from https://pubs.acs.org/doi/10.1021/acsomega.9b01369.

Downloaded by 77.251.103.84 at 07:05:11:656 on June 20, 2019

A \

”
\ Y4

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

ACS AuthorChoice

@ Cite This: ACS Omega 2019, 4, 10761-10766

http://pubs.acs.org/journal/acsodf

Elucidating Traffic Junction Effects in MFI Zeolite Using Kinetic
Monte Carlo Simulations

Rajamani Krishna™

and Jasper M. van Baten

Van ‘t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands

O Supporting Information

ABSTRACT: Published experimental studies on the diffusion of n-butane (nC4)/iso-butane
(iC4), n-hexane (nC6)/2-methylpentane (2MP), and methane/benzene mixtures in MFI
zeolite show that the self-diffusivity of the more mobile (linear) alkanes is diminished by
about 1—3 orders of magnitude with increasing proportion of the tardier partners (iC4, 2MP,
benzene) in the mixture. The strong reduction can be rationalized on the basis of the
preferential location of the tardier partners iC4, 2MP, and benzene at the channel
intersections of MFI, serving to slow down the molecular traffic. The primary objective of
this article is to investigate, and quantify, such traffic junction effects with the aid of kinetic
Monte Carlo (KMC) simulations. The KMC simulations show that the preferential location
of branched molecules at the channel intersections can be effectively considered as an
intersection blocking with attendant loss of connectivity of the MFI topology. Consequently,
both the Maxwell-Stefan (M—S) diffusivity and self-diffusivity for nC4 in the nC4/iC4
mixtures are lowered below that for the unary nC4 diffusion by about 2 orders of magnitude.
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It is also established that such a lowering of the diffusivity of the more mobile partner is distinctly different from the

“correlation” effects that generally manifest in the mixture diffusion in microporous materials.

1. INTRODUCTION

MFI (= Mobil Flve) zeolite, also called ZSM-S," is used as a
catalyst or adsorbent in a wide variety of industrially important
processes such as catalytic cracking, xylene isomerization,
alkylation of benzene, and separation of alkane isomers.”” "’
Thin perm-selective layers of MFI zeolite find applications in
membrane separations for CO, capture.' ™ MFI has a
topology consisting of a set of intersecting straight channels
and zigzag (or sinusoidal) channels (see Figure la). The
channel dimensions are size of 5.5 A.

A key feature of the mixture diffusion in MFI is that the
mobility of any guest constituent is influenced by its partner
species. Generally speaking, the mobility of the more mobile
species is retarded due to the correlated molecular “jumps”
with tardier partner species within the network of intersecting
channels of MFIL. The proper modeling of such correlation
effects is essential in the development and design of industrial
process.M’15

Mixture diffusion in microporous materials is most
commonly modeled using the Maxwell-Stefan (M-S)
formulation. For mixtures with two guest constituents, the
intracrystalline molar fluxes N; are related to the chemical
potential gradients'*~"”

In eq 1, R is the gas constant, p is the framework density, ©;
are the component loadings expressed in molecules uc™" (uc =

unit cell), and «; are the component mole fractions defined as
%=0,/(0,+6,); i=1,2 )

The Onsager reciprocal relations impose the symmetry
constraint

b, =D,y (3)

The M—S formulation (eq 1) is phenomenological and serves
to define the three diffusivities P;, P,, and D,, that
characterize binary mixture diffusion. D, and P, characterize
the species—wall interactions. The exchange coeflicient D,
quantifies the correlation effects that cause the slowing down
of more mobile guest molecules. The degrees of correlations in
the molecular jumps within the microporous channels are
quantified by the ratios B;/D}, and D,/D,. High values of the
degrees of correlations imply that the first right-hand members
of eq 1 offer significant contributions to the intracrystalline
fluxes, causing significant slowing-down effects.">*® For
H,(1)/CO,(2) permeation across the MFI membrane, for
example, experimental data'” are well described by taking B,/
Py, = 20."7" In this case, the more strongly adsorbed but
tardier CO, retards the mobility of the faster-diffusing but
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Figure 1. (a) MFI topology with snapshots showing the location of
molecules of the nC4/iC4 mixtures. (b) PFG NMR experimental data
of Fernandez et al.”' on the self-diffusivity of nC4 in the nC4/iC4
mixtures in MFI as a function of the loading of iC4. (c) Experimental
data of Schuring et al.* on self-diffusivities of n-hexane (nC6) and 2-
methylpentane (2MP) as a function of the loading of 2MP. (d) PFG
NMR studies of Forste et al.>* on the self-diffusivity of CH, in MFI as
function of the loading of the co-adsorbed benzene.

Molecular dynamics (MD) simulations of several binary
mixtures in MFI zeolite, and other microporous materials,19
have established the M—S diffusivities P;, and D, can be
identified with the corresponding diffusivities for unary systems
provided the values are determined at the same pore
occupancy . The MD simulations also allow quantification
of the degrees of correlations, D,/Py, and D,/D,.

A special scenario emerges for the mixtures containing
branched alkanes and aromatics. Figure 1b presents the PFG
NMR data”' on the self-diffusivities in the binary mixtures of n-
butane (nC4) with iso-butane (iC4) in which the total loading,
O, = 0,4 + O,c,, is held constant at 4 molecules uc™. Increase
in the loading of the iC4 from ©;¢, = 0 to 2 molecules uc™" has
the effect of reducing the self-diffusivity of nC4 by about 2
orders of magnitude. As evidenced in the computational
snapshot in Figure 1la, the tardier constituent iC4 prefers to
locate at the channel intersections. The diffusivity of iC4 is
lower than that of nC4 by 3 orders of magnitude. The
occupation of some of the intersection sites by iC4 may be
viewed as effective blockage of the molecular traffic within the
channels.

Figure lc shows the experimental data® of the self-
diffusivities in the binary mixtures of n-hexane (nCé6) with 2-
methylpentane (2MP) in MFI in which the total loading is ©,
= 0,c6 + Oup = 3.8 molecules uc™. The preferential location
of the tardier 2MP at the channel intersections causes a
reduction in the self-diffusivity of nC6 by about an order of
magnitude.

With increase in the loading of benzene (Bz), the self-
diffusivity of CH, in binary CH,/Bz mixtures is reduced by
about 2 orders of magnitude (see Figure 1d). The explanation
is again to be found in the reduction of CH, diffusivity due to
the blockage of the intersections by benzene.”” In the process
of the alkylation of benzene using H-ZSM-S catalyst to

produce ethylbenzene, the tardier aromatic molecules prefer to
locate at the channel intersections. The blocking of the
intersections by the aromatic guests causes a severe reduction
in the effective diffusivity of the reactant C,H,.*’

The primary objective of this article is to examine the
characteristics of the M—S diffusivities P,, D,, and D,
applicable to the traffic junction phenomena witnessed in
Figure 1. Specifically, we aim to show that for diffusion in the
nC4(1)/iC4(2) mixtures, the M—S diffusivity of the more
mobile nC4, D,, is significantly lower than that of the
corresponding unary nC4. Furthermore, we shall establish
that the reduction in the diffusivity of nC4 is not attributable to
the usual “correlation” effects. Due to the extremely low values
of the diffusivities of iC4, the MD simulations of the nC4/iC4
diffusion to determine the M-S diffusivities are of low
accuracy and also computationally expensive. For this reason,
we resort to the kinetic Monte Carlo (KMC) simulations using
the methodology detailed in earlier publications.”*™*'

2. COMPUTATIONAL METHODS: KMC SIMULATIONS

The KMC simulation methodology employed for the MFI
lattice topology is shown schematically in Figure 2. Per unit
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Figure 2. Schematic of the KMC simulation methodology for the
MFI topology consisting of the intersecting straight and zigzag
channels. The inset indicates a unit cell (highlighted in orange), with
12 adsorption sites.

cell, highlighted in orange in the inset, is made up of 12
adsorption sites, distributed along the straight channels (4,
marked green), zigzag channels (4, marked blue), and at the
intersections (4, marked red). A total of 2 X 2 X 4 = 16 unit
cells were used. In the KMC simulations, we assume that the
each site can be occupied by only one molecule at a time.
Particles can move from one site to a neighboring site via hops.
Let vy, and v,, denote the jump frequencies along the straight
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and zigzag channels when moving toward the intersections.
Based on the MD simulations of the self-diffusivities of guest
molecules in x-, y-, and z-directions (see Figure 513),32 it is
concluded that the frequency along the straight channels v, is
greater than that along the zigzag channels v,, by a factor of
about 2. Further details of the KMC simulation methodology
are provided in the Supporting Information.

3. RESULTS AND DISCUSSION

We first undertake the KMC simulations of the nC4/iC4
mixture diffusion to match with the experiments of Fernandez
et al”' in Figure 1b. The preferential location of branched
alkanes, such as iC4, at the intersection sites can be modeled
by taking the jump frequencies away from the intersection sites
to be lower by a factor f than the corresponding frequencies v,
and v,,*" This factor f is determined by the ratio of the
Langmuir constants in the dual-site Langmuir fits

_ be byp
q - qA,satl + bAp qB,satl + be (4)

for the unary iC4 isotherm at 363 K in Figure 3a; we
determine f = by/b, = 0.001; calculation details are provided in
the Supporting Information. For nC4, there are no perceptible
isotherm inflections, and the jump frequencies toward and
away from the intersection sites are equal, i.e., f = 1. With the
chosen values of the jump frequencies vy, and v, for nC4 (v,
=4x10"sv,=2x%x10"s""; f=1) and iC4 (v, = 4 X
1057 v, =2 X 10" s7"; f=0.001), the KMC simulations of
the self-diffusivities are shown in Figure 3b; the reduction in
the nC4 self-diffusivity by 2 orders of magnitude with
increasing iC4 loadings are in line with the experimental data
in Figure 1b.

