2 is taken as the sum of the left and right end control . . : .
volumes, andey: = leys for all simulations. of molecules in each bin, over the course of the simulation for
t > tinit, is collected and then divided by the bin volume to give

K. The dashed horizontal lines correspond to the desired sorbatehe density profile. The above bin size was chosen so as to
loading of the central and end control volumes. The fugacities remove the large fluctuations in the number density within each
needed to maintain the required sorbate loadings in both theunit cell, which “camouflage” the overall nature of the density

control volumes at the five different temperatures can be profile. These large density fluctuations are caused by the
obtained from the intersections of the dashed lines with the corrugations in the potential energy inside the pore. This results
adsorption isotherms. The values of these fugacities are tabulatedn sorbate molecules largely preferring to reside in the low-
in Table 1. The methane loadings considered here are well belowenergy regions within each unit cell, and being present only
the maximum attainable loading of methane in AIP) which occasionally in the high-energy regions during hops between

is in excess of 7 molecules/unit cell. Typical loadings in the potential minima.
Parts a and b of Figure 4 show the computed density profiles

experimental AIP@5 would correspond to equilibrium loadings
at near atmospheric pressures and temperatures. For typicafor the intracrystalline and pore exit simulation runs, respec-

experimental pressures of 21Pa and temperatures of 300 K, tively, at L, M, and H levels of loadings dt= 300 K. We can
the equilibrium loading is about 0.3 molecule/unit cell (as seen observe that the loadings in the control volumes have been
from Figure 3). This implies that the loadings considered in maintained fairly well. Also, the density profiles are fairly linear
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20 . " T Figure 5 shows the molecular fluxes calculated using eq 3,
obtained for the intracrystalline and pore exit simulations
(a) ﬁ H conducted at different temperatures, and at the three different
%
Ll

sorbate loadings, respectively. The fluxes have been multiplied
by the cross-sectional area of the unit cell. The error bars in
15} 1 Figure 5 have been evaluated by taking the standard deviation
of the four runs conducted at the same condition. The fluxes
are also tabulated in Table 2. The fluxes in the positive and
negative directions on the right and left halves, respectively, of
% the simulation cells for both the intracrystalline and pore exit
@m&é? ] simulations are identical within the statistical uncertainties of
the results. Since the pore exit simulation cell is not perfectly
symmetric, this indicates that the rate of escape of molecules is
insensitive to the nature of the surface exposed to the bulk.
A direct comparison between the corresponding fluxes for

p (10* molec./A®)
>

5T s I the intracrystalline and the pore exit simulations cannot be made
4 ll L yet as the driving forces are different in the two cases. The true
ooy, & Bypreeetororoorreiss driving force for such diffusion problems is believed to be the

chemical potential gradienty,u. This is represented by the
phenomenological equation

0 ‘ . .
- . 0 200 400
400 200 " 3,=-LVu )
where the transport coefficieht = L (c,T) is a function of both
sorbate loadingd) and temperaturel§. We will use the gradient
(b) L in the chemical potential as our driving force to evaluate the
g transport coefficient for all simulations. We evaluated the
; chemical potential profile in the transport region of the
| 1 intracrystalline simulations using Widom’s met#&dnd found
‘I it to be fairly linear, thus validating eq 4 for intracrystalline
4 diffusion. The chemical potential profile in the pore exit region
‘ on the other hand was found to be very nonlinear and
fluctuating, evidently due to the discontinuity of the potential
at the pore mouth. By analogy with other interfacial mass-
transfer systems, we can define efifiectve or overall V,u as

20 T

15 ‘f:
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whereR is the universal gas constant. The effective chemical
potential gradients in the intracrystalline and pore exit regions
computed using eq 5 are tabulated in Table 2.
Table 2 shows the calculated values of the effective transport
(', 200 400 coefficient,L, using eq 4 for the intracrystalline and pore exit
z (A) regions at different temperatures and sorbate loadings. Also
i ) ) ) ) shown in Table 2 are the computed average sorbate loadings,
Figure 4. Density profile computed from the DCV-GCMD simulation . in the transport region. In the case of pore exit simulations,
runs for the (a) intracrystalline and (b) pore exit simulation§ at . L . s
300 K. Cav IS the average loading in the transport region that is inside
the zeolite (and not in the bulk phase). It can be observed that

