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Adsorption and diffusion of n-butane/iso-butane mixtures in individual silicalite-1 crystals has been
investigated using infrared (IR) microscopy. The equilibrium sorption isotherm for an equimolar gas
phase mixture is calculated using Configurational Bias Monte-Carlo simulations. The comparison
between simulation results and the experimental data enabled the determination of absolute values of
concentration in the IR experiments.

n-Butane uptake under presence of iso-butane and, vice versa, iso-butane uptake under presence of n-
butane have been studied experimentally. It is shown that the n-butane counter-uptake is not limited by
the n-butane diffusivity, but by the availability of free sites, which is, in turn, determined by the mobility
of iso-butane. A site-percolation threshold, given by the number of iso-butane molecules blocking the
‘traffic junctions’ of the channel network, has been employed for explaining the occurrence of network
regions which are initially inaccessible for n-butane in the counter-uptake process.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Professor Jörg Kärger is one of the true pioneers of studying
molecular transport in zeolites and other nanoporous solids. With
his work and leadership two particular powerful experimental
techniques for diffusion measurements have been developed at
the University of Leipzig, namely NMR with pulsed field gradients
(PFG NMR) and interference microscopy. Professor Kärger has pub-
lished and co-authored about 450 papers devoted to diffusion of
single components and mixtures [1–5] in nanoporous materials.

In the past 30 years especially PFG NMR provided new and deep
insights in the microdynamics of molecular transport by numerous
studies using this technique. Moreover, it also initialized the devel-
opment and application of several new experimental techniques,
which emerged in response to PFG NMR diffusion measurements
[6]. However, also interference microscopy has been presented to
the community as very powerful tool for investigating molecular
transport on a microscopic scale in the recent years [7–10]. Now,
following the pioneering work by Helmut Karge [11–14], also dif-
fusion measurements using infrared (IR) microscopy are pursued
in the Leipzig group. One of the main advances of the IR micros-
copy technique is the ability to differentiate between different sor-
bates and allows in this way studies of mixture diffusion in zeolites
and other nanoporous materials.
ll rights reserved.

: +49 341 9732549.
Chmelik).
Zeolites are widely used as catalysts and adsorbents in applied
chemistry and technology. Practically all important applications in
adsorption, separation and catalysis involve mixtures. However,
due to the experimental difficulty, the number of experimental
studies of mixture adsorption and diffusion is rather small com-
pared to single components. Nevertheless, different experimental
techniques have been applied to study aspects of mixture diffusion,
e.g. PFG NMR [1–5,15], QENS [16], tracer-exchange positron emis-
sion profiling [17], IR spectroscopy [11–14] and membrane perme-
ation [18,19,20].

Zeolites of MFI-type belong to the most important zeolite struc-
tures in catalysis and are used in many shape-selective processes
in petroleum refining industry, in particular for the adsorptive sep-
aration of alkane isomers [21–23]. Recently, the influence of inter-
section blocking by branched and cyclic hydrocarbons on diffusion
of hydrocarbon mixtures in MFI zeolites has been studied using
molecular dynamic simulations [24]. Motivated by the practical
relevance, as model system we considered a mixture of a linear
and mono-branched alkanes, viz. n-butane (nC4) and iso-butane
(iC4), in MFI zeolites. To our knowledge, here we present the first
results of mixture diffusion measured in individual zeolite crystals.

Recently, the self-diffusivity of nC4 under presence of iC4 has
been examined using PFG NMR in combination with molecular
simulations [5]. In our present work, we present results of mixture
adsorption and diffusion in single MFI crystals measured with IR
microscopy. This includes in particular the qualitative interpreta-
tion of the uptake of nC4 under presence of iC4 (and vice versa),
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i.e. of molecular transport under non-equilibrium conditions. Con-
figurational Bias Monte-Carlo (CBMC) simulations of adsorption
equilibrium are used to aid the interpretation of the experimental
data.
Fig. 1. Schematic representation of the MFI channel network. The sinusoidal
channels run along crystallographic a, straight channels along b direction. Also
shown are snapshots of the location of nC4 and iC4 within the straight and zigzag
channels of silicalite-1.
2. Materials and methods

The main points of the IR microscopy technique and the exper-
imental setup are given below. Further details are described else-
where [25,26].

