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Abstract Zeolites are of prime importance to the petrochemical industry as catalysts
for hydrocarbon conversion. In their molecule-sized micropores, hydrocarbon diffusion
plays a pivotal role in the final catalytic performance. Here, we present the results of
Positron Emission Profiling experiments with labeled hydrocarbons in zeolites with the
MFI morphology. Single-component self-diffusion coefficients of hexanes in silicalite-1
and its acidic counterpart H-ZSM-5 are determined. For the first time, self-diffusion co-
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efficients of n-pentane and n-hexane in mixtures are studied. This shows that Positron
Emission Profiling is a powerful technique for in situ investigations of the adsorp-
tive and diffusive properties of hydrocarbons in zeolites. The diffusion of hydrocar-
bons in medium-pore zeolites is determined by a complex interplay of factors such
as the loading, the temperature, the preference for certain pore locations, the interac-
tions with other hydrocarbon molecules of the same type or of other types and the
presence of acid protons. In the diffusion of mixtures, pore blockage by one of the
components might occur, thus strongly decreasing the diffusivity of the faster diffusing
hydrocarbon.

Abbreviations
BGO Bismuth germanium oxide
c concentration
c∗ Concentration of labeled molecules
c0 Concentration
cgas Concentration in gas phase
cmax Maximum concentration
cx Concentration inside zeolite crystals
cz Concentration along reactor axis z
cz,0– Concentration just in front of column entrance
cz,0+ Concentration just after column entrance
CEM Controlled evaporator and mixer
CBMC Configurational bias Monte Carlo
D Diffusion coefficient
D0 Maxwell–Stefan diffusion coefficient
Dc Diffusion coefficient inside zeolite crystals
Dinf Diffusion coefficient at infinite temperature
Dt Transport diffusion coefficient
Ds Self-diffusion coefficient
D0

s Self-diffusion coefficient at infinite dilution
Dax Axial diffusion coefficient
Dx Diffusion coefficient
Eact Activation energy
Eapp Apparent activation energy
FID Flame ionization detector
FR Frequency response
GC Gas chromatograph
Grav. Gravimetric
H-ZSM-5 Zeolite structure; cf. [1]
–→J Flux due to transport diffusion
J Flux due to transport diffusion in one direction
J∗
i Flux due to transport diffusion of labeled molecule i

Ka Adsorption equilibrium constant
Kads Adsorption equilibrium constant
ka Rate constant for adsorption
kd Rate constant for desorption
L Onsager coefficient
LSO Lutetium oxyorthosilicate



Positron Emission Profiling: a Study of Hydrocarbon Diffusivity in MFI Zeolites 279

M Molar mass
MD Molecular dynamics
MFI Zeolite structure; cf. [1]
MS Mass spectrometer
molec. Molecule(s)
Nc Mass flux through the boundary of the zeolite crystals
Na-Y Zeolite structure; cf. [1]
ODE Ordinary differential equation
p Partial pressure
PEP Positron emission profiling
PEPT Positron emission particle tracking
PET Positron emission tomography
PFG NMR Pulsed-field gradient nuclear magnetic resonance
Ps Positronium
q Concentration of species adsorbed in pores
Rc Radius of zeolite crystals
Rg Ideal gas constant
SEM Scanning electron microscopy
SCR Selective catalytic reduction
SCM Single crystal membrane
t time
T Temperature
Tmax Maximum kinetic energy of positrons
TAP Temporal analysis of products
TEOM tapered element oscillating mass balance
TEX-PEP tracer-exchange positron emission profiling
uc unit cell
x Spatial coordinate
Y Zeolite structure; cf. [1]
ZLC Zero length column
z Coordinate along the reactor axis

Symbols
β Elementary particle
β+ Positron
β– electron
Γ Thermodynamic correction factor
ε Bed porosity
εx Porosity of the zeolite crystals
µ Chemical potential
µ0 Chemical potential at standard conditions
Φs Number of collisions between molecules and surface
Θ Coverage inside the pores of the zeolite
νint Interstitial velocity
νsup Superficial velocity
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1
Introduction

1.1
Zeolites in Catalysis

Since the 1960s, zeolites have been applied in an increasing number of cata-
lytic processes. Zeolites are crystalline microporous materials close to sand
in composition, but with a much wider diversity in structures mainly due
to their porous nature and possibilities for functionalization. The silicon-
containing oxygen tetrahedra are the basic building blocks to all kinds of
structures with pores and cavities of varying dimensions. Up to now, 136
different structures have been reported [1], of which about 40 are natu-
rally occurring. These materials look like sponges, but with a very regular
structure and pore sizes, which are typically of molecular dimensions. The
topologies of two important medium-pore zeolites are depicted in Fig. 1. The
regularly shaped channels in these zeolites can be clearly seen. The different
zeolites differ in pore diameter, pore shape and the way these pores are inter-
connected. Zeolite mordenite has a one-dimensional pore system consisting
of channels with a diameter of about 7 Å, while the pores of silicalite-1 form
a three-dimensional network of interconnected straight and zigzag channels
(shown schematically in Fig. 2) with diameters of about 5.5 Å. While a mate-
rial like silicalite-1 is neutral and does not contain acid protons, substitution
of tetravalent Si by trivalent cations such as Al3+ renders these materials
Brønsted acidic. As these acid sites are mainly located in the molecularly-

Fig. 1 The structure of the medium-pore zeolite silicalite-1 (left) and a schematic repre-
sentation of the pore system which consists of straight and zigzag channels
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Fig. 2 Effect of pore size on the diffusivity and activation energy of diffusion (taken from
Post [7, 8])

sized pore systems, the selectivity of the transformation of molecules such as
hydrocarbons can be influenced to a great extent. Different types of selectivity
are distinguished, including reactant and product selectivity referring to the
sieving properties of the zeolites towards adsorption of reactants and desorp-
tion of products and transition-state selectivity referring to the zeolite’s pore
system to provide limitations to certain transition states. Furthermore, these
materials can also act as a support for other catalytic materials (e.g., platinum
or palladium), and in this way bifunctional catalysts can be obtained combin-
ing acid cracking and hydrogenation-dehydrogenation functionalities.

Among the most important applications of zeolites is the use of these ma-
terials to catalyze the conversion of crude oil to more useful products like
gasoline, kerosene and other smaller hydrocarbons. A number of different
reactions are involved in this conversion, like hydrocracking, hydroisomeriza-
tion, aromatization and dehydrogenation of cyclohexanes. Catalytic cracking
is one of the largest applications of catalysts, with a worldwide production of
more than 500 million tons per year. One example of the processes nowadays
performed in oil refineries is the so-called Hysomer process, developed by
Shell for the hydroisomerization of linear alkanes to branched ones. This pro-
cess makes use of platinum-loaded acidic mordenite, and is a typical example
in which the zeolite acts as a bifunctional catalyst. Pt catalyzes the hydro-
genation and dehydrogenation of alkanes, while the acid sites of the zeolites
catalyze the conversion of linear alkenes to branched ones. This process is
especially useful as it can increase the octane number of the products.

Clearly, the catalytically active sites are not directly accessible to the re-
acting molecules. The catalytic cycle for zeolite-catalyzed reactions generally
encompasses several steps including reactant adsorption, diffusion to the ac-
tive sites, product formation, diffusion to the surface and product desorption.
Because the pores of zeolites have dimensions close to those of the adsorbing



282 E.J.M. Hensen et al.

and produced hydrocarbon molecules, the diffusion process is of profound
influence on the overall process.

1.2
Diffusion

1.2.1
Introduction

Diffusion in liquids, gases and solids has been studied for more than a cen-
tury now [2]. The discovery of Brownian motion, which is closely related
to diffusion, and the subsequent search for explaining this behavior signifi-
cantly contributed to the acceptance of the atomic view of matter and kinetic
theory of gases and liquids. Diffusion is caused by the thermal motion and
subsequent collisions of molecules. Two types of diffusion can be distin-
guished: transport diffusion resulting from a concentration gradient, and
self-diffusion which takes place in a system at equilibrium. The flux due to
transport diffusion can be described using Fick’s first law of diffusion:

–→J = – D·∇c (1)

in which D is the diffusion constant and c the concentration. Self-diffusion is
usually expressed in terms of a self-diffusion constant Ds. In the specific case
of tracer diffusion, in which labeled molecules mix with unlabeled molecules
with the same chemical properties, the transport and self-diffusivity are iden-
tical. Usually, however, although transport and self-diffusion generally occur
by essentially the same microscopic principle, the coefficients for transport
and self-diffusion are not equal.

Diffusion in zeolites differs from ordinary diffusion in the sense that the
molecules have to move through channels of molecular dimensions. As a re-
sult, there is a constant interaction between the diffusing molecules and the
zeolite framework, and the molecular motion is, thus, also strongly influ-
enced by the exact size and shape of these channels next to parameters such
as temperature and concentration. Whereas in the case of gases and liquids
the behavior and exact value of the diffusivity can be calculated with relative
ease, the exact values of these are much harder to predict for zeolites. The
interactions between molecules and the pore wall for example lead to large
differences in the diffusivities of different alkane isomers, because bulkier
branched isomers have a much larger interaction with the zeolite frame-
work. A special type of diffusion can be observed in one-dimensional zeolites,
called single-file diffusion. This type of diffusion results from the fact that
some types of molecules are unable to pass each other in the narrow pores of
the zeolites, leading to a significant reduction of the mobility in these systems.
Clearly, these effects are not present in pure liquids and gases.
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From an industrial point of view, it is important to be able to predict and
describe the mass transfer through the packed-bed reactors used in the chem-
ical industries. A better understanding of this phenomenon will aid in the
optimization and development of industrial applications of these materials in
separation and catalytic processes. For this purpose, the transport diffusivi-
ties are needed. A number of different experimental techniques are nowadays
available for determining these values [3]. No reliable theory exists that can
easily predict the diffusivity for different components in different zeolites, as
it is often hard to relate these values to the underlying microscopic mech-
anisms [4, 5]. Furthermore, large discrepancies often exist between values
obtained from different techniques, and performing these experiments is
often not straightforward. It would, thus, be advantageous to have a good
understanding of what can happen inside these zeolites, and what kind of
influence this will have on a reactor scale.

From a fundamental point of view, the study of diffusion is also inter-
esting as the interactions between molecules and the zeolite can lead to all
kinds of unexpected behavior. The dependencies on, for example, the con-
centration of the diffusing molecules are expected to be completely different,
as also the topology of the zeolite pore network plays an important role in
this behavior. The diffusion of mixtures of different molecules is also less
straightforward. This kind of effects can be readily studied using zeolites, as
in a sense, due to their regular structure, they can act as models for more
complicated systems like for example amorphous materials. Furthermore,
a thorough understanding of the underlying microscopic mechanisms in-
volved will aid in understanding the interaction between transport properties
and the reactivity in these materials.

Diffusion of molecules through the pores of a zeolite crystal differs greatly
from gaseous diffusion. In gases the diffusion is controlled by the interac-
tions (or collisions) between the different molecules due to their thermal
motion. As gases and liquids form an isotropic medium, different properties
like the average collision rate, the collision rate and the mean free path can be
easily calculated using kinetic theory, based on the laws of classical mechan-
ics [6]. More sophisticated theories, which also account for intermolecular
interactions, vibration and rotation of the molecules, and quantum effects
are nowadays available and are quite capable of describing the behavior of
a variety of systems.

