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Abstract

Shedding light on the nature of surface barriers of nanapmoroaterials, molecular sim-
ulations (Monte Carlo, Reactive Flux) have been employddvestigate the tracer-exchange
characteristics of hydrocarbons in defect-free singjestet zeolite membranes. The concept
of a critical membrane thickness as quantitative measusuidéice barriers is shown to be
appropriate and advantageous. Nanopore smoothnessweakndensity, and thermodynamic
state of the fluid phase have been identified as the most iemarifluencing variables of
surface barriers. Despite the ideal character of the adagrlour simulation results clearly
support current experimental findings on MOF Zn (tbip) wheetarger number of crystal de-
fects caused exceptionally strong surface barriers. Mgsificantly, our study predicts that
the ideal crystal structure without any such defects witkadly be a critical aspect of experi-
mental analysis and process design in many cases of the upggotass of extremely thin and

highly oriented nanoporous membranes.

Keywords. boundary layer, nanoporous, diffusion, tracer-excham&d..
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| ntroduction

The current prospect of increasing usage of fossil fuelomjunction with the ongoing research
on carbon dioxide sequestration excites interest in peasesmploying nanoporous materials as
catalyst or separation medium in order to open alternativées to existing technologies. Carbon
nanotubes (CNTs), metal-organic frameworks (MOFs) antitesaoepresent the foremost candid-
ates to be incorporated in such applicatidn%An integral part of the process design will be the
role of transport of the guest molecules into, through artbthe nanopore8:1°

Recent progress in the synthesis of zeolite membf&neaves the way for ultra-thin films
which may be used on a support layer as molecular sieve meedbraith low internal transport
resistance. In such cases, however, the issue of surfagerbat.e. transport resistances located
in the boundary layer between intracrystalline space and flniase, arises because these barriers
may dominate the overall transport for very thin membraoesrystals)’-8-11In this context, two

aspects are important:

1. Approximately, up to which membrane thickness or crysitad, respectively, will the influ-

ence of surface barriers be noticeable?
2. What do those barriers depend on? And, what triggers them?

To address the above questions, the influences of moleqéeatyd chain length of normal hydro-
carbons (C1-C6) as well as the temperature, and the impabeafanopore structure on surface
barriers in all-silica zeolites of topologies AFI, LTL andAVare investigated in this study. State-
of-the-art molecular simulation approaches are employedieal systems, and the previously
proposed criterion of a critical membrane thickn€sg,i;, serves as a quantitative measure of

surface barriers.
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M ethodology

For the sake of brevity and because most of the methodologyasdapted from our previous
work,8 this section focuses on the zeolite structures studiedeitetates the concept of a critical
membrane thickness as an assessment of surface b&tfiéusestion one from the Introduction).
In short however, the framework of dynamically correctexhsition state theory was employed
where Monte Carlo simulations in the NVT ensemble (NVT-M@\pded residence histograms
of the guest molecule®[q)], and reactive flux simulations yielded transmission cogfits &) of

the elementary transport processes identified. On this rasilar fluxes at the barriers considered

were computed. More simulation details are available irShpporting Information (Section 1).

Zeolites

Two zeolite structures featuring one-dimensional poreesys (AFI, LTL) and a structure with
a 3D pore network (MFI) were studied whereby all zeoliteseveurely siliceous (Si¢). The
major difference between the AFI and the LTL structure islénger cage-to-window ratio of the
latter. Within the categorization of Ref. 12, all three tgpd nanopores and diffusion behaviors
are hence investigated: channel-type (AFI), cage-typé&)@ahd intersecting channel-type (MFI).
The crystal structures were taken from Ref. 13-15 and, iéssary, converted to purely siliceous
structurest® The AFI and LTL unit cells accommodate in total four and twges, respectively,
whereas four intersections of straightdirection) and zigzagxfz) channels are found in a single
MFI unit cell (Figure 1). The zeolite atoms were kept fixedradit crystallographic positions be-
cause framework flexibility in the sense of a dynamic effeaj(breathing window) does not have
any significant influence on adsorption and diffusion in zes'” However, diffusion coefficients
may be quite sensitive to subtle differences in the timeayed crystal structure in consequence
of a flexible zeolite latticé®-18-1%or which reason the rigid-lattice assumption used in thiskw
seems to be justified’