The experimental setup consists of a static vacuum system at-
tached to an IR microscope. Prior to the measurement, a few crys-
tals were introduced into the IR cell and activated. For the
measurement only one individual zeolite crystals is selected using
the aperture and motorized sample platform of the microscope.
The investigated crystals were approximately 25 � 25 � 180 lm3

in size. To follow the uptake of the guest molecules within the
crystal, absorption spectra were recorded in the IR-transmission
mode of the microscope with a temporal resolution between 0.2
and 1.5 s. Following the Beer–Lambert law, the absorbance of char-
acteristic IR bands is assumed to be proportional to the concentra-
tion of guest molecules. To differentiate between nC4 and iC4 in
the mixture, nC4 has been used in its fully deuterated form (degree
of deuteration > 99%). For calculating the respective intracrystal-
line concentration the area under the C–H or C–D stretching vibra-
tions have been determined, respectively. Uptake or release
experiments are initialized by step-changes in the gas phase sur-
rounding the crystals. In the case of nC4 counter-adsorption the
iC4 atmosphere was rapidly replaced by nC4. All experiments were
carried out at room temperature, i.e. at 298 K.

IR spectroscopy has been employed for mixture experiments in
zeolites for the first time about 20 years ago by Karge and Weitk-
amp [11]. Later, Karge and Nießen published a systematic study
of co- and counter-diffusion of binary mixtures of benzene, ethyl-
benzene and p-xylene in MFI-type zeolites [12–14]. Two main dif-
ferences to our experiments shall be pointed out. (i) We investigate
only one individual crystal instead a batch or self-supporting wa-
fers. (ii) We operate with a static vacuum system, i.e. without car-
rier gas or continuous gas flow.

Beside the ability to investigate differences between different
individual crystals, another important benefit of our system is that
changes in the gas phase surrounding the crystals occur almost
instantaneously and do not require functions correcting for time-
lag effects introduced by finite flow rates. By measuring the gas
phase concentration directly beside crystals it was found that
pressure steps are equilibrated in less than 0.2 s, marking the ab-
sence of valve effects [27]. As shown later, this may even allow
conclusions for mixture systems where the typical time constant
of the fast component is smaller than 1 s. However, for the mixture
experiments it is essential to ensure that: (i) the volume of the vac-
uum cell is large compared to the amount adsorbed by the crystals
inside the cell, and (ii) that limitations by gas transport through
stagnant gas layers [28] can be excluded. Influences as the latter
may occur in our setup in mixture desorption steps other than to
vacuum or in counter-diffusion experiments. However, they are
not relevant under the chosen experimental conditions, i.e. small
gas phase pressures (<103 Pa) and slow desorption rate of the
desorbing component.

We have already demonstrated in a previous work that external
mass transfer resistances created by release of heat of adsorption
are negligible in our experiments with individual crystals [29]. This
marks another important advantage over setups running with
crystal batches or self-supporting wafers.

The details of the CBMC simulations of adsorption equilibrium
are given in the Supplementary material accompanying this paper.
The silicalite-1 crystals were synthesized by W. Schmidt (Mül-
heim). Details of synthesis and characterization of the silicalite-1
crystals used in this study are given elsewhere [30]. The activation
procedure and more information on the structure are given in the
Supplementary material.

Silicalite-1 belongs to zeolites with MFI-type structure. The
channel network consists of mutually intersecting straight and zig-
zag channels with a cross-section of about 5.5 Å (see Fig. 1).

One unit cell includes four intersections, four straight and four
zigzag channel segments. The crystals are internally twinned form-
ing a 90� intergrowth structure as proven by disintegration of the
crystals segments [30]. The crystallographic axis of two adjacent
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segments is rotated by 90� around the c-axis. The openings of the
straight channels lead to the internal interfaces. Only the sinusoi-
dal channels have access to the outer surface of these segments
and, consequently, the transport in these crystals occurs predomi-
nantly along the zigzag channels in our experiments.

3. Adsorption isotherms

Adsorption isotherms are required to relate the intracrystal-
line loading with the pressure in the gas phase surrounding the
crystals. Single component isotherms of iC4 in individual silica-
lite-1 crystals were measured with IRM. The experimental data
were found to be in excellent agreement with results of CMBC
simulations as presented in Refs. [25,31]. It is important to note
that the iC4 molecules are preferably located at the channel
intersections. This gives rise to an inflection in the iC4 isotherm
at a loading of 4 molecules per unit cell when all intersections
are occupied [25,32]. The comparison between IRM data and
the CBMC isotherm for nC4 is shown in the Supplementary mate-
rial of this paper. Again, experiments and simulations show
excellent agreement.

