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Preface to the Series

Following Springer’s successful series Catalysis – Science and Technology, this
series of monographs has been entitled Molecular Sieves – Science and Tech-
nology. It will cover, in a comprehensive manner, all aspects of the science and
application of zeolites and related microporous and mesoporous materials.

After about 50 years of prosperous research, molecular sieves have gained
a firm and important position in modern materials science, and we are wit-
nessing an ever increasing number of industrial applications. In addition to the
more traditional and still prevailing applications of zeolites as water softeners
in laundry detergents, as adsorbents for drying, purification and separation
purposes, and as catalysts in the petroleum refining, petrochemical and chem-
ical industries, novel uses of molecular sieves are being sought in numerous
laboratories.

By the beginning of 1999, the Structure Commission of the International Ze-
olite Association had approved approximately 120 different zeolite structures
which, altogether, cover the span of pore diameters from about 0.3 nm to 2 nm.
The dimensions of virtually all molecules (except macromolecules) chemists
are concerned with fall into this same range. It is this coincidence of molecular
dimensions and pore widths which makes zeolites so unique in adsorption and
catalysis and enables molecular sieving and shape-selective catalysis. Bearing
in mind that each zeolite structure can be modified by a plethora of post-
synthesis techniques, an almost infinite variety of molecular sieve materials
are nowadays at the researcher’s and engineer’s disposal. In many instances this
will allow the properties of a zeolite to be tailored to a desired application. Like-
wise, remarkable progress has been made in the characterization of molecular
sieve materials by spectroscopic and other physico-chemical techniques, and
this is particularly true for structure determination. During the last decade,
we have seen impressive progress in the application of quantum mechanical
ab initio and other theoretical methods to zeolite science. The results enable
us to obtain a deeper understanding of physical and chemical properties of
zeolites and may render possible reliable predictions of their behavior. All in
all, the science and application of zeolites is a flourishing and exciting field of
interdisciplinary research which has reached a high level of sophistication and
a certain degree of maturity.



VIII Preface to the Series

The editors believe that, at the turn of the century, the time has come to
collect and present the huge knowledge on zeolite molecular sieves. Molecular
Sieves – Science and Technology is meant as a handbook of zeolites, and the
term “zeolites” is to be understood in the broadest sense of the word. While,
throughout the handbook, some emphasis will be placed on the more tra-
ditional alumosilicate zeolites with eight-, ten- and twelve-membered ring
pore openings, materials with other chemical compositions and narrower
and larger pores (such as sodalite, clathrasils, AlPO4–8, VPI-5 or cloverite)
will be covered as well. Also included are microporous forms of silica (e.g.,
silicalite-1 or -2), alumophosphates, gallophosphates, silicoalumophosphates
and titaniumsilicalites etc. Finally, zeolite-like amorphous mesoporous ma-
terials with ordered pore systems, especially those belonging to the M41S
series, will be covered. Among other topics related to the science and ap-
plication of molecular sieves, the book series will put emphasis on such
important items as: the preparation of zeolites by hydrothermal synthesis;
zeolite structures and methods for structure determination; post-synthesis
modification by, e.g., ion exchange, dealumination or chemical vapor depo-
sition; the characterization by all kinds of physico-chemical and chemical
techniques; the acidic and basic properties of molecular sieves; their hy-
drophilic or hydrophobic surface properties; theory and modelling; sorption
and diffusion in microporous and mesoporous materials; host/guest inter-
actions; zeolites as detergent builders; separation and purification processes
using molecular sieve adsorbents; zeolites as catalysts in petroleum refin-
ing, in petrochemical processes and in the manufacture of organic chemicals;
zeolites in environmental protection; novel applications of molecular sieve
materials.

The handbook will appear over several years with a total of ten to fifteen
volumes. Each volume of the series will be devoted to a specific sub-field of
the fundamentals or application of molecular sieve materials and contain five
to ten articles authored by renowned experts upon invitation by the editors.
These articles are meant to present the state of the art from a scientific and,
where applicable, from an industrial point of view, to discuss critical pivotal
issues and to outline future directions of research and development in this
sub-field. To this end, the series is intended as an up-to-date highly sophis-
ticated collection of information for those who have already been dealing
with zeolites in industry or at academic institutions. Moreover, by emphasiz-
ing the description and critical assessment of experimental techniques which
have been used in molecular sieve science, the series is also meant as a guide
for newcomers, enabling them to collect reliable and relevant experimental
data.

The editors would like to take this opportunity to express their sincere
gratitude to the authors who spent much time and great effort on their chapters.
It is our hope that Molecular Sieves – Science and Technology turns out to be
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both a valuable handbook the advanced researcher will regularly consult and
a useful guide for newcomers to the fascinating world of microporous and
mesoporous materials.

Hellmut G. Karge
Jens Weitkamp



Preface to Volume 7

Sorption into, release from and diffusion inside microporous and mesoporous
materials are of paramount interest in view of separation processes and catal-
ysis by zeolites and related structures. Thus, volume 7 of the handbook-like
series “Molecular Sieves – Science and Technology” is exclusively devoted to
the phenomena of adsorption into, desorption out of and diffusion in the pores
of zeolite crystallites.

Fundamentals of sorption and sorption kinetics by zeolites are described
and analyzed in the first Chapter which was written by D. M. Ruthven. It in-
cludes the treatment of the sorption equilibrium in microporous solids as
described by basic laws as well as the discussion of appropriate models such
as the Ideal Langmuir Model for mono- and multi-component systems, the
Dual-Site Langmuir Model, the Unilan and Toth Model, and the Simplified Sta-
tistical Model. Similarly, the Gibbs Adsorption Isotherm, the Dubinin–Polanyi
Theory, and the Ideal Adsorbed Solution Theory are discussed. With respect
to sorption kinetics, the cases of self-diffusion and transport diffusion are
discriminated, their relationship is analyzed and, in this context, the Maxwell–
Stefan Model discussed. Finally, basic aspects of measurements of micropore
diffusion both under equilibrium and non-equilibrium conditions are eluci-
dated. The important role of micropore diffusion in separation and catalytic
processes is illustrated.

The discussion of experimental techniques for diffusion measurements es-
pecially under non-equilibrium conditions is continued in Chapter 2 which is
co-authored by D. M. Ruthven, St. Brandani, and M. Eic. Results obtained by
uptake rate measurements using evaluation of, for example, piezometric (pres-
sure change), chromatographic, frequency response (FR), zero-length column
(ZLC), membrane permeation, and effectiveness factor experiments or em-
ploying temporal analysis of products (TAP) are critically analyzed. A review
of experimental diffusivity data for selected systems presents examples of
both consistencies and discrepancies between “microscopic” measurements,
for example, pulsed-field gradient NMR (PFG NMR) or quasi-elastic neutron
scattering (QENS) on the one side and “macroscopic” determination of dif-
fusivities by uptake techniques as listed above on the other. Possible origins
of discrepancies are addressed. This chapter closes with a brief treatment of
diffusion in bi-porous structures such as mesoporous silica materials.
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Diffusion measurements by NMR spectrometry represent the most promi-
nent methods for determining the rate of migration of molecules in the frame-
work of zeolites under equilibrium conditions. The fundamentals of the pulsed-
field gradient (PFG) NMR method, i.e. the measuring principle, the range of
applicability, and its limitations are described in Chapter 3, which was con-
tributed by J. Kärger. The PFG NMR method belongs to the category of “mi-
croscopic” methods, in that it operates on a sub-crystal scale (cf. Chapter 1).
The non-invasive NMR technique is able to yield valuable information about
the elementary steps of diffusion, especially about mean jump and reorienta-
tion times. Furthermore, PFG NMR allows, as shown in this chapter, studying
particular phenomena of diffusion in zeolites such as long-range diffusion,
additional diffusion resistances (surface barriers), structure-related diffusion,
and diffusion under transient conditions. Complementarily to Chapter 2, the
last section of Chapter 3 provides a detailed comparison of PFG NMR results
with those of other techniques, which is particularly important in view of the
two broad classes of diffusion measurements in zeolites, viz. experiments un-
der macroscopic equilibrium (“self-diffusion”) by “microscopic” techniques
and under non-equilibrium conditions, i.e. under concentration differences
(“transport diffusion”) via “macroscopic” methods.

In Chapter 4, H. G. Karge and J. Kärger describe diffusion measurements
by means of macro-infrared Fourier transform spectroscopy (Macro-FTIR),
micro-infrared Fourier transform spectroscopy (Micro-FTIR, employing a so-
called IR microscope), and interference microscopy (diffusion interference
microscopy, DIFM). The FTIR methods enables studies of mono- and multi-
component diffusion, especially in the case of slowly migrating species (D <
10–3 m2 s–1). In the case of bi-component diffusion with chemically differ-
ent diffusants such as, for example, benzene and ethylbenzene, for the first
time diffusivities were determined upon co- and counter-diffusion. The novel
diffusion interference microscopy (DIFM) has proven to be a most powerful
tool for studying phenomena of adsorption on and diffusion in zeolites, espe-
cially when combined with “FTIR microscopy.” In single crystals of zeolites,
it enables the determination of concentration profiles with a very good local
resolution and provides, inter alia, structural data, for example, information
about the role of boundaries and intergrowth effects. From the analysis of
transient concentration profiles occurring during uptake or release of sorbate
molecules, diffusivity data and their concentration dependence as well as in-
formation about surface resistances, permeabilities, and sticking probabilities
may be obtained.

Similar to the PFG NMR method, neutron scattering techniques are suc-
cessfully employed for the determination of diffusivities under equilibrium
conditions. These techniques and their application are discussed in Chapter 5
by H. Jobic. Particularly efficient is a novel combination of quasi-elastic neutron
scattering (QENS) and a neutron spin-echo technique (NSE), which consider-
ably expands the range of accessible diffusivities, viz. down to 10–14 m2 s–1, so
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that the range is now the same as that of PFG NMR (cf. Chapter 3). Although
hydrogen has the largest neutron cross section, the neutron scattering tech-
nique is no longer restricted to the study of hydrogen-containing molecules.
For instance, the self-diffusivities of hydrocarbons may be measured with
the hydrogen-containing and the transport diffusivity with the deuterated
molecules.

An ingenious method for measurements of adsorption on and diffusion
in zeolites was available on the advent of the so-called frequency response
spectroscopy (FR). L. Song and L. V. C. Rees have contributed Chapter 6 of
this volume, which is exclusively devoted to the FR method. With great regret
we have to announce that L.V.C. Rees, who pioneered the application of this
technique in zeolite science and technology, passed away in 2006. Theory, ex-
perimental principles, and applications of FR with respect to the investigation
of diffusivities in micropores and bi-dispersed porous solids are reviewed. The
diffusive behavior of hydrocarbons and other sorbates in microporous crys-
tallites and related pellets is analyzed. The high potential of the FR method
for elucidating multi-kinetic mechanisms is demonstrated when surface resis-
tances, surface barriers, or subtle differences in molecular shape and size of
the diffusing species play a role.

E. J. M. Hensen, A. M. de Jong, and R. A. van Santen have written Chapter 7,
which introduces the tracer exchange positron emission profiling (TEX-PEP)
as an attractive technique for in-situ investigations, for example, in a stainless
steel reactor, of the adsorption and diffusive properties of hydrocarbons in
zeolites under chemical steady-state conditions. Self-diffusion coefficients of
hydrocarbons, labeled by proton-emitting 11C at finite loadings and even in
the presence of another unlabeled alkane, may be extracted. The method is
illustrated by adsorption and diffusion measurements of linear (n-hexane) and
branched (2-methylpentane) alkanes in H-ZSM-5 and silicalite-1.

The closing Chapter 8 is authored by J. Kärger and deals with the so-called
single-file diffusion. Single-file diffusion occurs when a mutual passage of dif-
fusants in zeolites with one-dimensional channels is excluded. The chapter
provides a thorough analytical treatment and informative discussion of ex-
perimental studies by PFG NMR, QENS, ZLC, FR, and permeation methods.
Monte-Carlo simulations and analytical approaches reveal striking peculiari-
ties in single-file systems of finite length.

Thus, Volume 7 of the series “Molecular Sieves – Science and Technology”
presents descriptions, critical analyses, and illustrative examples of applica-
tions of the most important methods for investigations of sorption and sorption
kinetics in zeolite systems and related materials. The editors hope that the vol-
ume will be helpful for researchers as well as technologists who are confronted
with the important phenomena of adsorption and diffusion in microporous
materials as they occur, for instance, in separation processes and catalysis.

January 2008 Hellmut G. Karge
Jens Weitkamp
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Abstract This chapter is intended to provide a general introduction to the basic princi-
ples of adsorption equilibrium and kinetics, which is the focus of the present volume.
The discussion of adsorption equilibrium (Sect. 2) includes a brief review of the many dif-
ferent expressions that are commonly used for correlation and prediction of equilibrium
isotherms, with a short discussion of the underlying assumptions and approximations.
Section 3 provides a short summary of diffusion in microporous adsorbents with em-
phasis on the phenomenological behavior and the generalized Maxwell–Stefan theory.
Representative examples of the practical importance of micropore diffusion in zeolite-
based adsorption separation and catalytic processes are presented in Sect. 4.
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Abbreviations
A Surface area per molecule (Eq. 16)
A1, A2, . . . Parameters in Eqs. 12 or 19
b, b1 Langmuir equilibrium constant (Eq. 5)
B Mobility (Eq. 34)
c Gas-phase concentration
c0 Molar density or total concentration in gas phase
D Diffusivity
D0 Corrected diffusivity
D Self-diffusivity
Ðij Mutual diffusivity in Maxwell–Stefan model (Eq. 38)
ÐAz D0A(1 – θA – θB) Eq. 39
k Reaction rate constant
K, K1 Henry’s law equilibrium constant (Eq. 1)
Ni Molar flux of component i
p, p0 Sorbate pressure or partial pressure
ps Saturation vapor pressure of pure liquid sorbate (Eq. 20)
q, q0 Adsorbed-phase concentration
qs Saturation limit (Eq. 5)
r Position vector
R Gas constant; particle radius (Eq. 14)
s Parameter in Eq. 8; number of molecules per cage (Eq. 11)
t Time; parameter in Eq. 9
T Temperature (absolute)
U Internal energy
Vm Molar volume of sorbate
W Volume of sorbate per unit mass of sorbent
W0 Specific micropore volume of sorbent
Xi Mole fraction in adsorbed phase
Yi Mole fraction in vapor phase
z Distance coordinate

α Separation factor (Eq. 23)
β Molecular volume (or area of a molecule in Eq. 16)
– ∆H Heat of adsorption
ε Adsorption potential (Eq. 20)
θ Fractional loading (q/qs)
π Spreading pressure (Eq. 15)
κ Constant
µ Chemical potential
η Effectiveness factor (Eq. 47)
Φ Thiele modulus (Eq. 47)
ζ Defined by Eq. 13
ψi π/RT (Eq. 24)

C=
2 Ethylene

C=
3 Propylene

CHA Chabazite ∗
CMS Carbon molecular sieve
DAB Differential-adsorption bed
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DME Dimethyl ether
EB Ethylbenzene
ETS-4 Engelhard titanosilicalite structure 4
FTIR Fourier-transform infrared
IAST Ideal adsorbed solution theory
MeOH Methanol
MTO Methanol to olefins process
MX m-Xylene
OX o-Xylene
PFG NMR Pulsed field gradient nuclear magnetic resonance
PX p-Xylene
QENS Quasi-elastic neutron scattering
SSTM Simplified statistical model
Si-CHA Silicon analog of chabazite∗
SAPO-34 Zeolite analog widely used as the active ingredient of MTO catalysts∗
TZLC Tracer ZLC
X Zeolite of faujasite structure with 1.0 < Si/Al < 1.5∗
Y Zeolite of faujasite structure with Si/Al ratio greater than 1.5∗
ZLC Zero-length column
ZSM-5 Zeolite with MFI structure ∗
∗ see Baerlocher C, Meier WM, Olson DH (2001) Atlas of zeolite framework types, 5th
edn. Elsevier, Amsterdam

1
Introduction

The main focus of this volume is on understanding the transport of molecules
in microporous solids such as zeolites and carbon molecular sieves, and
the kinetics of adsorption/desorption. This subject is of both practical and
theoretical interest, since the performance of zeolite-based catalysts and ad-
sorbents is strongly influenced by resistances to mass transfer and intracrys-
talline diffusion. However, at an even more basic level, the performance of
microporous catalysts and adsorbents depends on favorable adsorption equi-
libria for the relevant species, so a general understanding of the fundamentals
of adsorption equilibrium is a necessary prerequisite for understanding ki-
netic behavior. This chapter is intended to provide a concise summary of the
general principles of adsorption equilibrium and of the main features of sorp-
tion kinetics in microporous solids, which generally depend on a combination
of both equilibrium and kinetic properties.
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2
Sorption Equilibrium in Microporous Solids

2.1
Physical Adsorption and Chemisorption

Adsorption depends on the existence of a force field at the surface of a solid,
which reduces the potential energy of an adsorbed molecule below that of the
ambient fluid phase. It is useful to distinguish two broad classes of adsorp-
tion (physical adsorption and chemisorption) depending on the nature of the
surface forces. The forces of physical adsorption consist of the ubiquitous
dispersion–repulsion forces (van der Waals forces), which are a fundamen-
tal property of all matter, supplemented by various electrostatic contribu-
tions (polarization, field–dipole and field gradient–quadrupole interactions),
which can be important or even dominant for polar adsorbents. The forces
involved in chemisorption are much stronger and involve a substantial de-
gree of electron transfer or electron sharing, as in the formation of a chemical
bond. As a result, chemisorption is highly specific and the adsorption ener-
gies are generally substantially greater than those for physical adsorption (see
Table 1).

Chemisorption is by its very nature limited to less than monolayer cover-
age of the surface whereas, in physical adsorption, multilayer adsorption is
common. In a microporous solid the ultimate capacity for physical adsorp-
tion corresponds to the specific micropore volume, which is generally much
larger than the monolayer coverage. The economic viability of an adsorption

Table 1 Physical adsorption and chemisorption

Physical adsorption Chemisorption

Low heat of adsorption High heat of adsorption
(1.0 to 1.5 times latent heat (> 1.5 times latent heat
of evaporation) of evaporation)
Nonspecific Highly specific
Monolayer or multilayer Monolayer only
No dissociation of adsorbed species May involve dissociation
Only significant at relatively low Possible over a wide range
temperatures of temperatures
Rapid, nonactivated, reversible Activated, may be slow and

irreversible.
No electron transfer, although Electron transfer leading to
polarization of sorbate may occur bond formation between

sorbate and surface
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separation process depends on both the selectivity and the capacity of the
adsorbent. Because of their high selectivity and low capacity chemisorption
systems are generally viable only for trace impurity removal; bulk separation
processes almost always depend on physical adsorption. In catalytic processes
both physical adsorption and chemisorption can be important.

The surfaces of adsorbents such as activated carbon and high-silica zeo-
lites are essentially nonpolar although, in the case of carbon adsorbents,
oxidation can impart a degree of surface polarity. With nonpolar adsorbents
van der Waals forces are dominant, and relative affinity is determined largely
by the size and polarizability of the sorbate molecules and the dimensions of
the pores. The influence of the nature of the surface is then secondary so the
affinities (for a given sorbate) of a carbonaceous adsorbent or a high-silica
zeolite adsorbent of similar pore size are similar. Since nonpolar adsorbents
have a relatively low affinity for water and a higher affinity for most organics,
such materials are often described as hydrophobic.

By contrast, in the aluminum-rich zeolites, there are strong intracrystalline
electric fields, so that electrostatic forces of adsorption are very important,
particularly for polar or quadrupolar sorbate molecules. Such adsorbents are
classified as hydrophilic because they adsorb polar molecules such as water
very strongly. Control of the Si/Al ratio in a zeolite adsorbent thus provides
a useful means of adjusting the selectivity of an adsorbent for a particular
separation.

2.2
Henry’s Law

Basic thermodynamic considerations require that, at sufficiently low adsorbed-
phase concentrations on a homogeneous surface, the equilibrium isotherm
for physical adsorption should always approach linearity (Henry’s law). The
limiting slope of the isotherm is called the Henry constant:

lim
c→0

(∂q/∂c)T = K ; lim
p→0

(∂q/∂p)T = K1 . (1)

It is evident that the Henry constant is simply the thermodynamic equi-
librium constant for adsorption, and the temperature dependence should
therefore follow a van’t Hoff expression:

K = K∞ e–∆U/RT ; K1 = K1∞ e–∆H/RT , (2)

where ∆U and ∆H are respectively the internal energy change and the
enthalpy change for adsorption from the ambient fluid (gas) phase. Since
adsorption is generally exothermic, the Henry constant decreases with tem-
perature. The relationship between K and K1 is simply:

K = K1RT . (3)
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Henry’s law corresponds physically to the situation where the adsorbed
phase is so dilute that there is neither competition for adsorption sites nor
interaction between adsorbed molecules. At higher loadings both these ef-
fects become significant, leading to curvature of the equilibrium isotherm
and variation of the heat of adsorption with loading.

If the potential field within the micropores is known as a function of
position [U(r)] the dimensionless Henry constant can be calculated by inte-
gration over the accessible pore volume:

K =
∫

V

e–U(r)/RT dr . (4)

Computer software that allows the calculation of U(r) for any known struc-
tural framework is now widely available, thus enabling the a priori prediction
of Henry constants—see, for example, Nicholson and Parsonage [1]. This
approach works well for zeolites (and other similar materials) where the
structure is regular and the positions of all atoms in the framework are well
defined. It is less useful for amorphous adsorbents.

2.3
Ideal Langmuir Model

At higher loadings (beyond the Henry’s law region) the equilibrium isotherms
for microporous adsorbents are generally of Type I form in Brunauer’s clas-
sification [2]. Several different models have been suggested to represent such
isotherms, the simplest being the ideal Langmuir expression [3]:

θ =
q
qs

=
bc

1 + bc
=

b1p
1 + b1p

; b1p =
θ

1 – θ
, (5)

where qs is the saturation capacity and b (or b1) is an equilibrium constant
which is directly related to the Henry constant (bqs = K; b1qs = K1). Although
originally developed to represent chemisorption on an ideal surface, Eq. 5 has
the correct asymptotic form at both low and high loadings, and it has there-
fore been widely used to correlate both chemisorption isotherms and physical
adsorption isotherms of Type I form. When the product bp is large, Eq. 5
reduces to the rectangular form typical of highly favorable or irreversible
adsorption. In the low concentration limit when bp � 1 the isotherm ap-
proaches Henry’s law.

Although the simple Langmuir expression provides a useful qualitative
representation of the equilibrium behavior of many systems it is generally
not quantitatively reliable, especially at higher loadings. There have therefore
been numerous attempts to develop more accurate models, a few of which are
noted here.
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2.4
Dual-Site Langmuir Model

For energetically heterogeneous adsorbents one may choose to represent the
isotherm as the sum of the contributions from two independent sets of Lang-
muir sites:

q =
b1qs1p
1 + b1p

+
b2qs2p
1 + b2p

. (6)

Such an expression contains four independent constants, so it will obviously
provide a better fit to experimental data than the simple two-constant Lang-
muir expression. However, such a model makes physical sense for systems
such as the adsorption of polar (or quadrupolar) molecules on a cationic zeo-
lite, where the most favorable sites are those associated with the exchangeable
cations and the less favorable sites correspond to adsorption elsewhere on
the framework or simply within the micropores. For example, it has been
shown that the analysis of equilibrium isotherms for CO2 on various differ-
ent forms of zeolite A yields site densities that are consistent with structural
information [4].

2.5
Unilan

Integration of the simple Langmuir expression assuming a uniform distribu-
tion of site energies yields the three-parameter Unilan expression [5]:

q
qs

=
1
2s

ln
[

1 + κp es

1 + κp e–s

]
. (7)

This expression reduces to Henry’s law at low loadings with the dimensionless
Henry constant given by:

K = κ sinh s/s . (8)

2.6
Toth

Another three-parameter expression which has been widely used to represent
equilibrium data for activated carbon adsorbents is the Toth model [6]:

q
qs

=
p(

b + pt
)1/t (9)

for which the dimensionless Henry constant is given by:

K =
qsRT
b1/t . (10)



8 D.M. Ruthven

2.7
Simplified Statistical Model

The simplified statistical model (SSTM) is based on the assumption that
the sorbate–sorbent interaction is characterized by the Henry constant, and
the saturation limit is determined by the quotient of the specific micropore
volume and the molecular volume of the sorbate [7]. Sorbate–sorbate inter-
actions are characterized by reduction in the accessible pore volume. For
zeolites such as those of type A, in which the pore system consists of discrete
cages interconnected by windows, most of the occluded molecules are held
within the cages and the saturation limit corresponds to the maximum num-
ber of sorbate molecules that can fit within a cage. This is given approximately
by the ratio of the free volume of the cage (v) to the effective volume of the
sorbate molecule (β). For a mobile adsorbed phase the configuration integral
(and hence the Henry constant) is directly proportional to the accessible pore
volume so it is assumed that, in a multiply occupied cage, the configuration
integral should be reduced by the factor As = [(1 – sβ/v)/(1 – β/v)], where s
is the number of molecules of effective volume β in a cage of free volume v.
This leads to an isotherm expression of the form [8]:

q =
K1p + A2

(
K1p

)2 + ... + As
(
K1p

)s
/(s – 1)!

1 + K1p + ... + As
(
K1p

)s
/s!

, (11)

(molecules/cage)

where the maximum value of s is given by qs = smax (integer) ≤ v/β.
For smax = 1, Eq. 11 reduces to the simple Langmuir form with qs = 1
molecule/cage, while for large values of smax it approaches the Volmer form
(Eq. 17). This is physically reasonable since the Volmer model assumes free
molecular mobility within the available micropore volume. The variation in
the shape of the isotherm with smax is shown in Fig. 1. This model has been
shown to provide a good representation of the experimental isotherms for
light alkanes in 5A [9] and for benzene in 13X zeolite (see Fig. 2) [8].

Since the assumptions from which Eq. 11 is derived are obviously only
rough approximations, which may be expected to become increasingly in-
accurate at high loadings, an alternative approach has been suggested for
correlation of the isotherm data for strongly adsorbed species. The parame-
ters As characterizing the reduction in the configuration integral for multiply
occupied cages are retained as empirical constants in the isotherm equation.
Thus for smax = 3 the isotherm becomes:

q =
K1p + A2

(
K1p

)2 + A3
(
K1p

)3
/2!

1 + K1p + A2
(
K1p

)2
/2 + A3

(
K1p

)3
/3!

, (12)

which is a three-parameter model (K1, A2, A3).



Fundamentals of Adsorption Equilibrium and Kinetics in Microporous Solids 9

Fig. 1 Theoretical isotherms calculated according to Eq. 11 showing the transition from
Langmuir to Volmer form with increasing smax. From Ruthven [8]

Fig. 2 Experimental equilibrium isotherm for benzene in 13X zeolite at 458 and 513 K
showing conformity with the SSTM isotherm (Eq. 11) with m ≤ v/β = 5.0 and K1 = 8.8
molecules/cage Torr at 458 K and 1.25 molecules/cage Torr at 513 K. From Ruthven [8]

Integration of Eq. 12 in accordance with the Gibbs isotherm (Eq. 15) yields:

p0∫

0

q
dp
p

=
π

RT
= ln ζ = ln

[
1 + K1p0 +

A2(K1p0)2

2
+

A3(K1p0)3

3!

