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The combined phenomena of intra-crystalline adsorption, diffusion and reversible chemical reactions inside
microporous crystalline zeolite catalyst particles are described by combining the Langmuir-Hinshelwood
kinetics with the Maxwell-Stefan (M-S) diffusion formulation. Simulations of transient diffusion and reaction
inside catalyst crystallites are performed for a variety of reactions including: alkane isomerization, xylene
isomerization, ethylation of benzene and dehydrogenation of ethane. For all reaction systems, the transient
diffusion/reaction process exhibits overshoots in the loading of the more mobile guest molecules within
the zeolite pores; such overshoots imply the attainment of supra-equilibrium conversions for a limited time
span. The origin of the transient overshoots is traceable to the use of chemical potential gradients as the
proper driving forces in the M-S formulation; this leads to coupling effects induced by mixture adsorption
thermodynamics. Use of the simplified Fick's law for intra-crystalline diffusion, ignoring thermodynamic
coupling, does not result in overshoots. Simulations of fixed zeolite bed reactors are performed to demon-
strate the significant differences in the productivity predicted by the M-S and Fick models for intra-
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1. Introduction

Zeolites are microporous crystalline aluminosilicates with
pore dimensions in the range of 0.3 nm to 1 nm. The crystal-
lographic structures of approximately 230 zeolites are listed
in the database of the International Zeolite Association (IZA),
using their three-letter IZA code names." Of these, only a
handful, MFI, MOR, MTW, FER, FAU, MWW, TON, LTL, CHA,
and BEA, find applications as catalysts in processes such as
alkane isomerization, xylene isomerization, toluene dispro-
portionation, aromatization, transalkylation of C9+ aromatics,
olefin oligomerization, cumene synthesis, and linear
alkylbenzene synthesis.>° Most commonly, extra-framework
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protons (H") form a bond with the negatively charged oxygen
anions of the zeolite; this results in Bronsted OH acid sites
that have high reactivity.

Intra-crystalline diffusion of reactants and products in-
variably exert a strong influence on the conversion and se-
lectivity of zeolite-catalyzed reactions;''* such influences
are stronger and have a different character than the diffu-
sion influences in amorphous meso-porous and macro-
porous catalysts, that are commonly addressed in standard
textbooks on chemical reaction engineering.">*® The intra-
crystalline zeolite diffusivities may vary by several orders
of magnitude, depending on molecular size, shape,
configuration.”*'*'** For example, in MFI zeolite, that
has intersecting 0.55 nm sized channels, p-xylene can lo-
cate anywhere along the channels; see Fig. 1a. The iso-
mers o-xylene, and m-xylene are more strongly constrained
in the channels and prefer to locate at the channel inter-
sections, that offers more “leg-room”. Due to subtle configu-
rational differences, the diffusivity of p-xylene in MFI zeo-
lite is about 2-3 orders of magnitude higher than that of
oxylene and m-xylene.>** In the xylene isomerization reac-
tion, p-xylene can diffuse into and out of the catalyst
much more easily and this enhanced mobility has a strong
influence on reaction selectivity. There is also a wide vari-
ety of other non-linear phenomena, such as the window
effect, associated with diffusion and reaction in zeolite
catalysts.”>

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Snapshots showing the location of p-xylene, o-xylene, and
m-xylene within the intersecting channel topology of MFI zeolite. (b)
Snapshot showing the location of reactants and products in the alkyl-
ation of benzene with ethene to produce ethylbenzene using H-ZSM-5
catalyst.

For the ethylation of benzene using H-ZSM-5 catalyst to
produce ethylbenzene, both benzene (reactant) and ethyl-
benzene (product) are preferentially located at the channel
intersections; see Fig. 1b. The blocking of intersections by
the aromatic guest molecules causes the effective diffusivity
of reactant ethene inside the catalyst to reduce five-fold as
the total mixture loading approaches 2 molecules per unit
cell.>®

Within the zeolite micropores, the guest molecules are in
the adsorbed state; broadly speaking, the stronger the bind-
ing energy, the lower is the guest molecule mobility within
the zeolite framework.>”*® Mixture adsorption thermodynam-
ics has a strong and direct influence on the transport fluxes;
the chemical potential gradients are the proper driving forces
for intra-crystalline species transport. It is now generally rec-
ognized that the Maxwell-Stefan (M-S) formulation, that has
its roots in irreversible thermodynamics, affords a proper de-
scription of intra-crystalline diffusion.'®***%2°732  por
n-component diffusion, the fluxes N;, relative to the zeolite
pore walls, are related to the chemical potential gradients by

This journal is © The Royal Society of Chemistry 2017
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where p is the framework density with units of kg m™; g; is
the molar loading of component 7 in the adsorbed phase with
units moles per kg of framework; y; is the molar chemical po-
tential of component i. The x; represent the component mole
fractions in the adsorbed phase within the pores

X =q,/q9: q,=2.q9: i=12.n

i=1

The M-S diffusivity D;, with the units m* s, is to be inter-
preted as an inverse drag coefficient between the adsorbate
and the surface. For meso-porous, and macro-porous mate-
rials, for example, the D; is relatable to the Knudsen
diffusivity.**

The D; may be interpreted as the inverse drag coefficient
between species i and species j. At the molecular level, the D
reflect how the facility for transport of species i correlates
with that of species j; they are also termed exchange coeffi-
cients. The Onsager reciprocal relations demand the symme-
try constraint B; = Dj; ij = 1, 2,...n. For all of the examples
treated in this article, i-j correlations are considered to be
negligible, i.e. By/P; < 1, and eqn (1) simplifies to yield

N =—pp a1, )

The chemical potential gradients ox,;/or can be related to
the gradients of the molar loadings, g;, by defining thermody-
namic correction factors I

g, O, < . Oq,; q, op,
i i r L. 1—" — i i :
RT or 20 or ! 0

Jj=1 04

ij=l..n 3)

Consider the special case in which each of the pure com-
ponent adsorption isotherms is described by a single-site
Langmuir isotherm model

q=qsmll:_—pb; 9=lfip; bp—% where p is the bulk gas
pressure and we define the fractional occupancy of the adsor-
bate molecules, 6 = g/q.,. The single-site Langmuir isotherm
can be derived by equating the rate of adsorption with the
rate of desorption. The rate of adsorption is proportional to
the total number of vacant sites, Rate,qs = KadsPMsitesOv =
kaastsitesP(1 — 0). The rate of desorption is proportional to the
number of occupied sites, Rateges = Kgeshsites?- At adsorption
equilibrium, we have k,qpsites(1 = 0) = kgesNsites? and so,

kadsp

p The Langmuir adsorption constant, is

0
DR

des
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simply the ratio of the adsorption rate constant to the de-

sorption rate constant, b=—%
des

The mixed gas Langmuir model for calculation of the
component loadings in the adsorbed phase is

— qi.satbApA .
1+bp +bp,+...+bp,”

q, i=1L2...n (4)

where p; is the partial pressure of component 7 in the bulk
gas phase. The elements of the matrix of thermodynamic cor-
rection factors can be determined by analytic differentiation
of eqn (4); the resulting expression is**

ql.sal 9 P
r =06+ —|=-1 ij=L2...n 5
ij ij [qj-sa‘j[avj J ( )

In eqn (5), we define the fractional occupancies

i=12,.n (6)

1
- 1+bp +b,p,+...4b,p

n

@)

n

Eqn (2) can be combined with eqn (3) to yield

N; =—pD,.Zn:I"U %,

>
J=1 or

i=12.n (8)

For detailed discussions on the applicability of the simpli-
fied M-S eqn (8), the reader is referred to earlier
works.'>2%%53¢ An important persuasive advantage of the
M-S equations is that the b, for mixture diffusion often re-
tains the same magnitude and loading dependence as for
unary  diffusion.’®***>  Molecular  dynamics  (MD)
data'®20277293774% opy the M-S diffusivities of a wide variety of
guest/zeolite combinations show that the loading dependence
can be divided into two broad categories: (1) “weak confine-
ment” scenario which P; are practically loading independent,
and (2) “strong confinement” scenario for the M-S diffusivity
is proportional to the factional vacancy, B; = D{0)0y, where
D(0) is the zero-loading diffusivity. Fig. S25-S297 illustrate
the applicability of the two scenarios for two common zeolite
catalysts, MFI and MOR.

Fig. 2 presents calculations of /7, as a function of total
mixture occupancy, ¢, + 6, = 1 — 6y, for adsorption of 1:1
mixtures of 2-methylpentane (2MP) and 2,2 dimethyl-butane
(22DMB) in MFI zeolite. The off-diagonal elements 73,, and
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Fig. 2 Elements of the matrix of thermodynamic correction factors 7
as a function of total mixture occupancy, 6, + 6, = 1 - 6, calculated
using the mixed-gas Langmuir model for binary 2MP(1)/22DMB(2) mix-
ture adsorption in MFI zeolite at 473 K. The ratio of partial pressures in
the gas phase is 1:1. In these calculations the total gas pressure, py,
was varied from 0 to 1 MPa.

I',; become increasingly important with increased mixture oc-
cupancy, 6; + 6,. In particular, it is noteworthy that the off-
diagonal elements I, and 7, get progressively closer to di-
agonal elements /';; and I, as 6; + 6, — 1. Due to finite
magnitudes of Ij,, and 7,;, an important characteristic of
diffusion in zeolites is that the flux of any component may be
engendered by the gradients in the molar loadings of all the
n species in the mixture. Such coupling effects have their ori-
gins in mixture adsorption thermodynamics; we shall use the
term “thermodynamic coupling” to characterize these.

In the Henry regime of adsorption, when the fractional oc-
cupancies are vanishingly small, we have the special case that
the matrix of thermodynamic factors reduces to the identity
matrix /;; — J;;, and we obtain the uncoupled form of the flux
equations

%, i=1,2.n 9)

)

N, =-pD,
i =P or

Eqn (9) may be considered to be representative of the
Fick's law of diffusion for intra-crystalline transport; this flux
expression is commonly employed for calculation of effective-
ness factors in meso-porous and macro-porous catalysts.”> "’
While implementing the Fickian eqn (9), we commonly as-
sume that the M-S diffusivity is independent of loading.

The primary objective of this communication is to high-
light the important consequences of thermodynamic cou-
pling on the performance of a number of zeolite catalyzed re-
actions, including  alkane isomerization, xylene
isomerization, ethylation of benzene and dehydrogenation of
ethane. We aim to demonstrate the possibility of transient
overshoots and uphill transport in zeolite catalysts; such phe-
nomena are not anticipated by use of simple wuncoupled

This journal is © The Royal Society of Chemistry 2017
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Fickian eqn (9). Simulations of fixed zeolite bed reactors will
be used to demonstrate the strong influence of thermody-
namic coupling effects on the selectivity and productivity. For
all calculations and simulations presented in this article, we
compare the results obtained by the use of three different
scenarios for flux calculations.

(1) M-S model eqn (8) with “weak” confinement scenario;
thermodynamic coupling effects are duly accounted for using
the appropriate model to describe mixture adsorption
equilibrium.

(2) M-S model eqn (8) with strong confinement scenario
b; = D{(0)0y and inclusion of thermodynamic coupling effects.

(3) Fick model eqn (9) in which the M-S diffusivities are
independent of loading, and thermodynamic coupling effects
are ignored, i.e. [; = d;.

The ESIf accompanying this publication provides (a)
structural data on commonly used zeolite catalysts, (b) de-
tailed derivations of the Maxwell-Stefan (M-S) equations for
intra-crystalline diffusion, (c) background information on the
loading dependence of M-S diffusivities, (d) computational
modelling of transient uptake within single crystals, and (e)
computational modeling of transient breakthroughs in fixed
bed reactors. The input data on isotherms, M-S diffusivities,
and reaction rate constants in the variety of illustrative exam-
ples used in this article are provided in Tables 4-11 of the
ESL}

2. Catalyst effectiveness factor

Consider the reversible reaction of 2-methylpentane (2MP)
and 2,2 dimethyl-butane (22DMB), 2MP(1) = 22DMB(2), that
is important in the context of increasing the octane number
of gasoline. The rate of chemical reaction, expressed as mol
kg catalyst ' s™!, R, may written as

Ry = kiq1 — k2q> (10)

The component loadings q; may be described by the
mixed-gas Langmuir model (eqn (4)), and therefore we derive
the familiar Langmuir-Hinshelwood expression

R — qul.salblpl — k2q2_satb2p2 (11)
" 1+bp, +b,p,

The radial distribution of molar loadings, ¢q; within a
spherical zeolite crystallite, of radius r., is obtained from a
solution of a set of differential equations

9g,0r1) __ 10

P e (rZN, ) +pViR, (12)

where v; is the reaction stoichiometric coefficient; v; = -1 for
reactant 2MP; v, = 1 for product 22DMB. Under steady-state
conditions we have

This journal is © The Royal Society of Chemistry 2017
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iﬁ(r2 ',)z PViR, (13)

After insertion of the appropriate rate expressions for the
chemical reaction rate, Ry, the flux equations for N;, the eqn
(13) can be solved to obtain the steady-state distribution of
the loadings of the components along the crystal radius, r.
The effectiveness factor, 7, is

iR

i (14)
R r=r, Iondé:

where ¢ = r/r. is the dimensionless radial coordinate. The
chemical reaction rate Ry, varies with loading and is
&dependent. In the absence of any diffusional limitations, 7
=1, and the chemical reaction rate can be calculated using
the loadings at the external surface, Ryg],—..

For the Fickian model in which thermodynamic coupling
effects are ignored, /3 — J;;, and the D; are considered to be
loading independent, the effectiveness factor is given by

1 1 1
= 15
7 ¢@mmw)3¢j (9)
where the classic Thiele modulus is defined as
r k k
p=5 |2 (16)
3N B(0) D0

Baur and Krishna*"*> have presented analytic solutions to
eqn (1) and (13) for two different descriptions of the loading-
dependence of the M-S diffusivities D; see details in the
ESLi In the “weak confinement” scenario the M-S diffusivity
is loading independent, i.e. B; = D{(0), the value at zero-load-
ing. In the “strong confinement” scenario the M-S diffusivity
is taken as being proportional to the fractional vacancy: D; =
D{0)by.

Fig. 3a presents calculations of the effectiveness factor, 7,
for uptake inside MFI catalyst exposed to a gas phase 2MP(1)/
22DMB(2) mixture at 473 K; the partial pressures of the com-
ponents in the bulk gas phase are p; = p, = 10 kPa. The x-axis
in Fig. 3a is the Thiele modulus, calculated using eqn (16).
From configurational considerations, the di-branched isomer
22DMB has a diffusivity that is 80 times lower than the diffu-
sivity of the mono-branched isomer 2MP, i.e. D,(0)/D,(0) = 80.
The highest effectiveness factors are obtained with Fickian
model that assumes /7 = J;. As is to be expected, diffusional
influences are strongest for the scenario in which the M-S
diffusivities are linearly related to the vacancy, D; = D,(0)6y.

The most important feature of the M-S formulation is the
proper accounting of thermodynamic coupling influences. In
order to stress the direct influence of adsorption

React. Chem. Eng., 2017, 2, 324-336 | 327
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Fig. 3 Calculation of the effectiveness factor, 5, for MFI catalyst
carrying out the 2MP(1) = 22DMB(2) reaction at 473 K. In (a), the
partial pressures of the components in the bulk gas phase are p; = p;
= 10 kPa. The ratio of rate constants ki/k, = 2; the values of the rate
constant k; are varied. In (b) the constant parameters are k; = 0.0011
st ky/k, = 2; ¢ = 1.0011. The partial pressures of the components in
the bulk gas phase are p; = p,; the total pressure p; + p, is varied in
the range 0 to 40 kPa. The x-axis is the fractional occupancy at the
catalyst surface, 015 + 0. (c) Radial profile of component loadings for
the specific case p; = p, = 10 kPa, ky = 0.0011 s%; ki/k, = 2; ¢ =
1.0011. All calculation details and data inputs are provided in the ESIt
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thermodynamics, Fig. 3b presents calculations of the effec-
tiveness factor, », for a MFI catalyst that is exposed to an
equimolar gas 2MP/22DMB gas mixture; the total pressure p;
+ p, is varied in the range 0 to 40 kPa. Increasing the bulk
gas pressure increases the fractional occupancy at the catalyst
surface, 05 + 0,5. The classical effectiveness factor, calculated
from eqn (15), is a constant, independent of 6,5 + 6,5. By
proper accounting of the mixture adsorption thermodynam-
ics, we note that the effectiveness factor for M-S model
(weak, and strong confinement) decrease when 6,5 + 0O
increases.

Fig. 3c shows the steady-state radial distribution of com-
ponent loadings for partial pressures p; = p, = 10 kPa in the
bulk gas mixture. The M-S and Fick models yield signifi-
cantly different radial profiles of the molar loadings; such
differences may have consequences in complex reaction
schemes.

3. Transient overshoots inside zeolite
catalyst

The differences between the M-S and Fick models become
much more significant when monitoring the transient ap-
proach to equilibrium within the zeolite catalyst. The analysis
of transient adsorption, diffusion, and reaction in zeolites is
of relevance in the proper interpretation of data obtained in
TEOM (tapered element oscillating microbalance), and TAP
(temporal analysis of products) experimental
investigations.**™**

Consider the transient uptake with chemical reaction
within MFI catalyst exposed to a gas phase 2MP/22DMB mix-
ture at 473 K with the partial pressures of the components in
the bulk gas phase are p; = p, = 10 kPa. The partial differen-
tial eqn (12) need to be solved numerically to obtain the
spatio-temporal loadings within the catalyst; numerical de-
tails are provided in the ESL{ The spatial-averaged compo-
nent loading within the crystallites of radius r. is calculated
using

— _i e 2
a,(0== at.ordr (17)

c

Fig. 4 plots the equilibration trajectories in ternary occu-
pancy space, with coordinates, 6; (2MP), 6, (22DMB), 6y, (MFI
zeolite vacancy); in the inset, §{¢) is plotted as a function of

Jt- Both the M-S model implementations (weak and strong

confinement) predict an overshoot in the spatial-averaged
loading of the more mobile component 2MP. The Fickian
model, that assumes /; — J;, does not anticipate any over-
shoots in 2MP uptake and the equilibration trajectory in ter-
nary occupancy space has a completely different, monoto-
nous, character. There is a wide variety of experimental data
on transient uptake of binary mixtures in zeolites, under
non-reacting conditions, that show transient overshoots of

This journal is © The Royal Society of Chemistry 2017



Reaction Chemistry & Engineering Paper

22DMB
0.0
: 1.0
—=——Fick model: I';= §;
s M-S model, weak confinement 0.1
2 04% M-S model, strong confinement 0.9
© L
E r 0.8 MFI catalyst; 473 K;
2 oal 2MP : k,=0.0011s™; k/k, =2
= L _———— - =
s r / - p;=p,=10kPa
= L7 ;
g oaf [l
a 02/ Simulations with:
g N/ 22DMB 0.6 5,/D, = 80;
3 ¥ / B,/r?=0.005s"
g o1 05
’
S 04
(% 00 A R T N T T N T T T T T N T Y |
0 1 2 3 4 5 “ 0.3
square root of time, £ | min'? ogibggz:ilite)rsated
/ 0.2
initial /
0.9 occupancy 0
2MP(1) 2 22DMB(2) :
1.0
MFI 0.0
zeolite 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 2MP
vacancy

Fig. 4 Transient uptake inside MFI catalyst carrying out 2MP(1) = 22DMB(2) reaction. The equilibration trajectories are plotted in ternary
occupancy space, with coordinates, 6, (2MP), 6, (22DMB), 6, (MFI zeolite vacancy). The inset shows g;(t) plotted as a function of \/; The
continuous solid lines represent uptake simulations include thermodynamic coupling using eqn (8). The dashed lines represent uptake simulations
ignoring thermodynamic coupling and use uncoupled flux egn (9). All calculation details and data inputs are provided in the ESL} Video animations
of the spatio-temporal variations of the component loadings within the catalyst are available as ESL
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Fig. 5 Transient uptake inside MFI catalyst o-xylene(1) = p-xylene(2) reaction. The equilibration trajectory is plotted in ternary occupancy space,
with coordinates, 6, (o-xylene), 0, (p-xylene), 6y (MFI zeolite vacancy). The inset shows §;(t) plotted as a function of \/,7 The continuous solid lines
represent uptake simulations include thermodynamic coupling using eqn (8). The dashed lines represent uptake simulations ignoring thermody-
namic coupling and use uncoupled flux egn (9). All calculation details and data inputs are provided in the ESI} Video animations of the spatio-
temporal variations of the component loadings within the catalyst are available as ESIj

the more mobile species, signifying uphill diffusion phenom-  to the conclusion that the origin of the overshoots can be
ena; a detailed analysis of the experimental data®®*®"” leads  traced to thermodynamic coupling effects, ie. the non-

This journal is © The Royal Society of Chemistry 2017 React. Chem. Eng., 2017, 2, 324-336 | 329



Paper

diagonal elements of /. The results in Fig. 4 also lead to the
same conclusion; Ze. that the origin of transient overshoots
in reacting systems is traceable to thermodynamic coupling,
i.e. the off-diagonal elements of /7. Furthermore, the final
equilibrated loadings are dependent on the scenario used to
calculate the intra-crystalline fluxes. On the basis of the re-
analysis of transient 2MP/22DMB breakthrough experiments
of Jolimaitre et al.***° it has been established that the proper
model to describe intra-crystalline diffusion is the M-S model
with the weak confinement scenario for M-S diffusivities.>*"*"

Analogous results are obtained o-xylene(1) = p-xylene(2)
for reaction with MFI catalyst. Fig. 5 plots the equilibration
trajectories in ternary occupancy space, with coordinates, 6,
(oxylene), 0, (p-xylene), 6y, (MFI zeolite vacancy); in the inset,

gi(t) is plotted as a function of ,/;. Para-Xylene has a signifi-

cantly higher diffusivity than o-xylene due to configurational
considerations; following the work of Mirth et al>® we as-
sume that the diffusivity of p-xylene is 100 times that of
o-xylene ie. D;(0)/Py(0) = 100. Both the M-S model
implementations (weak and strong confinement) predict an
overshoot in the loading of the more mobile component
p-xylene. Since p-xylene is the desired reaction product, the
overshoot signifies the attainment of supra-equilibrium con-
versions within the catalyst for a limited duration during the
initial transience. Available experimental data®®°®°" indicate
that the M-S model with strong confinement scenario pro-
vides an appropriate description of diffusivity of xylene iso-
mers in MFI zeolite.

