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a b s t r a c t

Robust models to describe mixture diffusion in ordered crystalline microporous materials such as zeo-
lites, metal-organic frameworks (MOFs), and zeolitic imidazolate frameworks (ZIFs) are essential for the
development of separation and reaction technologies. The development of appropriate models requires
insights into a wide variety of factors that influence the mobilities of guest molecules in the microporous
hosts. Such factors include: molecular size, shape, and configuration, degree of confinement, pore to-
pology and connectivity, strength of adsorption on pore walls, molar loadings of guest constituents, and
correlations in the molecular jumps between partner molecules. Experimental data, on their own, do not
provide sufficient information to set up the requisite models to describe mixture diffusion. The primary
objective of this article is to demonstrate the potency of Molecular Dynamics (MD) simulations to offer
insights that assist in the interpretation of experimental observations and development of descriptive
models. Computational snapshots and video animations are used to provide a visual appreciation of
phenomena such as traffic junction, slowing-down, and hindering effects in diffusion.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Ordered crystalline microporous materials such as zeolites
(crystalline alumino-silicates), metal-organic frameworks (MOFs),
covalent organic frameworks (COFs), and zeolitic imidazolate
frameworks (ZIFs) offer the potential for use as adsorbents or cat-
alysts in several separation and reaction technologies, that are of
interest in the process industries [1e10]. Such materials can also be
employed as thin layers, with thickness of the order of the order of a
few tens of micrometers, in membrane devices [11,12].

For reaction and separation process design and development, it
is necessary to have reliable models to describe diffusion of mix-
tures of guest molecules inside the microporous materials. The
proper description of diffusion is important for the following
reasons.

� In many membrane separations, the permeation selectivity is
significantly influenced by the relative mobilities of the adsor-
bed species within the pores. Indeed, in H2-selective membrane
a).
processes, the separation relies on the fact that H2 is more
mobile than partner species such as CO2, or CH4 [13e15].

� The separation performance of microporous adsorbents in fixed
bed devices may be influenced by intra-crystalline diffusion
limitations; such diffusion influences result in transient break-
throughs that possess distended characteristics and diminished
separation capabilities [3,16,17].

� In some cases of pressure swing adsorption, the separation
principle is based on diffusion selectivities; this is the case for
example for separation of N2/O2 mixtures with LTA-4A zeolite
[3,17].

� In catalytic processes, intra-crystalline diffusional effects affect
both reaction rates and selectivities. Often, diffusional effects are
undesirable because catalyst effectiveness is reduced [5,18,19].

A number of different channel topologies and connectivities are
encountered in zeolites, MOFs, COFs, and ZIFs. For the purposes of
describing the diffusion characteristics, these can be divided into
five broad classes.

� One-dimensional (1D) channels: e.g. AFI, LTL, TON, CoFormate
[20], MIL-47 [21], MIL-53(Cr) [22,23], Co(BDP) [24]; see Fig. 1.

� 1D channels with side pockets: e.g. MOR, FER; see Fig. 2.
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Fig. 1. Examples of one-dimensional (1D) channel structures: AFI, LTL, TON, MgMOF-
74, MIL-53(Cr), and Co(BDP). We use iso-potential energy surfaces as representation of
porous structures; we refer the reader to Keffer et al. [109] for an explanation of how
these surfaces are to be interpreted.

Fig. 2. Examples of 1D channel structures with side pockets: MOR and FER.

Fig. 4. Structures consisting of cages separated by narrow windows: LTA, CHA, DDR,
ERI, TSC, and ZIF-8.

Fig. 5. “Open” structures that consist of cages separated by large windows: IRMOF-1,

R. Krishna, J.M. van Baten / Microporous and Mesoporous Materials 258 (2018) 151e169152
� Intersecting channels: e.g. MFI, BEA, ISV, Zn(bdc)dabco [25],
Co(bdc)dabco [26]; see Fig. 3.

� Cages separated by narrow windows: e.g. AFX, LTA, CHA, DDR,
TSC, ERI, ITQ-29, ZIF-8; see Fig. 4.

� Cavities with largewindows: e.g. NaX, NaY, IRMOF-1 [27], CuBTC
[28], MOF-177; see Fig. 5.
Fig. 3. Examples of structures consisting of intersecting channels: MFI, ISV, BEA, and
Co(bdc)dabco, and Zn(bdc)dabco.

MOF-177, CuBTC, and FAU.
For zeolites, the crystallographic data are available on the zeolite
atlas website of the International Zeolite Association (IZA) [29].
Further details on the structure, landscape, pore dimensions of a
very wide variety of micro-porous materials are available in the
published literature [16,30e36]. Generally speaking, the frame-
works are not rigid. The zeolite framework flexibility is illustrated
by animations of LTA-4A (see Video 1, uploaded as Supplementary
Material), and LTA-5A (see Video 2). The consequences of frame-
work flexibility for transport across 8-ring windows of LTA, CHA,
DDR, and ERI have been investigated using molecular dynamics
(MD) simulations [37e42]. Many MOFs possess soft “dynamic”
frameworks whose cell dimensions change in a reversible manner
to external stimuli [23,43e45]. Lattice flexibility of IRMOF-1 (see
Video 3), that has large size cavities, has been found to increase the
diffusivity by about 20%e50% [46]. It may be expected that lattice
flexibility will have a greater influence when the molecule is more
tightly constrained within a MOF framework. For ethane diffusion
at high loadings in the 0.45 nm 1D channels of Zn(tbip), MD sim-
ulations have also shown that accounting for framework flexibility
leads to diffusivity values that are about one order of magnitude
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higher than for a fixed lattice [47]. The windows of ZIF-8 have a
crystallographic dimension of 3.3 Å, but due to framework flexi-
bility (see Video 4), even branched alkanes and aromatic molecules
can hop across the windows [48,49]. The framework flexibility, and
selective gate-opening of MOFs may be exploited to achieve
industrially important separations [50,51].