]
. (13)
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It follows that

ζ – 1 – K1p0

(K1p0)2 =
A2

2
+

A3K1p0

6
. (14)

A plot of this function against K1p0 thus provides a convenient test for the
model and a simple way to extract the parameters A2 and A3. Examples of

Fig. 3 Experimental equilibrium isotherm for hydrocarbons on NaX and NaY showing
conformity with Eqs. 12–14. From Ruthven and Goddard [10]

Table 2 Correlation of equilibrium isotherms for hydrocarbons on zeolite NaX and NaY
according to Eq. 14

Sorbent Sorbate T (K) K
(

Molecules
cage Torr

)
A2 A3

NaX Cyclohexane 439 0.38 0.99 1.45
NaX Toluene 513 4.95 0.81 0.001

NaY o-Xylene 477 8.7 1.04 1.01
NaY m-Xylene 477 5.9 0.98 2.3
NaY p-Xylene 477 5.7 1.16 4.8
NaY Ethylbenzene 477 15.9 0.97 0.007

Affinity sequence (C8 aromatics—NaY)
Low concentration (K): EB > OX > MX ∼ PX
High concentration (KA (1/3)3): PX > OX > MX > EB
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such plots showing excellent linearity with a common intercept correspond-
ing to A2 ≈ 1.0 are shown in Fig. 3.

The results of an experimental study of the sorption of several aromatic
and cyclic hydrocarbons in X and Y zeolites, for which smax

∼= 3, are sum-
marized in Table 2 [10]. Equation 12 was found to provide an excellent fit
of all the isotherms, as may be seen from Fig. 3. Values of the parameter A2
were in all cases very close to unity but the parameter A3 varied widely. This
suggests that, for these systems, when a cage contains only two molecules
sorbate–sorbate interactions are minor, but for three molecules per cage such
effects become important and may be either repulsive (A3 < 1.0) or attrac-
tive (A3 > 1.0). This provides a simple explanation for the strong variation in
selectivity which is often observed at higher loadings in binary and multi-
component systems [11].

2.8
Spreading Pressure and the Gibbs Adsorption Isotherm

The isotherm equations discussed so far are based on simplified mechanis-
tic models for the adsorbed phase. In an alternative approach, pioneered by
Willard Gibbs [12], the adsorbed phase is regarded simply as a fluid held
within the force field of the adsorbent and characterized by an equation of
state. The Gibbs adsorption isotherm, which is derived in a manner similar
to the derivation of the Gibbs–Duhem equation, may be written:

π

p
=
(

∂π

∂p

)
T

, (15)

where π is the “spreading pressure”. Integration of this expression with the
appropriate equation of state for the adsorbed phase [π = f (q, T)] yields the
expression for the equilibrium isotherm. For example, if the adsorbed phase
obeys the analog of the ideal gas law (πA = RT, where A ∝ 1/q), the isotherm
corresponds to Henry’s law (q = Kc). If the equation of state for the adsorbed
phase has the form:

π(A – β) = RT , (16)

where A (∝ 1/q) is the surface area per molecule and β is the actual area oc-
cupied by a molecule, then for β � A (low loading) the isotherm assumes
the Langmuir form (Eq. 5), whereas at higher loadings it will approach the
Volmer form [13]:

bp =
θ

1 – θ
exp

(
θ

1 – θ

)
, (17)

where θ = β/A. If the equation of state for the adsorbed phase is a virial form:
π

RT
= q + A1q2 + A2q3 + ... (18)
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Fig. 4 Plot of log (p/q) vs q for pentane in 5A zeolite showing conformity with the virial
isotherm and the linear extrapolation to determine the Henry constant. From Vavlitis
et al. [14]

the corresponding expression for the isotherm becomes:

Kc
q

= exp
(

2A1q +
3
2

A2q2 + ...
)

. (19)

This form is particularly useful as it provides the basis for a convenient way
to extract the Henry constant from data at higher loadings (beyond the Henry
region). A plot of ln(p/q) vs q should yield a linear asymptote with slope 2A1
and intercept – ln K (see Fig. 4) [14].

2.9
Dubinin–Polanyi Theory

A third general approach to the correlation of adsorption equilibria for mi-
croporous adsorbents was developed by Dubinin [15, 16] from ideas origi-
nally suggested by Polanyi [17] and Berenyi [18, 19]. The adsorbed phase
within the micropores is assumed to behave as a liquid but, as a result of the
force field of the adsorbent, the properties differ from those of the bulk liquid
sorbate. The difference in free energy between the adsorbed fluid and the sat-
urated liquid sorbate at the same temperature is referred to as the adsorption
potential (ε) which, assuming an ideal vapor phase, may be calculated from
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the equilibrium vapor pressure (p) and the saturation vapor pressure (ps):

ε = – RT ln(p/ps) . (20)

For a given adsorbent–adsorbate system the relationship between ε and the
fractional occupation of the micropore volume is defined by the “character-
istic curve”, which is assumed to be independent of temperature (see Fig. 5).
Such an assumption should be valid for systems dominated by dispersion–
repulsion forces (which are temperature independent), but cannot be ex-
pected to hold when electrostatic forces (which are temperature dependent)
are important. The characteristic curve generally has a Gaussian form leading
to an isotherm of the form:

ln(q/qs) = – κ[ln(p/ps)]2 . (21)

This expression, known as the Dubinin–Raduschkevich equation [20], has
been widely used to correlate the equilibrium data for hydrocarbons and
other organics on activated carbon adsorbents.

Fig. 5 Characteristic curve for benzene on activated carbon at five different tempera-
tures (1 = 20 ◦C, 2 = 50 ◦C, 3 = 80 ◦C, 4 = 110 ◦C, 5 = 140 ◦C) showing conformity with the
Dubinin–Polanyi theory. From Kiselev [21] with permission
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This approach has the advantage that the characteristic curve, which can
be determined from a single isotherm (provided that it spans the entire
range of loadings), provides a concise correlation of the equilibrium data at
all temperatures. However, it has two serious disadvantages. To convert the
fractional loading (q/qs) to the absolute loading requires knowledge of qs
(= W0/Vm). The specific micropore volume (W0) can be found from the ex-
trapolation of the characteristic curve to zero adsorption potential, but the
molecular volume of the adsorbed fluid (Vm) is not known. It has been sug-
gested that Vm may be estimated by linear interpolation or extrapolation
between the molecular volume of the saturated liquid sorbate at its normal
boiling point and the van der Waals covolume (b) at the critical temperature,
but such methods obviously provide only a rough approximation. A fur-
ther difficulty concerns the asymptotic behavior of Eq. 21, which does not
reduce to Henry’s law in the low-pressure limit. In summary, although the
Dubinin–Raduschkevich equation provides a useful semi-empirical correla-
tion of equilibrium data it is of only limited value for fundamental studies.

2.10
Adsorption of Mixtures

A major advantage of the Langmuir model is that it allows a straightforward
extension to binary and multicomponent systems:

qA

qs
=

bApA

1 + bApA + bBpB
;

qB

qs
=

bBpB

1 + bApA + bBpB
. (22)

Thermodynamic consistency requires that the saturation limit (qs) must be
the same for all components [22, 23], so the model is clearly inappropriate
for mixtures of molecules of very different sizes, even if the pure component
isotherms conform to the Langmuir expression.

It follows from Eq. 22 that the separation factor (α) should correspond to
the ratio of the Henry constants and should be independent of loading:

αAB ≡ qA/pA

qB/pB
=

KA

KB
. (23)

This justifies the use of Henry constants for preliminary screening of selective
adsorbents, but in practice a significant loading dependence of the separa-
tion factor is generally observed as a result of deviations from the binary (or
multicomponent) Langmuir model.

The SSTM also yields a direct extension to binary and multicomponent
systems [24] allowing multicomponent equilibria to be predicted directly
from the Henry constants and saturation capacities for the pure compo-
nents. This approach has been shown to work well for some systems such
as propane–cyclopropane in 5A zeolite. For CH4–CO2 in 5A and 13X zeo-
lites it provides a good prediction of the binary isotherm at elevated pres-
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sures [25]. The observed increase in separation factor with loading for
p-xylene/m-xylene and p-xylene/o-xylene in zeolite Y is also correctly pre-
dicted by a simple extension of the generalized statistical model, but this
approach is not universally applicable.

2.11
Ideal Adsorbed Solution Theory

Perhaps the most useful general approach is still the ideal adsorbed solution
theory (IAST) developed many years ago by Myers and Prausnitz [26]. The
spreading pressure for the pure components may be calculated as a function
of equilibrium pressure (pi) by integration of the Gibbs isotherm:

ψi
(
p0) =

π

RT
=

p0∫

p=0

qi dpi

pi
. (24)

Note that for an ideal Langmuir isotherm this yields:

ψi = qs ln
(
1 + b1

i pi
)

(25)

and for the SSTM isotherm:

ψi = ln
[
1 + K1p + ... + As(K1p)s/s!

]
. (26)

For a binary system which is ideal in the sense required by IAST (no in-
teractions in the binary other than those present in the conjugate single-
component systems) the equilibrium partial pressures are given by:

pA = p0
A(π)XA = YA P ; pB = p0

B(π)(1 – XA) = (1 – YA)P . (27)

Mixing is assumed to occur at constant spreading pressure so p0
A and p0

B
are the values for the single-component systems at the relevant value of π,
calculated from Eq. 24. The procedure for calculating the equilibrium par-
tial pressures and the composition of the adsorbed phase in the binary is as
follows:

1. Choose a value of π

2. Calculate p0
A and p0

B according to Eq. 24

3. Substitute p0
A and p0

B in Eq. 24

Since p is fixed this yields a pair of equations from which XA and YA can be
found directly. The total loading is then found from:

1
qA + qB

=
XA

q0
A

+
(1 – XA)

q0
B

, (28)

where q0
A, q0

B are the loadings for the pure components at the same spreading
pressure (π).
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In contrast to the binary Langmuir or SSTM models, the ideal adsorbed
solution theory does not lead to a simple explicit relation for the adsorbed-
phase composition and loading in terms of the partial pressures. Calculation
of the equilibrium for a particular gas-phase composition therefore requires
a trial and error procedure.

2.12
Heats or Energies of Adsorption

The temperature dependence of the equilibrium vapor pressure is governed
by the Clausius–Clapeyron equation:(

∂ ln p
∂T

)
q

=
∆H
RT2 . (29)

Integration, on the assumption that the heat of adsorption is independent of
temperature, yields:

ln p = –
∆H
RT

+ constant (30)

showing that, subject to this approximation, the isostere should be linear
when plotted as ln p vs 1/T (see Fig. 6). This provides a convenient way of
measuring the heat of adsorption as well as a straightforward way to extrapo-
late and interpolate between equilibrium isotherms. At low loadings the heat

Fig. 6 Experimental isosteres for the system N2–CaA zeolite showing linearity over a wide
temperature range. The variation in slope corresponds to the variation in heat of adsorp-
tion with loading. From Shen et al. [27] with permission
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of adsorption derived from the slope of the isosteres should correspond with
the value derived from the temperature dependence of the Henry constant
(Eq. 2). For a Langmuirian system the heat of adsorption should be indepen-
dent of loading, but for most real systems a significant loading dependence is
observed.

Several different effects are important. Small molecules generally show
a monotonic decrease in heat of adsorption with loading (see Fig. 7a). For
nonpolar species such as methane this is probably due to energetic hetero-
geneity arising from the presence of structural defects. On polar adsorbents
the magnitude of the decline is greater for quadrupolar and polar sorbates,

Fig. 7 a Variation of heat of adsorption with loading for CH4, N2, and CO on NaCaA
zeolites (•, NaA; �, 30% Ca exchange; �, 46% Ca exchange; �, 85% Ca exchange; and
◦, CaA). From Masuda et al. [28] with permission. b Variation of heat of adsorption
with loading for nonpolar molecules on NaX zeolite. From Barrer and Reucroft [29] with
permission



18 D.M. Ruthven

since the effect of structural defects is then supplemented by preferential fill-
ing of the sites associated with the strongest electrical field or field gradient.
For larger nonpolar molecules the effect of defect sites becomes less pro-
nounced as a result of spatial averaging of energies over a larger region, and
a modest increase in heat of adsorption with loading is then observed (see
Fig. 7b). This has often been attributed to sorbate–sorbate interaction but
it may be noted that such an effect is predicted by the simplified statistical
model as a consequence of the increase in molecular volume with tempera-
ture. In some cases the effects of energetic heterogeneity and sorbate–sorbate
interactions compensate, leading to an essentially constant heat of adsorption
and fortuitous conformity with the ideal Langmuir model (see Fig. 8) [30, 31].

Fig. 8 a Variation of heat of adsorption with fractional loading for I2 on 5A, 13X, and CHA
zeolites. b Equilibrium isotherms for I2–5A at 573, 538, 503, 468, and 393 K (top down)
showing conformity with Eq. 5. From Barrer and Wasilewski [30, 31] with permission
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2.13
Measurement of Adsorption Equilibrium

Single-component equilibrium isotherms are commonly measured by gravi-
metric or piezometric methods (see Fig. 9). An alternative technique based

Fig. 9 Experimental system for a gravimetric and b piezometric methods
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on linearity of the isosteres has also been widely used [32]. If the gas space
within a piezometric system is kept small and the quantity of adsorbent is
relatively large, then virtually all the sorbate molecules will be held within the
adsorbed phase regardless of the equilibrium sorbate pressure. Measurement
of the pressure as a function of temperature for a series of different sorbate
loadings thus yields a family of isosteres from which the isotherms can be
constructed. If only the Henry’s law constant is required the chromatographic
method [33, 34] provides a useful alternative since it is generally faster.

A variant of the zero-length column (ZLC) method has also been de-
veloped to permit rapid measurement of both Henry constants and complete
isotherms [4]. This method works well provided the curvature of the isotherm
is moderate but it breaks down for highly favorable (rectangular) isotherms.

Measurement of binary isotherms by traditional methods is tedious and
time-consuming. For systems in which the two components are adsorbed
with comparable strength the ZLC approach has been shown to provide
a relatively rapid and straightforward measurement of the separation factor,
but determination of the complete isotherm by this method is still somewhat
labor intensive.

3
Sorption Kinetics

The intrinsic rate of physical adsorption is very rapid so the overall sorption
rate is generally controlled by the diffusional resistances associated with mass
transfer to the adsorption site. Commercial zeolite-based catalysts and ad-
sorbents consist of small (micron-sized) zeolite crystals formed into macro-
porous (millimeter-sized) particles, generally with the aid of a clay binder.
Such materials offer at least three and in some cases four distinct mass trans-
fer resistances (see Fig. 10) [35]:

1. External fluid film diffusion
2. Diffusion through the macropores of the formed particles
3. Diffusion through the intracrystalline micropores

As a result of the imbalance of the interatomic forces, the micropores are often
constricted at the crystal surface, leading to an additional transport resistance
associated with penetration of this surface barrier.

Macropore and film diffusion are relatively well understood and are there-
fore not discussed in any detail in this volume. In contrast, despite intensive
study over the last 30 years, our understanding of micropore diffusion is still
far from complete. At the micropore scale diffusive transport is largely con-
trolled by steric interactions which are dominated by repulsive forces. The
relative diameter of the micropore and the diffusing molecule is clearly a crit-
ical variable. For small spherical or spheroidal molecules there is a clear
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Fig. 10 Schematic representation showing the formation of a composite zeolite adsorbent
and the various resistances to mass transfer. From Ruthven and Post [35]

Fig. 11 Variation of diffusional activation energy with van der Waals diameter for dif-
fusion in 4A and 5A zeolites and molecular sieve carbon [36]

correlation between the diffusional activation energy and the kinetic diam-
eter of the sorbate, as shown in Fig. 11 [36]. However, for larger molecules
which can adjust their conformation such correlations are less clear.

3.1
Self-Diffusion and Diffusive Transport

Diffusion depends on the random (Brownian) motion of molecules. Because
the motion is random, in a nonuniform mixture of different molecular species
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there will be a net flux down the concentration gradient. The diffusion co-
efficient or (transport) diffusivity is defined in accordance with Fick’s first
equation (or law):

J = – D
∂q
∂z

. (31)

The diffusivity (D) defined in this way is not necessarily independent of con-
centration. It should be noted that for diffusion in a binary fluid phase the
flux (J) is defined relative to the plane of no net volumetric flow and the co-
efficient D is called the mutual diffusivity. The same expression can be used
to characterize migration within a porous (or microporous) solid, but in that
case the flux is defined relative to the fixed frame of reference provided by the
pore walls. The diffusivity is then more correctly termed the transport dif-
fusivity. Note that the existence of a gradient of concentration (or chemical
potential) is implicit in this definition.

In the case of self-diffusion the physical situation is different since there is
now no gradient of species concentration. We may define the tracer diffusivity
(D) characterizing the migration of marked molecules in a fluid of uniform
total concentration in a manner similar to Eq. 31:

J∗ = – D
∂q∗

∂z

∣∣q . (32)

The distinction between these two definitions is illustrated in Fig. 12.
One may also define a self-diffusivity by reference to the Einstein equation:

D =
1
2

〈z2〉
t

(one dimension) or D =
1
6

〈r2〉
t

(three dimensions) . (33)

By considering the solution of the transient diffusion equation for a point
source, it may be shown that the definitions of Eqs. 32 and 33 are equiva-
lent [37].

The Fickian definition (Eq. 31) suggests that the driving force for mo-
lecular transport is the gradient of concentration. However, thermodynamic
consistency considerations suggest that the true driving force must be the
gradient of chemical potential:

J = – Bq
∂µ

∂z
. (34)

Assuming an ideal vapor phase the chemical potential is given by:

µ = µ0 + RT ln p . (35)

Combining these equations and comparing with Eq. 31 yields, for the Fickian
diffusivity:

D = BRT
d ln p
d ln q

= D0
d ln p
d ln q

(36)
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Fig. 12 Schematic diagram showing a self-diffusion, b tracer diffusion, and c self-diffusion
(Brownian motion). From Kärger and Ruthven [37]

where d ln p/d ln q represents the slope of the equilibrium isotherm plotted
in logarithmic coordinates. The parameter D0 is commonly referred to as
the “limiting” or “corrected” diffusivity. This expression is often called the
Darken equation since it was used by Darken in 1946 to interpret experi-
mental data for the interdiffusion of two metals [38]. However, it was first
suggested much earlier in the works of Maxwell [39] and Stefan [40].

Within the Henry’s law region d ln p/d ln q = 1.0 and D = D0. Thus one
can expect that at sufficiently low loadings transport diffusion can be accu-
rately represented by the simple Fickian model with a constant diffusivity,
but at higher loadings the diffusivity may be expected to be concentra-
tion dependent. For a system obeying the Langmuir isotherm (Eq. 5), Eq. 36
implies:

D =
D0

1 – θ
(37)

suggesting that the Fickian diffusivity will increase rapidly as the saturation
limit is approached, since in this region d ln p/d ln q → ∞.
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There is no fundamental reason why the corrected diffusivity should be in-
dependent of concentration, but experimental evidence shows that for many
systems this is approximately true [41–43] (see, for example, Fig. 13). From
molecular simulations of intracrystalline diffusion Krishna has identified two
limiting cases depending on the degree to which the sorbate molecules are
confined: strong confinement [D0 ∝ (1 – θ)] and weak confinement [D0 ≈
constant] [44].

A completely different situation arises in one-dimensional channels when
the molecules are too large to pass each other. The transport can no longer be
characterized by a Fickian model. Such behavior is discussed in this volume
in the chapter Single-File Diffusion in Zeolites by Jörg Kärger.

The relationship between the corrected transport diffusivity and the self-
diffusivity is more complex. Darken assumed that these quantities should be

Fig. 13 Variation of a diffusivity and b corrected diffusivity with loading for n-heptane in
5A zeolite crystals. From Doetsch et al. [41]
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the same. This should be true at low loadings (within the Henry’s law region)
since the basic mechanisms of self-diffusion and diffusive transport are the
same and, at sufficiently low concentrations, there is no interference between
diffusing molecules. However, at higher loadings this simple equivalence no
longer holds.

3.2
The Maxwell–Stefan Model

To establish the relationship between self- and transport diffusion it is neces-
sary first to consider diffusion in a binary adsorbed phase within a micropore.
This can be conveniently modeled using the generalized Maxwell–Stefan ap-
proach [45, 46], in which the driving force is assumed to be the gradient of
chemical potential with transport resistance arising from the combined ef-
fects of molecular friction with the pore walls and collisions between the
diffusing molecules. Starting from the basic form of the Maxwell–Stefan
equation:

n∑
j=1
i�=j

XjNi – XiNj

c0Ðij
= – Xi

∇µi

RT
. (38)

To describe the diffusion of two species (A and B) in a microporous zeolite we
write this equation in the form:

θBNA – θA NB

ÐAB
+

(1 – θA – θB)NA

ÐAz
= – qA

∇µA

RT
, (39)

where θi = qi/qs. To maintain consistency with Eq. 36 we incorporate the frac-
tion of unoccupied micropore space (1 – θA – θB) into the definition of D0A:

θBNA – θANB

ÐAB
+

NA

D0A
= – qA

∇µA

RT
. (40)

This expression contains two different diffusion coefficients: D0A which char-
acterizes the frictional resistance with the pore walls and ÐAB which char-
acterizes the interaction between the two differing species (the mutual dif-
fusivity). For self-diffusion NB = – NA and θ = θA + θB (the total fractional
loading), so that for diffusion in the z direction:

NA

(
θ

DAB
+

1
D0A

)
= –

qA

RT
∂µA

∂z
= –

∂qA

∂z
. (41)

Comparison with Eq. 32 shows that the self-diffusivity is given by:

1
DA

=
1

D0A
+

θ

ÐAA
. (42)
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This result, first obtained by Krishna and Paschek [47], suggests that at
low loadings the self-diffusivity should approach the corrected diffusivity,
while at higher loadings the self-diffusivity should be smaller than the cor-
rected diffusivity. However, if the mutual diffusivity ÐAA is large then the
self-diffusivity and transport diffusivity will be almost equal even at high
loadings. Such behavior has been observed for diffusion of benzene in sili-
calite [48]. Equation 42 may also be written in the form:

DA

D0A
=

1
1 + θD0A/ÐAA

≈ 1 – θ
D0A

ÐAA
. (43)

Expressions of similar general form are obtained from irreversible thermody-
namics as well as from a simple kinetic model [49].

The generalized Maxwell–Stefan equation provides a rational basis for the
analysis of sorption rate measurements and membrane permeation in multi-
component systems. For a binary Langmuir system:

NA

qs
=

– D0A

1 – θA – θB

[(1 – θB) + θAD0B/ÐAB] ∇θA + θA [1 + D0B/ÐAB] ∇θB

1 + θBD0A/ÐAB + θAD0B/ÐAB
(44)

with a similar expression for NB. If there is no interference between diffusing
species (ÐAB → ∞) this reduces to the simpler expression:

NA

qs
=

– D0A

1 – θA – θB
[(1 – θB)∇θA + θA∇θB] (45)

as originally derived by Habgood [50, 51].
The corrected diffusivities (D0A, D0B) can be obtained from single-

component measurements but the mutual diffusivity is not amenable to
direct measurement. Krishna has suggested that it may be estimated from the
Vignes correlation [52], which was originally suggested for diffusion in liquid
systems:

ÐAB = D
θA

θA+θB
0A D

θB
θA+θB
0B . (46)

Representative comparisons between experimental permeance and selectivity
data for methane/ethane mixtures permeating through a silicalite membrane
and the predictions derived from the generalized Maxwell–Stefan model
(Eq. 44) are shown in Fig. 14 [53]. Also shown are the predictions derived
from the corresponding Habgood model, in which mutual diffusion is ig-
nored. For the slower diffusing species the predictions from both models are
almost identical and fit the experimental data well. However, for the faster
diffusing species (CH4) the flux predicted from the Habgood model is much
too high. The full model provides an excellent fit of the data for both com-
ponents, and provides a logical explanation for the observed selectivity being
substantially larger than that predicted from the simpler Habgood model.
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Fig. 14 Separation of C2H6/CH4 mixtures by permeation through a silicalite membrane.
a Flux; b selectivity. Continuous lines show the predictions of the Maxwell–Stefan model
(Eq. 44) based on single-component diffusivities (D0A, D0B) with ÐAB from the Vignes
correlation (Eq. 46). Dotted lines show predictions from the simplified Habgood model
in which mutual diffusion effects are ignored (Eq. 45). From van de Graaf et al. [53] with
permission

A detailed analysis of the influence of mutual diffusion in such systems
has been carried out by Karimi and Farooq [54]. They show that the effect is
generally small at low loadings but becomes important at high loadings, espe-
cially when the difference in the mobilities of the diffusing species is large.

3.3
Measurement of Micropore Diffusion

A wide range of different experimental techniques have been applied to the
measurement of micropore diffusion. A chronological summary is given in
Table 3. It is convenient to distinguish between equilibrium techniques in
which the self-diffusivity is measured and nonequilibrium techniques which
measure transport diffusion. True equilibrium measurements are made on
a scale smaller than the dimensions of an individual crystal by following the
mean square displacement of the molecules in a known time interval by either
nuclear magnetic resonance (PFG NMR) or by neutron scattering (QENS).
Most of the other methods for measuring transport diffusion are “macro-
scopic” in that they depend on measuring the flux under a well-defined gra-
dient of concentration. Two exceptions are the neutron spin-echo technique
developed by Jobic [96] and effectiveness factor measurements which de-
pend on measuring the rate of a catalytic reaction under diffusion-controlled
conditions. Representative references are included in Table 3. Single crystal
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Table 3 Measurements of diffusion in zeolite crystals: historical development

Method Author

Direct monitoring of transient conc. Tiselius (1943) [55, 56]
profile (H2O–heulandite)
Transient sorption rate
– Volumetric/gravimetric Barrer (1940) [57, 58]
– Piezometric Bülow (1970) [59, 60]; Do [61, 62]
NMR relaxation Resing (1967) [63, 64]
PFG NMR Pfeifer, Kärger, Lechert (1970s) [65–68]
Chromatography (gas) Haynes, Ma, Ruthven (mid 1970s) [69–71]
Membrane permeation Hayhurst, Wernick (1983) [72, 73]
Effectiveness factor Haag, Post (early 1980s) [74, 75]
ZLC Eic and Ruthven (mid 1980s) [76, 77]
Frequency response Yasuda, Rees (late 1980s) [78–80]
QENS Cohen de Lara, Jobic (late 1980s) [81, 82]
Chromatography (liquid) Awum (1988) [83]
Fourier-transform infrared Niessen and Karge (1991) [84–86]
absorption (FTIR)
Differential adsorption bed Do (1991) [87]
IR and IR/freq. response Grenier, Meunier, Bourdin (1994) [88, 89]
Tracer ZLC Hufton (1994) [90, 91]
TAP reactor Baerns and Keipert [92]; Nijhuis (1997) [93]
Interference microscopy Kärger et al. (1999) [94, 95]
Neutron spin-echo Jobic (2000) [96]

membrane permeation, together with FTIR and the recently developed inter-
ference microscopy technique, both of which are applied at the scale of the
individual crystal, may be classified as mesoscopic methods (see Table 4).