Remarkably, the M—S diftusivity D, for nC4 also shows a
lowering of 2 orders of magnitude with increasing proportions
of iC4 in the mixture (see Figure 3c). Within the framework of
the M—S formulation (eq 1), a reduction in D; does not fall
within the purview of the “correlation effects”. For the
transient uptake of the nC6/2MP mixtures in MFI zeolite
crystals, Titze et al.”* found that the M—S diffusivities of both
nC6 and 2MP decrease strongly with increasing 2MP loading,
which is analogous to that observed Figure 3c. Indeed, for
nC6/2MP separations in fixed beds of MFI zeolite, both
intracrystalline diffusion and mixture adsorption in the MFI
favor the linear isomer, leading to the hi%hly effective
separations in fixed-bed adsorption devices.'®***

Figure 4a shows KMC simulations for nC4/2MP mixtures in
which the chosen jump frequencies of the bulkier 2MP are
taken to be a factor 10 lower than those for iC4: (v, = 4 X 10°
s7 v, =2 x 10° s7%; f = 0.001). The reduction of the M—S
diffusivity of nC4 is practically the same as that for iC4, even
though 2MP is 10 times tardier than iC4; this finding
strengthens the hypothesis that the lowering is not caused by
correlated hops in the MFI channels. The KMC simulations
for the mixtures of propane(C3)/iC4 mixtures, wherein the
jump frequencies of C3 are a factor of 2 higher than those for
nC4, show that the influence of increased iC4 loading on the
M-S diftusivities of the linear alkanes are entirely analogous
(see Figure 4b).

To demonstrate that the results in Figures 3 and 4 are
distinctly different from the correlation effects, we performed
KMC simulations for #C4 in partnership with a “hypothetical”
guest species iC4* in which the jump frequencies for iC4* are
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Figure 3. (a) Configurational-bias Monte Carlo simulations of the
unary isotherms of nC4 and iC4 at 363 K in MFI zeolite.”" (b, c)
KMC simulations of self- and M—S diffusivities of nC4(1) and iC4(2)
for mixture diffusion (total loading is held constant at 4 molecules
uc™!) as a function of the iC4 loading. The isotherm fit parameters
and further computational details are provided in the Supporting
Information.

prescribed as (v, =4 X 10" s} v, =2 X 10"s7; f=1), ie, a
factor of 10° lower than those for nC4 but without preference
to locate at the intersections. Figure Sa compares the M—S
diffusivities for the nC4/iC4 and nC4/iC4* mixture diffusion;
these show that the M-S diffusivities for the hypothetical

DOI: 10.1021/acsomega.9b01369
ACS Omega 2019, 4, 10761-10766


http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01369/suppl_file/ao9b01369_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01369/suppl_file/ao9b01369_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01369/suppl_file/ao9b01369_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01369/suppl_file/ao9b01369_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b01369/suppl_file/ao9b01369_si_001.pdf
http://dx.doi.org/10.1021/acsomega.9b01369

ACS Omega

(a)

\TUJ

~ o L

€ 10 g

R

g L

c 10" E

i - —@— nC4/iC4 mix ~<

3 [ —2%— nC4/2MP mix

é 102 | - DOeXp(_1'0 G')branched) A\

S E

@ r

s [ nC4(1)/branched alkane(2) mix;

 Total loading = 4/uc; MFI; KMC

10-3\\\\\\\\\\\\\\\\ L

0 1 2 3 4

Loading of branched alkane, © / molecules uc™

(b)

branched

—&— C3/iC4

- 10! .

‘n —@— nC4/iC4

:E Dexp(-1.0 Oy chea)

=)

100 £

(0] E

c £

< L

=

= L

g 107

£ E

s L

> L

Z g2 linear alkane(1)/iC4(2)

a E  mixture;

£ £ Total loading = 4/uc

» [ MFI; KMC

210—3\\\\\\\\\\\\\\\\\\\\
0 1 2 3 4

Loading of iC4, © / molecules uc”

branched
Figure 4. (a) KMC simulation results for M—S diffusivities of nC4 in
the nC4/iC4 and nC4/2MP mixtures (total loading is held constant
at 4 molecules uc™') as a function of the loading of the branched
alkane. (b) KMC simulation results for the M—S diffusivities of linear
alkanes in the C3/iC4 and nC4/iC4 mixtures (total loading is held
constant at 4 molecules uc™) as a function of the loading of the
branched alkane. Further computational details are provided in the
Supporting Information.

nC4/iC4* mixture are independent of iC4* loading, as
expected for “normal” mixtures without preferential locations
of guest molecules. The corresponding values of the self-
diffusivities are compared in Figure Sb. The self-diffusivity of
nC4 in the nC4/iC4* mixtures is reduced by a factor of about
3, whereas the corresponding reduction for the nC4/iC4
mixtures is reduced by 2 orders of magnitude. The inescapable
conclusion to be drawn from the KMC simulations in Figure 5
is that traffic junction effects do not fall under the category of
correlation effects.

To unravel the reasons for the reduction in the M-S
diffusivity of nC4, with increased iC4 loading, we undertook
KMC simulations in which certain number of intersection sites
in the 2 X 2 X 4 = 16 unit cells are selected and subsequently
deleted, along with the connections to the adjoining straight
and zigzag channels. The blocking and deletion procedure is
illustrated in Figure 6; further elaboration and details are
available in the Supporting Information. Evidently, blocking of
the intersection sites results in a decrease in the connectivity of
the MFI topology. Five different % blocking effects were
simulated: 6.25, 12.5, 25, 37.5, and 50%, corresponding to the
deletion of 4, 8, 12, 18, and 32 of the total 64 intersection sites
in the 2 X 2 X 4 simulation box.

(a)

o100 £

‘'» £

E -

2 o1 —® nC4innC4/iC4 mix

} F—©— nC4 in nC4/iC4* mix

% [ iC4 in nC4/iC4 mix

£ [—— iC4* in nC4/iC4* mix

S 102 E

@ £

= L

103 |- Total loading = ©,¢, + O, = 47:5:‘:&2:1

T Y T Y O O |
0 1 2 3 4

iC4 or iC4* loading/ molecules uc’

(b)

_o100 &
o i
E |-
- 10"
= E-@— nC4 in nC4/iC4 mix
£ —©— nC4 in nC4/iC4* mix
2 —O— iC4 in nC4/iC4 mix
% 102 £ iC4* in nC4/iC4* mix
= o
%]

108

T M N

0 1 2 3 4

iC4 or iC4* loading/ molecules uc™

Figure 5. KMC simulation results for (a) M—S diffusivities and (b)
self-diffusivities for (a) nC4/iC4 and nC4/iC4* mixture diffusion
(total loading is held constant at 4 molecules uc™') as a function of
iC4 or iC4* loading. Further computational details are provided in
the Supporting Information.

Figure 6. MFI topology in which the intersection site at the center is
blocked and the adjoining connections are deleted (indicated by
crosses).

Figure 7 presents the KMC simulation results for the
influence of the degree of intersection blocking on the M—S
diftusivity, D}, and degrees of correlation, D,/D,, for the nC4
diffusion in the MFI zeolite. The unary M—S diffusivities are
well described by
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Figure 7. (a, b) KMC simulation results for the influence of the
degree of intersection blocking on M-S diffusivity, D,, and degrees of
correlation, B,/P,,, for the nC4 diffusion in the MFI zeolite. The
fractional occupancy is the total loading divided by the total number
of available adsorption sites after the deletion of the selected number
of intersection sites. (c) Zero-loading M—S diffusivity as a function of
the number of blocked intersection sites per unit cell.

b, = B,(0)(1 - ) )
where D;(0) is the M—S diffusivity at “zero-loading”, and the
fractional occupancy @ is the total loading divided by the total
number of available adsorption sites after the deletion of the
selected number of intersection sites. For the unblocked
topology, the zero-loading M-S diffusivity is D;(0) = 3.7 X
10~% m* s™". The zero-loading M—S diffusivity D,(0) decreases

10765

exponentially with the number of blocked intersection sites in
one unit cell, 3.7 X 107" exp(—1.0 Opqeq) (see Figure 7b).
The dashed lines in Figure 4a,b compare the exponential decay
model with the KMC data for the nC4/iC4, nC4/2MP, and
C3/iC4 mixtures. Though there are some quantitative
differences, the exponential decay model captures the essential
characteristics of the reduction in the M—S diftusivity of linear
alkanes, suggesting that traffic junction effects are primarily
attributable to significant decrease in the connectivity of the
MEFI topology by blocked intersections.

4. CONCLUSIONS

Kinetic Monte Carlo simulations, in conjunction with the
Maxwell—Stefan diffusion formulation, were used to investigate
the traffic junction effects that manifest for the mixtures of
linear alkane and branched alkanes. The KMC simulations of
the nC4/iC4, nC4/2MP, and C3/iC4 mixtures at a constant
total loading of 4 molecules per unit cell serve to establish that
the diffusivity of the linear alkane suffers a decrease of about 2
orders of magnitude when the loading of the branched partner
molecule is increased; this is in line with the published
experimental data. The reasons for this reduction in the
diffusivity of the linear alkane are unequivocally traceable to
the loss of connectivity in the MFI topology due to the
effective blocking of the intersection sites by ensconced
branched molecules. The KMC simulations also establish that
traffic junction effects are distinctly different from the
correlation effects that manifest for the mixtures in which
none of the components exhibits preferential adsorption at the
intersection sites.