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.

To set the scene and define the objectives of this article, we
consider seven experimental data sets on mixture diffusion; these
data sets are representative of a much broader set of guest/host
combinations.

For natural gas purification technologies using either LTA-4A or
Ba-ETS-4 zeolites, the selective uptake of N2 from CH4, is a
diffusion-selective process because the adsorption equilibrium fa-
vors CH4 that has the higher polarizability [52e55]. For transient
uptake of N2/CH4 mixtures, overshoots in the loading of the more
mobile N2 in LTA-4A zeolite have been reported in the classic paper
by Habgood [52]; see Fig. 6. Analogously, the transient N2/CH4
uptake data of Majumdar et al. [54] for Ba-ETS-4 show overshoots
in the uptake of the more mobile N2. What is the root cause of the
N2 overshoot? How do we model N2/CH4 mixture uptake?

Zeolite membranes have potential use in a variety of separation
applications [11,56,57]. In the majority of cases of industrial inter-
est, the mixture permeation characteristics cannot be predicted
solely on the basis of data on unary permeation of individual spe-
cies in the mixture. As illustration, Fig. 7 compares the experi-
mental data on permeances of CO2 and H2 determined for unary
and binary mixture permeation across an MFI membrane [12]. The
component permeances are defined by

Pi≡
Ni

pi0 � pid
(1)

where Ni represents the nolar fluxes across the membrane, and
pi0 � pid represents the differences in the partial pressures across
the upstream (z ¼ 0) and downstream (z ¼ d) faces of the
membrane.

The CO2 and H2 mixture permeances are both lower than the
corresponding values for unary systems. For H2, the lowering is by
about one order of magnitude, while the CO2 permeance is lowered
Fig. 6. Experimental data of Habgood [52] on transient uptake of N2(1)/CH4(2) mixture w
p1 ¼ 50.9 kPa; p2 ¼ 49.1 kPa. The thick solid grey lines are “guides to the eye”.
by a factor of about two. This implies that mixture permeation is
CO2-selective, whereas the data based on unary permeation dem-
onstrates H2-selective performance. What causes the lowering of
the component permeances in themixture, andwhy is the extent of
lowering significantly higher for H2?

The alkylation of benzene to produce the industrially important
ethylbenzene is carried out in fixed bed reactors using H-ZSM-5 as
catalyst. H-ZSM-5 has the same topology as MFI, having intersect-
ing channels of 5.5 Å size [58]. The catalyst effectiveness is strongly
influenced by intra-crystalline diffusivity of ethene [5,59,60].
Hansen et al. [59] show that the effective diffusivity of C2H4 reduces
significantly as the combined loading of benzene (Bz) and ethyl-
benzene (EthBz) in the catalyst increases to a value of 2 molecules
per unit cell; see Fig. 8. What is the rationalization of the observed
decrease of ethene diffusivity with (Bz þ EthBz) loading?

In the PFG NMR studies of F€orste et al. [61], the self-diffusivity of
CH4 in MFI is found to be significantly reduced as the loading of the
co-adsorbed benzene increases to a value of about 2 molecules per
unit cell; see Fig. 9a. In the PFG NMR investigation of Fernandez
et al. [62], the self-diffusivity in MFI of n-butane (nC4), in mixtures
with iso-butane (iC4), was found to decrease a few orders of
magnitude as the loading of iC4 is increased from QiC4 ¼ 0 to 2
molecules per unit cell; see Fig. 9b. It is remarkable that three
separate investigations (cf. Figs. 8 and 9) of mixture diffusion in MFI
zeolite, find that the diffusivity of the more mobile guest molecules
(respectively, C2H4, CH4, and nC4) is reduced when the loading of
the tardier partners (respectively, (Bz, and EthBz), Bz, and iC4) in-
creases to a value of 2 molecules per unit cell. Can the three
disparate set of experiments be rationalized on the same basis? If
so, what is the explanation?

The selectivities for permeation of CO2/CH4, and C2H4/C2H6
mixtures across ZIF-8 membranes, for example, are dictated by a
combination of diffusion and adsorption selectivities
[16,56,63e67]. Fig. 10a and b show the experimental data of
Chmelik et al. [68], obtained using Infra-Red Microscropy (IRM), on
the effective Fick diffusivities, Di,eff, of CO2 and CH4 in ZIF-8. For CO2,
the diffusivity in the CO2/CH4 mixture is practically the same as for
the pure component; see Fig. 10a. On the other hand, the CH4
diffusivity in the CO2/CH4 mixtures is significantly lower, by about
one order of magnitude, than the unary diffusivity values; see
Fig. 10b. Why is the diffusivity of CO2 practically independent of
ithin LTA-4A crystals, exposed to binary gas mixtures at 194 K and partial pressures
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Fig. 7. Snapshots showing the location of CO2, and H2 within the intersecting channels of MFI zeolite. Experimental data [12] for the permeances of CO2(1) and H2(2) determined for
unary and binary CO2(1)/H2(2) mixture permeation across MFI membrane at 296 K. The data are plotted as a function of the partial pressure of CO2 (¼ H2) in the upstream
compartment. The dashed lines are fits of unary permeances. The continuous solid lines are model calculations [16,66,67] using the Maxwell-Stefan diffusion model.

Fig. 8. (a) Snapshots showing the location of ethene, benzene, and ethylbenzene within the intersecting channel topology of MFI zeolite. (b) The effective diffusivity of ethene
within H-ZSM-5 catalyst is plotted as a function of the (Benzene þ Ethylbenzene) loading in the mixture [59]. The thick solid cyan line is “guide to the eye”. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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mixture composition, whereas the diffusivity of CH4 in the mixture
falls significantly below the corresponding unary diffusivity values?

