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Abstract

With the aid of molecular simulation techniques (molecwgnamics [MD], Grand-Ca-
nonical Monte Carlo [GCMC], and reactive flux correlatiométion [RFCF]), the influence
of the external surface on the equilibrium permeation ofhae¢ and ethane into and out of
an AFl-type zeolite crystal has been studied. In particukxtended dynamically corrected
transition state theory”, that has been proven to deschbearainsport of tracers in periodic
crystals correctly, has been applied to surface problems.r@sults suggest that the molecules
follow paths that are close to the pore wall in the interiard also at the crystal surface.
Moreover, the recrossing rate at the surface turns out tobergligible, yet, in contrast to the
intracrystalline recrossing rate, remains almost consteer loading which gives indication to
diffusive barrier crossing at the crystal surface. As a eqognce of very different adsorption
and desorption barriers, the corresponding permeabilitie shown to be not equal for one
and the same conditiofT ( p). The critical crystal length, beyond which surface effezn be
certainly neglected, is computed on basis of flux densiti@grance/exit effects, in the present
cases, are practically important solely for ethane at laggures. The influence of the type of
external surface on the surface flux is, hereby, rather sbedhuse the transport at the surface
is controlled by the slow supply from the gas phase. This leas evidenced by a simplified
thermodynamic model that has been derived within this wowdk ahich is based on rapidly
assessable simulation data. Finally, we propose a proedduestimating the importance of

different factors that have an impact on surface effects.
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1 Introduction

Nanoporous materials, such as zeolites, metal-orgamusfnaorks (MOFs), and carbon nanotubes
(CNTSs), represent a very important class of solid materidtssome cases, they have already
made a significant industrial impact (zeolites). In othesesa their peculiar properties make them
a promising candidate for novel applications (MOFs and QNUsing the example of zeolites,
that have a long research history, one can grasp to whicinterenoporous materials can be
potentially used. Starting with rather simple adsorptiondas separation (NO, separation),
over ion-exchange processes (water softening), to hesasmgisly catalysed reactions (cracking
of alkanes), only the most well-known applications of zesliare listed. However, they may even
be used for microelectronics and medical diagnbsiad have the potential to serve as permenant
medical material to be implanted into human bodide latter two applications crucially depend
on a very good understanding of adsorption and diffusiorootiensed matter into and out of the
zeolite crystals.

Although zeolites have been focus of innumerable worksessiing adsorption, transport, and
reaction issues of adsorbed matter, there is still considerconfusion even about the simpler
processes of adsorption and transport inside the micrep@ensider for example diffusion: al-
though it seems that, by now, fluid diffusion in the pores dflize crystals is understood quite
well, e.g. see Refs. 3-5 and references therein, therellis $éick of understanding why and
for which adsorbent-adsorbate systems so-called surféaesehave a crucial impact on the per-
meation into and out of the crystals. These effects are $qieclito be one of the most prominent
reasons to why diffusion coefficients obtained from maaspsc methods, e.g. uptake experi-
ments, and microscopic methods, e.g. pulsed-field gratibtR (PFG-NMR), and quasi-elastic
neutron scattering (QENS), sometimes deviate tremengdoisbne and the same systéhRe-
cent works of the group of Jorg Karger using the interferenmeoscopy (IFM) technique indicate
that there are systems which exhibit tremendous surfaeetsfivhilst other systems are entirely
controlled by slow intracrystalline diffusioh® The IFM technique makes use of the refractive in-

dex of the zeolite+adsorbate system which directly coresl#o the prevailing loading inside the
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zeolite crystal’ so that 2-dimensional concentration profiles can be medstaesiently. In spite

of the relatively high spatial resolution of the concentmatprofiles (approx. 0.50.5 um?), it is
difficult to trace the reasons to why surface barriers ocouafgiven adsorbent-adsorbate system
on basis of IFM. Owing to their detailed insights simulagsaran help finding those reasons and,
in the best case, provide a mechanism, hence complemehémxperimental observations made,
e.g. why no surface barriers are observed by IFM, or why thewery large.

Several molecular simulation studies have been condubidhtave investigated the effect
of external surfaces on the adsorption and desorption adsffii'® On basis of molecular dy-
namics (MD) simulations Schiringt al.1° have observed that, for neopentane-like systems, the
condition of single-file diffusion leads to an accelareasedface exchange rate but to a slower
intracrystalline exchange. Gulin-Gonzatgzl.*! performed MD tracer-exchange experiments of
a small heavy Lennard-Jones fluid leaving an AJPcrystal. From their results they suggest
that large potential energy differences between the intsaalline and intercrystalline space cause
the tracer-exchange profiles along the pores of small dsystabe flat. This indicates a large
surface transport resistance. Since the profiles get mowedwas the crystal size increases, the
influence of the surface transport levels off with increggirystal size. Aryat al.1? have studied
methane permeation through an AlR® crystal using dual-control volume Grand-Canonical MD
(DCV-GCMD) simulations and equilibrium MD simulations. @hhave shown that the effect of
external surface barriers diminishes as temperature auing increases. On basis of a simple
activated transport model they have furthermore shownttigasurface effect is more pronounced
for large molecules, i.e., when the ratio of molecule sizpdre size approaches unity. Newsome
and Sholf®1* confirmed these general observations for various fluidautifia silicalite crystal
and proposed an own method that uses quantities that caiyrbadaccessed from equilibrium
MD simulations for predictively assessing the importansusface effects. Ahunbast al.*® per-
formed DCV-GCMD simulations of methane through a sili@ktystal and they have observed
a coupling between entrance and exit surface resistantes) methane permeates from one gas

reservoir (control volume 1) through the crystal to anotfees reservoir at the opposite side of the
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crystal (control volume 2). When the resistances are coetphby separate simulations, i.e., one
control volume is located inside the bulk gas phase and ther @ne inside the zeolite, it turns
out that the resistance to adsorption is stronger than shaes$orptiont® It should be noted here
that Aryaet al. have shown that DCV-GCMD simulations can severely suffamftechnical issues
such as not adding streaming velocities on newly insertel@cutes and choosing a low ratio of
stochastic to deterministic step?.