in the transport regions. The slight overshoot in the density the average Ioadm_gs for the corre_spondlng _sets of simulations
are only slightly different, so a fair comparison between the

profiles at the interface of the end control volumes and the wo sets of simulations can be made. Before the two sets of
transport regions in the intracrystalline simulations is probably - . ) o
due to the fact that the steady state has not been reached fu"ytransport coefﬁments_ n Table 2 are compared, it is Important
. _ . . to know whether the linearity between the flux and the chemical
Evidence for this is the fact that the low-temperature _S|mulat|ons potential gradient is valid at some of the large chemical potential
(such as those performedt= 100 and 200 K), which have 44 jients used here. To check this, some of the intracrystalline
very small transport diffusivities and thus reach steady state gimyjations were run with longer transport region lengths, i.e.,
much slower, showed more pronounced overshoots in their gmalier chemical potential gradients. This way, only the
density profiles. The density profiles obtained from simulations chemical potential gradient was reduced without altering the
at the larger temperatureB= 400 and 500 K, showed smaller  average loading of the transport region (hericé, T) should
and no overshoots in the density profile, respectively. The remain unaffected). Figure 6 shows one such set of fluxes
density profiles at the remaining temperatures have not beengbtained fortgr = 42.42, 84.84, 127.26, and 169.68 ATat=
plotted as their basic nature remains the same as the ones shown00 K at the L level of sorbate loading. We can clearly observe
here; i.e., they also show a linear behavior in the transport from the figure that the flud, increases linearly witW,u, hence
region. validating eq 4.

3
1

S
—0— —
O

gt —> 7
-

S
(=

0
-400 -2



2730 J. Phys. Chem. B, Vol. 105, No. 14, 2001 Arya et al.
107 . . .
Loading L Loading M Loading H
o _o-@
/0’/ //,0/
2 -~
o ¢ -
70‘10 -3 R - & ==
o ///'g: 4 @// // //13
4} /76 Q/ e /
3 s 'w” /s
g s /ﬂ// % ;/
~ b /
?10 / /® / {
< / / ]
X [ /1 I
x [ 1
=) puig ]i['l
[T 10 4 / I ¢
! &b
!
¢
5 N N N N N N N N N N N . N N
10 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 600

Temperature (K)

Figure 5. Fluxes obtained by DCV-GCMD simulations for L, M, and H levels of sorbate loadings at different temperatures for both the intracrystalline
(shown by empty squares) and pore exit (shown by empty circles) cases. The dashed lines are intended to guide the eye.