For water/N-methylpyrrolidone (NMP) pervaporation across
CHA membrane, operated on an industrial scale, the NMP per-
meance shows a decreasing trend with increasing feed water
composition; see Fig. 11. Correspondingly, the water permeance
decreases with increasing proportion of NMP in the feed mixture.
The mutual diminishing influences on component permeances are
not easy to rationalize on the basis of simple Fickian models of
intra-crystalline diffusion; how do we explain these experimental
findings?

The primary objective of this article is to seek explanations and
rationalization of the experimental results presented in Figs. 6e11.
Towards this end, we use Molecular Dynamics (MD) simulation
data, along with video animations portraying the molecular traffic
within a variety of microporous materials, to provide fundamental
insights, that will assist in setting up the proper phenomenological
models to be used in the design of pressure swing adsorbers, cat-
alytic reactors, and membrane separation devices. Details of mo-
lecular simulation techniques are not provided in this article; the
reader is referred to reviews [31,69e72] and texts [73,74].

2. Slowing-down effects in microporous channels

The guest molecules in microporous materials exist in the
adsorbed phase. The mobilities of the guest molecules are signifi-
cantly influenced by their respective adsorption strengths. Gener-
ally speaking, the more strongly adsorbed species has a lower
mobility, because it “sticks” to the porewalls more strongly [32,34].
For operations of separation and reaction processes at reasonably
high pore occupancies, the molecular jumps, and hops, of the guest
species are correlated, because the component with the higher



Fig. 9. (a) PFG NMR experimental data [61] on self-diffusion coefficients of CH4 in CH4/Benzene mixtures in MFI zeolite as a function of the loading of Benzene in the mixture. The
methane loading in the experiments is QCH4 ¼ 3 uc�1. (b) PFG NMR experimental data [62] on self-diffusion coefficients of n-butane (nC4) in n-butane (nC4)/iso-butane (iC4)
mixtures in MFI as a function of the loading of iC4. The total loading in the experiments is Qt ¼ 4 uc�1. The thick solid cyan lines are “guides to the eye”. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. (a, b) Effective Fick diffusivities, Di,eff, of individual components in mixtures of (a) CO2 and (b) CH4 in ZIF-8 crystal as a function of the total mixture loading,Qt. The values for
two different CO2/CH4 loadings within the crystal, 3:1, and 1.2:1, are compared to the unary Fick diffusivities, Di. The mixture experiments were carried out with constant gas phase
compositions with CO2/CH4 ratios of 1.13 and 2.86, respectively. The data presented in this Figure are taken from Chmelik et al. [68] The thick solid lines are “guides to the eye”.
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Fig. 11. Permeances of water and NMP across for water/NMP pervaporation across CHA membrane [110]. The thick solid lines are “guides to the eye”.
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adsorption strength (i.e. the tardier species) needs to vacate an
adsorption site before that site can be occupied by the component
with the lower adsorption strength (i.e. the more mobile compo-
nent). Generally speaking, the mobility of the more mobile species
is lowered due to correlated jumps with the tardier partner mole-
cules. Such slowing-down effects can be appreciated by examina-
tion of a few animations of mixture diffusion. For CO2/H2 mixture
diffusion in the 1D channels of TON zeolite, the more mobile H2
suffers significant slowing-down by the more strongly adsorbed
CO2; see Video 5. Similarly, the tardier CO2 exerts a retarding in-
fluence on the more mobile CH4 partner molecules for CO2/CH4
mixture diffusion in the 1D channels of AFI zeolite; see Video 6. For
CO2/H2 separations with MgMOF-74 membranes, the permeation
selectivity is in favor of CO2, because of two separate reasons [75]:
(1) the adsorption favors CO2, and (2) the more mobile H2 is
slowed-down due to correlation effects in the hexagonal shaped
11 Å channels; see Video 7. For propene/propane diffusion in the
11 Å hexagonal channels of FeMOF-74 [9,76], the more strongly
adsorbed propene has a slowing-down on the more mobile pro-
pane molecules; see Video 8, and Video 9. Within the intersecting
channels of MFI, the more strongly adsorbed CO2 has a significant
retarding influence on the mobility of the more mobile CH4 (see
Video 10) and H2 (see Video 11).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.

The two sets of MD simulations presented in Fig. 12a and b
provide quantitative evidence of slowing-down effects for CO2/H2
mixture diffusion in MFI zeolite. In Fig. 12a, the MD simulations of
the self-diffusivities are plotted as a function of the total mixture
loading, q1þq2, keeping q1 ¼ q2. We note that the diffusivity of H2 is
significantly reduced, by about an order of magnitude, at increased
mixture loadings. In Fig. 12b, the MD simulation data are obtained
at a constant total loading, q1þq2 ¼ 1.734 mol kg�1, and the fraction
of CO2 in the adsorbed phase is varied from 0 to 1. With increasing
proportion of the tardier CO2 in adsorbed phase, the diffusivity of
H2 is progressively reduced by about an order of magnitude.
The MD data in Fig. 12a and b explain the significant reduction
in the H2 permeance for mixture permeation across MFI mem-
branes as witnessed in Fig. 7. The quantitative modelling of the
slowing-down effects in membrane permeation requires use of the
Maxwell-Stefan diffusion formulation [16,66,67]. For CH4/C2H6, and
CH4/C3H8 mixture diffusion in MFI zeolite, the longer alkane exer-
cises a retarding influence on the mobility of the more mobile
methane; see Video 12, and Video 13; such slowing-down effects
need to be accounted for in modelling the experimental data of van
der Graaf et al. [77].