Some of the works mentioned above have competgdlibrium fluxes at the external crys-
tal surface. These were either computed by counting theculde passing a pre-defined plane
that separates gas phase and zeolite space, or the fluxesamepeited on the basis of adsorp-
tion/desorption rates via free/potential-energy profiles either case, a phenomenon is usually
disregarded that has been shown to be of great significarsmftdiffusion of gas molecules in-
side thebulk zeolite: the so-called recrossing evefitel’ Recrossing events stem from viewing
the self diffusion of adsorbates in zeolites as a random ok lattice. A molecule can jump from
one adsorption site to an adjacent one at a rate that is detroy two factors: the free-energy
barrier that impedes the jump and the likelihood that a jatt@mptis eventually successful. The
second factor, that is, in most cases, a function of zea&elihg, is mainly influenced by these
recrossing events which decrease the probability of ss@@gsmps. The theory that comprises
the underlying physics is known as “dynamically correcteshsition state theory” (dcTST). We,
therefore, use dcTST in this paper in order to compute daitilin transport rates of methane and
ethane inside the micropores and at the external surfaae alf-gilica AFI-type zeolite crystal to
eventually assess the importance of surface effects orettmegation of adsorbates into and out of
the crystal.

The remainder of this work is structured as follows. In smtt2, the methodology of this
work is described. Apart from modeling details (subsecfidnand 2.2), the main ideas behind
“extended dynamically corrected transition state thearg’presented (subsection 2.3). The results
are subsequently presented and discussed (section 3)adtheekttion concludes the results from

a broader point of view.
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2 Methodology

2.1 Zeolite description and simulation box

The zeolite under investigation was a purely siliceous ke which exhibits parallel pores
without interconnections. As experienced by methane nutdsg the pores are slightly corrug-
ated. Narrower regions with a diameter of approximatelyA7(8alled windows in the following)
are followed by wider regions of a diameter~010.0 A (called cages), see Figure 1. The windows
are formed by a ring of 12 oxygen atoms where 2 O-atoms aresobeh through one and the same
silicon atom. A single unit cell consists of 96 oxygen and #i8@ atoms, and its dimensions are
23.774 A, 13.726 A, and 8.484 A i y, andz direction, respectively. The original crystal struc-
ture, as taken from Ref. 18, was converted from monocliniortborhombic for computational
efficiency and thus accomodates 4 cages in total.

The crystals were aligned in (0 0 1) direction (Cartesdatirecton). The simulation box in-
cluded 2 unit cells irx, 3 iny, and 4 inz direction which were centered in the simulation box.
In addition, fractional unit cells, that were cleaved peatieular toz, were “glued” on the last
unit cells inz-direction. Two conceptually different truncations welmsen for one and the same

simulation box:

1. On the negative side of the zeolite plate, the window O-atoms formed the @strmeolite

atoms, and

2. on the positive side, those 6 oxygen atoms that form the center of the cagetucted the

crystal.

This methodology allowed us to study the role of the trursaplane systematically.

As can be seen by Figure 1 (bottom), the crystal accommod#Xdsll cages. The length
of the zeolite space im direction, as measured by the position of the outmost oxygems on
either side, was 44.4 A; the length of the gas phase was 50 d siFhulation box consisted thus

roughly of 50% zeolite volume and 50% gas volume. Periodimidi@ary conditions were used in
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all directions, creating an infinite repetition (@rdirection) of infinitely large (inx andy) zeolite
plates and gas chambers. At this point it should be mentitreggast simulation studies labeled
comparable systenmeolite membranesHowever, the results from such molecular simulations
rather compare to single-crystal experiments, such adenémce microscopy, and infrared micro-
scopy measurements, than to permeation experiments on raeesin the conventional sense of
the term membrane. Those usually comprise of a non-zesiipport layer, and a polycrystalline
zeolite film (intergrown grains) that may be covered by an igghous silica layer depending on
the post-synthesis treatmet®2°In this context, it is worth mentioning that Caro and Noackeha
reviewed recent developments and progress of such zedditebmanes!

There is still a lack of knowledge with respect to the molacwdtructure of the surface of
zeolite crystals. For example, cleavage of the zeoliteesire will introduce silanol groups (chem-
ical saturation of the external surface) which will have Hetlent structure as compared to the
cleaved surfaces considered in this work. This lack of mdégdnformation renders a direct com-
parison with experimental data difficult. However, in ord@igain some insights into the role of
the surface, the above described methodology (two différencation planes) may be considered
worthily. Nonetheless, it should be mentioned that, onbergly, Thomphcet al.?2 have intro-
duced a potential for such silanol groups on a silicalitesfase, and that future studies should
take into account the surface saturation. Another impopaimt with respect to studying a realistic
crystal are lattice defects and crystal intergrowtR? all of which are not considered in this study
but which are very likely be found in real zeolite crystalsofa another point of view, this under-
lines the complementary relationship between experimamissimulations. As soon as there will
be experimental data of the systems under investigatiosetinfluences may be estimated from
the comparison between simulation data using highly idedlicrystals and experimental results

where non-idealities certainly occur.
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2.2 Simulation details

We have performed molecular dynamics (MD) simulations @NIVT ensemble whereby the crys-
tal structure was held rigid for reasons of computationféiehcy and structural concerd8 The
Lowe-Andersen thermostat for interface-fluid collisi6h$LA-IFC) was used in order to main-
tain the temperature during the production phase. Thigrtbstat mimics the energy exchange
between vibrating pore atoms and adsorbate moleaalgsctly for carbon nanotube® As for
zeolites, there are no parameters available. Therefoeecdhision frequencies were estimated
from published carbon nanotube (CNT) simulatidfAd.he frequencies do, in fact, not vary much
for methane in CNTs whose radii are of similar size as the mdddpore radius?® Note that, due
to the corrugation of the AFI pore walll, the region to be thalimed (on basis oftW°f_.) is not

a cylindrical shell, as was the case for the smooth CNTs. dRakplicit adsorbate-zeolite atom
distances are determined for testing if an adsorbate isaemtalizing distance ta zeolite atom
and the Verlet lists of the energy and force calculation Bpkeding up this search.