Consider transient uptake within MFI catalyst carrying out
the isomerization of n-hexane (nC6) to produce mono-
branched 3-methylpentane (3MP) and di-branched 2,2 di-
methylbutane (22DMB). We restrict our analysis to the sim-
plified reaction scheme®

nC6(1) = 3MP(2) = 22DMB(3) (18)

where the Langmuir-Hinshelwood (L-H) reaction rate expres-
sions for the two constituent reversible reactions, expressed
as mol kg catalyst™" s are

Rig1 = (karqr — kp1q2) Rugp = (kg — kpogs) (19)

The subscripts f and b refer to the forward and reverse re-
actions, and the subscripts 1 and 2 refer to the first and sec-
ond isomerization reaction steps in eqn (18). For total pres-
sures exceeding about 100 Pa, the hierarchy of adsorption
strengths is nC6 > 3MP > 22DMB due to subtle configura-
tional entropy effects arising out of the preferential location
of the branched isomers at the channel intersections; the lin-
ear nC6 can locate anywhere along the intersecting channel
network. For a quantitative description of entropy effects, the
mixture adsorption equilibrium is determined using the Ideal
Adsorbed Solution Theory (IAST); see Fig. S30-S33 of the ESLt

Fig. 6a presents simulations of transient uptake inside
MFI catalyst exposed to a gas phase nC6(1)/3MP(2)/22DMB(3)
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mixture at 362 K; the partial pressures of the components in
the bulk gas phase are p; =1000 Pa; p, = 1 Pa, p; = 1 Pa. The
zero-loading M-S diffusivities are P;(0)/r>= 2 x 107" s7%
P,y(0)/r.> =2 x 107 7% P5(0)/r.> = 1 x 107 s the choice of
these diffusivities is based on earlier works.>******? The con-
tinuous solid lines represent uptake simulations with the
M-S eqn (8). We note that the most mobile nC6 displays an
overshoot during transient uptake. 3-Methylpentane (3MP),
with intermediate mobility, also exhibits a slight overshoot.
The dashed lines represent uptake simulations with
uncoupled Fickian flux eqn (9); in this scenario, all three
components approach equilibrium in a monotonous manner.
In the transient uptake experiments of Titze et al.,*® the M-S
model, with the weak confinement scenario, has been
established to be a good representation of the uptake of
n-hexane/2-methylpentane mixtures in MFI zeolite.

Fig. 6b presents the corresponding results for transient up-
take during the n-hexane isomerization reaction nC6(1) =
2MP(2) = 22DMB(3) using MOR catalyst. For total pressures
exceeding 10 kPa, the adsorption hierarchy in this cases is nCé
< 2MP < 22DMB; this is dictated by the fact that most com-
pact 22DMB molecules can be most efficiently packed within
the 12-ring channels of MOR;*’ see Fig. S34 and S35 of the
ESL} The M-S model calculations, with either weak or strong
confinement, display overshoots for the more mobile nC6, and
2MP. No such overshoots are anticipated by the Fick model
that ignores thermodynamic coupling; in this scenario all three
guest molecules equilibrate monotonously. From the MD simu-
lation data of van Baten and Krishna® for hexane isomers in
MOR, it can be established that the M-S model with the strong
confinement scenario is the appropriate one to use.

H-ZSM-5, which has the MFI topology, is used as a catalyst
for carrying out the ethylation of benzene to produce ethyl-
benzene ethene(1) + benzene(2) = ethylbenzene(3); for back-
ground on the process and reaction kinetics, see Hansen
et al*>*** In our simulations we use the Langmuir-Hinshel-
wood rate expression

Ryg = keq1q> — kuqs (20)

Fig. 7a presents the simulation results for transient uptake
inside MFI catalyst exposed to a gas phase ethene(1)/
benzene(2)/ethylbenzene(3) mixture at 653 K; the partial pres-
sures of the components in the bulk gas phase are p; = 0.6
MPa; p, = 0.4 MPa; p; = 0 MPa. Based on MD simulation
data,®® the zero-loading M-S diffusivities are taken to be
P1(0)/r> =1 x 107 7%, Dy(0)/r® = 2 x 107° 57 D3(0)/r.> = 1 X
10~ s'. Both the M-S model implementations, with weak
and strong confinement, predict ethene loading overshoots.
The Fickian approach, assuming /; = d;, anticipates monoto-
nous equilibration of all three guest molecules. The MD sim-
ulation data of Hansen et al.”® indicate that the M-S model
with strong confinement is the appropriate model to use for
ethylation of benzene.

Hansen et al.>* describe the use of MFI catalyst for the de-
hydrogenation of ethane to produce ethene: ethane(1) =

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Transient uptake inside zeolite catalysts for the n-hexane isomerization reactions: (a) MFI nC6(1) = 3MP(2) = 22DMB(3) with MFI catalyst,
and (b) nC6(1) = 2MP(2) = 22DMB(3) with MOR catalyst. The spatial-averaged loadings are calculated using egn (17). The continuous solid lines
represent uptake simulations include thermodynamic coupling using eqn (8). The dashed lines represent uptake simulations ignoring thermody-
namic coupling and use uncoupled flux egn (9). All calculation details and data inputs are provided in the ESIj Video animations of the spatio-
temporal variations of the component loadings within the catalyst are available as ESI.}

ethene(2) + hydrogen(3). The reaction rate Ry, expressed as

mol kg catalyst™ s is

Rig = keg1 — kvgaqs (21)

Fig. 7b presents the simulation results for transient uptake
inside MFTI catalyst exposed to a gas phase ethane(1)/ethene(2)/
hydrogen(3) mixture at 653 K. The partial pressures of the com-
ponents in the bulk gas phase are p; = 1.0 MPa; p, = 2 MPa, p;
= 3 MPa. Both the M-S model implementations (with weak
and strong confinement) predict overshoots in the spatial-
averaged loading of the most mobile H,. The Fick model antici-
pates monotonous equilibration for all guest species.

4. Fick vs. Maxwell-Stefan models for
fixed bed reactors

We now examine how thermodynamic coupling effects influ-
ence the performance of fixed and moving bed reactors; such
effects are commonly ignored in reactor models that are used

This journal is © The Royal Society of Chemistry 2017

in practice."®® Simulated moving bed (SMB) reactors are

commonly operated in transient mode. Assuming plug flow
of an n-component gas mixture through a fixed bed
maintained under isothermal conditions, the partial pres-
sures in the gas phase at any position and instant of time are
obtained by solving the following set of partial differential
equations for each of the species 7 in the gas mixture

1)
RT ot (22)
__LG(V(LZ)PI'(’:Z))_(1—8)1(1\/ ) i=12,.n

RT o g ol

c

In eqn (22), ¢ is the time, z is the distance along the reac-
tor, p is the framework density, ¢ is the bed voidage, v is the
interstitial gas velocity, and N;|,-,_is the molar flux loading at
the position r = ., monitored at position z, and at time ¢, de-
termined by use of eqn (8) or eqn (9), as appropriate. Robust
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Fig. 7 Transient uptake inside MFI catalyst with: (a) ethene(l) + benzene(2) — ethylbenzene(3), and (b) ethane(l) — ethene(2) + hydrogen(3)
reaction. The spatial-averaged loadings are calculated using eqn (17). The continuous solid lines represent uptake simulations include thermody-
namic coupling using eqn (8). The dashed lines represent uptake simulations ignoring thermodynamic coupling and use uncoupled flux eqgn (9). All
calculation details and data inputs are provided in the ESI} Video animations of the spatio-temporal variations of the component loadings within

the catalyst are available as ESI}

computational procedures are required for solving the set of
eqn (22); these are outlined in the ESLY

Fig. 8a presents the transient breakthrough simulations
for fixed bed 2MP/22DMB isomerization reactor with MFIL.
The plot shows the molar concentrations in the gas phase as
a function of the dimensionless time, r = tv/L, obtained by di-
viding the actual time, ¢, by the characteristic time, L/v. The
continuous solid lines represent breakthrough simulations
using eqn (8), along with the weak confinement scenario.
The dashed lines represent breakthrough simulations using
the uncoupled Fickian eqn (9). The transient breakthroughs
are predicted to be sharper in the M-S model implementa-
tion. 22DMB with purities exceeding 90% can be recovered
during the earlier stages of transient breakthrough as indi-
cated in Fig. 8b; at steady-state, the product exiting the reac-
tor contains 70% 22DMB. Baur and Krishna®® present a de-
tailed analysis of transient operations of SMB reactors for
optimal 2MP/22DMB isomerization performance, obviating
the need for a subsequent separation step to recover 22DMB.

332 | React. Chem. Eng., 2017, 2, 324-336

The use of zeolite SMB reactors for alkane isomerization has
been patented by Universal Oil Products (UOP).>”>°

At steady-state, the gas phase concentrations of 2MP, and
22DMB long the dimensionless length of the fixed bed reac-
tor are shown in Fig. 9a. Using the M-S model, the rate of
production of 22DMB is 1.81 x 10™* mol kg catalyst™* s™*; this
value is significantly higher than the rate of production of
22DMB predicted by the Fick model: 1.14 x 10™* mol kg cata-
lyst ' s'. The use of the conventional Fick model will se-
verely under-predict 22DMB productivity.

The conclusion that the Fick model predicts diminished
productivity of the desired product is not, however, a gen-
eral one. Fig. 9b shows the shows the steady-state gas phase
molar concentrations of o-xylene and p-xylene along the
length of the reactor bed for o-xylene(1) = p-xylene(2) isom-
erization reaction. For the M-S model, assuming the strong
confinement scenario, the rate of production of p-xylene is
5.7 x 10°® mol kg catalyst ' s'; this value is significantly
lower than the rate of production of p-xylene predicted by

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Transient breakthrough simulations for fixed bed with MFI
extrudates, carrying out the isomerization reaction 2MP(1) =
22DMB(2). The partial pressures of the components in the bulk gas
phase at the reactor inlet are p; = 40 kPa, p, = 0 kPa. The continuous
solid lines represent simulations using eqgn (8), along with the weak
confinement scenario. The dashed lines represent breakthrough
simulations ignoring thermodynamic coupling and using uncoupled
flux egn (9). (b) The plot shows the % 22DMB in the gas phase as a
function of the dimensionless time, r = tv/L, obtained by dividing the
actual time, t, by the characteristic time, L/v. All calculation details and
data inputs are provided in the ESIL}

the Fick model calculations that ignores thermodynamic
coupling: 7.2 x 10™® mol kg catalyst™ s™. Use of the Fick
model to predict reactor performance will be overly optimis-
tic in this case; this conclusion is opposite to that for the
2MP(1) = 22DMB(2) reaction. The differences in the two
foregoing examples are rationalized as follows. For 2MP/
22DMB, the desired product is the tardier species; for
o-xylene/p-xylene, the desired isomerization product is the
more mobile species.

Whether the simple Fickian model over-predicts or under-
predicts the productivity of the desired species also depends
on the hierarchy of adsorption strengths. To illustrate this,

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Steady-state molar concentrations of (a) 2MP/22DMB, and (b)
o-xylene/p-xylene along the dimensionless length of fixed bed
isomerization reactor with MFI catalyst. All calculation details and data
inputs are provided in the ESI}

we consider n-hexane isomerization using two different cata-
lysts: MFI, and MOR. Fig. 10a shows the steady-state molar
concentrations of 22DMB along the dimensionless length of
fixed bed nC6(1) = 3MP(2) = 22DMB(3) isomerization reac-
tor with MFI catalyst; the hierarchy of adsorption strengths is
nC6 > 3MP > 22DMB. In this case, the Fickian model pre-
dicts a 22DMB productivity of 7.82 x 10> mol kg catalyst™
s’ this value is lower than either of the two different
implementations of the M-S model. For the weak confine-
ment scenario, the rate of production of 22DMB is 3.4 x 10~
mol kg catalyst™ s™*. For the strong confinement scenario,
the rate of production of 22DMB is 2.74 x 10™* mol kg cata-
lyst ™ s7%,
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Fig. 10b shows the steady-state molar concentrations of
22DMB along the dimensionless length of fixed bed nC6(1)
= 2MP(2) = 22DMB(3) isomerization reactor with MOR cata-
lyst. As explained earlier, entropy effects in MOR lead to the
reverse adsorption hierarchy nC6 < 2MP < 22DMB. For the
Fickian model that ignores thermodynamic coupling, the pro-
ductivity of 22DMB is 9.9 x 10" mol kg catalyst* s™; this
value is higher than that predicted by either of the two M-S
model implementations: weak confinement: 8.7 x 10™* mol
kg catalyst™ s7'; strong confinement: 4.72 x 10~* mol kg cata-
lyst s

For the ethylation reaction ethene(1) + benzene(2) =
ethylbenzene(3), the desired product ethylbenzene is least mo-
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Fig. 10 Steady-state molar concentrations of the desired product
22DMB along the dimensionless length of fixed bed carrying out
n-hexane isomerization reactions: (a) MFI nC6(1) = 3MP(2) =
22DMB(3) with MFI catalyst, and (b) nC6(1) = 2MP(2) = 22DMB(3) with
MOR catalyst. All calculation details and data inputs are provided in the
ESIf
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bile but most strongly adsorbed. Fig. 11a compares the ethyl-
benzene concentrations in the gas phase along the length of
the fixed zeolite bed at steady-state using the Fick and M-S
models. The Fick model predicts the productivity of ethylben-
zene as: 1.6 x 10> mol kg catalyst ' s™%; this value is signifi-
cantly higher than that predicted by either of the two M-S
model implementations. For weak confinement, the productiv-
ity is: 1.36 x 10~® mol kg catalyst ™ s™*; for strong confinement,
the productivity is: 7.9 x 10~ mol kg catalyst ™" s™.

Clearly, if diffusional influences are minor in nature, the
differences between Fick and M-S models will be
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Fig. 11 Steady-state simulations of fixed bed reactor packed with MFI
catalyst carrying out: (a) ethene(l) + benzene(2) = ethylbenzene(3),
and (b) ethane(l) = ethene(2) + hydrogen(3) reactions. The plots show
the molar concentrations of the desired products (a) ethylbenzene,
and (b) ethene in the gas phase along the dimensionless length of the
fixed bed, z/L. All calculation details and data inputs are provided in
the ESLY
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insignificant. This is evidenced in the dehydrogenation reac-
tion ethane(1) = ethene(2) + hydrogen(3) with MFI catalyst.
Fig. 11b compares the ethene concentrations in the gas phase
along the length of the fixed zeolite bed at steady-state using
the Fick and M-S models. For the Fick model that ignores
thermodynamic coupling, the rate of production of ethene is
predicted to be 5.4 x 10™* mol kg catalyst™ s'. The predic-
tions of the M-S model, with either weak or strong confine-
ment, are different by about 10%. Diffusional effects are of
lesser importance for small molecules such as H,, C,H,, and
C,Hg; therefore there is no great penalty for using the simple
Fick model for intra-particle transport.

5. Conclusions

The influence of intra-crystalline diffusion on zeolite cata-
lyzed reactions has been examined by combining the Max-
well-Stefan diffusion formulation with Langmuir-Hinshel-
wood kinetics. The following major conclusions emergence
from our study of five different reversible reaction systems.

1. Unlike the classical #-¢ inter-relationship based on
Fick's law, the effectiveness factor for zeolite catalyzed reac-
tions is also dependent on the occupancy of the guest mole-
cules within the zeolite pores. Broadly speaking, the higher
the total occupancy, the lower the catalyst effectiveness.

2. Thermodynamic coupling effects are of significant im-
portance in the calculation of transient equilibration trajecto-
ries for uptake within single zeolite crystals. In all the reaction
systems investigated, the more mobile component in the mix-
ture exhibits an overshoot in the uptake. This may imply that
supra-equilibrium conversions are achievable during the ini-
tial transience. Such overshoots are not realized by use of the
Fick model that ignores thermodynamic coupling, ie. I} —
;7. The equilibration trajectories predicted the Fick and M-S
model follow significantly different paths; see Fig. 4 and 5;
these differences could have a significant bearing on the se-
lectivity of complex reaction systems.

3. Thermodynamic coupling effects have a significant influ-
ence on the conversion and productivity in fixed bed reactors
and predictions of the M-S model are at significant variance
with that of the Fickian model that ignores coupling. Whether
the Fickian model over-predicts, or under-predicts, the produc-
tivity of the desired product depends on a variety of factors in-
cluding the hierarchy of mobilities and adsorption strengths.

4. Transient operations of fixed bed reactors could be
exploited to obtain near-pure products during earlier stages
of the transience, as illustrated in Fig. 8.

6. Notation

b; Langmuir constant for species i, Pa'

P, M-S diffusivity for molecule-wall interaction, m> s™*

D; M-S exchange coefficient for n-component mixture, m*
S*l

D{0) Zero-loading M-S diffusivity for molecule-wall interac-

tion, m? s™*

This journal is © The Royal Society of Chemistry 2017

k1 Forward reaction rate constant, s *

k, Backward reaction rate constant, s *

L Length of packed bed reactor, m

n Number of species in the mixture, dimensionless

Nsies Number of adsorption sites, dimensionless

N; Molar flux of species 7 with respect to framework, mol
m7?2s’

pi Partial pressure of species i in mixture, Pa

qi Component molar loading of species 7, mol kg™

Gisat Molar loading of species 7 at saturation, mol kg‘1

q: Total molar loading in mixture, mol kg™

Gi(t) Spatial-averaged component uptake of species i, mol
kg™

r Radial direction coordinate, m

Te Radius of crystallite, m

R Gas constant, 8.314 ] mol " K*

Ry, Rate of chemical reaction, mol kg catalyst * s™*

t Time, S

T Absolute temperature, K

v Interstitial gas velocity in packed bed, m s™

X; Mole fraction of species i in adsorbed phase,
dimensionless

z Distance coordinate, m

Greek letters

I';; Thermodynamic factors, dimensionless

0 Thickness of microporous membrane, m

6; Kronecker delta, dimensionless

¢ Voidage of packed bed, dimensionless

n  Effectiveness factor, dimensionless

6; Fractional occupancy of component i, dimensionless
6y Fractional vacancy, dimensionless

0;s Fractional occupancy at catalyst surface, dimensionless
0o Fractional occupancy at center of catalyst, dimensionless
Jt; Molar chemical potential of component 7, ] mol™*

v; Stoichiometric reaction coefficient, dimensionless

¢ Dimensionless radial coordinate, dimensionless

p  Framework density, kg m™>

7 Dimensionless time, dimensionless

¢ Classic Thiele modulus, dimensionless

Subscripts

b  Referring to backward reaction

¢ Referring to crystallite

f  Referring to forward reaction

i  Referring to component i

J  Referring to component j

t  Referring to total mixture

0  Referring to position, ¢ = 0.

1  Referring to species 1

2 Referring to species 2

s Referring to position ¢ = 1.

sat Referring to saturation conditions

V  Vacancy
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1. Preamble

This ESI accompanying the article Highlighting Diffusional Coupling Effects in Zeolite Catalyzed
Reactions by Combining the Maxwell-Stefan and Langmuir-Hinshelwood Formulations provides:

(1)  Structural data on zeolites

(i1)) Detailed derivations of the Maxwell-Stefan diffusion formulation for intra-crystalline diffusion

in microporous zeolites

(i11) Details of the modelling of mixture adsorption in zeolites

(iv) Details of the Langmuir-Hinshelwood formulation for reaction kinetics

(v) Simulation methodology for transient-diffusion and reaction inside single crystal

(vi) Simulation methodology for transient breakthrough in fixed bed reactors

(vii) Input data and detailed simulation results for the following reactions:

2MP(1) 222DMB(2),

o —xylene(1)2p — xylene(2),

nC6(1) 23MP(2) 2 22DMB(3),

nC6(1)2>2MP(2) 2 22DMB(3),

ethene(1) + benzene(2) 2 ethylbenzene(3), and

ethane(1) & ethene(2) + hydrogen(3) .
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For ease of reading, this ESI is written as a stand-alone document; as a consequence, there is some

overlap of material with the main manuscript.

2. List of Video animations uploaded as ESI
The following set of video animations have been uploaded as ESI.

(1) Transient development of loadings of 2MP/22DMB in MFI catalyst carrying out the isomerization

reaction 2MP(1) 222DMB(2). 2MP exhibits spatio-temporal overshoots. The animation is based

the M-S model with weak confinement.

(2) Transient development of loadings of o-xylene/p-xylene in MFI catalyst carrying out the
isomerization reaction o-—xylene(l1)2p—xylene(2). p-xylene exhibits spatio-temporal

overshoots. The animation is based the M-S model with strong confinement.

(3) Transient development of loadings of nC6/3MP/22DMB in MFI catalyst carrying out the

isomerization reaction nC6(1) 23MP(2) 222DMB(3) at 362 K. nC6 and 3MP exhibit spatio-

temporal overshoots. The animation is based the M-S model with weak confinement.

(4) Transient development of loadings of nC6/3MP/22DMB in BEA catalyst carrying out the

isomerization reaction nC6(1) 23MP(2) 222DMB(3) at 433 K. nC6 and 3MP exhibit spatio-

temporal overshoots. The animation is based the M-S model with weak confinement.

(5) Transient development of loadings of nC6/2MP/22DMB in MFI catalyst carrying out the

isomerization reaction nC6(1)22MP(2)222DMB(3) at 433 K. nC6 and 2MP exhibit spatio-

temporal overshoots. The animation is based the M-S model with weak confinement.
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(6) Transient development of loadings of nC6/2MP/22DMB in MOR catalyst carrying out the

isomerization reaction nC6(1)22MP(2)222DMB(3). nC6 and 2MP exhibit spatio-temporal

overshoots. The animation is based the M-S model with strong confinement.

(7) Transient development of loadings of ethene/benzene/ethylbenzene in MFI catalyst carrying out

the reaction ethene(1)+ benzene(2) 2 ethylbenzene(3). Ethene exhibits spatio-temporal

overshoots. The animation is based the M-S model with strong confinement.

(8) Transient development of loadings of ethane/ethene/hydrogen in MFI catalyst carrying out the

reaction ethane(1) 2 ethene(2) + hydrogen(3) . Hydrogen exhibits spatio-temporal overshoots. The

animation is based the M-S model with weak confinement.
These animations provide some “feel” of spatio-temporal overshoots of during transient uptake in

zeolite catalysts.

3. Structural topology and connectivity of some common zeolites
A number of different channel topologies and connectivities are encountered in zeolite structures;
these can be divided into five broad classes;
1. One-dimensional (1D) channels (e.g. LTL, TON, LTL).
2. 1D channels with side pockets (e.g. MOR, FER).
3. Intersecting channels (e.g. MFI, BEA)
4. Cages separated by narrow windows (e.g. LTA, CHA)
5. Cavities with large windows (e.g. FAU).
The crystallographic data are available on the zeolite atlas website of the International Zeolite
Association (IZA). "*? The pore topology and structural details of some common zeolites are provided
are provided in the accompanying Figures as indicated below:

BEA (see Figures 1, 2)

CHA (see Figures 3, 4)
ESI 5



FAU (see Figures 5, 6)

FER (see Figures 7, 8, 9, 10, 11)
LTA (see Figures 12, 13)

LTL (see Figures 14, 15)

MFI (see Figures 16, 17)

MOR (see Figures 18, 19)
MTW (see Figures 20, 21)

TON (see Figures 22, 23)

Table 1 gives salient information on the variety of a few typical all-silica zeolite structures that are
used as catalysts in the process industries. The crystallographic data are available on the zeolite atlas
website.”. The unit cell dimensions, and pore volumes are summarized in Table 2. Further details on the
structure, landscape, pore dimensions of a very wide variety of micro-porous materials are available in

the published literature.”"

