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bstract

Branched and cyclic hydrocarbons such as iso-butane, 2-methylpentane, 3-methylpentane, 2,2-dimethyl-butane and benzene are preferentially
dsorbed at the intersections of the channels of MFI zeolite; they serve as bottlenecks for molecular traffic in mixtures with linear C1–C6 alkanes.

olecular dynamics simulations show that as the loadings of tardier iC4, 2MP, 3MP, 22DMB, and Bz is progressively increased to four molecules

er unit cell the diffusivity of the more mobile linear alkane reduces nearly to zero. The reduction in the n-alkane diffusivity is quantitatively similar
rrespective of the branched/cyclic hydrocarbon.

2007 Elsevier B.V. All rights reserved.
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. Introduction

MFI zeolite membranes offer considerable potential for sep-
rating hydrocarbon mixtures [1–8]. The separation selectivity
s dictated both by the adsorption and diffusion characteristics of
he individual species in the mixture. In MFI zeolite each compo-
ent in the mixture is influenced by the co-adsorbed species [9];
lmost invariably the more mobile species is slowed down due
o the presence of tardier partners. PFG NMR studies of Förste
t al. [10] found that the self-diffusivity of methane (C1), DC1, is
ignificantly reduced as the loading of the co-adsorbed benzene
Bz), qBz, increases. In MAS PFG NMR studies, Fernandez et
l. [11] found that the self-diffusivity of n-butane (nC4), DnC4,
n mixtures with iso-butane (iC4) decreases by an order of mag-
itude as the loading of iC4, qiC4, is increased from 0 to 2
olecules per unit cell. For n-hexane (nC6)–2-methylpentane

2MP), and nC6–3-methylpentane (3MP) mixtures experimen-
al studies [12,13] show that the DnC6 is reduced significantly as
he 2MP or 3MP loadings increase.
The major aim of the present communication is to demon-
trate that the observed reduction in the diffusivity of the linear
lkane in C1–Bz, nC4–iC4, and nC6–2MP mixtures is character-
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stic of a much wider variety of mixtures. We aim to show that
he tardier branched or cyclic hydrocarbons reduce molecular
raffic along the channels of MFI by blocking the intersec-
ions where they prefer to locate. Using molecular dynamics
MD), we determined the self-diffusivity of a linear C1–C6
lkane in a wide variety of mixtures: C1–iC4, ethane (C2)–iC4,
ropane (C3)–iC4, nC4–iC4, nC6–2MP, nC6–3MP, nC6–2,2-
imethylbutane (22DMB), nC6–Bz, C1–22DMB, C1–Bz, and
3–Bz. Besides MD simulations we performed Configurational-
ias Monte-Carlo (CBMC) simulations to determine the
dsorption equilibrium for pure components and binary mix-
ures. The CBMC and MD simulation methodologies are
escribed in Supplementary Information accompanying this
ublication, along with pure component, and mixture adsorption
ata, snapshots and detailed simulation results for diffusivities.
selection of these results is discussed below.

. Simulations of adsorption

CBMC simulations of the adsorption isotherms for C1, C2,
3, nC4, iC4, nC6, 2MP, 3MP, 22DMB, and Bz in MFI at 300 K

re shown in Fig. 1a–c. We note that branched and cyclic hydro-
arbons such as iC4, 2MP, 3MP, and Bz show a strong inflection
t a loading, q = 4 molecules per unit cell. These molecules pre-
er to locate at the intersections because of the extra “leg room”

mailto:r.krishna@uva.nl
dx.doi.org/10.1016/j.cej.2007.11.026
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Fig. 1. CBMC simulations for pure component isotherms in MFI at 300 K for (a)
C1, C2, C3, (b) nC4, iC4, (c) nC6, 2MP, 3MP, 22DMB, and Bz. The continuous
solid lines represent 3-site Langmuir fits; the parameter values are given in
Supplementary Information.
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hat is available here. An extra “push” is required to locate these
olecules within the channel interiors; this extra push results

n an inflection in the pure component isotherms at a loading of
our molecules per unit cell [14–17]. For the compact and bulky
2DMB, the extra push is too large, and therefore q = 4 is also
he saturation capacity.