Tests in a periodic AFI crystal revealed that, at zero logdoerturbing the choosen frequencies
by a factor of 2 does not lead to different self-diffusivitieThe collision frequency was set to
[ = 10'/s, this is, equal thermalization in all directions, and theoff radius was set to 3.6 A.
A final comparison between the LA-IFC thermostat and the Néséver chain thermost&t in a
periodic AFI crystal (see Figure 1 in the Supporting Infotima) shows that both the free-energy
profile along the diffusion directiom and the mean-squared displacement (MSD) do not differ.
Finally, all simulations were performed at a temperatur@fi K.

Methane and ethane were modeled ag 6&hads of united atoms. The force field of Dubbeldam
et al.3%31 was used for adsorbate-adsorbate and adsorbate-zedditadtions. This force field
was specifically developed to reproduce adsorption isoth@f alkanes in zeolites accurately. In
addition, Beerdsen and Sr#fthave shown that this force field even yields a good descripifo
the loading dependence of the methane self-diffusion @i in MFI. The silicon atoms were
assumed to be shielded by the large oxygen atoms. For etharaglditional harmonic potential

was used to model the intramolecular vibration of 8EH3 beads. The potential parameters are



N. E. R. Zimmermann et al. Equilibrium Transport at Zeolitefaces

given in Table 1. The Lennard-Jones potentials were cut @ttarcte of 12 A and shifted in order
to avoid singularities in potentials and forces.

Newton’s equations of motion were integrated numericalling a standard velocity-Verlet
algorithm and a time step of 1.0 fs for methane and 0.5 fs foare¢ simulations, respectively. A
Monte Carlo initialization phase of several thousand tietreal and rotational moves (the latter
only for ethane) as well as a velocity-scaling MD phas&@0 ps) with final equilibrium NVE-MD

phase £1 ps) preceded the production runs.

2.3 Extended dynamically corrected transition state theoy

Several recent publications showed that the self diffusibmolecules adsorbed in zeolite ma-
terials can be accurately computed by the approach of eatedgnamically corrected transition
state theory>17 (extended dcTST). As the self-diffusion coefficiedt, is, in general, a function
of loading for a given adsorbate-zeolite system at a giverpegature, extended dcTST provides
a valuable means to discuss the loading dependenbg oh the basis of those two factors that

comprise the theory:

1. Free-energy contribution (static property). Usually, one of the Cartesian diredimiden-
tified as the reaction coordinatg,that measures the progress of a jump event from reactant
statega, over the transition statgF, toward the product statgg; in this workq = z. Free-
energy profiles along the reaction coordin&tég), are calculated from residence histograms
of a tagged adsorbate molecule, as obtained from the siimsat=inally, the relative prob-
ability, P-a(g"), to find the molecule on top of the barrier is computed

e~ BF(d*)

[ e BF(9) dq'
cage A

P-a(q¥) = 1)

2. Flux through dividing surface (dynamic property). The idealized TST flux through the

dividing surface a* is approximated by kinetic gas theory, such that the jumgueacy
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.
ST =\ 22T Pl @

ks is Boltzmann’s constanfl the absolute temperature, anthe mass of the bead(s), or

from A to B,k °T;, reads

atom(s) involved in the reaction coordinate (in this worknter-of-mass of entire molecule).
Spurious crossings are accounted for by taking the platele wf the reactive flux correla-

tion functiort3334(RFCF),k (1),

<q<o> Hlg(t) — - 51q(0) - qﬂ>

(05-141) |

whereq(0) andq(0) denote the initial position and velocity of the moleculespectively.

K(t) =

()

H is the Heaviside function (gx) = 1 for x > 0 and Hx) = O otherwise). Starting config-
urations for the RFCFs were generated using an MD-basedapp(BOLAS®, EPS®).

Otherwise, the procedure for the RFCF simulations is theesasrin Ref. 4.

The methodology describe above is also known as the Be@hetdler approack®-341t has been
often used in order to understand diffusion in nanoporelealimit of infinite dilution, see for
example the numerous references in Ref. 4. The key to extgrdiTST to diffusion at finite
loadings is the computation efffectivehopping rates of aingletagged molecule. Surrounding
adsorbate molecules are viewed as an additional exterlthidithe tagged molecule, and naturally
fluctuating cage occupancies are crucial to the hoppingoatguted® In fact, this viewpoint is
similar to what ChandIéf anticipated for the isomerization afbutane: the rate constant would
strongly depend on the solvent density that excerts anreadtéeld ton-butane.

The self-diffusion coefficienDs, is, on basis of dcTST, calculated b/

1
Ds= o5 KKiZlg A%, (@)

10
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whered denotes the dimensionality of the pore system (lteee 1), andA the separation of
hopping sites in the zeolite structure (héree4.242 A). It is the measure for thetracrystalline
transport ofsinglemolecules. Transition state theory has recently also beed to characterize
equilibrium transport at crystal surfac&s3’ However, we are not aware of any crystal surface
study that has accounted for the dynamic correction (spsravossings) which may yet have a
profound impact on the surface transport.

In analogy to the surface permeability, which describes the mass transport at surfaces under
the influence of a driving force\u), one can define a tracer permeability at the surfagg for
characterizing the extent of transport at the crystal sertander equilibrium conditions, compare
also Ref. 11,

TST,surf
as= KK\~ 5" - Asurf- (5)

Asurf denotes the length between the free-energy well on the dmskside of the pore mouth and
the well on the zeolite side. The subscript S stresses tisajtiantitiy is related to single-molecule

motion rather than to collective transport.

2.3.1 Critical crystal length

In order to assess the relative importance of surface toahsffects, Arya et al. pointed out that
any such assessment.“must include an estimate of the critical crystal dimendbeyond which
the barrier resistance becomes insignificaht They have therefore introduced a critical ratio of
the two lengths involved, i.e., of the pore lengi??" to the length of the pore exit regiotf*t,
and, on basis of a simple activated transport model, provadgood estimate for this ratio. In a
similar manner, and also using a simplified equilibrium mpNewsome and Sholl have defined a
critical crystal length|_¢t. 1314 Using the example of adsorption, the model of the author#lffina

reduced to following equatidf

Rads _ Dc(Creed) Creed
Rintra al  Peed

(6)

11
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whereRygs andRintra denote the adsorption and intracrystalline transporstasce, respectively,
Dc the corrected diffusivity, andeeqthe concentration inside the zeolite in equilibrium Wik,
the gas-phase pressure outside the crystal. Note that #weydefinedr as the derivative of the
flux density with respect to pressuce = dj/dP.