The results of this study have ramifications for the
implementation of the Maxwell—Stefan diffusion model in
the design of catalytic reactors, fixed-bed adsorbers, and
membrane permeation devices.””"®
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B NOMENCLATURE

Latin Alphabet
D, Maxwell—Stefan diffusivity for molecule—wall interac-
tion, m?* s™!
D,(0), M-S diffusivity at zero loading, m* s~
D5, M-S exchange coefficient for binary mixture, m
D, 5 self-diffusivity of species i, m* s~
f, ratio of frequencies away and toward intersections,
dimensionless
N, molecular flux of species i with respect to framework,
molecules m™2 s~*
R, gas constant, 8.314 J mol ™' K™
T, absolute temperature, K
x;, mole fraction of species i in adsorbed phase,
dimensionless

Greek Alphabet
U;, molar chemical potential of component i, J mol™
0, fractional occupancy, dimensionless
0, loading of species i, molecules uc™
v, jump frequency, s™*

p, framework density, uc m™

2 1

s

1

3

Subscripts
1, referring to component 1
2, referring to component 2
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Preamble

1 Preamble

The Supporting Information accompanying our article Elucidating Traffic Junction Effects in MFI
Zeolite using Kinetic Monte Carlo Simulations provides (a) structural details for MFI zeolite, (b)
Maxwell-Stefan diffusion formulation, (c) Kinetic Monte Carlo simulation methodology, including
procedures for calculation of the Maxwell-Stefan diffusivities, (d) KMC simulation data for unary and
binary systems.

For ease of reading, the Supporting Information is written as a stand-alone document; as a

consequence, there is some overlap of material with the main manuscript.
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Structural details of MFI zeolite

2 Structural details of MFI zeolite

MFTI zeolite (also called ZSM-5) has a topology consisting of a set of intersecting straight and zig-zag
(or sinusoidal) channels of approximately 5.5 A size. The pore landscapes and structural details are
provided in Figure S1, and Figure S2. The crystallographic data are available on the zeolite atlas website
of the International Zeolite Association (IZA)." The data on surface area, pore volume, and effective

pore diameters are taken from earlier work,” and summarized in Figure S1, and Figure S2.
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Structural details of MFI zeolite

2.1 List of Figures for Structural details of MFI zeolite

Unit cell
MFI of MFI
alA 20.022
b /A 19.899
c/A 13.383
Cell volume / A3 5332.025
conversion factor for [molec/uc] to [mol per kg Framework] 0.1734
conversion factor for [molec/uc] to [kmol/m3] 1.0477
p [kg/m3] 1796.386
MW unit cell [g/mol(framework)] 5768.141
¢, fractional pore volume 0.297
open space / A3uc 1584.9
Pore volume / cm?3/g 0.165
Surface area /m2/g 487.0
Delaunay diameter /A 5.16

Structural information from: C. Baerlocher, L.B. McCusker,
Database of Zeolite Structures, International Zeolite Association,
http://www.iza-structure.org/databases/

Figure S1. Structural details and pore landscape for MFI zeolite.
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Structural details of MFI zeolite
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Figure S2. Structural details and pore landscape for MFI zeolite.
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Experimental data highlighting traffic junction effects

3 Experimental data highlighting traffic junction effects

A set of five different experimental data sets, along with computational snapshots, are considered in
Figure S3, Figure S4, Figure S5, Figure S6, Figure S7, and Figure S8.

In the PFG NMR investigation of Fernandez et al.”® the self-diffusivity in MFI of n-butane (nC4), in
mixtures with iso-butane (iC4), was found to decrease by about two orders of magnitude as the loading
of iC4 is increased from ®;c4 = 0 to 2 molecules per unit cell; see Figure S3(b). The reason for this
strong decline can be understood on the basis of the preferential location of iC4 at the channel
intersections of MFI. For ®jc4 = 2, half the total number of intersections are occupied by 1C4, 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 Figure S3(a). This is tantamount to
blockage and leads to severe reduction in the molecular traffic of the intrinsically more mobile nC4.

Figure S4(a,b,c,d) presents the IRM (Infra-Red Microscopy) experimental data of Chmelik et al.* on
transient counter-uptake of nC4/iC4 mixtures in MFI zeolite crystals at 298 K. In these experiments, the
initial iC4 equilibrated loadings (in units of molecules per unit cell (uc)) in the crystals are 4 uc™, 2.9
uc™, 2.2 uc”, and 1.5 uc’'. The transient uptakes of nC4 are clearly strongly influenced by the initial iC4
loadings, as is evident in the comparison of the nC4 uptakes in Figure S4(e). Figure S4(f) plots the
effective diffusivity of nC4 in the coffin-shaped crystals (with dimensions are 160x25.5x25.5 pm”), as a
function of the initial loading of iC4 within the crystals. The values of the fitted nC4 diffusivities can be

adequately expressed as the exponential decay with ©,,, ,, the initial iC4 loadings in molecules uc™:
140x107" exp(-1.00,,,., ) m’ s, The theoretical justification for this exponential decay function is

provided in a later section using Kinetic Monte Carlo (KMC) simulations.
Figure S5 present IRM experimental data of Chmelik on transient co-current adsorption/desorption of

nC4/iC4 mixtures in MFI zeolite crystals at 298 K. The co-current uptakes are for (a, d) adsorption
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Experimental data highlighting traffic junction effects

cycles, and (b, e) desorption cycles. The loading trajectories in the adsorption/desorption cycles are
plotted in (c, f). Traffic junction effects cause the adsorption/desorption cycles to follow asymmetric
trajectories in composition space; see Figure S5(c,f).

PFG NMR studies of Forste et al.” found that the self-diffusivity of CH4 in MFI is significantly
reduced as the loading of the co-adsorbed benzene increases; see Figure S6(b). The explanation is again
to be found in the hindering of CH, diffusion due to blocking of the intersections by benzene.’

For analogous reasons, the branched alkanes 2-methylpentane (2MP), causes the reduction in the self-
diffusivity of the n-hexane (nC6) in nC6/ 2MP mixtures;*’ see Figure S7.

Titze et al.® report the Maxwell-Stefan diffusivity values, P, /r?, and D, /r? that are fitted to match

experimental data on four sets of experiments for uptake of nC6/2MP mixtures in MFI zeolite crystals;
see Figure S8. The diffusivities of both nC6 and 2MP decrease strongly with increased 2MP loading,
precisely analogous to that observed by Schuring et al.’ Clearly, intersection blocking effects 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."
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Experimental data highlighting traffic junction effects

3.1 List of Figures for Experimental data highlighting traffic junction effects
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Figure S3. (a) Snapshots showing the location of molecules of nC4/iC4 mixtures in MFI zeolite. (b)
PFG NMR experimental data® on self-diffusion coefficients of nC4 in nC4/iC4 mixtures in MFI as a

function of the loading of iC4.
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Figure S4. (a, b, ¢, d) IRM experimental data of Chmelik et al.* on transient counter-uptake of
nC4/iC4 mixtures in MFI zeolite crystals at 298 K. In these experiments, the initial iC4 equilibrated
loadings (in units of molecules per unit cell (uc)) in the crystals are (a) 4 uc™, (b) 2.9 uc’!, (¢) 2.2 uc’,
and (d) 1.5 uc. (e) Comparison of transient nC4 uptakes in crystals with different initial iC4 loadings.
The experimental IRM data are re-plotted using the data in Figures 3 and 4 of Chmelik et al.* (f) Fitted
nC4 diffusivity values plotted as a function of the initial iC4 loading in the crystals. The coffin-shaped

crystal dimensions are 160%25.5%25.5 pm”.
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Figure S5. IRM experimental data of Chmelik on transient co-current uptakes of nC4/iC4 mixtures in
MFI zeolite crystals at 298 K. The co-current uptakes are for (a, d) adsorption cycles, and (b, ¢)

desorption cycles. The loading trajectories in the adsorption/desorption cycles are plotted in (c, f).
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Figure S6. (a) Snapshots showing the location of benzene molecules in MFI zeolite. (b) PFG NMR

studies of Forste et al.” for the self-diffusivity of CH, in MFI as function of the loading of the co-

adsorbed benzene in MFI zeolite.
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Figure S7. (a, b) Snapshots showing the location of molecules of nC6/2MP mixtures in MFI zeolite.

(c) Experimental data® on self-diffusivities of nC6 and 2-methylpentane (2MP) as a function of loading

of 2MP in MFI zeolite.
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(a) Top view (b) Side-on view
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Figure S8. (a, b) Snapshots showing the location of molecules of nC6/2MP mixtures in MFI zeolite.

(c) Values of the fitted Maxwell-Stefan diffusivities, B,/r’, and P, /r? for nC6 (1) and 2MP (2)

chosen to match the four sets of experimental nC6(1)/2MP(2) uptake data of Titze et al.,® plotted as a
function of the 2MP loading. Here D is the Maxwell-Stefan diffusivity, and r. is the radius of the MFI

crystals used in the experimental measurements.
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The Maxwell-Stefan formulation for diffusion in micropores

4 The Maxwell-Stefan formulation for diffusion in micropores

4.1 Diffusion in 7~component mixtures
Within micro-porous crystalline materials, such as zeolites, metal-organic frameworks (MOFs), and
zeolitic imidazolate frameworks (ZIFs), the guest molecules exist in the adsorbed phase. The Maxwell-

Stefan (M-S) equations for n-component diffusion in porous materials is applied in the following

manner> *°
g, du, HxN,—-xN, N, .
— i = +— i=12,.n
Prra: 2 B D (S1)

J=1 ij i

where 0 is the framework density with units of kg m> , and the fluxes N; are the number of moles of
species i transported per m” of crystalline material per second. The mole fractions of the components in

the adsorbed phase, x, =g, /g, where g; is the molar loading of adsorbate, and ¢, is the fotal mixture

loading ¢, =Z%- For MFI zeolite it is often convenient to express the loadings in the units of

i=1
molecules per uc (uc = unit cell); we write

N -xN. N
1 1 j _I. . —
o + 5 i=12,.n (S2)

Jj=1 ij i

J#Ei

®i d:ui_ C xj
PRT 42 =2

In Equation (S2), the ®, are the component loadings expressed in molecules per uc (uc = unit cell),

the framework density has the units uc m'3, and the fluxes N; have the units molecules m? s™'.