The diffusion of molecules in pores can be classified in a number of differ-
ent regimes depending on the pore diameter (Fig. 2). For large pore diameters
of the order of 1 µm or larger, usually called macropores, collisions between
the molecules occurs much more frequently than collisions with the wall, and
molecular diffusion is the dominant mechanism. Typically, the diffusion con-
stants of gases are around 10–5 m2 s–1. As the size of the pores decreases,
the number of collisions with the wall increases until the diffusion length fi-
nally becomes smaller than the mean free path (the average distance traveled



284 E.J.M. Hensen et al.

by a molecule between two collisions) of the gas molecules. At this point,
Knudsen diffusion takes over, and the mobility starts to depend on the di-
mensions of the pore [9]. At even smaller pore sizes, in the range of 20 Å
and smaller when the pore diameter becomes comparable to the size of the
molecules, these will continuously feel the interaction with the walls. Dif-
fusion in the micropores of a zeolite usually takes place in this regime, and is
called configurational diffusion [10]. The mechanism by which the molecules
move through the pores in the configurational regime is comparable to that
of surface diffusion of adsorbed molecules on a surface. Due to the small
distance between the molecules and the pore wall, the molecules are more
or less physically bonded to it. The diffusivity in this regime will depend
strongly on the pore diameter, the structure of the pore wall, the interactions
between the surface atoms and the diffusing molecules, the shape of the dif-
fusing molecules and the way the channels are connected. As a result, it is very
difficult to derive generalized equations relating the aforementioned proper-
ties to the diffusion coefficient one finds for these systems. The values of these
coefficients, furthermore, span an enormous range from 10–8 to as low as
10–20 m2 s–1 [4]. Compared to the gas phase, the diffusivity of the molecules
inside the zeolite channels is thus greatly reduced and a much stronger tem-
perature dependence is often observed. The fact that the particles have to
move through the pore network also introduces correlation effects, which
may also greatly enhance the concentration dependence.

1.2.2
Self-Diffusion vs. Transport Diffusion

The foundations of the theory of diffusion were laid by Fick in the 19th cen-
tury. In one dimension, the flow of a certain species can be related to the
gradient of the concentration according to Fick’s first law [11]

J = – Dt

(
∂c
∂x

)
, (2)

in which c is the concentration, x is the spatial coordinate, and Dt is the
(transport) diffusion coefficient. The diffusion coefficient is, thus, defined as
a proportionality constant between the rate of flow and the concentration gra-
dient. Although the above equation is a convenient starting point, it does not
reflect the true driving force of diffusion. As diffusion is nothing more than
the macroscopic manifestation of the tendency of a system to approach equi-
librium, the driving force should be the gradient of the chemical potential µ.
Using irreversible thermodynamics, one can derive the Onsager relation:

J = – L
(

∂µ

∂x

)
(3)
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in which L is the phenomenological Onsager coefficient. This equation indeed
explicitly identifies the cause for diffusive flow, and will prove to be useful
when trying to relate the transport diffusion to self-diffusion.

The pioneering work on zeolitic diffusion, performed by Barrer and
Jost [12], was based on the application of Fick’s equation. Assuming
a concentration-independent diffusion constant, one can transform Eq. 2 into
a diffusion equation known as Fick’s second law:

∂c
∂t

= – Dt

(
∂2c
∂x2

)
. (4)

This equation gives the change of concentration in a finite volume element
with time. In the approach of Barrer and Jost, the diffusivity is assumed to
be isotropic throughout the crystal, as Dt is independent of the direction in
which the particles diffuse. Assuming spherical particles, Fick’s second law
can be readily solved in radial coordinates. As a result, all information about
the exact shape and connectivity of the pore structure is lost, and only re-
flected by the value of the diffusion constant.

While for the transport diffusion a gradient in the chemical potential is ne-
cessary, self-diffusion is an equilibrium process. This type of diffusion can be
monitored by labeling some of the molecules inside the zeolite pores and fol-
lowing how the labeled and unlabeled molecules are mixed. Equation 2 can
again be used to describe the flow of the labeled components:

J∗
i = – Ds

∂c∗

∂x

∣∣∣∣
c=cons tan t

(5)

in which the asterisk refers to the labeled component, and in this case Ds is
the self-diffusion constant. Alternatively, the self-diffusion constant can be re-
lated to a microscopic quantity called the mean-square displacement, as was
shown by Einstein in his study on Brownian motion [13] which is of particu-
lar value for evaluation of diffusion coefficient by theoretical methods.

1.2.3
The Darken Relation

As noted earlier, the driving force of diffusion is the gradient of the chem-
ical potential. The chemical potential can be related to the concentration by
considering the equilibrium vapor phase:

µ = µ0 + RgT ln p , (6)

in which p is the partial pressure of the component. Using this equation yields
the so-called Darken equation – although Darken was not the first to derive
it (see in this connection [14]) – which relates the two constants Dt and L to
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each other:

Dt = RgTL
(

∂ ln p
∂ ln c

)
= D0

(
∂ ln p
∂ ln c

)
= D0Γ . (7)

D0 is generally referred to as the corrected or Maxwell–Stefan diffusivity, and
Γ is called the thermodynamic correction factor, which corrects for the non-
linearity between the pressure and the concentration of the adsorbate. Often,
the corrected diffusivity is used in experimental studies where the transport
diffusion is measured. Although D0 can still depend on the concentration, in
systems near the saturation limit or in the low concentration (Henry’s law)
regime this dependence has been experimentally shown to be quite small, and
the use of the corrected diffusivity helps in directly comparing experimental
results under different conditions [3].

A similar expression as Eq. 7 is also used to relate the transport and self-
diffusion to each other:

Dt(q) = Ds(0)
(

∂ ln p
∂ ln q

)
, (8)

in which q is the concentration of the species adsorbed in the pores. This
equation implies that the self- and transport diffusivity coincide at low con-
centrations. Although the derivation of this relation is rather straightfor-
ward [3], the assumption is made that the diffusion process in both com-
pletely different experimental situations can be described in a similar fashion.
In general this does not have to be the case and deviations from the above
expression can be expected [15]. Recently, Paschek and Krishna [14] have
suggested that Eq. 7 can indeed be used to relate the transport diffusivity
to the Maxwell–Stefan or corrected diffusivity, but that an extra relation is
needed to link the corrected and self-diffusivity:

Ds =
D0

1 + Θ
, (9)

in which Θ is the coverage inside the pores of the zeolite.

1.2.4
Factors Influencing Diffusivity

Adsorbate Concentration
In zeolites, the diffusivity of the adsorbates can be strongly dependent on the
concentration. As the diffusion of molecules in zeolites takes place in chan-
nels where it is difficult or impossible to pass each other, encounters between
different molecules will have a much more pronounced influence on the mo-
bility. Barrer [16] explained the concentration dependence of the diffusivity
in zeolites using a simple jump model. Assuming that the particle has an ele-
mentary diffusion rate D0

s at infinite dilution to move from one site to another,
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we find that the diffusivity will be proportional to the chance that a neighbor-
ing site is empty:

Ds(Θ) = D0
s (1 – Θ) . (10)

This equation makes use of the fact that, in the mean-field approximation,
the average coverage of a site will be equal to Θ. That the actual situation
can be rather more complicated has been demonstrated by a number of
authors [17–19], who have shown that correlation effects can have a strong
impact on the dependence of the diffusivity.

According to Kärger and Pfeifer [20], five different types of concentra-
tion dependence of the self-diffusivity (observed with NMR measurements)
can be observed, as shown in Fig. 3. These different dependencies can be at-
tributed to differences in the interactions between the framework atoms and
the diffusing molecules, like for example interactions with different cations
in the zeolite, or the presence of strong and weak adsorption sites. In add-
ition the pore topology can also have a significant influence on the diffusivity,
as was shown by Coppens et al. [19]. This is mainly due to the stronger cor-
relations present in systems with lower connectivity. As a result, there is an
increased chance that a molecule will move back into its previous location be-
cause the chance of finding an empty space at this location is larger. Hence,
a larger decrease in mobility with increasing pore loading is observed [3].
The prediction of the concentration dependence for different systems, how-

Fig. 3 Types of concentration dependence of the intracrystalline self-diffusion coeffi-
cient [20]
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ever, remains difficult, and further investigations on this dependence remain
of interest.

Temperature
As the molecules are continuously moving in the force field of the zeolite
channels, the diffusion process can be described as an activated process, and
the temperature dependence can accordingly be described by an Arrhenius-
type equation [21]

D(T) = Dinf · exp
(

–
Eact

RgT

)
, (11)

with Dinf the diffusivity at infinite temperature, and Eact the activation energy
of diffusion. This dependency is usually explained by assuming that diffusion
takes place via a sequence of activated hops [22]. The pre-exponential term
Dinf is related to the elementary rate at which particles attempt to hop to
a neighboring adsorption site, while the exponential expresses the chance
that the particles are able to overcome the free energy barrier, Eact, between
these sites. Although this is an oversimplified picture of the true diffusion
process, many experimental and theoretical studies have shown that it is ca-
pable of accurately describing the temperature dependence in these systems.

Experimentally, the activation energy can thus be determined by measur-
ing the diffusivity at different temperatures. Some care should, however, be
taken when interpreting these results. As the concentration of molecules in-
side the zeolite also depends on the temperature and measurements are often
performed at finite loadings, the combined effect of temperature and loading
dependence is measured. With increasing temperature, the loading of the zeo-
lite crystals usually decreases. Assuming a type I concentration dependence
(cf. [20] and Fig. 3), in addition to the increased mobility of the molecules due
to the higher temperatures, we find that this can also lead to an increase of the
diffusion rate. As a result, the measured activation energy can in this case be
much higher than the real activation energy, and this value will also depend
on the gas-phase pressure at which the measurements are performed. This ef-
fect has recently been demonstrated for 3-methylpentane in silicalite-1 [23],
but the exact influence of the concentration dependence of course depends on
the concentration dependence of the system. Ways to circumvent this problem
are by measuring at very low coverages, or choosing experimental conditions
in such a way that the concentration inside the zeolite remains constant. For
systems with a moderate dependence of the diffusivity on the concentration
the effect might be small, but this dependence can possibly complicate the
comparison of activation energies of diffusion for different experimental con-
ditions, especially when considering that the activation energy itself might
also depend on the temperature.

An additional point complicating the comparison of the measured tem-
perature dependence is the different definitions used for the diffusion con-
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stant. The above equation is used for both transport as well as self-diffusion,
but the temperature dependence of these two quantities do not necessarily
have to be the same. In addition, two different definitions are commonly used
in literature for the transport diffusivity. The diffusion constant Dt, as en-
countered before, is defined directly by Fick’s first law by considering the
gradient of the total adsorbed phase in the crystals. Alternatively, Haynes and
Sarma [24] proposed the use of a micropore diffusion constant Dx, assuming
that most of the molecules are adsorbed on the pore wall and immobile, and
only a small fraction is able to move with a diffusivity equal to this constant.
These two diffusion constants can be related to each other via [25]

Dx = εx(1 + Ka)Dt , (12)

in which εx is the porosity of the zeolite crystals and Ka is the equilibrium
adsorption constant. In most cases Ka � 1, and Dx thus has an activation en-
ergy equal to the sum of the heat of adsorption and the activation energy
for diffusion. Some questions, however, remain regarding the use of this dif-
fusion constant, as in the narrow pores of the zeolite there is always a strong
interaction between adsorbate and adsorbent, and a gas-phase cannot really
exist in this environment. As a result, the distinction between a gas and ad-
sorbed phase seems rather arbitrary, and the use of Dt as de diffusivity of the
molecules is more appropriate.

1.3
Positron Emission and Positron-Electron Annihilation

The decay of radioactive isotopes via electron emission, so-called beta de-
cay, is a well-known phenomenon. In this mode unstable nuclei that have
an excessive number of neutrons, for example 14C, can emit fast elec-
trons, β– particles, in order to attain a stable nuclear configuration. Nuclei
with insufficient neutrons, such as 11C, can obtain stability by emitting fast
positrons, β+ particles (the anti-matter equivalents of electrons). Both pro-
cesses are classified as radioactive β decay. In each case, the mass number
of the nucleus remains constant but the atomic number changes. There exist
several positron emitting isotopes, of which 11C, 13N and 15O in particular
are of interest for catalytic reaction studies. Since the half-life time of these
isotopes is only 20, 10 and 2 minutes, respectively, they must be produced on-
site. Production of such radioactive isotopes is normally done by irradiation
of an appropriate target material with protons or deuterons at high energy.