As in our previous study, the zeolite crystal slabs congistefull unit cells and fractional,
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concluding unit cells at the outer surface, and the slab® wentered in the simulation box. In
each case two different external surfaces were investigaidhe AFI and LTL pores were cut
such to let the pore windows (left) and cages (right) tertairiae pores which run along ttze
direction (Figure 1 top and center). As for MFI, the singfgstal membrane was aligned along
the straight channely direction), because the flux is maximal in this directtohThe MFI unit
cells were cut at fractional coordinates of 0.125 and 0.78s Vielded a left surface that exhibits
tighter “canyons” for guest molecules to enter the zeotiteamparison to the right surface which
is rather flat giving quite direct access to the straight ae#(Figure 1 bottom).

Free-energy profiles are plotted along with the respectore gtructure in Figure 1. They
indicate that adsorbate molecules “feel” the internal cedustructure being not affected by the
presence of the external surface. Therefore, the compatatia single representative ﬂujégo,)
between the innermost adsorption sites/cages, i.e. thrthegdividing surfaceﬁeol, as indicated
in Figure 1, is justified for the bulk zeolite fluxes. The enviment inside the cage or intersection
next to the surface, i.e. where the flig ; prevails, is slightly different from the innermost cages;
particularly for the side towards the pore mouth. Thus, on@aescopic scale, the single-crystal

membrane is composed of two types of regions, each with &sacieristic flux:

1. The innermost cages/intersections which are assembladrs-long array of consecutive
slabs, making up the largest part of the membrane, see afgm8ing Figure 3. The equi-

librium flux j geol establishes between two adjacent “cage” slabs.

2. The cagesl/intersections next to the pore mouth (suri?xifihtebejiurf establishes between this

first slab and the external surface adsorption layer.

Assessment of Surface Barriers

The problem arising with the assumption of zero surfaceiér@rmay be demonstrated, in a de-
scriptive way, by mimicking a tracer-exchange experiment.

It is straightforward to compute relative exchange curiég, /M., on the basis of the fluxes
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(Supporting Section 1.3). An often employed procedure auate such curves is given in Ref.

20 (§4.3.2):

M(t) © 8. exf—Dsef(2i +1)21Pt /52

Mo L (2 1)212 ’ @

whereDs et denotes the (effective) self-diffusion coefficienthe time and the membrane thick-

ness. This procedure assumes no transport barrier be pneslea zeolite boundary layer. Mean-
while, the ansata'iurf(t) = O [Csurfe — Csurf(t)], With Csyrie the equilibrium surface concentration
of labeled molecules, leads to an alternative model thaidwatds for surface barriers (cf. 84.3.6 in

Ref. 20):

M) & 2%exd Dt/ (8/2)
Mo 4T REAL @

with Ds the (true) self-diffusion coefficient and = (8/2)a/Ds; y are the positive roots of
yitany, = L. The surface permeabilityy, is a measure for the mass transport rate at the sur-
face. The smaller the permeability, the larger will be thdaze barrier. Because of the lack of a
permeability in the first procedure, the diffusion coeffitievill be an effective valueDs ef, that
comprises both the intracrystalline transport resistghee the surface resistance. As a result, the
effective diffusivity, Dsef, increases with membrane thickness, see Figure 2 (filletesy. By
contrast, the diffusivity obtained with the second modkl, remains constant over (squares in
Figure 2) and it equals the theoretical estimate by dyndiyicarrected transition state theofy,
D%CTST (dotted line). The first procedure is in widespread use ferealuation of uptake experi-
ments by, for example, gravimetric measurements. Thexefoe difference between the effective
and the true diffusion coefficient can be used as a measune stirface barrier because it rates the
incorporation of an error due to the inadequate use of theuntace-barrier boundary condition.
The main message of Figure 2 is that there exists a certainbnaem® thickness for which
surface barriers are insignificant becalsg. andDs are similar for this thickness and all larger

ones. To calculate an estimate of this thickn@gg, on the basis of molecular simulation data, we
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have introduced a simple criterion in Ref. 8:

s
JzeoI (3)

6CI’it =2 i 9
Jsurf/A

whereA denotes the cage and intersection separation, respgctieethe characteristic length of
a single diffusion event. As can be seen from Figure 2 and &tipg Figure 5, the effective self-
diffusivity will always be a factor of 3.6 to 4.5 smaller th#re true one, as far as a membrane of
Jerit thickness is considered. Hence, surface barriers are sfaenable magnitude for membranes
of thicknessdit and smaller, but negligible for thicker ones. Note that theve equation differs
from our previous definition in Ref. 8 to enable a direct congmm to Ref. 9, where instead of

ii ./ i% ¢ the ratio between the surface permeability.and diffusivity,Ds, have been employed

to assess surface barriers, becaﬁgg 0Ds andjgulrf Oa.