The Maxwell-Stefan diffusion formulation (S1) is consistent with the theory of irreversible
thermodynamics. The Onsager Reciprocal Relations imply that the M-S pair diffusivities are symmetric
b, =D, (S3)

An important, persuasive, argument for the use of the M-S formulation for mixture diffusion is that

the M-S diffusivity D, in mixtures can be estimated using information on the loading dependence of the

S16



The Maxwell-Stefan formulation for diffusion in micropores

corresponding unary diffusivity values. Put another way, the M-S diffusivity D, can be estimated from

experimental data on unary diffusion in the porous material.

The M-S diffusivity P, has the units m® s and the physical significance of an inverse drag

coefficient. At the molecular level, the Dj; reflect how the facility for transport of species i correlates

with that of species j; they are also termed exchange coefficients.

4.2 Thermodynamic correction factors

At thermodynamic equilibrium, the chemical potential of component i in the bulk fluid mixture equals
the chemical potential of that component in the adsorbed phase. For the bulk fluid phase mixture we

have

ldy _dnf, _Vd . _ .,

RT dz dz fdz’

(S4)

The chemical potential gradients dy, /dz can be related to the gradients of the molar loadings, gi, by

defining thermodynamic correction factors I'j;

‘ & dq, ) & dc, - of - of
L%:Zr 9. L%ZZF . p_ %9 _&9 .

iy B/ . ij=l.n S5
RT dz & RT d ' & " aq, poc, (53)

J=l J=1
The thermodynamic correction factors I'jj can be calculated by differentiation of the model describing
mixture adsorption equilibrium. Generally speaking, the Ideal Adsorbed Solution Theory (IAST) of
Myers and Prausnitz'® is the preferred method for estimation of mixture adsorption equilibrium. In the

special case in which the unary isotherms for every component is described by the 1-site Langmuir

model with equal saturation capacities, the mixed-gas Langmuir model

T N [
9 su 1+ Zblf; (S6)
i=1

is derivable from the IAST. Analytic differentiation of equation (S6) yields
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) .
Fij:é}j+[0—} i,j=12...n (S7)

Vv

where the fractional vacancy 6 is defined as

0, =1-6,=1->6, (S8)

i=1
The elements of the matrix of thermodynamic factors I';; can be calculated explicitly from information
on the component loadings ¢; in the adsorbed phase; this is the persuasive advantage of the use of the
mixed-gas Langmuir model. By contrast, the IAST does not allow the calculation of I';; explicitly from

knowledge on the component loadings ¢; in the adsorbed phase; a numerical procedure is required.

4.3 Explicit expression for the fluxes as function of loading gradients

By defining an n-dimensional square matrix [B] with elements

1 < X;
B =—+Y—L: B =—"t. jji=12..n
> ZD 7 =p > M (S9)

xj )
9
i ij ij

i

we can recast equation (S1) into the following form

P VU =Y BN =l ($10)
J=1

Equation (S10) can be re-written in n-dimensional matrix notation as

(N)=-p[B]" [r]%j)bp[/\][r]d(q) (S11)

We denote the inverse of [B] as [A]:
[A]=[B]" (S12)
The elements of [A] cannot be determined from experimental measurements. However, Aj; are

directly accessible from Molecular Dynamics (MD) or Kinetic Monte Carlo (KMC) simulations by

monitoring the individual molecular displacements
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<

1. 11 - <

A, == lim —j—t<( > (r,. (1 +A) -, (z))} . [“ (v, +A) -, (t))j> (S13)
In this expression n; and n; represent the number of molecules of species i and j respectively, and ry;(¢)

is the position of molecule / of species 7 at any time ¢.

Compliance with the Onsager Reciprocal Relations demands

nA;=nA,; i,j=12,.n (S14)

4.4 Diffusivities in unary systems
For unary diffusion, equation (S1) simplifies to yield

4 4y _ N,
PRT Az D, (513)

The pure component B; is obtained from MD or KMC simulations of molecular displacements using the

formula in each of the coordinate direction

D, = % lim -1 <(Z (r,, (t+AD) -1, (t))j > (S16)

=1

In this expression #n; represents the number of molecules of species 7, and rii(¢) is the position of
molecule / of species i at any time ¢.

The self-exchange diffusivity, D;i, is defined by applying the M-S equations to a binary mixture, that
consists of identical species, tagged and un-tagged and assuming, furthermore, that we have equimolar

diffusion N, +N, =0. In this special case, the following relation between the self-diffusivity, D; g,

and the M-S diffusivity, Dj, for unary diffusion 15

g du, _(x+x)N, N, 1 1
-p— = +—=|—+—|N 17
PRT dz b, p, \p, b ) (517)

11 1

Equation (S17) defines the self-diffusivity within a pore for this special situation describing “tracer”

diffusion
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_ 4 dn _ N
PRT® D, (518)
and so we derive the expression
b _t. b
iself Di Bii (S : 9)

The self-diffusivities Digr are computed from MD simulations by analyzing the mean square

displacement of each species 7 for each coordinate direction

D, .y = L fim L <(Z (r,,i (t+AD)-r,, ) ]> (S20)

=1

Equation (S19) may used to determine the self-exchange diffusivities D;i from MD simulated D; scir
and D; for unary diffusion. The self-exchange diffusivity, D;, quantifies the extent of correlations for
unary diffusion. The H;, reflecting collective motion of molecules (cf. equation (S16)) is free from such
correlation effects; it is for this reason that the D; are amenable to simpler interpretation, and modeling,

than the D geir.

4.5 Degree of correlations for unary diffusion, 2,/D;

It is convenient to define the degree of correlations for unary diffusion in microporous materials, as

D . )
—. In view of Equation (S19) we get

B_ b D

B D, DT B

ii i,self 1+7l (SZ 1)
D,

Equation (S21) shows that the degree of correlations can be determined from KMC simulations of

D; s and B;. From Equation (S21) it can also be concluded that the self-diffusivity is always lower than

D
the M-S diffusivity due to correlation effects. The larger the degree of correlations, —, the lower is the

i

value of D s compared to D, .
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4.6 M-S formulation for binary mixture diffusion
For binary mixture diffusion in MFI zeolite, the Maxwell-Stefan equations (S1) are written

P

4 d/ulzszl_xlNZ +&

RT dz D, D,
(S22)
—p g, du, _ N, —x,N, +£
RT dz D, D,

The first members on the right hand side of Equation (S22) are required to quantify slowing-down
effects that characterize binary mixture diffusion.> ' '7 There is no experimental technique for direct
determination of the exchange coefficients D,, that quantify molecule-molecule interactions.

In two-dimensional matrix notation, equation (S5) take the form

4 A dq,
RT dz dz

_ =[r S23
4 du, ] dq, (523)
RT dz dz

For the mixed-gas Langmuir model, equation (S6), we can derive simple analytic expressions for the

four elements of the matrix of thermodynamic factors:'®

Fll FIZ 1 1_92 ‘91
= (S24)
r21 Fzz 1_‘91_92 02 1_6)1

where the fractional occupancies, &, are defined by equation (S6).

Let us define the square matrix [B]

v o) sae
_ 1
_ X L e 14—L+L x,D D, x, D,
+ ) ) -1 = D) 1+
D, D, D, 12 2| D, n

In proceeding further, it is convenient to define a 2x2 dimensional square matrix [A] = [B]fl :
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-1
L.,.L _ N 91(14_ xleJ x DD,
[A] b b, | by, - Dl 5 12 Dy, (S26)
_x_z _+L l_l_xl 2+x2 1 XZBLDZ Bz 1+‘x2D1
Blz DZ DIZ DIZ BIZ B12 12
Equation (S22) can be re-cast into 2-dimensional matrix notation
d(q)
N)=—-p|A||T ;
(V)= o [AJ[r} 2
B{l L J 4B b, dq, (S27)
[Nl]__ P b, D, [Fn 1—‘12:| dz
N, 1+x1D2 +XZBI x,D D, D 1+x2D1 Iy Ty dg,
D12 D12 DIZ ’ 12 dz

The elements of [B] can be obtained by inverting the matrix [A] determined using MD simulations

using equation (S13):

I x, X,
_ + _— —_
B, B b b b
|: 11 12j| — 1 12 12 — [A]fl (828)
By Bp] | X 1w
D]2 DZ D]2
. e Bll B]2 .
The three M-S diffusivities can be backed-out from the four elements using;
21 22
X X 1 1
Dlzz——lz——z; Dlz—; DZZ
B, B,, B _ % B _ M (529)
11 22
BIZ DIZ
4.7 Occupancy Dependence of unary M-S diffusivity
The simplest model to describe this occupancy dependence is
b,=D,(0)(1-0)=P,(0)6, (S30)

where D,(0) is the M-S diffusivity at “zero-loading”, and 6, :(1—0) is the fractional vacancy.