TABLE 2: Measured Flux, J,, Measured Average Loading 6.0
Inside the Transport Region of the Pore,c,,, Chemical
Potential Gradient, Au,, and Calculated Transport
Coefficient, L, for the DCV-GCMD Simulations for Both the 2
Intracrystalline and the Pore Exit Case$ 50 /ﬁ 1
loading Ay Cav —Vu, L (moP/ 7
T(K) level (molec./ps) (molec./u. c.) (J/mol/mp m/s/J) . /,'
Intracrystalline Simulations ﬁ; 4.0 ,/ E
100 L  1.49(15)x 104 0.43 6.02 25X 10° 8 /
M  1.54(19)x 1074 1.33 1.53 1.0% 108 g /.
H  1.89(25)x 10°* 2.32 119 1.6k 108 < s
200 L  1.65(04)x 1073 0.43 2051 8.1% 1079 © 30[ ot
M 1.73(17)x 1073 1.42 8.07 2.18 10°8 T /s
H  2.38(07)x 1073 2.37 736 3.2% 10°® <F g
300 L  3.51(07)x 1073 0.48 3347 1.0% 108 % y
M 3.79(11)x 1073 1.42 1541 2.50¢ 1078 x 2.0 L/
H  4.48(26)x 103 2.47 1346 3.3% 1078 g §
400 L  5.04(09)x 1073 0.49 46.94 1.0% 108 %
M  5.72(21)x 1073 1.46 22.68 2.5% 108
H  6.70(20)x 1073 2.48 20.16  3.38 1078 10
500 L 6.63(16)x 103 0.51 59.34 1.14 1078 Ve
M  7.63(39)x 1073 1.48 29.43 2.64 1078 .
H  8.28(26)x 103 2.52 26.05 3.23% 10°8 7
Pore Exit Simulations %0 100 200 300 400 500
100 L 2.41(38)x 105 0.39 752 3.26< 10710 -10
M  512(13)x 105  1.28 192 27K 10° Vi (107 Jfmol/m)
H  8.88(56)x 10°° 2.25 149 6.0k 10° Figure 6. Intracrystalline fluxes at L sorbate loading obtained at
200 L 9.05(25)x 10°* 0.44 25.64 3.5%10° 400 K atlrg = 42.42, 84.84, 127.26, and 169.68 A, plotted against the
M 3.05(04)x 10  1.39 1009  3.08 10°® corresponding chemical potential gradients. The dashed line is a linear
H  7.13(08)x107% 227 920 7.89¢10°° fit to the above data forced to pass through the origin.
300 L 3.17(08)x 1073 0.48 41.84 7.7% 1079
M 950(13)x 103  1.39 19.26 5.0 10°8 required so that the intracrystalline resistance becomes equal
o 147(02)x 1072 2.28 1682 8891077 to the surface barrier resistance. The i tion f
400 L 6.14(06)x 103  0.48 58.68 1.06¢ 10°8 . , : : governing equation tor
M 1.60(03)x 10°2 1.44 2835 5.74¢ 108 the flux in the intracrystalline region of the pore is given by
H 2.92(04)x 1072 2.39 2520 1.18 1077
500 L 9.64(24)x 1073 0.49 7417 1.3% 1078 (Auy),
M  2.25(02)x 1072 1.47 36.79 6.2 10°® J,=-L— (6)
H 3.55(06)x 102  2.48 3257 1.1k 107 4
2 The values within parentheses represent the statistical uncertaintiesgng at the pore exit by
in the last reported digit®.Values to 16°.
The contribution of the surface barrier to the total resistance 1=—L (Au)e 7)
obviously depends on the crystal dimension or intracrystalline z E z

pore length. Hence, any assessment of the surface barrier

resistance must include an estimate of the critical crystal wherel, andLg are the effective transport coefficients in the
dimension beyond which the barrier resistance becomes insig-intracrystalline region and the pore exit, respectively (as
nificant. One way to quantify this relative importance of the calculated separately from the two sets of simulations in this
surface barrier is to evaluate the ratio of the intracrystalline work). Since the transport resistances related to the intracrys-
length of the poreZ) to the length of the pore exit regiore] talline region and the pore exit are in series, the total resistance
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10.0 A - , has gathered enough momentum in the axial direction from its
radial degrees of freedom to jump over the energy barrier at
the pore exi€2? A surprising observation is that the transport
O Loading L coefficients afl > 100 K for sorbate loadings M and H afid

8.0f O Loading M 1 > 400 K for sorbate loading L are in fact larger in the pore exit
A LoadingH

e Model

case than in the intracrystalline case. The origin of this unusual
behavior, first predicted to exist by Kger° will be explained

in the next section in terms of a simple activated transport model.
From the above analysis, the computatf).i: does not exceed

10 even at the lowest temperature and loading. This implies
that, for a crystal dimension exceedingzi 8- 340 A, surface
barrier resistance would no longer make a significant contribu-
tion to the total resistance of an AIRG pore.

The DCV-GCMD simulations thus enable one to directly
compute the relative importance of the exit barrier on the
transport of sorbates across zeolite pores at different tempera-
tures and loadings. However, the simulations are computation-
ally demanding (many of the simulations conducted here took
over 4 days of CPU time on SUnSPARC ULTRA 30 computers),
and are impractical for systems having much smaller transport
00 0 oo 200 300 400 500 600 rates than methane. To examine these systems, we must use

Temperature (K) coarser-grained models. In the next section we develop a simple
model based on activated transport to study the importance of
the pore exit for a range of sorbate molecules in A{IFO