In this study the fact that dcTST originates from chemicakt®ns, and that the molar flux
density, ja_.g, between two adsorption site thus corresponds to the ratbarige of specieis
dn; /dt, is used for assessing the importance of surface transjpectse The molar flux density in

terms of dcTST is given by (compare also Ref. 11)
jA—>B =K- kI\S—TB ' <CA>)\A7 (7)

(ca)Aa stems from computing the number of species A (found left ftoetransition stateina) =
[ (c)-dv*) and its conversion into flux densities by dividing by thess®ectional areAa
C(igd\i*‘?AA — dA™). jg_na is obtained in the same way and it must egual.g because of prevailing
equilibrium conditions. Because of the proportionalite§™(@ 0 P(q) O ¢(q) Eq. 7 reduces to
jA-B =K - lz(BT:q -(c*). Note, furthermore, that our simulations showed that cainguTST
fluxes, i.e., Eq. 7 and setting= 1, is exactly equivalent to computing one-way fluXés.
We define a critical crystal length for which the tracer tr@ors resistance at the external sur-

face amounts tez1 percent of the intracrystalline tracer transport resistsby means of the flux

densities at the surface and inside the bulk zeolite, réispdg

iintra
J

LSt — 200 —————.
Jsurf/)‘surf

(8)

In essence, this length is the minimal crystal dimensianaoer-exchange experimerfts which
the surface transport resistance can, in a good approximée neglected in the evaluation model.
Note that the factor 2692x1% ! stems from the consideration of a symmetric plate (compare

also Ref. 8).

12
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3 Simulation results

During the MD simulations the core-zeolite loading and tldk lgas-phase concentration were
monitored. Core and bulk, in this context, means that it was sampled inside volumesrevif-
fects originating from the crystal surfaces can be cenjaielglected (zeolite loading: thex3x 2
innermost unit cells of the simulation box; gas-phase cotmagon: volumes at either end of the
simulation box with$2™P®— 6 A). The data from these MD simulations that explicitly indé a
zeoliteanda gas space agree very well with adsorption isotherms adatdiom Grand-Canonical
Monte Carlo (GCMC) simulations in a periodic AFI crystalthgere performed with the same po-
tential parameters, see Figure 2. Only in the limit of vergéspressuregy(— 10° bar), the results
are starting to deviate which is due most likely to the foliorabf a liquid film on the external sur-
face that does affect the bulk gas-phase concentrationpidoedure is thus thermodynamcially
sound up to several hundred bar. However, it must be pointéthat the potential used is one
of the most critical issues in molecular simulation studiesFigure 2, previously published ad-
sorption isotherms simulated by Maris et®¥lare plotted for comparison. Although the isotherms
found in this work and by Maris et al. are qualitatively sianifor ethane, the saturation loadings
for ethane differ, and the methane isotherms have evernreiff@volutions. Since their potential
was not specifically developed for adsorption in an AFI-tgeelite but Dubbeldam et al. also
included an isotherm of methane in AIR® when determining their potential parameter ¥ei,

is believed that the potential used in this work may be carsid appropriate. Note that in the

following all results are based on MD-NVT simulations, ahd GCMC simulations served only

as a consistency check.

3.1 Free-energy profiles

In Figure 3, free-energy profiles (left) of single tagged magie (top) and ethane molecules (bot-
tom) in the periphery of the external crystal surface arsqgméd for various total particle numbers

inserted into the simulation box. Additionally, the meangmial energyBU, as experienced by a

13
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single molecule, is plotted right to the-profiles. At low loadings the free energy in the gas phase
is very low but higher than inside the zeolite. This diffezens larger for ethane than for methane
and itis a consequence of adsorption. The attractive vaiwaals interaction between adsorbates
and adsorbent render the probability to find a molecule ensi@ zeolite higher than in the gas
phase. With increasing loading, and thus pressure, the relative average free-energyifeside

the pores increases and, beyond a loading of 5.2 and 4.8 fpra@tHGHg, respectively, turns to
be larger than the free-energy in the gas phase.

Two-dimensional free-energy landscapes, see Figure 4y 8tai the external surface of both
truncations exhibit no holes that might allow the adsorbatdecules to enter previously not
accessible zeolite space, i.e., blocked cavities. Thisldvpase a problem to the simple one-
dimensional projection of the free-energy landscape. TBdree-energy to really enter the zeolite
pores would be underestimated in those regions where nmetecan be found in both the pore
volume and newly accessible cavities. In the worst case utldvthen change the transition state
location, and thus maybe lower the free-energy barrier.edeer, the 2-D free-energy landscapes
confirm the conjecture made in the beginning of the sectian a@hliquid film is forming on the
external surface. This is indicated by a second layer casidgronto the external surface (yellow
stripe at around -27 A to -28 A f#=9.3 molec./UC). The film forms however at such high pres-
sures that are most likely not relevent to practical appbcea for the present systems. For this
reason, the last 3 state points for methane, compare Figumes 210t considered anymore in the
further analysis. Note that when longer alkanes were to bsidered, the liquid film might yet
form at pressures that are, in fact, relevant to practi¢tehons. A larger gas-phase volume at
the ends of the simulation box would then be neccessary iardodprevent the film of reaching
the volumes where the bulk gas-phase concentration is taf@led and thus of distorting the
isotherm.

TheF-barrier for entering the zeolite through a window-wisentrated surface is, at low load-
ing, comparable to the intracrystalline barrier for bothGihd GHg. As loading increases, the

surface barriers to adsorption are getting slightly lardpan the intracrystalline barriers. This

14
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phenomenon conversely occurs for the correspondesprptionbarriers of methane and ethane
attempting to leave the zeolite through a window. Here, tivéase barriers are larger than the
intracrystalline barriers at low loadingé, and they are smaller at high Furthermore, a®
increases the transition state (TS) is slightly shiftingnra position close to the gas-side basin
towards the expected entropic barrier location, i.e., tpwsbf the outmost window of the crystal,
see Figure 4 as well as Figure 5 in the Supporting Informatismfor the cage-wise truncation,
these observations are similar, particularly at high Inggi However, the adsorption-desorption
barrier difference at low loading is much more pronounceldoAthe TS location remains initially
rather constant and then drops sharply at a loading betwaex 3 molecules per unit cell. The
TS locations in the bulk zeolite remain, as expected, stabédl cases. Moreover, the locations
of the adsorption and desorption basins remain unchangadaading, and are identical for both
adsorbate types.