Equation (S30) is essentially based on a simple hopping model in which a molecule can jump from one

S22



The Maxwell-Stefan formulation for diffusion in micropores

adsorption site to an adjacent one, provided it is not already occupied. The loading dependence

portrayed in equation (S30) has been termed the “strong confinement” scenario by Krishna and Baur.'®
For the specific case of a binary mixture, the hopping of molecules from one site to another on a 2D

lattice is depicted in Figure S9. Using a simple lattice model, the M-S diffusivity in the limit of

vanishingly small occupancies, D, (0) = évi(o) A?, where § = 4 is the coordination number of the 2D

array of lattice sites, A is the jump distance on the square lattice, and v,(0) is the jump frequency at

vanishingly small occupancy.'

More generally, molecule-molecule interactions serve to influence the jump frequencies by a factor
that depends on the energy of interaction, w. For repulsive interactions, w > 0, whereas for attractive
interactions, w < 0. Using the quasi-chemical approach of Reed and Ehrlich® to quantify such

interactions, the following expression is obtained for the occupancy dependence of the M-S diffusivities

19,21,22

¢ ¢-1
B{zﬂi(o)(i] pw] (S31)
2(1-6) 2(1-6)

In equation (S31) the following dimensionless parameters are defined

f=\1-406(1-61-1/¢): ¢=exp(w/RT) (832)
In the limiting case of negligible molecule-molecule interactions, w =0, ¢= 1, =1 equation (S31)

degenerates to yield Equation (S30).
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4.8 List of Figures for The Maxwell-Stefan formulation for diffusion in micropores

'912 . v
\

I
BW =—a’v. Exchange coefficient .

4 quantifying i
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e o

Figure S9. The Maxwell- Stefan description of hopping of molecules on a 2D surface.
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5 Kinetic Monte Carlo (KMC) simulations

5.1 KMC simulation methodology

The Kinetic Monte Carlo (KMC) simulation methodology is detailed in earlier publications.”" 2% A

brief outline is provided below for the methodology as applied to the diffusion of propane (C3) n-butane
(nC4), and iso-butane (iC4) in MFI zeolite. Configurational-Bias Monte Carlo (CBMC) simulation data
for the unary isotherms of C3, nC4, and iC4 at 300 K, and 363 K are shown in Figure S10(a,b); the
unary isotherm fit parameters are provided in Table S1, and Table S2. The saturation capacities of these
three guest molecules lie in the range 10 — 12 molecules per unit cell. MD simulations of the loading
dependence of the M-S diffusivities of C3 and nC4 show a near linear decrease in diffusivity as the
loading increases to 12 molecules per unit cell; see Figure S10(c). CBMC simulations of the isosteric
heats of adsorption of nC4 and iC4 are presented in Figure S10(d); the isosteric heats of adsorption, O,
of nC4 and iC4 are close to each other, in line with available experimental data.*® Also, for both nC4
and 1C4, the values of Oy, are practically independent of loading, suggesting that molecule-molecule
attraction and repulsions are not significant; rather the molecule-wall interactions are dominant.

The CBMC and MD data in Figure S10 suggests that the total number of adsorption sites for C3, nC4
and 1C4 is 12 per unit cell. Therefore, the MFI lattice topology (see Figure S11) is made up of equal
sized sorption sites, 12 in total, distributed along the straight channels (4, marked green), zig-zag
channels (4, marked blue) and at the intersections (4, marked red). A total of 2x2x4 = 16 unit cells were
used in all of the simulations reported in this work; see Figure S12. In the 2x2x4 unit cells, there are a
total of 64 intersection sites. In the KMC simulations we assume that the each site can be occupied by
only one molecule at a time. Particles can move from one site to a neighboring site via hops. Let v
and v,, denote the jump frequencies along the straight and zig-zag channels when moving towards the

intersections. Based on MD simulations it is concluded that the frequencies along the straight channels
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is greater than along the zig-zag channels v > 1,2 As illustration, Figure S13 shows MD
simulation data of self-diffusivities of linear alkanes (methane (C1), ethane (C2), propane (C4), n-
butane (nC4)), in x-, y-, z- directions for diffusion of four different binary mixtures of varying
compositions in MFI zeolite at total loading of ® = 4 molecules uc”'. We note that in each case the self-
diffusivity in the z- direction (i.e. along the straight channels) is about a factor 2 higher than the self-
diffusivity in xz- direction. The preferential location of branched alkanes, such as 1C4, at the intersection
sites can be modelled by taking the jump frequencies away from the intersection sites to be lower, by a
factor £, than the corresponding frequencies v, and v,,. Typically for intersection blocking, £, has the
value of the order of 0.001 — 0.0001.

A standard KMC methodology to propagate the system was employed.” ***'>* A hop is made every
KMC step and the system clock is updated with variable time steps. For a given configuration of
random walkers on the lattice a process list containing all possible M moves to vacant intersection sites
is created. Each possible move i is associated with a jump probability 1. Note that the values depend

on the particular type a particle belongs to, as well as on the possible occupation of neighbouring sites.

M
The mean elapsed time 7 is the inverse of the total rate coefficient 7' =v,,, = ZVi which is then
i=1

determined as the sum over all processes contained in the process list. The actual KMC time step At for

a given configuration is randomly chosen from a Poisson distribution Az = —ln(u)/ V. Where u € [0,1]

is a uniform random deviate. The time step Af is independent from the chosen hopping process. To

select the actual jump, we define process probabilities according to p, =>"v,/v,,, . The ith process is
j=1

chosen, when p, , <v < p,, where v € [0,1] is another uniform random deviate. After having performed

a hop, the process list is updated. In order to avoid wall effects we employ periodic boundary

conditions.
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In order to account for nearest neighbour interactions, the transition rates have to be altered if another
particle occupies an adjacent site. The employed procedure is illustrated in Figure S14. It is based on
the assumption that the logarithm of the hopping rate is proportional to the relative height of the energy
barrier, as for example given by Ey.ns — Ea for the move from A to B. Consider two neighboring
particles at positions A and B. In order to ensure energy conservation, both particles have to experience
the same repulsive interaction 60Esp. The depth of the potential well of a particle at position A is

modified by OE,, which is determined by summing over all possible nearest-neighbor interactions

OE , = Zé‘E 5 - Here B indicates all occupied nearest neighbor positions with respect to A. In the KMC
B

scheme the rates of all possible moves of the particle located at A have to be changed by a factor

(5 ;) . Here B' denotes all empty nearest neighbour positions with respect to A. Since

! —
Vs = Vasp CXP

we do not wish to introduce an explicit value for the temperature 7 in our KMC development, the

Arrhenius term is replaced by a product of pair-pair interaction factors ¢gag V', . =V, B'H ¢, with
B

E
Gp=0= exp(%). The parameter ¢ is directly relatable to the interaction parameter defined in the

Reed-Ehrlich model in equations (S31), and (S32), as explained in detail in our earlier works."*'

Since only nearest neighbor interactions are involved, the scheme is simple and the computational
effort is moderate. The influence of the pair-pair interaction factors ¢ set equal to 1 (no repulsions), or >
1 (finite repulsion). The value of ¢ can be chosen to match experimental or MD simulation data. MD
simulations of the loading dependence of the M-S diffusivities of C3 and nC4 show a near linear
decrease in diffusivity as the loading increases to 12 molecules per unit cell; see Figure S10(c). This
linear reduction is in line with the simple model described by Equation (S30). Consequently, the

interaction parameter ¢ for C3 and nC4 is taken to be unity in all of the KMC simulations reported

here.
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The unary Maxwell-Stefan diffusivities P; are obtained from molecular displacements using the

formula in each of the coordinate direction

1. 11 . 2
Di - EAltlin _E<(Z (rl,i (t + At) -r, (t))j > (833)

*n; I=1
In this expression #n; represents the number of molecules of species 7, and rii(#) is the position of
molecule / of species i at any time ¢.

The unary self-diffusivities D;gr are computed by analyzing the mean square displacement of each

species i for each coordinate direction

D, = Loim L <[Z (r,,i (t+Af)-r,, (z))2 j> (S34)

=1

For binary mixtures, the four elements of the Maxwell-Stefan matrix Aj; are accessible from KMC

simulations*" >’ by monitoring the individual molecular displacements

n.

A, =L lim ii<(2 (r,,(t+An) -, (t))] . [Z (r,(t+AD) -, , (t))J> (S35)

2 At—0 n; At = P

In this expression #; and »; represent the number of molecules of species i and j respectively, and r;;(¢)
is the position of molecule / of species i at any time ¢.
Compliance with the Onsager Reciprocal Relations demands
nA,=nA ;i j=12,..n (S36)
The M-S diffusivities D,,D, are backed-out from A using equations (S28), and (S29).

The KMC simulation methodology was implemented in a custom-built code, written in C++.