Results

We will now, on the basis of our simulation results, addresthe second question from the In-
troduction, i.e. what surface barriers depend on. Note tthattemperatures in the simulations
were set toT = 1.05- Tgit, with Terie the guest molecule’s critical temperatiffeto ensure similar
corresponding states for the investigation of chain lergith pore structure influence. The force
field developed by Dubbeldam et &.and extended by Liu et &* was used with some minor

differences (Supporting Section 1.2).

One-Dimensional Pores

The critical membrane thicknessesmeflkanes andh-alkenes adsorbed in all-silica AFI single-
crystal membranes decrease with increasing pressurer@=8ju Surface barriers will therefore
have a profound impact on the overall tracer-exchange psofog a wider range of membrane

thicknesses at low pressures as compared to pigfthis observation is consistent with previ-
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ous result8 and underlines that this behavior is quite general irredpeof the guest molecule,
the nature of the external crystal surface and the host rakhger such (Figure 4 and Figure 5).
Comparing the simulation results (symbols in Figure 3) \pitdiction$ (lines) where the surface
flux is substituted for by the mean flux in the gas phajggrf(ﬁ jgas, the model reliably predicts
the trend and in most cases even the magnitude of the criticdness up to pressures of about
p* =0.1.

A common trend can be observed from Figure 3. As the thermadygal critical point at
p* = 1 is approached, the magnitude of the critical thicknésg, becomes comparable to the
size of the unit cell. Surface barriers do thus not matteafoy membrane width, as long as the
fluid phase is near-critical. On the other extreme, the tadndd,i; signifies that the more the fluid
phase behaves like an ideal gas (left-hand side), the ®rowmij be the impact of the surface
barriers. Inserting a single molecule into the simulatiox lgp* — 0) maximizes therefore the
critical membrane thickness for a given host-guest systefingnd of abscissa). The value &fit
obtained at the smallest finite pressure for a given fluidrisagly close to this maximum. It thus
starts decreasing significantly when the isothamoneases distinctly (Supporting Figure 6).

At equal reduced pressures, an increasé.gf with molecule chain length is appreciable —
particularly in the zero-pressure limit. In contrast to tfe&in length, the type of molecule —
alkanevs. alkene — does not reveal such a clear trend. Therefore, ayt@ state that the molecule
type has a weaker impact than the chain length because tiealcthicknesses for comparable
chain molecules, i.e. etharws. ethene and propanes. propene, respectively, are more similar
as compared with the next larger chain molecule, i.e. prejpapenevs. butane. Considering
the error bars and the moderate spread of the critical tbiss@s at equal pressures leads to the
conclusion that even the hydrocarbon chain length has armathall influence and levels off, the
longer the chain becomes. Finally, the nature of the surfeagevs. window-wise truncated
membrane side) does not have any influence on the criticalt#i€kness at all (cf. Supporting
Figure 9).

As for LTL, similar trends can be observed (Figure 4), witlotexceptions. First, the critical
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membrane thickness is quite constant for the C1 and C2 ckairisat a distinct decrease over
pressure is only appreciable for the longer chains. Andraicthe LTL surface itself seems to
have some influence on the critical thickness (cf. Suppgfigure 10).

The two most striking facts about the LTL results are thatdtigcal thicknesses are roughly
one order of magnitude smaller than the AFI values, and tiheyfar most pressures, close to
the theoretical lower limit of the membrane sizgd). At this point, it is instructive to turn the
attention back to the free-energy profiles of Figure 1. Thaeéles, obtained from simulations
with a single methane molecule, give a good impression of faovd.i; will be apart from this
lower membrane limit. If the free energy of the barrier at éxéernal surfacef (o) = FZ

surfr

is similar to the one within the (repetitive) intracrystadl space (i'eriurf ~ sz"eo,), Ocrit Will be
close to the lower limit. This is true for LTL but not for AFI veine theF;eol is markedly smaller
thanFZ .. Itis intuitive altogether that relatively large intrastglline diffusion barriers render the

associated surface barriers less significant.