The component loadings in a gas mixture can differ dramati-
cally from the loading found for single components. For interpreta-
tion of the results presented later, the equilibrium isotherm for a
50:50 mixture of nC4–iC4 in the gas phase has been considered
in CBMC simulations. Fig. 2 shows the comparison of single compo-
nent and mixture loadings for identical partial pressures.

The nC4 loading in mixture is reduced by about 15% but follows
essentially a similar trend as the single-component isotherm. How-
ever, the concentration of iC4 in the mixture is not only severely
reduced, but remains practically constant for pressures higher than
100 Pa. This dependence is probably related to the effects of ‘con-
figurational entropy’ as discussed in [33]. nC4 can simply ‘pack’
more efficiently than iC4 in the MFI channel network and is, hence,
favoured in mixture adsorption. The CBMC isotherms are com-
pared with experimental data of IRM at different loadings in
Fig. 2. The IR data were calibrated using the CBMC isotherm to
determine the absolute loading in the IR experiments. In the con-
sidered range the agreement between experiments and simula-
tions is nearly perfect.
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Fig. 2. CBMC isotherms for single components (connected full symbols) and 50:50
gas mixture (connected open symbols) of nC4 and iC4 in silicalite-1. The
simulations are compared with experimental results obtained by IRM (full symbols
– single component, open symbols – mixture).
4. Results of mixture-diffusion measurements

Transport in mixtures is determined by an interplay of various
factors and is usually a complex function of, i.e. adsorption
strength, fractional occupancy and mutual influence and correla-
tion effects of the components [3,34,35]. It has been demonstrated
that, based on an exact knowledge of single-component adsorption
and diffusivities, the mixture diffusivities can be quantitatively
predicted employing Maxwell–Stefan theory [36–38]. However,
in order to derive the main conclusions presented here it is suffi-
cient to attempt a qualitative interpretation of the experimental
results.

For understanding the mixture uptake data it is important to
recapitulate that iC4 prefers to occupy intersection sites. Already
single-component diffusion of iC4 is strongly influenced by this
preference. The transport diffusivity, i.e. Fick diffusivity, increases
strongly for loadings higher than 4 molecules per unit cell, when
all intersection sites are filled. Furthermore, the Maxwell–Stefan
diffusivity exhibits a sharp minimum at this loading, with a
cusp-shaped loading dependence [25].

The mobility of nC4 in MFI crystals is about two orders of mag-
nitude higher than that of iC4. It has already been shown that the
self-diffusivity of nC4 is sharply reduced, if a certain fraction of
these traffic junctions is ‘blocked’ by the much more immobile
iC4 [5]. Moreover, the diffusivity of linear alkanes in MFI-type zeo-
lites seems to be severely reduced in general in presence of in-
creased amounts of branched and cyclic hydrocarbons due to this
intersection blocking [24].

Concerning the mixture-diffusion measurements under non-
equilibrium conditions, we shall consider the influence of the ini-
tial iC4 loading on ‘‘counter-uptake” of nC4 at first. The impact
on transport of nC4 was measured for five different initial iC4
loadings between 0 and 4.0 molecules per unit cell (Fig. 3). The
equilibrium loading of iC4 was almost zero. That of nC4 was
approximately 6.4 molecules per unit cell in all cases, considerably
larger than the initial iC4 concentration. Two characteristic fea-
tures can be noted: (i) the nC4 uptake seems to be slowed down
with increasing initial iC4 concentration, (ii) a step occurs at early
times, which is the smaller the higher the initial iC4 loading is.

The exchange of iC4 by nC4 may be further analysed by looking
at the partial loadings of nC4 and iC4 plotted together with the to-
tal loading (Fig. 4). Since the transfer rates of both molecules are
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Fig. 3. Impact of different initial iC4 loadings on the ‘counter-uptake’ of nC4. The
rate of nC4 is determined by the availability of free sites, i.e. by the release of iC4.
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(square and circle symbols) are plotted along with the total loading (triangles).
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very different the exchange process can be understood as a 2-step
process. First, nC4 promptly occupies all adsorption places which
are accessible from the outer surface, according to the equilibrium
value. As a second step, iC4 slowly desorbs, vacating new adsorp-
tion sites accessible for nC4.