5.2 KMC simulations of iC4 diffusion in MFI zeolite at 298 K

Before proceeding with the analysis of nC4/iC4 mixture diffusion, we first demonstrate the ability of

KMC simulations to capture the cusp-like dependence of the Maxwell-Stefan diffusivity, D,, for 1C4

diffusivity on the loading ®; as established in the Infra-Red Microscopy (IRM) experimental data of

Chmelik et al.”’; see Figure S15. Their data was measured at a temperature of 298 K.
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Figure S15(a) shows CBMC simulation data of the iC4 isotherm in MFI zeolite at 298 K; there is a
distinct inflection at a loading ® = 4 molecules/uc. The continuous solid lines are the dual-site Langmuir
fits using the parameter values specified in Table S1. For iC4, the jumps away from the intersections
towards either the straight or zig-zag channels occur at a frequency, lower by a factor f, because of the
preference of iC4 to locate in the channel intersections. This factor fis determined by the ratio of the

Langmuir constants in the Dual-site Langmuir fit of the unary iC4 isotherm

b,p byp

= 4 —_—
q qA,sat 1+bAp qB,sat 1+be

(S37)

From Table S1: f=b,/b, =2.87x107/2.29x107 =0.0012. The jump frequencies are chosen to

match the zero-loading M-S diffusivity D(O) =1.2x10"* m? s in the experiments. On the basis of the

IRM experiments of Chmelik et al.,”

it is established that the transport along the zig-zig channels
dominates the uptake process (See Supplementary Material of Chmelik et al.*), and it is the diffusivity
along the x-direction that is of primary interest. The jump frequency along the zig-zag channels was
chosen as v, = 2x10° s7!:

(vm =3.5x10" s";v_ =2x10"s"; £ =0.0012; fv,, =4.2x10°s"; fv_ =2.4x10° s'l).

The continuous solid lines in Figure S15(b) are the KMC simulations with different choices of the
molecule-molecule repulsion/attraction parameters ¢ =1, 2, 2.5 and 3. The KMC simulations are able to
capture the essential characteristics of the loading dependence of iC4 in MFI. We note that the
molecule-molecule interaction parameters are only relevant for iC4 loadings > 4 molecules uc”. For
investigation of traffic junction effects, the maximum loading of iC4 is restricted to 4 molecules/uc, and

therefore we take ¢=1 in all of the KMC simulations of iC4 diffusion.

5.3 KMC simulations of intersection blocking effects

Branched alkanes such as iC4, 2-methylpentane (2MP, and 2,2 dimethylbutane (22DMB) have

diffusivities that are about three to four orders of magnitude below that of linear alkanes such as
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propane (C3), n-butane (nC4). Consequently, the preferential location of branched alkanes at the
intersection sites can be modelled by assuming that the intersections are blocked for molecular traffic.

In order to simulate the influence of intersection blocking, KMC simulations were also carried out in
which a certain number of the total of 64 intersection sites in Figure S12 were blocked. The procedure
for blocking is illustrated schematically in Figure S16 in which (a) 16 intersection sites are first selected,
and (b) subsequently deleted, along with the connections to the adjoining straight and zig-zag channels.

A total of five different % blocking was employed:

(1) 6.25% = 4 intersection sites deleted

(i1) 12.5% = 8 intersection sites deleted

(ii1))  25% = 16 intersection sites deleted

(iv)  37.5% = 24 intersection sites deleted

(v) 50% = 32 intersection sites deleted

Figure S17 presents the KMC simulation results for the influence of the degree of intersection

blocking on M-S diffusivity, B,, self-diffusivity, D, ,, and degrees of correlation, H,/D,, , for nC4 in

1,self

MFI zeolite. The jump frequency values of nC4

(Vm =4x10"s";v_ =2x10"s"f =1; fv

str

=4x10" s"; fv_ =2x10" s"l) are chosen to match the

experimental self-diffusivity data of Fernandez et al.;’ see Figure S3. It is interesting to note that the

degree of correlations B,/PH,, is independent of intersection blocking effects. The unary M-S
diffusivities are well described by Equation (S30): D,=D, (O)(l —«9), where the fractional occupancy 6

is the total loading divided by the total number of available adsorption sites, after deletion of the

selected number of intersection sites. For the unblocked topology, the zero-loading M-S diffusivity is

D, (0)=3.7x10" m’s". The zero-loading M-S diffusivity D,(0) decreases with the number of

intersection sites blocked, ©,, ., In one unit cell of MFI zeolite; see Figure S17(¢). The KMC

simulated data for the zero-loading diffusivities could be fitted as follows: 3.7x107 exp(-1.00,,,..)-
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The reduction in the zero-loading M-S diffusivity with increasing ®,, .., 1s attributable to decrease in

the connectivity of the MFI topology.
Figure S18 presents the KMC simulation results for the influence of intersection blocking on diffusion

of propane (C3) in MFI zeolite. For C3, the jump frequencies are chosen to be twice that of nC4:
(vm =8x10"s";v_ =4x10"s"; f =1; fv, =8x10"s™; fv_=4x10" S'l). The KMC results are

precisely analogous to that for nC4. For the unblocked topology, the zero-loading M-S diffusivity

D,(0)=7.4x10" m?s". The KMC simulated data for the zero-loading diffusivities could be fitted as

follows: 7.4x107 exp(-1.00,,,.. )

5.4 KMC simulations of nC4/iC4 mixture diffusion at 363 K

We analyze nC4/iC4 mixture diffusion in MFI at 363 K to compare with the experiments of
Fernandez et al.® In these experiments the total mixture loading ®; = @; + @, = 4 uc!. We assume
negligible molecule-molecule repulsion or interactions, and set ¢ =1 for nC4, iC4, and nC4/iC4.

For 1C4, the jumps away from the intersections towards either the straight or zig-zag channels occur at
a frequency, lower by a factor f, because of the preference of iC4 to locate in the channel intersections.
This factor f is determined by the ratio of the Langmuir constants in the Dual-site Langmuir fit

parameters at 363 K from Table S2: f=b,/b,=8.02x107/7.54x10* =0.001; the arguments behind

26, 27, 29

the choice of fare given in earlier publications. The asymmetry in the jump frequencies towards

and away from the intersections captures the inflection behavior of the sorption isotherm. These jump

frequency values: (Vm, =4x10"s";v_ =2x10"s"; £ =0.001; fv

L =4x10"s7; fv_=2x10] s'l) are
chosen to match the experimental self-diffusivity data of Fernandez et al.;’ see Figure S3.

For nC4, there are no perceptible isotherm inflections, and the jump frequencies towards, and away,
from the intersection sites are equal to one another. The jump frequency along the zig-zag channels was
chosen as v, = 2x10'° s™'. The jump frequency along the straight channels is assumed to have a higher

value Vitr = 4x10' s The jump frequency values of nC4
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(vm. =4x10" s";v_=2x10"s"; f=1; fv, =4x10"s™; fv_=2x10" s'l) are chosen to match the

experimental self-diffusivity data of Fernandez et al.;* see Figure S3. The zero-loading M-S diffusivity
is D (0)=3.7x10"m’s". At a loading of 4 molecules/uc, the M-S diffusivity of nC4 is
D=247x10"m’s".

Figure S19(a) presents the KMC simulations of unary M-S and self-diffusivities of nC4 (1) and 1C4(2)
as a function of loading, expressed as molecules per unit cell. The unary diffusivity of iC4 shows a
linear decrease as the loading increases to 4 molecules per unit cell; further explanation of the loading

dependences of iC4 diffusivities are provided in Chmelik et al.”’

Figure S19(b) present the self-diffusivities of nC4(1) and iC4(2) for nC4/(1)/iC4(2) mixture diffusion
(total loading is held constant at 4 molecules uc™'), as function of the loading iC4 loading. The
characteristics of the variation of the nC4 self-diffusivity with iC4 loading is analogous to that
witnessed in the experimental data in Figure S3.

The persuasive reason for undertaking the KMC simulations is that M-S diffusivities can be backed-

out from the KMC-simulated elements of the 2x2 dimensional square matrix [A], using the same
procedure as used earlier for MD simulations. The loading dependence of the M-S diffusivities, D, and

D, are presented in Figure S19(c). Since the total loading is held constant at 4 molecules uc’!, we

should expect the M-S diffusivity of either component to be independent of the iC4 loading. The KMC
simulations show a reduction in the magnitude of the M-S diffusivity by about two orders of magnitude.

Figure S19(d) compares the KMC simulated M-S diffusivity of nC4 in the mixture, D,, with the

estimations based on the relation 2.47x10™ exp(-1.00,,,.,), that are based on the KMC simulations

for nC4 in the blocked topologies in Figure S17. The important conclusion to be drawn from Figure
S19(d) is that the reduction in the M-S diffusivity of nC4 in mixtures with increasing proportion of i1C4
is not a consequence of correlation effects, but can be unequivocally attributable to loss of connectivity

due to intersection blocking.
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A different way to demonstrate that intersection blocking effects is to analyze diffusion of equimolar
(= 0,) nC4(1)/1C4(2) mixtures with varying total loadings. Figure S20(a, b) present KMC simulation
data for self- and M-S diffusivities of nC4 (1) and 1C4(2) for nC4(1)/iC4(2) mixture diffusion for
equimolar (®,= ©,) mixtures, as function of the total loading ®; = ®+ ©,; in these KMC simulations,
the jump frequencies for 1C4 are:

(vm =4x10"°s";v_ =2x10"s"; £ =0.001; fv,, =4x10"s™; fv_=2x10 S'l). Compared to the unary

diffusivities, we note that both self- and M-S diffusivities for nC4 are reduced by about two orders of

magnitude due to intersection blocking by 1C4.

5.5 KMC simulations of nC4/2MP mixture diffusion

We also conducted KMC simulations for nC4/2MP mixtures presented in which the jump frequencies

for 2MP are taken to be (v, =4x10"s";v_ =2x10"s™; £ =0.001; fv

str

=4x10°s™; fv_ =2x10°s"),

a factor 10 lower than those for iC4. Figure S21 shows that both the self-diffusivity and M-S diffusivity

of nC4 in the mixture is practically independent of the partner species, 1C4 or 2MP.