Since the positron is the antiparticle of the electron an encounter be-
tween them can lead to the subsequent annihilation of both particles. Their
combined rest mass energy then appears as electromagnetic radiation. An-
nihilation can occur via several mechanisms: direct transformation into one,
two, or three photons; or the formation of an intermediate, hydrogen-like
bound state between the positron and the electron, called a positronium
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Fig. 4 Schematic drawing of the annihilation event

(Ps). The extent to that each annihilation mechanism contributes depends
on the kinetic energy of the positron-electron pair. Positrons emitted dur-
ing the β+ decay process, possess a statistical distribution of kinetic energies
ranging from zero to a maximum value, Tmax, dependent on the decaying nu-
cleus (Tmax = 0.96 MeV for 11C). The average kinetic energy is equal to 0.4
Tmax. The probability of annihilation is negligibly small at high energies. The
emitted positrons must therefore be slowed down by inelastic scattering in-
teractions with the nuclei and the bound electrons within the surrounding
medium to near thermal values before annihilation can occur. The lifetime
of a positron is of the order of nanoseconds. During its lifetime the positron
will travel a distance, known as the stopping distance, which is dependent on
the energy of the positron and on the density of the surrounding material.
For 0.4 MeV positrons (average kinetic energy of positrons emitted from 11C)
in a medium with a density of 0.5 g ml–1 (such as a zeolite or metal oxide)
this corresponds to circa 3 mm [26]. The predominant annihilation process
for thermalized positrons is via the direct production of two photons (Fig. 4).
If both the positron and the electron were at rest upon annihilation, conserva-
tion of energy dictates that the energy of each emitted photon would be equal
to the 511 keV, rest mass energy of the positron or electron. Conservation
of momentum implies that the two gamma photons be emitted in opposite
directions, since the initial momentum of the positron-electron pair was zero.

1.4
Positron Emission Detection Methods

The emitted gamma photons produced by positron-electron annihilation can
be detected using scintillation crystal detectors such as sodium iodide (NaI),
bismuth germanium oxide (BGO) and cerium doped lutetium oxyorthosili-
cate (LSO). The short half-life of most positron emitters leads to high specific
activity. Only a very small quantity of radio-labeled molecules is thus re-
quired, making positron annihilation detection techniques very non-invasive.
In fact, practical catalyst studies can be carried out using less than 37 kBq
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of carbon-11, corresponding to less than 6.5×107 molecules. The first use of
positron-emitting isotopes as tracers in catalysis research was published in
1984 by Ferrieri and Wolf [27, 28] for studying alkyne cyclotrimerization of
acetylene and propylene. Baiker and co-workers [29] used 13N-labeled NO to
investigate the selective catalytic reduction (SCR) of NO by NH3 over vana-
dia/titania at very low reactant concentrations.

For imaging purposes a technique based on the coincident detection of
both photons produced via the annihilation event is often applied. This can
be achieved by using two scintillation detectors, each placed on opposite sides
of the emitting source. In this mode, only pairs of detected events that occur
within a preset coincidence window (typically less than 50 ns) are counted.
The position of the annihilation event that gave rise to the two detected pho-
tons can then be located along a chord joining the two detector elements. The
concentration of the radio-labeled isotope at that position can also be deter-
mined by integrating the number of events detected during a fixed time. Due
to the penetrating power of the emitted 511 keV gamma photons, which can
pass through several millimetres of stainless steel, detection is possible from
within steel reactors or process vessels. The coincident detection of photons is
the principle of techniques such as, the positron emission tomography (PET),
positron emission particle tracking (PEPT) and positron emission profiling
(PEP).

Positron emission tomography (PET) is now well established as a diagnos-
tic technique in nuclear medicine, providing 3D images of the distribution
of radio-labeled molecules within living human organs. The development of
a new breed of small self-shielding cyclotrons in the 1980s and significant
improvements in computer hardware and software has led to an explosive
growth in the number of PET facilities world-wide. Application of PET to
problems of industrial interest has occurred only recently [30]. PET has been
shown to be capable of monitoring turbulent two-phase (liquid/gas) flows
using injected solutions of aqueous Na18F as a radiotracer [31].

Jonkers and co-workers conducted the first study in which PET was ap-
plied to chemical reactions in reactors [32, 33]. Since the early 1990s a facility
has been developed at the Eindhoven University of Technology (TU/e) ded-
icated to positron emission imaging of physical and chemical processes in
catalytic reactors at practical operating conditions. A positron emission de-
tector has been developed that is specifically tailored to the measurement of
activity distributions as a function of time along a single, axial direction, as
a measurement of concentration profiles in a single dimension is sufficient
under axially-dispersed plug flow conditions (since concentration gradients
in the radial direction are negligible). This detector [34] is called a positron
emission profiling (PEP) detector to distinguish it from its 3D parent.

The positron emission profiling (PEP) detector is shown in Fig. 5. It has
been designed to be flexible, so that it can be used with a variety of different
sizes of reactors. Measurements can be carried out on reactors having lengths
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Fig. 5 Schematic drawing of the PEP detector with the two detector banks (not all de-
tector elements are displayed). The first 5 (of 81) reconstruction positions are displayed.
The photograph shows the PEP detectors with the stainless steel reactor between the two
arrays of detectors

between 4.0 cm and 50 cm and diameters of up to 25 cm. The detector consists
of two banks, each containing an array of 16 independent detection elements,
and is mounted horizontally, with the reactor and furnace placed between the
upper and lower banks. Each detection element is comprised of a bismuth
germanium oxide (BGO) scintillation crystal coupled to a photomultiplier.
The detection elements are situated in a frame, which allows adjustment of
the overall detector dimensions if required.

2
Experimental

2.1
Diffusivity Measurements with PEP

The current PEP setup allows two types of experiments to measure diffusion
in microporous materials. In the first type, labeled molecules are injected as
a small pulse into a steady-state feed stream of either an inert carrier gas
or of unlabeled molecules of the same kind. The propagation of the pulse
through the reactor is followed using the PEP detector. Information about
the diffusive processes can be obtained from the delay and broadening of the
pulse, and quantitative information can be obtained by analysis of the meas-
urements using an appropriate model, as will be discussed in more detail in
the next section. This type of experiments is especially suited for diffusion
measurements under zero loading conditions. A drawback of this method is
that it is limited to the determination of single-component diffusion coeffi-
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cients. Since under practical conditions multi-component diffusion occurs,
a second method has been developed. In this type of experiments, called
tracer-exchange PEP (TEX-PEP) [35], the labeled molecules are constantly
“leaked” into the feed stream, instead of being injected as a single pulse. The
PEP detector is used to measure the tracer exchange once the injection has
started. By switching off the injection of labeled molecules after equilibrium
is reached, the subsequent re-exchange can be followed as well. Information
on the various processes can be obtained by fitting appropriate models to
the time evolution of the tracer exchange at the various positions along the
reactor bed. This technique will be applied to the study of binary mixtures.
There are several advantages of the PEP technique over more conventional
techniques. First of all, it is capable of measuring the concentration inside
a packed bed reactor in situ [36]. Furthermore, PEP enables one to observe
the evolution of a pulse or step change inside the reactor itself, therefore ex-
cluding the influence of reactor exit effects and minimizing the influence of
entrance effects. Due to the penetrating power of the γ -photons used in the
detection, no special requirements are being put on the experimental system
holding the zeolite sample, and standard plugflow reactors can be used under
typical conditions also found in the laboratory. Finally, the use of radiochem-
ically labeled molecules makes this method particularly suited to study the
diffusion of mixtures, as one of the components can be selectively labeled.

2.2
Experimental Setup

The positron-emitting 11C isotope is produced by irradiation of a nitrogen
target with 12 MeV protons from the 30 MeV AVF cyclotron at the Eindhoven
University of Technology. The resulting 11C is then transferred as CO/CO2 to
a special setup for the production of labeled hydrocarbons. Details of the ho-
mologation process over a Ru/SiO2 catalyst used for the production of labeled
pentanes and hexanes can be found in Cunningham et al. [37]. 11C-labeled
C6 alkanes are synthesized from non-labeled 1-pentene, while non-labeled
1-butene is the starting material for 11C-labeled C5 alkanes production. After
separation of the different products produced in this process, the desired la-
beled species is collected in a syringe.

Figure 6 shows a schematic diagram of the reactor system used for
tracer-exchange positron-emission profiling (TEX-PEP) experiments. During
these tracer exchange experiments, a constant flow of unlabeled hydrocar-
bons in a hydrogen carrier stream is fed into the reactor. The n-hexane/
2-methylpentane/hydrogen mixture is generated in a dual CEM (controlled
evaporator and mixer) system for feeding of n-hexane and 2-methylpentane.
Each CEM unit consists of a liquid mass flow controller and a thermal gas
mass flow controller, giving a controllable, constant flow of a liquid and a gas.
The liquid is subsequently evaporated in a controlled manner in the mixing
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Fig. 6 Schematic layout of the TEX-PEP reactor setup including gas and liquid (unlabeled
and labeled hydrocarbons) feed, the reactor and PEP detectors and post-reactor analysis.
For diffusion measurements of binary mixtures a second liquid mass flow controller is
added (MFC: mass flow controller)

unit of the CEM. We employ a total flow of hydrocarbons and carrier gas of
80.2 ml min–1. In the TEX-PEP experiments, a quantity of labeled molecules
of either n-hexane or 2-methylpentane is continuously injected into the feed
stream using a syringe pump. The tracer exchange and tracer re-exchange
processes are monitored by adding the very small tracer flow to the flow
containing the non-labeled molecules until an equilibrium is reached and
subsequently turning the tracer flow off. Due to switching effects [35], the
re-exchange process yields more reliable results, and only this stage of the
experiments was used for determining the kinetic parameters.

2.3
Zeolite Samples

All measurements in the present contribution have been performed on large
crystals of silicalite-1 and H-ZSM-5 zeolites. Use of large zeolite crystals
simplifies significantly the modeling and experimental procedure because it
allows one to avoid pelletizing of the crystals. This has the important ad-
vantage that no macropore diffusion has to be included in the hydrocarbon
transport models and intracrystalline diffusion is the dominating process.

The sample of silicalite-1 has been kindly supplied by Shell Research
and Technology Center, Amsterdam. Scanning electron microscopy (SEM)
showed that it consisted of regular coffin-shaped crystals with an average
size of 150 µm × 50 µm × 30 µm. H-ZSM-5 has been kindly provided by
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Fig. 7 SEM picture of H-ZSM-5 sample

Dr. L. Gora from Delft University. The average crystal size was determined
with scanning electron microscopy and turned out to be 160 µm × 25 µm ×
25 µm (Fig. 7). The Si/Al ratio was 40 in the initial gel composition. The con-
centration of the Brønsted sites equals 7.5×10–6 mol g–1 as determined by
temperature-programmed isopropylamine decomposition. The bed porosity
was determined from the pressure drop over the bed. From the Ergun rela-
tion a value of ε = 0.44 is calculated. The length of the zeolite bed was equal
to 3 cm. Prior to experiments, the zeolite sample was activated for at least one
hour at 673 K in a hydrogen stream.

2.4
Modeling the Tracer Exchange Process

In order to derive self-diffusion coefficients from the TEX-PEP experiments,
a mathematical model is needed to describe the re-exchange process in the
zeolite reactor bed. A common way to describe diffusion in packed beds is
to use a set of diffusion equations, describing the mass transport in the zeo-
lite bed and inside the crystals [3, 38, 39]. The model to analyze the TEX-PEP
experiment study is basically a modification of the equations by Noordhoek
et al. [25]. The process is thought to consist of the transport of molecules via
convection and axial diffusion in the space between the crystals, adsorption
and desorption at the zeolite crystal surface and diffusion inside the pores
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of the crystals. It is assumed that the crystals have a spherical shape. This
approximation is commonly made in literature and has been shown to be
quite reasonable [3]. This is most probably due to the random orientation of
the crystals inside the reactor, making it indeed difficult to explicitly account
for the particle shape. As only one component is detected during the experi-
ments, single-component equations can be used to model its behavior. The
parameters describing the different processes in the bed will then be effective
values for the transport of this component in the mixture.