Many of the macroscopic techniques can be applied to the measurement of
self-diffusion by using isotopically labeled tracers. Such methods, first intro-
duced by Barrer and Fender [97], have been widely applied in order to obtain
data which should be directly comparable with microscopic self-diffusion
measurements. Such comparisons are presented in several of the chapters
within the present volume.

For several reasons the reliable measurement of micropore diffusion has
proved to be far more difficult than expected. We now know that when the
diameter of the diffusing molecule is even slightly smaller than the pore
diameter, diffusion within an ideal micropore is surprisingly fast and difficult
to measure by macroscopic methods, since the size of available zeolite crys-
tals is limited. Such fast processes can, however, be measured relatively easily
by PFG NMR and QENS. As the molecular diameter of the sorbate approaches
(or even exceeds) the minimum diameter of the pore, the diffusional activa-
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Table 4 Classification of methods for measuring intracrystalline diffusion in zeolites

⎧⎪⎪⎨
⎪⎪⎩

Microscopic methods QENS
(sub-crystal scale) NMR – Relaxation

– PFG
Neutron spin-echo

⎧⎨
⎩

Mesoscopic methods Single crystal permeation
(single-crystal scale) FTIR

Interference microscopy

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Macroscopic methods Transient Sorption rate
(many crystals) Flow – ZLC/TZLC

Batch – DAB
– Gravimetric
– Piezometric
– FTIR
– Temp. response

Chromatographic
Gas phase
Liquid phase
Wall-coated column

Frequency Response
Pressure
Pressure/temperature

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Quasi-steady state Membrane
Wicke Kallenbach
Single crystal
Zeolite membrane

Catalyst effectiveness
factor

tion energy increases and the diffusivity drops by orders of magnitude. Slow
transport diffusion (for example ethane, propane, etc. in CHA zeolites; see
Fig. 15) is easily measured macroscopically but is inaccessible to microscopic
techniques. The range of systems and experimental conditions where reliable
measurements can be made by both macroscopic and microscopic methods is
therefore quite restricted.

Transient uptake rate measurements are subject to intrusion of heat trans-
fer limitations, especially in batch measurements at low pressures. Membrane
permeation, frequency response, and ZLC measurements should not be sub-
ject to serious heat transfer limitations but, especially in frequency response
and ZLC, there is always a danger of intrusion of extracrystalline resistances
to mass transfer, although in principle these can be eliminated by reducing
the sample size and ensuring that the crystals within the sample are dis-
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Fig. 15 Arrhenius plot showing the temperature dependence of intracrystalline diffusiv-
ity for C3 hydrocarbons in various CHA zeolites. Data are from [108–110]. ZLC data for
C3H6–SAPO34 have not been previously reported

persed rather than aggregated together. Recent measurements have, however,
shown that for many systems significant discrepancies between microscopic
and macroscopic diffusion measurements remain even when the intrusion of
extracrystalline resistances is carefully minimized. Similarly, the diffusivities
measured by quasi-steady-state membrane permeation tend to be larger than
the values determined by transient macroscopic methods, although still sub-
stantially smaller than the microscopic values derived from PFG NMR, QENS,
and molecular dynamic simulation (see Fig. 16) [96, 99].

A major advantage of the recently developed interference microscopy
technique [94, 95] is that in addition to allowing a direct measurement of
sorption/desorption rates on the single-crystal scale it provides, from the
form of the transient concentration profiles, direct experimental evidence con-
cerning the nature of the rate-controlling resistances to mass transfer. Recent
studies by this technique have shown that the influence of structural defects
and surface resistance to mass transfer are far more important than has been
generally assumed [100–104]. For some systems it appears that sorption rates
are controlled by surface resistance, while in other cases the profiles suggest
a combination of surface and internal diffusional resistance control—see, for
example, Fig. 17 [103]. Sometimes portions of the intracrystalline pore volume
are completely inaccessible due to barriers associated with the crystal growth
planes. In the case of ferrierite it appears that transport occurs entirely through
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Fig. 16 Comparison of diffusivities for n-alkanes in silicalite measured by different ex-
perimental methods: ◦,•, MD simulations; +, QENS; �, single crystal membrane; �, PFG
NMR; �, ZLC. Data are from various sources. From Jobic [96] with permission

the eight-ring channels, while the large ten-ring channels provide no access,
presumably as a result of a surface barrier [105]. Less pronounced internal bar-
riers, most likely resulting from fault planes within the crystal, have also been
observed [101, 102].

It thus appears that in real zeolite crystals diffusion over long distances
reflects the influence of surface and internal barriers rather than the pore
structure of the idealized framework. As a result the apparent intracrystalline
diffusivities often show a strong dependence on the length scale of the measure-
ment. Measurements by QENS and neutron spin-echo methods over distances
corresponding to a few unit cells often approach the theoretical values derived
by MD calculations for an ideal lattice. Similar values are often obtained by PFG
NMR when the measurement is made over short distances. Measurements by
most macroscopic methods are on the length scale of the crystals, and these
tend to yield lower apparent diffusivities as a consequence of the intrusion of
surface barriers and internal resistances due to structural defects.

Measurements by interference microscopy are, under favorable conditions,
capable of yielding both internal diffusivities and apparent diffusivities based
on overall sorption rates. The former tend to approach the values obtained
from microscopic measurements while the latter yield values similar to those
obtained by other macroscopic methods. Of necessity these studies have been
carried out in large zeolite crystals. One may expect that smaller crystals may
be less defective, although the influence of surface resistance may be expected
to be greater. The extent to which these conclusions are applicable to the small
zeolite crystals generally used in commercial zeolite catalysts and adsorbents
remains an open question.
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Fig. 17 Transient profile for desorption of isobutane from a surface-etched silicalite. The
observation direction was perpendicular to the x–y plane in (a) and (c) and perpendicular
to the z–x plane in (b), (d) , and (f). The form of the profiles suggests that the desorption
rate is controlled by the combined effects of internal diffusion and surface resistance. The
effect of a crack in the crystal is evident in (c) and (e). From Kortunov et al. [103]

4
Impact of Micropore Diffusion in Zeolite-Based Processes

Most adsorption separation processes depend on differences in adsorption
equilibrium. In such processes the impact of mass transfer resistance is
negative, so the design engineer seeks to minimize the effect by reducing
particle size and crystal size and by appropriate choice of the operating condi-
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tions. However, there are several important catalytic and separation processes
which depend on differences in sorption kinetics. Two representative ex-
amples of such processes are given below. Significant kinetic selectivity is
achieved only when the sorption kinetics are controlled by micropore (in-
tracrystalline) diffusion so, for these processes, the operating conditions must
be selected to maximize the intrusion of this resistance. Zeolite membranes
provide another important class of systems for which intracrystalline dif-
fusion is dominant.

4.1
Olefin/Paraffin Separations

The separation of light olefins (C2H4 and C3H6) from the corresponding
paraffins (C2H6 and C3H8) has traditionally been carried out by cryogenic
distillation [106], but the difference in boiling points is small, so the pro-
cess is energy intensive and therefore costly. The earliest such processes took
advantage of the fact that, on cationic zeolites, olefins are adsorbed more
strongly than the corresponding paraffins [107]. However, the equilibrium se-
lectivity is relatively modest (KA/KB ∼ 10) and not sufficiently high to achieve
a high-purity olefin product at high recovery. The possibility of developing
an efficient kinetic separation has therefore attracted much recent atten-
tion [108–110].

Fig. 18 Comparative (integral) uptake curves for C3H6 and C3H8 in Si-CHA at 80 ◦C and
600 Torr. From Olson et al. [36]. Note that the curves show linearity in

√
t in the initial

region, as expected for diffusion control. From Olson et al. [109] with permission
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Figure 15 shows diffusivity data for the C3 olefins and paraffins in sev-
eral different CHA zeolites. In 5A zeolite diffusion of the C2 species is not
significantly constrained by steric hindrance, so the diffusional activation en-
ergy is low (∼ 1.5 kcal/mol) with little difference in diffusivity between C2H4
and C2H6. Steric hindrance is substantially greater in 4A zeolite, resulting
in higher diffusional activation energies and significantly faster diffusion of
C2H4, which is the slightly smaller molecule. However, in zeolites of the CHA
family, the pores of which are controlled by distorted eight-membered rings,
the differences in diffusivity between olefins and paraffins are much greater
(3 to 4 orders of magnitude for C3H6/C3H8 in high-silicon chabazite). Com-
parative uptake curves for this system are shown in Fig. 18.

The window dimensions and hence the diffusivity and the diffusivity ratio
are correlated with the unit cell size. Silicon chabazite, which has the smallest
cell size, has the highest kinetic selectivity but the diffusion of propylene is
rather slow, thus restricting the cycle time. The choice between a high selec-
tivity with slow uptake of propylene and a lower selectivity with faster uptake
thus represents an interesting optimization problem.

4.2
N2/CH4 Separation over ETS-4

Titanosilicalites such as ETS-4 represent a new class of crystalline micro-
porous molecular sieves, similar to zeolites in their general structure but
significantly different in their composition. Like the small-pore zeolites, ETS-
4 has a three-dimensional channel structure controlled by eight-membered
oxygen rings, but the dimensions of the unit cell and hence both the size
and shape of the eight-membered ring windows change dramatically with
the dehydration temperature [111]. Provided that the thermal stability limit
(∼ 200 ◦C for Na form, 330 ◦C for Sr form) is not exceeded this effect is re-
versible. This flexibility endows these adsorbents with a unique “tunability”
that allows the dimensions of the molecular sieve to be optimized to achieve
a particular separation (see Fig. 19). So far the most important industrial ap-
plication of these materials is in the purification of nitrogen-rich natural gas
(CH4).

To meet the calorific value specification for pipeline-grade gas the nitrogen
content must not exceed about 4%. Many deposits of natural gas, however,
contain much larger concentrations of nitrogen. Cryogenic distillation is un-
economic and on both zeolite and CMS adsorbents N2 and CH4 are similarly
adsorbed with respect to both equilibrium and kinetics, so the search for an
economically viable process for nitrogen removal presented the gas industry
with an important challenge. The use of ETS-4 dehydrated at 270 ◦C appears
to be a promising solution, since this material shows a high kinetic selectivity
for N2 over CH4 (see Fig. 20), thus allowing an effective kinetic separation to
be achieved [112]. Following successful pilot plant trials a full-scale unit has
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Fig. 19 Variation of lattice parameters and pore dimensions of Sr-ETS-4 with dehydration
temperature. Modified from Kuznicki et al. [111] with permission

been developed using a relatively fast cycle (timescale of minutes) pressure-
swing adsorption process. About 75% of the N2 is removed with 95% recovery
of CH4 [113]. However, the process is not without its problems:

1. The capacity of the adsorbent is relatively low so a large volume of adsor-
bent is needed.

2. It is essential to dry the feed gas to very low humidity levels.
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Fig. 20 Comparative uptake curves for O2, N2, and CH4 in Na-ETS-4 and Sr-ETS-4, dehy-
drated at 270 ◦C. From Farooq et al. [112] with permission

3. Methane diffuses into the structure, albeit slowly, necessitating periodic
thermal regeneration of the adsorber beds. This adds significantly to the
process cost.

4.3
Catalytic Reactions

Diffusion plays a major role in influencing both the activity and selectivity of
many catalysts. For a first-order reaction in a spherical catalyst particle the
intrinsic rate constant (k) is reduced by a factor η (the effectiveness factor):

ke = kη (47)

η =
3
Φ

[
1 –

1
tanh Φ

]

Φ = R
√

k/D .

This basic analysis is commonly attributed to Thiele (1939) [114] and the di-
mensionless parameter Φ is commonly called the Thiele modulus, although
essentially the same analysis was published many years earlier, in 1909, by
Jüttner [115].
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In a zeolite catalyst diffusional limitations may occur at either the particle
scale or the crystal scale. In the latter case the basic analysis remains the same,
but since the rate constant is defined with respect to the concentration of re-
actant in the vapor phase while the intracrystalline diffusivity is defined with
respect to the adsorbed phase concentration, the Thiele modulus must be re-
defined to introduce the dimensionless adsorption equilibrium constant (K):

Φs = R
√

k/KD =
(

R2

D
k
K

)1/2

. (48)

Both the intrinsic rate constant and the effective diffusivity (KD) can be ex-
tracted from measurements of the reaction rate with different size fractions of
the zeolite crystals. This approach has been demonstrated by Haag et al. [116]
for cracking of n-hexane on HZSM5 and by Post et al. [117] for isomerization
of 2,2-dimethylbutane over HZSM-5. It is worth commenting that in Haag’s
analysis the equilibrium constant (or distribution coefficient K) was omitted,
leading to erroneously large apparent diffusivity values.

The methanol to olefins (MTO) reaction offers a more modern example
of a catalytic reaction controlled by intracrystalline diffusion. Stimulated by
the escalating demand for light olefins, this reaction has attracted much re-
cent attention. The reaction of methanol at 350–450 ◦C over HZSM-5 yields
a wide spectrum of products including light alkanes, light olefins, and single-
ring aromatics [118–120]. The yield of C=

2 + C=
3 (the desirable products for

polyolefin feedstock) amounts to only 30–40%. The introduction of SAPO-34
(a structural analog of chabazite) as the catalyst [121] gave a dramatic im-
provement in both selectivity and conversion, making the process much more
attractive. Under properly selected conditions light olefin yields (C=

2 + C=
3 ) ap-

proaching 80% can be achieved with only small amounts of higher olefins and
paraffins and essentially no aromatics [122].

The absence of aromatic products appears to be related to the size of the
chabazite cage which is too small to allow the formation of a benzene ring.
The reaction mechanism has been established in broad outline [123–125],
although many important details are still not fully understood:

1. 2CH3OH –→ CH3 – O – CH3 + H2O (49)

2. CH3 – O – CH3 –→ C2H4 + H2O

3. 1.5C2H4 ←→ C3H6

Slow polymerization to higher molecular weight species (coke) also occurs.
Reaction 3 is reversible and exothermic; this probably accounts for the ob-
served increase in C=

2 + C=
3 yield with temperature.

Detailed studies of the kinetics of this reaction over different size frac-
tions of SAPO-34 crystals, together with measurements of the sorption rate
and the equilibrium isotherm, have been reported by Chen et al. [127–132].
These data are summarized in Fig. 21. The dominance of intracrystalline
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Fig. 21 Variation of diffusional time constant (D0/R2), dimensionless Henry constant (K),
and the product KD0 with temperature. (From data of Chen et al. [127].) The value of
D0/R2 calculated from reaction rate measurements at 698 K is also shown. Corrected dif-
fusivities are calculated from the reported integral diffusivities according to the analysis
of Garg and Ruthven [126]. From Ruthven [98]

diffusion in controlling the sorption rate was shown by varying the crys-
tal size. Values of the diffusional time constant (R2/D0) derived from reac-
tion rate measurements at 698 K are close to the value extrapolated from
sorption rate measurements at lower temperatures with the same batch of
SAPO-34 crystals [127, 128]. The temperature dependence of the dimension-
less Henry constant, also shown in Fig. 21, yields an adsorption energy of
∆U ≈ – 31 kJ/mol, which is almost the same as the diffusional activation en-
ergy derived from the temperature dependence of the (corrected) diffusivity
(E = 30.5 kJ/mol). Consequently the product KD0, referred to by Chen as the
“steady-state diffusivity”, is almost independent of temperature. A similar
situation was noted by Garcia and Weisz [133, 134] in their study of the reac-
tion of various aromatics over HZSM-5.

As the catalyst ages, the light olefin yield and the selectivity both in-
crease [127, 129]. This appears to be related to the buildup of coke within
the intracrystalline pores, which reduces both the intrinsic rate constant and
the intracrystalline diffusivity [128, 129]. Detailed measurements with differ-
ent crystal sizes show that with increasing coke levels the diffusivity declines
more rapidly than the rate constant, so that diffusional limitations become
more pronounced as the catalyst ages. A high yield of light olefins requires
that the dimethyl ether formed in the first step of the reaction be retained
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within the crystal long enough for it to be essentially fully converted by reac-
tion 2. This requires that the ratio of the Thiele moduli should be large:

Φ2

Φ1
=
(

k2

k1

DMeOH

DDME

) 1
2 � 1 . (50)

This ratio is independent of crystal size, so varying the crystal size has no
effect on the yield, in accordance with experimental observations [122].

Since k2 < k1 a high ratio of DMeOH/DDME is necessary to achieve a high
ratio Φ2/Φ1 and thus a high olefin yield. As the dimethyl ether molecule is
larger than the methanol molecule it is reasonable to assume that, under ster-
ically restricted conditions, the diffusivity ratio DMeOH/DDME will increase as
the effective pore size decreases. The observations that the olefin yield in-
creases as the catalyst cokes and that an improvement in yield is obtained by
increasing the Si/Al ratio (which decreases the unit cell size and therefore the
effective window size) are consistent with this hypothesis. However, varying
the Si/Al ratio also changes the strength of the acid sites so such evidence is
not entirely conclusive.

5
Concluding Remarks

Since the groundbreaking work of Professor Barrer in the 1940s, the study
of adsorption and diffusion in microporous solids, particularly zeolites, has
made much progress. Many of the topics mentioned in this introductory
chapter have been explored in considerable detail. Reviews of some of these
areas are presented in subsequent chapters of this volume. However, numer-
ous challenges still remain in both our understanding of the fundamentals
of guest–host interactions and the technological application of these sys-
tems. Despite the undoubted progress that has been achieved, this remains
a promising and rewarding field for future research.
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Abstract In this chapter the main macroscopic experimental methods for measuring dif-
fusion in microporous solids are reviewed and the advantages and disadvantages of the
various techniques are discussed. For several systems experimental measurements have
been made by more than one technique, and in Part 3 the results of such comparative
studies are reviewed. While in some cases the results show satisfactory consistency, there
are also many systems for which the apparent intracrystalline diffusivities derived from
macroscopic measurements are substantially smaller than the values from microscopic
measurements such as PFG NMR. Recent measurements of the transient intracrystalline
concentration profiles show that surface resistance and intracrystalline barriers are both
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more common and more important than has been generally recognized. This may explain
such discrepancies. Part 4 comprises a brief review of recent experimental studies of dif-
fusion in mesoporous silica structures, which, in contrast to zeolites, have a well-defined
bimodal distribution of pore size.

Abbreviations
a External surface area/volume ratio for adsorbent particle
c Sorbate concentration in fluid phase
c0 Initial steady value of c
Cp Heat capacity of adsorbent
D Diffusivity
Dc Intracrystalline diffusivity
De Effective diffusivity for macroporous pellet (see Eq. 21)
DL Axial dispersion coefficient
Dp Macropore or mesopore diffusivity
F Fluid flow rate
h Overall heat transfer coefficient
k Solid “film” mass transfer coefficient
kf External fluid film mass transfer coefficient
K Dimensionless Henry constant
Ko Pre-exponential factor in temperature dependence of K
l Half width of zeolite crystal
L Column length; parameter defined by Eq. 11
Mt/M∞ Fractional approach to equilibrium in an uptake experiment
p Partial pressure
P Total pressure
q Sorbate concentration in adsorbed phase
qo Value of q at equilibrium with c0
rc Zeolite crystal radius (Eq. 14)
R Particle or crystal radius
Rg Gas constant (e.g., Eq. 10)
t Time
T Temperature (K)
V Column volume
Vd Volume of dosing chamber
Vf Volume of fluid
Vs Volume of solid
Vu Volume of uptake chamber
v Interstitial fluid velocity
w Volume fraction of zeolite in adsorbent pellet
zi Parameter defined in Eq. 10
α Heat transfer parameter (ha/ρCp)/(Dc/r2

c )
β (∆H/ρCp)(∂q∗/∂T)—nonisothermal equilibrium parameter
βi Roots of Eq. 9 or Eq. 16
γ Parameter defined in Eq. 10
δ Parameter defined in Eq. 10
ε Voidage of adsorbent bed
εp Porosity of adsorbent particle
– ∆H Heat of adsorption
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– ∆U Internal energy of adsorption
µ Mean retention time
ρ Particle (or sample) density
ρd, ρu Dimensionless pressure changes defined in Eq. 10
σ2 Variance of chromatographic response
η Effectiveness factor
φ Thiele modulus
χ Valve constant (Eq. 10)
FR Frequency response
IR Infrared
MCM-41 Mesoporous silica
MD Molecular dynamics
NMR Nuclear magnetic resonance
PFG NMR Pulse field gradient nuclear magnetic resonance
TZLC Tracer zero length column
ZLC Zero length column
ZSM-5 Zeolite of MFI structure

1
Introduction

Because of the practical importance of microporous materials, notably zeo-
lites and carbon molecular sieves, as catalysts and selective adsorbents, the
problem of measuring micropore diffusivities has attracted considerable at-
tention [1–4]. This task has proved more difficult than might have been
anticipated largely because these materials are generally available only as
rather small particles (or crystals). A wide range of different experimental
techniques have been applied including both microscopic and macroscopic
methods and transient and steady-state measurements. A historical sum-
mary including references is given in Chap. 1. In this chapter we consider
only macroscopic methods in which the diffusive flux is measured under
well-defined experimental conditions; the microscopic approach in which the
movement of the molecules is tracked directly is discussed in Chap. 3 of this
volume [5].

A simple classification of the main macroscopic techniques is shown in
Table 1, and this provides a useful framework for our review. Macroscopic
measurements generally yield “transport” diffusivities, although variants of
the techniques, using isotopically tagged tracers, can be devised to measure
self-diffusivities. The large majority of the macroscopic techniques involve
transient measurements. Steady-state or quasi-steady-state methods, notably
membrane permeation and catalyst effectiveness measurements, have been
demonstrated, but their application has been limited to a few systems.

Since most microscopic techniques measure self-diffusion, whereas the
macroscopic techniques generally measure transport diffusion, direct com-
parisons between the measured diffusivities are not meaningful, except in the
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Table 1 Classification of macroscopic methods for measuring diffusion in microporous
solids

Transient Quasi-steady state

Uptake rate Chromato- Frequency Zeolite Effectiveness
graphy response membrane factor

[1, 4, 6, 7] [38–42] [29, 30] [62–66] [67, 68]

Batch Flow

Gravimetric ZLC Gas/liquid Pressure Single crystal
[8–14] [48–57] [44, 45] [30–33]

Piezometric TZLC Packed/wall- Pressure/temp. Multicrystal
[15–23] [28, 51, 54] coated column [35–37]

[46, 47]

FTIR
[25, 26]

Temp.
Response
[27]

low concentration limit. At higher loadings the microscopic self-diffusivity
may be compared with the “corrected” transport diffusivity (Do), defined by
Eq. 1 (cf. [1], p 11):

Do = D(d ln q/d ln p) , (1)

where (d ln q/d ln p) represents the gradient of the equilibrium isotherm in
logarithmic coordinates. The corrected diffusivity calculated in this way rep-
resents the transport coefficient based on the chemical potential gradient as
the driving force.

2
Survey of Macroscopic Methods for Measuring Micropore Diffusion

2.1
Uptake Rate Measurements

Perhaps the most obvious experimental approach to the determination of mi-
cropore diffusivities is to measure directly the sorption/desorption rate for
an adsorbent particle subjected to a well-defined change in the ambient con-
centration of sorbate. For an isothermal spherical particle subjected to a step
change in sorbate concentration at the external surface at time zero, the ap-
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proach to equilibrium, under conditions of diffusion control, is given by [1]:

Mt

M∞
= 1 –

6
π2

∞∑
n=1

1
n2 exp

(
– n2π2Dt/R2) . (2)

The short and long time asymptotes are given by:

Short Time:
Mt

M∞
=

6
R

√
Dt
π

(3a)

Long Time:
Mt

M∞
= 1 –

6
π2 exp

(
– π2Dt/R2) . (3b)

The form of the response curves is shown in Fig. 1. The corresponding expres-
sions for other particle shapes are easily derived but there is little numerical
difference from the response for a spherical particle of the same external area
to volume ratio (i.e., based on an equivalent radius).

In contrast, for the same situation, a particle with surface resistance con-
trol follows a simple exponential approach to equilibrium:

Mt

M∞
= 1 – exp

(
– 3kt/R

)
. (4)

Fig. 1 Theoretical uptake curves for isothermal diffusion-controlled system showing a
long time asymptote according to Eq. 2 or 3b and b form of short time response plotted
in accordance with Eq. 3a. Note that the initial slope is quite insensitive to the par-
ticle shape (the equivalent radius r is defined as the radius of a sphere with the same
surface-to-volume ratio as the actual particles)
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When mass transfer is rapid and the approach to equilibrium is controlled
entirely by heat transfer, the uptake curve for a differential pressure step
obeys [8, 9]:

Mt

M∞
= 1 –

(
β

1 + β

)
exp

[
– 3ht
ρCpR

· 1
(1 + β)

]
, (5)

where β =
(
∆H/ρCp

) (
∂q∗/∂T

)
p. A plot of log

(
1 – Mt/M∞

)
vs. t thus pro-

vides clear evidence concerning the nature of the rate limiting resistance and
a convenient way to extract the time constant (R2/D, R/3k, or ρCpR/3h).

Fig. 2 Experimental uptake curves for CO2 in 4A zeolite crystals showing near isother-
mal behavior in large (34 and 21.5 µm) crystals (D ≈ 9×10–9 cm2 s–1 at 371 K and
5.2×10–9 cm2 s–1 at 323 K). The solid lines are the theoretical curves for isothermal dif-
fusion from Eq. 2 with the appropriate value of Dc/r2

c . The uptake curves for the small
(7.3 µm) crystals show considerable deviation from the isothermal curves but conform
well to the theoretical nonisothermal curves with the values of Dc estimated from the data
for the large crystals, the value of β calculated from the equilibrium data, and the value
of α estimated using heat transfer parameters estimated from uptake rate measurements
with a similar system under conditions of complete heat-transfer control. The limit-
ing isothermal curve is also shown by a continuous line with no points. From Ruthven
et al. [8]
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The apparent simplicity of this approach is, however, deceptive. For meas-
urement of intracrystalline diffusion the method works well when diffusion
is relatively slow (large crystals and/or low diffusivity), but when sorption
rates are rapid the uptake rate may be controlled by extracrystalline diffusion
(through the interstices of the adsorbent bed) and/or by heat transfer. The
intrusion of such effects is not always obvious from the shape of the up-
take curve, but it may generally be detected by changing the sample quantity
and/or the sample configuration. It is in principle possible to allow for such
effects in the mathematical model used to interpret the uptake curves (Fig. 2),
and indeed the modeling of nonisothermal systems has been studied in con-
siderable detail [8–12]. However, any such intrusion will obviously diminish
the accuracy and confidence with which the intracrystalline diffusivities can
be determined.