I nter secting Channels

Figure 5 summarizes the results obtained with the MFI-typenitranes. Because the MFI slabs
were aligned along the maximal flux directidrihe worst case for the surface barriers is probed.
Investigating MFI membranes along tker z coordinate will result in smaller critical membrane
thicknesses. Large error bars in the butane and hexanetdhatargght boundary layer (Figure 5b)
are observed because vanishing entrance barriers have d@@rly sensitive transmission coeffi-
cients (cf. Figure 1, blue rectangle). A twofold increasedactive flux trajectories from 5,000 to
10,000 did not improve the statistical accuracy, as expecte

The critical membrane thicknesses in Figure 5a (i.e. obthwith the left surface flux) follow
a common trend line, irrespective of the molecule type. Agknto account the high uncertainties
of &t at the right surface, it may be concluded that the trenddoipse is even independent of
the surface nature. It thus resembles the “LTL behaviordgf (high diffusion barrier). On the

other hand, the magnitude &f; is comparable to the AFI data (lod-¢o). Hence, both large
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surface and large intracrystalline diffusion barriers barobserved for MFI.

The magnitude of the critical thickness in MFI-membranestrigkingly sensitive to the trunca-
tion plane of the crystal membrane. This is in agreement thigHfindings by Garcia-Pérez et#l.
who investigated ethane-propane adsorption on silicalgarfaces. The authors observed that the
surface excess adsorption was dependent on where thel gvgstaruncated. As can be seen from
Figure 1 bottom, “canyons” form the entrance to the MFI pa®vork on either side of the crystal
slab. The left-hand canyons are however evidently tigipt@yiding indication for an increasing

steric hindrance to pore entrance at the left boundary lagéine molecule chain grows.

Temperature

Considering the example of the hydrocarbon-AFI systenes,rifluence of temperature on sur-
face barriers was investigated. The zero-pressure regroensidered only to probe the case of
maximal impact of the surface barriers, and it is assumedditleaatio of transmission coefficients
(Kzeol/ Ksurf) remains constant with varying temperature (Supportingera).

Defining Tref = 1.05- Tgyit, the ratio of the critical membrane thickness at any tentpezael-

ative to the one at the reference temperature (i.e. the eeh@nt) reduces to

Oerit(T) _ Preol T)/PaurT) EXp{B[F:“”(T)_ineol(T)]}

— = (4)
Gort(Tref) P2¢90|(Tref)/ PSiUff(Tref) exp{ Bref[Fsiurf(Tref) - Fz¢e0I<Tref)] }

with F’i¢ denoting the residence probability at the barrieri(¥hstead of correlating this enhance-
ment directly with the corresponding temperature variafice. T / Tef), the abscissa in Figure 6,

which depicts the results, is the square root of a dimensssntoefficienX. This coefficient is

a- N+ AHagso 1 1
T ads0 (2 5
R T Tref ’ ( )

defined as

X =exp

whereR denotes the universal gas constantaaddAH,4s0 are parameters that describe the linear

relationship between molecular chain lengthand heat of adsorptiod\H,4s From the defini-

10
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tion of X follows that it effectively represents the enhancemenheflienry coefficient induced
by temperature reductiéh [i.e. Ky(T)/Kn(Tref)] while simultaneously accounting for stronger
adsorption of larger moleculeS:;see Supporting Section 5 for more details.

The critical membrane thickness increases \W#?, see Figure 6. Becaus€!2 increases
with decreasing temperature for a given molecule (e.g. amet)) surface barriers get stronger as
the temperature drops. Strikingly, the enhancement of titieat membrane thickness follows
more or less exactly the square root of the enhancement éfehey coefficient (dashed line). As
will be explained below, this square root correlation isslby the functional relationship of the
(free) energy and its associated residence probabilitypmunction with a mean-field theof§
based argument.