2.4.1
The Model Equations

Transport in the fluid phase inside the packed bed takes place through con-
vection, axial diffusion and flow to or from the zeolite crystals. A mass bal-
ance for a small volume element of the bed results in the following equation
for the concentration cz in the gas phase

∂cz

∂t
= Dax

∂2cz

∂z2 – vint
∂cz

∂z
+

3(1 – ε)
εRc

Nc . (13)

In this equation, z is the coordinate along the reactor axis, Dax is the axial
diffusion coefficient and vint the interstitial velocity, which can be calculated
from the gas flow speed vsup using vint = vsup/ε. The axial diffusivity can be
calculated from the molecular diffusion coefficient of the component. For Rc,
the radius of the crystals, the equivalent spherical particle radius is taken,
defined as the radius of the sphere having the same external surface area to
volume ratio [3]. We have estimated a value of 25 µm for the zeolite crystals
in the current study.

The boundary conditions used for the bed equation are identical with the
ones in Noordhoek et al. [25]. For the column entrance, a mass balance yields
(and by neglecting the diffusional term just in front of the column)

∂cz,0+

∂z
=

vint

Dax
(cz,0+ – cz,0– ) (14)

in which cz,0– and cz,0+ are the fluid phase concentrations just in front of and
just after the column entrance, respectively. For TEX-PEP experiments, the
concentration just in front of the packed bed is given by the Heaviside step
function

cz,0– (t) = c0, t > 0 (15a)

cz,0– (t) = 0, t ≤ 0 (15b)

At the column exit, the diffusional term is neglected, turning into a first-order
equation which can be used as a boundary condition.

The term Nc equals the mass flux through the boundary of the zeolite and
is determined by the rate-limiting step for adsorption/desorption at the crys-
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tal boundary. It is assumed that external mass transfer resistance due to the
diffusion through the laminar fluid film surrounding the particles can be neg-
lected, because this process is much faster than diffusion inside the zeolite
crystals. This has been confirmed by comparing simulations with and with-
out this process included in the model, showing that neglecting the external
film mass transfer resistance does not influence the results.

The model of Nijhuis et al. [39] explicitly accounts for adsorption/de-
sorption at the crystal boundary, assuming Langmuir adsorption kinetics. As
the TEX-PEP experiments are conducted under steady-state conditions, this
mechanism can be replaced by a simple first-order adsorption/desorption
process

Nc = kdcx(Rc, z, t) – kacz(z, t) (16)

in which ka and kd are the adsorption and desorption rate constants in
[m s–1]. This equation furthermore has the advantage that ka and kd have
the same dimensions and that there is no need to determine the number of
adsorption sites.

Transport inside the zeolite crystals occurs through diffusion inside the
zeolite pores. Although it is known that diffusion in zeolites is generally
anisotropic [40], the random orientation of the crystals inside the reactor
justifies the approximation that micropore diffusion can be described as an
isotropic process. A mass balance for the zeolite crystals yields for the ad-
sorbed phase concentration cx in the crystals

∂cx

∂t
= Dc

(
∂2cx

∂x2 +
2
x

∂cx

∂x

)
, (17)

in which Dc is the intracrystalline diffusivity, and x the radial coordinate of
the crystal. In principle, the value of the diffusion constant depends on the
concentration of both components. However, as during the experiments the
total concentration does not change, Dc can thus be regarded as constant
during a single measurement. The boundary condition at the center of the
particle is obtained from symmetry considerations

∂cx

∂x

∣∣∣∣
x=0

= 0 . (18)

At the crystal boundary, the flow to the surface must be equal to the desorp-
tion rate at the crystal boundary at x = Rc

Dc
∂cx

∂x

∣∣∣∣
x=Rc

= kacz(z, t) – kdcx(Rc, z, t) . (19)

The initial conditions can be found by realizing that at the start of a tracer
re-exchange process, the system is in equilibrium. Assuming that the in-
jected tracer concentration initially is equal to C0 yields the following initial



298 E.J.M. Hensen et al.

conditions

cz(z, t) = c0 (20a)

cx(x, z, t) = Kads·c0 , (20b)

in which Kads is the adsorption equilibrium constant and equals Kads = ka/kd.

2.4.2
Solving the Model

The equations described above have been solved using the numerical method
of lines [41]. This procedure has been described for our system in more detail
in Noordhoek et al. [36]. In short, this is done by discretizing the spatial coor-
dinates and derivatives, converting the system of partial differential equations
into a set of ordinary differential equations (ODEs). These ODEs can then be
solved using an ordinary numerical integration routine. Solving the model
yields values for the concentration at the each bed and crystal gridpoint. As
the PEP detector measures the total concentration of labeled molecules in
a certain section of the catalyst bed, volume averaging has to be applied to
simulate the response of the PEP detector. The average microparticle concen-
tration at position z inside the reactor bed equals

〈cx(z, t)〉 =
3

R3
c

RC∫
0

cx(x, z, t)·x2 dx . (21)

As the crystal concentration cx is only known at the gridpoints, this integral
has to be evaluated numerically. The total concentration at position z can be
calculated by averaging over the bed and crystal concentration

〈ctot(z, t)〉 = εcz(z, t) + (1 – ε) 〈cx(z, t)〉 . (22)

Estimation of the different parameters, i.e., the adsorption/desorption and
diffusion in the zeolite crystals, is done by fitting the modeled concentration
profiles to the measured ones, using the least-squares Levenberg–Marquardt
algorithm [42]. All the other parameters were determined experimentally.

2.4.3
Adsorption/Desorption at the Crystal Boundary

If adsorption and desorption at the outer surface of the zeolite crystallites
is fast compared to the diffusion inside the pores of the zeolite, adsorption
equilibrium can be assumed at the crystal boundary. This seems a reason-
able approach, because the diffusion inside the micropores is usually quite
slow. An advantage of this approach is that the parameters describing adsorp-
tion/desorption at the boundary can be replaced by a single equilibrium ad-
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sorption constant Kads. This eliminates the problem that two parameters need
to be fitted which are not completely independent, as was already reported
by Nijhuis et al. [39]. In order to check whether the adsorption equilibrium
assumption is satisfied, results for the model described previously are to be
compared to those from a model assuming adsorption equilibrium. Based on
the assumption that adsorption/desorption is fast compared to diffusion in
the zeolite micropores, the mass flux through the boundary of the zeolite is
determined by diffusion to the boundary of the crystal. Equation 15 is then
replaced by

Nc = – Dc
∂cx

∂x

∣∣∣∣
x=Rc

. (23)

The boundary equation at the crystal surface, Eq. 18, can be replaced by
a simple equilibrium condition

cx(Rc, z, t) = Kadscz(z, t) . (24)

An estimate of the rate of adsorption can be obtained from kinetic gas the-
ory [43]. The number of collisions between molecules and the surface can be
calculated using the following relation

Φs =
1
4

cgas

√
RgT

2πM
, (25)

which gives the collision rate per unit surface (in mol m–2), with cgas the con-
centration of the gas phase, Rg the ideal gas constant, T the temperature and
M the molar mass of the molecules. The rate constant for adsorption can
be calculated by dividing this expression by the gas phase concentration. It
should, however, be realized that the value calculated from Eq. 24 gives an
upper bound for the true adsorption rate, because not all collisions with the
zeolite crystal surface will result in the adsorption of a molecule inside the
micropores (i.e., there exists a “surface barrier” for adsorption, and the stick-
ing coefficient is smaller than 1). Estimation of the sticking coefficient is not
straightforward, and it might have values ranging from approximately one
to 10–3.

3
Diffusivity Studies of Hexanes in MFI Zeolites

3.1
Self-diffusivity of 2-Methylpentane/n-Hexane

The self-diffusivities of 2-methylpentane and n-hexane in their binary mix-
tures have been measured as a function of the ratio of the hydrocarbon in
silicalite-1 at a temperature of 433 K. Figure 8 shows the tracer re-exchange
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Fig. 8 TEX-PEP profiles for labeled 2-methylpentane (left) and n-hexane (right) at sev-
eral detection positions in an equimolar mixture of n-hexane and 2-methylpentane in
silicalite-1 at a total hydrocarbon pressure of 6.6 kPa and a temperature of 433 K (note
that these two graphs have been obtained from two different experiments in which one
of the two hydrocarbons was labeled)

process at different positions along the reactor axis for 2-methylpentane and
n-hexane in an equimolar mixture. The results are derived from two differ-
ent sets of experiments in which either the branched or the linear alkane was
isotopically labeled. The data immediately show that the re-exchange process
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of the branched molecule is slower than that of the linear hydrocarbon, in-
dicating a correspondingly lower diffusivity for the former. Table 1 gives the
hydrocarbon loadings of the two hydrocarbons on silicalite-1 at an adsorp-
tion temperature of 433 K.

The slightly lower loading of the branched alkane under equal experi-
mental conditions is in accordance with other studies [44, 45]. Indeed, Zhu
et al. [45] measured a higher n-hexane loading in silicalite-1 compared to
2-methylpentane even under a significantly higher partial pressure of the
iso-alkane. The n-hexane loading at a partial pressure of 0.47 kPa and a tem-
perature of 408 K was found to be 2.36 molecules per unit cell, while a value
of 2.28 was calculated for 2-methylpentane at a partial pressure of 0.73 kPa.
Loadings for both n-hexane and 2-methylpentane determined from the inde-
pendent experiments using a mass spectrometer (MS) are in agreement with
those provided by TEX-PEP (see Table 1).

Table 1 Loadings of single components in silicalite at 433 K, 6.6 kPa

Hydrocarbon Loading Loading Loading
[mmol g–1] [molec. uc–1] [mmol g–1] (MS)

n-hexane 0.64±0.03 3.6 0.59±0.03
2-methylpentane 0.59±0.03 3.4 0.53±0.03

Theoretically calculated values of the heat of adsorption for n-hexane and
2-methylpentane are 70 kJ mol–1 and 65 kJ mol–1, respectively [46, 47], which
is in agreement with the average values determined by Zhu et al. [48]. As
the heats of adsorption of these alkanes are very close, the difference in ad-
sorption is caused by an entropic effect. Indeed, the conformations of the
bulkier branched alkanes are much more restricted in the narrow pores of
the medium-pore MFI zeolite. For the branched isomer in silicalite-1 there is
a large difference in the adsorption entropy between the molecular locations
in the intersections and in the channels as shown by Zhu et al. [48]. There-
fore, the adsorption of 2-methylpentane from the gas phase leads to a higher
reduction in entropy compared to adsorption of n-hexane. This makes it en-
tropically less favorable to adsorb the branched isomer [44].

Figure 9 shows the binary adsorption data of n-hexane and 2-methyl-
pentane at 433 K as a function of the gas-phase ratio of the hydrocarbons.
Obviously, the n-hexane loading monotonically decreases upon an increase of
the partial pressure and loading of the 2-methylpentane. The total hydrocar-
bon loading only slightly decreases at high 2-methylpentane fraction in the
gas phase. The preference for adsorption of n-hexane over the monobranched
isomer is in line with the above-mentioned entropic considerations.
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Fig. 9 Loadings of mixture components in silicalite as a function of 2-methylpentane
fraction in the gas phase (total hydrocarbon partial pressure 6.6 kPa, T = 433 K)

The observations in the present study are supported by results of CBMC
simulations performed by Vlugt et al. [44] and Calero et al. [49] on ad-
sorption behavior of linear and branched alkanes and their mixtures. The
simulations were performed at a fixed mixture ratio at lower temperatures
(300 K and 362 K). It was shown, that at a total loading of approximately 4
molecules per unit cell, the loading of the branched alkanes reaches a max-
imum value. At lower loadings, both components are adsorbed indepen-
dently, while at higher loadings the branched alkanes is squeezed out by the
linear alkanes. Vlugt et al. [44] showed that this behavior of the compon-
ent is related to the siting of the molecules in the silicalite pore system. It
was found that the n-hexane is adsorbed throughout the silicalite-1 pores,
whereas 2-methylpentane molecules are located mostly at the intersections
between the straight and zigzag channels. Consequently, n-hexane displays
a higher packing efficiency. Apparently, under the present conditions, the
loading of the components were quite high, so that the 2-methylpentane is
expelled from the micropores and a preferential adsorption for the linear
alkane is observed. This effect can only be counteracted at high partial pres-
sures of 2-methylpentane. This results in substantial nonlinear dependencies
of the loadings on the mixture composition. Comparison between our experi-
mental results and those calculated from CBMC simulations [50] performed
for 2-methylpentane/n-hexane mixtures under almost similar conditions is
shown in Fig. 10. The single-component loadings of the single components
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Fig. 10 Loadings of mixture components in silicalite as a function of 2-methylpentane
fraction in the gas phase, experiment (total hydrocarbon partial pressure 6.6 kPa, 433 K)
and CBMC simulations (total hydrocarbon partial pressure 7.8 kPa, 433 K)

calculated by CBMC simulations are slightly higher than the values obtained
from TEX-PEP measurements.