4. The Maxwell-Stefan relations unary diffusion in micropores
Within microporous crystalline materials, the guest molecules exist in the adsorbed phase. The Gibbs
adsorption equation'' in differential form is
Adz =Y qdu (1)
The quantity A on the left side of Equation (1) is the surface area per kg of framework, with units of
m” per kg of the framework of the crystalline material; g; is the molar loading of component i in the
adsorbed phase with units moles per kg of framework; ¢4 is the molar chemical potential of component
i. The spreading pressure 7 has the same units as surface tension, i.e. N m”; indeed the spreading
pressure is the negative of the surface tension.'?

13, 14

For describing the unary transport of bound moisture in wood, Babbitt suggested the use of the

gradient of the spreading pressure d7/0r as the thermodynamically correct driving force. The units of

on/or are N m™, and this represents the force acting per m” of material surface. The number of moles
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0

of adsorbate per m’ of surface is e Therefore the force per mole of adsorbate is

—((27:) / ((l'\j =—%. This force is balanced by friction between the mobile adsorbates and the

surface of the material.

_FQA@}Euﬁ_%EEQ )
or A b, or b.

where U; is the velocity of motion of the adsorbate with respect to the framework material. The quantity

RT . . . . . o e
B in the right member of equation (2) is interpreted as the “drag coefficient”. The unary diffusivity

i
D, , with the units m’ s, is to be interpreted as an inverse drag coefficient between the adsorbate and

the surface. If we define N; as the number of moles of species i transported per m” of crystalline material

per second
N; = pgu; 3)
where p is the framework density with units of kg m™, we obtain the flux relation

Aoz N,

_ ot T 4
PRT or B, )
Combining Equation (1) and (4) we get
% o Ny (5)
RT or b,

Equation (5) is the familiar form of the Maxwell-Stefan (M-S) formulation™* " for unary diffusion.

The chemical potential gradient can be related to the gradient of the molar loading by defining a

thermodynamic correction factor I';

i%_r%~ F_Eqi@ (6)

RT ar ‘o’ ' pa,

Combining Equations (5) and (6) we may write
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0, O, aq;
N =—pb A __,pr 2 7
i =—pb, RT or PBT; o (7)

The product of the M-S diffusivity and the thermodynamic correction factor is the Fick diffusivity

D, =B, (®)
The simplest isotherm model is the single-site Langmuir isotherm

bp . ,__bp

— 0= ; 9
1+b 1+bp ®

0
= b = —
q qsat p 1_9

where we define the fractional occupancy of the adsorbate molecules, = q/q,, =©/0,, . The single-
site Langmuir isotherm can be derived by equating the rate of adsorption with the rate of desorption.

The rate of adsorption is proportional to the total number of vacant sites,

Rate,, = K.y PNy = KogNee P(1— ). The rate of desorption is proportional to the number of
occupied sites, Rate,,, = KyNye @ . At adsorption equilibrium, we have K, pN .. (1—6) = Ko Nges&

kadsp:bp: 0

kdes (1 - 0) .

Differentiation of equation (9) yields the following expression for I

= ; single - site Langmuir isotherm (10)

B
1-0 6,
where 6, = (1-6) is the fractional vacancy.

Figure 24a presents a calculation of the thermodynamic factor I', for single-site Langmuir isotherm,
plotted as a function of the fractional occupancy, €. The thermodynamic factor I' always exceeds

unity. At pore saturation, we have € —1; I’ — oo, and it is therefore convenient to calculate the

inverse thermodynamic factor 1/T" which decreases linearly with @; see Figure 24b.
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5. Loading dependence of M-S diffusivities in MFI zeolite

Figure 25 presents Molecular Dynamics (MD) data on the M-S diffusivities of H,, Ne, Ar, N,, CHy
and Kr all-silica MFI zeolite at 300 K; the MD data are culled from our earlier publications.> For
molar loadings < 4 mol kg™, the M-S diffusivity is practically independent of loading. This scenario
has been termed the “weak confinement” scenario by Krishna and Baur.'®

Preferential location of molecules within the structural framework can cause strong isotherm

inflections. Such inflection characteristics require fitting with the dual-site-Langmuir (DSL) model'” '®

b .p b .p
®i = ®i,A,sat % i,B,sat Lpl
+0; AP 14D, g p;

(1

For example, branched alkanes, benzene, alkyl benzenes, and cyclohexane prefer to locate at the
channel intersections of MFI zeolite due to extra “leg-room” and other configurational considerations."

There are only 4 intersection sites available per unit cell of MFI. This implies that to obtain loadings
higher than ®; = 4 molecules per unit cell, an extra “push” will be required to locate the molecules
elsewhere within the channels; this leads to isotherm inflection. Due to strong isotherm inflections, the

1/T; exhibits a cusp-like inflection at a loading of ®; = 4, when all the preferred adsorption sites are
occupied; is demonstrated in the data on 1/T; for iso-butane/MFI in Figure 26a. In the range 0 < @; < 4,
1/T; decreases nearly linearly with ©; signifying the fact that the vacancy decreases almost linearly
with loading. For ®; > 4, 1/T; increases with ®; because additional sites within the MFI channels are

created to accommodate more than 4 molecules per unit cell, i.e. the number of available sites increases
within this loading range. These additional sites must be accommodated within the channels, requiring
the additional “push” that caused the inflection.

Figures 26b,c show the experimental data®® for the loading dependence of n-hexane and n-heptane in
MFTI zeolite. For both guest molecules, a reasonably good description of the loading dependence of the

M-S diffusivity is
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B, =B,(0) (12)

where D,(0) represents the zero-loading M-S diffusivity. If MFI zeolite, for ®; < 4, the loading

dependence can be further approximated as follows
B, =B, (0)(1-6)=D,(0)4, (13)

where 6, = (I—Hi) is the fractional vacancy. Equation (13) is essentially based on a simple hopping

model in which a molecule can jump from one adsorption site to an adjacent one, provided it is not
already occupied. The loading dependence portrayed in equation (13) has been termed the “strong

confinement” scenario by Krishna and Baur.

6. The Maxwell-Stefan relations for n-component diffusion in micropores
The best starting point for developing the Maxwell-Stefan formulation for mixture diffusion is

Equation (2), that needs extension. The force acting per mole of adsorbate species i is balanced by (1)

friction between 1 and the pore walls (this is the same term as for unary transport), and (2) friction

between species | and species ]. We may write

_%%zz;—(u “u () i=12.0 (14)

ij i

j#i
The Xx; in equations (14) represent the component mole fractions in the adsorbed phase within the
pores

X =00 G=2.0; i=12.n (13)

i=1

The D; have the same significance as for unary diffusion; they are inverse drag coefficients between
the species i and the material surface. Indeed, an important persuasive advantage of the M-S equations
is that the B; for mixture diffusion often retains the same magnitude and loading dependence as for
3,5,21

unary diffusion.
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The Bj may be interpreted as the inverse drag coefficient between species i and species j. At the
molecular level, the Bj; reflect how the facility for transport of species i correlates with that of species j;
they are also termed exchange coefficients. The multiplication factor X; has been introduced in the
numerator of the first right member of equation (14) because the friction experience by species i with
the each of the other species in the adsorbed phase (j = 2, 3, ..n) should be proportional to the relative
amounts of species j (= 2, 3, ..n) in the adsorbed phase. Expressing the velocities u;j in terms of the

intra-crystalline diffusion fluxes u, = N,/ pq;

O X - N. :
_L%:z_l NN +L(&} i=12..n (16)
RT or = b,la q b\ g
Multiplying both sides of equation (16) by X; we get
_ & XX (N N, N.
—PL%ZZ# N N +L(X-_N-j; i=1,2..n (17)
RT or = b, la g b, g
In view of the equation (15), we may simplify equation (17) to write
O O, C XjNi_XiNj N, .
—p———"L= +—; 1=12..n 18
P RT or JZ_:‘( b b, (18)

The Onsager reciprocal relations demand the symmetry constraint
b.=b.; 1,j=12,.n (19)

3-5,22

The ratio (Di/D;) is a reflection of the degree of correlations. We consider correlation effects to

be strong when D, /D,, >1. If correlations are considered to be negligible, i.e. B, /D; <<1, equation

(18) simplifies to yield

q O . .
N =—pb —L=55- j=12.n 20
i =—pb, RT or (20
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An entirely analogous manner of writing equation (18) is in terms of molar concentrations C;, in the

adsorbed phase, based on the accessible pore volume, V,, (= m’ pore volume per kg framework)

G=g =G 1)
P i=1 P

This alternative formulation:

C 6/1 N XjNi_XiNj N. .
—pV, SN A Ty =120n 22
PYoRT or “( B, D (22)

I
j#i

The quantity pV, is the fractional pore volume

V- (kg framework ] m’ pore volume | ( m’ pore volume | . (23)
* m’ framework )| kg framework m’ framework

So, we re-write equation (22) in the form

o N[ XN = XN .
_gia:‘ﬁ :Z | | +m; i=12..n (24)
RT ar 45 b, b,

)= 1 1
j#i

The formulation (24) has been employed to develop a unified theory of mixture diffusion in both
micropores and mesopores.” > The fluxes N; in equation (24), and in this entire article are defined in
terms of the moles transported per m” of the total surface of crystal material. Alternatively, if we just
focus on fluxes inside a single pore, it is convenient to define the fluxes N; in terms of the moles

transported per m” surface of the pore, then the factor & = PV, has to be omitted in the left member of

equation (24).
By defining an n-dimensional square matrix [B] with elements

1
b, ! b

i ij ij

nooX. .
Bi=—+> ——; By=——"; ij=12.n (25)
- D

j#i

we can recast equation (18)) into the following form
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G Ot _N i
—p——L1L=3NBN.: i=12,.n 26
PRT or ,Z' i o

e

The chemical potential gradients can be related to the gradients of the molar loadings, qi, by

defining thermodynamic correction factors I';;

| 19 o,
G0 s Mg JG Py 27)
= or’

RT or b= al,

i=

For an ideal gas mixture, the chemical potential gradients can be related to the partial pressure

gradients in the bulk gas phase mixture

%:RTalnp, RT L 1 op;

28

or or p, or (28)

Let us define the fractional occupancies

_ G
0 =——; i=12,.n (29)

qmm

The fractional vacancy 6 is

6, =1-6-6,...... -0, (30)

Consider the special case in which each of the pure component adsorption isotherms is described by a

qsatbp. The mixed gas Langmuir model for calculation of the

single-site Langmuir model = 1+ bp

component loadings is

= GicaDi P L i=12..n (31)
1+bp, +b,p, +...+b,p,

Combination of equations (29), (30), and (31) yields the following expression for the fractional

vacancy
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1

- (32)
1+b,p, +b,p, +....+b,p,

Vv

The elements of the matrix of thermodynamic correction factors can be determined by analytic

differentiation of equation (31); the resulting expression is'®

L, =6, + Q_[ij i j=12..n (33)
qj,sat gv

For binary mixture, the four elements of the matrix of thermodynamic factors are obtained by

simplification of equation (33); the result is

1_ 02 ql,sat 01
|:rl] Fl :| — 1 qz,sat (34)
r,, T 1-6 -0, | Qsa
21 22 1 2 2sat 92 1— 91
ql,sat

where the fractional occupancies, &, are defined by Equation (29).

Equation (26) can be re-written in n-dimensional matrix notation as

(N)=-p[B]" [[[¥(q) (35)

If correlations are considered to be negligible, i.e. B, / B, <<1, equation (20) can be combined with

equation (27) to yield
n aq .
N.=-pD > I, —1; i=12..n 36
i le ; ij or ( )

In the Henry regime of adsorption, when the fractional occupancies are vanishingly small, we have

the special case that the matrix of thermodynamic factors reduces to the identity matrix

T, -6, 37)
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If the thermodynamic coupling effects are neglected, and the elements of the matrix of

thermodynamic factors I'; equals Kronecker delta, I}, =&; and we obtain the uncoupled form of the

flux equations
oq; . : .
N, =—pb, E; neglecting thermodynamic coupling (38)

Equation (38) may be considered to be representative of the Fick’s law of diffusion for intra-
crystalline transport. In implementing the Fickian equation (38), we commonly assume that the M-S
diffusivity is independent of loading.

In order to illustrate the influence of thermodynamic coupling, we shall compare the results of

implementing equation (36) and (38) as flux expressions.

7. M-S diffusivities of hexane isomers in MOR zeolite

Mordenite (MOR) is used as catalyst in industry for alkane isomerization reactions. Figures 27a,b
presents the MD data M-S diffusivity, B;, of n-hexane (nC6), (b) 2-methylpentane (2MP), and 2,2
dimethylbutane (22DMB) in MOR zeolite at 433 K. For all three hexane isomers, the B; shows a linear
decrease in diffusivity with increased loading, ®;, expressed in molecules per unit cell. The linear
decrease in M-S diffusivity appears to conform with the strong confinement scenario: Equation (13).
As verification, the MD data for nC6 and 2MP are plotted in Figures 28a,b as a function of the
fractional occupancy. Also plotted in Figures 28a,b are the values of the M-S diffusivity, B;, determined
from MD data for 50:50 binary nC6/2MP mixtures. Compared at the mixture occupancy: 6= 6,+6,, the
D; values are the same for the pure component as for the mixture. This highlights the important
advantage of the M-S formulation. The unary and mixture MD data are taken from Van Baten and
Krishna.?® M-S diffusivity of ethene in reacting mixture in MFI zeolite

The strong confinement scenario can be applied to describe the loading dependence of the diffusivity
of any species in an adsorbed reacting mixture; confirmation of this is available for the alkylation of

benzene with ethene using MFI zeolite catalyst (in the acidic form H-ZSM-5) to produce
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ethylbenzene.”” Both benzene (reactant) and ethylbenzene (product) are preferentially located at the
intersections of MFI; see Figure 29a. The blocking of intersections causes effective diffusivity of ethene
inside the catalyst to reduce five-fold as the total mixture loading approaches 2 molecules per unit cell;

see Figure 29.

8. The Ideal Adsorbed Solution Theory (IAST) and the mixed-gas
Langmuir models for mixture adsorption

The major assumptions of the Ideal Adsorbed Solution Theory (IAST), developed by Myers and
Prausnitz'? are: (a) the absorbent is thermodynamically inert (the change of the internal energy is
negligible), (b) The surface area, A, is temperature invariant (this assumption is not valid for zeolites,

MOFs; since the area available depends on the size of the molecules), (¢) The Gibbs adsorption

isotherm — Adz + Zqid,ui =0 applies. The Gibbs free energy is defined by

dG =-SdT + Adz + Y 1,dg, (39)

where the term Adz is analogous to the work term in a fluid. For 7 >0 the system does work on the
surface during the process of increasing the area of adsorbent. In case of constant T and =, eq (39)

simplifies to yield:

G= Zqi u, for T, m constant. (40)
The activity coefficients are related to the excess free Gibbs free energy of mixing:

g"(T,7z,X%,...)= RTZ X; In(y;x,) for T, m constant. 41
Furthermore, we know that any extensive variable, W, can be expressed as

W™ (T, 7, X,,..) = W(T, 7, %) = DX W (T, 7, X ...) (42)

where the superscript 0 denotes the property of the pure component. Combining the equations (40) —

(42) yields:
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4 (T, %) = 90 (T, 7) + RT In(,%,) (43)

where g”(T,7) is the Gibbs free energy of component i when i is adsorbed in absence of other

components. g;'(T,7) has two degree for freedom: temperature and spreading pressure 7. Choosing a

reference pressure of 1 atm we can reformulate eq (43) and obtain:

9/ (T,7)=g’(T)+RT In(R") (44)
Substituting eq(44) in eq(43) yields

1 (T, 7, %,,..) =9 (T)+RT In(P") + RT In(7,X,) (45)
The Gibbs adsorption isotherm is given by eq (15) in Myers and Prausnitz'*

—Ad7z+Z:qid,ui =0 (46)

For a pure component, integration of eq (46) results in
”_Azjq.o(f)dlnf (47)

For a gas phase mixture, the chemical potential is given by #% =g’(T)+RTIn(p,). Hence at
equilibrium we obtain 2% = 12*, or P’y,x, = p;. If the adsorbed phase is ideal, we get the analogue
of Raoult’s law for vapor-liquid equilibrium, i.e.

P’ =p,;; i=12,.n (48)

and P’ is the sorption pressure for every component i, which yields the same spreading pressure, 7 for

each of the pure components, as that for the mixture:

Pi() Pn()
B Jao(f)dinf = [ql(f)dn f (49)
RT 4 0
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where R is the gas constant (= 8.314 J mol' K), and g/ (f) is the pure component adsorption

isotherm. The molar loadings q’( f) are expressed in the units of moles adsorbed per kg of framework,

i.e. mol kg'. The units of the spreading pressure 7 is the same as that for surface tension, i.e. N m™;

indeed the spreading pressure is the negative of the surface tension.'> The quantity A on the left side of
. . . . 2. -1 : A
Equation (49) is the surface area per kg of framework, with units of m” kg. The units of T also

called the adsorption potential,” are mol kg™

A key assumption of the IAST is that the enthalpies and surface areas do not change upon mixing,
h™ =0 and a™ =0. Hence, applying eq (42) yields a = Zaio x{ . The constraint that there is no change

in surface area on adsorption demands the constraint

1 = Zﬁ for T, m constant. (50)
g a
t i

Considering that the mole fractions in the adsorbed phase are given by

X = s1)

Q4+, ..+,

we can reformulate eq (50) as

1.1y (52)
g 074G

or

1=z%- (53)

Equation (53) can cause numerical issues if @ is small. Hence, it seems better to implement eq (53)

in the form of Hq,o = Zqi Hq,o . From the foregoing analysis, we obtain a set of equation that has to
: -

i j#i

be solved:
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pY po
P'x =p; fori=1.n-1;1=> % ; X :q—i:&; qu(f)dlnf :Iqio(f)dlnf fori=1.n-1;
i 0 0

| e D8,

1 X; . . . . :
== Z—B The set equation contains 2n equations and 2n unknown. For given partial pressures, the

Zqi - ql .
unknowns are X, and P,

Let us consider the special case of the single site Langmuir isotherms are given by

0 bi pi
0 _ 54
4 = 1+b,p, (54)

Note, eq (54) assumes that all saturation capacities are equal. Integration of

Pno Pio
jq;’(f)dlnf :jq?(f)dlnf yields %zln(ubﬁ‘)):ln(nbnpn‘)) or biPio:annozexp(%j—l
0 0

The adsorbed phase mole fractions X; are then determined from X, = %; i=L2,..n. The total
amount adsorbed is calculated from R ZX—B = 0X1 —+ 0X2 —+...t OX” — or
2.6 q a A (P g)(P) dn (P))
0
1= zq_(') = Z i 1+ E‘ I;' o= (1 + b L 5 jzi If we define the fractional occupancies, &, as the ratio of
ql qsat i n'n sat

0i/0sat» then we obtain 1= (1 + 1 jz 0, = (1 + #j@t where @ is the total occupancy. In other words

bn PnO n-n
: . : b,P’
the total occupancy 1is a function of the pure sorption pressures: 6, :lb—PO or
+ n'n
O 0 0t 0t eqe . . . . . 0
b,P, =bP" = g 8 The equilibrium relation for an ideal solution (yi=1) yields P,’x; = p; or by
Y v

substituting the definition of the mole fraction in the absorbed phase we obtain P’q, = ;)iZ:qi ,

R’0, = piet, g_tei =b;p;&, or 6, =b,p,4,

P , . Summing over the n constituent species, we obtain the total
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=>b 2.0P back substi 2P g —bpg, and
occupancy HI—Z P8, or 0t=HZ:—biF)i.We can back substitute 6, ZHZ:—biPi in 6, =b;p;6, an

_ b, p;
- qsat 1+Zbi pi

obtain the mixed gas Langmuir isotherm equation g, . The sorption pressure for the

16,

pure component can be calculated from P’ = b A
i YV

9. Entropy effects in adsorption of mixture of hexane isomers in MFI
zeolite

The use of the mixed-gas Langmuir expression, equation (31), is strictly valid only when the
saturation capacities Qs are equal for all species; this point has been emphasized by Sircar.”>' When
the saturation capacities of the constituent species are significantly different, subtle entropy effects
come into play in determining mixture loadings in zeolites and metal-organic frameworks.’**> For
proper description of entropy effects in mixture adsorption, we need to use either the Ideal Adsorbed
Solution Theory (IAST)'? or Real Adsorbed Solution Theory (RAST); for more detailed discussions see
Krishna.””” The elements of the matrix of thermodynamic correction factors I are more precisely
determined by numerical differentiation of the IAST and RAST models describing mixture adsorption
equilibrium.

As demonstration of entropy effects in mixture adsorption, let us consider sorption of hexane isomers,
n-hexane (nC6), 3-methylpentane (3MP) and 2,2 dimethylbutane (22DMB) in MFI zeolite, that consists
of a set of straight channels (0.53 nm — 0.56 nm wide), intersecting with zig-zag channels (0.51 nm —
0.55 nm wide). Figures 16, and 17 provide the pore landscape and structural details of MFI zeolite.

Configurational-Bias Monte Carlo (CBMC) simulations of the pure component sorption isotherms of
hexane isomers™ *° in MFI at 362 K are shown in Fig. 30a. The accuracy of the CBMC calculation

4 42 . . . .
» 342 in which comparisons are made with

techniques have been verified in several publications
experimental data. The linear nC6 molecule has a chain length that is commensurate with the length of

the zig-zag channels (see computational snapshots in Figure 30) and a maximum of 8 molecules per unit
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cell can be accommodated. The configuration of di-branched 22DMB is such that these bulky, yet
compact, molecules can be located only at the intersections between the straight and zig-zag channels
(see computational snapshots in Figure 30) and the saturation loading is restricted to 4 molecules per
unit cell. The mono-branched 3MP also prefers to locate at the intersections and only at pressures
exceeding 10 kPa can these molecules be pushed into the channel interiors. The saturation capacity of
3MP is 6.3 molecules per unit cell, intermediate in value between that of nC6 and 22DMB. The sorption
hierarchy of the pure components in MFI is nC6 > 3MP > 22DMB.

We also note from Figure 30a that the dual-site Langmuir (DSL) isotherm (parameters specified in
Table 4):

®i,sat,Abi,A p + ®i,sat,Bbi,B p
1+Db ,p 1+b gp

®?(p)E®i,A+®i,B = (55

provides a good description of the pure component isotherms for all three hexane isomers.