The dimensionless Henry coefficient can be written as

KH _ <Cze0|> (6)

(Cgas '

where(Czeo) and(Cqag are the average concentrations in the adsorbed (zeolitesepnd in the
bulk gas, respectively. Residence probabilitResare directly proportional to concentrations. The
average concentration in the zeoliteseo), can be approximated with the probability at the intra-
crystalline free-energy welR¢o) because, there, the molecules spend most time. The faattio
relationship between free energy and residence probaisitiiven byBF = —InP+ const. Hence,
the difference between free energy in the gas and insideethléeis 3 (Fgas— Fzeol) ~ INKy (left-
hand side of inset in Figure 6). Neglecting any structurahitke of the zeolite membrane and
thus details of the free-energy profile (solid blue line ia thset), and interpolating between gas
and zeolite space linearly (thick dotted line in inset), deeisive free-energy differen®8F* is
approximately 1/2 liKy which translates to a square root dependence for the ¢ntieenbrane
length @it 0 expABF* ~ K,i/z). Obviously, these arguments hold only if the intracrystal

barrier is comparable to the barrier at the surface justantfof the pore mouth, i.e. the barrier

experienced by gas molecules trying to enter from the busk ga

11
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Discussion
Concerning the adsorbent, we can draw two main conclusions:

1. The importance of surface barriers increases with theoimess of the nanopore, as the
comparison between AFI and LTL suggests. This is suppostetdwork of Newsome and
Sholl? who have investigated carbon nanotubes (extremely smoetkpling very strong
surface barriers, and by a current study by Combariza artde$3sThe latter authors found
virtually no surface barriers for methane uptake in a siliceLTA slab @it ~ 1 unit cell),

the structure of which exhibits very large intracrystalimarriers (very corrugated pore wall).

2. Comparing the impact of surface barriers on the basis otuatical thickness at zero pres-
sure and the estimate given by Combariza and Sastalistinct trend is observable which
follows the order MFHAFI>LTL >LTA and which mirrors the order of increasing host
density (MFI: 18 Si-atoms/[1000 & AFI: 17.3; LTL: 16.3; LTA: 14.4). In fact, this
provides an additional indication of the importance of tbegh mean field between bulk

gas and zeolite space on surface barriers, as has beensgidé¢ushe previous section.

Interestingly enough, both conclusions can, at least fraoreeptual view, be exploited in regard
of “material tailoring” to decrease surface barriers byating less smooth pores in highly porous
hosts.

Although both the molecule type (alkave alkene) and the chain length have very little impact
on the strength of surface barriers, an interesting commiusan be drawn regarding the mobile
species. The bulk fluid state of the here studied hydrocarin@s gaseous. As we have shown, the
more the critical pressure is approached, the more the ingbaarface barriers decreases because
the fluxes and thus the transport resistances in the boutajaatyand in the zeolite become equal.
Moreover, the predictability of the critical membrane #ness by the gas-flux model and the link
between surface barriers and Henry’s law provide indicetiat the thermodynamic state of the
fluid plays an important role for surface barriers. In thigtext, it is interesting that Webb and

Grest? studied liquid hexadecane entering into and travelingubhoa silicalite zeolite by mo-

12
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lecular dynamics where the fluid bulk phase was liquid. Theas found that there did not exist
significant surface barriers for this system because theriagtmechanism of the long molecule
was mainly determined by the subsurface pore structf@gether with our results, we therefore
conclude that surface barriers, as triggered by ideal tstres, are expected to be significant for
gases in contact with quite thin zeolite layers only (thiegs< 100 unit cells), but not for liquids
and supercritical fluids.

The gained insights confirm current experimental breakitins by the group around Kar-
ger and Chmelik on MOF Zn(tbip)® — a nanoporous material with a one-dimensional pore sys-
tem. Combining experimental microscopy methods with stigil modeling, the group thoroughly
studied the transport characteristics of guest molecalsimile Zn(tbip) crystals:® The diffusion
coefficients oin-alkanes in that MOF were extremely small — in most cases ithane two mag-
nitudes below the here probed ones. This was probably dhe teery narrow windows connecting
adjacent segments forming large intracrystalline difiadbarriers> Most important, however, the
authors reported large surface barriers whose primaryeatas identified as blocked pore en-
trances (99.95%) and internal lattice defects, causingxiremely slow uptake. Because of the
large intracrystalline barriers and the large crystal $iz&0 um), our study, by contrast, would
have predicted no significant influence of surface barridieswed from a different angle, the ideal
crystal structures (no defects) and highly ideal surfaeiscfiannels open) from our study can-
not be the reason for the surface barriers from the expetaheorks which clearly supports the
findings of the Kéarger's and Chmelik’s group.

