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Abstract

The concentration dependence of the self-diffusivity of n-hexane in large crystals of silicalite-1 and HZSM-5 zeolites has been

investigated with positron emission profiling (PEP) in the temperature range of 393–483K. A 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 HZSM-5

was approximately half of that in silicalite-1 due to the interaction of n-hexane with the Brønsted acid sites. The increase in the dif-

fusivities with the loading is assumed to be caused by the repulsive interactions between the molecules adsorbed in the channel inter-

sections and the adjacent straight channel. The apparent activation energy of diffusion was measured to be independent of the

partial pressure of alkane, while the jump frequency increased. In HZSM-5 zeolite the apparent activation energy decreased with

the partial pressure due to stronger interactions between n-hexane and the acid sites at low pressures.
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1. Introduction

MFI-type zeolites are widely used in the petroleum

industry as molecular sieves in separation processes

and as catalysts for hydrocarbon conversion processes.
Amongst others, hydroisomerization of n-hexane is

one of the important reactions in the oil refinery to up-

grade motor fuels. This explains the large interest in the

diffusion and adsorption of hydrocarbons in zeolites

over the last few decades. It is a well-known phenome-

non that diffusion in zeolites is influenced by the concen-

tration of the adsorbed component [1]. A detailed

understanding of this dependence might allow one to en-

hance or model the separation or catalytic conversion of

hydrocarbons.

Five types of concentration dependence of self-
diffusion in zeolites (see Fig. 1) have been described in

the literature [1]: (1) the diffusivity decreases monotoni-

cally with pore occupancy; (2) the diffusivity is constant

up to medium pore filling, while a decrease is observed

at high loadings; (3) at low concentration the diffusiv-

ity monotonically increases and then remains constant

with further increase in the loading; (4) the diffusivity

has a maximum at certain pore filling; (5) the diffusion
coefficient monotonically increases with the con-

centration. The diffusion behavior is mainly determined

by adsorbate–adsorbate and adsorbate–zeolite matrix

interactions.
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Usually, type-1 concentration dependence is observed

for saturated hydrocarbons in silicalite. Frequency re-

sponse (FR) [2] and square wave [3] methods indeed

showed a decrease in the diffusivity for n-hexane in silica-

lite with loading. The diffusivities of smaller alkanes like

methane, ethane and propane in silicalite become also

lower with increasing concentration as shown by Caro
et al. [4]. A number of theoretical studies have been de-

voted to this issue [5–8]. Kinetic Monte-Carlo simula-

tions [5] have shown that in MFI-type zeolites, the

diffusivity strongly depends on the loading and the zeo-

lite topology. For silicalite, the diffusivity decreases with

loading and the dependence can be approximated by a

stretched exponential [5]. A similar behavior was found

for the diffusion of linear and branched alkanes in vari-
ous zeolites using molecular dynamics simulations [9].

In silicalite-1, which consists of straight and zigzag

channels, the diffusion coefficient obtained from experi-

mental observations or deduced from computer simula-

tions is the average value of the contribution of the

diffusivities in both channels, which in their turn depend

on the pore occupancy. Recently, theoretical [10] and

experimental [11,12] studies indicate different diffusion
behavior of hydrocarbon molecules in straight and sinu-

soidal channels of silicalite-1. Using the FR method that

is able to distinguish diffusion in these channels Song

and Rees [11] observed an increase in n-hexane diffusiv-

ity in straight channels of silicalite with increasing n-hex-

ane loading. On the other hand, an average n-hexane

diffusivity determined from NMR experiments [13] un-

der similar conditions decreased with concentration.
The details of the diffusion mechanism are still not com-

pletely understood.

In HZSM-5 zeolite, the diffusivity is also influenced

by the presence of acid sites as well as geometrical pecu-

liarities of the zeolite framework. In the presence of pro-

tons, as revealed by Monte-Carlo simulations [14], the

diffusivity might exhibit either of the five types of behav-

ior mentioned above. Concentration, location and
strength of the acid sites are additional factors that

determine this dependence [14].

In this study, the diffusion of n-hexane in silicalite-1

and HZSM-5 has been investigated with the tracer ex-

change positron emission profiling technique (TEX-

PEP) [15]. TEX-PEP is an in situ technique based on

the application of radio-labelled molecules to the inves-

tigation of diffusion and adsorption processes of the
molecule of the interest in various materials, in this case,

alkanes in zeolites. The advantage of TEX-PEP com-

pared to other techniques is that it allows to measure

the self-diffusion coefficient and moreover, the adsorbed

concentration of the component simultaneously. Exper-

iments are performed in the absence of concentration

gradients. In essence, the diffusivity is measured by fol-

lowing the concentration of the radio-labelled hexane
molecules upon a step in its concentration in an (large)

excess flow of unlabelled hexane. In this way, the total

hydrocarbon concentration is not perturbed and chemi-

cally speaking, the system remains under steady-state

conditions. Hence, the measured diffusivities are self-dif-

fusion coefficients. The use of non-pelletized large zeolite

crystals allows to provide micropore diffusion limitation

conditions and to simplify the interpretation of the
experimental data. The influence of the concentration

on the self-diffusion and the activation energy of diffu-

sion have been investigated for silicalite-1 and HZSM-

5 zeolites.

2. Experimental section

The PEP technique is a non-invasive in situ radio-

chemical method using b+-emitting isotopes [16]. The

method is based on monitoring the tracer molecules

inside the zeolite packed bed. In order to investigate dif-

fusion and adsorption of alkanes in zeolites, 11C-labelled

hydrocarbons are used. The 11C isotope is produced via

irradiation of a nitrogen target with 12MeV protons

from the 30MeV AVF Cyclotron of the Eindhoven
University of Technology.

The radio-labelled hydrocarbons (C1–C6 alkanes) are

produced from 11CO and non-labelled 1-pentene using a

homologation reaction. Detailed information about this

process is available [17]. In order to be used in the tra-

cer-exchange experiments, the hydrocarbon of interest

(n-hexane) is separated from the reaction products using

a chromatographic column.
During the tracer-exchange experiments, a constant

flow of non-labelled hydrocarbon (n-hexane) in a carrier
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Fig. 1. Schematic drawing of the various types of the concentration

dependencies of the diffusivity D in zeolites.
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