Differences in the saturation capacities of the hexane isomers have a dramatic influence on the
component loadings in mixtures. For an equimolar ternary mixture of nC6, 3MP and 22DMB both the
branched isomers lose out to the linear isomer when the total system pressure exceeds about 500 Pa, at
which pressure all the intersection sites are occupied; see Figure 30b. There is considerable amount of
experimental evidence to support the accuracy of the CBMC simulations for estimation of mixture
adsorption equilibria.* *>**** These data also verify entropy effects in mixture adsorption.*

The Ideal Adsorbed Solution Theory (IAST) provides a reasonably good description of the mixture
isotherms in zeolites. ** The component loadings calculated from IAST are shown by the continuous
solid lines in Figure 30b. The agreement with the CBMC simulations is found to reasonably good for
the whole range of pressures, also for other alkane mixtures.'®** 3>
For the equimolar ternary mixture of nC6, 3MP and 22DMB the calculation of the fractional vacancy

&y using the IAST are compared in Figure 30c. The IAST calculations are in good agreement with the

calculations from CBMC simulations for the whole range of pressures.
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The entropy effects in the adsorption of nC6/3MP/22DMB mixtures in MFI zeolite also manifests at
other temperatures. Figure 31a shows the unary isotherms, fitted with the dual-site Langmuir-Freundlich
model. Figure 31b presents CBMC simulations of component loadings in a ternary equimolar
nC6/3MP/22DMB mixture at 433 K as a function of the total hydrocarbons fugacity f.. The [AST
(continuous solids lines) predicts entropy effects in quantitative agreement with CBMC simulations.
The plot of the component loading ®; as a function of the total mixture loading ®; (cf. Figure 31c),
demonstrates that configurational entropy effects manifest at ®; > 4, causing the hierarchy of component
loadings to be nC6 > 3MP > 22DMB. The total mixture loading of ®; = 4/uc is attained at a total
hydrocarbons fugacity f; » 0.1 MPa. This suggests the efficacy of MFI for separating hexane isomers
according to the degree of branching; we need to operate at f,> 0.1 MPa.

Entropy effects also manifest for 5-component nC6/2MP/3MP/22DMB/23DMB mixtures in MFI
zeolite. The pure component isotherms are shown in Figure 32a; the continuous solid lines are the unary
isotherm fits with the dual-site Langmuir-Freundlich model. Figure 32b presents CBMC simulations of
component loadings in a 5-component nC6/2MP/3MP/22DMB/23DMB mixture at 433 K as a function
of the total hydrocarbons fugacity f.. The IAST calculations are in good agreement with the CBMC

simulations. The plot of the component loading ®; as a function of the total mixture loading ®; (cf.

Figure 32c), demonstrates that configurational entropy effects manifest at @, > 4/uc, causing the
hierarchy of component loadings to be nC6 > 2MP > 3MP > 23DMB > 22DMB. The total mixture
loading of ®@; = 4 is attained at a total hydrocarbons fuactity f; = 0.3 MPa. This suggests the efficacy of
MFI for separating hexane isomers according to the degree of branching; we need to operate at f; > 0.3
MPa.

The adsorption of mixtures of pentane isomers in MFI zeolite are also guided by entropy effects.
Figure 33a shows the pure component sorption isotherms for n-pentane (nC5), 2-methylbutane (2MB)
and neo-pentane (neo-P) in MFI at 433 K. The symbols represent CBMC simulation data.’* *® *° The
continuous lines are the fits using the dual-site Langmuir-Freundlich parameter model. Figure 33b

presents CBMC simulations of component loadings in a ternary equimolar nC5/2MB/neo-P mixture at
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433 K as a function of the total hydrocarbons fugacity f.. The IAST (continuous solids lines) predicts

entropy effects in quantitative agreement with CBMC simulations. The plot of the component loading
®; as a function of the total mixture loading ®; (cf. Figure 33c), demonstrates that configurational
entropy effects manifest at ®; > 4, causing the hierarchy of component loadings to be nC5 > 2MB >
neo-P. The total mixture loading of ®; = 4/uc is attained at a total hydrocarbons fugacity f; = 0.05 MPa.

This suggests the efficacy of MFI for separating hexane isomers according to the degree of branching;

we need to operate at f; > 0.05 MPa.

For the nC6(1)22MP(2)222DMB(3), and nC6(1)23MP(2)222DMB(3) isomerization

reactiona with MFI catalyst, to be considered below, we shall use IAST for calculation of mixture

adsorption equilibrium.

10. Entropy effects in adsorption of mixture of hexane isomers in MOR
zeolite

Entropy effects also manifest for hexane isomers in MOR zeolite. MOR consists of 12-ring (7.0 A x
6.5 A) and 8-ring (5.7 A x 2.6 A) channels running along the z-direction (see Figures 18, and 19);
detailed crystallographic data are available elsewhere?.

Let us first consider adsorption of the isomers nC6, 2MP and 22DMB in MOR at 433 K. CBMC
simulations of the sorption isotherms are presented in Fig. 34a. The isotherms conform very closely to

the dual site Langmuir isotherm

O AbAP N o
O(P)=0,+0,; 0,=—"22; @y =—"2 (56)
1+b,p 1+bgp

with fitted DSL model parameters as specified in Table 7. In eq. (56), ba and bg represent the DSL
model parameters expressed in Pa” and the subscripts A and B refer to two sorption sites within the

zeolite structure, with different sorption capacities and sorption strengths. The O, a and Oy g represent

the saturation capacities of sites A and B, respectively. The saturation capacities, Osa= Ogara + Osarn, Of
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the hexane isomers increase with the degree of branching. This is due to the increased packing
efficiency with increased degree of branching in one-dimensional channels, as has been explained in the

published literature. ** *

By examination of the snapshots of the location of the molecules within the
MOR topology it is clear that the hexane isomers are only adsorbed within the 12-ring channels. Some
representative snapshots showing the siting and conformation of the molecules along one of the 12-ring
channels, 8 unit cells long, are seen in Fig. 35b,c,d for a pressure p = 1000 kPa. Within the same
channel length we find five nC6 molecules, seven 2MP molecules and nine 22DMB molecules. The
higher loading with increased degree of branching is due to increased degree of compactness of the
molecules. The mean length of the hexane isomers are 5.2 A, 4.3 A and 3 A for nC6, 2MP and 22DMB,
respectively. The more compact the molecule, the higher the packing efficiency within the one-
dimensional channels. This data also explains why the saturation capacity for 22DMB is significantly
higher (O, = 2.5), compared to that for 2MP (g, = 2.0) and nC6 (O, = 1.95).

Entropy effects have a pronounced effect on adsorption in mixtures. In order to illustrate this, Fig.
34b presents CBMC simulations for the binary mixture nC6/22DMB in MOR at T =433 K keeping the
partial pressures of the two isomers the same, i.e. p;= p,. At low pressures, p = p;+ p2 < 500 kPa, nC6
adsorbs more strongly than 22DMB, but for p > 500 kPa, 22DMB adsorbs more strongly than nC6; see
Fig. 34b. This reversal of selectivity in favor of 22DMB is caused due to its higher packing efficiency
at high loadings.

The continuous solid lines in Figure 34b are the IAST calculations using the unary DSL isotherm fits.

The IAST is able to quantitatively predict the entropy effects in MOR zeolite.

For the nC6(1) 2 2MP(2) 222DMB(3) isomerization reaction with MOR catalyst, to be considered

later, we shall use IAST for calculation of mixture adsorption equilibrium.

11. The Langmuir-Hinshelwood formulation of reaction Kkinetics
Within the micropores of zeolite catalysts, the appropriate expression for the reaction kinetics needs

to be set up in terms of the component loadings in the adsorbed phase, ¢;. Equilibrium thermodynamics
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tells us that the Gibbs free energy should be at a minimum.** ** The change in the Gibbs free energy is

given by eq(39). For a reacting mixture we obtain
dG =-SdT +Ad7r+z,uivid;( (57)

where v; is the stoichiometric coefficient and y the fractional conversion. At constant spreading pressure

and temperature, eq (57) simplifies
dGzz,uivid;( (58)

In order to reach a minimum of the Gibbs free energy we have to satisfy the relation

ox

Substituting the chemical potential in the adsorbed phase (see eq(45)) results in

> (g7 () +RT In(R") + RT In(y,x,))= 0 (59)

W{Zwﬁgf}ﬂm%my (60)

The left hand side describes the equilibrium constant

exp(z v, gIR—('I-I'-)] = exp(AR—C_?_OJ =K (61)

Therefore, for an ideal adsorbed solution we obtain:
Ky =T1(P, )’ (62)

At thermodynamic equilibrium we know that the chemical potentials in the gas and adsorbed phase

are equal, 2= 1", Therefore, P’x, = p,

. applies and therefore

Ko =TI(P'x )" =T1(p,)" (63)

Consider an isomerization reaction: A<>B.
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PZOXZ _ P20q2 _& (64)

Ke =
* P’ PR'g,

Equation (64) is general and holds for IAST theory as well as the mixed gas Langmuir model.
Let us assume that the mixed-gas Langmuir model for mixture adsorption equilibrium relates the
fractional occupancies, €, molar loadings, ¢;, of components 1 (= A;) and 2 (= A) to the partial

pressures p; and p; in the bulk gas phase surrounding the zeolite catalyst:

— ql — blpl :blplev; 02: q2 — b2p2
Qe 1+by P, +b,p, Oreee 1+byp,+Db,p,

= bz pz‘gv (65)

1

The Langmuir-Hinshelwood (L-H) kinetic expression relates the reaction rate to the fractional
occupancies €. The expression for the net forward reaction rate, expressed in terms of moles per kg
catalyst per second, is

ng = klegl - kf@z = k1q1 - kzqz

) ) (66)
kl qu,satkl; kz qu,satkz

Combination of equations (66) and (65) allows the L-H expression to be expressed in terms of the

partial pressures

qul,satbl p1 - kzqz,satbz pz _
1+b,p, +b,p,

klp = qul,satbl; kzp = k2q2,satb2

ng = klael - kf@z = (qul,satbl P, — kzqz,satbz P, )(9\, = (klp p, - kzp P, )Hv

(67)

We conclude that the L-H expression (67) is consistent with the mixed-gas Langmuir model for
describing mixture adsorption. More generally, we may use the rate expression (66), wherein the
component loadings q;, and Q are determined using say the IAST or RAST.

In the foregoing, the L-H expression has been expressed in three different, but entirely equivalent,

ways; in each case, the reaction rate constants have different units. In equation (66), the reaction rate

1

constants k;,k, have the units: s'; the reaction rate constants k’ k? have the units: mol kg" s”. In

equation (67), the reaction rate constants K,k have the units: mol kg Pa’ s In the calculations and
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simulations presented in this article, we choose the rate expression in terms of the molar loadings,

ng = qul - kzqz~

12. Simulation methodology for transient diffusion-reaction in
microporous crystal

For most crystal geometries, representation as an equivalent sphere is an acceptable approxima‘[ion.11
Indeed, most researchers report their uptake diffusivities in terms of a model that assumes uptake within
a single spherical crystalline particle. The values thus obtained for the diffusivities within a spherical
crystal can be translated to other crystal geometries by comparing values at the same characteristic
dimension, defined as the ratio of the crystal volume to its external suface area. For a spherical shaped

5]
37 x

crystal of radius r, the ratio of the volume to the external surface area is e = .
ﬂrC

The radial distribution of molar loadings, i, within a spherical crystallite, of radius r., is obtained

from a solution of a set of differential equations describing the uptake

og; (r,t 1 0
p%:—r—za(eri%pving (68)

where v; is the reaction stoichiometric coefficient; negative for reactants and positive for products;

R, represents the reaction rate expressed as moles per kg catalyst per second. The reaction rate is

kg
commonly formulated using the Langmuir-Hinshelwood (L-H) expression such as equation (67).* The
fluxes N;, in turn, are related to the radial gradients in the molar loadings by Equation (35), simplified in
the form of Equation (36) or Equation (38).

At time t = 0, i.e. the initial conditions, the molar loadings q;(r,0) at all locations r within the crystal
are uniform (zero loadings). For all times t > 0, the exterior of the crystal is brought into contact with a

bulk gas mixture at partial pressures p,(r,,t) that is maintained constant till the crystal reaches

thermodynamic equilibrium with the surrounding gas mixture.
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t>0; 0;(r,,t) inequilibrium with the initial values p; (r,t) (69)
At any time t, during the transient approach to thermodynamic equilibrium, the spatial-averaged
component loading within the crystallites of radius r; is calculated using

6,0~ [ a,(r.ordr (70)

c

The set of Equations (35), (68), (69), and (70) need to be solved numerically using robust
computational techniques. Equations (68) are first subjected to finite volume discretization. One of two
strategies can be adopted: (a) equi-volume discretization, or (b) equi-distant discretization; see Figure
36. The choice of the discretization scheme used is crucially important in obtaining accurate, converged
results. The choice of equi-volume slices is needed when the gradients of the loadings are particularly
steep nearer to I = r.. For either strategy, about 100 — 400 slices are employed, depending on the
guest/host combination. Combination of the discretized partial differential equations (68) along with
algebraic equations describing mixture adsorption equilibrium, results in a set of differential-algebraic
equations (DAEs), which are solved using BESIRK.*® BESIRK is a sparse matrix solver, based on the

7 and extended with the

semi-implicit Runge-Kutta method originally developed by Michelsen,’
Bulirsch-Stoer extrapolation method.*® Use of BESIRK improves the numerical solution efficiency in
solving the set of DAEs. The evaluation of the sparse Jacobian required in the numerical algorithm is
largely based on analytic expressions.'® Further details of the numerical procedures used in this work,

16-18, 49

are provided by Krishna and co-workers; interested readers are referred to our website that

. . .1 49
contains the numerical details.

13. Simulation methodology for transient breakthrough in fixed bed
reactors

Fixed bed and moving bed reactors are commonly used in industry for carrying out zeolite catalyzed
reactions. In moving bed reactors, the operations are essentially transient in nature; see schematic in

Figure 37. Assuming plug flow of an n-component gas mixture through a fixed bed maintained under
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isothermal conditions, the partial pressures in the gas phase at any position and instant of time are

obtained by solving the following set of partial differential equations for each of the species i in the gas

. 11, 16, 50-54
mixture.”

Lépi(t,z):_Lé’(v(taz)pi(taz))_(l_g)i(N_| } i=12.n 71)
RT a4 RT a g r TET T

c

In equation (71), t is the time, z is the distance along the reactor, p is the framework density, ¢ is the

bed voidage, V is the interstitial gas velocity, and Ni|r=r is the molar flux loading at the position r = rg,

monitored at position z, and at time t, determined by use of Equation (36) or Equation (38), as
appropriate.
Summing equation (70) over all n species in the mixture allows calculation of the total average molar

loading of the mixture within the crystallite

6.6 Y0,4,2) 72)

Assuming that the crystallites in the reactor bed are initially free of adsorbates, i.e. we have the initial

condition
t=0; 0,(0,2)=0 (73)
At time, t = 0, the inlet to the reactor, z = 0, is subjected to a step input of the n-component gas
mixture and this step input is maintained till steady-state conditions are reached.
t=0; p;0,t)=p,; V(O,t)=V, (74)
where Vj is the interstitial gas velocity at the inlet to the reactor.
For convenience, the set of equations describing the fixed bed reactor are summarized in Figure 38.

Typically, the reactor length is divided into 100 — 200 slices. Combination of the discretized partial

differential equations (PDEs) along with the algebraic IAST or RAST equilibrium model, results in a set
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of differential-algebraic equations (DAEs), which are solved using BESIRK.*® Interested readers are
referred to our website that contains the numerical details.*

Besides, the breakthrough simulations with a step-input (74), we also carried out simulations for a
packed bed adsorber with injection of a short duration pulse of the mixture of reactants. Figure 39
presents a schematic of a packed bed reactor with pulse input of feed gas mixture. For simulation of

pulse chromatographic reactors, we use the corresponding set of inlet conditions
0<t<ty; p;0,t)=p,; u(0,t)=u, (75)

where the time for duration of the pulse is t.

14. Effectiveness factor for zeolite catalyzed isomerization reaction

The analysis of diffusion and chemical reaction within catalysts particles is extensively treated in
standard textbooks.”>” The derivation of analytic expressions for the effectiveness factor are largely
restricted to the use of the Fickian equation (38).

Consider the reversible isomerization reaction A, <> A, ; such isomerization reactions are of great
significance to the petroleum industry.* **% Let us consider the specific example of isomerization of 2-
methylpentane (2MP) to its di-branched isomer 2,2 dimethyl-butane (22DMB) in a packed bed reactor
using extrudates of MFI zeolite as catalyst. Figures 16, and 17 provide the pore landscape and structural
1,64 65

details of MFI zeolite. The process conditions correspond to those described by Jolimaitre et a

that are summarized in Table &.

The rate of chemical reaction, 2MP(1) 222DMB(2), expressed as moles per kg catalyst per second,

Ry, is written as R =k,g, —k,q,. The rate of chemical reaction per m’ of catalyst, R ,, is

kg »
Rm3 = kag .
The reaction rate constants, taken from Baur and Krishna.®" % are k; = 0.0011 s'l, k, = 0.00055 s™".

Under steady-state conditions we have
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Lzai(ﬁ Ni): pviR,; steady -state (76)
r-or

where v; is the reaction stoichiometric coefficient; v ;= -1 for reactant 2MP; v, = 1 for product
22DMB.

After insertion of the appropriate rate expressions for the chemical reaction rate, R,,, the flux

kg »
equations for N;, the equation (76) can be solved to obtain the steady-state distribution of the loadings of

the components along the crystal radius, r.

J.ng é:zdg
n=—" (77)

o
Ry|,_, J&7dS
0

where & =r/r, is the dimensionless radial coordinate. The chemical reaction rate R,,, varies with

kg
loading and is &-dependent. The effectiveness factor, 7, quantifies the influence of intra-crystalline

diffusion on the effective rate of chemical reaction. In the absence of any diffusional limitations, 7 =1,

and the chemical reaction rate can be calculated using the loadings at the external surface, R, o

Baur and Krishna.’" ®* have presented analytic solutions to equation (76) for a variety of scenarios.
(1) Classical scenario: the diffusivities are independent of loading (called the weak confinement

scenario), and thermodynamic coupling effects are ignored, I; =0;. Also ignored are the
correlation effects, i.e. B,/D,, >0, D,/D,, > 0. In this article, this Scenario 1 is also referred
to as “Fick model, with T'; =0, 7.

(2) “Weak” confinement scenario for the diffusivities; in this scenario the M-S diffusivities D,, D,
are assumed to be loading independent. Also ignored are the correlation effects, i.e.
b, /b, >0, b,/B, —0.Thermodynamic coupling effects are accounted for using the mixed-

gas Langmuir isotherm model. In this article, this Scenario 2 is also referred to as “M-S model,

weak confinement, with T, ”.
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(3) Strong confinement scenario for the diffusivities in which the diffusivities are related to the zero-
loading diffusivities by B, = D,(0)6, = b, (O)(l —6, - 6,). Also ignored are the correlation effects,
ie. B,/b,>0; b,/D, >0. Thermodynamic coupling effects are accounted for using the

mixed-gas Langmuir isotherm model. In this article, this Scenario is also referred to as “M-S

model, strong confinement, with |

(4) “Weak” confinement scenario for the diffusivities; in this scenario the M-S diffusivities D,, D,

are assumed to be loading independent. Thermodynamic coupling effects are accounted for using
the mixed-gas Langmuir isotherm model. Correlation effects are accounted for with finite values

of B,/D,,; B,/Db,,. Calculations using Scenario 4 are not presented in this article; the reader is

61, 62 4,7, 66

referred to Baur and Krishna, and Krishna and van Baten.

(5) Strong confinement scenario for the diffusivities in which the diffusivities are related to the zero-
loading diffusivities by B, =D, (0)8, = b, (O)(l -6, —492). Thermodynamic coupling effects are
accounted for using the mixed-gas Langmuir isotherm model. Correlation effects are accounted

for with finite values of B,/D,,; B,/D,, . Calculations using Scenario 5 are not presented in this

61,62 4,7, 66

article; the reader is referred to Baur and Krishna, and Krishna and van Baten.

For the classical scenario (1), the effectiveness factor is given by

1 1 1
n=—| (78)
¢\ tanh(39) 3¢
where the Thiele modulus is calculated from
4o r \/ K, .\ k,
3\ B,(0) D,0) 9
Analytical solutions are derived for the other four scenarios by Baur and Krishna.®!-
The expressions for the effectiveness factor are expressed as
1 1 1 .
n=—| ————————1| Generalscenario (80)
@\ tanh(3D) 3D
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where the generalized Thiele modulus @ is obtained by multiplying the classical Thiele modulus ¢ by
various “correction factors” as listed in Table 3.°!

The solutions for the vacancy profile &(&) for spherical geometry is

2 .
8 12 Y —1)sinh(3D¢) sphere 81)
6, Y

- 2 | Zsinh(30)’
We draw the readers’ attention to the typographical error in the vacancy profile for a spherical catalyst
in equation (27) of Baur and Krishna;*' equation (81) is the corrected version.

The fractional occupancies of the individual components can be obtained from

A Ab, + 6, + A0, H_V

1
_ L AO+6,+6, 6,
C-A) (-A) 6

As illustration, Figure 40a presents calculations of the (steady-state) effectiveness factor,7, for uptake

inside MFI catalyst exposed to a gas phase 2MP(1)/22DMB(2) mixture at 473 K, carrying out the

isomerization reaction 2MP(1) 222DMB(2). The partial pressures of the components in the bulk gas

phase are p; = p, = 10 kPa. The ratio of rate constants k;/k, = 2. The values of the rate constant k; are

varied. The zero-loading diffusivities D,(0) = 2x10 m? s, b,(0) = 2.5x10™"° m* s™'. The radius of

the crystal r. = 2 um. The X-axis in Figure 40a is the classical Thiele modulus calculated using equation

(79). For 2MP/22DMB mixtures, correlation effects are not important as established by the experiments

.64, 65 4,22
L;

of Jolimaitre et a see also detailed analysis of Krishna. We therefore ignore the scenarios (4)
and (5) that include correlation effects. The calculations using the three different scenarios 1, 2 and 3
are based on the analytical solutions provided by Baur and Krishna.®’ The highest effectiveness factors

are obtained with Scenario 1 in which thermodynamic coupling effects are ignored, by taking [}, =5 .

As is to be expected, diffusion effects are strongest for the scenarios in which the M-S diffusivities are

linearly related to the vacancy, D, = D;(0)6, .
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The most important feature of the Maxwell-Stefan diffusion formulation is the proper accounting of
the adsorption mixture thermodynamics. In order to stress the direct influence of adsorption
thermodynamics, Figure 40b presents calculations of the effectiveness factor,7, for a MFI catalyst that
is exposed to an equimolar gas 2MP/22DMB gas mixture; the total pressure p; +p; is varied in the range
0 to 40 kPa. The reaction and diffusion parameters are chosen as: k; = 0.0011 s; ki/k, = 2, ¢=1.0011.
Increasing the bulk gas pressure increases the fractional occupancy at the catalyst surface, 6is+ 6. The
classical effectiveness factor is a constant, independent of 6+ 6. By proper accounting of the mixture
adsorption thermodynamics, we note that the effectiveness factor for Scenarios 2 (weak confinement),
and 3 (strong confinement) decreases when the &+ 6 increases.