This is more evident for the branched alkane and is related to the higher
hydrocarbon partial pressures applied in the CBMC simulations. The slight
decrease of the total loading with the branched alkane fraction in the gas
phase predicted from the simulations is in agreement with the TEX-PEP data.
However, a slight preferential adsorption for the branched alkane is deduced
from the simulations, whereas PEP measurements provide lower values for
the 2-methylpentane loadings. This disagreement and the tendency shown by
Vlugt et al. [44] can probably be attributed to imperfections in the model
parameters used in the CBMC simulations.

Figure 11 shows the self-diffusion coefficients obtained from the TEX-PEP
experiments for both alkanes as a function of the gas-phase mixture com-
position. Evidently, we find that the self-diffusivity of n-hexane is an order
of magnitude higher than that of the 2-methylpentane. Indeed, the kinetic
diameter of n-hexane (4.3 Å) is smaller than that of isohexane (5.0 Å) [51].
Moreover, we observe a decrease in mobility with increasing fraction of the
branched alkane in the gas phase. Analogous behavior was found for CH4/CF4
mixtures, where the self-diffusivity of both components decreased as the
loading of the slower diffusing tetrafluoromethane increased [52].

The loading dependence of 2-methylpentane is similar to earlier results
showing a decrease of 2-methylpentane diffusivity with loading in single-
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Fig. 11 Self-diffusivities of mixture components in silicalite as a function of the 2-methyl-
pentane fraction in the gas phase (left) and as a function of the 2-methylpentane loading
(total hydrocarbon pressure 6.6 kPa, 433 K)

component studies [53] and indicating that the mobility of the slower compon-
ent is not noticeably affected by the presence of a fast one [54–56]. A peculiar
observation is found in the dependence of the n-hexane self-diffusivity on
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the 2-methylpentane fraction. We find a monotonous decrease of the self-
diffusivity with an increase of the isohexane fraction up to a value of 0.75. At
higher values a strong decrease in the linear alkane diffusivity is observed,
and the values for the self-diffusivity of n-hexane and 2-methylpentane be-
come close. This sharp drop in mobility results from the hindrance imposed
by its branched isomer, because the total loading remains more or less con-
stant. Diffusion in zeolites is considered to proceed via a sequence of activated
jumps from one site to the other. A jump is successful if the neighboring site
to which the molecule attempts to jump is empty. Isohexane molecules are
preferentially adsorbed at the channel intersections that connect the straight
and zigzag channels. An increase of the amount of slowly moving molecules
(2-methylpentane) will lead to the blockage of these intersections. Thus, the
number of successful jumps of the fast component (n-hexane) should be de-
termined by the rate at which an empty site is created by a jump of the slow
component. Thus, at high loadings of 2-methylpentane, the self-diffusivity
of n-hexane becomes strongly determined by the self-diffusion rate of its
branched isomer. In Fig. 11, the self-diffusion coefficients of both components
are shown as a function of the 2-methylpentane loading. One can see that
the sudden drop in n-hexane diffusivity occurs at a 2-methylpentane loading
of approximately 2.75 molecules per unit cell. We surmise that this load-
ing already blocks the three-dimensional pore network of silicalite-1 strongly
enough to lead to considerably lower n-hexane diffusivities. When all the in-
tersections are occupied by the slowly diffusing branched alkanes, the entire
pore system will be blocked. As a consequence of this, the diffusion of hex-
ane will be determined by the diffusion rate of the slow component. Indeed,
when the loading of 2-methylpentane increases further, n-hexane diffusivity
continues to decrease, and one would expect them to become equal at higher
loadings. Similar phenomena regarding the blockage of the pore network were
observed during the adsorption of methane and benzene in zeolite Na-Y [57]
and silicalite [58]. In Na-Y, the benzene molecules block the windows of the
supercages and disrupt the mobility of the smaller methane molecules. Förste
et al. [58] showed that the decrease of methane diffusivity was also caused
by blocking of the channel intersections by benzene in MFI zeolite. For me-
thane/xenon mixtures in silicalite-1, both components are preferentially sited
in the interiors of the (straight and zigzag) channels, causing the blocking by
the slow components to be less dramatic [54].

For n-butane/methane [56] and methane/tetrafluoromethane [52] mix-
tures in silicalite, a decrease in the diffusivity of both mixture components
was observed with an increase of the loading of slower n-butane and me-
thane. In the first case, methane shows a preferential adsorption for the in-
tersections, while n-butane is approximately equally adsorbed in the straight
and zigzag channels [46]. In mixtures of CH4/CF4 in silicalite, CF4 adsorbs
preferentially in the straight channels while methane adsorbs in zigzag chan-
nels. The decrease in diffusion rates for these components is probably caused
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by the decrease of the probability for the molecule to jump to a free neighbor-
ing adsorption site. A sharp drop in the diffusivity was indeed observed by
Masuda et al. [55], who studied binary diffusion of n-heptane and n-octane
in silicalite. These alkanes do not have any preference for a particular ad-
sorption site. Therefore, both components (the faster and the slower one) will
diffuse on a rate similarly decreased upon increased loading. Thus, multi-
component diffusion is not only strongly related to the zeolite topology and
adsorption properties of the components, but also by the presence of another
adsorbate. The diffusion coefficient of a component will then also depend on
the loading of the other component. This makes it crucial to obtain more
insight into multicomponent diffusion coefficients because in most practi-
cal situations diffusivity will be determined by the mixture components and
relative concentrations.

3.2
Influence of Acid Sites on Diffusivity:
a Comparison of Silicalite-1 and H-ZSM-5

In the previous section we investigated the diffusivity of n-hexane and
2-methylpentane in an all-silica MFI zeolite. To obtain more insight into the
role of acidity we compare here results obtained with silicalite-1 and H-ZSM-5.
The loadings of both components in silicalite-1 and H-ZSM-5 are displayed in
Fig. 12. The adsorbed concentration of n-hexane in H-ZSM-5 is higher than in
silicalite-1. This result should be expected from the presence of the acid sites,
since the enthalpy of n-hexane adsorption in H-ZSM-5 (82 kJ mol–1) was re-
ported to be higher than in silicalite-1 (72 kJ mol–1) [59]. For isohexane these
values were reported to be lower by 6 kJ mol–1. It was found that in H-ZSM-5
at high n-hexane loadings a complex of two hydrocarbon molecules with the
bridging hydroxyl group is formed, whereas isoalkane molecules are unable to
form such a complex with the acid site. Indeed, in our study 2-methylpentane
loadings in mixtures in H-ZSM-5 are very close to those in silicalite-1.

The loading of n-hexane in mixtures is somewhat higher than it is expected
to be if it were proportional to its partial pressure (Fig. 12). On the contrary,
the 2-methylpentane loading is somewhat lower. This points to preferential
adsorption of n-hexane over isohexane in their mixtures in H-ZSM-5 than in
silicalite-1. In earlier experimental [50] and CBMC simulation studies [44] of
n-hexane/isohexane mixtures in silicalite-1, a slight preferential adsorption of
the linear alkane over the branched one has been found. The most prominent
explanation for this preference is the molecular siting of these two hydrocar-
bon molecules. Whereas n-hexane exhibits no clear preference for a position
in the micropore system of MFI zeolite, the branched isomer is preferentially
located at the channel intersections due to entropic reasons [44]. Conse-
quently, 2-methylpentane will be pushed out from silicalite-1 by n-hexane.
These effects are even stronger for H-ZSM-5, most likely due to the stronger
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Fig. 12 Loadings of mixture components in both MFI-type zeolites as a function of 2-me-
thylpentane fraction in the gas phase, total hydrocarbon pressure 6.6 kPa, 433 K

interaction of n-hexane with acid sites than the branched alkane [59], which
results in a higher packing efficiency for the linear alkane (Table 2).

Table 2 shows the adsorbed concentrations of the pure components. At
a partial pressure of 6.6 kPa the amount of n-hexane is just slightly higher
than that of isohexane in silicalite-1, while the linear alkane is obviously ad-
sorbed more strongly than 2-methylpentane in H-ZSM-5 due to the stronger
interaction with the acid sites. The maximum loading of each compon-
ent has been measured by a separate adsorption study. The sorption cap-
acity of n-hexane (7 molecules per unit cell), in agreement with earlier
studies [48, 59–61] exceeds that of 2-methylpentane (4 molecules per unit
cell). The latter value equals the number of channel intersections in the MFI
pore system per unit cell. Indeed, the sorption of isohexane molecules at

Table 2 Loadings of single components (mmol g–1) in silicalite-1 and H-ZSM-5 at 433 K
(loadings given at a hydrocarbon partial pressure of 6.6 kPa and the maximum loading)

Zeolite n-hexane 2-methylpentane
6.6 kPa cmax 6.6 kPa cmax

H-ZSM-5 0.75 1.1±0.2 0.62 0.74±0.04
silicalite-1 0.63 1.2±0.2 0.59 0.75±0.02
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energetically less favorable locations requires high pressures [44]. An ex-
perimental study of single-component n-butane and isobutane adsorption
by the volumetric method in silicalite-1 and H-ZSM-5 leads to similar con-
clusions [62]. Valyon et al. [62] found that under identical conditions the
n-butane loading was 1.5 (2.0) times higher than that of isobutane at a tem-
perature of 273 (413) K. For H-ZSM-5 complete saturation with butanes was
reached at lower pressures because of the stronger interactions with the acid
sites. For n-butane the maximum loading was found to be equal to approxi-
mately 8 molecules per unit cell, while for isobutane the inflection in the
isotherm was observed at a sorbed amount of 4 molecules per unit cell. Our
results support the finding that the stronger interaction of linear alkanes with
acid protons in H-ZSM-5 compared to branched ones results in a preferential
adsorption of linear n-hexane over 2-methylpentane.

Figure 13 displays the self-diffusivities of n-hexane and 2-methylpentane
in silicalite-1 and H-ZSM-5 as a function of the ratio of the hydrocarbons.
The self-diffusivities of both hexanes linearly decrease with increasing gas-
phase fraction of the branched hexane in the gas phase for the non-acidic and
acidic zeolite. In H-ZSM-5, the mobility of alkanes is approximately two times
slower than in silicalite-1. Obviously, the presence of acid sites strongly af-
fects the molecular transport due to stronger interactions with the n-hexane
molecules. A similar effect of Brønsted sites on the single component diffusion
of aromatics was observed in MFI zeolites with different concentration of acid
sites [63–65]. The frequency response (FR) technique provided similar results

Fig. 13 Self-diffusivities of mixture components in both MFI-type zeolites as a function
of 2-methylpentane fraction in the gas phase (total hydrocarbon pressure 6.6 kPa, 433 K)
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for n-butane and isobutane diffusion in silicalite-1 and H-ZSM-5 [62]: the dif-
fusivity of both components was approximately half in the acidic zeolite sites
and the diffusion of isobutane was significantly slower compared to n-butane.

In the present study of binary mixtures the self-diffusivity of the faster
component (n-hexane) in H-ZSM-5 is influenced by two factors: (i) the pres-
ence of slower 2-methylpentane molecules and (ii) the strong interaction of
the linear alkane with acid sites. As long as the concentration of the branched
hexane does not exceed a critical value, the effect of the Brønsted sites is
dominating and the diffusion of n-hexane in mixtures is roughly two times
lower in H-ZSM-5 than in the zeolite without acid sites. A behavior similar to
that of n-hexane is observed for 2-methylpentane in Fig. 13. Its self-diffusivity
decreases in both zeolite-types with increasing loading and analogous to
n-hexane the self-diffusion coefficient in H-ZSM-5 is half that in silicalite-1,
even for the single-component experiment. Thus, the presence of the Brøn-
sted sites noticeably decreases the diffusivities of both hexanes due to the
increased hydrocarbon-zeolite interaction in the presence of protonic sites.