Finally, an important implication follows from our resufts such an industrially relevant pro-
cess as benzene alkylation. Hansen éPahvestigated the reaction-diffusion behavior of benzene
alkylation over single H-ZSM-5 particles on the basis of dtivacale simulation approach. Since
diffusion limitation was very important’ the question arises whether or not surface barriers would
have had a significant impact on the transport limitation &ethce, on the apparent reaction rate.
Benzene and ethylbenzene exhibited very small diffusi@ffimdents (three magnitudes below our

smallestDs). Therefore, it seems unlikely that surface barriers wdiade been important for the

13
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transport limitation of these bulky molecules. By contrasthene transport might potentially have
been affected by surface barriers because of quite largesivities (108 m?/s) and small crys-
tal sizes (down to 0.um). However, Hansen et & clearly showed that the reaction-diffusion
system was hardly sensitive to orders-of-magnitude ctengthe diffusion coefficient and thus
transport rate of ethene. We therefore conclude that thiacubarriers reported in this work would
not have influenced the apparent reaction rates and thusiedfieess factors of benzene alkylation

as determined by Hansen et3l.

Conclusions

In order to sum up we will address the questions raised inrttteduction.

1. The impact of surface barriers can be well assessed byi@tarystal length beyond which

the influence can be assumed insignificknt.

2. The barriers strongly depend on the nanopore type andeothémmodynamic state of the

surrounding fluid phase, and
3. they are triggered by the ideal crystal structure and ghiligiideal surfaces.

On the basis of these insights, our study finally forecastissirface barriers will be of importance
in many cases of the evolving generation of ultra-thin, higitiented and well intergrown zeolite
films1-34because the idealized surface alone will retard the ovesalsport significantly — be it

in the analysis of uptake/tracer-exchange experiments thiei design of membrane reactors.
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Figure 1: Zeolites investigated: AFI (top), LTL (center)FM(bottom). Free-energy profiles of
methane in all three zeolites are plotted along with repriagi®ns of the repetitive pore structures
(center) and the two external surfaces which mark the ledt right-hand borders of the single
crystal slabs. The dividing surfaces for flux computatiomidentified as vertical lines. The free-
energy wells, left and right from the barriers, are highleghby open circles. Those mark the end
points for reactive flux simulations) is the length of a single diffusion event inside the crystal.
Black arrows indicate the direction along which the membsanere aligned.
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Figure 2: Self-diffusion coefficients from two differentitrer-exchange evaluation protocols as
functions of membrane thickness, The effective self-diffusivityDs e obtained by Eq. 1, ap-
proaches the true onBg by Eq. 2, for thick membranes only.
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Figure 3: Critical membrane thicknes,i;, as a function of reduced pressupg,= p/perit, for
differentn-alkanes (C1-C6) and-alkenes (C1-C2) adsorbed in all-silica AFI-type zeol{feem-
branes were truncated at the position of the cage atomsg. tNat (i) while the symbols represent
pure simulation results, the lines are obtained by substitu@ag p*) with jgad p*) in Eq. (3), (ii)
zero pressure corresponds to the limit where a single fluiecooée is found in the simulation box,
and (iii) the lower range of the ordinate was set to the thedsof the AFI unit cellzyc.
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Figure 4: Critical membrane thicknes¥yi;, vs. reduced pressur@ = p/pcrit, for LTL (cf. Fig-
ure 3).
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Figure 5: Critical membrane thicknes¥yi;, vs. reduced pressur@’ = p/perit, for MFI (cf. Fig-
ure 3 and Figure 4). a) "Tight-canyon" surface (Figure 1dmtteft); b) flat surface (Figure 1
bottom right).
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Figure 6: Enhancement of critical membrane thicknessivel&b T,es with square root of dimen-
sionless coefficienX (=change in Henry coefficient induced by temperature vianaway from
Tef). The straight line depicts the case of one-to-one corredgace. While (c) indicates results
obtained with the cage-wise truncated surface, (w) refetbe window-wise truncated surface.
Inset: Representative free-energy profile (blue solid lpreviding an explanatory approach to the
square root dependence (thick dashed line: rough apprtiginta F(q)).
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