The potential-energy profiles in Figure 3 reveal that, addgélly to an entropic component, the
intracrystallinediffusion is also limited by an energetic barrier. As for twefaces, the steep des-
cent of the potential energy from gas-phase to zeolite arysdicates very large energetic barriers
to the molecules attempting to leave the crystal on eitha®. sParticularly at low loadings, it is
energetically very unfavorable to the molecules to leaeectlystal in order to stick at the external
surface, where they experience the attractive van-detsifgaraction with the zeolite atoms from
one side only. This energetic effect is that strong, thatiitsthe TS location from the expected
window location more towards the gas phase. Yet, when cosdptar the free-energy barriers,
the BU-desorption barriers are larger. There is thus an entrbbpioeore favorable situation at
the external surface than in the first zeolite cage. Inside#olite, the adsorbates can only move
along thez direction. Adsorbed on the external surface, the moledwes effectively gained one
additional dimension to movex @ndy direction on the external surface, as comparezidoly in-
side the pores), which has also been indicated by A&tya. 12 The entropic gain for methane and
ethane are comparable. The energetic drop of ethane is BoVeeger, because-Bg is modelled

as 2 beads that, in terms ef are comparable to the single methane bead. In any casenthe e
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tropic effect becomes more pronounced as loading increasevidenced by the larger adsorption
barriers at high pressures.

The 2-D free-energy landscapes indicate the general patmthecules take to enter and leave
the crystal, respectively. When coming from the zeolitecgpan the window-wise truncated side
of the crystal, they stick in the outmost cage of the crystal then desorb by creeping around
the outerO-atoms to eventually reach the external surface. This meeded by the yellow region
in the outmost cage and the following yellow bended tail Ioxel= high likelihood to find the
molecule). As for the cage-wise truncated side, this peesimilar. However, the creeping-
around is less evident at low loadings. This is, because rideregions comprise of open pore
cages providing less external surface to stick on suchlieatiblecules are partially on the external
surface but also in the half end cage. Elevating the presssudts finally again in a distinct
“creeping path”. In the bulk zeolite, the molecules alseetakhopping path that is located close to
the pore walls, see Figure 4 in the Supporting Information.

Note finally that the free-energy and the potential-energfiles of methane at very low load-
ings agree well with potential of mean force and averagenetieenergy profiles published by

Arya et al.1?

3.2 Transmission coefficient

Reactive flux correlation functions (RFCFs) of methane ieaqalic AFI crystal and at the crystal

ends are shown in Figure 5 and Figure 6. The overall RFCF igpased of two contributions:

1. Those trajectories that start with a velocity of the tabgmlecule on the barrier that points

toward the target cage/free-energy basin(t).
2. Those that start with a reverse velocity,(t).

The overall RFCF is the sum of the 2 contributions, kgt) = k*(t) + kK (t), see also Ref. 39.
In the case of a periodic crystal, the overall RFCF decaysmaptially with time, as do the

two separate contributions (Figure 5). The decay titf&), for a given loading, is thereby the
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same for all three functions. Furthermor®®increases with loading, giving rise to retardation
of the barrier crossing because of the interaction betweeriagged molecule and surrounding
molecules. Interestingly, the plateau value of both thetpesand negative contribution decrease
almost equally in magnitude when loading increases.

The situation is quite different at the crystal surface. réhare two to three time frames ob-
servable for the decay of the RFCFs. A short decay time, shadinparable to the intracrystalline
tdecay occurs always for the positive contribution of those tabjgmlecules that aim to enter the
zeolite k49, and the negative contribution of those trying to desortory decay time occurs for
the other two cases (positive contribution to desorb, amtne contribution to adsorb, respect-
ively). Additionally to these 2 time frames, there is a thilecay time, that is observable fmjds
andk . at the cage-wise truncated crystal side and low loadings seé Figure 6. In those cases,
there are 2 plateaus fm%sandKJes Irrespective of the different decay mechanisms, the divera
RFCFs of adsorption and desorption are identical for a givgstal side and loading.

The different decay times have their origin most likely i thsymmetry of the barriers and
the different length scales for reaching state A and B, respdy. Evidence to this is provided by
time-resolved phase-space plots of the entire swarm of RIFGBts from the barrier, see Figure 7
(CH,4 at the cage-wise truncated surface at a loading of 0.88 moIex. Each plot is a “snapshot”
that represents the probability of finding the tagged mad&@fter some time, at some point in
g, when it had initially a velocity o§(0). The first plot at non-zero time (0.1 ps) shows the typical
evolution of the diagrams when the barriers are symmetucthe crossing process non-diffusive
(for example, intracrystalline barrier crossings of methan AFI). The sequences, in those cases,
indicate ballistic motion, i.eq(t) = g(0) - t, such that the entire distribution sequence appears as
a clockwise rotation aroundj[= 0, q(0) = O] up to the point where the trajectories reach their
initially aimed state. In the present case, however, thedtaries evolve differently (Figure 7,

t =0.4 ps):

1. The first trajectories with initially positive velocisei.e., that aimed to desorb, have reached

the crystal surface whereas all those trajectories thag¢a@ito adsorb are yet “under way”
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because of the different length scales of the adsorptiordasdrption states, as measured

from the barrier.

2. The center of the “distribution pendulum” (red strip) Ismsfted such that a much larger
fraction of the desorbing-aiming trajectories has beeketinto the zeolite than the initially
adsorbing-aiming having redirect towards the crystalamaf This is probably because of

the attractive van-der-Waals potential.

3. The large area of yellow color indicates a very broad ithstion. Since 0.4 ps is a rather
short time to observe this “smearing” of the distributidrgan be concluded that the barrier

crossing at the surface is quite diffusit.