6.0

@/20) e

407+

2071

Figure 7. Relative importance of the surface barrier resistance to the
intracrystalline resistancezfze)c, plotted against the temperature at
different sorbate loadings. Also shown are th&é).i: values predicted .
by the activated transport model. The star symbol implies that the value 3- Activated Transport Theory
of (z/ze)cir predicted by the model & = 100 K is too large to fit in 3.1. Model Details

the present plot. The lines are meant to guide the eye. In our model, we assume thermodynamic equilibrium in the

in a pore containing both the intracrystalline and pore exit transverse direction of the long pores. Longitudinal variations
regions is given by the sum of the two resistances, whereby we of the potential and pore spacing then produce a pseudo-one-

obtain dimensional potential landscape over which the sorbate is driven
by some kind of thermal noise. Key to this model is the large
(Au,)+ zl, entropy gradient at the exit, which may compensate the favorable
J,=-L z 2L, (8) adsorptive potential of the crystal.
E

We now assume activated transport of sorbate molecules
along the longitudinal periodic energy barriers in the intracrys-
talline region of the pore and surface barrier at the pore exit.
Therefore, the diffusivity or mobility in the intracrystalline
region,L,, scales in an Arrhenius fashion with the temperature:

where Auz)t = (Auz)e + (Auz) is the total chemical potential
difference across the intracrystalline and pore exit regions. We
consider that the exit effects become dominating when the ratio
of the intracrystalline length to the length of the exit region,
2/ze, becomes less than the ratio of the two transport coef- L, ~ exp(~AU,/kgT) ©)
ficients, Li/Le. Therefore, exit effects become important when

z/ze < (2/ze)erin, Where the critical ratioZ/ze)ei is equal to whereAU; is the intracrystalline activation barrier. For the pore

Li/Le. . exit region, a similar scaling law for the mobility.g, also
Figure 7 is a plot of 4/z).i; versus temperature at the three applies:

sorbate loadings investigated in this paper. It is observed that

the ratio @/ze)qit decays rapidly as the temperature increases. Le ~ exp(—AUkgT) (10)
This indicates that the presence of a pore exit hinders the rate

of diffusion at low temperatures, and that exit effects become whereAUg is the pore exit or surface barrier. Although thermal
less important as temperature increases. This can be understoodoise is not introduced in our MD simulations and our static
by noting that the energy barrier with respect to the thermal lattice does not yield thermal vibrations, the transport of a single
energy increases drastically as the temperature decreases (asorbate is still diffusive with random walk characteristics. There
shown using the potential of mean force in the next section), are two possible origins to this stochastic motion. One is
thus retarding the molecules at the pore mouth. This effect of dynamic interaction (collision) among sorbate molecules, which
the pore exit on the energy barrier is, interestingly, much more can be significant even at low loadings. The dynamics of a
pronounced when the sorbate loading in the zeolite is low than neighboring sorbate two or three unit cells away can produce a
at high sorbate loadings. This could be due to the fact that, at dynamic potential. The interaction can also produce deterministic
high sorbate loadings, the GHmolecules drift down the clustering. Another possibility is that the motion of the sorbate
chemical potential gradient in local clustétsA molecule inside in the pore cross-section transverse to the longitudinal diffusive
the pore, but near the exit, is aided by its neighbors behind it, z direction can produce random motion in thdirection. This
pushing it to cross over the energy barrier, thus effectively coupling between the transverse degrees of freedom with the
reducing the activation barrier for transport. At low loadings, dynamics in thez direction has been explored by Kopelevich
however, the sorbatesorbate interactions cease to exist as the and Chang? We model both dynamics as thermal noise here
molecules are too far apart to affect the motion of one another. with the activated transport rate. However, the frequency factor
Therefore, a molecule will escape from the pore only when it is unknown, and hence only relative fluxes can be estimated.
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Figure 8. Potentials of mean force for methane, shown as solid lines, plottéd=afL00, 200, 300, 400, and 500 K as a function of the axial
coordinatez. Also shown are the average Boltzmann-weighted potential profiles, shown by dotted lines, and the potentials at the central axis of the

pore, shown by dashed lines.