Figure 41a presents the calculations of the (steady-state) effectiveness factor,7, for uptake inside MFI

catalyst exposed a gas phase o-xylene(1)/p-xylene(2) mixture at 433 K, carrying out the isomerization

reaction o—xylene(1)2p—xylene(2). The partial pressures of the components in the bulk gas phase

are p; = P, = 1 MPa. The zero-loading diffusivities B,(0) = 1x10"°m*s™; B,(0) = 1x10"* m*s'. The
ratio of rate constants K;/k, = 2. The values of the rate constant k; are varied. The radius of the crystal r,
= 10 um. The classical Thiele modulus is calculated from Equation (78). The calculations using the

three different scenarios are based on the analytical solutions provided by Baur and Krishna.®’ The

lowest effectiveness factor is realized for Scenario 3; in this scenario both M-S diffusivities are reduced

following B, = D,(0)6, = B,(0)(1-6, - 46,).
Figure 41b presents calculation of the effectiveness factor,7, for o-—xylene(1)2p —xylene(2)

reaction in MFT catalyst exposed a gas phase equimolar o-xylene(1)/p-xylene(2) mixture at 433 K and
total pressures varying in the range 0 to 3 MPa. The x-axis is the fractional occupancy at the catalyst
surface, @i+ 6. The reaction rate constant kj=1x10™ s™'; the ratio of rate constants ki/k, = 2. In this
case, we note that the effectiveness factor for Scenario 2 is slightly higher than the classical

effectiveness factor. For Scenario 3 (strong confinement), there is a significant reduction in the
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effectiveness factor with increased occupancy due to the reduction in the M-S diffusivities following
b, =b,(0)8, = b, (0)(1 -6, - 02)-
In all the transient diffusion-reaction simulations presented in this article, we assume negligible

correlation effects and use either Equation (36) or Equation (38) to describe the intra-crystalline fluxes.

15. 2MP(1)222DMB(2) reaction in MFI catalyst
We now demonstrate the possibility of transient overshoots within microporous zeolite catalysts. As

illustration, we consider the reversible isomerization reaction 2MP(1) 2 22DMB(2) using extrudates of

MFI zeolite as catalyst. The adsorption and diffusion data are taken from the works of Jolimaitre et

al.;® % these are summarized in Table 8. For 2MP/22DMB mixtures, correlation effects are not

important as established by the experiments of Jolimaitre et al.;** ©

see also detailed analysis of
Krishna.* #* We therefore ignore the scenarios (4) and (5) that include correlation effects.

The mixed-gas Langmuir model for mixture adsorption equilibrium, equation (65), relates the molar
loadings of components 1 (= 2MP) and 2 (= 22DMB) to the partial pressures p; and p; in the bulk gas

phase surrounding the MFT catalyst. The rate of chemical reaction, expressed as moles per kg of catalyst

per second is written as R,; =K,g, —k,q,. The reaction rate constants, taken from Baur and Krishna,”'

are k; =0.0011 s, k, = 0.00055 s™".

Consider first the transient uptake with chemical reaction within MFI extrudates exposed to a gas
phase 2MP/22DMB mixture at 473 K. The partial pressures of the components in the bulk gas phase are
p;1 = p2 = 10 kPa. The continuous solid lines in Figure 42a represent the transient simulations that
include thermodynamic coupling using the flux relations equation (36). Both the weak and strong
confinement scenarios predict a pronounced overshoot in the uptake of 2MP. The 2MP overshoot
signifies the phenomena of uphill diffusion.'> ** ¢” The dashed lines in Figure 42a represent uptake

simulations ignoring thermodynamic coupling and use uncoupled Fick model (38); no overshoot in 2MP
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uptake is observed. This leads us to conclude that thermodynamic coupling is the origin of the transient
overshoot in the 2MP uptake.

Figure 42b compares the transient equilibration trajectories in composition space, using three different
model implementations (Fick model, M-S model, with weak and strong confinements). Both the M-S
model implementations (weak and strong confinement) predict the 2MP overshoot and the trajectories
in composition space are significantly different from that anticipated by the Fick model.

Figure 43 presents the equilibration trajectories within the catalyst in ternary occupancy space, with
coordinates, 6, (2MP), 6, (22DMB), &, (MFI zeolite vacancy).

In order to demonstrate the 2MP occupancy overshoots persist for other bulk gas phase mixture
compositions, Figure 44 presents simulations of the equilibration trajectories for different choices of the
bulk gas phase mixture compositions, keeping the total pressure p; + p. = 20 kPa. We note that the 2MP
overshoot manifests for all compositions examined.

Figure 45 compares the steady-state radial distribution of component loadings inside MFI catalyst for
the specific case in which the reaction and diffusion parameters are chosen as: k; = 0.0011 s kifko =2,
¢ = 1.0011. The continuous solid lines represent simulations include thermodynamic coupling using
equation (36), with weak and strong confinement scenarios. The dashed lines represent simulations
ignoring thermodynamic coupling and use uncoupled flux equation (38). The M-S and Fick models
yield significantly different loading profiles. The spatial-averaged loading of the desired 22DMB
product is predicted to be higher in the M-S model than for the Fick model.

In order to highlight the influence of thermodynamic coupling effects on the performance of fixed bed
reactors, Figure 46a presents the transient breakthrough simulations for fixed bed 2MP/22DMB
isomerization reactor with MFI extrudates. The continuous solid lines represent uptake simulations
include thermodynamic coupling using equation (36). The dashed lines represent breakthrough
simulations ignoring thermodynamic coupling and using uncoupled flux equation (38). The reactor

performance is significantly different in the two diffusion model implementations. Baur and Krishna,*
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present a detailed analysis of transient operations of simulated moving bed reactors for optimal
2MP/22DMB isomerization performance.

At steady-state, the gas phase concentrations in the fixed bed reaction, calculated using the two model
implementations, are shown in Figures 46b,c. For the M-S model calculations with the weak
confinement, the rate of production of 22DMB is 1.81x10™ mol (kg catalyst)" s; this value is
significantly higher than the rate of production of 22DMB predicted by the Fick model calculations that
ignores thermodynamic coupling: 1.14x10™* mol (kg catalyst)’ s'. The rate of the production of
22DMB in the M-S model with strong confinement is 1.21x10™ mol (kg catalyst)" s™. The use of
proper models to describe reactor conversion is vitally important. On the basis of the re-analysis of

1. % it has been established that the

transient adsorption breakthrough experiments of Jolimaitre et a
proper model to describe intra-crystalline diffusion is the M-S model with the weak confinement

scenario for M-S diffusivities.* %>

16. o-xylene(1)2p —xylene(2) reaction in MFI catalyst

Para-xylene is an important feedstock in the petrochemical industry.””> The largest use of p-xylene is
in its oxidation to make terephthalic acid, that is used in turn to make polymers such as polyethylene
terephthalate (PET) and polybutylene terephthalate (PBT). PET is one of the largest volume polymers
in the world, and is used to produce fibers, resins, films, and blown beverage bottles. Isomerization of

xylenes with MFI catalyst is of importance.

As illustration, we consider the isomerization of o-xylene to p-xylene: o— xylene(1)2 p — xylene(2).

The rate of chemical reaction, expressed as moles per kg of catalyst per second is written as

R, = k0, —K,0,. The rate constants are taken as: k; = 1x10* s, ky = 5x107 5. Para-xylene has a

higher diffusivity than o-xylene due to configurational considerations. Following the work of Mirth et

al.,”® we assume that the diffusivity of p-xylene is 100 times that of o-xylene.
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Figure 47a shows the transient uptake inside MFI catalyst exposed to a gas phase o-xylene(1)/p-
xylene(2) mixture at 433 K. The partial pressures of the components in the bulk gas phase are p; = 5
MPa; p, = 5 MPa. The continuous solid lines represent uptake simulations include thermodynamic
coupling using equation (36). In this scenario, we note that p-xylene shows a pronounced overshoot in
the uptake; this overshoot signifies the phenomena of uphill diffusion.'>**®” The dashed lines represent
uptake simulations ignoring thermodynamic coupling and use uncoupled flux equation (38); in this
scenario no p-xylene overshoot is observed.

Figure 47b compares the transient equilibration trajectories in 3D composition space, using three
different model implementations (Fick model, M-S model (with weak and strong confinements)). Both
the M-S model implementations (weak and strong confinement) predict the p-xylene overshoot and the
trajectories in composition space are significantly different from that anticipated by the Fick model.

Figure 48 plots the equilibration trajectories in ternary occupancy space, with coordinates, &, (o-
xylene), & (p-xylene), &y (MFI zeolite vacancy). The diffusivity and kinetics data are the same as in
Figure 47.

In order to demonstrate the p-xylene occupancy overshoots persist for other bulk gas phase mixture
compositions, Figure 49 presents simulations of the equilibration trajectories for different choices of the
bulk gas phase mixture compositions, keeping the total pressure p; + p, = 10 MPa as constant. We note
that the p-xylene overshoot gets shallower with increasing partial pressure of o-xylene; For the choices
p1 =9 MPa, p, = 1 MPa, and p; = 10 MPa, p, = 0 MPa, there is no overshoot of p-xylene occupancy.

Though there is no reliable published experimental data on the loading dependence of xylenes in MFI,
the experimental data of Ban et al.*” and Duan et al.”’ on the loading dependence of the diffusivity of
benzene in MFI suggests that the strong confinement scenario is the appropriate one to use.

Figure 50 compares the steady-state radial distribution of component loadings in inside MFI catalyst
for scenarios 1 and 2 for the specific case k;=1x10" s™; ¢ = 3.34. The continuous solid lines represent

simulations include thermodynamic coupling using equation (36), along with the strong confinement
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scenario. The dashed lines represent simulations ignoring thermodynamic coupling and use uncoupled
flux equation (38). The two scenarios yield significantly different loading profiles.

In order to highlight the influence of the flux model on the performance of fixed bed reactors, we
performed steady-state simulations for a fixed zeolite bed reactor with a o-xylene(1)/p-xylene(2)
mixture at 433 K. The partial pressures in the inlet mixture are p; = 10 MPa; p, = 0 MPa. Figure 51
shows the gas phase molar concentrations of o-xylene and p-xylene along the length of the reactor bed.
The continuous solid lines represent simulations include thermodynamic coupling using equation (36),
along with the strong confinement scenario. The dashed lines represent simulations ignoring
thermodynamic coupling and use uncoupled flux equation (38). For the M-S model calculations with the
strong confinement, the rate of production of p-xylene is 5.7x10° mol (kg catalyst)”" s; this value is
significantly lower than the rate of production of p-xylene predicted by the Fick model calculations that
ignores thermodynamic coupling: 7.2x10° mol (kg catalyst)' s”'. Use of the Fick model to predict
reactor performance will be overly optimistic.

The overshoot in the p-xylene uptake, experienced in Figure 47 can be exploited by carrying out the
xylene isomerization reaction in a pulsed chromatographic reactor. Figure 52 presents the transient
breakthrough in a reactor feed with a pulse injection of 200 s duration. The continuous solid lines
represent breakthrough simulations using equation (36) with strong confinement. We note that the
exiting gas mixture initially consists of pure o-xylene. Pure p-xylene can be recovered towards the end

of the pulse cycle.

17. nC6(1)23MP(2)222DMB(3) reaction with MFI catalyst

Consider uptake within MFI catalyst carrying out the isomerization of nC6 to produce a product

containing mono-branched 3-methylpentane (3MP) and di-branched 22DMB. We restrict our analysis to

the simplified reaction scheme nC6(1) 23MP(2) 222DMB(3) where the Langmuir-Hinshelwood (L-

H) reaction rate expressions for the two constituent reversible reactions, expressed as mol (kg catalyst)™
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s are Rigi = (k“q1 - kblqzl Rig2 = (kfzq2 —kb2q3). The subscripts f and b refer to the forward and

reverse reactions, and the subscripts 1 and 2 refer to the first and second isomerization reaction steps.
Using our earlier publication as guidelines,43 we take ki = kp = 0.01 s and ky; = ky, = 0.001 s, The
catalyst radius is taken to be r. = 1 mm.

Figure 53a presents simulations of transient uptake inside MFI catalyst exposed to a gas phase
nC6(1)/3MP(2)/22DMB(3) mixture at 362 K. The partial pressures of the components in the bulk gas

phase are p; =1000 Pa; p, = 1 Pa, p;= 1 Pa. The mixture adsorption equilibrium is determined using the

IAST. The zero-loading M-S diffusivities are chosen as D, (0)/ r’= 2x107* s7'; b, (0)/ r’= 2x10° s7;
D,(0)/r? = 1x107 s; the choice of these diffusivities is based on earlier works.* ** *» ’' The

continuous solid lines represent uptake simulations with the M-S equation (36). We note that the most
mobile nC6 displays an overshoot during transient uptake. 3-methylpentane (3MP), with intermediate
mobility, also exhibits a slight overshoot. The dashed lines represent uptake simulations with uncoupled
Fickian flux equations (38); in this scenario, all three components approach equilibrium in a
monotonous manner.

Figure 53b compares the transient equilibration trajectories in 3D composition space, using three
different flux calculation scenarios; the followed trajectories are significantly different.

The important conclusion to be drawn from the uptake simulations in Figure 53 is that the average
molar loading of 22DMB is predicted to be higher for the model that includes thermodynamic coupling
in the proper manner.

In order to confirm that this conclusion also holds for fixed bed reactors of finite length, steady-state
simulations were performed for a fixed bed reactor. The gas phase molar concentrations as function of
the dimensionless length of the fixed bed, z/L are shown in Figures 54a,b. For the Fick model that
ignores thermodynamic coupling the rate of production of 22DMB is 7.82x10™ mol (kg catalyst)” s™';

this value is lower than either of the two different implementations of the M-S model. For the weak
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confinement scenario, the rate of production of 22DMB is 3.4x10™ mol (kg catalyst)™ s. For the strong
confinement scenario, the rate of production of 22DMB is 2.74x10™* mol (kg catalyst)' s™.
The choice of the proper model is important in reactor modelling. In the transient uptake experiments

of Titze et al. *?

, the M-S model, including thermodynamic coupling, has been established to be a good
representation of the uptake of n-hexane/2-methylpentane mixtures in MFI zeolite.
The difference between the Fick and M-S model formulations become more prominent in transient

operations. To demonstrate this, we carried out transient fixed reactor simulations for the same set of

input conditions as in Figure 54. Figure 55 shows the molar concentrations in the gas phase exiting the

. ) ) ) tv ) D
reactor, plotted as a function of the dimensionless time, 7 Zf' The continuous solid lines represent

simulations with the M-S model, Equation (36), for the weak confinement scenario. The dashed lines
represent simulations ignoring thermodynamic coupling and use uncoupled flux equation (38). For the
M-S model the breakthrough of 22DMB occurs earlier and there is a period of time within which nearly
pure 22DMB may be recovered as product. The exploitation of transient operation is best carried out in

simulated moving bed reactor configurations, as discussed in detail by Krishna and Baur.*

18. nC6(1)23MP(2) 222DMB(3) reaction with BEA catalyst

Consider uptake within BEA catalyst carrying out the isomerization of nC6 to produce a product

containing mono-branched 3-methylpentane (3MP) and di-branched 22DMB at 433 K. We restrict our

analysis to the simplified reaction scheme nC6(1)23MP(2)222DMB(3) where the Langmuir-

Hinshelwood (L-H) reaction rate expressions for the two constituent reversible reactions, expressed as

mol (kg catalyst)”' s™ are R = (k”q1 - kblq2), Rigo = (kfzq2 - kb2q3). The subscripts f and b refer to

the forward and reverse reactions, and the subscripts 1 and 2 refer to the first and second isomerization
reaction steps. In our simulations we assume Ki; = kpy = 0.005 s and ky; = kya = 0.001 s™'. The catalyst

radius is taken to be r, = 0.1 mm.
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Figure 56a presents simulations of transient uptake inside BEA catalyst exposed to a gas phase
nC6(1)/3MP(2)/22DMB(3) mixture at 433 K. The partial pressures of the components in the bulk gas

phase are p; =1000 Pa; p, = 1 Pa, p;= 1 Pa. The mixture adsorption equilibrium is determined using the
IAST. The zero-loading M-S diffusivities are B,(0)/r>= 0.01 s™'; D,(0)/r?= 0.005 s; D,(0)/r? =

1x107 s™. The continuous solid lines represent uptake simulations with the M-S equation (36). We note
that the most mobile nC6 displays an overshoot during transient uptake. 3-methylpentane (3MP), with
intermediate mobility, also exhibits a slight overshoot. The dashed lines represent uptake simulations
with uncoupled Fickian flux equations (38); in this scenario, all three components approach equilibrium
in a monotonous manner.

Figure 56b compares the transient equilibration trajectories in 3D composition space, using three

different flux calculation scenarios; the followed trajectories are significantly different.

19. nC6(1)22MP(2)222DMB(3) reaction with MFI catalyst

Consider uptake within MFI catalyst carrying out the isomerization of nC6 to produce a product

containing mono-branched 2-methylpentane (2MP) and di-branched 22DMB. We restrict our analysis to

the simplified reaction scheme nC6(1) 22MP(2) 222DMB(3) where the Langmuir-Hinshelwood (L-

H) reaction rate expressions for the two constituent reversible reactions, expressed as mol (kg ca‘[alys‘c)'1

s are Rgi = (k“q1 - kblqz), R = (kfzq2 —kb2q3). The subscripts f and b refer to the forward and

reverse reactions, and the subscripts 1 and 2 refer to the first and second isomerization reaction steps.
We assume kg = kp = 0.01 s and ky; = kyy = 0.001 s, The catalyst radius is taken to be r, = 0.2 mm.
Figure 57a presents simulations of transient uptake inside MFI catalyst exposed to a gas phase
nC6(1)/2MP(2)/22DMB(3) mixture at 433 K. The partial pressures of the components in the bulk gas
phase are p; = 50 kPa; p, = 25 kPa, p; =25 kPa. The mixture adsorption equilibrium is determined using

the IAST. The zero-loading M-S diffusivities are chosen as The zero-loading M-S diffusivities are

D,(0)/r2=0.0125s"; D,(0)/r2=0.0025 s"; D,(0)/r? = 5x10* s™'; the choice of these diffusivities is
ESI 42



. 4,22, 42, 71
based on earlier works.* 2> 4% 7

The continuous solid lines represent uptake simulations with the M-S
equation (36). We note that the most mobile nC6 displays an overshoot during transient uptake. 2-
methylpentane (2MP), with intermediate mobility, also exhibits a slight overshoot. The dashed lines
represent uptake simulations with uncoupled Fickian flux equations (38); in this scenario, all three
components approach equilibrium in a monotonous manner.

Figure 57b compares the transient equilibration trajectories in 3D composition space, using three
different flux calculation scenarios; the followed trajectories are significantly different.

In order to confirm that this conclusion also holds for fixed bed reactors of finite length, steady-state
simulations were performed for a fixed bed reactor. The gas phase molar concentrations as function of
the dimensionless length of the fixed bed, z/L are shown in Figure 58a,b. For the Fick model that
ignores thermodynamic coupling the rate of production of 22DMB is 1.17x107 mol (kg catalyst)' s';
this value is lower than either of the two different implementations of the M-S model. For the weak
confinement scenario, the rate of production of 22DMB is 2.13x10~ mol (kg catalyst)’ s™. For the
strong confinement scenario, the rate of production of 22DMB is 9.17x10™ mol (kg caltalyst)'1 s

The choice of the proper model is important in reactor modelling. In the transient uptake experiments

of Titze et al.

, the M-S model including thermodynamic coupling has been established to be a good
representation of the uptake of n-hexane/2-methylpentane mixtures in MFI zeolite.
The difference between the Fick and M-S model formulations become more prominent in transient

operations. To demonstrate this, we carried out transient fixed reactor simulations for the same set of

input conditions as in Figure 58. Figure 59 shows the molar concentrations in the gas phase exiting the

: . : . tv . s
reactor, plotted as a function of the dimensionless time, 7 =T The continuous solid lines represent

simulations with the M-S model, Equation (36), for the weak confinement scenario. The dashed lines
represent simulations ignoring thermodynamic coupling and use uncoupled flux equation (38). For the

M-S model the breakthrough of 22DMB occurs earlier and there is a period of time within which nearly
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pure 22DMB may be recovered as product. The exploitation of transient operation is best carried out in

simulated moving bed reactor configurations, as discussed in detail by Krishna and Baur. **

20. nC6(1)22MP(2)222DMB(3) reaction with MOR catalyst

Consider uptake within MOR catalyst carrying out the isomerization of nC6 to produce a product

containing mono-branched 2-methylpentane (2MP) and di-branched 22DMB. We restrict our analysis to

the simplified reaction scheme nC6(1) 22MP(2) 222DMB(3) where the Langmuir-Hinshelwood (L-

H) reaction rate expressions for the two constituent reversible reactions, expressed as mol (kg ca‘[alys‘c)'1

s are Rigi = (kflq1 - kblqz}, Rigo = (kfzq2 — kb2q3). The subscripts f and b refer to the forward and

reverse reactions, and the subscripts 1 and 2 refer to the first and second isomerization reaction steps. In
absence of reliable kinetic data assume the reaction rate constants to be the same as with MFI catalyst:
ke =k = 0.01 s and ky; = kyz = 0.001 s™'. The catalyst radius is taken to be r, = 1 mm.

Figure 60a presents simulations of transient uptake inside MOR catalyst exposed to a gas phase

nC6(1)/2MP(2)/22DMB(3) mixture at 433 K, carrying out the isomerization reaction

nC6(1)22MP(2) 2 22DMB(3). The partial pressures of the components in the bulk gas phase are p; =

P2 = p3 = 40 kPa. The zero-loading M-S diffusivities are B,(0)/r’ = 1x107s"; D,(0)/r2=2.5x10"*s"";
D,(0)/r2 = 1.9x10™ s™'; these diffusivities are based on MD simulation results of Van Baten and

Krishna;*® see Figures 27 and 28. The reaction rate constants are K¢ = 0.01 s, kp; = 0.001 s kp = 0.01
s, kyz = 0.001 s™'. The continuous solid lines represent uptake simulations include thermodynamic
coupling using equation (36). We note that the most mobile nC6 displays an overshoot during transient
uptake. 2-methylpentane (2MP), with intermediate mobility, also exhibits a slight overshoot. The
dashed lines represent uptake simulations ignoring thermodynamic coupling and use uncoupled flux

equation (38); in this scenario, both nC6 and 2MP approach equilibrium in a monotonous manner.
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Figure 60b compares the transient equilibration trajectories in 3D composition space, using three
different flux calculation scenarios; the followed trajectories are significantly different.
At steady-state, the gas phase concentrations of 22DMB along the length of a fixed zeolite bed

reactor, calculated using three different flux calculation scenarios, are shown in Figure 61. For the Fick
model that ignores thermodynamic coupling, the productivity of 22DMB is 9.9x10* mol (kg catalyst)”
s'.; this value is higher than that predicted by the M-S model (weak confinement): 8.7x10* mol (kg
catalyst)’ s, and the M-S model (strong confinement): 4.72x10™* mol (kg catalyst)" s,

From the MD simulation data of Van Baten and Krishna,26 it can be established that the M-S model

with the strong confinement scenario is the appropriate one to use; see Figures 27 and 28.