From the following plotst >0.4 ps, it can be seen that the desorption state is “filled wteq
continously over time with trajectories for whieif0) >0 which confirms thak . (t) decays con-
tinuously. The negative contribution to the desorptioeraths exhibits a plateau between 0.4 and
0.8 ps which may be due to the fact that some molecules atéehtptadsorb (negativeg0)), hit

on the concluding half cage of the crystal such to be immebjiaeflected and quickly reach the
desorbing state, as evidenced by the slight yellow strimgfor0, ¢(0) < 0, t =0.4, and 0.8 ps.
The time for this plateau to be reached (0.4 ps) supportctngcture, because the mean trav-
elled distance based on this time and an average absolotityeh z-direction of 3.15 Aps from
kinetic gas theory yields a value (1.3 A) that is similar te tlistance of the desorption state from
the barrier (1.85 A). Between 0.4 and 0.8 ps, none of the remgadsorption-aiming trajectories
have been reflected but they are smoothly sucked in by trect#e zeolite potential. Also, the
first trajectories, mostly with high initial momentura (—-500 nys), have reached the adsorption
state within this time. In the time between 0.8 and 2.5 pstieeagain a considerable fraction of
trajectories recrossing that initially aimed to adsorbe Titermediate plateau and the subsequent
long second decay time &f_(t) come thus from the somewhat lengthy way of the molecules into
the interior of the crystal where they reside for some tinmel, hien partially travel back toward the

surface.
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The transmission coefficientg, are identified as the plateau values of the overall RFCFs.
They are displayed in Figure 8 as functions of core-zeotiteding. As for the intracrystalline
case, the transmission coefficients of both adsorbateseayesimilar. Starting from around unity
at infinite dilution, the transmission coefficient decresasaly slightly, but, for loadings beyond
1 molecule per unit cell, it decreases almost linearly. €hsrhowever a somewhat sharp drop
at 8 = 4 for ethane such that it rather remains constant at subsebtpaglings. As a consistency
check, correlation factors on basis of mean first-passagestt were computed for methane in a
periodic AFI crystal at three loading8 &0, 2, and 4 molecules per unit cell; asterisks in Figure 8).
The correlation factorst™, on basis of mean first-passage tint&s,were computed by following

equation

0.5
gL ?

fP
wherek!ST; is the TST hopping frequency, as computed from free-energfji@s. Note that the
factor Q5 in Eq. 9 stems from considering a one-dimensional lattibere a molecule that starts
from a given lattice site, say A, may hop to either the left, & right, B, neighboring lattice site
with each 50% probability. The RFCF method and the first-pgesime approach yield the same
values.

The transmission coefficients at the surfaces behave qitfiéeehtly. They neither start from
around unity, nor do they depend much on loading. Howeverossing is a symmetric phe-
nomenon, i.e.x2 = k9sfor a given loading at one and the same surface. Although &te d
scatter, a trend is observable for methane at the window-tiscated side: linearly decreasing
from 0.63 @ = 0.3) to 0.43 @ = 4), afterwards constant. As for the cage-wise truncaticnéar
trend is observable, here from 0.53 to 0.33. Interestingggems to be constant for ethane at low
loadings, yielding for both truncations a value of aroundb0.Beyond 4 molecules per unit cell,
the transmission coefficient drops sharply and increasasdfgain. This together with additional
correlation plots that are found in the Supporting Inforimratfurther supports the earlier state-
ment of much more diffusive barrier crossing at the crysidiese, as compared to intracrystalline

barrier crossing.
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3.3 Permeability and critical crystal length

On basis of the free-energy barriers and the RFCF datacsyrirmeabilities have been computed,
see Figure 9, wheres is plotted as a function of loading for methane (top) and rh@ottom)
and both crystal truncations (window-wise cage-wise). Since the transmission coefficients of

ethane were only computed at 4 state points, interpola&idrapolation was neccessary:
e Window truncationk=0.45 for@ <3.2 molec./UCk=0.3 otherwise.
e Cage truncationk=0.45 for8 <3.2 molec./UCxk=0.25 otherwise.

Because, on the one hand, the adsorption and desorptiaarbdar a given fluid and crystal
side are generally not equal but, on the other hand, thentias®n coefficients are equal, it is
observed thaugdsyé ages. The adsorption permeability is, at low loadings, alwaygéa than
the corresponding desorption permeability. The diffeecetween permeabilities obtained at the
cage-wise truncated crystal surface are thereby alwagsrdhan those obtained at the window
truncation. The further trends of the surface permeadslias functions of loading reflect the
trends of the free-energy barriers with loading. Thisoig?sdecreases with loading, because the
corresponding barrier increases. As for desorption, thldshthe other way around. This leads
eventually to an intersection @f% and a2 at intermediate loadings which marks the point of
equal hopping rates for adsorption and desorption.

In Figure 10, the critical crystal length®™, is plotted as a function of the unit-cell loading.
Since the adsorption and desorption fluxes are equal formaéha same crystal truncation (com-
pare Section 2.3.1), Eq. 8 yields the same critical crystagih for adsorption and desorption at a
given crystal side. The influence of the way the externalesmerfvas realized (window trunction
« cage truncation) has hardly an influence which confirms exdfilidings? Over the loading
regimes studied, " decreases from around 1000 nm, and 5000 nm, for &tl GHg respect-
ively, to 100 nm. Hence the critical crystal length is in taage of producible zeolite crystal sizes
(> 1um) solely for ethane at low loadings/pressure, and can cpesely be neglected for meth-

ane. Diminishing surface barriers with increasing loadang pressures, respectively, were also
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observed by Aryat al.1? for methane diffusing through an AIRG crystal, and by Newsome and
Sholl*314for methane, ethane, and tetrafluoromethane through alggicrystal.

The instance that the actual external surface has no largacimonL® suggests that the
surface transport resistance is merely dependent on aityutrdt is not connected to crystal
properties. It turns out that it is the average one-dimeradigas-phase flux intoward the crystal

keT

o — (979 (V879) = (e[ 25

(10)

SubstitutingjSU"f with j925in Eq. 8, and furthermore, for simplicity, settidgyf = Aintra and neg-

lecting the dynamical correction fgi"'@ leads finally to

+
crit __ <CZGO|> eiﬁF(q ) 2
- =200 (c9a [ e BFI).dq Aintra (11)

cage A

This small model equation that is merely based on rapidlessible data from molecular
simulation — effectively, an adsorption isotherm fafe°) /(c939 and histograms for the relative
probability to find the molecule inside the periodic crystaltop of the barrier — gives, at least
on the order of magnitude, a reliable estimate for the @liticystal length at low to intermediate
loadings (dashed lines in Figure 10). Both input data to tbdehcould be harvested in one and the
sameperiodic-crystalGCMC simulation. Interestingly, the match is much betterdthane than
for methane. However, the trend is, up to intermediate lugglof around 4 to 5 molecules per unit
cell, always correct. At high pressures, large deviatigta/ben the model and the simulation data
are observed. This can nor be governed by a fugacity-wigec®d concentration for computing

the gas-phase flux which would account for non-idealitieidsines in Figure 10).