As before, the exit resistance would dominate over the while the integral in the numerator is over all conformations
intracrystalline resistance when the ratio of the intracrystalline keepingry, ..., ry fixed.
length @) and the exit region lengthed) is less tharlL, / Lg. Now consider a single sorbate molecule inside an AHBO

This critical ratio of the two lengthsz(ze)crit, is then given by pore. Keeping the coordinate of the sorbate fixed and varying
the position of the molecule in the-y plane of the unit cell,

(&3/22) it = Li/Lg =~ exp(—AE/KgT) (11) the PMF can be calculated as a function of location along the
pore axis §) as

where AE = AU, — AU is the difference in the activation

barrier heights in the intracrystalline and pore exit regions. The Lffe*ﬁv(x,y,Z) dx dy
activation barriers used in the model should properly account W(z) = —k;TIn g(2) = —kgT In

for the potential energy as well as entropy. To this end, we use fffe‘ﬁv(xvyyz) dx dy dz
barriers extracted from the potential of mean force (PMF). (14)

The PMP324 for an N-particle system keeping of these
particles fixed at positions, ..., ry is defined in terms of the

n-particle distribution functiorg™(ry, ..., ry) as wherelL is the length of the pore being investigated. Here the

integrations in the numerator are over the entire unit cell cross
N " sections in thex—y plane at axial positionz, whereas the
W )(rl' o) = —kgTIn g( )(rl' i) 12) integrations in the denominator span the total zeolite volume
considered in the analysis. The resulting PMF is the free energy
where profile of a molecule diffusing along theaxis, appropriately
averaged over the coordinates orthogonal to the pore axis. To
VNI fj’ g Prlru.in) dr, ..oy compute the PMF in practice, a Monte Carlo integration
= technique is performed, with integrations carried out at small
N(N — n)! ff e Pl gr o intervals of 0.1 A along the axis.
(13) Figure 8 shows the computed PMF profiles for methane at
five different temperatures for a sorbate near the pore exit. The
Here = 1/kgT, with kg being the Boltzmann constant afid zeolite—bulk interface is az = 0, while the regions inside the
the temperature, andr, ..., ry) is the potential energy. The pore are az < 0 and the regions in the bulk are at> 0.
integral in the denominator is the entire configurational integral, When the sorbate is well inside the pore region (i.e., it does

g™y, ..ty
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not “feel” the pore exit), the PMF is a series of periodic TABLE 3: Energy Barrier Difference, AE, for Methane

“bumps”, which correspond to the natural corrugation of the Ehvalualted at Different Tdemperat_urles from the F;lMF (AEP_),I

zeolite potential field induced by the atomistic roughness of e Boltzmann-Averaged Potential QE™), and the Potentia
. ; : at the Center of the Pore AEC)

the pore wall. The amplitude of these PMF corrugations yields

the activation energy barriefU,, in the intracrystalline region T(K) AEkgT AE/keT AEksT
of the pore. As the molecule approaches the pore exit, the 100 10.88 13.71 9.05
attractive interactions between the sorbate and the zeolite lattice ~ 200 4.12 6.62 4.53
begin to decrease, resulting in an increase in the PMF. This is 300 1.94 4.31 3.02
the origin of the pore exit barrier. Comparing the PMF profile 200 0.87 317 2.26

: 500 0.24 2.49 1.81

at progressively higher temperatures in Figure 8, it is clearly
observed that the barrier height relative kgT decreases,
consistent with the simulation results. The results obtained using )
PMF predict that the exit barrier should be most severe at low With temperature. The values ofi/ge)cir obtained from the
temperatures and could potentially be the rate-limiting step for theoretical model are in good agreement with those obtained
intercrystalline transport. The height of the pore exit barrier from the simulation at loading L for most of the temperatures.
relative to the mean PMF in the intracrystalline region gives Only atT = 100 K'is the discrepancy between the two results
the activation energy barrier for the pore exit, as denoted by Very large. At this temperature, the value afZ)c: obtained
AUg. Before computing #/ze)eit USing the two activation from the S|mu_lat|ons is about 2 ordt_ars of magnitude smaller
barriers, we would like to compare the PMF with two other than that obtalngd from our model. It is not clear as to the exact
forms of potential in the pore. source of the discrepancy, but there are three possible factors

Also shown in Figure 8 as dotted lines are the variations in that may be responsible.

aEachAE has been normalized HgT.