This technique may also be used to measure effective macropore diffu-
sivities in biporous adsorbent pellets [13, 14]. For such a system with a lin-
ear equilibrium isotherm and assuming rapid intracrystalline diffusion, the
governing diffusion equation is of the same form as for micropore con-
trol. The solution is identical to Eq. 1 except that R now refers to the
particle radius and the diffusivity D is replaced by the effective diffusiv-
ity De = Dpεp/

(
εp + (1 – εp)K

)
. Since the equilibrium constant (K) is gener-

ally large and varies with temperature according to the van’t Hoff equation
(K = Ko e–∆U/RgT), it is clear that a macropore-controlled system will gener-
ally yield an effective diffusivity that is much smaller than the pore diffusivity
and shows a strong (Arrhenius) form of temperature dependence but with
an apparent activation energy that approximates the energy of adsorption.
This may lead the unwary investigator to conclude that the rate is controlled
by an activated (micropore) diffusion process, whereas in fact the effect re-
sults from the temperature dependence of the capacity of the microparticles.
However, a change in the gross particle size can often be used to provide an
unequivocal diagnosis of the nature of the controlling resistance.

With vapor phase gravimetric systems it is generally possible to achieve
a good approximation to a step change in sorbate pressure, although for
strongly adsorbed species this requires a large system volume and a very
small adsorbent sample. For piezometric measurements and for liquid phase
systems, however, the external concentration (or pressure) is the measured
quantity, and to achieve accuracy it is therefore necessary to minimize the
external system volume. In solving the diffusion equation, the time depen-
dence of the boundary condition at the particle surface must then be con-
sidered, and this leads to a slightly more complex expression for the uptake
curve. The piezometric method has been widely applied [15–23], but a de-
tailed analysis of this technique (Sect. 2.2) reveals that the restrictions on
the conditions required to obtain reliable diffusivity data by this method
are in fact more severe than had been generally appreciated in the earlier
studies.
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In both gravimetric and piezometric experiments it is generally desirable
to make the measurement over a small differential concentration change in
order to ensure that the assumption of system linearity is fulfilled. Under
these conditions the transient sorption curve (expressed as fractional ap-
proach to equilibrium) should be independent of either the step size or
direction (adsorption or desorption). Varying the step size and direction thus
provides a simple and sensitive experimental test for system linearity.

Uptake rate measurements with large oriented crystals have been used by
Caro [24] to demonstrate the nonisotropy of silicalite. Diffusion coefficients
for the longitudinal and transverse directions differed by a factor of about
three.

An ingenious alternative to the gravimetric method has been developed by
Karge and coworkers [25, 26], who tracked the progress of sorption by moni-
toring the intensity of an IR band characteristic of the adsorbed species. With
a modern high sensitivity spectrometer this approach may be used to follow
sorption rates in a single zeolite crystal. Furthermore, this method offers the
important advantage that, by a judicious choice of the IR wavelength, it may
be applied to follow sorption of one (or more) components in a multicompo-
nent system (cf. Vol. 7, Chap. 4 of this series).

Regardless of the way in which progress of the sorption is followed, all
uptake rate measurements are subject to the intrusion of heat transfer re-
sistance, and such effects are more severe for strongly adsorbed and rapidly
diffusing species. To circumvent this problem Grenier et al. [27] introduced

Fig. 3 Transient temperature response for CH3OH – NaX, pressure step 48–80 Pa (step A,
run 13) showing conformity between experimentally observed temperature and theoret-
ical curve, calculated from diffusion model with Do = 2.6×10–12 m2 s–1; h = 2.3 Wm–2 K–1.
From Grenier et al. [27]
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a novel approach in which progress of the uptake is followed indirectly by
monitoring the temperature of the adsorbent sample using a sensitive IR
detector. A representative response curve is shown in Fig. 3. A nonisother-
mal model containing time constants for both heat transfer and diffusion
is needed to interpret the experimental data. However, detailed analysis
shows that the initial rising portion of the response curve is determined
primarily by diffusion, while the long time region is determined mainly by
heat transfer. Both the diffusion and heat-transfer parameters can therefore
be determined with confidence, even from a single experimental response
curve.

2.2
The Piezometric Method

The piezometric method involves following the pressure response in a dosing
cell connected to an uptake cell containing a sample of the adsorbent. Ac-
cording to the results reported in the literature, the piezometric method can
be used to accurately measure intracrystalline diffusivities for fast diffusing
and strongly adsorbed species such as benzene on NaX [15, 16]. Further-
more, it is also claimed to provide the required accuracy needed to study
combined intracrystalline processes such as diffusion and first-order re-
action [17].

The analysis of the response curves is not as direct as for other methods,
since we have to consider the flow through the valve connecting the two
chambers. Furthermore, the time required to fully open the valve is typic-
ally 0.5–0.7 s. Qualitatively it is evident that the initial part of the response
will be influenced by the flow through the valve, the opening of the valve,
and the mass transfer to the solid, and it is therefore obvious that the ini-
tial portion of the response cannot be used to obtain reliable diffusional time
constants. The final stages of the response are not affected by the initial open-
ing of the valve, and the pressure difference across the valve becomes very
small. Qualitatively it can be argued that useful diffusion information can be
obtained from the long time region of the response curve. However, it has
been clearly shown that this portion of the response curve is strongly af-
fected by heat effects [8–12]. It follows from this observation that the ability
of the piezometric method to yield reliable intracrystalline diffusivity values
is constrained, especially for fast diffusing and strongly adsorbed species.
Such considerations have been ignored by Bülow and Micke [18], who sim-
ply suggest a total curve fitting procedure using a numerical solution of the
isothermal model equations.

Even if isothermal behavior is assumed, there are still serious restrictions
on the range of applicability of the method. Considering an instantaneous
opening of the valve and linearizing the model equations it is possible to de-
rive a simple analytic solution for the dimensionless pressure in the dosing
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and uptake cells [23].
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The subscripts u and d refer to the uptake and dosing volumes (Vu and Vd),
respectively.

The dimensionless parameters defined in Eq. 10 clearly show that the re-
sponse is influenced by the ratios of the accumulation in the fluid and solid
phase, γ and δ, and the ratio of the time constants for the valve and for the
diffusion process, w. The ratio δ/γ depends on the geometric configuration
of the system and has a typical value of 1.5 [16].

Representative response curves for the dosing and uptake cells, calculated
from Eqs. 6–10, are shown in Fig. 4. The system response depends strongly
on both the adsorption equilibrium and the time constant of the valve. If the
value of w is large, the pressure in the two cells equilibrates rapidly followed
by a slow decay to the final equilibrium level. The rate of this process is con-
trolled by diffusion into the adsorbent. If w is small, the system is close to
equilibrium control; the rate controlling process is then the flow through the
valve, and no useful kinetic data can be derived from the response. Under
both equilibrium and kinetic control the pressure in the dosing cell shows
a monotonic decline to the equilibrium value. However, the pressure response
in the uptake cell is much more sensitive to the nature of the rate control-
ling process. Under conditions approaching equilibrium control the pressure
increases monotonically, whereas under kinetic control the pressure passes
through a maximum before declining to the equilibrium level.

Unfortunately, in many of the earlier reported applications of this tech-
nique, only the pressure in the dosing cell was measured. This greatly reduces
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Fig. 4 Theoretical piezometric response curves for a the dosing cell and b the uptake cell,
calculated from Eqs. 6–9 with γ = δ = 0.01 and various values of parameter w. The curves
corresponding to equilibrium control are shown by heavier lines. From Brandani [23]
with permission

the sensitivity of the technique and the reliability of the derived diffusivi-
ties. For example, Bülow et al. studied in detail the adsorption of benzene
in large (120 µm) crystals of NaX [16] and reported intracrystalline diffusiv-
ities close to the self-diffusivities obtained from PFG NMR measurements.
However, detailed analysis shows that, under the experimental conditions, the
system must have been very close to equilibrium control so, regardless of the
method of data analysis, no reliable diffusivity data could have been obtained.
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A very similar analysis of the piezometric method has been reported by
Schumacher et al. [19], who also concluded that, for the reliable application
of this technique, it is essential to monitor the sorbate pressure in the up-
take cell rather than in the dosing cell. Schumacher and Karge [20–22] have
used this approach to study the sorption of the monoalkyl benzenes and di-
ethyl benzene in ZSM-5. For all systems the measured differential diffusivities
(D) increased regularly with loading up to near the saturation limit, followed
by a sharp decline as saturation was reached. The thermodynamically cor-
rected diffusivities (Do) calculated from Eq. 1 are essentially constant over
a wide range of loading. Representative data for ethyl benzene at several tem-
peratures are shown in Fig. 5 [20]. These results are consistent with recent
tracer ZLC measurements that, for p-xylene and benzene in silicalite, show
essentially constant self-diffusivities over a wide range of loading [28].

We conclude that the piezometric technique is capable of yielding reliable
diffusivity data provided that the pressures are monitored in the uptake cell
and the limitations imposed by the time constant of the valve and finite heat
dissipation rates are respected. For strongly adsorbed species theses restric-
tions limit the applicability to relatively slow processes (half times of at least
several seconds). For weakly adsorbed species somewhat faster diffusion pro-
cesses can be measured. A detailed assessment of the range of validity of this
method, as a function of the system variables, has been presented by Schu-
macher and Karge [19]. In reviewing earlier reported piezometric diffusivity
data, the values derived from measuring only the pressure in the dosing cell
should not be accepted without further detailed analysis.

Fig. 5 Loading dependence of corrected diffusivities (Do) for ethylbenzene in H-ZSM-5 at
various temperatures, measured by piezometric technique. From Schumacher et al. [20]
with permission
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2.3
Frequency Response

In the frequency response method, first applied to the study of zeolitic diffusion
by Yasuda [29] and further developed by Rees and coworkers [2, 30–33], the
volume of a system containing a widely dispersed sample of adsorbent, under
a known pressure of sorbate, is subjected to a periodic (usually sinusoidal) per-
turbation. If there is no mass transfer or if mass transfer is infinitely rapid so
that gas–solid mass-transfer equilibrium is always maintained, the pressure in
the system should follow the volume perturbation with no phase difference.
The effect of a finite resistance to mass transfer is to cause a phase shift so
that the pressure response lags behind the volume perturbation. Measuring
the “in-phase” and “out-of-phase” responses over a range of frequencies yields
the characteristic frequency response spectrum, which may be matched to the
spectrum derived from the theoretical model in order to determine the time
constant of the mass-transfer process. As with other methods the response may
be influenced by heat-transfer resistance, so to obtain reliable results, it is es-
sential to carry out sufficient experimental checks to eliminate such effects or
to allow for them in the theoretical model. The form of the frequency response
spectrum depends on the nature of the dominant mass-transfer resistance and
can therefore be helpful in distinguishing between diffusion-controlled and
surface-resistance-controlled processes.

However, the argument that the cyclic nature of the perturbation eliminates
the intrusion of heat effects must be treated with caution. For both p-xylene
and 2-butyne in silicalite Shen and Rees [31, 32] observed a bimodal response
spectrum and they interpreted the two peaks as indicative of two different
transport processes corresponding to diffusion through the straight and si-
nusoidal channels. There is some NMR evidence to support the view that
such molecules cannot easily reorient themselves at the channel intersections,
and for silicalite-2, which contains only straight channels of similar dimen-
sions, only a single response peak is observed; so this hypothesis is certainly
plausible. However, Sun and Bourdin [34] have shown that an alternative ex-
planation is also possible. If the heat balance equations are included in the
theoretical model, the predicted response assumes a bimodal form and the
heat-transfer parameter required to match the experimental data appears to be
quite reasonable.

In a recent development of the frequency response technique Bourdin
et al. applied the frequency response approach to their IR temperature meas-
urement system [35–37]. In this experiment the volume of the system is
perturbed sinusoidally and both the pressure and temperature responses are
measured. It was found that the phase differences between the pressure and
temperature were more reliable and reproducible than the phase differences
between the pressure and the volume. The explanation seems to be that since
the quantity of adsorbent is quite small, a small amount of superficial adsorp-
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tion on the walls of the apparatus can distort the phase relationship between
the pressure and the volume but will not affect the temperature–pressure
phase relationship. In light of this observation there may be a need to reex-
amine some of the earlier FR results that were derived from measurements of
the phase difference between the driver piston and the pressure response (cf.
also Chap. 6 of this volume).

2.4
Chromatographic Measurements

For fast diffusing systems the limitations imposed by extracrystalline re-
sistances to mass and heat transfer make it impossible to derive reliable
intracrystalline diffusivity values from direct sorption rate measurements, re-
gardless of the technique used to follow the uptake. Since both heat and mass
transfer are enhanced in a flow system, the possibility of deriving reliable
diffusion values from measurements of the dynamic response of a packed
adsorption column has attracted considerable attention. The early models
for mass-transfer resistance in a chromatographic column were based on the
equilibrium stage concept. The Kubin–Kucera model [38, 39], by showing the
relationship between the height equivalent to a theoretical plate (HETP) and the
diffusional time constant, provided the essential theoretical basis for the chro-
matographic approach to the measurement of intraparticle diffusivities. The
generalization to biporous particles was provided by Sarma and Haynes [40].

The chromatographic response is conveniently analyzed in terms of the
first and second moments of the pulse response:
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It is evident that the HETP measures only the overall resistance to mass trans-
fer and cannot provide evidence concerning the nature of this resistance. The
chromatographic response is indeed remarkably insensitive to differences in
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the nature of the mass-transfer resistance, so regardless of the way in which
the data are analyzed, it is not possible to obtain any such information except
by varying critical parameters such as the particle size.

The major difficulty in the analysis of chromatographic data is separating
the axial dispersion and mass-transfer contributions since, except for gaseous
systems at very low flow rates, the axial dispersion coefficient (DL) is velocity
dependent. For liquid systems DL varies essentially linearly with velocity so
a plot of HETP vs. superficial velocity (εv) should be linear with the mass-
transfer resistance directly related to the slope (Fig. 6). For gaseous systems at
a high Reynolds number this same plot can be used, but in the low Reynolds
number region a plot of H/v vs. 1/v2 may be more convenient since in this re-
gion DL is essentially constant and the intercept thus yields the mass-transfer
resistance [43–45].

In the application of the chromatographic method to the measurement of
intracrystalline diffusivity it is preferable to pack the column directly with
unaggregated crystals rather than with composite (pelleted) material since
this eliminates the possible intrusion of macropore resistance. The small
crystal size of commercial zeolite samples presents a significant practical
problem. Early attempts to utilize a column packed directly with such crys-

Fig. 6 Chromatographic HETP data. a Plots of H/2v vs. 1/v2 for cis-butene and cyclo-
propane in 5A zeolite. From Haq and Ruthven [47]. b Plots of H vs. v for benzene/
n-hexane in NaX (40 µm crystals). Note that the axial dispersion term (2DL/v ≈ 0.04 cm)
is essentially the same for C6H6 – C6D6 and for H2O – D2O. From Awum et al. [44]
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tals were not very successful. Erroneously small apparent diffusivities were
obtained, probably reflecting the anomalously high axial dispersion that is
observed in beds of very small particles due to the tendency of such particles
to form agglomerates. Columns packed with large synthetic crystals work
well [46], and this approach has the advantage that the use of large crystals in-
creases the relative importance of the diffusional resistance (the second term
on the right-hand side of Eq. 14), thus minimizing the impact of any errors
in the estimation of the axial dispersion. However, this approach obviously
precludes the use of small commercial crystallites. Small commercial crys-
tallites have, however, been successfully applied in the form of a wall-coated
column [47], and this may be the best approach when larger crystals are not
available.

2.5
Zero Length Column (ZLC) Method

The zero length column (ZLC) technique may be regarded either as a flow
variant of an uptake rate measurement or as a variant of the chromatographic
method using an infinitesimal column. This has the important advantage that
the intrusion of axial dispersion is eliminated. The technique depends on
following the desorption of sorbate from a previously equilibrated (small)
sample of adsorbent into an inert carrier stream. This approach was in-
troduced, for gas phase adsorption systems, in the late 1980s by Eic and
Ruthven [48, 49], and since then it has found widespread application as
a simple and relatively inexpensive way of measuring limiting diffusivities
for hydrocarbons and other simple molecules in zeolites and other microp-
orous adsorbents [1]. The method has been extended to the measurement
of counterdiffusion in liquid phase adsorption systems by Ruthven and Sta-
pleton [50]. A variant of the technique, tracer ZLC or TZLC, has also been
developed to allow the measurement of self-diffusivities over the entire range
of sorbate loadings [51]. These developments have been summarized in a re-
cent review [52].

An experimental setup for gaseous systems is shown in Fig. 7. The actual
ZLC column consists of a thin layer of adsorbent material placed between two
porous sinter discs. The individual particles (or crystals) are dispersed ap-
proximately as a monolayer across the area of the sinter. This minimizes the
external resistances to heat and mass transfer, so that the adsorption cell can
be considered as a perfectly mixed isothermal, continuous-flow cell. The va-
lidity of this assumption has been examined in detail [52]. The isothermal
approximation is generally valid for studies of diffusion in zeolite crystals, but
it can break down for strongly adsorbed species in large composite particles
under conditions of macropore diffusion control.

Brandani and Ruthven [53] have derived the solution for the general
model that accounts for the capacity of the fluid phase as well as that of the
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Fig. 7 Experimental system for vapor phase ZLC or TZLC measurements
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Clearly, the parameter γ is of the order of 1/K. Therefore, the limiting
case γ = 0 provides a very useful approximation for gaseous systems where
the holdup in the fluid phase can generally be neglected in comparison
with the adsorbed phase accumulation. In this situation, Eq. 15 reduces
to:
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Fig. 8 Experimental ZLC response curves for o-xylene on NaX zeolite crystals (50 µm and
100 µm) showing effects of purge flow rate and composition (He or Ar) and zeolite crystal
size. From Ruthven and Eic [49]

which is the form obtained from the original ZLC model [48, 49]. It has been
shown that Eq. 18 can be used with confidence for γ < 0.1. This model for
gas phase adsorption systems has been studied in detail by Brandani and
Ruthven [54]. Representative experimental ZLC response curves showing the
effects of changes in flow rate, crystal size, and purge composition are shown
in Fig. 8.

Most of the experimental applications of the ZLC technique have been with
gaseous systems, and for these systems the technique may now be regarded
as a standard method. Based on our experience it is possible to suggest some
guidelines as to how the experiments should be carried out. The key param-
eter is L, which from its definition (Eq. 17) can be considered the ratio of
the diffusional and washout time constants: R2/D and KVs/F. This parame-
ter is also equal to the dimensionless adsorbed phase concentration gradient
at the surface of the solid at time zero.1 From either of these definitions it is
evident that L gives an indication of how far removed the system is from equi-
librium control. This parameter is proportional to the flow rate, so it can be
easily varied, and to extract a reliable time constant, it is necessary to run the
experiment at at least two different flow rates.

1 From the column mass balance KVs
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A major advantage of the ZLC method is that, for any particular system,
the validity of the basic assumptions under the experimental conditions can
be verified directly by a series of simple experimental tests. To establish the
validity of the zero length limit, measurements are repeated with columns
containing different amounts of adsorbent (Fig. 9). To exclude external mass-
transfer resistances, experiments may be run with two different carrier gases,
typically argon and helium (Figs. 8 and 9). Heat effects can be minimized
using high flow rates and system linearity can be checked varying the inlet
composition.

If L > 10, the time constant can be easily extracted from the long time
asymptote where Eq. 18 reduces to:
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A semilog plot of the dimensionless concentration yields L and D/R2 from the
intercept and slope. For L > 10 the slope should remain constant. Problems
can be encountered if the accuracy of the measuring device is limited or if the
experimental conditions are beyond the range of the Henry law limit. For hy-
drocarbons a FI detector is typically used and ensures high accuracy. It can be
argued qualitatively that, even if the initial concentration is in the nonlinear
part of the equilibrium curve, the concentration in the solid will eventually
fall to a value at which the linearity assumption is valid and the long time
asymptote should therefore still yield reliable information on the diffusional
time constant. If this asymptote can be measured, the slope should always in-
crease with the flow rate. Since the ZLC response is determined primarily by
the limiting behavior at low concentration, the method is not well suited for
determining the concentration dependence of diffusivity from integral meas-
urements.

Although the ZLC technique was originally developed for the measurement
of intracrystalline diffusion, it may also be applied to measure macropore
diffusion in composite adsorbent particles [56].

There remains the question of whether the desorption rate is controlled
by intracrystalline diffusion or by surface resistance. It is possible to dis-
tinguish between these two situations through a partial loading experi-
ment. The preconditioned adsorbent is exposed to the carrier stream con-
taining the sorbate for a short period, but allowing sufficient time to ap-
proach equilibrium in the adsorbed phase, before the flow is switched to
the pure purge stream. The resulting ZLC response curve is compared with
the curve obtained, under the same conditions, for a fully equilibrated sam-
ple. For a surface-resistance-controlled system the transient concentration
profile through the crystal is flat, even under partial loading conditions, so
the response curve, plotted as c/c0 vs. ln t should remain the same under
partial loading conditions as for a fully equilibrated sample. In contrast,
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Fig. 9 Effect of sample quantity and nature of purge gas on ZLC response curves for ben-
zene in 50-µm crystals of NaX zeolite at 250 ◦C. a Desorption curves. Note that when
the sample is sufficiently small, desorption is rapid and the curves for He and N2 purge
coincide, but for a larger sample we see slower desorption with a significant difference
between the curves for He and N2, indicating the intrusion of external diffusional re-
sistance. b Apparent diffusional time constants showing the variation with sample mass.
Filled symbols denote He purge, open symbols denote N2 purge. Note that when the sam-
ple mass is sufficiently small, the time constants for He and N2 become coincident and
independent of sample mass, showing the absence of external diffusional resistance. From
Brandani et al. [55]
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for a diffusion-controlled system, as a result of the nonuniform initial pro-
file the ZLC response will show a larger intercept under partial loading
conditions. The theory has been discussed by Brandani and Ruthven [54]
in relation to a detailed study of the desorption of propane from large
(100 µm) crystals of NaX that showed clear evidence of intracrystalline dif-
fusion control.

A further issue concerns the possible intrusion of heat effects. This issue
has been addressed both theoretically and experimentally [52, 57], and a sim-
ple criterion for the validity of the isothermal approximation was developed.
The isothermal assumption is normally valid for measurements with zeolite
crystals (< 150 µm), but for large macroporous particles some intrusion of
heat-transfer effects can be anticipated when the heat of adsorption is large.

In tracer ZLC (TZLC) [28, 51, 58] the experiment is similar to the stan-
dard method, but the monitored species is the deuterated form of the sorbate.
This introduces an additional cost for the material and the requirement for
an online mass spectrometer. The advantages are the elimination of all pos-
sible heat effects, strict linearity of the equilibrium between the fluid phase
and the adsorbed phase, and the possibility of measuring directly the tracer
diffusivities (which should be the same as the microscopically measured self-
diffusivity) over a wide range of loading. To reduce the costs the carrier is
prepared with a mixture of pure and deuterated hydrocarbons. It has been
shown that small imbalances in the concentration of the carrier and the purge
streams do not affect the desorption dynamics [58].

2.6
Temporal Analysis of Products (TAP)

The TAP reactor system was originally developed to allow the rapid analysis
of products from a fast catalytic reaction [59]. A small pulse of the reactant
gas is injected at the inlet of a fixed bed of zeolite crystals through which
it is drawn by pulling a vacuum at the bed outlet where the reaction prod-
ucts are detected by an online mass spectrometer. The time dependence of
the pulse response is a function of inter alia the rate of diffusion within the
zeolite crystals. However, the sensitivity of the response to intracrystalline
diffusion depends critically on the relative magnitudes of the other mass-
transfer processes involved. Recent applications of this technique to study
the diffusion of linear alkanes in MFI zeolites have led to conflicting results.
Keipert and Baerns [60] concluded that, for n-butane and n-hexane in sili-
calite, reliable measurements of intracrystalline diffusion could not be made
because, for these sorbates, the intracrystalline resistance is smaller than
the extracrystalline resistances. Diffusion of n-butane in silicalite was also
studied by Nijhuis et al. [61], who under similar conditions reported diffu-
sivities of order 10–9 m2 s–1. However, a detailed review of these data shows
that the response times scale directly with the Henry’s Law constants, suggest-
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ing that the sorption kinetics must have been controlled by extracrystalline
diffusion [62]. Therefore, in conformity with the conclusion of Keipert and
Baerns, it would not have been possible to make reliable measurements of
intracrystalline diffusion under these conditions.

2.7
Membrane Measurements

Measurement of the flux through a zeolite crystal membrane under well-
defined conditions of sorbate pressure on the high- and low-pressure faces
provides an intrinsically attractive approach to the measurement of intracrys-
talline diffusion. However, in practice this approach is not at all straightfor-
ward. The earliest attempts were by Wernick and Osterhuber [63] and Paravar
and Hayhurst [64]. Both these groups made their membrane from a single
large zeolite crystal held in a small hole and sealed with epoxy. Wernick and
Osterhuber studied diffusion of butane in NaX while Paravar and Hayhurst
studied light paraffins in silicalite. Both used the quasi-steady-state mode of
operation in which a relatively high sorbate pressure is maintained on one
side of the crystal with a vacuum on the other side. The flux is then deter-

Fig. 10 Permeability measurement through a single (100 µm) crystal of silicalite (i-butane
at 334 K). Note asymptotic approach to same intercept regardless of pressure. This implies
that the diffusivity is independent of concentration over the relevant range. From Paravar
and Hayhurst [64]
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mined from the rate of pressure increase on the low-pressure side. The form
of the pressure response is shown in Fig. 10. The initial transient leads to
a time delay, while in the long time region a linear asymptote of pressure vs.
time is approached. Values for the diffusivity can be derived from both the
slope and intercept of such plots, and the consistency of these two values pro-
vides a check on the validity of the measurements. The main problem with
this approach is associated with the difficulty of properly mounting the small
crystal and ensuring that the active faces are not blocked by stray epoxy. More
recent measurements of this kind have been reported by Talu et al. [65], while
similar measurements with a composite silicalite crystal membrane grown on
a stainless-steel support have been reported by Kapteijn et al. [66].

2.8
Effectiveness Factor

For a first-order reaction in spherical catalyst particles the effectiveness factor
(and hence the observed reaction rate constant) depends on the Thiele Mod-
ulus (φ ≡ R

√
k/D), which is in essence the square root of the ratio of the time

constants for reaction and diffusion. Then, the effectiveness factor is:

η =
3
φ

[
1

tan hφ
–

1
φ

]
. (20)

Fig. 11 Experimental verification of Thiele analysis as applied to intracrystalline diffusion
control of catalytic reaction of 2,2-dimethylbutane in H-ZSM-5 catalysts. Open symbols
are from Post et al. [68], filled symbols are from Haag et al. [67], duly corrected to
adsorbed phase basis. From Post et al. [68]
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For sufficiently small particles φ → 0 and η → 1, so the measured rate con-
stant approaches the intrinsic rate constant (k). By making replicate meas-
urements under similar conditions, with different particle size fractions it is
possible to determine both the intrinsic rate constant and the effective in-
terparticle diffusivity. Haag [67] suggested that this approach could be used
to determine intracrystalline diffusivities in zeolite crystals. A more com-
plete experimental study in which the diffusivity of 2,2-dimethyl butane in
HZSM-5 was determined both chromatographically and from measurements
of the cracking rate under diffusion-limited conditions was reported by Post
et al. [68] – see Fig. 11. This approach has the advantage that it makes steady-
state rather than transient measurements, but it is limited to sorbates for
which a suitable catalytic reaction occurs.