Around a value of the gas-phase fraction of 2-methylpentane of about 0.83,
the influence of the acid sites on the n-hexane diffusivity is not dominant
anymore in comparison to the pore occupation of slow-diffusing 2-methyl-
pentane. Figure 14 shows the dependence of the diffusivities of both com-
ponents versus the concentration of adsorbed 2-methylpentane in terms
of molecules per unit cell. The diffusivities of n-hexane in silicalite-1 and
H-ZSM-5 become nearly equal when the concentration of 2-methylpentane
reaches approximately 2.75 molecules per unit cell. For 2-methylpentane we
find that the self-diffusivity in silicalite-1 becomes very close to the value in
H-ZSM-5 at the same loading.

Earlier we discussed the behavior of binary mixtures of linear and mono-
branched hexanes in silicalite-1. We found that pore blockage due to pref-
erential adsorption of the branched isomer occurs when its concentration
reaches approximately 2.7 molecules per unit cell. From CBMC simula-
tions [44] it is known that monobranched molecules such as 2-methylpentane
and 3-methylpentane prefer to occupy the intersections between straight
and zigzag channels in MFI-type zeolites. On the other hand, from its crys-
tallographic zeolite structure [1] we know that the MFI unit cell has four
intersections. Therefore, the diffusivity of n-hexane sharply decreases when
more than half of the intersections are occupied by its branched isomer. Fig-
ure 14 shows that a further increase of the 2-methylpentane loading up to
three molecules per unit cell results in the n-hexane diffusivities in silicalite-1
and H-ZSM-5 becoming almost similar. This can be explained by the influ-
ence of the co-adsorbed branched isomer. While the acid sites in H-ZSM-5
slow down n-hexane diffusivity considerably, this effect is largely absent
when 2-methylpentane is present in the micropores. Our observations are
confirmed by a recent experimental study of diffusion in silicalite of bi-
nary mixtures of alkanes (n-heptane, n-octane) and aromatics (ortho- and
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Fig. 14 Self-diffusivities of mixture components in both MFI-type zeolites as a function
of 2-methylpentane loading, 433 K

meta-xylene) [55]. These authors found that a component with a low dif-
fusion coefficient can considerably slow down diffusion of a faster one by
selective blocking of the zeolite intersections [65]. They also measured that
the diffusion of the slow component is not affected by the presence of the
fast component, which is in agreement with studies of methane/xenon mix-
tures [66]. This is also in agreement with our study.

Summarizing, we conclude that for binary mixtures of a linear and
branched hexane in H-ZSM-5 and silicalite-1 two factors influence the re-
spective diffusivities: (i) the strong interaction with acid sites preferentially
decreases n-hexane diffusivity and (ii) the blocking of intersection adsorp-
tion sites by 2-methylpentane decreases n-hexane diffusivity. At high loadings
of the branched isomer the latter effect is dominating, and finally the diffusiv-
ity of the linear hexane is totally determined by its branched isomer.

The current work indicates the strong effect of acid sites on the interaction
and diffusivity of hydrocarbons. To further study this effect, we determined
the single-component diffusion coefficients and specifically the activation en-
ergy for diffusion. Activated diffusion is described by the Arrhenius-type
Eq. 8. The pre-exponential factor Dinf is related to the jump frequency be-
tween adsorption sites in the zeolite lattice, while the exponential expresses
the chance that the molecules are able to overcome the free energy barrier
Eact between these sites. The loadings of n-hexane and 2-methylpentane in
H-ZSM-5 and silicalite-1 have been measured at temperatures between 373
and 533 K at intervals of 20 K. The hydrocarbon pressure was taken identical
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to that in the binary mixture experiments (6.6 kPa). The values of the appar-
ent activation energies for diffusion have been obtained. The term apparent
activation energy of diffusion (Eapp) is explicitly used to distinguish it from
the true activation energy of diffusion (Eact). The latter activation energy
is determined at constant (mostly very low) concentration of the adsorbate.
However, in the present experiments a change in temperature not only leads
to a change in the diffusion coefficient but also in the adsorbate loading.

Figure 15 displays the loadings of n-hexane and 2-methylpentane in both
zeolites. Under similar conditions, the adsorbed concentration of n-hexane
is higher than that of 2-methylpentane, especially at lower temperatures. The
interaction with n-hexane results in higher loadings for H-ZSM-5 than for
silicalite-1. From the temperature dependence of the diffusivity of n-hexane
in both zeolites, the apparent activation energy has been deduced and the
results are collected in Table 3. Corresponding Arrhenius plots are shown

Fig. 15 Loadings of hexanes measured at various temperatures in silicalite-1 and H-ZSM-5

Table 3 Apparent activation energy of diffusion for n-hexane in MFI-type zeolites and
a comparison with literature

Zeolite Eapp [kJ mol–1]
TEX-PEP Refs.

Silicalite-1 18.5±1.5 16–19 [73–75]
H-ZSM-5 22.0±2.0 20–24 [67–69]
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in Fig. 16. The apparent activation energy measured with the TEX-PEP is
higher for H-ZSM-5 than for silicalite-1, although the difference is small
and not totally significant. Experiments earlier performed at 433 K show that

Fig. 16 Arrhenius plots for diffusivities of n-hexane (left) and of 2-methylpentane (right)
in silicalite-1 and H-ZSM-5
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the diffusivity of n-hexane in H-ZSM-5 is by a factor of two lower than in
silicalite-1. Valyon et al. [62] have measured the activation energy of diffusion
for n-butane in silicalite-1 and H-ZSM-5 with the FR method. They found
values of 10.7 and 13.1 kJ mol–1 respectively, which explained the increase
of hydrocarbon diffusivity in the absence of protonic sites. In our case we
also find a higher activation energy for the acidic material. The values are
in good agreement with values provided by other techniques (Table 3). The
activation energy of n-hexane diffusion in H-ZSM-5 determined by the FR
method [67, 68] is equal to 24 kJ mol–1. The constant volume method pro-
vided a value of 20 kJ mol–1 [69]. Thus, a value of 22±2 kJ mol–1 as measured
in this work overlaps very well with these values. On the other hand, Her-
mann et al. [70–72] found a somewhat lower value of 15.6 kJ mol–1 upon
measurements of the transport diffusivity of n-hexane in H-ZSM-5 at rela-
tively low loading by a micro-FTIR technique.

The value of the apparent activation energy for silicalite-1 is also re-
produced by other methods such as the ZLC and the square wave meth-
ods [73–75]. Discrepancies, however, occur with techniques such as mem-
brane permeation and TEOM, that provided somewhat higher values of the
activation energy for n-hexane, i.e., 34.7 kJ mol–1 [76] and 38 kJ mol–1 [45],
respectively. In the membrane permeation technique very high loadings up to
eight molecules per unit cell were used, which may explain the discrepancy.
The value provided by Zhu et al. [45] is the activation energy deduced from
the corrected diffusivities. The diffusivities were measured at different condi-
tions (partial pressures) and the loadings were also up to 5.25 molecules per
unit cell.

In principle, one would expect an increase in the activation energy of dif-
fusion in the presence of the acid sites. The interaction of the hydrocarbon
with Brønsted sites will increase the barrier to be overcome for hopping of
the hydrocarbon from one to the next site. Indeed, this is observed by several
authors, although we should note that the effect is generally small compared
to the accuracy of the measurements.

Corresponding Arrhenius plots for the diffusion of 2-methylpentane in
silicalite-1 and H-ZSM-5 are presented in Fig. 16, and the results are collected
in Table 4. The diffusivities have been measured in the temperature interval

Table 4 Apparent activation energy of diffusion for 2-methylpentane in MFI-type zeolites
and a comparison to literature data

Zeolite Eapp [kJ mol–1]
TEX-PEP Refs.

Silicalite-1 66±6 50 [45]; 46 [77]
H-ZSM-5 72±3 24 [79]; 36 [78]
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393–513 K and 413–533 K for silicalite-1 and H-ZSM-5, respectively. An ex-
perimental problem is the low concentration of adsorbed 2-methylpentane
at higher temperatures which leads to a low signal-to-noise ratio. This pro-
hibits us to measure the diffusivity and the loading of 2-methylpentane in
silicalite at 533 K. For the same reason the experimental error was slightly
higher than 10% for the other measurements. The apparent activation ener-
gies of diffusion found for 2-methylpentane in silicalite-1 and H-ZSM-5 are
both significantly higher than those for n-hexane. This results in an order
of magnitude difference in the diffusion coefficients for these alkanes. This
is in agreement with the earlier studies of linear and mono and dibranched
alkanes in MFI-type zeolites [77, 78].

The commonly accepted explanation for the higher activation energies
of diffusion for isoalkanes in MFI zeolites is that due to its higher critical
diameter isoalkanes experience a steric hindrance during diffusion. Similar
to n-hexane, we find a higher value for the apparent activation energy of
2-methylpentane in H-ZSM-5 than in silicalite-1. This is in agreement with
the findings of the FR technique for isobutane diffusion in MFI-type zeo-
lites [62]. The activation energy of isobutane was measured to be 1.2 kJ mol–1

higher in H-ZSM-5. TEX-PEP does not allow us to be that precise in this case,
but in combination with data on mixture experiments we suggest that the in-
teraction between the alkane and the Brønsted sites results in an increase in
the activation energy of diffusion. The values for the activation energy for
2-methylpentane diffusion in both zeolites measured here are significantly
higher than those measured by other techniques (Table 4). TEOM [45] and
gravimetric measurements [77] provide an activation energy for branched
hexane diffusion in silicalite-1 of 50 and 46 kJ mol–1, respectively. This value
is even higher than that obtained in H-ZSM-5 as measured by Xiao and Wei
with the same method (36 kJ mol–1 [78]) and by Keipert and Baerns with
a transient technique (24 kJ mol–1 [79]).

The discrepancies between the values of the activation energies provided
by different authors can be attributed to the different alkane partial pressures.
Several theoretical and experimental studies indicate a significant concentra-
tion dependence of diffusion in zeolites [4, 19, 77, 78, 80]. Coppens et al. [19]
have shown for MFI zeolite with Monte-Carlo simulations that the diffusiv-
ity can drop by a factor of ten when the occupancy is close to saturation. In
this work we performed our experiments under a hydrocarbon partial pres-
sure of 6.6 kPa, which is higher than the pressures in TEOM, gravimetric and
volumetric measurements.

Figure 15 shows the loadings of 2-methylpentane and n-hexane in both
zeolites in the temperature interval used to determine the activation energy.
The loading of 2-methylpentane reaches 3.5 molecules per unit cell with the
loadings in H-ZSM-5 being slightly higher than in silicalite-1 at the same
temperatures. The maximum loadings of 2-methylpentane in silicalite-1 and
H-ZSM-5 were measured to be 0.75 mmol g–1, which corresponds to approxi-
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mately 4.2 molecules per unit cell. At a partial pressure of 6.6 kPa, the zeolite
loading was up to 80% of the saturation, which is higher than the experimen-
tal conditions of other techniques. Indeed, in the transient experiments per-
formed with a TAP reactor [79] a pulse of a very small amount of molecules is
admitted to the empty zeolite. In such a case the influence of other hydrocar-
bons can be excluded. It is also important to note that the experimental condi-
tions (partial pressure) used in the gravimetric experiments [77, 79] were not
specified. Nevertheless, diffusion coefficients provided by those techniques
are in a fair agreement with the values measured here. The data are collected
in Table 5.