the average potentia| energy a|ong the pore a@i&)mv.r’ First, the pl‘ojection of sorbate trajectories onto a one-
calculated by taking a Boltzmann weighted average of the dimensional path along the pore axis may be invalid near the

potential: pore exit, as the molecules are no longer confined to move along
the z axis. Second, the local equilibrium assumption made in

f !/‘V(Xy,z)efﬂv(x,y,z) dx dy the ac_:tivated transport model could also be fl_awed. '_I'hird, and

By = (15) most importantly, the present model neglgcts interaction among
ffefﬁv(xvy,Z) dx dy sorbate molecules. In the DCV-GCMD simulations, however,

the sorbate molecules interact with each other and tend to form

Note thatl(2)[dyt shows a corrugation similar to that \8f(2), clusters, especially at low temperatures. It has been recently

but the exit barrier for the average potential energy is higher observed that activation barriers for diffusion are significantly
than that for the PMF. This can be understood by virtue of the reduced due to cluster formation. The impact of the clustering
fact thatW(2) is afree energywheread#(2) Lyt only accounts is greatest at the pore exit where the energy barriers are quite
for potential energy variations. The sorbate experiences anhigh. This would lead to a significant increase in fluxes at the
increase in the potential energy as it leaves the strong energetiexit and could possibly explain why the proposed model
field induced by the zeolite, but it also experiences an increaseoverpredicts the exit effects at low temperatures. Clearly these
in configurational (entropic) freedom. This increased entropic issues require further examination.

freedom serves to lower the free energy barrier and reduces the We now apply this model to study the importance of exit
pore exit contribution more than one expects from purely effects for the transport of other molecules in AlP®pores.
energetic arguments. Finally, the potential energy profile of a This way we can examine the effect of the molecular size
sorbate as it is dragged along the axis of the pore structure isparameter,o, and interaction parameteg, on the above
shown in Figure 8 as a dashed line. This potential shows no phenomena. The molecules chosen for our analysis, with their
corrugation within the internal pore region, reflecting the fact size and interaction parameters, taken from ref 25, are listed in
that this corrugation arises from the intimate contact with the Table 4. Interactions of sorbates with the AlP®lattice were
atoms comprising the pore wall. Note that the potential energy modeled using LorentzBerthelot combining rules with the

at the center of the pore is actualigherthan@(z) [y, which oxygen LJ parameters given by = 2.698 A andko/kg = 120.1
reflects the fact that methane prefers to “hug” the pore walls of K. The PMF for these molecules is calculated at the five
AIPO4-5 to maximize favorable van der Waals interactions with temperatures as in the case of methane. Figure 9 shows the PMF
the lattice. The potential energy at the pore center gradually of the seven molecules at one particular temperaftire 800
increases as the pore exit is approached, which indicates theK). To evaluate %/z).i;, the activation energies in the intrac-
diminishing impact of the lattice near the pore exit. The rystalline and pore exit regions are obtained from these PMFs.
differences in the activation barriers in the intracrystalline and Table 4 shows the computed values nfz).;; for the various
pore exit regions of the pore\E) calculated using the three  sorbates considered. It can be observed that, for all the
different techniques at the five different temperatures are listed molecules, the exit effects become less important as the

in Table 3. temperature is raised, as expected. Another important observa-
3.2. Model Results tion is the fact that, as the molecular size becomes large, the
Having obtainedAU, and AUg, we now evaluatez(/zg)i exit effects become more important. These trends can be

using eq 11 at temperatures ranging frdn+= 100 K to T = observed more clearly by plottingifze)ri: at different temper-

500 K for the single methane molecule in AIRS. The values atures for the various molecules considered in the same figure
of (z/ze)qrit for methane computed using the model have been (Figure 10). It is observed that the relative importance of the
plotted in Figure 7, alongside the results from simulations. The barrier at the exit for the various molecules decreases in the
values are also listed in Table 4. It is observed that the generalorder SnBg > CCl; > CF, > Xe > CH; > Ar > Ne. We
trend in @/ze)cir obtained from our model is similar to that notice that this is identical to the order in which these molecules
obtained via the simulations; i.e., here algfzf)..i: decays with would be arranged if they were to be placed in decreasing order
temperature, showing a diminishing importance of exit effects of molecular size. Figure 9 also shows a similar trend as the
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TABLE 4: Lennard-Jones Parameters for Sorbate Molecules and the Relative Importance of Exit Effects for Different
Molecules in an AIPOs-5 Pore Using the Activated Transport Model