3
Review of Experimental Diffusivity Data for Selected Systems

The techniques outlined above have been used to study diffusion in a wide
range of zeolite systems. In general we find that there is reasonable agree-
ment between the different macroscopic methods and also between the mi-
croscopic methods (QENS, and PFG NMR). However, although for several
systems the macroscopic and microscopic measurements are also consistent,
there are many systems for which we see significant discrepancies between
the two classes of measurements.

3.1
Systems Showing Consistent Behavior

Benzene–Silicalite [69]
Diffusion of benzene in silicalite has been studied by several different macro-
scopic techniques with broadly consistent results (Fig. 12). However, diffusion
in this system is too slow to allow reliable PFG NMR measurements so no
comparison between micro and macro techniques is possible.

Xe, CO2C3H8, nC4H10-5A
The consistency between sorption rate measurements and PFG NMR meas-
urements in large crystals of 5A zeolite was noted many years ago. In more
recent studies a similar pattern of consistency between sorption rate, ZLC,
and PFG NMR data has been observed for Xe, CO2, and C3H8 in 5A zeolite
(Fig. 13).

CH3OH-NaX [71]
This system has been studied by ZLC, tracer ZLC, and infrared temperature-
rise measurements as well as by PFG NMR, with striking consistency between
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Fig. 12 Comparison of corrected diffusivity of benzene in silicalite-1 and H-ZSM-5 at
low sorbate concentrations. � Van Den-Begin et al., square wave; ◦ Eic and Ruthven,
ZLC; �,� Zikanova et al., piezometric; ∗ silicalite-1, + H-ZSM-5, SSFR; � NMR tracer
exchange. From Shen and Rees [69]

the reported results (Fig. 14). It is notable that diffusion rates in this system
are as fast as or even faster than in most of the systems for which discrepan-
cies are found.

3.2
Systems Showing Discrepancies
Between Micro and Macro Measurements

Propane, Propene – NaX [58]
The recently reported tracer ZLC data for propane and propene in NaX show
a similar discrepancy and for these systems there is evidently a clear differ-
ence in the trend of diffusivity with sorbate loading, as well as in the order of
magnitude of the diffusivity values (Fig. 15a).

Aromatics – NaX
The striking discrepancy between the results of sorption rate measurements
with large (100 µm, 250 µm) crystals, and the PFG NMR data for the xylenes
in NaX was pointed out in 1989 [72]. The behavior of benzene in NaX is simi-
lar [55]. Diffusion of benzene is about an order of magnitude faster than the
xylenes, and direct derivation of diffusivities from uptake rate measurements
is therefore possible only over a very limited range of conditions. This system
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Fig. 13 Comparison of PFG NMR and ZLC diffusivities for a Xe and CO2 in 5A zeo-
lite [70]; b Propane in 5A zeolite [51]

has, however, been studied in great detail by FR and by the ZLC and tracer
ZLC methods, all of which yield diffusivities that are quite consistent with
lower-temperature sorption rate measurements but substantially smaller than
the PFG NMR values (Fig. 15b).
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Fig. 14 Diffusion of methanol in NaX zeolite crystals at 100 ◦C. a Tracer ZLC response
curves. b Variation of self-diffusivity with loading showing comparison of ZLC and PFG
NMR data. From Brandani et al. [71]

Propane – A1PO4-5 [73]
There has recently been much interest in the phenomenon of single file
diffusion, which occurs in a unidimensional pane system when the diffus-
ing molecules are too large to pass one another. In this situation the mean
square displacement increases in proportion to the square root of elapsed
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Fig. 15 a Comparison of PFG NMR diffusivity data (325 K) and tracer ZLC data (358 K)
for propane and propene in NaX zeolite crystals. From Brandani et al. [58]. b Comparison
of PFG NMR, frequency response (FR), and tracer ZLC diffusivity data for benzene–NaX
at 468 K. From Brandani et al. [55]
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Table 2 Diffusion in AlPO4-5 (300 K) [73]

Sorbate Technique Time scale (s) Mechanism D (cm2 s–1)

CH4 PFG NMR 0.01–0.1 Single file 5×10–9–5×10–8

[D ∝ 1
√

t]

C3H8 TZLC 1–10 Fickian 10–6–5×10–5

[D const]

Unidimensional pore system diameter ∼ 7.3 Å

time, rather than linearly with time, as in a Fickian system. Such behavior
was observed in an experimental PFG NMR study of diffusion of methane
in large crystals of AlPO4-5. However, when diffusion in the same crystals
was studied by the tracer ZLC method, the results were entirely consistent
with normal one-dimensional Fickian diffusion. Remarkably, in this case
the macroscopically observed diffusivities were larger than the values esti-
mated (via the Einstein equation) from the PFG NMR data. This appears
to be the first reported instance in which the micro measurements sug-
gest slower diffusion than the macroscopic measurement. The time scales
of the two sets of measurements are, however, quite different (Table 2). This
raises the possibility that the difference in the observed pattern of behav-
ior may reflect a lack of long-range coherence in the channel system, which
could give rise to single file behavior over a short range (of distance and
time) but, over distances of the order of the crystal length, the behavior
may be dominated by the passing places arising from the defects in the
structure.

Light Alkanes in Silicalite
The diffusion of light alkanes in silicalite has been studied by several different
experimental methods, including both macroscopic and microscopic tech-
niques. Representative results are summarized in Fig. 16. A similar general
pattern has also been observed for other systems for which the experimental
data are less complete.

The comparison is based on self-diffusivities for the microscopic meas-
urements (PFG NMR and QENS) and corrected transport diffusivities (Do)
for the macroscopic measurements. There is generally good agreement be-
tween the PFG NMR and QENS values, and at low carbon numbers these
values approach the values derived from molecular dynamic (MD) simula-
tions. However, the MD values decline only slightly with carbon number while
the experimental (QENS and PFG NMR) values decline more strongly, leading
to discrepancies of more than an order of magnitude for the higher homologs.
The macroscopic values (single crystal membrane and ZLC) are about two
orders of magnitude smaller than the microscopic values.



74 D.M. Ruthven et al.

Fig. 16 Variation of diffusivity with carbon number for linear alkanes in silicalite at 300 K
showing comparison between self-diffusivities and corrected transport diffusivities ob-
tained by different techniques. ◦ MD simulation [74]; • hierarchical simulation [75]; +
QENS [78]; � PFG NMR [76]; � single crystal membrane [65]; � ZLC [77]. The ZLC
values were calculated based on the assumption of isotropic diffusion in an equivalent
spherical particle. The present figure has been modified by the addition of further experi-
mental data from a figure originally presented by Jobic [78]

3.3
Origin of Discrepancies

In the studies noted here the more obvious possible sources of discrepancies
between microscopic and macroscopic measurement (heat effects, intrusion
of extracrystalline resistances to mass transfer, errors in data analysis) have
generally been eliminated, and in some cases the lower macroscopic diffu-
sivity values have been confirmed by more than one experimental technique.
While the origin of these discrepancies has still not been unequivocally con-
firmed, recent experimental studies by “mesoscopic” techniques such as in-
terference microscopy and IR absorption, which allow direct measurement
of the transient concentration profiles through a single zeolite crystal during
adsorption or desorption, provide a plausible explanation. These measure-
ments show, very clearly, that the effects of surface barriers and internal
barriers arising from growth planes or faults within the crystal are much
more important than has been generally assumed [79–83]. For example, in
ferrierite, transport occurs only through the 8-membered oxygen rings: the
larger 10-ring channels are evidently closed by a barrier at or near the crys-
tal surface [79]. In both silicalite and ferrierite the transient intracrystalline
profiles show clear evidence of surface resistance, in addition to internal
diffusional resistance (Fig. 17), and in some crystals the surface resistance
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is completely dominant. In such cases the intracrystalline diffusivities de-
rived from microscopic measurements, even at length scales approaching the
crystal dimensions, will be much larger than the diffusivities derived from
sorption rate measurements. Although the situations corresponding to sur-
face resistance control and intracrystalline diffusion control are, in principle,
distinguishable from the form of the uptake curves, in real systems where
thermal effects are significant and there is usually a distribution of crystal
size, this distinction may not be obvious from the experimental data. It is
also worth noting that a few high-energy internal barriers (3 or 4) will lead
to an isothermal uptake curve that closely mimics the form of a diffusion-
controlled response [84].

Fig. 17 Transient concentration profiles in y-direction (i.e., along 8-ring channels) meas-
ured by interference microscopy for a adsorption and b desorption of methanol in
a large crystal of ferrierite for pressure steps 5 → 10 and 10 → 5 mbar. The form of the
profiles shows that both surface resistance and internal diffusion (along the 8-ring chan-
nels) contribute to the mass-transfer resistance (k/l ≈ 1.7×10–3 s–1; D/l2 ≈ 1.3×10–3 s–1;
l = 25 µm). From Kortunov et al. [79]
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These results demand a reassessment of our basic ideas on sorption ki-
netics and the role of intracrystalline diffusion in zeolite-based processes.
It seems clear that intracrystalline diffusion can be reliably measured only
by microscopic or “mesoscopic” techniques. In “ideal” crystals these values
should correspond with the values derived from macroscopic measurements
of sorption rates, but, since the majority of crystals that have been studied
appear to be far from ideal, such a correspondence should not be assumed
a priori. Conversely, the role of true intracrystalline diffusion in determin-
ing the rates of sorption and catalytic processes may be minimal and we may
be forced to conclude that the rates of most large-scale processes are in fact
largely influenced or even controlled by surface and internal barriers unre-
lated to the ideal zeolite structure.

At the present state of development the mesoscopic techniques are applica-
ble only to relatively large zeolite crystals (> 100 µm), so the extent to which
surface and internal transport barriers are important in small commercial
crystals is still uncertain.

4
Diffusion in Biporous Structures

Since the discovery of MCM-41 in the early 1990s mesoporous silicas and other
similar materials, notably SBA-15, have attracted a great deal of attention.
These materials combine a high surface area with relatively large access pores
(2–30 nm), making them potentially attractive as both adsorbents and cata-
lysts [85–87]. However, in contrast to microporous materials such as zeolites,
the transport properties of mesoporous materials have attracted only limited
experimental study [88–96]. Although many different mesoporous structures
have been developed, most have limited hydrothermal stability and relatively
low acidity, making them unattractive as potential adsorbents and catalysts.
During the last few years substantial efforts have been made to overcome
these structural problems, resulting in the development of materials such as
zeolite/MCM-41 composites [97, 98], UL zeolites [99, 100] and the promising
series of SBA-15-based materials [86, 101, 102]. We present here a short sum-
mary of the results of recent ZLC measurements of diffusion in such materials.

4.1
Diffusion in SBA-15

Recent studies of SBA-15 materials have shown the existence of micropores
within the pore walls of their mesoporous structure, thus confirming the bi-
porous nature of these materials [102–105]. Figure 18 shows a schematic
representation of a typical SBA-15 pore structure. According to the diagram
these materials have an array of hexagonally ordered primary mesopores, but
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Fig. 18 Schematic representation of pore structure of SBA-15 material

the mesopore walls are also porous. These intrawall pores include micropores
ranging from ultra- to supermicropores as well as small (secondary) meso-
pores, which may either be open at both ends (thus providing a connection
between adjacent mesopore channels) or closed at one end and therefore pro-
viding no connection between channels.

In a recent study, Hoang et al. [105] showed that the microporosity of the
SBA-15 materials can be effectively controlled by careful selection of the syn-
thesis conditions. The influence of the biporous structure on the diffusion
characteristics has been investigated using three probe molecules of differ-
ent sizes: n-heptane, cumene, and mesitylene with kinetic diameters of 0.43,
0.67, and 0.87 nm, respectively [106]. A summary of the effective diffusivity
data obtained by the ZLC technique on a series of SBA-15 materials desig-
nated as MMS samples is shown in Table 3. As can be seen from the table,
the lowest diffusivity value at 30 ◦C and the highest activation energies for all
probe molecules are for the MMS-1 and 2 samples, which have the highest
microporosity, i.e., 64.7 and 54.1%, respectively. Under experimental condi-
tions corresponding to low partial pressures, as required by the ZLC method,
only the micropores and the smaller (secondary) mesopores can be filled with
sorbates. These pores constitute the intrawall pore structure of the SBA-15
or MMS samples and are considered to play a central role in the diffusion
process, particularly for small molecules, such as n-heptane, which can easily
penetrate these pores. Therefore, n-heptane diffusion in the samples with the
highest microporosities appears similar to diffusion in microporous solids
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Table 3 Diffusivity data of n-heptane, cumene, and mesitylene for SBA-15 samples at
30 ◦C

Sample Microporosity (%) Sorbate Deff (m2 s–1) E (kJ mol–1)

MMS-1 64.7 n-heptane 3.40×10–14 22.2
Cumene 1.23×10–14 17.2

Mesitylene 0.73×10–14 15.8

MMS-2 54.1 n-heptane 3.97×10–14 20.2
Cumene 1.42×10–14 14.8
Mesitylene 0.86×10–14 13.9

MMS-3 31.6 n-heptane 7.73×10–14 12.8
Cumene 2.92×10–14 12.2
Mesitylene 1.70×10–14 11.4

MMS-4 18.6 n-heptane 9.33×10–14 6.5
Cumene 3.98×10–14 7.5
Mesitylene 2.17×10–14 8.9

such as small-pore zeolites, although, in contrast to the highly ordered and
uniform micropores typical of zeolites, the micropores in the walls of SBA-15
materials are nonuniform and highly disordered. For saturated hydrocarbons
such as the C-5 to C-10 linear alkanes in silicalite/ZSM-5, the diffusional ac-
tivation energies reported in the literature are in the range 17–24 kJ/mol [1].
These values are in general agreement with the activation energies of 22.2 and
20.2 kJ/mol obtained for n-heptane diffusion in the MMS-1 and MMS-2 sam-
ples, respectively, thus suggesting a micropore-controlled diffusion mechan-
ism in these materials. However, significantly lower activation energies of
12.8 and 6.5 kJ/mol are found for n-heptane in the MMS-3 and MMS-4 sam-
ples, respectively (Table 3). These samples have significantly lower propor-
tions of micropores in their intrachannel walls (31.6 and 18.6%, respectively).
The predominant pores in these materials are the larger and more orderly
secondary mesopores, and this leads to a diffusion process governed by ei-
ther a combination of micro- and mesopore diffusion (MMS-3) or almost
entirely by diffusion in the secondary mesopores (MMS-4). For the mesopore-
controlled process the effective diffusivity is given by [1]:

Deff =
εpDp

εp + (1 – εp)K
, (21)

where εp is mesoporosity, Dp is pore diffusivity, and K is the Henry’s Law con-
stant. The pore diffusivity (Dp) obtained from Eq. 21 was found to be about
three orders of magnitude smaller than Knudsen diffusivity calculated for
the secondary mesopores [105]. This result suggests that Knudsen diffusion



Measurement of Diffusion in Microporous Solids by Macroscopic Methods 79

is replaced by surface diffusion as the dominant transport process in these
mesopores. It is assumed that sorbate molecules effectively slide along the
surface of the mesopores, rather than executing long trajectories [107, 108].

The larger probe molecules (cumene, 0.67 nm and mesitylene, 0.87 nm)
have generally lower diffusivities, as shown in Table 3. However, the differ-
ence in diffusivities between the smaller probe molecule (n-heptane, 0.43 nm)
and the larger ones (cumene and mesitylene) are relatively small, as can be
seen from the same table. While the effective diffusivities for n-heptane in
SBA-15 samples are comparable to the diffusivities of that sorbate in silica or
silica-rich zeolites, e.g., silicalite and ZSM-5 [1], the effective diffusivities for
cumene and mesitylene in the SBA-15 materials are several orders of mag-
nitude higher in comparison with zeolite ZSM-5 [109–111]. The variation of
effective diffusivity (at 30 ◦C) for n-heptane, cumene, and mesitylene with re-
spect to the percentage microporosity of the SBA-15 samples is summarized
in Fig. 19. As can be seen from that figure, the effective diffusivities decrease
more substantially, particularly for n-heptane, as the percentage microporos-
ity increases from 18.6 to 31.6%, while they only decrease marginally as the
percentage microporosity increases from 54.1 to 64.7%. This clearly suggests
that, at least for n-heptane, the diffusion process in the MMS-1 and MMS-2
samples is controlled by the micropores in the intrawall structures. Another
interesting observation is related to the activation energies that, for all sam-
ples except MMS-4, are lower for the larger cumene and mesitylene probe
molecules than for n-heptane (which has the smallest kinetic diameter). The
reported activation energies for diffusion of cumene and mesitylene in ZSM-5
(40–66.5 kJ/mol [111, 112]) are much higher than the values obtained for
the SBA-15 samples (7.5–17.2 kJ/mol), as shown in Table 3. This interesting
observation provides further evidence of the specific impact of the SBA-15

Fig. 19 Dependence of effective diffusivity (Deff) at 30 ◦C on percentage of microporosity
for: � n-heptane; ◦ cumene; and ♦ mesitylene
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structures in governing the diffusion processes. The MMS-1 to MMS-3 sam-
ples have micropore sizes ranging from ca. 0.4 to 0.7 nm [105, 106]. This
provides a simple explanation for the observation that n-heptane (0.43 nm)
and, to a lesser extent, cumene (0.67 nm) can penetrate the microporous
channels within the mesoporous walls of these materials. On the other hand,
mesitylene having a kinetic diameter of 0.87 nm is probably excluded from
these micropores, thus making the diffusivity of this sorbate only marginally
dependent on the percentage of micropores, as shown in Fig. 19.

In the case of the MMS-4 sample it was shown that, as a result of the
synthesis conditions, all the micropores collapsed with only supermicrop-
ores and small (secondary) mesopores having pore sizes greater than 1 nm
remained in the mesoporous walls [105]. Consequently, in this material,
all the probe molecules can be transported through the intrawall pores,
and diffusion is generally controlled by resistance within the larger pores.
This is confirmed by the low values of the activation energies for this sam-
ple (Table 3). Moreover, the activation energies for n-heptane, cumene, and
mesitylene increase in that order, which is the sequence of their respec-
tive kinetic diameters. However, the differences in the activation energies
are probably not significant, since the kinetic diameters for all three probe
molecules are small relative to the pore diameters of the supermicropores and
secondary mesopores (1–3 nm) [106].

It is clear that comparative ZLC measurements can provide useful informa-
tion concerning the transport properties of even such structurally complex
materials as the mesoporous silicas.
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Abstract As a non-invasive technique, NMR spectroscopy allows the observation of mo-
lecular transport in porous media without any disturbance of their intrinsic molecular
dynamics. The space scale of the diffusion phenomena accessible by NMR ranges from
the elementary steps (as studied, e.g., by line-shape analysis or relaxometry) up to macro-
scopic dimensions. Being able to follow molecular diffusion paths from ca. 100 nm up to
ca. 100 µm, PFG NMR has proven to be a particularly versatile tool for diffusion studies
in heterogeneous systems. With respect to zeolites, PFG NMR is able to provide direct in-
formation about the rate of molecular migration in the intracrystalline space and through
assemblages of zeolite crystallites as well as about possible transport resistances on the
outer surface of the crystallites (surface barriers).

The potentials of PFG NMR have been substantially improved by recent methodical
developments ensuring a significant enhancement in the sensitivity of signal detection. In
this way, diffusion measurements with nuclei different from protons were enabled. Sim-
ilarly, high-resolution studies allowing the simultaneous observation of the diffusivities
of various molecular species under the conditions of multicomponent adsorption have
become possible. The most attractive fields of current research include the in-situ appli-
cation of PFG NMR during catalytic processes, the clarification of the relation between
molecular transport under equilibrium and under non-equilibrium conditions, and the
study of structure-related diffusion. The latter topic addresses such fundamental ques-
tions as the occurrence of single-file diffusion and the relation between crystal structure
and diffusion anisotropy. The wealth of challenging tasks is continuously augmented by
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both the increasing number of absorbents with new structural features and the increasing
demand of the industry for the clarification of their transport properties. Thus, PFG NMR
is most likely to continue to prosper in an ever growing field of application to both zeolite
science and technology.

Keywords Diffusion tensor · In-situ measurement · Intracrystalline diffusion ·
Molecular dynamics · Propagator · Random walk · Surface barriers

Abbreviations
LTA Three-letter code of the International Zeolite Association for zeolite A
La-X Lanthanum-exchanged zeolite X
MD Molecular dynamics
MFI Three-letter code of the International Zeolite Association for zeolites ZSM-5/

silicalite-1
Na-A Sodium-form of zeolite A
Na,Ca-A Zeolite A containing sodium and calcium cations
Na,Ca-X Zeolite X containing sodium and calcium cations
Na-X Sodium-form of zeolite X
Na-Y Sodium-form of zeolite Y
NMR Nuclear magnetic resonance
NSE Neutron spin echo (in QENS)
PFG NMR Pulsed-field gradient NMR
rf Radio frequency
QENS Quasielastic neutron scattering
ZLC Zero length column chromatography
5A Zeolite Na,Ca-A, with about 67% of Na+ exchanged by Ca2+

Symbols
A Quantity defined by Eq. 18
a, b, c Unit cell dimensions
B Intensity of magnetic field
Badd Added inhomogeneous field (=gz)
Bo Constant magnetic field
c(p) Sorbate concentration at sorbate pressure p
D Coefficient of self-diffusion, (self-)diffusivity
Dapp Apparent diffusivity
Dc Corrected transport diffusivity
Deff Effective diffusivity
Dl.r. Coefficient of long-range self-diffusion (= pinterDinter)
Dinter Coefficient of self-diffusion in the intercrystalline space
Dintra Coefficient of intracrystalline self-diffusion
Do Diffusivity with “open” windows
Dt Transport diffusivity
Dx, Dy, Dz Principal elements of the diffusion tensor
Dxy Principal element of a diffusion tensor of rotational symmetry in the plane

perpendicular to the symmetry axis
f Ratio of transition rates through blocked and open windows
g Magnetic field gradient intensity
M1 First statistical moment of an adsorption/desorption curve (≡ τintra)
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p Pressure; probability to find an unblocked window
pinter Relative number of molecules in the intercrystalline space
P(∆z, t) Probability density that during time t a molecule is shifted over a distance ∆z

(=propagator)
R Crystallite radius
r Space vector
rc Crystal radius
rp Pellet radius
t Time
v Mean thermal velocity
x Space coordinate
y Space coordinate
z Space coordinate in the direction of the magnetic field gradient; coordination

number
γ Gyromagnetic ratio
γ (t) Fraction of molecules leaving their original crystallite during time interval t
δ Duration of the magnetic field gradient pulses
〈∆r〉2 Mean square displacement
〈∆z〉2 Mean square displacement in z direction
∆ϕ Phase shift
σ Lennard–Jones distance
λeff Effective mean free path in the intercrystalline space
τtort Tortuosity factor
τintra Intracrystalline mean life time
τDiff

intra Theoretical value of τintra in the case of diffusion control
φ Phase of the precessional motion
ψ Attenuation of the spin echo in PFG NMR experiments
ω Larmor frequency

1
Introduction

As a non-invasive method, NMR spectroscopy allows the investigation of
sample structure and sample dynamics without any interference with the
internal processes within the sample. Since the phenomenon of nuclear mag-
netic resonance is controlled by the local environment of the nuclei under
study, any change in the position of a molecule and hence of the nuclei be-
longing to it may appear in the NMR signal. In this way, NMR spectroscopy
is able to yield valuable information about the elementary steps of diffusion,
in particular about mean jump times and reorientation times. Information
of this type is contained in the magnetic relaxation times (“relaxation ana-
lysis” [1]), which may be determined even for individual groups within the
molecules [2]. Examples of the application of proton nuclear magnetic re-
laxation time measurements for the determination of hopping rates are pre-
sented in the literature for methane in zeolite Na-A [3, 4] and for different
fluoromethanes in Na-Y [5, 6]. Information about the elementary processes of
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diffusion may also be deduced from the NMR line shape, in particular for nu-
clei with spin I >1/2 (e.g., 2H [7–9]) and from chemical shift anisotropy (e.g.,
13C and 31P [10, 11]). On the basis of a model of activated jumps, the molecu-
lar reorientation times as determined, e.g., from the 2H NMR spectra may be
transferred into intracrystalline diffusivities [12–18].

For nuclei with large electron clouds like 129Xe, the chemical shift (i.e. the
position of the resonance line) may dramatically depend on the surround-
ings. On the basis of this interrelation, J. Fraissard and coworkers [19, 20]
have developed a powerful technique for probing structural properties of
zeolites by 129Xe NMR. This possibility has been applied to the study of dif-
fusion fluxes in both the intracrystalline [21] and intercrystalline [22–24]
spaces by using 129Xe as a probe [25]. By applying 2D 129Xe exchange NMR,
it has even become possible to determine the hopping rates of the xenon
atoms between supercages of different occupancy in zeolite Na-A [17, 26–30].
Similarly, 129Xe NMR line shape analysis has also been applied to explore
molecular dynamics in nanochannels [31]. 2D 2H and 13C exchange NMR
has been also applied to record reorientational and translational dynamics of
benzene in zeolite Na-Y [32].

In parallel with the thus-provided information about the elementary steps
of diffusion, NMR spectroscopy is also able to follow molecular transporta-
tion over macroscopic dimensions. Measurements of this type are based
on the ability of NMR to monitor molecular distributions within the sam-
ple. Since the nuclear magnetic resonance frequency (Larmor frequency),
ω = γB, is proportional to the intensity B of the applied magnetic field (with
the magnetogyric ratio γ as a factor of proportionality), under the influ-
ence of a space-dependent magnetic field, B = Bo + gz, the distribution of
the resonance frequencies coincides with the spatial distribution of the nu-
clear spins with respect to the direction of the gradient of the magnetic field
(which is usually assumed to be given by the z coordinate). Two- and three-
dimensional images may be produced, e.g., by combining projections taken
for different field gradient orientations. Owing to the spectacular progress
of its application to anatomical imaging in medicine, this measuring prin-
ciple has become popular under the name NMR tomography or NMR spin
mapping [33–36]. It has repeatedly been applied to the determination of
concentration profiles in beds of adsorbents [37–44]. The space resolution
depends on the rate of profile propagation and is typically of the order of
hundreds of micrometers.

NMR spectroscopy shares its ability to provide information about the ele-
mentary steps of diffusion and the resulting concentration profiles with other
spectroscopic techniques like IR [45, 46], neutron [47–49] and dielectric [50,
51] spectroscopy. With respect to its ability to follow molecular diffusion
paths between hundreds of nanometers up to hundreds of micrometers, how-
ever, it is unique. Measurements of this type are based on the application of
an inhomogeneous magnetic field. In the technique, being so far the most
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effective one, the inhomogeneous magnetic field is applied as “field gradi-
ent pulses” over short time intervals. The present contribution is intended
to provide a survey of the ample field of application of the pulsed-field gra-
dient (PFG) NMR method to studying molecular diffusion in zeolites, with
particular emphasis on novel results and developments, which have not yet
been included in previous reviews on this topic [52–56].