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.
3. Traffic junction effects in MFI zeolite

Configurational-Bias Monte Carlo (CBMC) simulations of the
unary adsorption isotherms for linear alkanes, with carbon
numbers ranging from 1 to 6 in MFI zeolite at 300 K are shown in
Fig. 13a. The linear alkanes can locate anywhere along the straight
channels and zig-zag channels, and there are no perceptible
isotherm inflections. The intersections between the straight chan-
nels and zig-zag channels of MFI zeolite act like traffic junctions;
there are 4 intersections per unit cell. Due to configurational re-
straints, branched alkanes prefer to locate at the channel in-
tersections because of the extra “leg room” that is available here. An
extra “push” is required to locate these molecules within the
channel interiors. This extra push results in an inflection in the pure
component isotherms at a loading of 4 molecules per unit cell
[78e81]; see CBMC simulation data for iso-butane (iC4), 2-
methylpentane (2MP), and 2,2dimethylbutane (22DMB) in
Fig. 13b. Cyclic hydrocarbons, such as cyclohexane, Benzene (Bz),
and ethylbenzene (EthBz) also prefer to locate at the intersections;
the unary isotherm for benzene also exhibits a strong inflection at a
loading, Q ¼ 4 molecules per unit cell. Video animations, created
from MD simulations of unary diffusion of nC4 (Video 14), iC4
(Video 15), benzene (Video 16), and cyclohexane (Video 17) are
provided as Supplementary Materials. These animations demon-
strate that the branched iC4 appears to be practically stagnant at
the intersection location, for the duration of the MD simulations.
The cyclic hydrocarbons benzene and cyclohexane exhibit rota-
tional motion, but do not appear to move between intersections for
the duration time of the MD simulations. The relative stagnancy of
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Fig. 12. (a, b) MD simulations of the self-diffusivities of CO2, and H2 for CO2(1)/H2(2) mixtures within the intersecting channels of MFI zeolite at 300 K. In (a) the self-diffusivites are
plotted as a function of the total mixture loading, q1þq2, keeping q1 ¼ q2. In (b) the total loading is held constant at q1þq2 ¼ 1.734 mol kg�1, and the fraction of CO2 in the adsorbed
phase is varied from 0 to 1.
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these molecules is tantamount to obstruction, and hindering, of
free traffic of partner molecules such as linear alkanes and alkenes.
This can be discerned in the animations of binary diffusion of nC4/
iC4 mixtures at a total loading of 4 molecules per unit cell; see
Video 18, Video 19, and Video 20.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.

The MD simulated values of the self-diffusivities of nC4 in nC4/
iC4 mixture are plotted as a function of the iC4 loading in Fig. 14b.
The MD data are in qualitative agreement with the corresponding
experimental data in Fig. 9b. The reason for this strong decline in
the nC4 diffusivity can be understood on the basis of the prefer-
ential location of iC4 at the channel intersections of MFI. For
QiC4 ¼ 2, half the total number of intersections are occupied by iC4,
that has a diffusivity which is about three orders of magnitude
lower than that of nC4. Since the occupancy of the intersections is
distributed randomly, each of the straight channels has an iC4
molecule ensconced somewhere along the channels; this is evident
from the snapshot in Fig. 14a. This is tantamount to blockage and
leads to severe reduction in the molecular traffic of the intrinsically
more mobile nC4. Uptake experiments of Chmelik et al. [82] pro-
vide further evidence of the influence exerted by iC4 on co-
diffusion of nC4 in MFI crystals.

The important message emerging from the MD data in Fig. 14 is
that it is only necessary for half of the intersection sites to be
“blocked” by iC4 in order to bring the nC4 traffic to a virtual halt.
This explanation and conclusion also holds equally well for CH4/
benzene mixture diffusion; see MD simulated self-diffusivities in
Fig.15. TheMD simulated self-diffusivity of CH4 shows precisely the
same trend as evidenced in the F€orste et al. [61] experiments shown
in Fig. 9a. The blocking of methane traffic by benzene molecules
that occupy the intersection sites can be ascertained in Video 21.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.

Fig. 16 shows the MD simulated data on the self-diffusivity of
C3H6 in C3H6/benzene mixtures; the observed trends are analogous
to experimental data in Fig. 8, as reported by Hansen et al. [59].
Both benzene (reactant) and ethylbenzene (product) are prefer-
entially located at the intersections of MFI; see Fig. 16c. The
blocking of intersections by the aromatic molecules causes effective
diffusivity of ethene inside the catalyst to reduce five-fold as the
loading of benzene and ethylbenzene approaches two molecules
per unit cell. The proper incorporation of traffic junction effects is
essential in the quantitative modeling of catalyst effectiveness, as
has demonstrated by Hansen et al. [59].

Schuring et al. [83] have reported experimental data on the self-
diffusivities of both n-hexane (nC6) and 2-methylpentane (2MP) in
nC6/2MP mixtures. These measurements were made at a total
loading Qt ¼ 3.5 molecules uc�1. Their data, plotted in Fig. 17a,
shows that both self-diffusivities are reduced with increasing
loading of 2MP in the mixture. The preferential location of 2MP at
the intersections causes blocking of nC6 traffic in the intersecting
channel system of MFI; this blocking of nC6 traffic by 2MP can be
identified by viewing Video 22, and Video 23.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.

Titze et al. [84] report the Maxwell-Stefan diffusivity values,
Ð1=r2c , and Ð2=r2c that are fitted to match experimental data on four
sets of experiments for uptake of nC6/2MP mixtures in MFI zeolite
crystals; see Fig.17b. The diffusivities of both nC6 and 2MP decrease
strongly with increased 2MP loading, precisely analogous to that
observed by Schuring et al. [83]. Clearly, intersection blocking ef-
fects are also in play here. We also note a further characteristic for
this mixture of more-mobile-more-strongly-adsorbed-nC6 and
tardier-less-strongly-adsorbed-2MP. There is uncommon synergy
because both adsorption and diffusion favor the linear isomer [84].
4. Inter-cage hopping of molecules in cage-type zeolites