LJ parameters Z(/ze)erir computed from the activated transport model
o (A) elks (K) T=100K T=200K T=300K T=400K T=500K
SnBy 6.666 465.0 6.9% 10% 2.16x 106 1.77 x 10 1.97 x 10 2.38x 10°
CCly 5.881 327.0 1.65% 108 2.40x 10% 1.66x 1C° 1.27x 10 8.09x 17
CK 4.70 152.5 1.33% 107 6.10x 107 2.51x 10 4.77x 10° 1.76 x 10°
Xe 4.055 229.0 3.76 10° 1.36x 1¢? 9.22x 1° 2.50x 1¢° 1.14x 1P
CH, 3.73 147.95 1.1% 1C° 8.04x 10° 1.55x 1 7.00x 10t 4.18x 101
Ar 3.418 124.0 9.76¢ 10 2.30x 10° 7.57x 10t 3.92x 10! 2.82x 10t
Ne 2.789 35.7 4.3% 1071 2.33x 101 1.69x 101 1.47x 101 1.33x 10t
10.0 - T 10“0 ’ :
d SnBr4
[m] O CCl4
< CF4
A Xe
00 10” d Ar
V Ne
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Figure 9. Potential of mean force for the various molecules considered Temperature (K)

in this study afT = 300 K. Figure 10. Predicted relative importance of the surface barrier
) ) . . ) resistance to the intracrystalline resistanzézd).i, using the activated
exit barrier heights for the various molecules decrease in the transport model, at different temperatures for the various molecules

same order. This shows that molecular size (or, more properly, considered in this study.

the ratio of molecular size to pore diameter) is clearly the most

relevant parameter governing the importance of exit effects in coefficient at the exit than in the intracrystalline region

pores. Of course, a large would also enhance the relative (consequentlyz/ze)qi is less than 1). The same argument could

importance of the pore exit, as this would serve to further be used to explain the fact that some of the transport coefficients

increase the attractive interactions between the sorbate and th@btained for methane from the DCV-GCMD simulations (Table

lattice. 2) were larger at the pore exit than in the intracrystalline regions
To gauge the importance of exit effects on real systems, we of the pore. As expected, the PMF profile in Figure 8Tat

assume that the length of a typical zeolite crystal is on the order 500 K shows that the intracrystalline activation energy is higher
of a micrometer, and that the length of a pore exit is about 34 han that corresponding to the pore exit.

A (as used in our analysis before). This means that, for all
systems with £/z£)qic greater than about 300, exit effects may
be important. We can therefore conclude, from Table 4 an
Figure 10, that, at room temperature, exit effects are important
for the transport of SnBrand CC} only. However, at a
temperature of 100 K, exit effects are important for all the
molecules considered in this study with the exception of Ar
and Ne, which are the two smallest molecules considered in
this study. In fact, at this temperature the energy barriers at the
pore exit corresponding to SnBand CC} are 92.2 and 64.8

d 4. Conclusions

In this paper, we have addressed the problem of the pore
exit limiting the rate of transport of CHmolecules across a
AIPO4-5 pore. This issue is important from the industrial
perspective because zeolites are used commercially for separa-
tion of gases on the basis of their relative sizes. The rate of
separation is therefore dependent on the rate of transport of
ksT, respectively. Such large barriers would essentially prevent sorbgtes through these zeolite pores. M,OSt Pf the literature
the molecule from escaping once it has entered the pore. It iscons_,|ders the effect of n_atural surface barriers in these types of
also possible that a surface barrier may enhance the escape of€0lites on the adsorption of sorbates only. In this paper we
a molecule from the pore. For example, in the case of Ne, it is Nave shown that the pore exit barrier may also impact transport
observed that the intracrystalline barrier is larger than the pore Py hindering the desorption process.
exit barrier at all temperatures (this can be observed from the To study this effect, we first conducted DCV-GCMD simula-
PMF of Ne at 300 K), thus leading to a larger transport tions to evaluate the transport coefficients in the intracrystalline
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