21.  ethene(1) + benzene(2) 2 ethylbenzene(3) reaction with MFI catalyst
H-ZSM-5, which has the MFI topology, is used as a catalyst for carrying out the ethylation of benzene

to produce ethylbenzene ethene(1)+ benzene(2) 2 ethylbenzene(3); for background on process and

reaction kinetics, see Hansen et al.””> 7* In our simulations we use the Langmuir-Hinshelwood rate
expression R, =K q, —K,d;. The forward and reverse reaction rate constants are taken to be k¢ =
0.05 mol™ kg s'and ky=0.05 s\,

Figure 62a presents the simulation results for transient uptake inside MFI catalyst exposed to a gas
phase ethene(1)/benzene(2)/ethylbenzene(3) mixture at 653 K; the partial pressures of the components

in the bulk gas phase are p; = 0.6 MPa; p, = 0.4 MPa; p; = 0 MPa. Based on MD simulation data,””  the

zero-loading M-S diffusivities are taken to be B,(0)/r? = 1x107 5™, D,(0)/r? =2x107s™"; B,(0)/r? =

1x10° s™. The continuous solid lines represent uptake simulations include thermodynamic coupling
using equation (36). We note that the most mobile species ethene displays an overshoot during
equilibration. The dashed lines represent uptake simulations ignoring thermodynamic coupling and use

uncoupled flux equation (38); in this scenario, no ethene overshoot is observed.
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Figure 62b compares the transient equilibration trajectories in 3D composition space, using three
different model implementations (Fick model, M-S model with weak and strong confinements). Both
the M-S model implementations (weak and strong confinement) predict the ethene overshoot and the
trajectories in composition space are significantly different from that anticipated by the Fick model.

The MD simulation data*” indicate that the M-S model with strong confinement is the appropriate
model to use.

In order to highlight the influence of thermodynamic coupling on conversion in fixed bed reactors, we
undertook steady-state simulations of fixed bed reactor packed with MFI catalyst exposed to a gas phase
ethene(1)/benzene(2)/ethylbenzene(3) mixture at 653 K. The continuous solid lines represent
simulations include thermodynamic coupling using Equation (36), with the strong confinement scenario.
The dashed lines represent simulations ignoring thermodynamic coupling and use uncoupled flux
equation (38). Figures 63a,b shows the molar concentrations in the gas phase along the reactor length.
The Fick model predicts the productivity of ethylbenzene to be: 1.6x10™ mol (kg catalyst)” s™; this
value is significantly higher than that predicted by either of the two M-S model implementations. For
weak the productivity is: 1.36x10~ mol (kg catalyst)”' s'; for strong confinement: 7.9x10™ mol (kg

catalyst)’ s

22.  ethane(1) 2 ethene(2) + hydrogen(3) reaction with MFI catalyst
Hansen et al.”* describe the use of MFI catalyst for the dehydrogenation of ethane to produce ethene:

ethane(1) 2 ethene(2) + hydrogen(3) . The reaction rate R, expressed as mol (kg catalyst)’ s is

Ry, =K;0, —k,0,0; . For our simulations we take k¢= 10 s and ky=0.005 mol” kg s™'.

Figure 64a presents the simulation results for transient uptake inside MFI catalyst exposed to a gas
phase ethane(1)/ethene(2)/hydrogen(3) mixture at 653 K. The partial pressures of the components in the
bulk gas phase are p; = 1.0 MPa; p, = 2 MPa, p; =3 MPa. The zero-loading M-S diffusivities, based on

MD simulations,”” "> are taken as B, /r? = 4x10” s™'; B,/r’= 8x10” s™'; B,/r? = 2x10" s”'. The
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continuous solid lines represent uptake simulations include thermodynamic coupling using equation
(36). We note that more mobile species hydrogen displays a slight overshoot during equilibration. The
dashed lines represent uptake simulations ignoring thermodynamic coupling and use uncoupled Fickian
equation (38); in this scenario, no hydrogen overshoot is observed.

Figure 64b compares the transient equilibration trajectories in 3D composition space, using three
different model implementations (Fick model, M-S model, with weak and strong confinements). Both
the M-S model implementations (weak and strong confinement) predict the hydrogen overshoot and the
trajectories in composition space are significantly different from that anticipated by the Fick model.

To examine the influence of thermodynamic coupling on conversion in fixed bed reactors, steady-
state simulations were performed, using three different flux calculation scenarios. Figure 65 shows the
molar concentrations of ethene in the gas phase along the reactor length. For the Fickian model that
ignores thermodynamic coupling, the rate of production of ethene is predicted to be 5.4x10™* mol (kg

catalyst)”’ s,

The predictions of the M-S model, with either weak or strong confinement, are only
different by about 10%. Diffusional effects are of lesser importance for small molecules such as Hy,

C,H4, and C,Hg; therefore there is no great penalty for using the simple Fick model for flux

calculations.
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23.

Ki
k>

Nsites

di
qi,sat
o

q;(t)

Fe

Notation
surface area per kg of framework, m” kg™

Langmuir-Freundlich constant for species i, Pa™

molar concentration, mol m™

total pore concentration in mixture, mol m™

pore diameter, m

M-S diffusivity for molecule-wall interaction, m* s™'

M-S exchange coefficient for n-component mixture, m” s™'
zero-loading M-S diffusivity for molecule-wall interaction, m* s
partial fugacity of species i, Pa

total fugacity of bulk fluid mixture, Pa

number of species in the mixture, dimensionless

forward reaction rate constant, s™

backward reaction rate constant, s

length of packed bed reactor, m

number of species in the mixture, dimensionless

number of adsorption sites, dimensionless

molar flux of species i with respect to framework, mol m™ s™

partial pressure of species i in mixture, Pa
sorption 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™
spatial-averaged component uptake of species i, mol kg™

radial direction coordinate, m
radius of crystallite, m

gas constant, 8.314 J mol™ K™!
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rate of chemical reaction, mol (kg catalyst)” s

t time, s

T absolute temperature, K

Ui velocity of motion of adsorbate species i with respect to the framework material, m s™
Vv interstitial gas velocity in packed bed, m s™

Vo pore volume, m’ kg

X; mole fraction of species i in adsorbed phase, dimensionless

z distance coordinate, m

Greek letters

5,0 (AM]

Yij dimensionless parameter, 3 = BOL k
A( g((gz \ +1J
! 2
14 confinement parameter, y= 0 for weak , y=1 for strong, dimensionless
[ thermodynamic factors, dimensionless
] matrix of thermodynamic factors, dimensionless
o thickness of microporous membrane, m
0jj Kronecker delta, dimensionless
€ fractional pore volume of particle, dimensionless
£ voidage of packed bed, dimensionless
n effectiveness factor, dimensionless
G fractional occupancy of component i, dimensionless
Gy fractional vacancy, dimensionless
O fractional occupancy at catalyst surface, dimensionless
Go fractional occupancy at centre of catalyst, dimensionless
® dimensionless parameter, ® = \/2(1 ~ ¥ - 2InC)/ \{ﬂ)
1-1/9|
®; loading of species i, molecules per unit cell
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Oi sat saturation loading of species i, molecules per unit cell

O total molar loading of mixture, molecules per unit cell

.(0) [l 040y ((%))j
A dimensionless diffusivity ratio, A = E)Z 0 Dlz (O)

Ol 10,0020
DlZ(O)
y7s molar chemical potential of component i, J mol™
1w molar chemical potential of component i at standard state, J mol™
V; stoichiometric reaction coefficient, dimensionless
v Freundlich exponent, dimensionless
4 dimensionless radial coordinate, r/r., dimensionless
E E= \/Ly(l +(6, + ezs)wj
& D,,(0)
T spreading pressure, N m™
Yo, framework density, kg m™
T dimensionless time, dimensionless
. r, K, K, . .
@ Thiele modulus, g=—= [ ——+ , dimensionless
3V Bi(0) b,(0)
O] modified Thiele modulus; see Table 3, dimensionless
v dimensionless parameter, ¥ = (A+1-M)8, )k +(1+(A-D8,, )k,
(Ak, +k,)

Subscripts

b referring to backward reaction
c referring to crystallite

f referring to forward reaction

i referring to component i

] referring to component j
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sat

referring to component n
referring to total mixture
referring to position, &= 0.
referring to species 1

referring to species 2

referring to position &= 1.
referring to saturation conditions

vacancy
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24. Tabulated data on zeolite structural parameters, along with input
data on isotherms, diffusivities, and reaction rate constants

Table 1. Salient information on zeolite structures.

Zeolite Channel or window size/ A

MFI 10-ring intersecting channels of 5.1 A —5.5 A and 5.3 A — 5.6 A size

FAU 11.4 A size cages separated by 7.4 A size windows. The sodalite cages are blocked in
simulations and are not accessible to guest molecules. Cage size is calculated on the basis
of the equivalent sphere volume.

CHA 8.4 A size cages separated by 3.8 A size windows.

LTA 11.2 A size cages separated by 4.1 A size windows. The sodalite cages are blocked in
simulations and are not accessible to guest molecules.

BEA Intersecting channels of two sizes: 12-ring of 7.1 A - 7.3 A and 10-ring of 5.6 — 5.6 A

LTL 12-ring 1D channels of 7.1 A size

MOR 12-ring 1D main channels of 6.5 A -7 A size, connected with 8-ring side pockets of 2.6 A -
5.7 A size

TON 10-ring 1D channels of 4.6 A -5.7 A size

MTW 12-ring 1D channels of 5.6 A -6 A size

FER 10-ring 1D main channels of 4.2 A -5.4 A size, connected with 8-ring side pockets of 3.5 A

-4.8 A size
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Table 2. Unit cell dimensions, unit cell volumes, pore volumes of various all-silica zeolites. Also
indicated are the framework density, p, (expressed as kg per m® framework), the factor to convert from
molecules per unit cell to kmol/m’ of accessible pore volume.

Structure a/ b/ c/ Unit cell | Pore Fractional Pore Framework Conversion
volume/ volume per volume/ density/ factor
unit cell/ pore volume
A3
A cm’/g kg/m’
A A A
MFI 20.02 19.90 13.38 5332.03 1584.94 0.297 0.165 1796.39 1.0477
BEA 12.66 12.66 26.41 423291 1728.05 0.408 0.271 1508.56 0.9609
LTL 31.98 18.47 7.48 4415.45 1221.27 0.277 0.170 1626.97 1.3597
MOR 18.09 20.52 7.52 2793.03 795.41 0.285 0.166 1714.69 2.0877
FER 19.16 14.13 7.49 2026.65 573.24 0.283 0.160 1772.33 2.8968
TON 13.86 17.42 5.04 1216.29 231.39 0.190 0.097 1968.76 7.1763
MTW 24.86 5.01 24.33 2887.49 620.55 0.215 0.111 1935.03 2.6759
FAU 24.28 24.28 24.28 14313.51 6285.60 0.439 0.328 1338.37 0.2642
CHA 15.08 2391 13.80 4974.57 1898.40 0.382 0.264 1444.10 0.8747
LTA 24.61 24.61 24.61 14905.10 5944.38 0.399 0310 1285.25 0.2794
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Table 3. Calculation of modified Thiele modulus for various scenarios. Adapted from Baur and Krishna.’!

Scenario Formula for modified Thiele | Remarks about analytic solution
Modulus
Equal diffusivities: b=9g= Exact for facile exchange. For finite exchange,
a very good approximation.
B,(0)=b,(0)
Strong confinement O=¢g fEY Exact for facile exchange. For finite exchange,
a very good approximation.
Weak confinement ¢ BEY Exact for facile exchange in the limiting cases
o=rr=—"

¢ —> o0 and ¢ — 0. For all other cases,

including that for finite exchange, a very good
approximation.

C

e
2

3)

“)

®)

Classical scenario: @ = ¢ .
Weak confinement scenario for the diffusivities. Also ignored are the correlation effects, i.e.

b, /b, > 0; B,/D, — 0. Thermodynamic coupling effects are accounted for using the mixed-gas Langmuir

isotherm model. @ =

¢ pEY
G

Strong confinement scenario for the diffusivities in which the diffusivities are related to the zero-loading diffusivities
by B, =D, (0)8, . Also ignored are the correlation effects, i.e. B, /D, - 0; B,/D,, — 0. Thermodynamic
coupling effects are accounted for using the mixed-gas Langmuir isotherm model. ® = ¢ S EV

Weak confinement scenario for the diffusivities. Thermodynamic coupling effects are accounted for using the mixed-

gas Langmuir isotherm model. Correlation effects are accounted for with finite values of B,/D,,; D,/D,, .

o_ $BEY
)

Strong confinement scenario for the diffusivities in which the diffusivities are related to the zero-loading diffusivities

by B, =D,(0)6,. Thermodynamic coupling effects are accounted for using the mixed-gas Langmuir isotherm

model. Correlation effects are accounted for with finite values of B, /D,,; B,/D,,. ©=¢ fEV¥
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Table 4. Dual-site Langmuir parameters for hexane isomers in MFI at 362 K. The fits correspond to

CBMC simulations. '® ** * Note that the saturation capacities are specified in molecules per unit cell.

Multiply these by 0.17337 to obtain the loading values in mol per kg framework.

®i0(p) =0;,+0;5=

®i,sat,Abi,A p + ®i,sat,Bbi,B p
1+b ,p 1+Dbgp

Component Dual Langmuir Parameters
Site A Site B
bi,A ®i,sat,A bi,B ®i,sat,B
/Pa’! /molecules uc’! /Pa’! /molecules uc’!
nCs 6.32 x10 4.0 1.7 x107 4.0
3MP 4.75 x10” 4.0 2.27 x107 23
2DMB 1.085 x107 4.0 2.27 x107 0.0

The zero-loading M-S diffusivities are B,(0)/r?=2x10"*s"; B,(0)/r?=2x10"s"; D,(0)/r? = 1x10"

s'. The Langmuir-Hinshelwood (L-H) reaction rate expressions for the two constituent reversible

reactions, expressed as mol (kg catalyst)' s are Rigt = (k“q1 —kblqzl Ryg.2 =(kfzq2 —kb2q3). The

reaction rate constants are kg = 0.01 s, ko = 0.001 s’ kp = 0.01 s, ky = 0.001 s
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Table 5. Dual-site Langmuir-Freundlich parameters for pure component hexane isomers at 433 K in

BEA zeolite. The parameters are obtained by re-fitting the isotherm data of Bércia et al.,”” measured at

three different temperatures, 423 K, 473 K, and 523 K. The data were fitted with T-dependent

parameters. The tabulated values below are interpolated from the T-dependent parameters, for T = 433

K.
q=q bi,A ini'A bi,B ini"B
M bl e
Site A Site B
Qi sat bia Via 0iB,sat b ViB
N N dimensionless
mol kg Pa"* dimensionless | mol kg Pa™"®
nCé6 0.32 2.43x10°° 1.36 0.6 1.04x1072 0.8
3MP 0.44 6.97x107 1 0.51 1.13x107 1
22DMB 0.31 6.18x10™ 0.85 0.67 2.63x10° 1.13

The zero-loading M-S diffusivities are B,(0)/r?=0.01s"; D,(0)/r>=0.005s"; D,(0)/r>=1x10"s".

The Langmuir-Hinshelwood (L-H) reaction rate expressions for the two constituent reversible reactions,

expressed as mol (kg catalyst)” s are Rg: = (k“q1 - kblqzl Ry = (kfzq2 - kb2q3). The reaction rate

constants are

kfl

0.005 s, ky

= 0.001 s7;

kf2=

0.005 s, ky

0.001 s
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Table 6. Dual-site Langmuir-Freundlich parameters for pure component pentane and hexane isomers at

433 K in MFI zeolite. The fits correspond to CBMC simulations.'® ** * Note that the saturation

capacities are specified in molecules per unit cell. Multiply these by 0.17337 to obtain the loading

values in mol per kg framework.

VA
®i,sat,Abi,A p

O ..b.p*
+ i,sat,B™i,B

0 =0 ,+0,,=
M T 1, p 1+ p"
Site A Site B
®i,A,sat bi,A ViA ®i,B,sat bi,B ViB
dimensionless
molecules uc’ | Pa " dimensionless | moleculesuc’ | Pg~*®
nCs 4 6.26x10° L12 4 1.94x10™ !
2MB 4 1.69x10™ 1 2 4.93x10” !
Neo-pentane 4 1.24x10™* 1
nC6 3.2 2.21x10° 1.6 4.3 7.42x10™ !
2mP 4 7.85x10™ 1.03
3MP 4 4.22x10™ 1.02 ! 9.88x107 !
22DMB 4 2.55%10™ 1.02
23DMB 4 4.59x10™ 1.02

The zero-loading M-S diffusivities are B,(0)/r>=0.0125s"; D,(0)/r>=0.0025s"; D,(0)/r? = 5x10™

s'. The Langmuir-Hinshelwood (L-H) reaction rate expressions for the two constituent reversible

reactions, expressed as mol (kg catalyst)' s are Rigi = (k“q1 —kblqzl R = (kfzq2 —kb2q3). The

reaction rate constants are Ky = 0.01 s, ko = 0.001 s kp

0.01 s, ky, = 0.001 s™.
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Table 7. Dual-site Langmuir parameters for hexane isomers in MOR at 433 K. The fits correspond to
CBMC simulations. Note that the saturation capacities are specified in molecules per unit cell. Multiply

these by 0.34673 to obtain the loading values in mol per kg framework.

®i,sat,Abi,A p + ®i,sat,Bbi,B p

0,=0,,+0,; =
’ ’ 1+b ,p 1+bgp
Component Dual Langmuir Parameters
Site A Site B
bi,A ®i,sat,A bi,B ®i,sat,B
/Pa’! /molecules uc’! /Pa’! /molecules uc’!
nCs 4.27x10™ 1.5 8.78x10° 0.45
2MP 6.77x10* 1.5 6.34x10°° 0.5
2DMB 3.06x10™ 1.96 2.05x107 0.54

The zero-loading M-S diffusivities are B, (0)/r>= 1x107 s7; B,(0)/r’= 2.5x10" s7; B,(0)/r? =

1.9x10" s, The Langmuir-Hinshelwood (L-H) reaction rate expressions for the two constituent
reversible reactions, expressed as mol (kg catalyst)™! s are

Rigi = (kflql - kblqz), Rig2 = (kfzq2 - kb2q3). The reaction rate constants are kg = 0.01 s™, ky; = 0.001

s kn=0.01s", kpp=0.001s".
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Table 8. Single-site Langmuir parameters, and M-S diffusivities Di/ r’, for pure component 2MB,
2MP, and 22DMB at 473 K in MFI zeolite. The parameters are based on the experimental data of
Jolimaitre et al.®* ® All simulations of the breakthrough experiments of Jolimaitre et al.”’ were
performed for extrudate 2; bed voidage, ¢ = 0.4; density of extrudate 2, p = 620.8 kg m™; The
interstitial velocity v varied with each run and were taken from Table 6 of Jolimaitre et al.*® The partial
pressures of each of the components 2MB, 2MP, and 22DMB at the inlet to the reactor are specified
using the data provided in Table 6 of Jolimaitre et al.> Note that the saturation capacities are specified

in molecules per unit cell. Multiply these by 0.17337 to obtain the loading values in mol per kg

framework.

_ ®i,satbi P | Oisa b; Di /rc2

"o l+bp
molecules uc! | Pa’ 0
S

2MB 4 4.12x107 0.0075
2MP 4 1.27x10™ 0.005
22DMB 4 7.12x107 0.0000625

The zero-loading M-S diffusivities are B,(0)/r? = 5x107 s™; D,(0)/r? = 6.25x10” s'. The rate of
chemical reaction, 2MP(1) 222DMB(2), expressed as moles per kg catalyst per second, R, , is written

as R, =k,q, —k,0, . The reaction rate constants are k; = 0.0011 s, ky =0.00055 s™'; these rate constants

are taken from Baur and Krishna.®'

ESI 59



Table 9. Single-site Langmuir fit parameters of the isotherms for o-xylene, m-xylene and p-xylene in
MFI zeolite at 433 K. The pure component isotherms are obtained from the molecular simulation data of
Torres-Knoop et al.,”* as reported on page S61 of the Supplementary material of their paper. The
simulation data are for orthorhombic MFI zeolite using the van Koningsveld structural framework
parameters. Note that the saturation capacities are specified in molecules per unit cell. Multiply these

by 0.17337 to obtain the loading values in mol per kg framework.

Langmuir fits
o-xylene
m-xylene
p-xylene

@ »dq

'CBMC simulations;
pure hydrocarbons;
433 K; MFI

102 10® 10* 105 108 10" 108 10°

Component loading, g, / molecules uc’

Bulk fluid phase fugacity, f,/ Pa

@_ — M ®i,sat bi
' l+bp
molecules uc’! Pa!
o-xylene 4 o 10_7
m-xylene 4 2108
p-xylene 4 STl0

The zero-loading diffusivities are B,(0)/r’ = 1x10° s™; B,(0)/r>= 1x10* s, The rate of chemical
reaction, expressed as moles per kg of catalyst per second is written as R, =k, —k,q,. The rate

constants are taken as: k; = 1x10™ s, k, = 5x107 7.
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Table 10. Single-site Langmuir fit parameters of the isotherms for ethene (1), benzene (2), and
ethylbenzene (3) in MFI zeolite at 653 K. The pure component isotherms are obtained from the
molecular simulation data of Hansen et al.”” "> for the range of pressure up to 1 MPa. Hansen provides

the isotherm fit parameters for a 3-site Langmuir fit. For our purposes in this article the simpler single

®i,satbi p

site @, =
1+b p

is of sufficient accuracy for total mixture loadings below 4 molecules per unit cell.

Note that the saturation capacities are specified in molecules per unit cell. Multiply these by 0.17337 to

obtain the loading values in mol per kg framework.

100 ¢
" 40 L pure component
= E CBMC; 653 K
2 © MFI
= 102
o] E
ccﬁ C
k] 108 =
© E
o £
< oL
o 10%g Langmuir fit
g g ® Bz
g 10 A FEtBz
© I ethene
10-6 Lol Lol Lol Lol I}
10° 102 108 104 105 108
Bulk gas phase fugacity, f / Pa
0. b O sat bi
_ isat™i .
O = Tibp
+0,.p
molecules uc Pa’!
cthene 4 2.75 x107
benzene 4 1.93x107°
ethylbenzene 4 255 %10°

The zero-loading M-S diffusivities are taken to be B,(0)/r2= 1x10" s, ,(0)/r?= 2x107 s™;
b, (0)/ r’= 1x10° s'. In our simulations we use the Langmuir-Hinshelwood rate expression

R, =k;0,d, —k,d; . The forward and reverse reaction rate constants are taken to be ke = 0.05 mol ' kg s

Pand k,=0.05s".
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Table 11. Single-site Langmuir fit parameters of the isotherms for ethane (1), ethene(2), hydrogen (3) e
in MFI zeolite at 653 K. The pure component isotherms are obtained from the molecular simulation data

of Hansen et al.””»7* for the range of pressure up to 1 MPa. Hansen provides the isotherm fit parameters

for a 3-site Langmuir fit. For our purposes in this article the simpler single site ®, =

sufficient accuracy for total mixture loadings below 4 molecules per unit cell. Note that the saturation
capacities are specified in molecules per unit cell. Multiply these by 0.17337 to obtain the loading

values in mol per kg framework.
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10* 10° 108
Bulk gas phase fugacity, f / Pa
0 - ®i,satbi p O sat b;
' 1+b
i P
molecules uc™ Pa™
hydrogen 4 5x10°
cthene 4 2.75 x107
ethane 4 4.03 x107

The zero-loading M-S diffusivities are B,(0)/r’ = 4x107 s™; D,(0)/r?= 8x10° s; D,(0)/r? =
2x107 5™, The reaction rate R, expressed as mol (kg catalyst)’ s is

R, =k;0, —k,0,0; . For our simulations we take ke =10 s and ky=0.005 mol” kg s™.
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26.  Caption for Figures

Figure 1. Pore landscape of all-silica BEA zeolite.