In order to rationalize the N2 overshoot during transient uptake
of N2/CH4 mixtures in LTA-4A, we need insights into both adsorp-
tion and diffusion characteristics. LTA-4A zeolite consists of cages of
743 Å3 volume that are separated by 8-ring windows of
4.1 Å � 4.4 Å size; see pore landscape in Fig. 6, and snapshots of
guest molecules in Fig. 18a. Each unit cell LTA-4A has 96 Si, 96 Al, 96
Naþ, with Si/Al ¼ 1. CBMC simulations of the unary isotherms (cf.
Fig. 18b), show that CH4 has an adsorption strength that is about a
factor 2e3 times higher than that of N2; this is ascribable to the
higher polarizability of methane. Both N2 and CH4 jump one-at-a-
time across the 4.1 Å � 4.4 Å windows, i.e. the jumps are practi-
cally uncorrelated [38,65,85]. The one-at-a-time hopping of mole-
cules across thewindows are best appreciated by viewing Video 24,
and Video 25. The animations show that the 3.3 Å � 4.4 Å sized
pencil-like N2 molecules jumps length-wise across the windows.
Since the cross-sectional dimension of N2 molecule is smaller than
that of CH4, we should expect N2 to have a higher inter-cage
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Fig. 13. (a) CBMC simulations for linear alkanes, with carbon numbers ranging from 1 to 6 in MFI zeolite at 300 K. (b) CBMC simulations for branched alkanes and benzene in MFI
zeolite at 300 K.
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diffusivity. Molecular dynamics simulations of unary diffusivities
(cf. Fig. 18c) show that the diffusivity of N2 is about a factor 20 to 50
higher than that of CH4. The transient uptake of mixtures con-
taining more-mobile-less-strongly-adsorbed components and
tardier-more-strongly adsorbed partners, usually exhibits over-
shoots in the uptake of the more mobile species [55]. For example,
Binder et al. [86] and Lauerer et al. [87] report overshoots in the
loading of CO2 during uptake of CO2/C2H6 mixtures in DDR cage-
type zeolite. A detailed examination of the origins of such over-
shoots [55], reveals that they are engendered by thermodynamic
coupling between species transfers.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.
5. Hindered hopping of molecules across windows of cage-
type zeolites and ZIFs

For separation of CO2 from gaseous mixtures with CH4, and N2,
cage-type materials such as DDR, CHA, LTA, ERI, and ZIF-8 are of
practical interest; these materials consist of cages separated by
narrow windows, in the 3.3e4.5 Å range. The selectivity of sepa-
ration of CO2 is dictated by both adsorption and diffusion charac-
teristics. For adsorption of CO2/CH4 mixtures, CBMC simulations
[88] show that the window regions of cage-type zeolites has a
significantly higher proportion of CO2 than within the cages; the
preferential location of CO2 has important consequences in mixture
diffusion.

Fig. 19bed show the data on self-diffusivities in CO2/CH4, CO2/
N2, and CO2/Ar mixtures in DDR at a fixed value of total loading
qt ¼ 2.77 mol kg�1, and varying composition of the adsorbed
mixtures. For all three mixtures, increasing the proportion of the
adsorbed phase composition of CO2 has the effect of reducing the
diffusivity of the partner molecules, CH4, N2, and Ar. This reduction
is directly ascribable to the preferential perching of CO2 at the
window regions. The windows of DDR are 3.65 Å � 4.37 Å; the
dimensions of a CO2 molecule are 5.5 Å � 3.1 Å (see Fig. 19), and
therefore CO2 can only jump lengthwise across the windows of
DDR. Simply put, CO2 hinders the inter-cage hopping of its partner

http://dx.doi.org/10.1016/j.micromeso.2017.09.014


Fig. 14. (a) Snapshots showing the location of nC4 and iC4 within the intersecting channels of MFI zeolite. The total mixture loading, Qt ¼ 4 uc�1. (b) MD simulations [62] for self-
diffusivities of nC4 in nC4)/iC4 mixtures in MFI at 363 K as a function of the iC4 loading in the mixture; the total mixture loading is maintained constant at Qt ¼ 4 uc�1. The thick
solid cyan line is “guide to the eye”. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 15. Snapshots showing the location of CH4 and Bz within the intersecting channels of MFI zeolite. The total mixture loading, Qt ¼ 4 uc�1. MD simulations [111] for self-
diffusivities of CH4 in CH4/Bz mixtures in MFI at 300 K as a function of the Bz loading in the mixture; the total CH4 loading is maintained constant at QCH4 ¼ 3 uc�1. The thick
solid cyan line is “guide to the eye”. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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molecules; this hindering effect due to location of CO2 at windows
of DDR can be discerned by viewing Video 26. Such hindering ef-
fects need to be taken into account in order to interpret experi-
mental data for CO2/CH4 permeation experiments across DDR
membranes [89,90]. Fig. 20 compares the membrane transport
coefficients, (rÐi/d), for CO2, and CH4, backed out from unary and
binary mixture permeation data across DDR membrane. The
transport coefficient for CO2 in the mixture is the same as that
determined from unary permeation experiments, when compared
at the same mixture loading, Qt. In sharp contrast, there is a dra-
matic reduction in the transport coefficient of CH4 in the mixture,
especially at higher loadings, when compared to the data from
unary permeation; consequently the permeance of CH4 in the
mixture is significantly lower than that of the pure component. It
must be emphasized that the reduction of the transport coefficient
of CH4 is not ascribable to correlation effects; such effects lower the
mobility of the more mobile partner species [66,75]. The reduction
of the mobility of tardier CH4 in the mixture is a consequence of the
blocking of window regions due to preferential location of CO2

molecules. For DDR, window blocking by CO2 is desirable in prac-
tice because the membrane permeation selectivities will be
significantly enhanced above the values anticipated on the basis of
pure component permeances.



Fig. 16. (a) Snapshots showing the location of C3 and benzene in MFI zeolite (b) MD simulations [111] for self-diffusivities of C3H6 in C3H6/Bz mixtures in MFI at 300 K as a function
of the Bz loading in the mixture; the total mixture loading is maintained constant at Qt ¼ 4 uc�1. The thick solid cyan line is “guide to the eye”. (c) Snapshot showing the location of
reactants and products in the alkylation of benzene with ethene to produce ethylbenzene within the intersecting channel topology of MFI catalyst. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.