These vacated sites have been directly occupied or belong to re-
gions shielded by iC4. The number of shielded sites is strongly cor-
related with the concentration of iC4. In this respect the pore
structure of MFI-type is similar to the diamond structure, so a site
percolation threshold of 0.43 may be assumed to describe the
influence of iC4 [39]. This corresponds to an iC4 loading of 2.3 mol-
ecules uc�1. It has to be stated that even for concentrations below
the percolation threshold, some unoccupied sites are shielded by
iC4. For loadings in the region of the percolation threshold, the area
of the shielded regions increases significantly with concentration.
Furthermore, the length of unblocked diffusion path segments for
nC4 decreases with increasing iC4 concentration resulting in a sig-
nificantly reduced nC4 transfer rate, even if it still could percolate
through the crystal. On the other hand, this threshold describes the
percolation of a lattice with immobile molecules at the intersec-
tions. In reality, however, the molecules diffuse which shifts the
threshold towards higher loadings. So, the percolation threshold
may be used to roughly describe the correlation between the nC4
diffusion and the iC4 concentration.

In the first case (Fig. 4a), the initial iC4 concentration is 1.5
which is below the percolation threshold. nC4 occupies instanta-
neously the unoccupied sites and the number of nC4 molecules
adsorbing in the second step equals the number of desorbing iC4
molecules. This means there are no shielded sites and the overall
concentration remains practically constant during the second step
of the exchange process.

In the range of the percolation threshold, the number of sites
which are directly accessible from the outer surface decreases with
increasing iC4 concentration (Fig. 4b and c). This results in an nC4
concentration which increases stronger than the iC4 concentration
decreases, i.e. the overall concentration increases during the sec-
ond step.

Finally, when all junctions are initially occupied by iC4 (Fig. 4d),
there are no adsorption sites accessible from the outer surface.
Hence, the first step of the exchange process cannot be observed.
And, consequently, the uptake of nC4 is limited by the release of
iC4 during the whole exchange process.

This behaviour may also be visualized by plotting the difference
between the final and the actual loading versus time (Fig. 5). In the
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case where no adsorption sites are shielded by iC4 (initial iC4 load-
ing 1.5 molecules per unit cell) the release of iC4 and the uptake of
nC4 show coinciding data during the entire second step. If there
exist some regions of the network which are initially shielded by
iC4 (initial iC4 loading 2.9 molecules per unit cell), a difference be-
tween both signals is observed since nC4 fills more sites than va-
cated by iC4. Only for long times both curves coincide. As general
conclusion we find, that the nC4 uptake is not limited by diffusion
but by the availability of free sites.

Now, we consider so called co-adsorption experiments. Since
the nC4 equilibrium loading is reached within the first seconds,
the iC4 uptake may also be described as uptake under the presence
of nC4. Single component and mixture uptake curves for nC4 and
iC4 at similar partial gas phase pressures are compared in Fig. 6.
The following loading steps are covered: nC4 single uptake 0–6.4
molecules uc�1, nC4 in mixture 0–5.0 molecules uc�1, iC4 single
uptake 0–2.9 molecules uc�1 and iC4 in mixture 0–1.4 molecules
uc�1.

For the considered step the nC4 uptake is unaffected by the
presence of iC4 within the experimental uncertainty. Concerning
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symbols) of nC4 and iC4.
the iC4 equilibrium mixture loading of 1.4 molecules uc�1, the
reduction of the nC4 uptake rate can be estimated to be smaller
than a factor of 2. Probably, the uptake must be recorded with
higher time-resolution to resolve this effect in the mixture uptake
curve.

The iC4 uptake in presence of nC4 is found to be increased by a
factor of about 2.5. This might be explained with a higher transport
rate at the higher total loading in the mixture case. In single-compo-
nent experiments a strong increase of the diffusivity was found for
loadings higher than 4 molecules uc�1, which could be related to a
decrease in the energy barrier for jumps between adjacent sites
due to inter-molecular repulsions [25]. A similar argument might
hold for the increased iC4 uptake rate under presence of nC4
(Fig. 6). It could be an attractive and challenging task for a future
work to investigate this effect in detail striving for a quantitative
description, in particular since it may have further implications for
applications in membrane processes or catalysis. One can speculate,
e.g. that inter-molecular repulsions are responsible for the reduced
separability of an nC4/iC4 mixture for increasing transmembrane
pressures through a siliclalite-1 membrane, as reported and dis-
cussed in another work of this special issue [40].