The preferential location of iC4, 2MP, 3MP, 22DMB, and
z at intersections also manifests for mixture adsorption, as

llustrated in the snapshots in Fig. 2 for C3–iC4, C1–Bz, and
C6–22DMB mixtures. We see that iC4, Bz and 2MP are exclu-
ively located at the intersections. The isotherm inflection has a
ignificant influence on mixture adsorption, as illustrated for (a)
C4–iC4, (b) nC6–Bz, and (c) nC6–2MP mixtures in Fig. 3. The
omponent loadings of iC4, Bz and 2MP all exhibit a maximum
hen the total mixture loading q = 4. For q > 4, the adsorption of

he linear alkane is favored because it is more efficient to pack the
hannels of MFI with linear alkanes. The separation of hexane
somers by exploiting the differences in the packing efficiency of

olecules has been stressed in earlier publications [16,18,19];
he same principle applies to other hydrocarbon mixtures. For
ll the mixtures investigated in this study, the multicomponent
angmuir model cannot be used to estimate the component load-

ngs in the mixture because this model is unable to predict the
aximum in the loading of the branched or cyclic hydrocarbon

n the mixture. The Ideal Adsorbed Solution Theory (IAST) of
yers and Prausnitz [20], using only pure component isotherm

ata, is successful in providing a good qualitative representa-
ion of entropy effects during mixture sorption [21]. The IAST
redictions are shown by the continuous solid lines in Fig. 3a–c.
s can be seen from Fig. 3 the quantitative agreement between

he predictions of IAST and CBMC mixture simulations are
ot perfect for the branched or cyclic hydrocarbon. This failure
f the IAST to provide a good quantitative description of mix-
ure adsorption has also been stressed earlier for C1–Bz, and
1–cyclohexane (CH) mixtures by Murthi and Snurr [22]. The

eason for this imperfect prediction is to be found in segrega-
ion effects in mixture adsorption [22,23] found in a variety of
eolites.

For mixture loadings q > 4, the adsorption becomes increas-
ngly segregated; the intersections sites will be occupied by the
ranched or cyclic hydrocarbons while the channels, straight
nd zig–zag, will have to accommodate increasing amount of
he linear alkanes. The IAST assumes a homogenous adsorbed
hase composition, and therefore its predictions of iC4, Bz
nd 2MP loadings will become increasingly poor for q > 4.
or a good quantitative description of mixture adsorption, non-

deality effects caused by segregation have to be taken account
f using the Real Adsorbed Solution Theory [24].

. Simulations of diffusion

We carried out a set of simulations to determine the self-
iffusivities a linear C1–C6 alkane in a variety of binary mixtures

n which the loading of the branched or cyclic hydrocarbon
as varied in the range 0–4 molecules per unit cell. The self-
iffusivities of the branched or cyclic hydrocarbons are not
eported because these molecules did not move sufficiently long
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Fig. 2. Snapshots showing the location of (a) C3 and iC4, (b) C1 and Bz, and
(c) nC6 and 22DMB, molecules in MFI, viewed from the side, in the x–y plane.
The total loading q = 4, with equal loading of each species.

Fig. 3. CBMC simulations of the component loadings in (a) nC4–iC4, (b)
nC6–Bz, and (c) nC6–2MP mixtures compared with the calculations of IAST,
shown by the continuous solid lines.
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Fig. 4. (a) Self-diffusion coefficients of C1 in C1/iC4 mixtures in MFI at 300 K
as a function of the loading of iC4 in the mixture. Snapshots showing the location
R. Krishna, J.M. van Baten / Chemica

istances during the simulation time in order to obtain reliable
tatistics required to calculate diffusivities.