2
Fundamentals of Pulsed-Field Gradient NMR

2.1
The Measuring Principle

Superimposing the constant magnetic field Bo with an inhomogeneous mag-
netic field Badd = gz, the precessional (“Larmor”) frequency (ω = γB) of a spin
about the direction of the magnetic field (B) becomes space dependent:

ω = ω(z) = γB = γ
(
B0 + gz

)
= ω0 + γgz . (1)

γ denotes the gyromagnetic ratio of the nucleus under study (e.g., 2.67×108

T–1 s–1 for 1H; 0.67×108 T–1 s–1 for 13C; 0.27×108 T–1 s–1 for 15N; 2.52×108

T–1 s–1 for 19F, and 0.75×108 T–1 s–1 for 129Xe) and the z coordinate is as-
sumed to be aligned along the direction of the applied field gradient. By
combining a suitably chosen sequence of rf pulses with two field gradient
pulses, differences ∆z in the positions of a particular spin at the instants of
the two field gradient pulses lead to a phase shift

∆ϕ = γg∆zδ , (2)

in their precessional motion. Since the intensity of the NMR signal (the “spin
echo”) is proportional to the total magnetization, i.e., to the vector sum of the
contributions of the individual spins, the application of field gradient pulses
thus leads to a signal attenuation

ψ =
∫

P(∆z, t) cos(γδg∆z)d(∆z) , (3)

where P(∆z, t) denotes the probability (density) that an arbitrarily selected
spin within the sample has been shifted over a distance ∆z with respect to
the z coordinate in the time interval t between the two field gradient pulses.
P(∆z, t) has been termed the (average) propagator [34, 57, 58] and represents
the probability distribution of molecular displacements. The cosine term on
the right hand side of Eq. 3 takes into account that the spins contribute to
the total magnetization only by their projection on the direction of the total
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magnetization. Fourier inversion of Eq. 3 yields

P(∆z, t) =
1

2π

∫
ψ(δg, t) cos(γδg∆z)d(γδg) . (4)

Equation 4 shows that the PFG NMR signal attenuation directly yields the
average propagator.

As an example, Fig. 1 shows the propagator representation of molecular
self-diffusion of ethane in beds of zeolite Na,Ca-A with two different crystallite
sizes. Being symmetric in z, for simplicity the propagator is only represented

Fig. 1 Propagator representation of the self-diffusion of ethane in zeolite Na,Ca-A with
mean crystallite radii of R = 8 µm (a) and 0.4 µm (b). From [57] with permission
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for z > 0. For the lowest temperature (153 K), the distribution widths of mo-
lecular displacement during the considered time intervals (5 ... 45 ms) are
found to be small in comparison with the mean radius of the larger crystallites
(8 µm). In this case, PFG NMR is able to monitor genuine intracrystalline self-
diffusion. In the smaller crystallites, the probability distribution of molecular
displacement is found to remain unaffected by the observation time. Moreover,
the mean width is of the order of the crystallite radii. One has to conclude,
therefore, that at the given temperature over the considered time intervals the
ethane molecules are essentially confined by the individual crystallites. Their
thermal energy is not high enough to allow them to surpass the step in the po-
tential energy from the intracrystalline space into the surrounding gas phase
(intercrystalline space). Since in a crystallite of sufficiently large size the ethane
molecules have been shown to be able to cover much larger diffusion paths
(Fig. 1a), molecular displacement in the small crystallites becomes a measure
of the crystal size. This way of tracing the extension of microscopic regions has
become popular under the name “dynamic imaging” [34, 59]. Eventually, with
increasing temperature, a substantial fraction of the ethane molecules are able
to leave the crystallites. This leads to distribution widths of molecular propa-
gation which are much larger than the crystallite radii. Under these conditions
(T = 233 and 293 K), PFG NMR is able to monitor the rate of molecular propa-
gation through the bed of crystallites (“long-range” diffusion). In the case of
the larger crystallites (Fig. 1a) one is, at these temperatures, able to distinguish
between a narrow distribution (corresponding to those molecules which re-
main in the interior of the individual crystallites) and a broader constituent
which corresponds to those molecules which have passed several crystallites.
With increasing observation time, the contribution of the broader constituent
increases at the expense of the narrower one, since more and more molecules
will leave the individual crystallites.

A plot of the relative intensity of the broad constituent versus the ob-
servation time (i.e. the separation between the two field gradient pulses)
contains information which is analogous to that of a tracer exchange experi-
ment between a particular crystallite containing e.g. labelled molecules and
the unlabelled surroundings. Therefore, this way of analysis of PFG NMR
data of zeolitic diffusion has been termed the NMR tracer desorption tech-
nique [60]. The first statistical moment (“time constant”) of the NMR tracer
desorption curve represents the intracrystalline mean lifetime τintra of the
molecules under study.

In the limiting cases of intracrystalline and long-range diffusion, the
propagator is given by a Gaussian

P(∆z, t) =
(

2π
〈(

∆z
)2
〉)–1/2

exp
[

–
(
∆z

)2
/2
〈(

∆z
)2
〉]

, (5)

with a half mean square width (mean square displacement), 〈(∆z)2〉, increas-
ing linearly with the observation time. This is an immediate consequence
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of the central limit theorem of statistics. It applies as soon as the system
under study may be considered as quasi-homogeneous, i.e. if the considered
molecular displacements may be partitioned in a sequence of smaller dis-
placements (“steps”) with equal probability distributions. The self-diffusivity
D of the process under study may be introduced by the Einstein relation〈(

∆z
)2
〉

= 2Dt . (6)

The definition of D via Eq. 6 is equivalent to Fick’s first law, where the self-
diffusivity is introduced as a factor of proportionality between the concentra-
tion gradient of labelled molecules and their flux density. In isotropic systems
one has 〈(∆x)2〉 = 〈(∆y)2〉 = 〈(∆z)2〉 = 〈(∆r)2〉/3, and Eq. 6 may be trans-
ferred into〈(

∆r
)2
〉

= 6Dt . (7)

Figure 2 summarizes the three main parameters of molecular transport ac-
cessible by PFG NMR and illustrates the conditions under which they may
be obtained. Sections 3 and 4 provide examples of the message provided by
the study of long-range diffusion (Dl.r.) and intercrystalline exchange rates
(τ –1

intra ). Since the scientific interest in molecular propagation is primarily
focussed on intracrystalline diffusion, the main part of this contribution
(Sect. 5) will be devoted to the measurement of Dintra.

Fig. 2 Parameters of molecular transport in beds of zeolite crystallites as accessible by
PFG NMR measurements

2.2
Range of Applicability and Limitations

By inserting Eq. 5 into Eq. 3, the PFG NMR signal attenuation may be simpli-
fied to

ψ = exp
[

– γ 2δ2g2
〈(

∆z
)2
〉
/2
]

, (8)
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or, with Eq. 6, to

ψ = exp
(
– γ 2δ2g2Dt

)
. (9)

Eqs. 8 and 9 are the standard relations for the application of PFG NMR to
“normal” diffusion, i.e. to mass transfer phenomena characterized by Eqs. 5
and 6. Plotting the signal attenuation in a logarithmic representation versus
the square of the pulse width, δ, or gradient amplitude, g, yields a straight
line. The mean square displacement 〈(z2)〉 in the direction of the applied field
gradient and/or the self-diffusivity D in this direction follow immediately
from the slope of this line. Vice versa, if the PFG NMR signal attenuation is
found to be given by an exponential of the type of Eq. 8 or Eq. 9, the molecu-
lar propagator is well approximated by a Gaussian. One may easily determine
the mean square displacement on the basis of Eq. 8 by comparison with the
attenuation for a standard liquid with known diffusivity (e. g., water with
D = 2.04×10–9 m2 s–1 at 293 K [61]) by applying the same pulse programme
and by calculating 〈(∆z)2〉 on the basis of Eq. 6 from the known diffusivity.
The diffusivity of the sample under study follows either by the analogous pro-
cedure from Eq. 9 or from the mean square displacement via Eq. 6. In the
limiting cases of the root mean square displacements either much smaller or
much larger than the mean crystallite diameters, the thus-obtained diffusivi-
ties are the coefficients of intracrystalline or long-range diffusion.

On deriving Eq. 3, it has been assumed that during the field gradient pulses
the spins assume well-defined positions. Such an assumption is clearly only
acceptable if molecular displacements during the field gradient pulses are
negligibly small in comparison with those in the time interval between the
gradient pulses. In the case of normal diffusion it may be shown that the
PFG NMR signal attenuation under the influence of field gradient pulses of
finite duration becomes [52, 62–64]

ψ = exp
[
– γ 2δ2g2D(t – δ/3)

]
. (10)

Eq. 8 may be used for an estimate of the lower limit of molecular displace-
ments accessible by PFG NMR. Under the assumption that a reliable measure-
ment of 〈(z2)〉 is only possible if the field gradient pulses lead to a signal atten-
uation of ψ = e–1, with typical maximum values for the field gradient ampli-
tude (g = 25 T m–1) and the pulse width (δ = 2 ms), for hydrogen-containing
molecules one obtains 〈(∆z)2〉1/2

min≈100 nm. With Eq. 6, the lower limit of the
diffusivity accessible by NMR is thus found to be 〈(∆z)2〉min/(2tmax) where
tmax denotes the maximum possible observation time. If the NMR signal is
generated by a π/2-π-(primary) echo sequence, tmax is determined by the
transverse nuclear magnetic relaxation time T2, which is typically of the order
of a few milliseconds. However, the range of observation times may be signifi-
cantly enhanced by applying the π/2-π/2-π/2-(stimulated) echo sequence. In
this case, tmax is determined by the longitudinal relaxation time T1, which at-
tains seconds. Thus, Dmin may be as small as 10–14 m2 s–1. In reality, however,



94 J. Kärger

these limiting values are only attained in exceptional cases [65, 66], and real-
istic lower limits are of the order of 300 nm and 10–13 m2 s–1, respectively. It
may easily be deduced from Eqs. 8 and 9 that the measuring conditions de-
teriorate with decreasing gyromagnetic ratio. Thus, for 13C and 129Xe, the
lower limits of molecular displacement are by a factor of about 4, and in
the case of 15N even by one order of magnitude larger. The measurement
of intracrystalline diffusion necessitates the application of crystallites with
diameters distinctly exceeding the observed molecular displacements. Hence,
PFG NMR measurements of intracrystalline diffusion with nuclei different
from hydrogen are additionally complicated and necessitate the application of
particularly large crystallites.

Because the amplitude, g, of the magnetic field gradient pulses is limited
by the specification of the given amplifier for the gradient pulses, sensitivity
enhancement towards smaller displacements has to be based on an enhance-
ment of the total time, δ, of gradient application. Long magnetic field gra-
dient pulses, in turn, imply correspondingly long periods of time within the
PFG NMR pulse sequences, during which nuclear magnetization is oriented
in the plane perpendicular to the direction of the magnetic field. The applica-
tion of magnetic field gradient pulses of long duration, δ, is limited, therefore,
by the rate of the decay of transverse magnetizations. Even if applying very
strong field gradients and thus reducing δ, the induction of eddy currents ne-
cessitates a delay between applications of gradient pulses and detection or
subsequent r.f. pulses. Hence, the rapid decay of transverse magnetization
strongly hampers the applications of PFG NMR experiments. Most recently
it was shown that these disturbing influences are notably reduced by Magic
Angle Spinning (MAS) PFG NMR, with the directions of the spinning axis and
the field gradients parallel to each other [67, 68].

Under the assumption that the shape of the zeolite crystallites may be
approximated by spheres of mean radius R, [69] presents a detailed study
of the influence of intracrystalline confinement of molecular diffusion on
the PFG NMR measurements. Following the classical paper by Murday and
Cotts [70], it is shown that also under the influence of confinement the
PFG NMR signal attenuation may be approached by a relation of the type of
Eq. 9 with D replaced by an apparent diffusivity Dapp. Figure 3 shows the ratio
between the apparent diffusivity Dapp and the true intrinsic one as a function
of a suitably chosen, normalized observation time as determined in [69]. Both
diffusivities clearly coincide for short observation times, while with increas-
ing observation times, as an effect of the confinement, the apparent diffusivity
is more and more reduced. In the case of a moderate influence of the con-
finement, the representation of Fig. 3 may be used to determine the true
intracrystalline diffusivity from the measured (apparent) diffusivity and the
normalized observation time. In this type of measurement it is supposed that
the molecules are in fact confined within the intracrystalline space. Figure 1b
demonstrates that this may generally be ensured by choosing sufficiently low
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Fig. 3 The ratio Dapp/Dintra between the apparent and the intracrystalline diffusivity in
PFG NMR experiments with zeolite crystallites of radius R as a function of the normalized
observation time t′ = Dappt/R2. From [69] with permission

temperatures. A more detailed discussion of the influence of the finite size
of the zeolite crystallites on the obtained diffusivities, including the limiting
cases of both “reflecting” and “absorbing” boundaries on the crystal surface
shall be presented in Sect. 4.

The PFG NMR method works under the supposition that the field gradi-
ent pulses acting on the NMR sample are identical. Any difference between
the values of δg for the first and second field gradient pulses lead to a signal
attenuation which erroneously may be interpreted as being caused by dif-
fusion. Hence, the correct application of PFG NMR necessitates extremely
stable gradient currents (which generate the field gradient pulses within suit-
ably structured field gradient coils [34, 63, 64]) as well as a high mechanical
stability of both the field gradient coils and the sample, since any movement
of the sample with respect to the coils would also lead to differences in the
local field at the instants of the first and second field gradient pulses. In order
to ensure that the observed signal attenuation with increasing values of g
or δ is genuinely due to diffusion (and not due to differences in the values
of δg within a pair of field gradient pulses), it is, therefore, useful to apply
the identical PFG NMR pulse programme to a sample with a sufficiently low
diffusivity (e.g., cross-linked polybutadiene with a diffusivity smaller than
10–15 m2 s–1 and a T2 in the ms range [71]). In this case the field gradient
pulse programme must not lead to a signal attenuation. With powder samples
like in the case of beds of zeolite crystallites one must be aware of another pit-
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fall [72]. Even within completely fixed sample tubes the sample particles may
move under the influence of the mechanical pulses generated by the forces
acting on the field gradient coils during the current pulses. This influence is
particularly stringent for short observation times (i.e. separations between
the field gradient pulses) and may be reduced by avoiding any mechanical
contact between the sample tube and the probe and/or by compacting the
sample material below a contraction in the sample tube.

Methodical development in PFG NMR is focussed on the generation of
extremely large field gradient pulses [65, 66, 73–77]. The difficulties arising
from the requirement of perfect matching between the two field gradient
pulses may be circumvented by applying the stimulated spin echo method
under the influence of a strong constant field gradient [78, 79], which is pro-
vided by the stray field of the superconducting magnet (“stray field gradient”
NMR). It may be shown that the intensity of the stimulated echo is only in-
fluenced by the field gradient applied between the two first π/2 pulses and
between the third π/2 pulse and the echo. Therefore, signal attenuation due
to diffusion is also determined by Eqs. Eq. 4, 8 or 9 with an effective pulse
width which is identical to the spacing between the first two π/2 pulses
(which is also the spacing between the third π/2 pulse and the maximum of
the stimulated echo). With this technique, presently the largest field gradi-
ent “amplitudes” (up to 150 T/m) may be achieved [80]. In comparison with
PFG NMR, however, the signal-to-noise ratio in this technique is dramatic-
ally reduced, so that much larger acquisition times are inevitable. Moreover,
the constant magnetic field excludes the application of Fourier Transform
PFG NMR for diffusion studies of multicomponent systems. The measure-
ments are additionally complicated by the fact that by varying the “width”
of the field gradient “pulses” (i.e. by changing the spacing between the first
two rf pulses) the signal is affected by both diffusion and transverse nuclear
magnetic relaxation.

With the advent of superconducting magnets and the option of magnetic
field strengths up to 20 T corresponding to NMR frequencies close to the
GHz range, the heterogeneity in the susceptibility of typical zeolite samples
leads to significant internal field gradients which, in general, are not negligi-
bly small anymore, in comparison with the pulsed-field gradient amplitudes
as considered, e.g., in [81]. To circumvent the disturbing influences resulting
from interference effects between the constant and pulsed-field gradients, the
so-called 13-interval pulse sequence [82] may be applied. It is a modification
of the conventional stimulated-echo technique where—by applying pairs of
alternating field gradient pulses with a π pulse in between, rather than mere
field gradient pulses—the disturbing influence of the internal field gradients
brought about by the sample heterogeneity may be extinguished. As a prere-
quisite for a successful application of the 13-interval pulse sequence, the local
magnetic field gradient experienced by each individual diffusant has to be as-
sumed to remain the same over the whole trajectory during the observation
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time. By use of the so-called magic pulsed-field gradient ratios [76, 77, 83],
even this constraint may be released.

3
Long-Range Diffusion

If the mean molecular displacements in the interval between the two field-
gradient pulses are much larger than the crystallite diameters, the diffusivity
resulting from PFG NMR measurements reflects the rate of molecular propa-
gation through the bed of crystallites. This coefficient of long-range diffusion
may be shown to be determined by [84]

Dl.r. = pinterDinter , (11)

with pinter and Dinter denoting respectively the relative amount of diffusants in
the intercrystalline space and their diffusivity. Equation 11 may be rational-
ized by realizing that at any instant only the fraction pinter of the total amount
of molecules within the sample effectively contributes to “long-range” trans-
portation. As an example, Fig. 4 shows the long-range diffusivities of cyclo-
hexane in a loose bed of crystallites of zeolite Na-X [85] both in the pure
adsorbent–adsorbate system and under the influence of an argon atmosphere.
The obtained results may be rationalized on the basis of the simple micrody-
namic approach

Dinter≈1
3
λeffv/τtort , (12)

with λeff, v and τtort denoting, respectively, the effective mean free path, the
mean thermal velocity and the tortuosity factor, which takes account of the
enhancement of the diffusion paths in the gas phase due to the presence of
the crystallites. Typical values of the tortuosity factor are of the order of 2 to
4. For sufficiently low temperatures, the gas-phase concentration within the
closed NMR sample tube is so small that the mean free path is determined
by the collisions of the molecules in the intercrystalline space with the outer
surface of the crystallites. Since λeff hence remains unaffected by temperature
variation and v varies only with the square root of the temperature, the tem-
perature dependence of Dl.r. is essentially determined by pinter. For sufficiently
small gas-phase concentrations, pinter is proportional to the gas-phase pres-
sure, so that the activation energy of long-range diffusion must be expected to
be of the order of the isosteric heat of adsorption (which determines the pres-
sure with increasing temperature in a closed sample). The experimental data
(58±6 kJ mol–1 for the activation energy of Dl.r. and 55 kJ mol–1 for the heat of
adsorption [86]) are in satisfactory agreement with the expected behavior.

The deviation from the Arrhenius dependence as observed with further
increasing temperature is caused by the onset of mutual collisions between
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Fig. 4 Coefficients of long-range diffusion of cyclohexane in zeolite Na-X at a sorbate
concentration of 1.9 molecules per cavity in the pure adsorbent–adsorbate system (◦),
and under the influence of an argon atmosphere of ≤ 0.06 MPa (∆), 0.13 MPa (�), and
0.2 MPa (♦). From [85] with permission

the molecules in the intercrystalline space. Now the increase of Dl.r. due to
the increase of pinter with increasing temperature is partially compensated by
the reduction of λeff (and, hence, of Dinter). Under the influence of an argon
atmosphere, the mean free path of the cyclohexane molecules is determined
by the collisions with the argon atoms. The activation energy of long-range
diffusion should therefore coincide with the difference between the heats of
adsorption of cyclohexane (controlling the increase of pinter with increasing
temperature) and argon (controlling the decrease of λeff and hence of Dinter
through the increase of the argon concentration in the gas phase). With an ad-
sorption heat of 12 kJ mol–1 for argon on Na-X [87] one obtains a theoretical
value of 43 kJ mol–1, which is in satisfactory agreement with the experimental
result (39±5 kJ mol–1).

Figure 5 shows the long-range diffusivity of nitrogen adsorbed on a com-
mercial 5A-type zeolite (Na,Ca-A, with about 67% of Na+ exchanged by Ca2+)
in comparison with a theoretical estimate on the basis of Eq. 12 with pinter de-
termined from the adsorption isotherm and the packing density of the bed
of crystallites [88]. For simplicity, the limiting value of the mean free path for
sufficiently low temperatures has been set equal to the crystallite radius, and
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Fig. 5 Comparison between the experimentally (diamonds) and theoretically (squares)
determined long-range diffusivities for nitrogen in zeolite Na,Ca-A. From [88] with per-
mission

the tortuosity factor has been chosen to yield best agreement in the absolute
values. Irrespective of the rough model, the theoretical data satisfactorily re-
flect the temperature dependence. In this way it is quantitatively confirmed
that the decreasing slope of the Arrhenius plot with increasing temperature
is a consequence of the decreasing mean free path.

As discussed in Sect. 2.2, the spatial resolution of 15N PFG NMR dif-
fusion measurements is by about one order of magnitude poorer than in
the case of 1H PFG NMR, as a consequence of the corresponding differ-
ence in the gyromagnetic ratios. This deficiency is crucial for measuring
intracrystalline diffusion, since in this case the resolution of intracrystalline
diffusion paths has to be ensured. However, this limitation does not concern
long-range diffusion, since in this case the molecular displacements have to
exceed the crystalline diameters rather than remain below it. Not unexpect-
edly, 15N PFG NMR has, therefore, been routinely applied to the measurement
of long-range diffusion in beds of zeolites [89–91]. In fact, using alternately
1H, 13C and 15N PFG NMR, in [89] for the first time simultaneously the long-
range diffusivities of methane, carbon monoxide and nitrogen adsorbed in
beds of zeolite Na-X and Na,Ca-A have been measured. In all these studies,
the tortuosities have been introduced as fitting parameters following Eq. 12,
where the mean free path was assumed to be of the order of the diameters of
the zeolite crystallites.
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Having the highest value of the gyromagnetic ratio and, hence, the larg-
est signal intensity, 1H PFG NMR studies offer the best options for a better
than just qualitative comparison of experimental long-range diffusivity data
with gas kinetic concepts. As an example, Fig. 6 displays the long-range dif-
fusivity of ethane in a bed of crystallites of zeolite Na-X. The insets illustrate
the two limiting situations of Knudsen diffusion (at low temperatures) and
bulk diffusion (at high temperatures) in the gas phase between the crystal-
lites. A quantitative analysis [92], based on the adsorption isotherms and the
intercrystalline porosity, yielded the remarkable result that a satisfactory fit
between the experimental data and the estimates of Dl.r. = pinterDinter follow-
ing Eqs. 11 and 12 did only lead to coinciding results if the tortuosity factors
τ are assumed to differ under the conditions of Knudsen and bulk diffusion
by at least a factor of 3. Similar results have been obtained by dynamic Monte
Carlo (MC) simulations [93–96]. In [97] it is shown that the increase in the
tortuosity factor under the conditions of Knudsen diffusion may be attributed
to the fact that with increasing tortuosity subsequent jumps are more and
more anti-correlated, i.e. that any jump tends to counteract the displacement
by the preceding one.

It should be mentioned that—if zeolites are technically applied as formed
pellets—transport limitation may be due to both intracrystalline zeolitic dif-
fusion and long-range diffusion as just considered. Denoting the mean radii
of the crystallites and of the pellets by rC and rP, respectively, the respec-

Fig. 6 Temperature dependence of the coefficient of long-range self-diffusion of ethane
measured by PFG NMR in a bed of crystallites of zeolite Na-X (points) and compari-
son with the theoretical estimate (line). The theoretical estimate is based on the sketched
models of prevailing Knudsen diffusion (low temperatures, molecular trajectories con-
sist of straight lines connecting the points of surface encounters) and gas-phase diffusion
(high temperatures, mutual collisions of the molecules lead to Brownian-type trajectories
in the intercrystalline space). From [92] with permission
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tive time constants are τC = r 2
C /(15Dintra) and τP = r 2

P /(15Dl.r.) [52, 98, 99].
Hence, being able to directly determine both Dintra and Dl.r., PFG NMR pro-
vides a straightforward means to explore the governing transport mechanism
under technical application. In the case of FCC (fluid catalytic cracking)
catalysts, among the commercially most attractive zeolite catalysts [100],
it could be in this way shown that—at least for the investigated, indus-
trially used catalysts—the intracrystalline transport resistance was of no
influence on the overall process, in contrast to long-range (“intra-pellet”)
diffusion [101, 102].

4
Surface Barriers

The quantitative information provided by PFG NMR about the existence of
additional transport resistances on the external surface of the zeolite crys-
tallites (surface barriers) results from a comparison of the values for the
intracrystalline mean life time determined directly (viz. τintra) by an analy-
sis of the time dependence of the spin-echo attenuation (and, hence, of the
propagator), and determined indirectly (viz. τDiff

intra) from the intracrystalline
diffusivity on the assumption that molecular exchange between different
crystallites is controlled by intracrystalline diffusion. On the additional as-
sumption that the shape of the crystallites may be approximated by spheres
with a mean square radius 〈R2〉 one has in the latter case [87, 103]

τDiff
intra =

〈
R2
〉

15D
. (13)

A representation of the values for the intracrystalline mean life time in paral-
lelepipeds with varying edge lengths may be found in [104].

Figure 7 illustrates how the PFG NMR data are analyzed to yield the intra-
crystalline mean lifetime. The spin echo attenuation (Fig. 7a) is supposed to
be represented by the superposition of two exponentials corresponding ac-
cording to Eq. 4 to two Gaussian propagators. Denoting the relative amount
of molecules, which have exchanged between different crystallites by γ (t), the
quantity 1 – γ (t) follows directly from the relative intensity of the slowly de-
caying part of the spin echo attenuation (Fig. 7b), which corresponds to the
narrower constituent of the propagator representation. The intracrystalline
mean life time follows as the first statistical moment of the “NMR tracer de-
sorption” curve γ (t) (Fig. 7c):

M1 ≡ τintra =

∞∫

o

[1 – γ (t)] dt . (14)
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Fig. 7 Analysis of PFG NMR data for NMR tracer desorption studies (butane/Na-X,
165 mg g–1, R = 25 µm, 353 K). From [60] with permission

Figure 8 provides an example of the information resulting from a compari-
son between τDiff.

intra and τintra. Using methane as a probe molecule, in the
as-synthesized ZSM-5 crystallite the values for τintra and τDiff.

intra are essentially
found to coincide. Molecular exchange between different crystallites must,
therefore, be concluded to be in fact controlled by intracrystalline diffusion.
The transport properties of the zeolite crystallites are significantly changed
by subjecting them to a coking procedure [105]. Using mesitylene as a coking
compound, the intracrystalline mobility of methane and, hence, τDiff.

intra remain
essentially unaffected, while the intracrystalline mean lifetime increases. Such
a behavior can only be explained by a preferential coke deposition on the
crystallite surface. The thus-formed surface barriers reduce the rate of inter-
crystalline exchange, while the intracrystalline mobility remains unaffected.
With n-hexane as a coking compound, the intercrystalline exchange rate is re-
duced in the same way as the rate of intracrystalline diffusion. In this case, the
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carbonaceous compounds must be distributed homogeneously over the crys-
tallites. Only for larger coking times, the diverging patterns of τintra and τDiff.

intra
indicate that in this second stage the carbonaceous compounds form a surface
barrier.