5.6 KMC simulations of C3/iC4 mixture diffusion

Figure S22 compares the KMC simulations for self- diffusivities of nC4/iC4 and C3/iC4 mixture
diffusion (total loading is held constant at 4 molecules uc™), as function of the loading of iC4. In these

simulations, the jump frequencies for C3 (propane) is taken as
(vm =8x10" ;v =4x10"s"; £ =1; fv,, =8x10"s"; fv_ =4x10" s'l), a factor 2 higher than
those for nC4. The results show that the choice of the jump frequencies of the linear alkane have only a
small influence on the self-diffusivities of iC4. Furthermore, we note that the influence of intersection

blocking by iC4 is to reduce the self-diffusivities and M-S diffusivities of C3 and nC4 to the same

extent, and in analogous manners.
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5.7 Contrasting intersection blocking with correlation effects

In order to highlight the sharp constrasts between intersection blocking effects as witnessed in the
KMC simulations presented in Figure S19, Figure S20, Figure S21, and Figure S22 with the usual
correlation effects we performed KMC simulations for nC4 mixed with a “hypothetical” guest species

1C4* in which the jump frequencies for 1C4* are prescribed as
(vm =4x10" sh;v_=2x10"s"; f =1; fv, =4x10" s fv_ =2x10 s'l); this implies that there is no

preference for iC4* to locate at the intersections. Therefore, neither guest species has preference for any
of the adsorption sites, and there are no traffic junction effects in play for this mixture. For nC4 the

chosen jump frequencies are

(vm =4x10"s";v_=2x10"s"; f=1; fv, =4x10"s™"; fv_=2x10" s’l). The KMC simulations

for unary nC4, unary iC4*, and equimolar (®;= ®,) nC4/iC4* mixtures are summarized in Figure S23.

Component 1=nC4
. - , . D(0)=3.7x10" m’s"
The unary M-S diffusivities are well described by Equation (S30) with ) ; see
Component 2 =iC4*

D,(0)=3.6x10""m’s"

Component 1=nC4

b /B, =h0"; b =28
Component 2 =i1C4*
Bz/Bzz =b,0;, b, =1

Figure S23(c). The degree of self-correlations for unary diffusion are fitted as

see Figure S25(d). The unary self-diffusivities predicted by D, ,,, =——5— are in good agreement with
1+

i

I

the KMC simulated self-diffusivities; see Figure S23(e).

The M-S diffusivities backed out from KMC equimolar (®,= 0®,) nC4/iC4* mixture simulations are in
good agreement with the unary diffusivities of nC4, and iC4* when compared at the same occupancy as
in the mixture; see Figure S23(f). When there are no intersection blocking effects, the M-S diffusivity

for mixture diffusion has the same magnitude as the unary diffusivity, when compared at the same
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occupancy within the MFI zeolite. For nC4/iC4*mixtures, the self-diffusivity of nC4 in the mixture is
lowered below the value of the unary self-diffusivity, D s, by a factor of about three; see Figure
S23(g).

The KMC results for equimolar (®;=®,;) nC4/iC4* mixtures should be contrasted with the
corresponding KMC simulation results presented in Figure S20(a, b) for self- and M-S diffusivities of
nC4 (1) and 1C4(2) for nC4/(1)/iC4(2) mixtures in which the preferential location of iC4 at the

intersections are properly accounted by the choice:

(vm =4x10"s";v_ =2x10"s"; £=0.001; fv

L =4x10"s7; fv_=2x10] s'l) . Compared to the unary
diffusivities, we note that both the M-S and self-diffusivities for nC4 are reduced by about two orders of
magnitude with increased pore occupancies.

A different demonstration of the differences between intersection blocking effects and correlation
effects is presented by the KMC simulation results for nC4/iC4 and nC4/iC4* mixtures for which the
total loading (®,+ ®;) is held constant at 4 molecules/uc. Figure S24(a,b,c,d) compare the KMC
simulations for self-diffusivities in nC4/iC4 mixtures with those of nC4 mixed with a “hypothetical”
guest species iC4* that has no preference to locate at the intersections. The nC4/iC4* mixture should be
expected to be subject to the “normal” correlation effects. Indeed, the self-diffusivity of nC4 is reduced

by a factor of about three with increasing proportion of the tardier hypothetical partner iC4* in the

mixture. In contrast, intersection blocking effects for i1C4 (with jump frequencies:

(vm =4x10" s";v_ =2x10"s"; £=0.001; fv, =4x10" s"; fv_ =2x10’ s'l)), has the effect of

reducing the nC4 self-diffusivity by about three orders of magnitude.

KMC simulations of the M-S diffusivities for nC4/iC4, and nC4/iC4* mixtures are plotted in Figure
S24(e,f). As is to be expected, when there is no intersection blocking by the hypothetical iC4*, the M-S
diffusivities of both nC4 and 1C4* are independent of loading. For intersection blocking with nC4/iC4
mixtures, the M-S diffusivity of nC4 is reduced by about two orders of magnitude with increasing

proportion of iC4 in the mixture.
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5.8 KMC simulations of C3/nC4 mixture diffusion without traffic junction effects

In order to highlight the sharp constrast between the strong influence of traffic junction effects as
witnessed in the KMC simulations presented in Figure S19, Figure S20, Figure S21, and Figure S22
with the usual correlation effects we performed KMC simulations for C3/nC4 mixtures in which neither
guest species has preference for any of the adsorption sites, and there are no traffic junction effects. For

C3 (propane) the jump frequencies are:

(vm =8x10"s";v_=4x10"s"; £ =1; fv, =8x10"s™; fv_ =4x10" s'l), and for nC4 the chosen

jump frequencies are (V

N

, =4x10sTv, =2x10° s f =15 fv,, =4x10" s7; fv, =2x10"s"). The
KMC simulations for unary C3, unary nC4, and equimolar (®;= ®;) C3/nC4 mixtures are summarized

in Figure S25. The unary M-S diffusivities are well described by Equation (S30) with

Component 1=C,H,
D (0)=7.4x10" m’s"
Component 2=nC,H,
D, (0)=3.7x10" m’s™

; see Figure S25(c). The degree of self-correlations for unary diffusion are

Component1=C H,
b, /b, =b0?; b =28

fitted as ; see Figure S25(d). The unary self-diffusivities predicted by
Component 2=nC,H,,

b,/b,=b0% b,=2.8

1

D, = are in good agreement with the KMC simulated self-diffusivities; see Figure S25(e).

1+

i

The exchange coefficient for binary mixture diffusion, D,, can be estimated using the interpolation
formula
D, =(D, ) (Py,)" (S38)
Figure S25(e) compares the estimates of A, ,A,, with estimates from equation (S26) using the fits the

unary M-S diffusivities D,,D,, along with the interpolation formula (S38). The x-axis in Figure S25(¢)
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is the mixture occupancy, which is the total mixture loading divided by the saturation capacity of 12
molecules per unit cell. There is good agreement of the Maxwell-Stefan model and the KMC simulated

values of A, ,A,,.

A different demonstration of the applicability of the Maxwell-Stefan formulation is to compare the

backed out M-S diffusivities D,,D, from KMC simulated A, using equations (S28), and (S29). The M-

S diffusivities backed out from KMC mixture simulations are in good agreement with the unary
diffusivities of C3, and nC4 when compared at the same occupancy as in the mixture; see Figure S25(g).
When there are no intersection blocking effects, the M-S diffusivity for mixture diffusion has the same
magnitude as the unary diffusivity, when compared at the same occupancy within the MFI zeolite. This
conclusion should be contrasted with those presented in KMC simulations presented in Figure S19,
Figure S21, and Figure S22 wherein there is a reduction in the M-S diffusivity in mixtues with increased
loading of the branched alkane partners.

Figure S25(h) compares the self-diffusivities in the mixture with the corresponding unary self-
diffusivities at the same occupancy. The self-diffusivity of the more mobile C3 in the mixture is slightly

lowered due to correlations with the tardier nC4.
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5.9 List of Tables for Kinetic Monte Carlo (KMC) simulations

Table S1. Dual-site Langmuir-Freundlich parameters for guest molecules in MFI at 300 K. To convert

from molecules uc” to mol kg™, multiply by 0.173367.

Loading, ®;/ molecules per unit cell

12
—A— C,H,

10

—— nC,H,,

MFI (silicalite-1);
300 K; CBMC

0 T T T T I Y B W W 11
100 10° 102 10%  10* 105 10°
Bulk fluid phase fugacity, f,/ Pa
Site A Site B
®A,sat bA Va ®B,sat bB B
molecules uc™ Pa - dimensionless | molecules uc™ Pa - dimensionless
C3H8 1.4 3.35E-04 0.67 10.7 6.34E-04 1.06
nC4H10 1.5 2.24E-03 0.57 8.7 9.75E-03 1.12
iso-C4H10 |4 2.29E-02 1 6 2.87E-05 1
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Table S2. Dual-site Langmuir-Freundlich parameters for guest molecules in MFI at 363 K. To convert

from molecules uc to mol kg™, multiply by 0.173367.