Table 5 Diffusion coefficients for 2-methylpentane in MFI-type zeolites and a comparison
with literature

Zeolite D [m2 s–1] (T = 423 K)
Grav. [74, 75] Grav. [76] TAP [77] PEP

Silicalite-1 2×10–12 1.1×10–12

H-ZSM-5 9×10–13 1×10–12 4×10–13

Summarizing, we observe that the presence of acid sites causes a de-
crease in the self-diffusivity of n-hexane and 2-methylpentane. In H-ZSM-5,
we find that the diffusivity of n-hexane in mixtures with its branched iso-
mer is determined by two factors: (i) the interaction with acid sites, strong
for the linear alkane, which decreases the diffusivity and (ii) the presence
of 2-methylpentane which has an order of magnitude lower diffusivity. At
low 2-methylpentane loadings the influence of the acid sites is dominating.
However, at a loading of about 2.7 molecules per unit cell, the effect of pore
blocking by the preferential location of the branched alkane in the intersec-
tions dominates. The diffusivities are then more or less equal in silicalite-1
and H-ZSM-5.

3.3
Self-diffusivity of n-Pentane and n-Hexane
and their Mixtures in Silicalite-1

We have earlier studied the concentration dependence of the self-diffusivity
of n-hexane in large crystals of silicalite-1 and H-ZSM-5 zeolites [81]. A rather
peculiar monotonic increase in the diffusivity was observed with increasing
alkane loading for both zeolites up to 4 molecules per unit cell. The diffusion
coefficient in H-ZSM-5 was found to be approximately half of that in silicalite-
1 due to the interaction of n-hexane with the Brønsted acid sites. The increase
in the diffusivities with the loading was assumed to be caused by repulsive in-
teractions between the molecules adsorbed in the channel intersections and
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the adjacent straight channel. However, we should note that this explanation
is rather speculative and has to be supported by theoretical investigations.
Here, we will report similar investigations for n-pentane and mixtures of
n-pentane and n-hexane. Before discussing in more detail the diffusivities
of such mixtures for which PEP is a unique technique, we will focus on the
self-diffusivity of n-pentane in silicalite-1 as a function of loading at vari-
ous temperatures. At temperatures of 473 and 453 K the hydrocarbon loading
is low, i.e., less than 1.5 molecules per unit cell making accurate determina-
tions of self-diffusion coefficients difficult. At 433 K the loading corresponds
to about 3.5 molecules per unit cell. At low temperatures (373 and 393 K)
the diffusion coefficient of n-pentane increases with its loading. This is in
line with previous results for n-hexane diffusion in silicalite-1 [81]. In that
study, we reported the peculiar phenomenon that an increase of n-hexane
loading from 0.1 to 4 molecules per unit cell led to a significant increase in
self-diffusivity. This unexpected effect is tentatively explained by repulsive
interactions between hydrocarbon molecules, leading to an increase in the
jump rate between adjacent sites.

Such interactions and their effect on diffusivity have been described by
Paschek and Krishna for isobutane in silicalite-1 [82]. We tentatively propose
that the concentration dependence of n-pentane diffusivity reported here is
due to similar effects. In short, this means that repulsive intermolecular inter-
actions lead to increased mobility of n-pentane. This tallies with the absence of
a siting preference for this hydrocarbon. One would expect slightly weaker re-
pulsions for n-pentane compared to the longer n-hexane molecules, especially
at high temperatures. Indeed, as only one molecule (n-pentane or n-hexane)
fits into a channel or an intersection, the distance between the n-pentane
molecules adsorbed in the straight channels and the intersections is larger
than the corresponding distance for n-hexane molecules. One expects that re-
pulsive forces decrease with an increase in the intermolecular distance. At high
temperatures, these interactions are weaker as predicted by Paschek and Kr-
ishna [82]. This effect is also found in our experiments as the diffusivity of
n-pentane does not increase with loading at high temperatures (T > 493 K).

Besides repulsive interactions between the molecules, other factors influ-
ence the diffusion of n-pentane in silicalite-1. Theoretical calculations [17–
19, 53] have shown a decrease in the diffusivity with loading when repulsive
interactions are not taken into account. In this case, pore occupancy plays
a dominant role. As the loading increases, the probability for the molecule
to jump to the neighboring adsorption site decreases since the chance that
the site is already occupied increases. Hence, the molecule will reside longer
at its current location. This effectively decreases the jump frequency and
thus the self-diffusion coefficient. According to mean-field theory, diffusiv-
ity should be proportional to the fraction of the unoccupied sites [2]. For
silicalite-1, self-diffusivity was shown to decrease slightly faster with the oc-
cupancy due to correlation effects [19]. Krishna and Paschek [84] determined



Positron Emission Profiling: a Study of Hydrocarbon Diffusivity in MFI Zeolites 317

a jump diffusion at a given occupancy as a jump diffusion at zero occupancy
proportional to the vacancy factor and to the repulsion factor, which in turn
is also concentration dependent. Therefore, we assume that self-diffusion of
n-pentane in silicalite is simultaneously affected by the hydrocarbon load-
ing of the zeolite, that causes a decrease in the diffusion, and by repulsive
interactions between the molecules, that cause an increase in their mobility.
These two effects compete with each other. Experimental conditions deter-
mine which of these two dominates. For example, up to a certain partial
pressure, molecules such as branched alkanes are preferentially adsorbed in
the channel intersections [44, 82, 85]. Under these conditions, there is no re-
pulsion between the molecules, and diffusion decreases with the loading.
As soon as the molecules start to appear in the straight channels, diffusion
increases [82]. To our opinion, the observation that at relatively high tempera-
tures (433–473 K), the self-diffusion coefficient of n-pentane does not change
with concentration (Fig. 17) indicates that the pore occupancy effect is com-
pensated by the repulsive interactions between the molecules. At 433 K, the
concentration of n-pentane in the micropores varied from 0.5 to 3.5 molecules
per unit cell. At these pore occupancies, and making the assumption that
other interactions are absent, a decrease in the diffusivity is predicted by
Coppens et al. [19]. The deviant observation can be tentatively explained by
inclusion of repulsive interactions that compensate this decrease of the mo-
lecular mobility. On the other hand, at high temperatures diffusion is faster

Fig. 17 Self-diffusivity of n-pentane in silicalite-1 at various temperatures and loadings
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and the repulsive interactions should be weaker. Therefore, such interactions
do not dominate over the pore occupancy effect and the diffusion coefficient
does not change. At low loadings, both the occupancy and repulsion effects
are apparently not of overriding importance, and we find almost constant
values for the self-diffusion coefficient within the experimental accuracy lim-
its. At lower temperatures (373–393 K), we observe that diffusion becomes
faster at higher loadings. This is similar to our earlier report on n-hexane
diffusivity [81] and is explained by the dominance of repulsive interactions.

In the work of Heink et al. [86] a decrease in the diffusivity of n-pentane
in silicalite-1 up to loadings of 0.75 molecules per unit cell and higher than
four molecules per unit cell was found with PFG NMR. Despite an appar-
ent disagreement, we note that in their experiments at low concentrations the
pore occupancy effect was dominating, resulting in a lowering of the jump
frequency with loading. The absence of such an increase in the present study
may lie in the lower experimental accuracy. At high loadings (4–12 molecules
per unit cell), a decrease of n-pentane diffusion was measured [86, 87]. Proba-
bly, the occupancy effect is more dominant than the intermolecular repulsive
effect in this range. On the other hand, it is known that the maximum sorp-
tion capacity of silicalite-1 for n-pentane is approximately eight molecules per
unit cell, implying that at loadings higher than eight molecules per unit cell
the diffusion coefficients do not pertain exclusively to micropore diffusion.
Our interpretation is further supported by diffusion measurements of light
alkanes in silicalite-1 performed by van de Graaf et al. [91] using a membrane
permeation technique. At 303 K, an increase of the intracrystalline diffusiv-
ity was observed for C1-C3 alkanes. At higher temperatures, the diffusivity
did not change with increasing concentration in line with our results. For
n-propane, the diffusivity had a maximum at pore occupancy of approxi-
mately 0.8. Apparently, up to that occupancy diffusivity increases due to the
stronger influence of the proposed repulsive interactions. At higher loadings
the pore occupancy effect dominates resulting in a decrease of the diffusivity.

Summarizing, we propose the following for n-pentane diffusion in
silicalite-1. At very low loadings, n-pentane diffusion coefficients are constant
or slightly decrease with the total pore occupancy. This possible decrease is
due to the pore occupancy effect but is too small to be detected by the TEX-
PEP method. At intermediate loadings, molecules occupy both straight and
zigzag channels and start to develop repulsive interactions. The expected de-
crease in diffusion coefficient with pore occupancy is compensated by an
increase in the jump frequency due to such repulsive interactions. At high
loadings, the repulsion effect is dominating and the self-diffusion coefficient
increases. At even higher loadings, we expect the diffusion to slow down due
to strong pore occupancy effects. Note that the repulsive interactions do not
have a noticeable impact on the molecular mobility at high temperatures, and
consequently the effect of loading on the diffusivity is small at high tempera-
ture. In this latter case it is not possible to work at higher loadings because the
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Table 6 Comparison of n-pentane diffusivities reported in literature with those obtained
by TEX-PEP

Method D×10–11 [m2 s–1] Conditions Refs.

TEX-PEP 0.7–1.05 373 K, 2.9–7.1 molec.uc–1

Membrane technique 0.24 334 K, – [88]
ZLC 0.2 334 K, – [71, 72]
FR 40 303 K, 7 molec.uc–1 [89]
PFG NMR 40 330 K, 4 molec.uc–1 [86]
PFG NMR 204 334 K, 4–8 molec.uc–1 [87]
SCM 1 300 K, 0.5 kPa [90]
MD 98.5 333 K, 4 molec.uc–1 [53]

adsorbate has a limited concentration at higher temperatures by the technical
design of the feed system.

Table 6 shows a comparison between diffusion coefficients of n-pentane in
silicalite-1 measured by various macro- and microscopic techniques as well
as deduced from molecular dynamics simulations. However, we did not find
reports where diffusion coefficients of n-pentane in silicalite-1 were meas-
ured under conditions similar to this study. TEX-PEP values are in a good
agreement with values provided by macroscopic techniques such as the Mem-
brane technique [88], ZLC [71, 72] and the SCM technique [90]. The diffusiv-
ity provided by the macroscopic frequency response method is an order of
magnitude higher [89]. Tentatively, we explain this to the significantly lower
temperature and higher loading which could lead to a dominating influence
of the repulsive interactions. Usually, diffusivities measured by microscopic
techniques (PFG NMR) or computer simulations are significantly higher than
those from macroscopic methods. The authors of a novel macroscopic ultra-
high vacuum technique, Multitrack [92], claimed that one of the reasons for
the lower values of the diffusivities measured by macroscopic methods is the
diffusion resistance caused by the presence of a carrier gas. Comparison with
the data found in the literature shows that the diffusivities provided by the
TEX-PEP method are in reasonably good agreement with the values supplied
by other macroscopic techniques.

Activation Energy of n-Pentane Diffusion in Silicalite-1

We have tried to establish whether there is any influence of the proposed
repulsive interactions on the apparent activation energy for diffusion. In
a theoretical study on isobutane diffusion in silicalite-1 [82], a change in the
apparent activation energy was determined. At lower temperatures, the ap-
parent activation energy was lower than at elevated temperatures. This effect
was proposed to be caused by repulsive interactions. We determined the ap-
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Table 7 Apparent activation energy of diffusion for n-pentane in silicalite at various par-
tial pressures

Pressure [kPa] Eapp [kJ mol–1]

0.5 18±4
1.0 27±4
3.3 21±3
9.0 13±2

parent activation energy for diffusion of n-pentane in silicalite-1 at partial
pressures of 0.5, 1.0, 3.3 and 9.0 kPa in the temperature interval 393–473 K.
The results are collected in Table 7. At low hydrocarbon partial pressures the
accuracy was low which is related to the lower accuracy in the determination
of the self-diffusivities. Nevertheless, the values are in the range of literature
data, varying from 8.3 kJ mol–1 (PFG NMR [86]) to 21 kJ mol–1 (FR, [89]). Ev-
idently, the apparent activation energy does change with the partial pressure.
We explain this by the competing influence of two factors, i.e., the pore occu-
pancy and the repulsive interactions. Which of these two effects is dominant
depends on the temperature and adsorbate concentration. The n-pentane
loadings in silicalite-1 are depicted in Fig. 18.