Consider first diffusion in a mixture C1 and iC4 for which the
otal loading is maintained constant at q = 4. The self-diffusivity
f C1 in x, y, and z directions of MFI are shown in Fig. 4a. The
ost prominent contribution is along the straight channels, in

he y-direction. We note that DC1,y decreases practically linearly
s qiC4 increases in value from 0 to 2. Fig. 4b and c present
napshots showing the location of C1 and iC4 for qC1 = qiC4 = 2;
t this loading half the intersection sites are occupied by the
xtremely tardy iC4. Since the occupancy of the intersections
s distributed randomly, each one of the straight channels has
n iC4 molecule ensconced somewhere along the y-direction;
ee Fig. 4b and c. The occupation of iC4 at the intersections
f the channels is tantamount to blockage, leading to severe
eduction in the molecular traffic of the more mobile C1 along
he straight channels. This explains the severe reduction in DC1,y
t qiC4 = 2. For qiC4 > 2 the C1 molecules have to worm their way
long the zig–zag channels in x- and z-directions, by-passing the
locked intersections. From Fig. 4a we note that for qiC4 > 2,
C1,x ≈ DC1,y. An analogous picture emerges for each of the

leven binary mixtures investigated in the present study.
The orientation averaged diffusivity values for linear alkanes,

= (Dx + Dy + Dz)/3, are summarized in Fig. 5 as a function of
he loading of its partner in various mixtures. From Fig. 5a we
ote that the dependence of DC1 on the loading of its partner,
n mixtures with a constant total loading q = 4, is the same irre-
pective of its partner iC4, 22DMB, or Bz. We conclude that the
lockage of the intersections by any one of iC4, 22DMB or Bz
s equally deleterious to C1 traffic. The choice of total loading
= 4 in Fig. 5a is for illustration purposes; analogous results are
btained for q > 4.

Simulation results in which the loading of C1 in C1–Bz mix-
ures was maintained at qC1 = 3 are presented in Fig. 5b. The

D simulations are in excellent agreement with the results of
upta and Snurr [25] who performed free energy perturbation

alculations to determine DC1 in both C1–Bz and C1–CH mix-
ures; CH is ensconced at the intersections and reduces the traffic
f C1 in same quantitative manner as iC4, 22DMB and Bz.
he PFG NMR experiments of Förste et al. [10] for C1–Bz
ixtures in ZSM-5 are also plotted in Fig. 5b for comparison;

here is a good qualitative agreement between simulations and
xperiment.

The influence of increasing loading of iC4 on diffusion in
2–iC4 and nC4–iC4 mixtures is shown in Fig. 5c. The reduc-

ion of DC2 and DnC4 with qiC4 is similar; if the data were
ormalized with respect to pure linear alkane diffusivity, the
esults would fall on the same line. All normal alkanes experi-
nce a similar deleterious influence due to intersection blocking.
lso plotted in Fig. 5c are the PFG NMR data of Fernan-
ez et al. [11] for nC4–iC4 mixtures. The experiments show
sharp decline in DnC4 to virtually zero as qiC4 approaches 2;

his decline is sharper than anticipated by MD simulations. The

ack of perfect agreement between the MD simulations results
or nC4–iC4 mixtures when compared to experimental data is
ue to the extreme sensitivity of MD simulations to very small
lterations in the chosen force field [26].

of C1 and iC4 molecules in MFI, viewed (b) from the top, in the x–z plane, and
(c) from the side, in the x–y plane. Both views are two unit cells deep. The total
loading in the snapshot is q = 4, with equal loading of each species.
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In MFI zeolite, any tardy species will slow down the diffusion
f a more mobile species, and we can ask ourselves the ques-

ion: what is peculiar about intersection blocking? To answer this
uestion, we have included data for DC1 in C1–nC4, and C1–nC6
ixtures in Fig. 5a. nC4 and nC6 can adsorb anywhere in the
FI pore space and the reduction of DC1 is due to correlation

C
t
t
t

ig. 5. Self-diffusivities of (a and b) C1, (c) C2, and nC4, (d) C3, (e and f) nC6 in mi
he loading of the partner species.
neering Journal 140 (2008) 614–620

ffects [9]; the tardier partner (nC6) causes a greater reduction in
C1 than nC4. The influence of intersection blockage in C1–iC4,