5. Conclusion

Adsorption and diffusion of n-butane/iso-butane mixtures in
individual silicalite-1 crystals has been investigated using IR
microscopy and computer simulations.

The experimental data of the equilibrium sorption isotherm
have been found to be in excellent agreement with the isotherm
obtained from CBMC simulations. The simulation results could be
used to calibrate the IR data enabling the determination of absolute
concentration in the experiments.

The n-butane counter-uptake under presence of iso-butane has
been investigated for different initial iso-butane loadings between
zero and 4 molecules per unit cell. The n-butane uptake was found
to be limited by the availability of free sites rather than the n-bu-
tane diffusivity. The availability of free sites in turn, is determined
by the rate at which iso-butane desorbs from the crystal.

The large difference in the diffusivity by about two orders of
magnitude implicates that the much more immobile iso-butane
is able to ‘‘shield” network regions from n-butane by occupying
and blocking channel intersections, which act as preferred sites
for iso-butane. A site-percolation threshold given by the number
of iso-butane molecules blocking these ‘traffic junctions’ has been
found to nicely describe the fraction of network regions which
are initially inaccessible for n-butane.

The reported work is relevant not only in the modelling and de-
sign of zeolite membrane permeation processes, but also for cata-
lytic processes in which one of the reactants (such as iso-alkanes,
or benzene) is located preferentially at the intersections of MFI-
type crystals [41].
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Appendix A1:  

Silicalite-1 structure and activation procedure 
 

1. Silicalite-1 structure 

Silicalite-1 or ZSM-5 are the most prominent representatives of MFI-type zeolites. The 5-1 
secondary building units of these crystalline aluminosilicates consist of AlO4- and SiO4 
tetrahedra linked by oxygen bridges. Silicalite-1 is defined to have a Si/Al ratio of larger than 
1000. MFI-type zeolites have a three-dimensional connected pore system of straight channels 
in b-direction [010], which are cross-linked by sinusoidal channels in a-direction [100] (see 
Figure 1 of the main paper). Mass transport along the c-direction [001] can proceed only by 
an alternating use of the straight and sinusoidal channels. The cross-section of the straight 
channels is 5.3 × 5.6 Å2 and 5.1 × 5.5 Å2 for the sinusoidal channels. The unit cell parameters 
are a = 20.07 Å, b = 19.74 Å and c = 13.14 Å [1,2]. The straight segments have a length of 
9.95 Å and the zig-zag segments a length of 12.07 Å, if measured from one intersection centre 
to the next [3].  

 
 

 

Figure 1.  Models of internal structure of MFI-type crystals described in literature: (a) 
according to [4,8,11] and (b) to [12]. The indicated orientation of the fragments 
in (b) was taken form [10]. 

  
The existence of an internal twinning of MFI-type crystals is discussed in the literature 

since about 25 years [4]. Many papers have been published about the nature, origin and 
possible effects of the internal structure, but only a few show the influence on molecular 
transport directly [5-8]. An overview of the main conclusions of many papers on this topic is 
given in [6]. Two models of internal structure are discussed (see Figure 1). It is generally 
assumed, that only the sinusoidal channels point towards the outer surface, i.e. that a 90° 
intergrowth exists between the components. Consequently, the openings of the straight 
channels lead only to the internal interfaces. In a recent paper using interference microscopy it 
was shown, that in the case of iso-butane as guest molecule these interfaces may act as weak 
internal transport barriers in silicalite-1 crystals [5]. In contrast, for the material studied here, 
in interference microscopy investigations also with iso-butane, no indications for the 
existence of such internal barriers were found [9]. On the other hand, there are also results 
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published where, e.g. with iodine as a guest, the opposite may be true, viz. that fast uptake via 
the internal interfaces is possible [8].  

Agger et al. even claim to have evidence, that there exists no intergrowth structure at all. 
They explain the hourglass feature as a result of differences in the refractive index in different 
parts of the crystal caused by different silanol group concentration [6]. Finally, in a recent 
work silicalite-1 crystals could be split up into the fragments by a physico-chemical treatment 
[10]. The fragments were created from the same material as used for the present study. Single 
crystal X-ray analyses proved the remaining fragments as perfect “single crystals” and 
showed, that only the sinusoidal channels have openings on the quadrangular faces of the 
large prisms and, consequently, a 90° intergrowth indeed exists for these crystals (Figure 1). 
Hence, the published results emphasise, that there might be no general, uniform structure of 
MFI-type crystals and only a careful investigation will show, which internal crystal features 
exist.  