Deviations from normal diffusion, i.e. from molecular propagation within
a quasi-homogeneous, essentially infinitely extended medium, may be taken
into account by introducing an effective diffusivity Deff. It is defined in the
same way as the self-diffusivity, i.e. via Eqs. 6 and 7, however, without the
requirement of the validity of Fick’s laws 1 and 2. Therefore, Deff may be-
come a function of the (observation) time. In the considered case of zeolitic
diffusion and for intracrystalline diffusion paths being sufficiently small in
comparison with the crystallite radii, the effective diffusivity may be shown
to be represented by a power series [106–108], leading to

Deff(t)/D = 1 –
4

3
√

π

1
R

√
Dt –

1
2R2 (Dt) , (15a)

Fig. 8 Values for the intracrystalline mean life time τintra (�,�) and the quantity τDiff
intra

(�,�) for methane in H-ZSM5 which has been coked by n-hexane (filled symbols) and
mesitylene (open symbols) as a function of the coking time (methane concentration:
12 molecules per unit cell; measuring temperature: 296 K). From [116] with permission
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and

Deff(t)/D = 1 –
2

3
√

π

1
R

√
Dt –

1
R2 (Dt) , (15b)

where D stands for the genuine intracrystalline diffusivity. As to be expected,
the experimentally accessible quantity Deff coincides with the true intracrys-
talline diffusivity in the limiting case of negligible displacements, i.e. for
(Dt)1/2 → 0. Equation Eq. 15a describes the situation of ideal confinement to
intracrystalline space (top of Fig. 1). In this case, the crystallite surface acts
as an (ideally) reflecting boundary for the molecules in the intracrystalline
space. Equation Eq. 15b has been derived for absorbing boundaries [106–
108]. PFG NMR diffusion measurements with beds of zeolites do in fact
comply with this limiting case, when the long-range diffusivity is much larger
than the intracrystalline diffusivity (Fig. 1, bottom left) and one is only ana-
lyzing the intracrystalline constituent of the propagator (viz. the narrow one).

The influence of confining boundaries on the effective diffusivity as re-
flected by Eqs. 15a,b has been repeatedly applied to determine the pore
surface in rocks or beds of sand grains [106–115]. In [116], this concept has
been for the first time successfully applied to beds of zeolites. Figure 9 shows
the results of these studies, which have been performed with two different
samples of Na-X, one loaded with n-hexane (two molecules per supercage),
the other with n-hexane and hexafluoromethane (one molecule per supercage
for either). In both samples, for the n-hexane measurements a temperature
of 298 K was chosen, where the n-hexane molecules were found to be totally
confined so that the data analysis could be based on Eq. 15a. The measure-

Fig. 9 Relative effective diffusivities for n-hexane (∆, sample 2) and tetrafluoromethane
(�, sample 2) under two-component adsorption and for n-hexane under single-
component adsorption (◦, sample 1). The lines represent the appropriate fits of Eqs. 15a,b,
respectively. From [116] with permission
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ment of the sample containing two different diffusants provided the option
to operate with one and the same sample under the conditions of reflecting
boundaries [(Eq. 15a), 1H PFG NMR with n-hexane] and absorbing bound-
aries [(Eq. 15b), 19F PFG NMR with CF4]. The latter type of measurements
had to be carried out at 203 K, since only at these low temperatures were the
diffusivities small enough to allow molecular displacements sufficiently small
in comparison with the crystallite radii (as a supposition for the series expan-
sion). Even at this low temperature the long-range diffusivity was found to
be large enough to permit the limiting case of absorbing boundaries, i.e. of
Eq. 15b. It is noteworthy that the good fit between the experimental data and
the theoretical curves was only possible by involving the second-order terms
in (Dt)1/2. It is worth noting that, within a range of 20%, five different ways
to analyze the crystallite size have led to coinciding results on the size of the
crystallites under study [116], viz. (1) microscopic inspection, (2) restricted
diffusion in the limit of large observation times (situation shown by Fig. 1, top
right), (3) application of Eq. 13 to the results of the PFG NMR tracer desorp-
tion technique, and, finally, consideration of the limit of short observation
times for (4) reflecting boundaries (Eq. 15a) and (5) absorbing boundaries
(Eq. 15b).

5
Intracrystalline Diffusion

5.1
Structure-Related Diffusion

Intracrystalline molecular diffusion is governed by the mutual interaction
of the diffusants as well as by their interaction with the pore system. De-
pending on the importance and on the nature of these two influences, the
intracrystalline diffusivity may yield quite different patterns of variation with
sorbate concentration. Figure 10 provides a few examples of the patterns of
concentration dependence observed so far. The mutual interaction between
the diffusants obviously effects a decrease with increasing concentration (pat-
terns I and II), while molecular confinement either by strong adsorption sites
or by contractions (“windows” between adjacent cavities) gives rise to an in-
crease of the diffusivities with increasing concentration (patterns III and V).
Pattern IV results as a combination of both tendencies.

The microkinetic interpretation of the origin of these different patterns
may be confirmed by molecular dynamics (MD) simulations. As an example,
Fig. 11 presents the result of an MD study with methane in a cation-free
zeolite of type LTA [117, 118]. By increasing the Lennard–Jones distance σ be-
tween the methane molecules and the oxygen of the zeolite lattice one is able
to simulate the influence of a reduction of the window diameter on the dif-
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Fig. 10 The different patterns of concentration dependence of intracrystalline self-
diffusivities as determined from PFG NMR measurements. From Keil et al. [232], based
on experimental data from Kärger and Pfeifer [202]

fusion behavior. As to be expected, the translational mobility is found to be
reduced with decreasing window diameter. In addition, for sufficiently small
window diameters (corresponding to sufficiently large values for σ) an in-
version in the concentration dependence is observed. As a consequence of
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Fig. 11 Result of MD simulations of the intracrystalline diffusion of methane in a cation-
free zeolite LTA at 300 K as a function of the Lennard–Jones distance between methane
and the oxygen of the zeolite lattice for a concentration of 1 (broken line) and 6 (full line)
molecules per cavity. From [117, 118] with permission

molecular confinement by small window diameters, the diffusivity is found to
increase with increasing concentration.

In contrast to the X and A type zeolites, the framework of ZSM-5 is of non-
cubic structure. Hence, as a consequence of the interrelation between zeolite
structure and molecular mobility, molecular diffusion in different crystallo-
graphic directions has to proceed at different rates so that, strictly speaking,
molecular diffusion must be described by a diffusion tensor rather than by
the diffusion coefficient, i.e. a scalar quantity.

The investigation of diffusion anisotropy in synthetic zeolites is compli-
cated by the small size of the crystallites, which excludes the possibility of
measurements with one particular single crystal. However, by introducing
large zeolite crystals of type ZSM-5 into an array of parallel capillaries [119,
120], it was possible to align a sufficiently large amount of crystallites with
respect to the crystallographic z axis (Fig. 12). With the pulsed-field gradi-
ents directed either perpendicular or parallel to the capillaries, the effective
diffusivities provided by PFG NMR predominantly reflect molecular propa-
gation in the xy plane or in the z direction, respectively. Figure 13 shows the
diffusivities of methane in a sample with oriented ZSM-5 crystallites for the
two different gradient directions [120]. The two channel types, the sinusoidal
and the straight one, mark the directions of the x and y axes. Since there is
no channel system directed along the z axis, molecular diffusion in this di-
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Fig. 12 Schematic representation of the orientation of the internal channel system within
zeolite crystallites of type ZSM-5. From [119] with permission

rection can only proceed by interchanging periods of migration along the
segments of the straight and sinusoidal channels. As therefore to be expected,
the diffusivities in PFG NMR measurements with field gradients oriented per-
pendicular to the capillaries of the “container” are larger than in the case with
field gradients parallel to the capillaries. Since the crystal alignment within
the capillaries is not perfect, the measured effective diffusivities clearly can-
not coincide with the diffusivities in the z direction, Dz, and with the mean
value 1/2(Dx + Dy) of the diffusivities in the xy plane. Estimating the influ-
ence of the deviation from a perfect alignment on the effective diffusivities,
one can determine the possible range of values for Dz and 1/2(Dx + Dy).
These values are also presented in Fig. 13. Since molecular alignment is only
possible with respect to the z axis, a separate determination of Dx and Dy in
the proposed way is impossible.

As an alternative way to study diffusion anisotropy in zeolite crystallites, it
is possible to analyze the shape of the NMR signal attenuation with increasing
field gradient intensity. Since in a powder sample all orientations of the zeo-
lite crystals with respect to the field gradient direction are possible, the signal
attenuation results as a superposition of exponentials of the type of Eq. 9 with
diffusivities determined by the orientation of any individual crystallite. All
information about the diffusion tensor must be contained, therefore, in the
shape of the echo attenuation.

It would probably be rather difficult if not even impossible to deduce three
different parameters from a single, monotonically decaying, noisy curve. In
the present case, however, the situation is not as bad. Taking into consid-
eration that the rate of molecular transition between adjacent unit cells is
determined by only two parameters, viz. the transition rate through segments



Diffusion Measurements by NMR Techniques 109

Fig. 13 Arrhenius plot of the diffusivities of methane in ZSM-5 at a sorbate concentration
of 12 molecules per unit cell with field gradients applied parallel (•) and perpendicu-
lar (◦) to the capillaries of the container system. The broken (dotted) lines indicate the
expected range of Dz and 1/2(Dx + Dy). From [120] with permission

of the straight and sinusoidal channels, one may conclude that the three prin-
cipal elements of the diffusion tensor cannot be independent from each other.
By simple statistic arguments [121–123], the correlation rule between the dif-
fusivities in ZSM-5 may be derived to be

c2/Dz = a2/Dx + b2/Dy , (16)

where a≈b≈2 nm and c≈1.34 nm denote the unit cell dimensions in the x, y
and z direction. As a necessary and sufficient supposition of Eq. 16, it must
be required that the correlation time of molecular migration is much smaller
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than the mean passage time between adjacent channel intersections, i.e. that
the molecules arriving at a particular channel intersection have “forgotten”
where they came from. MD simulations [124–127] indicate that Eq. 16 may
in fact be considered as a reasonable first-order approximation for the in-
terrelation of the main elements of the diffusion tensor of MFI-type zeolites.
Approaches to higher-order correlations are presented and discussed in [128–
130].

Using Eq. 16, the spin-echo attenuation curves for PFG NMR diffusion
measurements with powder samples of ZSM-5 have been calculated numer-
ically for different values of Dy/Dx [119]. Figure 14 shows these results in
a dimensionless representation. The included experimental data are in best
agreement with the theoretical plots for Dy/Dx≈2.5, independent of the
measuring temperature. The activation energy of self-diffusion must, there-
fore, be expected to be identical for all directions. Figure 15 provides a com-
parison between the thus-determined diffusivities, the measurements with
oriented crystallites and MD simulations by different authors. All data are
found to be in reasonably good agreement. It should be clearly pointed out
that, as a consequence of the fitting procedure, the accuracy of the PFG NMR

Fig. 14 Theoretical dependence of the signal decay in PFG NMR experiments for differ-
ent values of the ratio Dy/Dx, calculated by means of Eq. 16, and comparison with the
data experimentally determined at 193 (◦), 223 (�), 273 (♦) and 298 (∆) K for methane
adsorbed in ZSM-5 at a sorbate concentration of 12 molecules per unit cell. The broken
line represents the signal decay in the case of isotropic diffusion. The calculated depen-
dences are symmetric in Dx and Dy. In view of the geometrical conditions and the MD
results, for the experimental data the possibility Dy/Dx < 1 may be excluded. From [119]
with permission
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Fig. 15 Arrhenius plot of the principal values of the diffusion tensor for methane ad-
sorbed in ZSM-5, as determined on the basis of Fig. 14 (full symbols), and comparison
with the results of the measurement with oriented samples (1) and of MD simulations
presented in Refs. [233] (2), [234] (3) and [235] (4) (open symbols with inserted numbers).
From [119] with permission

data as indicated by the error bars in Fig. 15 is only modest. It cannot be
excluded, therefore, that the ratio between Dy and Dx is in reality shifted
to smaller values, which might be a consequence of internal intergrowths of
the ZSM-5 crystals under study [127]. In uptake measurements with oriented
crystals [131], this effect has been considered as an explanation of the fact
that the resulting anisotropy factor was smaller than expected on the basis of
Eq. 16. The extent up to which such an effect may be relevant for PFG NMR
diffusion measurements depends on the relation between the diffusion paths
covered in the PFG NMR experiments and the extension of the regions of
perfect crystallinity.

Like with MFI-type zeolites, structure-related diffusion anisotropy might
as well be anticipated for chabazites [132]. The chabazite pore system consists
of an arrangement of large cavities of the shape of prolate ellipsoids. Each
cavity is connected to six adjacent ones, with the centers of three of them
above and with the other three below the center of this cavity. As a conse-
quence, molecular propagation from cavity to cavity implies correlated shifts
into the direction of the longitudinal extension of the cavities (z coordinate)
and within the plane perpendicular to it (xy plane). Incorporating the rele-
vant crystal geometry yields the correlation rule [133, 134]

Dz/Dxy = 0.8 , (17)

which, in the case of chabazite, assumes the role which Eq. 16 had for MFI-
type zeolites. Most interestingly, experimental measurements of the diffusion
anisotropy of water with both natural single crystals and polycrystalline sam-
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ples yield a value of Dz/Dxy = 0.4±0.1 [133]. Obviously, experimental evi-
dence indicates that the rate of molecular propagation in the direction of the
longitudinal extension of the cavities is smaller than expected on the basis of
the simple correlation rule.

Deviations of this type may clearly be brought about by deviations of the
structure of the zeolites under study from the ideal structure as implied for
the deviation of Eq. 17. It would be most remarkable, however, if for two
completely different chabazite species, viz. the big single crystals and poly-
crystalline samples, identical deviations from the ideal structure would occur,
as suggested by the experimental data.

For deriving Eq. 17, one has additionally to imply that molecular propa-
gation within one cavity has to proceed much faster than the transfer to the
adjacent cavities. However, it has been evidenced by MD simulations [134] that
there are two maxima in the population density of the water molecules within
the large cavity, separated from each other in the longitudinal (i.e. z) direc-
tion. Assuming that the exchange between these two sites is not infinitely fast
in comparison with the exchange between adjacent cavities, propagation in the
z direction is retarded in comparison with propagation in the xy plane. It is, in
fact, this behavior which is nicely reflected by the experimental data of [133].

In contrast to ZSM-5, where an array of channels pointing in one direction
is interconnected by another array of channels pointing in another direc-
tion, there are a substantial number of zeolites containing only one system of
channels. In this case, the principal elements of the diffusion tensor in the di-
rection perpendicular to the channel axes degenerate to zero. Depending on
the relation between the diameters of the channels and of the molecules under
study, molecular diffusion along the channel axis may proceed by two com-
pletely different mechanisms. As soon as the molecules are small enough so
that they are able to pass each other, molecular propagation obeys the laws of
normal diffusion. Results of this type are described in [135]. However, if mo-
lecular confinement within the channels is so stringent that a mutual passage
of the molecules is excluded, the time dependence of molecular propagation
is completely different from normal diffusion, yielding proportionality of the
mean square displacement with the square root of the observation time rather
than with the observation time itself [136]. This type of molecular propaga-
tion has been termed single-file diffusion [136, 137]. Indications of single-file
diffusion in zeolites have in fact been observed by PFG NMR [138–142].
Details of these investigations may be found in [144], which is exclusively
devoted to single-file systems.

The diffusion properties of zeolites may be significantly influenced by their
content of exchangeable cations. As an example, by both nuclear magnetic
relaxation [1, 143] and PFG NMR [145] measurements, the molecular mobil-
ity of aromatics in zeolite Na-X was found to be larger than in Na-Y. Since
the adsorbate–adsorbent interaction of unsaturated hydrocarbons is domi-
nated by the interaction between the π electrons of the double bonds and
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the sodium ions [146], this experimental finding was explained by the higher
cation concentration in Na-X leading to an overlap of the wells in the po-
tential energy of the molecules. The increase in the mobility of alkanes in
Na,Ca-A with increasing amounts of Ca2+, as observed in both uptake [147]
and PFG NMR [148] diffusion measurements, has been attributed to the
increasing amount of open “windows” between adjacent cavities as a con-
sequence of the decreasing total amount of cations. Zeolitic diffusion under
such conditions may be adequately described by a random walk on per-
colation networks [149, 150]. In [147] and [148], the increase in molecular
mobility with increasing calcium content could nearly quantitatively be ex-
plained in this way. Such an explanation implies, however, that the influence
of the cation–adsorbate interaction is negligibly small in comparison with the
transport resistances exerted by the “windows”.

Unlike the mobility of unsaturated hydrocarbons, the mobility of saturated
hydrocarbons in Na-X is, in fact, essentially unaffected by the presence of
sodium cations. This has been confirmed by PFG NMR diffusion studies with
benzene and n-heptane in zeolite Na-X and La-X [103, 151]. Since the triva-
lent lanthanum ions are predominantly localized at positions in the hexagonal
prisms and sodalite units, the molecules adsorbed in lanthanum-exchanged
zeolites are essentially without contact to the cations. As a consequence of the
specific interaction between the cations and the unsaturated hydrocarbon, the
benzene mobility in Na-X was found to be two orders of magnitude smaller
than in La-X, while the n-heptane diffusivities were the same.

In view of their higher electrostatic field, calcium ions must be expected to
give rise to a much stronger interaction with the saturated hydrocarbons than
sodium ions. Since in zeolite Na,Ca-A any replacement of Na+ by Ca2+ may
simultaneously change both the sorbate–sorbent interaction and the number
of “open” and “closed” windows, the more open framework of X-type zeolites
provides better prospects for such studies. Figure 16 gives a comparison of
the diffusivities of methane in zeolite Na-X and in zeolite Na,Ca-X with 30%
and 75% of Na+ replaced by Ca2+ [152]. Since the first calcium cations are
known to assume positions outside the large cavities [153], they cannot come
into contact with the methane molecules. Methane diffusion in Na-X and
Na(30),Ca-X is therefore found to be the same, following the type I concen-
tration dependence as classified by Fig. 10. With a higher content of calcium,
however, a significant change in the diffusion properties is effected: Now the
diffusivities follow pattern V of the concentration dependence, and at small
concentrations they are up to two orders of magnitude smaller than in zeolite
Na-X. Obviously, the interaction with the calcium ions has led to a dramatic
reduction in the mobility of methane. It is interesting to note that in the limit
of large concentrations the methane diffusivities in Na-X and Na(75),Ca-X
approach each other.

Similarly, also the n-hexane diffusivity in Na(75),Ca-X is found to be much
smaller than in Na-X at small concentrations [152]. In this case, however,
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Fig. 16 Coefficient of intracrystalline self-diffusion of methane in zeolite (◦) Na75,Ca-X,
(♦) Na30,Ca-X, and (�) Na-X determined by PFG NMR. The numbers inserted in the
symbols indicate the concentration in molecules per supercage. From [152] with permis-
sion

the diffusivities approach each other already at medium concentrations, so
that the n-hexane diffusivity in Na(75),Ca-X passes a maximum, following the
type III concentration pattern.

Comparison of the diffusivities in Na,Ca-X and Na,Ca-A at comparable
calcium exchange show [152] that the methane diffusivities are of the same
order, while the n-hexane diffusivity in Na,Ca-A is much smaller than in
Na,Ca-X. One has to conclude, therefore, that for the diffusion of the longer
n-alkanes in Na,Ca-A it is justified to consider the passage through the
windows as the rate-limiting step. For methane and ethane, however, the
transport properties are dominated by the interaction with the cations. MD
simulations of methane in Na,Ca-A are in satisfactory agreement with the
NMR data and confirm this conclusion [154].

As a consequence of the much smaller window diameters, window block-
ing in zeolite A is easier to be achieved than in zeolite X. However, there are
examples, where the co-adsorption of a second molecular species (e.g., water
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in addition to C2 or C4 hydrocarbons [155]) leads to a dramatic reduction
in the molecular mobility which can only be explained by the formation of
adsorption complexes in the windows between adjacent supercages.

An analytical description of the diffusivity of molecules in pore sys-
tems with open and obstructed windows may be based on the effective
medium approximation of percolation systems [156, 157]. Lowest-order ef-
fective medium approximation yields for the diffusivity [149, 156, 158, 159]

D =
D0

2

{
A +

[
A2 + 4f /(z/2 – 1)

]1/2
}

, (18)

with

A = 1 – p + fp – (f + p – fp)/(z/2 – 1) , (19)

where D0 is the diffusivity in the open pore lattice, p is the fraction of the
obstructed windows (“bonds”) and z is the coordination number of the pore
lattice. In the special cases of A and X type zeolites, one thus has z = 6 and
4, respectively. f represents the ratio of the transition rates through “ob-
structed” and “open” windows. Hence, the diffusivity in the pore lattice with
all windows obstructed would be fD0.

Figure 17 illustrates the use of this concept for the interpretation of the
influence of co-adsorbed, less mobile molecules (benzene, ethylene) on the
mobility of a highly mobile species (methane) in zeolite Na-Y. It turns out
that the reduction in the methane mobility with an increasing amount of co-
adsorbed molecules [159] may be satisfactorily explained by the assumption
that any co-adsorbed molecule reduces the transition rate through a particu-

Fig. 17 Intracrystalline self-diffusivity of methane (≈2 molecules per supercage, at 25 ◦C)
as a function of the amount of co-adsorbed molecules per “window”. The solid lines
are predictions based on the effective medium approximation of percolation theory with
f denoting the ratio of the transition rates through “blocked” and “open” windows.
From [158] with permission
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lar window to the fraction f of its original value [158]. As to be expected, the
blocking efficiency of the larger benzene molecule (f = 0.061) is found to be
much larger than that of ethylene (f = 0.36). Similarly, in ZSM-5 the methane
mobility was found to be much more effectively reduced by co-adsorbed pyri-
dinium ions than by ammonium ions [160, 161].

5.2
Monitoring Self-Diffusion under Transient Conditions

PFG NMR measurements are generally performed with closed samples con-
taining the adsorbate in equilibrium with the adsorbent. In general, the
measurements are carried out hours or even days after the introduction of
the adsorbate into the activated sample. Moreover, the process of equilibra-
tion may be accelerated by keeping the sample at an elevated temperature.
Once equilibrium is established, the measurements may be repeated as often
as desired. There are examples [162], where more than 20 years after the
first measurement, PFG NMR measurement of an adsorbate–adsorbent sys-
tem within a closed sample tube yielded identical diffusivities.

As a non-invasive method, however, PFG NMR also provides excellent con-
ditions for the measurement of molecular diffusivities under transient con-
ditions. As an example, Fig. 18 shows the results of space- and time-resolved
self-diffusion measurements over a bed of activated zeolite Na-X during the
uptake of n-hexane [163]. Taking into account that, due to the finite size of

Fig. 18 Apparent coefficients of intracrystalline self-diffusion of n-hexane as observed by
time- and space-resolved 1H PFG NMR in a bed of zeolite Na-X with restricted (�) and
unrestricted (•) sorbate supply in dependence on the sorbate concentration. The real dif-
fusivities (open symbols) were calculated from these values by using the correspondence
presented by Fig. 3. The full line with the indicated error bars represents the range of
intracrystalline diffusivities as observed in previous PFG NMR studies with closed sample
tubes. From [163] with permission
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the crystallites, the measured apparent diffusivities had to be transferred into
the true intracrystalline diffusivities by the procedure described in Sect. 2.2,
the diffusivities measured immediately after the advent of the adsorption
front were identical with those observed for the same sorbate concentration
in closed sample tubes, i.e. after the final establishment of equilibrium. This
result does especially exclude the possibility that differences in uptake and
self-diffusion measurements (see Sect. 5.3) may be explained by assuming
that molecular mobility at the instant of adsorption is different from the mo-
bility under equilibrium conditions.

The ability of PFG NMR, to monitor simultaneously the mobility of dif-
ferent components [159, 164] makes it a very effective tool for studying the
mobility of the reactant and product molecules during chemical reaction.
Figure 19 shows the results of in-situ PFG NMR measurement during the
conversion of cyclopropane to propene in zeolite Na-X [165]. In addition
to the diffusivity of the reactant molecule (cyclopropane) and the product
molecule (propene), also the time dependence of the relative amounts of
the involved molecular species is presented. Since the conversion times are
much larger than the intercrystalline exchange times as following from the
diffusivities, the considered reaction may clearly be assumed to be reaction
controlled.

The application of 1H PFG NMR to studying multicomponent diffusion in
adsorbate–adsorbent systems is limited by the fact that the chemical shifts
are of the order of the line width. The separation between the diffusivities of
different compounds is, therefore, only possible in exceptional cases like the
rather simple reaction shown in Fig. 19. Owing to the larger chemical shifts,
13C PFG NMR provides much better conditions for such studies. On the other
hand, measurements of this type are much more expensive due to the need
for 13C-enriched chemical compounds. However, even with the application
of 13C-enriched compounds accumulation times up to hours are sometimes
inevitable, so that in-situ measurements are only possible with rather slow
processes. Presently, it is difficult to decide whether in addition to the ample
information provided by in-situ MAS NMR on chemical reactions [166–169],
PFG NMR is able to provide substantial news about molecular transportation
which is not available by equilibrium measurements.

Figure 20 shows the diffusivities of isopropanol, acetone and propene
under the conditions of single-component adsorption on zeolite Na-X [170].
All three compounds are involved in a well-established test reaction to dis-
criminate between acid and basic zeolites [171, 172]: Isopropanol is dehy-
drated to propene on acid catalysts, while it is dehydrogenated to acetone
on basic catalysts. Figure 20 shows that the diffusivity of propene, i.e. of
the product of the acid-catalyzed reaction is more than one order of mag-
nitude larger than the diffusivities of the reactant (isopropanol) and of the
product (acetone) of the base-catalyzed reaction. Hence, if the acid- and
base-catalyzed reactions both were to occur in parallel, the difference in
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Fig. 19 Time dependence of the relative amount of cyclopropane and propene during the
conversion of cyclopropane to propene in Na-X and their self-diffusion coefficients (�,
cyclopropane; �, propene) at 473 K. From [165] with permission

the product diffusivities could lead to a transport-promoted output of the
acid-catalyzed product, propene, if the process is diffusion limited and if
the relation between the diffusivities of the individual compounds in the
mixture are comparable with the relations observed at single-component
adsorption.

Figure 21 presents the results of the first in-situ 13C PFG NMR dif-
fusion measurements carried out during the conversion of isopropanol in
Na-X [173, 174]. In complete agreement with the single-component measure-
ments presented in Fig. 20, also in the multicomponent system evolving under
reaction conditions, the propene diffusivities are found to be much larger
than the diffusivity of isopropanol. The increase in the propene diffusiv-
ity with increasing reaction time may be easily understood by realizing that
the transport inhibition of propene effected by the less mobile isopropanol
molecules becomes less significant with the decrease in the total content of
isopropanol.
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Fig. 20 Intracrystalline diffusivities of isopropanol, acetone and propene in Na-X.
From [170] with permission

The application of PFG NMR to chemical reactions in zeolite catalysts
is not necessarily confined to the observation of the reactant and product
molecules. By monitoring the diffusivity of an inert molecule it is also pos-
sible directly to trace any changes in the transport properties of the catalyst
during the reaction. As an example of this procedure, in [236] tetrafluoro-
methane is used to follow the transport inhibition within ZSM-5 during
ethene conversion. In these studies, an H-ZSM-5 zeolite was loaded with
4 CF4 and 12 ethene molecules per unit cell and kept at a temperature of
343 K. The representation of the results in Fig. 22 shows that the mobility of
the probe species drops by a factor of 6 during the first 3 hours of reaction and
then remains relatively constant. Obviously, ethene conversion leads to the
formation of larger compounds, which more effectively reduce the mobility of
the probe molecules than is the case with the ethene molecules.