1–22DMB and C1–Bz mixtures is more severe as compared to

hat in C1–nC4, and C1–nC6 mixture because it does not mat-
er any more which partner molecule (iC4, 22DMB, Bz) blocks
he intersection, the reduction is the same; C1 molecules need

xtures with iC4, 22DMB, Bz, CH, 3MP or 2MP as a function of the loading of



l Engi

t
m
s
w
t
r
i
t

2
t
o
a
e
a
m
n
m
c

f
q
i
i

v

4

2
T
t
v
m
m
w
i
s
i
a

i
u
f
c
e
m
m
c
b
t
r
t
e

i

a
l

A

i

R

[

[

[

[

[

[

[

[

R. Krishna, J.M. van Baten / Chemica

o by-pass the blocked intersection. For C1–nC4 and C1–nC6
ixtures, increasing nC6 loading has a greater effect on C1 diffu-

ivity than that corresponding to nC4. To stress this point further,
e compare data for DC3 in C3–iC4, C3–Bz, and C3–nC4 mix-

ures in Fig. 5d. For C3–nC4 mixtures, there is practically no
eduction in DC3 with increased qnC4. On the other hand, the
nfluence of iC4 or Bz is severe, and causes DC3 to reduce nearly
o zero.

The MD data for DnC6 in nC6–2MP, nC6–3MP, nC6–
2DMB, and nC6–Bz mixtures are presented in Fig. 5e; here the
otal loading q = 4. DnC6 shows practically the same dependence
n the loading of the partner molecule; intersection blocking by
ny branched or cyclic hydrocarbon has virtually the same influ-
nce on the diffusivity of nC6. These results are in qualitative
greement with experimental data for nC6–2MP and nC6–3MP
ixtures [12,13]; a direct comparison with published data is

ot possible because the loadings inside the zeolite were not
easured and the data are presented as a function of gas phase

ompositions.
Fig. 5f presents MD data for DnC6 in nC6–22DMB mixtures

or which the loading of nC6 was held constant at loadings of
nC6 = 1, 1.5 and 2. The influence of increasing q22DMB is similar
n all cases, demonstrating that intersection blocking manifests
n a similar fashion irrespective of mixture loading.

The intersection blockage effect can best be appreciated by
iewing the animations of the MD simulations [27].

. Conclusions

Branched or cyclic hydrocarbons such as iC4, 2MP, 3MP,
2DMB and Bz adsorb preferentially at the intersections of MFI.
his preferential adsorption has two consequences. Firstly, due

o the segregated nature of adsorption, the IAST is unable to pro-
ide a good quantitative estimate of the component loadings in
ixtures. Secondly, the diffusivity of a linear C1–C6 alkane in
ixtures with iC4, 2MP, 3MP, 22DMB or Bz is severely reduced
ith increasing loading of its partner molecule; this reduction

s due to intersection blocking and is equally deleterious irre-
pective of which molecule blocks the intersections. Also, the
nfluence of intersection blocking is quantitatively similar for
ll C1–C6 linear alkanes investigated.

There are important consequences of the work reported here
n modeling of separation of hydrocarbon mixtures [8,24,28]
sing an MFI membrane. The strong reduction in the nC6 dif-
usivity due to blockage of the intersections is the one of the
auses for the failure of the Maxwell–Stefan (M–S) diffusion
quations to provide a good quantitative agreement with experi-
ental data for permeation of nC6–3MP mixtures across an MFI
embrane, as reported by Zhu et al. [8]. The M–S theory only

aters for correlation effects that influence diffusion in hydrocar-
on mixtures. Work is in progress to determine ways in which
o model intersection blocking using the M–S theory. Another
eason for the failure to model the experimental nC6–3MP mix-

ure permeation is due to the inability of the IAST to accurately
stimate mixture adsorption equilibrium.

Intersection blocking in MFI has consequences in catalysis;
t is often observed experimentally that the addition of small

[

neering Journal 140 (2008) 614–620 619

mounts of branched hydrocarbons reduces the reactivity of
inear hydrocarbons significantly.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.cej.2007.11.026.
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