As another anomaly of the internal structure, in the literature also the existence of 
“microdomains” has been described [13]. The spatial resolution of FTIR microscopy is not 
sufficient to measure a possible influence of 2 - 3 μm sized microdomains directly. However, 
in PFG NMR studies with n-butane on the present material, no evidence for the existence of 
such internal barriers were found [14]. 

 

2. Activation procedure 

For activation, several crystals were introduced in the IR cell and heated under vacuum 
(< 10-5 mbar) with a heating rate of 1 K·min-1. Then, the crystals were kept at a temperature of 
723 K for 24 h. In addition, a calcination step under presence of oxygen was attached for 
about 2 h, to remove possibly existing coked organic residuals. Subsequently, the crystals 
were again exposed to vacuum for 3 h. After cooling the crystals to room temperature the 
sorption experiments were started.  
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Appendix A2:  

Single component isotherm of n-butane and  
further comments on mixture diffusion results 

 

1. Single component isotherm of n-butane 

At the considered experimental conditions the uptake of n-butane proceeded very fast. E.g. 
sorption equilibrium was reached in less than 1 s for uptake from vacuum to 1 mbar. The fast 
uptake gave access to a special type of measurement, viz. to a high-resolution sorption 
isotherm. For such an experiment, after starting a time resolved measurement, the pressure is 
increased slowly but continuously. Due to the fast uptake, the system is then still in sorption 
equilibrium at all times. By correlating pressure with time, the sorption isotherm can be 
calculated (see Figure 2). To exclude a shift in the measured sorption capacity which might be 
caused by a heating of the crystal due to the continuous release of heat of adsorption, the 
pressure was kept constant at certain pressures for about 1 min. The constancy of the 
measured absorbance can be considered as proof, that the described heating of the crystal is 
negligible small.  

 

 

Figure 2.  Adsorption isotherm of n-butane in silicalite-1. Correlation of high-resolution IR 
data with results of CBMC simulations to determine the intracrystalline concen-
tration. For comparison other literature data are also shown [15, 16]. 

 
In analogy to iso-butane [17], the IR data were compared with the results of 

Configurational Bias Monte-Carlo simulations to obtain the n-butane loading in absolute 
units. The agreement between both data sets is excellent (Figure 2). In addition, literature data 
for isotherms measured at comparable temperatures are re-plotted. The isotherm measured 
gravimetrically by Sun et al. for 308 K [16] follows practically the same trend but is shifted 
somewhat to lower loadings. The lower loading is a result of the reduced sorption equilibria 
due to the by 10 K higher environmental temperature. The agreement with results of Zhu et al. 
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for 303 K obtained by using a tapered element oscillating microbalance (TEOM) device [15] 
is acceptable. 

Compared to the other experimental data two main advantages of the high-resolution 
isotherm measurement can be noted. First, the isotherm is measured with a very high 
resolution. In the present case about 650 points were recorded between 0.01 mbar and 
18.5 mbar within a time of 1 h. Second, the isotherm can be recorded also in the low pressure 
region with high accuracy. However, the use is limited to systems with fast equilibration 
times. 

 

2. Further comments on mixture diffusion results 

The reader might find it interesting to compare the findings of the main paper with results 
presented in ref. [18]. However, it has to be taken into account, that the uptake in the IRM 
experiments proceeds mainly along the zigzag channels, whereas for PFG NMR an average of 
the diffusivity in all crystallographic directions is measured. In this respect it is important to 
note that the drop in the n-butane self-diffusivity at about 2 molecules per unit cell results 
mainly from the reduced diffusivity along the straight channels. For transport along the 
straight channels the drop in the mobility is expected to occur significantly below the 
percolation threshold. 

The results of MD simulations predict for several alkanes that the diffusivity along the 
straight channels is by about 2-3 times larger than in the direction of the zigzag channels [19-
21]. Considering the number of connected straight channel segments without enclosed 
occupied intersections, one may easily follow the argument that this anisotropy for diffusion 
along the straight and zigzag channels (i.e. faster diffusion along the straight channels) may 
cancel out if more than 1/3 of the intersections are blocked by iso-butane. Due to the 90° 
intergrowth such considerations can be neglected for the IRM mixture experiments. 