Figure 2. Structural details for BEA zeolite.

Figure 3. Pore landscape of all-silica CHA zeolite.

Figure 4. Structural details for CHA zeolite.

Figure 5. Pore landscape of all-silica FAU zeolite.

Figure 6. Structural details for FAU zeolite.

Figure 7, Figure 8, Figure 9, and Figure 10. Pore landscape of all-silica FER zeolite.

Figure 11. Structural details for FER zeolite.

Figure 12. Pore landscape of all-silica LTA zeolite.

Figure 13. Structural details for LT Azeolite.

Figure 14. Pore landscape of all-silica LTL zeolite.

Figure 15. Structural details for LTL zeolite.

Figure 16. Pore landscape for MFI zeolite.
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Figure 17. Structural details for MFI zeolite.

Figure 18. Pore landscape of all-silica MOR zeolite.

Figure 19. Structural details for MOR zeolite.

Figure 20. Pore landscape of all-silica MTW zeolite.

Figure 21. Structural details for MTW zeolite.

Figure 22. Pore landscape of all-silica TON zeolite.

Figure 23. Structural details for TON zeolite.

Figure 24. (a) Thermodynamic factor I" for single-site Langmuir isotherm, plotted as a function of the

fractional occupancy. (b) Inverse thermodynamic factor 1/T", plotted as a function of the fractional

occupancy.
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Figure 25. MD data®'® on the loading dependence of the M-S diffusivities of various guest molecules

in all-silica MFI zeolite at 300 K.

Figure 26. Experimental data on the M-S diffusivity, B;, of (a) iso-butane (iC4),” (b) n-hexane (nC6),*
and (c) n-heptane (nC7)20 in MFI zeolite as a function of the loading, compared with the corresponding

dependence of the inverse thermodynamic factor 1/T;, .

Figure 27. Molecular Dynamics (MD) simulation data for the M-S diffusivity, B;, of (a) n-hexane
(nC6), (b) 2-methylpentane (2MP), and 2,2 dimethylbutane (22DMB) in MOR zeolite at 433 K plotted
as a function of the loading, expressed in molecules per unit cell. The MD data are taken from Figure Sa

of Van Baten and Krishna.?®

Figure 28. Comparing the M-S diffusivity, B;, of (a) n-hexane (nC6), (b) 2-methylpentane (2MP), at 433
K determined from unary MD with those determined from MD data for 50:50 binary nC6/2MP
mixtures. The x-axis is the fractional occupancy = 6,+6,. The unary and mixture MD data are taken

from Van Baten and Krishna.?*

Figure 29. (a) 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. (b) Effective

diffusivity of ethene within MFI catalyst as a function of the mixture loading.”’
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Figure 30. (a) Pure component sorption isotherms for nC6, 3MP and 22DMB in MFI at 362 K. The
symbols represent CBMC simulation data.** ** *° The continuous lines are the dual site Langmuir fits
using the parameters as specified in Table 4. (b) CBMC simulations (denoted by symbols), of loadings
in MFI zeolite at 362 K for equimolar ternary nC6/3MP/22DMB mixture. The continuous solid lines are
calculations using IAST, with the DSL parameter inputs as specified in Table 4. (c) Fractional vacancy
for equimolar ternary mixture of C6, 3MP and 22DMB as a function of the total pressure. The
continuous solid line represents calculations of & using IAST, with the DSL parameter inputs as

specified in Table 4.

Figure 31. (a) Pure component sorption isotherms for nC6, 3MP and 22DMB in MFI at 433 K. The
symbols represent CBMC simulation data.”* ** * The continuous lines are the fits using the dual-site
Langmuir-Freundlich model; the parameter values are specified in Table 6. (b, ¢) CBMC simulations
(denoted by symbols), of loadings in MFI zeolite at 433 K for equimolar ternary nC6/3MP/22DMB
mixture. The continuous solid lines are calculations using IAST, with parameter values specified in

Table 6.

Figure 32. (a) Pure component sorption isotherms for nC6, 2MP, 3MP, 22DMB and 23DMB in MFI at
433 K. The symbols represent CBMC simulation data.** *®>® The continuous lines are the fits using the
dual-site Langmuir-Freundlich model; the parameter values are specified in Table 6. (b, c) CBMC

simulations (denoted by symbols), of loadings in MFI zeolite at 433 K for equimolar 5-component
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nC6/2MP/3MP/22DMB/23DMB mixture. The continuous solid lines are calculations using IAST, with

parameter values specified in Table 6.

Figure 33. (a) Pure component sorption isotherms for nC5, 2MB and neo-pentane in MFI at 433 K. The
symbols represent CBMC simulation data.** ** *° The continuous lines are fits using the dual-site
Langmuir-Freundlich model; the parameter values are specified in Table 6. (b, c) CBMC simulations
(denoted by symbols), of loadings in MFI zeolite at 433 K for equimolar ternary nC5/2MB/neo-pentane
mixture. The continuous solid lines are calculations using IAST, with parameter values specified in

Table 6.

Figure 34. (a) CBMC simulations (open symbols) of the sorption isotherms for pure hexane isomers
nC6, 2MP, 22DMB in MOR at 433 K. The continuous solid lines in represent the dual-site Langmuir
fits of the isotherms with the parameter values specified in Table 7. (b) CBMC simulations for binary
mixture nC6(1)/22DMB(2), with p;= p,, in MOR at T = 433 K. The continuous solid lines are IAST

calculations.

Figure 35. (a) One 12- ring channel of MOR, [100] view. (b,c,d) Snapshots of the conformation and

siting of siting of nC6, 2MP, and 22DMB.

Figure 36. Discretization schemes for a single spherical crystallite.
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Figure 37. Schematic of a packed bed reactor with step input of feed gas mixture.

Figure 38. Summary of model equations describing packed bed adsorber, along with discretization

scheme.

Figure 39. Schematic of a packed bed reactor with pulse input of feed gas mixture.

Figure 40. (a) Calculation of the effectiveness factor, 7, for uptake inside MFI catalyst exposed to a gas

phase 2MP(1)/22DMB(2) mixture at 473 K, carrying out the isomerization reaction

2MP(1) 222DMB(2). The partial pressures of the components in the bulk gas phase are p; = p, = 10

kPa. The ratio of rate constants K;/k, = 2. The values of the rate constant K; are varied. The zero-loading

diffusivities D,(0) = 2x10 m? s b,(0) = 2.5x10'® m? 5. The radius of the crystal r, =2 um. The

classical Thiele modulus plotted on the x-axis is ¢ = L \/L +L . (b) The effectiveness factor
3V Bi(0) B,(0)

as a function of the fractional occupancy at the catalyst surface, 6,5+ 6. The partial pressures of the
components in the bulk gas phase are p; = p,. The total pressure p; +p, is varied in the range 0 to 40
kPa. The x-axis is the fractional occupancy at the catalyst surface, 65+ 6hs. The reaction rate constant
k;=0.0011 s™'; the ratio of rate constants Ki/k, = 2; ¢=1.0011. The calculations using the three different

scenarios are based on the analytical solutions provided by Baur and Krishna.®'
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Figure 41. (a) Calculation of the effectiveness factor,7, for uptake inside MFI catalyst exposed a gas

phase o-xylene(1)/p-xylene(2) mixture at 433 K, carrying out the isomerization reaction
o —xylene(1)2p —xylene(2). The partial pressures of the components in the bulk gas phase are p; = 1

MPa; p, = 1 MPa. The zero-loading diffusivities B,(0) = 1x10"° m* s™'; D,(0) = 1x10"* m* s™". The

radius of the crystal r. = 10 um. The ratio of rate constants K;/k, = 2. The values of the rate constant k;

are varied. The classical Thiele modulus plotted on the x-axis is ¢5Ei \/L+ ky . (b) The
3V B(0) B,(0)

effectiveness factor as a function of the fractional occupancy at the catalyst surface, 63+ 6. The
partial pressures of the components in the bulk gas phase are p; = p,. The total pressure p; +p is varied
in the range 0 to 3 MPa. The x-axis is the fractional occupancy at the catalyst surface, s+ 6. The
reaction rate constant k;=1x10"* s™'; the ratio of rate constants ki/k, = 2; ¢ = 3.34. The calculations using

the three different scenarios are based on the analytical solutions provided by Baur and Krishna.®'

Figure 42. (a) Transient uptake inside MFI catalyst exposed to a gas phase 2MP(1)/22DMB(2) mixture

at 473 K, carrying out the isomerization reaction 2MP(1) 222DMB(2). The partial pressures of the

components in the bulk gas phase are p; = p, = 10 kPa. The input data for isotherms, diffusivities, and
reaction rate constants are provided in Table 8. The continuous solid lines represent uptake simulations
include thermodynamic coupling using the M-S equation (36). The dashed lines represent uptake
simulations use uncoupled flux equation (38). (b) Transient equilibration trajectories of the component

loadings plotted in composition space.
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Figure 43. Equilibration trajectories for 2MP(1) 2 22DMB(2) plotted in ternary occupancy space, with

coordinates, 6, (2MP), 6, (22DMB), &, (MFI zeolite vacancy). The input data are the same as in Figure

42.

Figure 44. Equilibration trajectories for 2MP(1) 2 22DMB(2) plotted in ternary occupancy space, with

coordinates, 6 (2MP), & (22DMB), &, (MFI zeolite vacancy). The bulk gas phase partial pressures are

varied as indicated. The diffusivity and kinetics data are the same as in Figure 42.

Figure 45. Steady-state radial distribution of component loadings for uptake inside MFI catalyst

exposed to a gas phase 2MP(1)/22DMB(2) mixture at 473 K, carrying out the isomerization reaction

2MP(1) 2 22DMB(2). The partial pressures of the components in the bulk gas phase are p; = p, = 10

kPa. The reaction rate constant k;=0.0011 s'l; ki/k, = 2; ¢=1.0011. Other parameters are the same as in
the legend to Figure 42. The continuous solid lines represent uptake simulations include thermodynamic
coupling using equation (36). The dashed lines represent uptake simulations ignoring thermodynamic

coupling and use uncoupled flux equation (38).
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Figure 46. (a) Transient breakthrough simulations for fixed bed 2MP(1)/22DMB(2) isomerization

reactor with MFI extrudates, carrying out the isomerization reaction 2MP(1) 2 22DMB(2). The partial

pressures of the components in the bulk gas phase at the reactor inlet are p; = 40 kPa, p, = 0 kPa. The
parameter values are: L = 0.795 m; voidage of bed, & = 0.4; interstitial gas velocity, v =0.019 m/s. The
continuous solid lines represent simulations using equation (36), along with the weak confinement
scenario. The dashed lines represent breakthrough simulations ignoring thermodynamic coupling and
using uncoupled flux equation (38). The input data are provided in Table 8. The plot show the molar

concentrations in the gas phase as a function of the dimensionless time, 7 =tv/L, obtained by dividing

the actual time, t, by the characteristic time, L/v. (b) The plot shows the molar concentrations in the gas

phase along the dimensionless length of the fixed bed, z/L, at steady-state. (c) Steady-state molar

concentrations of 22DMB along the length of the fixed bed for three different flux calculation scenarios.

Figure 47. (a) Transient uptake inside MFI catalyst exposed to a gas phase o-xylene(1)/p-xylene(2)

mixture at 303 K, carrying out the isomerization reaction o—xylene(1)2p—xylene(2). The partial

pressures of the components in the bulk gas phase are p; = p, = 5 MPa. The input data for isotherms,
diffusivities, and reaction rate constants are provided in Table 9. The continuous solid lines represent
uptake simulations include thermodynamic coupling using equation (36). The dashed lines represent
uptake simulations ignoring thermodynamic coupling and use uncoupled flux equation (38). (b)

Transient equilibration trajectories of the component loadings plotted in composition space.
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Figure 48. Equilibration trajectories for o—xylene(1)gp—xylene(2) plotted in ternary occupancy

space, with coordinates, 8, (o-xylene), & (p-xylene), &, (MFI zeolite vacancy). The input data are the

same as in Figure 47.

Figure 49. Equilibration trajectories for o—xylene(l1)2p—xylene(2) plotted in ternary occupancy

space, with coordinates, &, (o-xylene), & (p-xylene), & (MFI zeolite vacancy). The bulk gas phase
partial pressures are varied as indicated. The input data for isotherms, diffusivities, and reaction rate
constants are the same as in Figure 47. The input data for isotherms, diffusivities, and reaction rate

constants are provided in Table 9.

Figure 50. Steady-state radial distribution of component loadings for uptake inside MFI catalyst

exposed to a gas phase o-xylene(1)/p-xylene(2) mixture at 433 K, carrying out the isomerization

reaction o—Xxylene(1)2p—xylene(2). The partial pressures of the components in the bulk gas phase

are p; = p2 = 5 MPa. The input data for isotherms, diffusivities, and reaction rate constants are the same
as in Figure 47. The continuous solid lines represent simulations using equation (36), along with the
strong confinement scenario. The dashed lines represent uptake simulations ignoring thermodynamic

coupling and use uncoupled flux equation (38).
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Figure 51. Steady-state simulations for fixed bed reactor, carrying out the isomerization reaction

o —xylene(1)2p — xylene(2) with MFI catalyst. The partial pressures of the components in the bulk

gas phase at the reactor inlet are p; = 10 MPa, p, = 0 MPa. The parameter values are: L = 1 m; voidage
of bed, £= 0.4; interstitial gas velocity, v =0.00001 m/s. The reaction rate constant ki=1x10™ s7; ky/k, =
2; ¢ = 3.34. The input data for isotherms, diffusivities, and reaction rate constants are the same as in
Figure 47. The plot shows the molar concentrations in the gas phase along the dimensionless length of
the fixed bed, z/L, at steady-state. The continuous solid lines represent simulations using equation (36),
and the strong confinement scenario. The dashed lines represent simulations ignoring thermodynamic

coupling and using uncoupled flux equation (38).

Figure 52. Transient simulations for pulsed chromatographic reactor, carrying out the isomerization

reaction o — xylene(1) 2 p — xylene(2) with MFI catalyst. The feed to the reactor is a pulse, of 200 s

duration; the partial pressures of the components in the bulk gas phase at the reactor inlet are p; =p, =5
MPa. The parameter values are: L = 1 m; voidage of bed, &= 0.4; interstitial gas velocity, V= 0.0001 m
s, The reaction rate constant ki=1x10* s'; ki/k, = 2; ¢ = 3.34. The input data for isotherms,

diffusivities, and reaction rate constants are the same as in Figure 47. The plots show the molar

concentrations in the gas phase as a function of the dimensionless time, 7 =tv/L, obtained by dividing

the actual time, t, by the characteristic time, L/v. The continuous solid lines represent simulations using

equation (36), and the strong confinement scenario.
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Figure 53. (a) Transient uptake inside MFI catalyst exposed to a gas phase nC6(1)/3MP(2)/22DMB(3)

mixture at 362 K, carrying out the isomerization reaction nC6(1) 23MP(2) 2 22DMB(3). The partial

pressures of the components in the bulk gas phase are p; = 1000 Pa; p, = 1 Pa, p;= 1 Pa. The input data
for isotherms, diffusivities, and reaction rate constants are provided in Table 4. The continuous solid
lines represent uptake simulations include thermodynamic coupling using equation (36). The dashed
lines represent uptake simulations ignoring thermodynamic coupling and use uncoupled flux equation

(38). (b) Transient equilibration trajectories of the component loadings plotted in composition space.

Figure 54. (a, b) Steady-state simulations of fixed bed reactor packed with MFI catalyst exposed to a

gas phase nC6(1)/3MP(2)/22DMB(3) mixture at 362 K, carrying out the isomerization reaction

nC6(1) 23MP(2) 2 22DMB(3). The partial pressures of the components in the bulk gas phase at the

reactor inlet are p; = 1000 Pa; p, = 1 Pa, p; = 1 Pa. The total length of fixed bed, L = 0.35 m; the bed
porosity, & = 0.4, the interstitial velocity at the inlet v = 1 m s”. The input data for isotherms,
diffusivities, and reaction rate constants are the same as in Figure 53. The continuous solid lines
represent simulations using equation (36), and the weak and strong confinement scenarios. The dashed
lines represent uptake simulations ignoring thermodynamic coupling and use uncoupled flux equation
(38). The plot shows the molar concentrations in the gas phase along the dimensionless length of the
fixed bed, z/L, at steady-state. In (b) the gas phase 22DMB profiles are compared for the three different

flux calculation scenarios.
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Figure 55. Transient simulations of fixed bed reactor packed with MFI catalyst exposed to a gas phase

nC6(1)/3MP(2)/22DMB(3) mixture at 362 K, carrying out the isomerization reaction

nC6(1) 23MP(2) 2 22DMB(3) . The partial pressures of the components in the bulk gas phase at the

reactor inlet are p; = 1000 Pa; p, = 1 Pa, p; =1 Pa. The total length of fixed bed, L = 0.35 m; the bed
porosity, & = 0.4, the interstitial velocity at the inlet v = 1 m s”. The input data for isotherms,
diffusivities, and reaction rate constants are the same as in Figure 53. The continuous solid lines
represent simulations using equation (36), and the weak confinement scenario. The dashed lines
represent uptake simulations ignoring thermodynamic coupling and use uncoupled flux equation (38).

The plot show the molar concentrations in the gas phase as a function of the dimensionless

time, 7 =tv/L, obtained by dividing the actual time, t, by the characteristic time, L/v.

Figure 56. (a) Transient uptake inside BEA catalyst exposed to a gas phase nC6(1)/3MP(2)/22DMB(3)

mixture at 433 K, carrying out the isomerization reaction nC6(1) 23MP(2) 222DMB(3). The partial

pressures of the components in the bulk gas phase are p; = p, = p3 =20 kPa. The input data for
isotherms, diffusivities, and reaction rate constants are provided in Table 5. The continuous solid lines
represent uptake simulations include thermodynamic coupling using equation (36). The dashed lines
represent uptake simulations ignoring thermodynamic coupling and use uncoupled flux equation (38).

(b) Transient equilibration trajectories of the component loadings plotted in composition space.

Figure 57. (a) Transient uptake inside MFI catalyst exposed to a gas phase nC6(1)/2MP(2)/22DMB(3)

mixture at 433 K, carrying out the isomerization reaction nC6(1) 2 2MP(2) 222DMB(3). The partial
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pressures of the components in the bulk gas phase are p; = 50 kPa; p, = 25 kPa, p; =25 kPa. The input
data for isotherms, diffusivities, and reaction rate constants are provided in Table 6. The continuous
solid lines represent uptake simulations include thermodynamic coupling using equation (36). The
dashed lines represent uptake simulations ignoring thermodynamic coupling and use uncoupled flux
equation (38). (b) Transient equilibration trajectories of the component loadings plotted in composition

space.

Figure 58. (a, b) Steady-state simulations of fixed bed reactor packed with MFI catalyst exposed to a

gas phase nC6(1)/2MP(2)/22DMB(3) mixture at 433 K, carrying out the isomerization reaction

nCo6(1)22MP(2) 222DMB(3). The partial pressures of the components in the bulk gas phase at the

reactor inlet are p; = 90 Pa; p, = 5 kPa, p; = 5 kPa. The input data for isotherms, diffusivities, and
reaction rate constants are provided in Table 6. The input data for isotherms, diffusivities, and reaction
rate constants are the same as in Figure 57. The total length of fixed bed, L = 0.3 m; the bed porosity, &
= 0.4, the interstitial velocity at the inlet v= 0.1 m s™'. The continuous solid lines represent simulations
using equation (36), and the weak and strong confinement scenarios. The dashed lines represent uptake
simulations ignoring thermodynamic coupling and use uncoupled flux equation (38). The plot shows the
molar concentrations in the gas phase along the dimensionless length of the fixed bed, z/L, at steady-
state. In (b) the gas phase 22DMB profiles are compared for the three different flux calculation

scenarios.

Figure 59. Transient simulations of fixed bed reactor packed with MFI catalyst exposed to a gas phase

nC6(1)/2MP(2)/22DMB(3)  mixture at 433 K, carrying out the  isomerization
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reaction nC6(1) 2 2MP(2) 2 22DMB(3) . The partial pressures of the components in the bulk gas phase

at the reactor inlet are p; = 90 kPa; p, = 5 kPa, p; = 5 kPa. The input data for isotherms, diffusivities,
and reaction rate constants are the same as in Figure 57. The total length of fixed bed, L = 0.3 m; the
bed porosity, &€ = 0.4, the interstitial velocity at the inlet v = 0.1 m s™. The continuous solid lines
represent simulations using equation (36), and the weak confinement scenario. The dashed lines
represent uptake simulations ignoring thermodynamic coupling and use uncoupled flux equation (38).
The plot show the molar concentrations in the gas phase as a function of the dimensionless

time, 7 =tv/L, obtained by dividing the actual time, t, by the characteristic time, L/v.

Figure 60. (a) Transient uptake inside MOR catalyst exposed to a gas phase nC6(1)/2MP(2)/22DMB(3)

mixture at 433 K, carrying out the isomerization reaction nC6(1) 2 2MP(2) 222DMB(3). The partial

pressures of the components in the bulk gas phase are p; = p, = p3 = 40 kPa. The continuous solid lines
represent uptake simulations include thermodynamic coupling using equation (36). The dashed lines
represent uptake simulations ignoring thermodynamic coupling and use uncoupled flux equation (38).
The input data for isotherms, diffusivities, and reaction rate constants are provided in Table 7. (b)

Transient equilibration trajectories of the component loadings plotted in composition space.

Figure 61. Steady-state simulations of fixed bed reactor packed with MOR catalyst exposed to a gas

phase nCo6(1)/2MP(2)/22DMB(3) mixture at 433 K, carrying out the isomerization reaction

nCo6(1)22MP(2)222DMB(3). The plot shows the molar concentrations of the desired product

22DMB in the gas phase along the dimensionless length of the fixed bed, z/L, at steady-state. The partial
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pressures of the components in the bulk gas phase at the reactor inlet are p; = 1 MPa; p, = p; = 0 MPa.
The input data for isotherms, diffusivities, and reaction rate constants are provided in Table 7. The total
length of fixed bed, L = 1 m; the bed porosity, £= 0.4, the interstitial velocity at the inlet v=0.02 ms™.
The input data are the same as in Figure 60. The continuous solid lines represent simulations include
thermodynamic coupling using equation (36). The dashed lines represent simulations ignoring

thermodynamic coupling and use uncoupled flux equation (38).