The preponderance of CO2molecules at thewindow regions also
manifests for ZIF-8, as evidenced in the probability density plots
presented in the publication of Chmelik et al. [68]. The IRM
experimental data in Fig. 10b and c are precisely analogous to the
data on transport coefficients, (rÐi/d) defined in terms of the
Maxwell-Stefan diffusivities, in the DDR membrane shown in
Fig. 20. The experimental data in Fig. 10b can be rationalized by
analogous reasoning to that for DDRmembrane; the Fick diffusivity
of CH4, defined in terms of the gradients of molar loadings, is
suppressed due to hindering by CO2 molecules located at the
window regions. A qualitative appreciation of CO2/CH4 mixture
diffusion in ZIF-8 is obtained by viewing Video 27.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.
6. Mutual slowing-down due to hydrogen bonding

For diffusion of mixtures containing water and alcohol, the
formation of O…H (“hydrogen bonds”) between water-water, wa-
ter-alcohol, and alcohol-alcohol pairs has a significant impact on
adsorption and diffusion characteristics [91e93]. The formation of
O…H bonds between molecular pairs causes formation of clusters.
A molecular cluster can be regarded as a k-mer; for example a
dimer. One characteristic signature of cluster formation is that the
adsorption isotherm exhibits a steep increase in the loading, the
inverse thermodynamic factor 1

G ¼ f
Q

vQ
vf exceeds unity, i.e.:

1
G>1, for

a range of pore concentrations; here f is the bulk fluid phase
fugacity, and Q is the molar loading. The inverse thermodynamic
factor has the physical significance of fractional vacancy in the
pores. Fig. 21a shows calculations of the inverse thermodynamic
factor for methanol and ethanol adsorptionwithin the cages of ZIF-
8. A k-mer occupies nearly the same vacant adsorbed site as a
normal, unclustered, molecule, and the fractional vacancy can
exceed unity [91,92]. A visual indication of methanol, and ethanol
clustering in ZIF-8 is provided by the snapshots in Fig. 21, along
with the animations in Video 28, and Video 29. In concentration
regions where 1

G>1, an increase in the molar loading leads to a
decrease in the unary diffusivity; see experimental data of Chmelik
et al. [94] plotted in Fig. 21b and c. The unusual loading dependence
of the unary diffusivities is directly ascribable to molecular
clustering.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.

For adsorption of methanol/ethanol mixtures in FER zeolite,
Fig. 22a presents data on the radial distribution functions (RDFs) for
distances between all combinations of O and H atoms of molecule
pairs. For all three molecular pairs, the first peaks manifest at dis-
tances smaller than 2 Å; this distance is characteristic of H-bonding
[95]. The H-bonding of the methanol-methanol pair is strongest as
the peak height is the highest. An important consequence of H-
bonding between methanol and ethanol is that the molecular
clusters formed will move in consort. Fig. 22b shows the MD sim-
ulations of the self-diffusivities of methanol and ethanol in mix-
tures of different compositions. The self-diffusivities are close
together, and the differences are less than a factor of two. Some
evidence of the influence of H-bonding on diffusivities of methanol/
ethanol mixtures in FER can be gleaned from data in K€arger et al.
[96] obtained from micro-imaging techniques.

For water/alcohol mixture diffusion in zeolites, MOFs, and ZIFs,
the diffusivity of each component is lowered significantly due to H-
bonding [92,97e99]. The formation of molecular clusters is
demonstrated in Video 30, Video 31, and Video 32. Fig. 23 presents
MD simulations of self-diffusivities for water/methanol, and water/
ethanol mixtures in FAU, DDR, and CHA zeolites. In all cases, the
diffusivity of water is reduced with increasing proportion of
alcohol. Concomitantly, the diffusivity of the alcohol is diminished
for a range of water compositions in the adsorbed phase. Hydrogen
bonding between water and alcohol molecule pairs serves to act as
a “flexible leash” linking themotion of themoremobile (water) and
tardier (alcohol) species. The net result is that the motion of water
is retarded due to cluster formation; the leash also serves to reduce
the mobility of the alcohol molecules.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.

The experimental data onwater/NMP pervaporation across CHA
membrane (cf. Fig. 11) can be explained on the basis of mutual-
slowing down caused by molecular clustering. For water/alcohol
pervaporation across CHA zeolite membrane, the experimental

http://dx.doi.org/10.1016/j.micromeso.2017.09.014
http://dx.doi.org/10.1016/j.micromeso.2017.09.014
http://dx.doi.org/10.1016/j.micromeso.2017.09.014
http://dx.doi.org/10.1016/j.micromeso.2017.09.014


Fig. 17. (a) Experimental data [83] on self-diffusivities of nC6 and 2-methylpentane (2MP) as a function of the loading of 2MP, keeping the total loadingQt ¼ 3.5/uc. (b) Values of the
fitted Maxwell-Stefan diffusivities, Ð1=r2c , and Ð2=r2c for nC6 (1) and 2MP (2) chosen to match the four sets of experimental nC6(1)/2MP(2) uptake data of Titze et al. [84], plotted as
a function of the 2MP loading. Here Ð is the Maxwell-Stefan diffusivity, and rc is the radius of the MFI crystals used in the experimental measurements. The thick solid lines are
“guides to the eye”.

Fig. 18. (a) Snapshots showing the location of nitrogen and methane in LTA zeolite. (b) CBMC simulations of unary isotherms of N2, and CH4 in LTA at 300 K. (c) MD simulations of
the unary diffusivities of N2, and CH4 in LTA at 300 K.
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Fig. 19. (a) Snapshots showing the location of CO2, and CH4 for mixture adsorption in DDR at 300 K. (b, c, d) MD simulations of self-diffusivities (b) CO2/CH4, (c) CO2/N2 and (d) CO2/
Ar mixtures in DDR zeolite.