Component loading / molecules uc™

10

a
([ ]

o)

e dual-site Langmuir fit

MFI; 363 K

10° 10" 102 10% 10* 10° 10° 107 108 10°

bulk fluid phase fugacity / Pa

Site A Site B
O sat ba VA O gat by B
molecules Pa " dimensionless | molecules Pa " dimensionless
uc’! uc’!
nC4H10 1 6.2E-08 1 9 4.48E-05 1
isoC4H10 4 7.54E-04 1 6 8.02E-07 1

S39




Kinetic Monte Carlo (KMC) simulations

5.10 List of Figures for Kinetic Monte Carlo (KMC) simulations

(a)

12
—A— C,H,

10 [—&— nC,H,,

Loading, ®,/ molecules per unit cell

(c)

0.6

0.5

0.4

0.3

—A— C,H,

M-S diffusivity, £,/ 10° m’s™

4 02F —9— nC4
2 M) ellicate-1) 0.1 MFI (silicalite-1);
’ MD simulations; 300 K
0 T T T Y T B I T Y e W i1 00 Y Y T Y R B "
100 10° 102 10 10* 105 10° 0 2 4 6 8 10 12
Bulk fluid phase fugacity, f,/ Pa Loading, ®,/ molecules per unit cell
10 60

e dual-site Langmuir fit
o ic4
® nC4

©

Component loading / molecules uc™

MFI; 363 K

10° 10" 102 10% 10* 10° 10® 107 108 10°

bulk fluid phase fugacity / Pa

CBMC simulations; MFI

5
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2

5 4068
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Loading / molecules uc™

Figure S10. (a, b) CBMC simulations® * of the unary isotherms of C3, nC4, and iC4 at (a) 300 K, and

(b) 363 K in MFI zeolite. (c) MD simulations of the Maxwell-Stefan diffusivity of C3, and nC4 in MFI

at 300 K.** (d) CBMC simulations of the isosteric heats of adsorption of , nC4, and 1C4 in MFI zeolite;

these simulations are culled from earlier works.

36,37
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Figure S11. KMC simulation strategy for MFI topology. The total number of adsorption sites is 12,

distributed as shown.
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Entire Simulation Box = 2x2x4 unit cells = Super Cell

\ |

—
—

Super Cell has 64 intersection sites

Figure S12. The total simulation box (= Super Cell) consisting of 2x2x4 unit cells of MFI zeolite. The
total number of adsorption sites is 192. The total number of intersection sites in the Super Cell is 64

distributed as shown.
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1Y

1.6 C1-iC4 mixture diffusion;
Total loading, © = 4 uc'1;
MFI; 300 K
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0.4

Self-diffusivity of C1, D, / 108 m?s™
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Loading of iC4 / molecules uc”
d
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’ Total loading, ® = 4 uc™;
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Self-diffusivity of nC4, D, / 10 m?s™

Loading of iC4 / molecules uc”

o

Self-diffusivity of C2, D, / 10°m?s™

Self-diffusivity of C1, Dg, / 10®m?s™

0.8
C2-iC4 mixture diffusion;
Total loading, © = 4 uc”;
MFI; 300 K
0.6

0.4

0.2

0.0

Loading of iC4 / molecules uc-1

1.6 C1-benzene mixture diffusion;
Total loading, © = 4 uc™;
MFI; 300 K

Loading of Bz / molecules uc”

(7]

Self-diffusivity of C3, D, / 10°m?s™
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C3-iC4 mixture diffusion;
Total loading, © = 4 uc™;
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C3-benzene mixture diffusion;
0.5 Total loading, © = 4 uc™;
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0.4

0.3

0.2
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Loading of Bz / molecules uc’

Figure S13. Molecular Dynamics (MD) simulations of self-diffusivities of linear alkanes (methane

(C1), ethane (C2), propane (C4), n-butane (nC4)), in x-, y-, z- directions for diffusion of binary mixtures

of varying compositions: (a) C1/iC4, (b) C2/iC4, (c) C3/iC4, (d) nC4/iC4, (e) Cl/benzene, and (f)

C3/benzene in MFI zeolite at total loading of ® = 4 molecules uc™'. The MD simulation data are culled

from previous work.>®
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17
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&

Ex
Position A

Figure S14. Energy scheme used for KMC simulations used here. Two particles adsorbed at adjacent

sites experience a repulsive interaction energy 0Eg.
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Figure S15. (a) CBMC simulations of the iC4 isotherm in MFI zeolite at 298 K. The continuous solid

lines are the dual-site Langmuir fits using the parameter values specified in Table S1. (b) Experimental

data of Chmelik et al.*® on the M-S diffusivity of iC4 in MFI zeolite at 298 K (indicated by filled

symbols). The continuous solid lines are the KMC simulations with different choices of the molecule-

molecule interaction parameters ¢ =1, 2, 2.5 and 3.
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(a) Selection of 16 Intersection sites (b) Result after deletion of 16 intersections

Figure S16. Pictorial illustration of strategy for (a) random selection of 16 intersection sites, and (b)

resulting super cell after deletion of 16 interesection sites.
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Figure S17. (a, b, ¢, d) KMC simulation results for the influence of the degree of intersection blocking

on M-S diffusivity, D, , self-diffusivity, D, ,, and degrees of correlation, B, /B, , for nC4 diffusion in

MEFTI zeolite. The fractional occupancy is the total loading divided by the total number of available

adsorption sites, after deletion of the selected number of intersection sites. (e) Zero-loading M-S

diffusivity as a function of the number of blocked intersection sites per unit cell.
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Figure S18. (a, b, ¢, d) KMC simulation results for the influence of the degree of intersection blocking

on M-S diffusivity, D,, self-diffusivity, D, .y and degrees of correlation, D, / b, , for C3 diffusion in

11>
MFI zeolite. The fractional occupancy is the total loading divided by the total number of available
adsorption sites, after deletion of the selected number of intersection sites. (e) Zero-loading M-S

diffusivity as a function of the number of blocked intersection sites per unit cell.
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Figure S19. KMC simulation results for nC4/iC4 diffusion. (a) Unary self- and M-S diffusivities of

nC4(1) and 1C4(2) as a function of loading, expressed as molecules per unit cell. (b, ¢, d) Self- and M-S

diffusivities of nC4 (1) and 1C4(2) for nC4(1)/1C4(2) mixture diffusion (total loading is held constant at

4 molecules uc™), as function of the iC4 loading.
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Figure S20. KMC simulations of (a) self- and (b) M-S diffusivities of nC4(1) and iC4(2) for

nC4(1)/iC4(2) mixture diffusion of equimolar (®;= ®,) mixtures, as function of the occupancy.
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Figure S21. KMC simulation results for (a, b) self-diffusivities and (c) M-S diffusivities of

nC4(1)/iC4(2) and nC4(1)/2MP(2) mixture diffusion (total loading is held constant at 4 molecules uc™),

as function of the loading of the branched alkane.
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Figure S22. KMC simulation results for (a) self-diffusivities and (b, ¢) M-S diffusivities of

nC4(1)/iC4(2) and C3(1)/iC4(2) mixture diffusion (total loading is held constant at 4 molecules uc™), as

function of the loading of the iC4.
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Figure S23. KMC simulation results for nC4/(1)/1C4*(2) mixture diffusion, along with the results for

unary diffusivities. (a, ¢, d, e) Diffusivities in unary systems. (b, f, g, h) Diffusivities in binary mixtures.
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Figure S24. KMC simulation results for (a ,b, c, d) self-diffusivities, and (e, f) M-S diffusivities for
nC4(1)/1C4(2) and nC4(1)/iC4*(2) mixture diffusion (total loading is held constant at 4 molecules uc™h),
as function of the 1C4 loading. The jump frequencies of i1C4 are the same used in the KMC results in
Figure S19. The jump frequencies of the hypothetical iC4* towards and away from the intersections are

taken to be equal to one another.
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Figure S25. KMC simulation results for C3/(1)/nC4(2) mixture diffusion, along with the results for

unary diffusivities. (a, ¢, d, e) Diffusivities in unary systems. (b, f, g, h) Diffusivities in binary mixtures.
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Nomenclature

6 Nomenclature

Latin alphabet

ba

qi
qisat
qt

rl,i(t)

dual-Langmuir-Freundlich constant for species i at adsorption site A, Pa”

dual-Langmuir-Freundlich constant for species i at adsorption site B, Pa™

M-S matrix, m? s

Maxwell-Stefan diffusivity for molecule-wall interaction, m” s™
M-S diffusivity at zero-loading, m* s™'

M-S exchange coefficient, m” s™

M-S exchange coefficient for binary mixture, m* s
self-diffusivity of species i, m* s™

ratio of frequencies away and toward intersections, dimensionless
partial fugacity of species i, Pa

number of species in the mixture, dimensionless

number of molecules of species i in simulation box, dimensionless
molar flux of species i with respect to framework, mol m™ s™
partial pressure of species 7 in mixture, Pa

total system pressure, Pa

component molar loading of species i, mol kg™

molar loading of species i at saturation, mol kg

total molar loading in mixture, mol kg

position vector for molecule / of species i at any time z, m

V4

B
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Nomenclature

R gas constant, 8.314 J mol™ K!

T absolute temperature, K

w energy of interaction; see equation (S32), J mol

Xi mole fraction of species 7 in adsorbed phase, dimensionless

z distance coordinate, m

Greek alphabet

p parameter defined in equation (S32), dimensionless

[ thermodynamic factors, dimensionless

[F] matrix of thermodynamic factors, dimensionless

Oj Kronecker delta, dimensionless

£ fractional pore volume of particle, dimensionless

C coordination number defined in equation (S31), dimensionless
A jump distance in lattice model, m

[A] matrix of Maxwell-Stefan diffusivities, m” s™

Li molar chemical potential of component i, J mol™

V4 spreading pressure, N m”

0 fractional occupancy, dimensionless

O loading of species i, molecules per unit cell

Oi sat saturation loading of species i, molecules per unit cell

O total mixture loading, molecules per unit cage, or per unit cell
1% jump frequency, s

1% exponent in dual-Langmuir-Freundlich isotherm, dimensionless
@ parameter defined in equation (S32), dimensionless

P framework density, kg m™
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Nomenclature

Subscripts

1 referring to component 1

2 referring to component 2

1 referring to component i

t referring to total mixture

sat referring to saturation conditions
\Y vacancy
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