Earlier, we have reported that the apparent activation energy for diffusion
of 3-methylpentane in silicalite-1 increases with the partial pressure. This was
explained by the pore occupancy effect influencing the pre-exponential fac-

Fig. 18 n-Pentane loadings at various temperatures and partial pressures in silicalite-1
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tor of diffusion which is proportional to the jump frequency, Dinf. This is
explained by the fact that under fixed partial pressure conditions the zeolite
loading will vary as a function of temperature.

On the other hand, the apparent activation energy for n-pentane diffusion
in silicalite-1 might decrease due to the repulsive interactions as shown ear-
lier. The lower apparent activation energy at a partial pressure of 0.5 kPa is
due to the compensation of the pore occupancy and repulsive effects. We
speculate that the apparent activation energy is close to the one at zero load-
ing. At higher partial pressures the pore occupancy starts to play a more
significant role, leading to an increase in the apparent activation energy. At
high partial pressure (9.0 kPa), the apparent activation energy has the low-
est value, which is attributed to the strong increase in diffusivity due to the
dominating repulsive interactions.

The current trends identified for n-pentane are strikingly similar to those
for n-hexane. TEX-PEP provides the unique possibility to study diffusion of
two linear hydrocarbon in two separate sets of experiments. In a first set,
n-pentane is labeled and its diffusion coefficients are determined in a mix-
ture with non-labeled n-hexane, while the reverse is done in a second set.
The experiments have been performed at a temperature of 433 K and the total
hydrocarbon pressure was kept constant at 6.6 kPa by varying the ratio be-
tween n-hexane and n-pentane in the gas phase. Figure 19 shows the loadings
of both components in the mixture as a function of the n-hexane fraction in

Fig. 19 Loadings of mixture components in silicalite as a function of n-hexane fraction in
the gas phase (total hydrocarbon pressure 6.6 kPa, 433 K)
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the gas phase. Obviously, n-hexane is preferentially adsorbed over n-pentane.
In the equimolar gas mixture, the n-hexane loading was approximately three
times higher compared to that of n-pentane (0.39 and 0.13 mmol g–1, re-
spectively). This corresponds to the larger heat of adsorption of n-hexane in
silicalite-1 than that of n-pentane, 71 and 42 kJ mol–1 [93], respectively. Since
both alkanes are likely to be situated throughout the micropore space [85]
under the applied conditions, the stronger adsorption is due to enthalpic
and not entropic reasons. Clearly, this corresponds to the higher single-
component loading for n-hexane (0.63 mmol g–1) than that for n-pentane
(0.45 mmol g–1).

Figure 20 shows the self-diffusivities of n-pentane and n-hexane as a func-
tion of gas mixture composition. The loadings of both components de-
pend on the gas phase composition fraction. Note that in these experi-
ments the total hydrocarbon pressure is kept constant (6.6 kPa). The loading
of a feed of pure n-hexane under these conditions (433 K, 6.6 kPa) is 3.6
molecules per unit cell. Unexpectedly, we observe a lower diffusion coeffi-
cient for pure n-pentane than for n-pentane in a mixture with n-hexane.
Tentatively, we ascribe this to the more drastic increase in n-hexane dif-
fusivity with loading than for n-pentane. As discussed earlier, this can be
ascribed to stronger repulsive interactions for the longer hexane hydrocar-
bons. It is clear from Fig. 20 that at low n-hexane concentrations, its diffusion
is slower than of n-pentane. The diffusivity of hexane increases with n-hexane
loading, while the diffusivity of pure n-pentane was found to be indepen-
dent on the concentration at this temperature. Repulsion between n-pentane

Fig. 20 Self-diffusivities of mixture components in silicalite at various gas mixture
compositions (total hydrocarbon pressure 6.6 kPa, 433 K). Gas mixture composition is
determined by the ratios between the components in the gas phase
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molecules should be weaker than between n-hexane molecules. In mixtures,
n-pentane and n-hexane molecules are randomly distributed in the zeolite.
We argue that also repulsive interactions are present between n-pentane/
n-hexane molecules. In our crude estimation, the distance between n-hexane/
n-pentane is shorter than that between npentane/n-pentane molecules. Thus,
increasing the n-hexane loading effectively replaces neighboring n-pentane
by n-hexane molecules. This leads to stronger intermolecular repulsive in-
teractions and a consequent increase in the self-diffusion coefficient of the
shorter alkane. From Fig. 20, it is clear that n-hexane diffusion in mix-
tures with n-pentane is slower compared to its single-component diffusion.
Our simple model can explain this by a decrease of intermolecular repul-
sive interactions in the order of n-hexane/n-hexane > n-hexane/n-pentane >
n-pentane/n-pentane. This also indicates that in the absence of such inter-
actions n-hexane is slower than n-pentane, which is a reasonable behavior
to expect. As the concentration of n-hexane in the silicalite pores increases
further, diffusion of n-hexane slightly increases due to increased repulsions.

At first sight, these results are somewhat different from those obtained by
Masuda et al. [55] for n-heptane/n-octane mixtures in silicalite-1. A decrease
in the diffusivity of the faster-diffusing n-heptane was observed as the loading
of slower n-octane increased, while the octane diffusivity did not change in the
presence of n-heptane. This difference may be attributed to different experi-
mental conditions, since the temperature was higher (448–498 K) and the total
pressure significantly lower (13 Pa). In this case, a relatively small pore occu-
pancy is expected and repulsive interactions should be minimal. This leads to
similarly low mobility of the faster hydrocarbon as of the slow one.

In conclusion, TEX-PEP allowed us to study the concentration dependence
of self-diffusion of n-pentane and its diffusion in mixtures with n-hexane in
silicalite-1. Diffusion of n-pentane was found to be independent on the load-
ing at high temperatures, while at lower temperatures a slow increase in the
self-diffusion coefficient was observed. In a tentative simple model, we at-
tribute this to intermolecular repulsive interactions between the molecules
located in the intersections of the straight and zigzag channels and those sited
in the adjacent straight channels. This may result in an increase in the hy-
drocarbon mobility of the molecules [82]. However, n-pentane diffusivity is
also affected by the pore occupancy, which causes a decrease in the diffusiv-
ity. Although these two factors are competing, it appears that they more or
less compensate each other at high temperatures. As a result diffusion is in-
dependent of the concentration. At low temperatures, repulsive interactions
are stronger, and the diffusivity tends to increase with increasing loading. The
complex effects also influence the apparent activation energy for diffusion.

In mixtures with n-hexane for which the influence of intermolecular re-
pulsive forces appear to be stronger, we find that n-pentane diffusivity is
enhanced. This is most likely due to higher repulsive forces between n-pen-
tane/n-hexane molecules residing in adjacent pore positions than between
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n-pentane/n-pentane pairs. Thus, at high loading of n-hexane, the mobility
of n-pentane molecules becomes very close to that of n-hexane. Molecularly,
this can be interpreted that the diffusivity of the shorter alkane is totally
determined by the longer one. On the contrary, n-hexane diffuses slower
in mixtures with n-pentane compared to pure n-hexane under similar con-
ditions. With increasing fraction of n-pentane the repulsive forces become
weaker and the diffusivity of n-hexane becomes even slower than that of
n-pentane. It appears that the presence of another hydrocarbon with a slightly
different diffusion coefficient results in a complex behavior depending on the
temperature and the total and fractional micropore occupancy. These experi-
mental data cannot yet be described by molecular models in detail and call
for further refinement of molecular simulations. A crucial point will be to
develop methods to determine self-diffusion coefficients at realistic hydrocar-
bon loadings.

4
Conclusions

Zeolites are widely used in the petrochemical industry as catalysts and ad-
sorbents. In order to enhance the understanding of the complex interplay
of reaction and diffusion, there is a large interest in understanding of dif-
fusion processes of alkanes in medium-pore zeolites. Much attention has been
paid to study diffusivity of alkanes in MFI zeolite, mostly of the all-silica type
(silicalite-1). In the present contribution, we have studied single-component
self-diffusion coefficients of hexanes in silicalite-1 and its acidic counterpart,
H-ZSM-5 by tracer exchange positron emission profiling (TEX-PEP). More-
over, we investigated the diffusivity of mixtures of alkanes. For the first time,
the diffusion of n-pentane and n-hexane in mixtures was studied in detail.
This shows that positron emission profiling is a powerful technique for in situ
investigations of the adsorption and diffusive properties of hydrocarbons in
zeolites. As the technique is based on the labeling of a small portion of the
hydrocarbons, one can perform tracer exchange experiments under chemical
steady-state conditions. This allows one to extract self-diffusion coefficients
of hydrocarbons at finite loadings, even in the presence of another unlabeled
alkane.

We have discussed the adsorption and diffusion of binary mixtures of
linear (n-hexane) and branched (2-methylpentane) alkanes in silicalite-1. It
turned out that not only the size but also the siting of the molecules in the
particular zeolite plays an important role in the behavior of the mixture com-
ponents. A slight preference for the adsorption of n-hexane over 2-methyl-
pentane was observed because of the higher packing efficiency of the linear
alkane. This is due to the preferential location of the branched alkane in the
zeolite intersections. A consequence of this is that the diffusivity of n-hexane
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is strongly influenced by that of the slower branched component. A drastic
decrease in the diffusivity of n-hexane is observed at a 2-methylpentane load-
ing of about 2.75 molecules per unit cell. This is explained by blocking of
the channel intersections. The loading roughly corresponds to the situation
where three out of four channel intersections are occupied by the isohexane.

A comparison between silicalite-1 and H-ZSM-5 teaches that acid sites
have a profound influence on the self-diffusivity of alkanes. The self-
diffusivities of both components decrease strongly, and we observe a signifi-
cant preferential adsorption of the linear over the branched hexane. This is
caused by the relatively stronger interaction of the linear hexane with the
acid sites. On the contrary, 2-methylpentane loadings in mixtures in silicalite-
1 and H-ZSM-5 are very close. In H-ZSM-5, the diffusivity of the linear
alkane in mixtures with the branched alkane is influenced by two factors
(i) interaction with the acid sites, which decreases the diffusivity by approxi-
mately a factor of two and (ii) the presence of 2-methylpentane, which has
a ten-times lower diffusivity. At low loadings of the branched alkane, the in-
teractions with the acid sites is prevailing. As soon as the loading of isohexane
exceeds approximately 2.7 molecules per unit cell, the effect of the Brønsted
sites on the diffusion becomes negligible compared to the blockage of the
pore network connection by the branched alkane.

Our earlier studies confirmed that diffusion of 3-methylpentane in silicalite-
1 decreases with increasing loadings. This simple behavior points to the
absence of intermolecular interactions, which tallies with the notion that this
branched alkane is preferentially located in the zeolite’s intersections. Simi-
lar measurements with n-hexane showed that its self-diffusivity increases with
increasing loading. This is tentatively attributed to intermolecular repulsive in-
teractions which are more pronounced between n-hexane molecules located
in the intersections and the channels. Here, we investigated the diffusivity of
n-pentane as a single component and in mixtures with n-hexane in silica-
lite-1. From the single-component n-pentane measurements, we derived that
the increase of diffusivity with loading was less dramatic than for n-hexane.
This is in line with the smaller dimensions of the C5 alkane which should reduce
the repulsive interactions. Interestingly, we found that n-pentane diffuses faster
in a mixture with n-hexane than in a single-component experiment at the same
total hydrocarbons partial pressure. This is believed to be caused by stronger
repulsive interactions with n-hexane than between n-pentane molecules. Con-
sequently, we can explain that at high loadings of n-hexane, the mobility of
n-pentane molecules becomes very close to that of n-hexane. On the con-
trary, n-hexane diffuses slower in mixtures with n-pentane compared to the
single-component diffusivity under similar conditions. Upon increasing the
fraction of n-pentane, repulsive interactions become weaker and the diffusivity
of n-hexane becomes even slower than that of n-pentane.

Summarizing, the diffusion of hydrocarbon molecules in medium-pore
zeolites is determined by a complex interplay of factors, such as the loading,



326 E.J.M. Hensen et al.

the temperature, the preference for certain pore locations, the interactions
with other hydrocarbons of the same type or others and the presence of acid
protons. In diffusion of mixtures, pore blockage by one of the components
might occur, thus strongly decreasing the diffusivity of the fast hydrocarbon.
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