Fig. 20. Comparison of transport coefficients, (rÐi/d), for CO2 and CH4, backed out from unary and binary mixture permeation data across DDR membrane [68,89,90], plotted against
the total mixture loading at the upstream face of the membrane. Here r is the framework density, Ði/d is the Maxwell-Stefan diffusivity, and d is the thickness of the membrane layer.
The thick solid lines are “guides to the eye”.
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data of Hasegawa et al. [100] show that the alcohol fluxes decrease
with increasing water composition in the feed; see Fig. 24aec.
Indeed, both water and alcohol fluxes are reduced with increasing
concentrations of partner species in the mixture The experimental
data on pervaporation of water/ethanol mixtures across LTA-4A
membrane [101], shown in Fig. 24d, can also be interpreted in
terms of mutual-slowing down effects. Analogous experimental
data for water/alcohol pervaporation across DDR membranes are
also reported [102].



Fig. 21. (a) The inverse thermodynamic factor, 1/G, for methanol and ethanol adsorption in ZIF-8, obtained from analytic differentiation of the dual-Langmuir-Freundlich fits. (b, c)
Loading dependence of self-, Maxwell-Stefan, and Fick diffusivities of (a) methanol, and (b) ethanol in ZIF-8 [94]. (d, e) Snapshots showing the equilibrium positions of adsorbed (d)
methanol, and (e) ethanol molecules in ZIF-8.

Fig. 22. (a) RDFs for binary methanol(1)/ethanol(2) mixtures at 323 K in FER with component loadings Q1 ¼ Q2 ¼ 2 uc�1. (b) MD simulations for self-diffusivities in methanol/
ethanol mixtures in FER zeolite at 298 K. The thick solid line is “guide to the eye”.
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7. Commensurate-incommensurate adsorption and diffusion

For separation of mixtures of aromatics, the principle of
commensurate adsorption can be exploited by appropriate choice
of the cross-sectional geometry of the channels [6]. These separa-
tions rely on matching the shape and size of the guest molecules
with the shape and size of the channels. Torres-Knoop et al.
[103,104] have provided examples in which optimum face-to-face
stacking of aromatic molecules can lead to uncommonly effective
separations. Within triangular channels of a structure such as
Fe2(BDP)3, 1,3,5 tri-chlorobenzene (TCB) can be selectively sepa-
rated from the 1,2,3 and 1,2,4 TCB isomers; see cartoon in Fig. 25a.
The preferential adsorption of the 1,3,5 isomer is due to optimum
face-to-face stacking.

Other cartoons of face-to-face stacking of aromatics are shown
in Fig. 25bef for commensurate adsorption of benzene, and p-



Fig. 23. Self-diffusivities in water/methanol, and water/ethanol mixtures of varying adsorbed phase compositions in (a, b) FAU, (c) DDR, and (d) CHA zeolites. The data are compiled
from MD simulation results published in the literature [92,99,107].
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xylene that are important feedstocks in the petrochemical in-
dustries. While commensurate adsorption is unusually effective for
mixture separations [6], there are important consequences of
diffusion, as explained below.

Let us consider the adsorption and diffusion of n-alkanes, with C
numbers ranging from 1 to 7, in cobalt formate (Co-FA) framework
[105]. The Co-FA structure consists of 1D zig-zag channels; one unit
cell of Co-FA comprises a total of four distinct channel “segments”;
each channel segment forms part of the repeat zig-zag structure;
see Fig. 26a. The Henry coefficients for adsorption follows an un-
usual, non-monotonic, dependence on the C number: C1 < C2 < C3
> nC4 > nC5 < nC6 < nC7; see Fig. 26b. Confirmation of the unusual
hierarchy in the adsorption strengths observed in Fig. 26b is pro-
vided by the experimental data of Li et al. [20] for unary isotherms
of 1-propanol and 1-butanol in Co-Formate; the shorter alcohol is
reported to have a higher adsorption strength than the longer chain
alcohol. The hierarchy of self-diffusivities also shows non-
monotonicity (cf. Fig. 26c); the hierarchy is the mirror image of
that witnessed for Henry coefficients: C1 > C2 > C3 < nC4 < nC5 >
nC6 > nC7. In order to understand unusual hierarchy of Henry co-
efficients and diffusivities, Fig. 27 presents computational snap-
shots of the conformations of adsorbed ethane (C2), propane (C3),
and n-pentane (nC5) molecules within the zig-zag 1D channel
segments of Co-Formate. The length of each channel segment is
commensurate with that of the propane molecule and longer
molecules such as n-pentane (nC5), and n-hexane (nC6) must
straddle two channel segments. A simple physical reasoning is that
commensurate adsorption implies that the molecules resides
“cozily”within the channel segment, and has a low tendency to hop
to a neighboring location. The converse is true for guests that
adsorb incommensurately; that molecule feels “out of place” and
has a tendency to escape and hop to a neighboring site. In order to
get an appreciation of this unusual hierarchy and the influence of
commensurate-incommensurate adsorption, see animations of the
diffusion of methane (Video 33), ethane (Video 34), propane (Video
35), n-butane (Video 36), and n-pentane (Video 37) in the 1D
channels of Co-FA.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.

8. Cul-de-sacs for molecular traffic

The molecular traffic in MOR zeolite (Mordenite, see Fig. 2), that
consists of 12-ring (7.0 Å � 6.5 Å) 1D channels, connected to 8-ring
(5.7 Å � 2.6 Å) side-pockets, exhibits unusual mixture diffusion
effects. Computational snapshots (cf. Fig. 28a and b) of the location
of molecules for CO2/CH4 and CO2/N2 mixture adsorption show that
CO2 gets preferentially ensconced in the side-pockets. The side

http://dx.doi.org/10.1016/j.micromeso.2017.09.014


Fig. 24. (a, b, c) Experimental data of Hasegawa et al. [100] for permeation fluxes across CHA membrane as a function of the wt% water in (a) water/methanol, (b) water/ethanol, and
(c) water/2-propanol mixtures. (d) Experimental data of Pera-Titus et al. [101] for the pervaporation fluxes of water and ethanol across LTA-4A membrane. The thick solid lines are
“guides to the eye”.