Figure 62. (a) Transient wuptake inside MFI catalyst exposed to a gas phase

ethene(1)/benzene(2)/ethylbenzene(3) mixture at 653 K, carrying out the ethylation reaction

ethene(1) + benzene(2) 2 ethylbenzene(3). The partial pressures of the components in the bulk gas

phase are p; = 0.6 MPa; p, = 0.4 MPa, p; = 0.0 MPa. The input data for isotherms, diffusivities, and
reaction rate constants are provided in Table 10. The continuous solid lines represent uptake simulations
include thermodynamic coupling using Equation (36). The dashed lines represent uptake simulations
ignoring thermodynamic coupling and use uncoupled flux equation (38). (b) Transient equilibration

trajectories of the component loadings plotted in composition space.

Figure 63. Steady-state simulations of fixed bed reactor packed with MFI catalyst exposed to a gas

phase ethene(1)/benzene(2)/ethylbenzene(3) mixture at 653 K, carrying out the ethylation reaction

ethene(1) + benzene(2) 2 ethylbenzene(3) . The partial pressures of the components in the bulk gas phase

at the reactor inlet are p; = 0.6 MPa; p, = 0.4 MPa, p;= 0 MPa. The total length of fixed bed, L = 1 m;
the bed porosity, &= 0.4, the interstitial velocity at the inlet v= 0.1 m s™. The input data for isotherms,
diffusivities, and reaction rate constants are the same as in Figure 62. The plot show the molar

concentrations in the gas phase phase along the dimensionless length of the fixed bed, z/L. The
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continuous solid lines represent simulations using Equation (36), with the strong confinement scenario.
The dashed lines represent simulations ignoring thermodynamic coupling, equation (38). In (b) the

ethylbenzene concentrations in the gas phase are compared for three different model implementations.

Figure 64. (a) Transient uptake inside MFI catalyst exposed to a gas phase

ethane(1)/ethene(2)/hydrogen(3) mixture at 653 K, carrying out the dehydrogenation reaction

ethane(1) 2 ethene(2) + hydrogen(3) . The partial pressures of the components in the bulk gas phase are

p; = 1 MPa; p, = 2 MPa, p; = 3 MPa. The continuous solid lines represent uptake simulations include
thermodynamic coupling using Equation (36). The dashed lines represent uptake simulations ignoring
thermodynamic coupling and using uncoupled flux equation (38). The input data for isotherms,
diffusivities, and reaction rate constants are provided in Table 11. (b) Transient equilibration trajectories

of the component loadings plotted in composition space.

Figure 65. Steady-state simulations of fixed bed reactor packed with MFI catalyst exposed to a gas

phase ethane(1)/ethene(2)/hydrogen(3) mixture at 653 K, carrying out the dehydrogenation reaction

ethane(1) 2 ethene(2) + hydrogen(3) . The partial pressures of the components in the bulk gas phase at

the reactor inlet are p; = 1 MPa; p, = p; = 0 MPa. The total length of fixed bed, L = 1 m; the bed
porosity, & = 0.4, the interstitial velocity at the inlet v = 0.01 m s". The input data for isotherms,
diffusivities, and reaction rate constants are the same as in Figure 64. The plot show the molar
concentrations of ethene in the gas phase along the dimensionless length of the fixed bed, z/L. The input

data for isotherms, diffusivities, and reaction rate constants are provided in Table 11. The continuous
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solid lines represent simulations using Equation (36). The dashed lines represent simulations ignoring

thermodynamic coupling, equation (38).

ESI 84



BEA pore landscape

g

Figure S1

BEA
alA 12.661
b /A 12.661
c/A 26.406
Cell volume / A3 4232.906
conversion factor for [molec/uc] to [mol per kg Framework] 0.2600
conversion factor for [molec/uc] to [kmol/m?3] 0.9609
o [kg/m3] 1508.558
MW unit cell [g/mol(framework)] 3845.427
¢, fractional pore volume 0.408
open space / A3/uc 1728.1
Pore volume / cm3/g 0.271
Surface area /m?/g 923.0
DelLaunay diameter /A 5.87




B EA i i 800 X

pore dimensions :
700
- 600 [

e i BEA
€ 500 -
This plot of surface area versus pore dimension is determined using a 8 400 ;
combination of the DeLaunay triangulation method for pore dimension © F
determination, and the procedure of Duren for determination of the 8 300 F
surface area. £ E
=] r
200 -

100 | 7§
0 » ‘ W

N
(&)

6 7 8

Pore dimension / A

BEA[1 0 0] BEA[O O 1]



CHA landscape

Snapshots
showing location
of CH,and CO,

Figure S3

There are 6 cages per unit cell.
The volume of one CHA cage is
316.4 A3, slightly larger than that of
a single cage of DDR (278 A3), but

significantly lower than FAU (786
A3).

Snapshots
showin
of CH,

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




- - . 700 C
CHA window and pore dimensions :
600 [
"o 500
This plot of surface area versus pore dimension ; 400 -
is determined using a combination of the % F
DelLaunay triangulation method for pore o 300 F
dimension determination, and the procedure of g E
Diiren for determination of the surface area. E 200 L
n C
100 —
0 C
5.0 5.5 6.0 6.5 7.0 7.5 8.0
Pore dimension / A
alA 15.075
b /A 23.907
c/A 13.803
Cell volume / A3 4974574
conversion factor for [molec/uc] to [mol per kg Framework] 0.2312
conversion factor for [molec/uc] to [kmol/m?3] 0.8747
C HA o [kg/m3] 1444 1
MW unit cell [g/mol(framework)] 4326.106
¢, fractional pore volume 0.382
The window dimensions calculated using the van der 3
) open space / A3/uc 1898.4
Waals diameter of framework atoms = 2.7 A are
indicated above by the arrows. Pore volume / cm®/g 0.264
Surface area /m2/g 758.0
DelLaunay diameter /A 3.77




FAU'Sl pore landscape Flggre SO

The sodalite cages are blocked in
simulations and are not accessible to guest
molecules; these are excluded for pore
volume determination.

12-ring
window of FAU

There are 8 cages per unit cell.
The volume of one FAU cage is
786 A3, larger in size than that of
LTA (743 A3) and DDR (278 A3).

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




FAU-Si wi imensi
=1 window and pore dimensions E
800 |-
‘TU) :
This plot of surface area versus pore NE 600 C
dimension is determined using a ~ F
combination of the DeLaunay g B
triangulation method for pore dimension © =
determination, and the procedure of 8 400 r
Diiren for determination of the surface £ -
area. a L
200 -
0 I T TR TR ]
10.0 10.5 11.0 115 12.0
Pore dimension / A
FAU-SI
al/A 24.28
b /A 24.28
c/A 24.28
Cell volume / A3 14313.51
conversion factor for [molec/uc] to [mol per kg Framework] 0.0867
conversion factor for [molec/uc] to [kmol/m?3] 0.2642
p [kg/m3] 1338.369
MW unit cell [g/mol (framework)] 11536.28
¢, fractional pore volume 0.439
open space / A3/uc 6285.6
Pore volume / cm3/g 0.328
Surface area /m4/g 1086.0
DelLaunay diameter /A 7.37




FE R pore dimensions

200 -
150

100

Surface area / m? g'1

[
o

FER channel [0 0 1] FER [0 1 0]



FER Figure S8
pore landscape
8-ring channels

10-ring channels

This is one unit cell

There are two 10-ring channels
There are two 8-ring channels

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



Fi S9
F E R pore landscape 'gure

8-ring channels

10-ring channels




FE R pore dimensions

200 -
150

100

Surface area / m? g'1

[
o

FER channel [0 0 1] FER [0 1 0]



F E R pore landscape

Figure S11

FER
alA 19.156
b /A 14.127
c/A 7.489
Cell volume / A3 2026.649
conversion factor for [molec/uc] to [mol per kg Framework] 0.4623
conversion factor for [molec/uc] to [kmol/m?3] 2.8968
o [kg/m3] 1772.33
MW unit cell [g/mol (framework)] 2163.053
¢, fractional pore volume 0.283
open space / A3/uc 573.2
Pore volume / cm?3/g 0.160
Surface area /m2/g 403.0
DeLaunay diameter /A 4.65




LTA'SI landscapes 1553 hypothetical structure

constructed from dealuminized
LTA-5A structure

There are 8 cages per unit cell.

The volume of one LTA cage is 743
A3, intermediate in size between a
single cage of ZIF-8 (1168 A3) and of
DDR (278 A3).

Figure S12




LTA'Sl window and pore dimensions 700

8-ring
window
of LTA

The window dimension calculated using the van
der Waals diameter of framework atoms = 2.7 A is
indicated above by the arrows.

600

, "> 500 F
This plot of surface area versus pore ~ C
dimension is determined using a E C
combination of the DeLaunay © 400 ¢
triangulation method for pore dimension 5 E
determination, and the procedure of o 300 -
Diren for determination of the surface 8 E
area. 5 200
n C

100 F

0b

9.5

10.0 10.5 11.0 11.5

Pore dimension / A

LTA-Si
alA 24 .61
b /A 24.61
c/A 24.61
Cell volume / A3 14905.1
conversion factor for [molec/uc] to [mol per kg Framework] 0.0867
conversion factor for [molec/uc] to [kmol/m3] 0.2794
o [kg/m3] 1285.248
MW unit cell [g/mol(framework)] 11536.28
¢, fractional pore volume 0.399
open space / A3/uc 5944 4
Pore volume / cm?3/g 0.310
Surface area /m2/g 896.0
DelLaunay diameter /A 410




Figure S14

LTL pore landscapes




LTL pore dimensions Figure S15

Surface area / m? g'1

a/A 31.984
500 ¢ b /A 18.466
i c/A 7.476
400 ¢ Cell volume / A3 4415.449

- ell volume .
300 L conversion factor for [molec/uc] to [mol per kg Framework] 0.2312
conversion factor for [molec/uc] to [kmol/m?3] 1.3597
200 | o [kg/m3] 1626.965
MW unit cell [g/mol(framework)] 4326.106

100 -
0 i ¢, fractional pore volume 0.277
0 e open space / A3/uc 1221.3
8 9 10 11 Pore volume / cm?/g 0.170
Pore dimension / A Surface area /m?/g 521.0
DelLaunay diameter /A 7.47
This plot of surface area versus pore

dimension is determined using a
combination of the DeLaunay
triangulation method for pore dimension
determination, and the procedure of
Diren for determination of the surface
area.



M FI pore landscape

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/m?3] 1.0477
o [kg/m3] 1796.386
MW unit cell [g/mol(framework)] 5768.141
¢, fractional pore volume 0.297
open space / A3/uc 1584.9
Pore volume / cm?3/g 0.165
Surface area /m2/g 487.0
DelLaunay 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 S16




MFI pore dimensions r

_ 300+

3 200 -

10 ring channel g |

of MFI viewed @ 100

along [100] ;
0

1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]
4 5 6 7

Pore dimension / A

10 ring channel
of MFI viewed
along [010]




M O R pore landscape

Figure S18

MOR
alA 18.094
b /A 20.516
c/A 7.524
Cell volume / A3 2793.033
conversion factor for [molec/uc] to [mol per kg Framework] 0.3467
conversion factor for [molec/uc] to [kmol/m?3] 2.0877
p [kg/m3] 1714.691
MW unit cell [g/mol(framework)] 2884.07
¢, fractional pore volume 0.285
open space / A3/uc 795.4
Pore volume / cm?3/g 0.166
Surface area /m2/g 417.0
DeLaunay diameter /A 6.44

L 8 ring
side pocket

12 ring
channel




MOR pore dimensions 8 ring Figure S19

Surface area / m* g”

side pocket

12-ring \ '_

main channels

8 ring
side pocket

MOR Channel [1 0 0]

350
- X
300 -
- MOR
250 -
: This plot of surface area versus pore
200 ¢ dimension is determined using a
C combination of the DeLaunay
150 [ triangulation method for pore dimension
L determination, and the procedure of
L Diren for determination of the surface
100 1 area.

MOR [0 1 0]

3 4 5 6 7

Pore dimension / A



Fi 20
MTW pore landscape gure S

y y
MTW has 1D, 12-ring channels




300

MTW pore dimensions 250
T E MTW
O 200
This plot of surface area versus pore S [
dimension is determined using a B C
combination of the DeLaunay o 150 -
triangulation method for pore dimension © H
determination, and the procedure of 8 L
Duren for determination of the surface ‘!(:U 100 L
area. (?) C
50 |
0 OO0
. 4
MTW has 1D, 12-ring channels
Pore dimension / A
al/A 24.863
b /A 5.012
c/A 24.326
Cell volume / A3 2887.491
conversion factor for [molec/uc] to [mol per kg Framework] 0.2972
conversion factor for [molec/uc] to [kmol/m?3] 2.6759
p [kg/m3] 1935.031
MW unit cell [g/mol(framework)] 3364.749
¢, fractional pore volume 0.215
open space / A3/uc 620.6
Pore volume / cm?3/g 0.111
Surface area /m?/g 323.0
DelLaunay diameter /A 5.69




Fi S22
TON pore landscape laure

10-ring channel of TON




TON pore dimensions 250

10-ring channel of TON

200 oN

"o B

This plot of surface area versus pore NE 150 r
dimension is determined using a - L
combination of the DeLaunay 8 r
triangulation method for pore dimension © [
determination, and the procedure of o 100
Diren for determination of the surface £ [
area. ] =
(/)] .

50 B

0 :::::::::::
3 4

Pore dimension / A

Figure S23

TON

alA 13.859
b /A 17.42
c/A 5.038
Cell volume / A3 1216.293
conversion factor for [molec/uc] to [mol per kg Framework] 0.6935
conversion factor for [molec/uc] to [kmol/m?3] 71763
o [kg/m3] 1968.764
MW unit cell [g/mol(framework)] 1442.035
¢, fractional pore volume 0.190
open space / A3/uc 231.4
Pore volume / cm?3/g 0.097
Surface area /m2/g 253.0
DeLaunay diameter /A 4.88




Figure S24
Thermodynamic Factor: unary adsorption

—
o
~—

(b)
10 - 1.0 5
- e 1/(1-6) i
- 0.8 |

0.6

0.4

Inverse thermodynamic factor, 1/T,

0.2 F

Thermodynamic correction factor, T;

0*‘““““““““““““ 0.07\\\\\\\\\\\\\\\\\\\\\\\\\
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0

Fractional occupancy, 6 Fractional occupancy, §



Unary diffusivities in MFI zeolite:
Weak confinement

M-S diffusivity, B, / 10 m?s™

10

0-1 |

—_
TT I

MFI; 300 K; MD simulations

Component loading, g, / mol kg

—Oo— H,
—— Ne
—— Ar
—#— N,
—m— CH,
—1— Kr

Figure S25



Unary diffusivities in MFI zeolite: Figure s26
strong confinement

—_—
Q0
g

r -4 1.8
"o r b N
~ + 114 5
& 1sf ] 8
‘_IO ~L -1.2 ‘E
N i | £
o L - 1.0 <
- T >
Z 10 408 8
= r 4 IS
7] - iC4;298K; |5 &
ES i MFI; © g
© - ’ i =
» 05~ IRM Chmelik 1 g4 g
= r 1 o
i 02 2
OO L I T T Y ) OO
o 1 2 3 4 5 6 7 8 9
Loading, ®,/ molecules per unit cell
(b) (c)
R -1 1.0 6 -1.0
91 7 K 7
E ] = r ]
<, OF nC6 in MFI; 300 K; ] = <, 5[ ]
e 7L QENS experiments; | 0.8 5 “c L nC7 in MFI: 300 K; 108
o - Jobic et al. 2006 ] g ° L QENS experiments;
© 60 ] S o 4Ar Jobic et al. 2006 ]
2 °F 106 E T 106
& 5¢ . g Q@ ar .
2 4F ] g z 1
£ 3F 1 2 £ 2T 1
S F . : S L .
@ 2F i 0 ) [ o 1/T i
= E aa— 1/r| _ 02 qL_) s 1 L 1 ] 02
1 E ] 2 - @ D i
- - B ] = C ]
O’\\H\H\M\\HMHMHHMHMHHMH 00 07\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\O.o
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7

Loading, ®,/ molecules per unit cell Loading, ®,/ molecules per unit cell

Inverse Thermodynamic factor, 1/ T,



—_—
Q
'

Maxwell-Stefan diffusivity, b, / 108 m?s™”

Figure S27

Unary M-S diffusivities in MOR zeolite

(b)

10
‘@® -3
i ® MOR; 433 K o MOR; 433 K
i = L

8 ( X ) o o L]
i ) 2 | m =

6 ° & 2r s
i P > FA Asm m
i = . ApA
r CYY % Al AT,

4 - E 3 n AA
N 5 |
L [ c A
L © 1+
g 3 -

2r ° 7
I @ purenCé ® 2 | m pure2MP g Ay
, ° = A 22DMB . A

0 T Ty Ay E r

00 05 10 15 20 O 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
0 1 2 3 4

Loading, ®,/ molecules per unit cell
Loading, ®,/ molecules per unit cell



—
Q
A

Maxwell-Stefan difusivity, B, / 108 m?s™

M-S diffusivities in MOR zeolite; Foures28

12
r nC6/2MP mixture;
r MOR; 433 K
10 F ®
:@@ 69@
s oee@ ©
L @ o ®
6 o
C ®y
C LN Je&
4; ® o
- @ purenCé ®
2 & 50-50 mi
I mix ®
i o
07\\\\\\\\\\\\\\\\\\\\\\\\\

0.0 0.2 0.4 0.6 0.8 1.0

Fractional occupancy in mixture, 8 = 6, + 6,

Binary Mixtures

(b)

- N w

Maxwell-Stefan difusivity, D, / 10° m? s

o

L nC6/2MP mixture;
L ﬁ MOR; 433 K
LN ==

[ | [ |
| ol .
- “Ya o5m
L | H
L a=l | e

I e

2]

"

B pure 2MP E
B 50 -50 mix m

0.0 0.2 0.4 0.6 0.8 1.0

Fractional occupancy in mixture, 6 = 0, + 6,



-

Effectiveness diffusivity in mixture
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Figure S32
Adsorption of hexane isomers in MFI zeollte
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Adsorption of hexane isomers in MOR zeolite
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Figure S35

Packing of hexane isomers in MOR channel
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Figure S37
Fixed bed reactor with step input
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Figure S38

Fixed bed breakthrough model
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Figure S39
Fixed bed reactor with pulse input
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Figure S40
Effectiveness factor for alkane isomerization in

MFI catalyst
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Figure S41

Effectiveness factor for xylene isomerization in

MFI catalyst
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Figure S42

Transient 2MP/22DMB diffusion/reaction in MFI
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Figure S43
Equilibration Trajectories in Occupancy Space
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Figure S44
Equilibration Trajectories in Occupancy Space
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Component loading / mol kg‘1

Figure S45
Radial variation of component loadings
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2MP/22DMB breakthrough
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Figure S47

Transient oX/pX diffusion/reaction in MF| catalyst
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Figure S48
Equilibration Trajectories in Occupancy Space
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Figure S49
Equilibration Trajectories in Occupancy Space
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Figure S50

Radial variation of component loadings
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Fixed bed reactor: steady-state

Gas phase molar concentrations / mol m?

2500

2000

1500

1000

500

0

—— 0X, M-S model, strong confinement
—— pX, M-S model, strong confinement
———0X, Fick model: I';=5,

L ——— PX Fick model: I';=5,

Simulations with:
B,/B, =10;
B,/r?=1x10°s"

=
-

-~ p-xylene

\\o\-xylene

—
o

MFI catalyst; 433 K;
k, = 1x10™ s k,/k, = 2
p, =10 MPa; p, = 0 MPa

/
\V4

0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless length along reactor, z/L

Figure S51



Figure S52
Fixed bed reactor with pulse injection of feed
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Figure S53

Transient nC6/3MP/22DMB diffusion/reaction in

(a)
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S54

nC6/3MP/22DMB breakthrough in fixed bed
reactor with MFI catalyst

(a) Steady-state profiles along bed (b) Steady-state 22DMB profiles along bed
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Figure S55

nC6/3MP/22DMB breakthrough in fixed bed
reactor with MFI catalyst

Transient breakthrough

22DMB, M-S model with T
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Spatial-averaged nC6 uptake / mol kg'1

Spatial-averaged 3MP, 22DMB uptake / mol kg'1

Figure S56

Transient nC6/3MP/22DMB diffusion/reaction in
(a)
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Spatial-averaged nC6 uptake / mol kg'1

Spatial-averaged 3MP, 22DMB uptake / mol kg‘1

Figure S57

Transient nC6/2MP/22DMB diffusion/reaction in

(a)

0.8

0.6

0.4

0.2

0.0

0.5

0.4

0.3

0.2

0.1

b,/b,=5;b,/b, =25
D,/r?=00125s"

——— ——— — —

——— Fick model with I';=5;

M-S model, weak confinement
M-S model, strong confinement

MFI catalyst; 433K;

- Pocs = 50 kPa;

T Powp = 25 kPa;

T Papug = 25 kPa

™ )

; 2MP
| |

0 1 2 3

square root of time, t"2 / min'?

MFI catalyst

nC6(1)22MP(2) 2 22DMB(3)

- an am Fickian model, no thermodynamic coupling
— Maxwell-_Stefan, weak confinement
' Maxwell-Stefan, strong confinement

0.8

B,/D,= 5 D,/D, = 25; |
i: P,/r?=00125s"
2 0.6 -.
9 |
g |
o) ‘; , . |
x 04 final |
[ : __.-"' equmbrated/7 ,
% = Ioadlngs v |
(o} | : ~
c MFI catalyst; 433K; \\{—Q’
. Pocs = 50 kPa; _
' 0.4
| é’/’,lnltleﬂ Powp = 25 kPa; 0\1\0
00" |Oadlngs Pooms = 25 kPa {;}-
0.05 02 8
010 - &
015 S
Mp 025 <00 Y



Gas phase molar concentrations / mol m3

25

20

15

10

Figure S58

nC6/2MP/22DMB breakthrough in fixed bed
reactor with MFI catalyst

(a) Steady-state profiles along bed

nC6, M-S model, weak confinement
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Figure S59

nC6/2MP/22DMB breakthrough in fixed bed
reactor with MFI catalyst

Transient breakthrough
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Spatial-averaged 22DMB uptake / mol kg'1

Spatial-averaged nC6, 2MP uptake / mol kg'1

Figure 860
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Figure S61

nC6/2MP/22DMB breakthrough in fixed bed
reactor with MOR catalyst
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Figure S62

Transient ethene/benzene/ethylbenzene
diffusion/reaction in MFI catalyst
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Figure S63
Steady-state fixed bed reactor
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Transient ethane/ethene/hydrogen Figure Sé4
@ diffusion/reaction in MFI| catalyst
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Figure S65
Steady-state fixed bed reactor

ethane(1) 2 ethene(2) + hydrogen(3)
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