Some comments on the consequence of the 90° intergrowth on single-component uptake 
are also included in the supplementary material to ref. [17]. 
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Appendix A3:  

Molecular Simulation methodology and results 
 

1. CBMC simulations 

Configurational-Bias Monte Carlo (CBMC) simulations have been carried out to determine 
the adsorption isotherms for pure component n-butane (nC4), and iso-butane (iC4), along with 
nC4-iC4 mixtures in MFI (all silica silicalite-1) at 298 K; the crystallographic data are 
available elsewhere [22,23].  

We use the united atom model. The zeolite framework is considered to be rigid. We 
consider the CHx groups as single, chargeless interaction centers with their own effective 
potentials. The beads in the chain are connected by harmonic bonding potentials. A harmonic 
cosine bending potential models the bond bending between three neighboring beads, a 
Ryckaert-Bellemans potential controls the torsion angle. The beads in a chain separated by 
more than three bonds interact with each other through a Lennard-Jones potential. The 
Lennard-Jones potentials are shifted and cut at 12 Å. The CBMC simulation details, along 
with the force fields have been given in detail in earlier publications [24,25]. The simulation 
box consists of 2×2×4 unit cells for MFI. Periodic boundary conditions were employed. It was 
verified that the size of the simulation box was large enough to yield reliable data on 
adsorption.  

The CBMC simulations were performed using the BIGMAC code developed by T.J.H. 
Vlugt [26] as basis. The code was modified to handle rigid molecular structures and charges. 
S. Calero is gratefully acknowledged for her technical inputs in this regard. 

The CBMC simulations of the adsorption isotherms for pure nC4, and pure iC4 in MFI at 
298 K are presented in Figure 1. The continuous solid lines in Figures 1 are dual-site 
Langmuir fits of the isotherm 
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The values of the fitted parameters b and Θsat are specified in Table 1. 
Figure 2 shows the mixture adsorption isotherms for nC4 and iC4 in MFI at 298 K 

obtained from CBMC simulations. 
Snapshots showing the location of the nC4 and iC4 molecules at different component 

loadings in the mixture are shown in Figures 3, 4, and 5. Note that the views in these 
snapshots are 2 unit cells deep. 

 

Table 1.  Dual-site Langmuir parameters for nC4 and iC4 in MFI at 298 K. 
The saturation capacity, qsat, has the units of molecules per unit cell. 
The Langmuir parameters, b, have the units of Pa-1. 

 bA Θsat,A bB Θsat,B 
nC4 1.48×10-5 1 1.2×10-2 9 
iC4 2.4×10-2 4 2.85×10-5 6 
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Figure 1. Pure component adsorption isotherms for nC4 and iC4 in MFI at 298 K 
obtained from CBMC simulations. 
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Mixture adsorption 
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Figure 2.  Mixture adsorption isotherms for nC4 and iC4 in MFI at 298 K obtained 
from CBMC simulations. 
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nC4 = 3 molecules/uc
iC4 = 1 molecules/uc

nC4 = 3.5 molecules/uc
iC4 = 0.5 molecules/uc

nC4 = 4 molecules/uc

 

Figure 3.  Snapshots showing location of nC4 and iC4 at mixture loadings (in 
molecules per unit cell) of (a) nC4 = 4, iC4 = 0, (b) nC4 = 3.5, iC4 = 0.5, 
and (c) nC4 = 3, iC4 = 1. 
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nC4 = 1.5 molecules/uc
iC4 = 2.5 molecules/uc

nC4 = 2 molecules/uc
iC4 = 2 molecules/uc

nC4 = 2.5 molecules/uc
iC4 = 1.5 molecules/uc

 

Figure 4. Snapshots showing location of nC4 and iC4 at mixture loadings (in 
molecules per unit cell) of (a) nC4 = 2.5, iC4 = 1.5, (b) nC4 = 2, iC4 = 2, 
and (c) nC4 = 1.5, iC4 = 2.5. 
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iC4 = 4 molecules/uc
nC4 = 0.5 molecules/uc
iC4 = 3.5 molecules/uc

nC4 = 1 molecules/uc
iC4 = 3 molecules/uc

 

Figure 5. Snapshots showing location of nC4 and iC4 at mixture loadings (in 
molecules per unit cell) of (a) nC4 = 1, iC4 = 3, (b) nC4 =0.5, iC4 = 3.5, 
and (c) nC4 = 0, iC4 = 4. 
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