Fig. 25. Face-to-face stacking of molecules that have shapes that are commensurate with the channel cross-section. (a) triangular channels for triangular molecules (e.g. 1,3,5 tri-
chlorbenzene, cyclo-propane, aluminum hydroxide). (a) cylindrical channels for molecules such as benzene, (c) honeycomb channels for hexagonal molecules (e.g. benzene), (d)
cuboid channels for face-to-face stacking of benzene. (e) elliptical channels for face-to-face stacking of p-xylene, (f) diamond-like channels that allow face-to-face stacking of para-
xylene.
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pockets act like cul-de-sacs in respect of molecular traffic for CO2.
The near-stagnancy of CO2 molecules located in the side pockets
can be discerned by viewing Video 38, and Video 39. These ani-
mations of the molecular traffic demonstrate that CO2 molecules
located in side pockets appear to be “locked in” and do not
participate in the main thoroughfare along the 12-ring channels
[106]. An important consequence of the cul-de-sac effect is that the
diffusivity of CO2 in CO2/CH4 mixtures is about an order of
magnitude lower than that of CH4 when compared at mixture
loadings below about 1.5 mol kg�1; see Fig. 28c.



Fig. 26. (a) Pore landscape of one unit cell of Co-Formate. (b) Henry coefficients for adsorption of n-alkanes in Co-Formate as a function of C number. (c) Self-diffusivity for n-alkanes
in Co-Formate as a function of C number.

Fig. 27. Snapshots showing the location and conformations of ethane, propane, and n-pentane molecules within the zig-zag 1D channel segments of Co-Formate.
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Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.micromeso.2017.09.014.
9. Conclusions

Using MD simulations, along with computational snapshots and
video animations, a number of experimental observations of
mixture diffusion in microporous crystalline materials can be
rationalized and explained. The important messages emerging
from this article are summarized below.
� Slowing-down effects are often significant for mixture diffusion
in microporous materials. Broadly speaking, the motion of the
more-mobile-less-strongly adsorbed component is retarded by
the tardier-more-strongly-adsorbed component.

� Traffic junction effects in MFI zeolite of importance of diffusion
of mixtures of (a) linear and branched alkanes, (b) alkanes/ar-
omatics, and (c) alkenes/aromatics.

� In cage-type materials such as DDR, LTA, CHA, and ZIF-8, mol-
ecules jump on-at-a-time across the narrowwindows; the inter-
cage jumps are uncorrelated. Pencil-like molecules such as CO2,
and N2 hop length-wise across the windows.

http://dx.doi.org/10.1016/j.micromeso.2017.09.014


Fig. 28. (a, b) Snapshots of (a) CO2/CH4 and (b) CO2/N2 mixture adsorption in MOR. (b) MD simulations of the self-diffusivities of CO2, and CH4 as a function of the total mixture
loading, q1 þ q2, keeping q1 ¼ q2.
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� For CO2 capture from CO2/CH4, CO2/N2, and CO2/Ar mixtures, the
preferential location of CO2 in the window regions of DDR and
ZIF-8 causes the suppression of the inter-cage hopping of part-
ner molecules, resulting in increasing selectivities in favor of
CO2.

� Due to hydrogen bonding between water and alcohol, mutual-
slowing down effects are important for water/alcohols
mixture diffusion.

� Commensurate adsorption of a guest species often implies that
its mobility within the framework will be restricted. A guest
species that adsorbs incommensurately, has a higher tendency
to jump to a neighboring site.

� The preferential location of CO2 within the side-pockets of MOR
zeolite, results in a significantly lowered diffusivity due to the
cul-de-sac nature of the side pockets.

Though the discussions in this article are largely qualitative in
nature, the obtained insights should aid in setting up rigorous
quantitativemodels for mixture diffusion using theMaxwell-Stefan
(M-S) diffusion formulation [16,66,67]. Using judicious inputs from
MD simulation data, the M-S diffusion formulation has been
particularly successful in the modeling of slowing-down effects
[66,75], traffic junction effects [59,84], and transient overshoots
[5,55]. However, the phenomena of mutual-slowing down due to
molecular clustering, as highlighted in this paper, cannot be
modeled using the current version of the M-S formulation; the
exchange coefficients Ðij in the M-S formulation only cater for
slowing down of the more mobile partners [67,92,107]. The M-S
formulation, in its current form, also fails to properly account for
hindering effects due to preferential location of CO2 at windows,
pockets, and cul-de-sacs [108]. There is an urgent need to extend
the M-S formulation to take account of molecular clustering, and
hindering effects.

Notation

Di,eff effective Fick diffusivity, m2 s�1

Ði Maxwell-Stefan diffusivity, m2 s�1

f fugacity of species, Pa
ft total fugacity of bulk fluid mixture, Pa
Ni molar flux of species i, mol m�2 s�1

pi partial pressure of species i in mixture, Pa
pt total system pressure, Pa
qi component molar loading of species i, mol kg�1

qt total molar loading for mixture adsorption, mol kg�1

rc radius of crystallite, m
T absolute temperature, K
z distance along membrane layher, m

Greek letters
d thickness of membrane layer, m
G thermodynamic correction factor, dimensionless
Pi membrane permeance of species i, mol m�2 s�1 Pa�1

Q loading of species, molecules per unit cage, or per unit cell
Qt total mixture loading, molecules per unit cage, or per unit

cell
r framework density, kg m�3

Subscripts
i referring to component i
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0 upstream face of membrane
1 referring to species 1
2 referring to species 2
i,j components in mixture
t referring to total mixture
d downstream face of membrane
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