4 Conclusions

As compared with detailed molecular modeling, a thermodynanodel that has been derived

within this work captures the main features of the influerfdd® surface effects when those are of
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significance. Some deviation were yet observed — partigudahigh pressures. From a different
point of view, the departure of the model from the simulatiesults marks the point at which
the external surface itself has an influence on the surfdeetef because the model is mainly
based upon gas-phase properties. Even more intriguing extinapolation to additional chemical
barriers, i.e., when, for example, silanol groups are thioed in order to saturate the external sur-
face. Such groups will certainly decrease the surface piah$? and, hence, increase the critical
crystal length. The overall surface transport is thus ableld by gas-phase effectlsggts), struc-
tural factors resulting from chemically highly idealizegrfaces (St = LS, 1St ), and a
chemical component due to silanol groups and the EE( ). The pure impact of the latter two
could then be quantified by-SM, . LSAY /LSncand (LS | — LSt ) /LS o See also Figure 11.
The chemical barriers were deduced from the work of Thomgtrad.?2 who have computed ad-
sorption permeabilities for methane in MFI with and withsaturating the external surface with
silanol. The permeabilities decreased by a factor of 5 wianda was introduced so thgt'" was
decreased by the same factor for computififj, ., in Figure 11, andLS{t LSt /LSt s
hence approximately 4.

This view on the different retarding effects may possiblyused for tayloring the external
surface such that it fits the design purposes of adsorberbetedogenous reactors. Imagine, for
example, a multicomponent stream within a given chemicatgss line. At a certain point, the
stream comprises 2 components both of which may enter th@pares of a given zeolite crystal
rather facile on a size basis. Because of different chenpicglerties, however, the surface can
be tuned such that it forms chemical barriers to one comgahean is unwanted in the interior
of the micropores. In the context of molecular path corféethich may be seen as a “degree of
freedom to membrane design purposes”, the surface tagldaacribed above provides a new and
independent “design degree of freedom”.

Another interesting conclusion can be drawn with respetheotransferability of the results

of equilibrium permeation to gradient-driven permeati@ince the transport coefficients of self

diffusion and collective diffusion become very similar &ry low pressures— infinite dilution),
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and as the results of this work indicate that surface effects for the present cases, important
only at low loadings/pressures, the critical crystal l&isgtomputed will approximately also be
valid in the case of gradient-driven permeation. Newsonte%imol1314 have thereby provided
evidence to this conjecture, and have proposed a methodgeatequilibrium one-way fluxes and
transport diffusivities in order to assess critical crystagths for variable driving forces. So, for a
quick estimation of the influence of surface effects on bakét least the simplest possible factor
— the gas-phase flux — one merely needs to compute an adsoigiberm with simultaneous
computation of histogram data inside gheriodiccrystal. By means of reweighting methods, e.g.
as proposed by Schiiring et & and with the aid of the method introduced by Newsome and
Sholl,1314the influence of surface effects can be rapidly estimated@ws state pointsT() and

for various driving force 4p).

Ultimately, we have, from a technological point of view, @ssed transport resistances of tech-
nically relevant adsorbates, and, owing to the detailedyaisaof the molecular simulation per-
formed, pictorial insights into the permeation processegelbeen achieved. From a scientific
point of view, we have rigorously expanded the use of extdriy@mamically corrected transition
state theory from intracrystalline diffusion to equililomn permeation of tracers into and out of

zeolite crystals.
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mostat for interface-fluid collisions”, and a detailed dgs#n of dynamically corrected transition
state theory. Moreover, the shifting of the transitionesatf molecules adsorbing and desorbing
into and out of the crystal is discussed, together with 2etigional free-energy profiles of ad-
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Table 1: Potential Parameters. The Lennard-Jones (L-ePacttons are only for non-bonded
pairs.

o, 1o 5/kB, kbond/kB

Type [A] K], [K/A 2]

L-J CH—CH, 3.72 158.5
L-J CH-O 3.47 115.0
L-J CH;—CH;s 3.76 108.0
L-J CH:-O 3.48 93.0
harmonic bond Cg-CHg 1.54 96500.0
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Figure 1: Top: sketch of the AFI unit cell - two different pections. Dark grey areas correspond
to areas/volumes occupied by zeolite atoms being thus@sadue for adsorbate molecules of the
size of a methane molecule or larger. White areas indicatesatle volumes to adsorbates and
light grey rings in thex-y-projection indicate the varying pore diameter alangNote that the
original monoclinic structure was converted to an orthamnbec unit cell. Bottom: simulation box
(cut alongx-z plane aty=0 A). 10 entire cages are accomodated in each pore of theatryihe
windows of the AFI structure form the entrance to molecutasing from the left-hand gas phase
(z < 0); the cages conclude the crystal on the right-hand gideQ). The thick (red) lines indicate
the volumes obulk gas phase ancdore zeolite, i.e., where the gas concentration and the zeolite
loading were sampled.
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— CH,: GCMC (this work)
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Figure 2: Adsorption isotherms for methane and ethane irlasiliaa AFI-type zeolite at 300 K.
The lines are results obtained from conventional Grande@@al Monte Carlo simulations in a
periodic AFI crystal; the filled squares and filled circles agsults from MD simulations where
a gas phase is brought into contact with a thin AFI crystalthim case of MD simulations, the
gas pressure was estimated using the gas-phase concenénadi the Peng-Robinson equation of
state; in case of GCMC simulations, the same equation of stas used in order to compute the
fugacity. The open symbols are results from Maris et al. wéeda different force field®
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Figure 3: Normalized free energ@F = F/(kgT) (left), and mean potential energy of a single
tagged molecule3U (right), as functions of reaction coordinatg,displayed for the end regions
of the crystal. The center of the simulation box is located atz= 0. The thick dotted lines
indicate the positions of the outmd3tatoms on either side of the crystal (window-wise and cage-
wise truncation). The profiles were computed for methan® @od ethane (bottom) in an all-silica
AFI crystal at 300 K and various total molecule numb&®". The resulting average loadings,
were 0.6, 4.3, 6.1, 6.8, 7.3, 7.6, as well as 9.3 moleculesipiecell and 0.5, 2.5, 3.7, 4.3, 4.97,
5.05, as well as 5.6 molecules per unit cell for methane amahet, respectively.

30



N. E. R. Zimmermann et al. Equilibrium Transport at Zeolitefaces

windows c ages

gas zeolite gas pBF
TS

8

0.9
Radius r/A
N

5.2
Radius r/A

9.3
Radius r/A

-28 -24 -20 20 24 28 32
Reaction coordinate q/A

Figure 4: Free-energy landscay#;, projected onto the plane of the reaction coordingtend

the radius from the pore centet, around the pore mouth of the crystal (Chh all-silica AFI-
type crystal at 300 K). Top down: loading, increases from 0.9, over 5.2, to 9.3 molecules per
unit cell. Left: window-wise truncation of the crystal; hig cage-wise truncation. Note that the
lower BF at 6.5 A<r <8 A are caused by the diminishing sampling volumes becaweseathi of
adjacent pores start to overlap. Dark areas indicate regitrere it is rather unlikely to find the
tagged molecule whereas yellow represents areas wheredieeute is very likely to be found.
The colorbox range is chosen such that white areas were wisited by a molecule. The location
of the respective transition state/bottleneck (TS) isaatid by a thick vertical line in each plot.

31



N. E. R. Zimmermann et al. Equilibrium Transport at Zeolitefaces

K(t) 8 / molec./UC
1 0
2
0.75
4
c 0.5
S
S 8
[ -
S 025
y—
[
% 0 T T 1 I
@ 0 1 2 3 4
o)
(&)
5 l ‘Ib '
(O] -
> 0.75 .
3]
S 05 -
[}
X 0.25 -
O -
-0.25 @ K_(t)
-0.5 + r T v T r T r T
0 1 2 3 4

Time t/ps

Figure 5: Overall reactive flux correlation functian(t) (top), as well as its positives™ (t), and
negative contributionk—(t) (the latter two: bottom), for methane in a periodic AFI calsat
300 K and various loadings: zero loading (0 molec./UC), 2,4and 8 molecules per unit cell.
Arrows (bottom) indicate the change of (t) andk ~(t) with increasing loading.

32



N. E. R. Zimmermann et al. Equilibrium Transport at Zeolitefaces

1
O . 75 i..."-:-‘“.‘ EETLNAE TLTLY Lkt il et e et o e e
n 0.5 _ Kdes(D)=Kads(t)
O 1 T
N R Kads()
x 0.25 —_ . Kdes(t)
0 Tr"\. ..... ngs(t)
h "\',:. ....... Kads(t)
—025 - ~‘"‘~v-.-..:.'_'f.'.'. LA ATIALNLIErATAALN A,
! | ' | ' | ' | T |
0 1 2 3 4 5

Figure 6: Overall reactive flux correlation function (RFCK]t) = Kges(t) = Kadqt), as well as
the respective positiva&yads(t), and negative contributiowd‘es,ads(t), for methane attempting to
leave (subsript des) and enter (ads) the AFI crystal at the-vase truncated surface at an average

loading of 0.6 molecules per unit cell (300 K).
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Figure 7: Time resolved phase-space pl&isyt),q(0)], of trajectories starting from the adsorp-
tion/desorption barrier; methane at the cage-wise treacatystal surface (300 K§=0.88 mo-
lec./UC). Note that) was shifted such to find the transition statejat O.
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Figure 8: Transmission coefficier, as a function of loadingd, for methane and ethane (AFI
crystal, 300 K). Top: inside a periodic crystal (bulk zesjjtcenter: surface with window-wise
truncation; bottom: surface with cage-wise truncationf@ghe surface cases, tws were com-
puted for one and the same state point and truncation plaeesnhall filled symbols correspond
to the transmission coefficients for the zeolite-side (dasan), and the larger open symbols«ds
found for the gas-side process (adsorption). The two valgese very well with one another. The
circles and triangles refer to RFCF simulation results imclian entirely new initial configuration
was computed as starting point for the EPS starting-cordtgur sampling; the squares refer to
simulation results where the initial configuration for EP&svtaken from the final MD configura-
tion of the histogram sampling. The asterisks are corgidactors that are based on TST hopping
rates,k,T\iTB, and mean first-passage tim&® (bulk zeolite only:0 = 0, 2, and 4 molec./unit cell).
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Figure 9: Equilibrium surface permeabilityg, as a function of zeolite loadindg), for methane
(top) and ethane (bottom) and both truncation realizati@viedow truncation: squares, cage:
circles). The open symbols correspond to desorption pévilitezs; the filled ones thus to the
adsorptionass. The errors are estimated by error propagation of therressgon coefficientk,
because they constitute the largest error source. Thedhmabguide the eye.
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Figure 10: Critical crystal length,®™, as a function of core-zeolite loadin@, for methane (top)
and ethane (bottom). The small filled symbols are resultsickdi from adsorption fluxes; the
large open symbols were obtained from the correspondingrpisn fluxes. For one and the
same condition and crystal truncatidgt and LS™ are equal for which reason the correspond-
ing open and filled squares (window truncation) and cirab@g € truncation) appear as one large
filled symbol. The dashed lines are estimates based upatiyagisessable quantitieS{ = j92S
Asurt = Aintras ] = Aintrak51C/e0), and the solid lines incorporate a small improvement to the
simple model that accounts for nonidealities of the fluidyécity-wise corrected gas-phase con-

centrationgc925= f /[RT]). The dotted horizontal lines mark the situations wi#f = jnra,
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Figure 11: Relative differences between critical crystalgths, as obtained from the simulations
and the model that is based on the gas-phase flux. Additigrallestimate of possible chemical
silanol

) that is based on the results of Thomp#tal. 2
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