In looking at ethene conversion on H-ZSM-5 [177, 178], one has to dis-
tinguish between low-temperature products and high-temperature prod-
ucts. The low-temperature products are formed below about 500 K and
mainly consist of alkyl chains, while the high-temperature products are
comprised largely of aromatics [180]. For comparing the influence of
these different types of reaction products on the diffusivity of CF4, after
exposing the closed sample tubes for 3.5 h to a temperature of either
370 K or 575 K, the 19F PFG NMR measurements have been carried out
in both cases at 300 K. The resulting diffusivities after high-temperature
treatment (D∼2×10–12 m2 s–1) were found to be much smaller than the
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Fig. 21 Time dependence of the relative amount of isopropanol and propene during the
conversion of isopropanol in Na-X and their self-diffusivities at 473 K. From [174] with
permission

diffusivity after low-temperature treatment (D∼10–10 m2 s–1). This find-
ing is in agreement with the results of self-diffusion measurements of
CF4 with co-adsorbed benzene and n-hexane, where the diffusivity of the
probe molecules is much more significantly reduced by benzene than by
n-hexane [236]. This large effect may be explained by the differences in
the preferred adsorption siting: Both experimental evidence and MD sim-
ulations suggest that the n-alkanes prefer the channel segments [179],
while aromatics adsorb preferentially in the channel intersections [181,
182].
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Fig. 22 Self-diffusivities of the inert CF4 probe during ethene conversion in H-ZSM-5 at
343 K resulting from in-situ 19F PFG NMR measurements during the chemical reaction.
From [236] with permission

5.3
Comparison with Other Techniques

Diffusion measurements fall into two broad classes. Under macroscopic equi-
librium, i.e. if the overall concentration within the sample remains constant,
molecular diffusion can only be studied by following the diffusion path of the
individual molecules (“microscopic” measurement by quasielastic neutron
scattering (QENS) [48, 183, 184], nuclear magnetic relaxation and line-shape
analysis, PFG NMR) or by introducing differently labelled (but otherwise
identical) molecules into the sample and monitoring their equilibration over
the sample (“macroscopic” measurements by “tracer” techniques) [185, 186].
The process of molecular movement studied under such conditions is called
self-diffusion.

Molecular movement under non-equilibrium conditions (i.e. under the in-
fluence of differences in the overall concentration) is associated with a macro-
scopic particle transfer and is generally referred to as transport diffusion.
Transport diffusion may be measured under both steady-state conditions
(e.g., by studying the permeation rates through zeolite membranes [187–
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189]) and transient conditions, as for example, by measuring the rate of mo-
lecular adsorption or desorption, in the frequency response technique [162,
190–193] or in chromatographic measurements [194, 195]. Among the chro-
matographic techniques, the zero length column (ZLC) method [186, 196–
198] has attained particular relevance since it allows the observation of trans-
port diffusion and—by applying isotopes—of self-diffusion with rather fast
response times [199].

Since transport diffusion and self-diffusion refer to different physical situ-
ations, the corresponding diffusion coefficients cannot be expected to be
identical. However, since both transport and self-diffusion are controlled by
the same elementary steps, viz. irregular molecular movement, both pro-
cesses cannot be expected to be independent of each other. In particular, for
sufficiently small concentrations, i.e. in the limiting case of negligibly small
mutual interaction of the adsorbed molecules, the coefficients of transport
and self-diffusion must be expected to coincide. It was therefore a rather
intriguing result that with the introduction of PFG NMR, intracrystalline dif-
fusivities in zeolites have been found to be up to five orders of magnitude
larger than assumed so far on the basis of conventional uptake measure-
ments [54, 55, 200–205]. It is now well established that many of the earlier
uptake rate measurements were corrupted by the intrusion of processes other
than intracrystalline diffusion (external mass transfer resistance, heat trans-
fer etc. [206–208]). However, together with a series of systems exhibiting
reasonably good agreement between PFG NMR and uptake data on molecu-
lar diffusion, there are also well-documented experimental studies, where the
transport diffusivities are found to be much smaller than expected on the
basis of the PFG NMR investigations.

As an example, Figs. 23 and 24 provide a comparison between the dif-
fusivity data obtained for n-alkanes of varying chain lengths in zeolites

Fig. 23 Variation of the diffusivity of n-alkanes in zeolite Na,Ca-A with the carbon num-
ber at 473 K as observed with different techniques [QENS spin-echo technique (NSE), 12
carbon atoms per cavity: ×; PFG NMR, 1 molecule per cavity: ∆, � (more recent data),
2 molecules per cavity: �; ZLC, limit of vanishing concentration: •, ◦ (more recent data)].
From [176], with permission
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Fig. 24 Variation of the diffusivity of n-alkanes in MFI-type zeolites with the carbon num-
ber at 473 K as observed with different techniques (QENS, 6 carbon atoms per channel
intersection: � ZSM-5, [239]), � (silicalite-1, more recent data); PFG NMR, 1 molecule
per cavity: �; ZLC, limit of vanishing concentration: •. From [240, 241], with permission

Na,Ca-A and ZSM-5/silicalite-1 by PFG NMR, quasi-elastic neutron scatter-
ing (QENS) and the ZLC technique. Strictly speaking, in the case of ZSM-
5/silicalite-1—as a consequence of the non-cubic zeolite structure—the in-
dicated data have to be considered as mean diffusivities, which in the case
of the microscopic techniques (QENS, PFG NMR) coincide with one third of
the trace of the diffusion tensor, viz. 1/3(Dx + Dy + Dz). As a concerted ac-
tivity within an international research group, all measurements have been
performed with essentially identical zeolite material. In all cases the abso-
lute values of the diffusivities reveal the same tendency: they are smallest in
the measurements by the (macroscopic) ZLC technique and largest for the
QENS measurements. Since the displacements monitored by QENS are of the
order of tens of nanometers maximum and, hence, much smaller than the dis-
placements followed by PFG NMR, this sequence in the diffusivities supports
an explanation of the observed differences, which has been repeatedly sug-
gested in the literature (see, for example [209]): In general, zeolite particles
cannot be assumed to represent ideal, homogeneous nanoporous crystals fol-
lowing the given textbook structure. Rather, their internal dynamics and their
exchange properties are also affected by the presence of additional trans-
port resistances, possibly occurring both on the external surface and in the
intracrystalline space. With such a model in mind, one may easily rationalize
that the effect of molecular retardation by these barriers, i.e. a diminution of
the measured diffusivities in comparison with the values to be expected for
the genuine zeolite structure, increases with increasing molecular displace-
ments. One may thus expect that the genuine intracrystalline diffusivities
are observed by QENS, since the molecular displacements recorded by this
technique are sufficiently small in comparison with the spacing of the intra-
crystalline transport resistances. The diffusivities obtained by PFG NMR with
typical displacements of the order of micrometers, i.e. of thousands of unit
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lengths of the elementary cells, are recorded over distances, for which devia-
tions from the ideal structure and hence the formation of additional transport
resistances, cannot be excluded. Since such deviations are difficult to observe
by other techniques, PFG NMR represents a valuable tool for elucidating such
structural peculiarities by simply recording their influence on the transla-
tional mobility. Finally, the macroscopic techniques, like the ZLC method in
the representations shown in Figs. 23 and 24, may be additionally influenced
by transport resistances occurring on the outer surface of the zeolite crystal-
lites, the so-called surface barriers.

Irrespective of the differences in the absolute values, the trends in the
n-alkane diffusivities with increasing chain lengths are remarkably similar
in all three types of measurements: Similarly as with zeolite Na-X [210], in
the MFI-type zeolites the diffusivities decay monotonically with increasing
chain lengths, representing the dependency as observed with the free liquid.
Most interestingly, in the Na,Ca-A zeolites all techniques reveal deviations
from this trend. They are most pronounced for the QENS measurements (in
this case by the neutron spin-echo technique yielding the transport diffu-
sivities on a microscopic scale), where the diffusivities are observed to pass
a clear maximum for chain lengths around carbon numbers of 10 to 12 [49].
In a very simplistic picture, such a behavior may be rationalized by realiz-
ing that, starting from these chain lengths, the n-alkane molecules become
too large to be easily accommodated by one cavity. Being accommodated by
two cavities implies that at any time a part of the chain will be situated in
the window, so that the retarding effect of the entropic and/or energetic bar-
rier in the windows between adjacent cavities upon molecular propagation is
notably reduced. In parallel with this effect, clearly, the drag exerted by the
pore wall on the n-alkane molecule is continuously increasing with increasing
chain lengths. Combination of these opposing tendencies, obviously, leads to
the formation of a maximum of mobility with increasing chain length. With
these measurements, for the first time reliable experimental evidence about
a phenomenon has been provided, which has initiated numerous theoretical
approaches [211–213], but the experimental basis of which [214] has been
shown to be rather questionable [215, 237, 238].

The existence of intracrystalline transport resistances has been confirmed
by PFG NMR self-diffusion measurements of short-chain length alkanes
in MFI-type zeolites [216, 217] with varying observation time. Figure 25
presents the relevant data obtained with n-butane as a probe molecule. Here,
the diffusivities are plotted in a way, which is made possible by the special
features of PFG NMR, viz. as a function of the displacements over which the
molecular diffusion paths (giving rise to the plotted diffusivities) have been
measured. This is achieved on the basis of Eq. 7 by which the measured diffu-
sivities may be transferred into the mean square displacements covered by the
molecules during the observation time. Obviously, in the case of ordinary dif-
fusion, i.e. in the original notion of Eq. 7, the diffusivity depends on neither
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Fig. 25 Dependencies of the diffusion coefficients of n-butane in silicalite-1 on the root of
mean square displacements at different temperatures and comparison with the results of
dynamic MC simulations for a barrier separation of 3 µm with the assumption that jumps
across the barriers occur with an activation energy exceeding that of intracrystalline dif-
fusion by 21.5 kJ mol–1. Filled and open symbols correspond to measurements performed
with two different samples of silicalite-1. From [216, 217], with permission

the observation time nor the displacements. However, Eq. 7 has turned out to
be a reasonable relation for introducing “effective” diffusivities, reflecting the
transport properties also under conditions deviating from those for normal
diffusion.

In the Mitra formalism [106–108] mentioned in Sect. 4 and in its appli-
cation to zeolites [116], such deviations may be referred to the size of the
individual crystallites. In the studies of [216, 217], however, crystallites of
such large extension (100×25×20 µm3) have been applied, so that only for
displacements notably larger than 10 µm the crystallite surfaces might have
given rise to such a steep decay as observed at the lowest temperatures.

To the best of our knowledge, the only explanation of this behavior im-
plies the existence of extended intracrystalline transport resistances (i.e. of
internal barriers as postulated on comparing the diffusivities obtained by dif-
ferent measuring techniques), giving rise to the observed dependence of the
effective diffusivities on the covered displacements. Obviously, at the high-
est temperature the thermal energy of the diffusing molecules is high enough
to overcome these barriers, so that their influence becomes negligibly small
in comparison with the transport resistance due to the genuine pore system.
The solid lines in Fig. 25 show the results of dynamic Monte Carlo simula-
tions. They have been performed with the assumption that, in addition to
the energetic barrier characterizing diffusion in the genuine intracrystalline
pore system, at a distance of 3 µm the diffusing molecules have to overcome
additional potential barriers of 21.5 kJ/mol [217]. It is remarkable that the
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anomaly of the PFG NMR data may be satisfactorily explained already by such
a rather simplistic model. Also, for other zeolitic adsorbate–adsorbent sys-
tems meanwhile PFG NMR studies have been published [218–221], possibly
reflecting the occurrence of such internal barriers.

The occurrence of such barriers is not unexpected, judging from both the
concepts of crystal formation [222, 223] and the existence of distorted ter-
races on the surface of such crystallites [224]. Moreover, the novel options
of interference and IR microscopy [225–230] provide plenty of evidence for
notable differences between the real structure of zeolite crystallites and their
ideal (text book) structure [231]. The direct structural demonstration of these
barriers, however, has to remain a task for the future.

6
Conclusions

As a non-invasive technique, NMR spectroscopy allows the observation of mo-
lecular transport in porous media without any disturbance of their intrinsic
molecular dynamics. The space scale of the diffusion phenomena accessible by
NMR ranges from the elementary steps (as studied, e.g., by line-shape analysis
or relaxometry) up to macroscopic dimensions. Being able to follow molecu-
lar diffusion paths from ca. 100 nm up to ca. 100 µm, PFG NMR has proven to
be a particularly versatile tool for diffusion studies in heterogeneous systems.
With respect to zeolites, PFG NMR is able to provide direct information about
the rate of molecular migration in the intracrystalline space and through as-
semblages of zeolite crystallites as well as about possible transport resistances
on the outer surface of the crystallites (surface barriers).

The potentials of PFG NMR have been substantially improved by recent
methodical developments ensuring a significant enhancement in the sensitiv-
ity of signal detection. In this way, diffusion measurements with nuclei dif-
ferent from protons were enabled. Similarly, high-resolution studies allowing
the simultaneous observation of the diffusivities of various molecular species
under the conditions of multicomponent adsorption have become possible.
The most attractive fields of current research include the in-situ application
of PFG NMR during catalytic processes, the clarification of the relation be-
tween molecular transport under equilibrium and under non-equilibrium
conditions, and the study of structure-related diffusion. The latter topic
addresses such fundamental questions as the occurrence of single-file dif-
fusion (see [144]) and the relation between crystal structure and diffusion
anisotropy. The wealth of challenging tasks is continuously augmented by
both the increasing number of absorbents with new structural features and
the increasing demand of the industry for the clarification of their transport
properties. Thus, PFG NMR is most likely to continue to prosper in an ever
growing field of application to both zeolite science and technology.
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Abstract Infrared spectroscopic methodsfor the measurement of adsorption and ad-
sorption kinetics of some aromatics (benzene, ethylbenzene, p-xylene), pyridine, and
paraffins in solid microporous materials such as zeolites (MOR, ZSM-5, silicalite-1) are
described as well as the evaluation of the spectroscopically obtained data. The adsorption
isotherms are of the Langmuir–Freundlich type. Isosteric heats of adsorption, trans-
port diffusivities, and activation energies of diffusion as deduced from the spectroscopic
measurements are compared with literature data as far as available, and they are found
to be in reasonable agreement with results provided by independent techniques. Spe-
cial attention is paid to sorption and sorption kinetics of binary mixtures, especially the
problems of co- and counter-diffusion .

The design and application of a very promising novel technique for the measure-
ment of sorbate transport in porous materials, viz. diffusion interference microscopy, is
presented and pertinent results obtained by this technique are reported.

Keywords Diffusion · Co- and Counterdiffusion · Adsorption · IR techniques ·
Interference microscopy

Abbreviations
A Area
AFI Zeolite framework type ([1])
AlPOs Microporous aluminophosphates ([1])
B Benzene
bi Constant, specific of the adsorbate component i (Eq. 2)
C Concentration
Ceq Equilibrium concentration
C0 Concentration on the external surface of a zeolite crystal
CrAPO Chromium-containing AlPO-5, member of the AFI family
Csurf Actual surface concentration
D Transport diffusion coefficient
D0 “Corrected” diffusion coefficient
Dx(y,z) Principal tensor elements
DIFM Diffusion interference microscopy
EA Activation energy of diffusion, [kJ mol–1]
EB Ethylbenzene
Ferrierite Particular zeolite (structure type FER, see [1])
FR Frequency response (technique)
FTIR Fourier transform infrared (spectroscopy)
H-MOR (Acid) proton-exchanged form of MOR ([1])
H-SSZ-24 Particular microporous materials ([111])
H-ZSM-5 (Acid) proton-exchanged form of ZSM-5 ([1])
H-ZSM-11 (Acid) proton-exchanged form of ZSM-11 ([1])
1H NMR Proton nuclear magnetic resonance (spectroscopy)
HgCdTe Mercury cadmium telluride
IFM (Optical) interference microscopy
IR Infrared
j Particle flux
jin Particle flux into crystal
jos Flux of particles colliding with outer crystal surface
jout Particle flux out of crystal
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L Ratio between time constants, defined by Eq. 22
l Half length of crystal extension
Li-ZSM-5 Lithium-exchanged ZSM-5 ([1])
M Molecular weight
m Specific constant in the Freundlich–Langmuir equation
m(t) Uptake (at time t)
“Macro”-FTIR Conventional FTIR using pressed wafers
MCT Mercury cadmium telluride (detector)
MFI Particular zeolite structure ([1])
mi Constant, specific of adsorbate component i (Eq. 2)
“Micro”-FTIR FTIR using a microscope and (large) single crystals
MOF Metal–organic framework
MOR Mordenite, particular zeolite structure ([1])
n Coverage, [mmol g–1]
NA Avogadro constant
Na-LSX Particular microporous materials ([117])
Na-X Sodium-exchanged X zeolite ([1])
Na-ZSM-5 Sodium-exchanged ZSM-5 ([1])
NEOP Neopentane
ni Coverage with adsorbate component i
no Maximum coverage, [mmol g–1]
noi Maximum coverage with adsorbate component i
NMR Nuclear magnetic resonance
p Equilibrium partial pressure, [Pa] or [mbar]
pi Equilibrium partial pressure of adsorbate component i
p-X Para-xylene
PFG Pulsed field gradient
Py Pyridine
PyB Pyridine bound to Brønsted sites
PyL Pyridine attached to Lewis sites
Qad Heat of adsorption (from microcalorimetric measurements)
QENS Quasi-elastic neutron scattering
Qiso Isosteric heat of adsorption, [kJ mol–1]
R Gas constant
r Radius coordinate
SAPOs Microporous silico-aluminophosphates ([1])
SEM Scanning electron microscopy
Silicalite-1 Microporous material, MFI structure, nSi/nAl → ∞ ([1])
STA-7 Particular zeolite (see [2, 3])
STIR Surface temperature infrared (spectroscopy)
t Time, [s]
T Temperature, [K]
T Toluene
Tad Temperature of adsorption
Tdiff Temperature of diffusion
w Ordinate intercept of Csurf–m plots
x Coordinate
X Particular zeolite structure, cubic, faujasite-type ([1]) or
X Xylene
y Coordinate
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z Coordinate
ZLC Zero-length column
ZSM-5 Particular zeolite structure ([1])
2-D Two-dimensional

Symbols, Greek Letters
α Surface permeability
αz,(z) Surface permeability through the crystal faces perpendicular to y- (z-)

direction
β Time constant characterizing the time lag in diffusion in experiments,

[s–1]
βn n-th root of Eq. 22
η Variable defined by y/

√
t

∆T Temperature difference between sample and black box in STIR
∆x, ∆y Spatial resolution
λ Integration variable
σ Standard deviation
τdiff Time constant of diffusion-limited uptake
τsurf Time constant of barrier-limited uptake
φ(t) Function accounting for the time lag

1
Introduction

Zeolites, i.e., crystalline microporous aluminosilicates and related materi-
als (AlPOs, SAPOs, etc.), play an important role as adsorbents, e.g., in gas
separation processes, and as constituents of catalysts, e.g., for hydrocarbon
conversions. In both gas separation and catalysis, adsorption, diffusion, and
desorption of adsorbates or reactants are fundamental intermediate steps.
Classical methods for studying adsorption–desorption and diffusion in zeo-
lites are gravimetry, barometry, zero-length-column (ZLC) techniques, fre-
quency response (FR) spectroscopy, pulsed field gradient NMR spectroscopy
(PFG NMR), and quasi-elastic neutron scattering (QENS). Generally, these
techniques are inappropriate for investigating the adsorption and adsorp-
tion kinetics of bi- or multicomponent adsorbates in zeolites. However, NMR
investigations provided data in cases of self-diffusion in binary adsorbed
phases in zeolites [4], e.g., in the system heptane/benzene in Na-X zeo-
lite (see also [5]). An exception with respect to counter-diffusion in zeo-
lites is the experiment by Förste et al. [6], who studied via tracer exchange
1H NMR experiments the counter-diffusion of C6H6 and C6D6 under equilib-
rium conditions.

However, the adsorption and adsorption kinetics of binary or even more
complex adsorbate mixtures are of paramount importance in gas separation
and catalysis. Thus, even in the simplest case of the conversion of a reac-
tant A into a product A′ inside the pore system of a zeolite catalyst, the
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in-going A molecules must pass the out-going A′ molecules, and the phe-
nomenon of counter-diffusion comes into play. Without any experimental
basis, only speculations were possible on the effect of the presence of the sec-
ond component, A′, on, e.g., the diffusivity of the first, A, and vice versa. Some
estimates suggested that the diffusion coefficients in the case of counter-
diffusion may be smaller by several orders of magnitude compared to the
single-component case (see Choudary et al. [7, 8]).

A way out of the difficulties of investigating co- and counter-diffusion
seemed to be possible with the aid of IR spectroscopy. In a few cases, IR
spectroscopy had been successfully employed to investigate quantitatively the
adsorption into zeolites. In such cases of adsorption the IR method used IR
bands, which were typical of the respective species of a single adsorbate in-
side the pore system. An early example of an adsorption isotherm obtained
via IR spectroscopy is that of ethene on zeolite Y reported by Liengme and
Hall [9]. Here, the absorbance of an IR band of the adsorbate was monitored
by IR as a measure of the coverage of the solid. A more systematic utilization
of monitoring the uptake of an adsorbent via sets of IR spectra as a func-
tion of time was attempted by Karge and Klose in 1975 [10]. These authors
studied the kinetics of adsorption of pyridine into Na- and H-mordenite.
Thus, the method was expected to be also capable of discriminating between
different species in cases of adsorption of mixtures, and of monitoring co-
and counter-diffusion of different molecules. A qualitative experiment on the
counter-diffusion of pyridine molecules (indicated through their bands at
1542 and 1452 cm–1) versus benzene molecules (indicated through their band
at 1478 cm–1), or benzene molecules (band at 1478 cm–1) versus ethylbenzene
molecules (bands at 1495 and 1453 cm–1) in H-mordenite was carried out by
Karge and Weitkamp [11] (see Fig. 1).

These experiments confirmed that IR spectroscopy indeed provides
a promising means for the investigation of the uptake of binary mixtures into
microporous materials and its kinetics. This successful experiment prompted
us to start a systematic study on the adsorption and adsorption kinetics of
some aromatics in zeolites by Fourier transform IR spectroscopy (FTIR) and
FTIR microscopy or, more precisely, IR “micro”-spectroscopy. This topic is
dealt with in Sect. 2, where the generally employed apparatuses and pro-
cedures are also described. In this context, it should be mentioned that
micro-FTIR spectroscopy was also applied by Schüth and coworkers in study-
ing the adsorption of guest molecules in microporous solids [12–14].

Moreover, the “macro”- and “micro”-FTIR techniques enable us to obtain
spectra in situ from a working catalyst, since the cells used (see Sect. 2.1.1)
may be operated as flow-through reactors. Thus, coking of zeolite catalysts
upon reaction of ethane or ethylbenzene was investigated in situ, and the de-
crease of diffusivities (e.g., of benzene) in the coking samples was measured
as a function of the amount of coke deposited [15]. Similarly, the sorption
of para-, meta-, and ortho-diethylbenzene from the gas phase into H-ZSM-5
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Fig. 1 Counter-diffusion of a benzene (B) vs pyridine (Py) and b vs ethylbenzene (EB) in
hydrogen mordenite (H-MOR) [11]

was studied by means of in situ macro-FTIR spectroscopy with respect to the
selectivity of diethylbenzene disproportionation. Thus, it was found that the
para selectivity reflects the interplay of catalytic reaction and mass transfer
phenomena [16].

Another but quite different approach to investigation of diffusion in zeo-
lites by means of IR measurements should be mentioned here. Grenier
et al. [17] employed IR spectroscopy in order to monitor the changes of the
sorbent temperature upon interaction of the adsorbate with the surface of
the adsorbent as a function of time (see Figure 2a). The IR emission due to
the temperature change during the uptake is measured by an HgCdTe detec-
tor. A chopper and a lock-in amplifier are employed to obtain a signal, which
is proportional to the temperature difference, ∆T, between the sample and
a thermostatted black body. ∆T is directly related to the amount adsorbed or
desorbed. A response curve for the example of CH3OH sorbed into Na-X is
displayed in Fig. 2b.

Evaluation of the data requires time constants for both the heat transfer
and diffusion under nonisothermal conditions. It turns out that the initial
part of the response curve is mainly determined by the mass transport (trans-
port diffusion), whereas the descending part is mainly governed by the heat
transfer. The STIR technique avoids intrusion by the evolution of heat, in that
it measures the transient temperature, and has a rapid response (time con-
stant about 10–8 s). Results obtained for the diffusion of CH3OH into Na-X
were essentially consistent with those derived from the ZLC and PFG NMR
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Fig. 2 a System for surface temperature infrared (STIR) measurements. b Transient tem-
perature response upon methanol sorption into Na-X zeolite as a function of the square
root of time [17]

techniques. Furthermore, the technique was successfully combined with the
FR method such that both the pressure and temperature responses were
monitored. Even though, in view of diffusion studies in zeolites, the STIR
approach seems very attractive, Grenier’s method will not be discussed in
more detail in the context of this chapter, since it does not directly relate to
the spectroscopic and/or microscopic study of sorbate transport in porous
materials.

A very promising novel technique for studying various features of sorp-
tion into zeolites and the related sorption kinetics was first suggested by
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Kärger et al. [18, 19] and later on developed by Schemmert [20] and Kärger
et al. [21] to a very sophisticated method, when employing optical interfer-
ence microscopy (IFM) . The design of the experiments using interference
microscopy for diffusion studies (DIFM), the data acquisition through this
type of experiment, and the evaluation of selected data obtained by DIFM are
described in Sect. 3.

2
Infrared “Macro”- and “Micro”-Spectroscopic Investigations
of Adsorption, Desorption, Diffusion, and Co- and Counter-Diffusion
in Zeolites

2.1
Experimental

2.1.1
Apparatuses and Procedures

Since the investigation of diffusion phenomena in zeolites by macro-FTIR
and micro-FTIR spectroscopy is still not a routine technique, the experimen-
tal aspects will be described in more detail.

The apparatus and procedure generally used for macro-FTIR diffusion ex-
periments are described in detail by Niessen [22], Karge and Niessen [23, 24],
Karge [25], and Bludau et al. [26]. The central parts are an up to 575 K heat-
able flow-through IR cell (see [22, 23, 26] and Vol. 4, Chap. 1 of this series,
p. 42) and an arrangement of a number of sensitive and very fast respond-
ing flow controllers (vide infra, Fig. 5). This enabled us to purge the cell
and self-supporting zeolite wafers in the upper quartz glass part of the cell
in a fast flow (800 ml min–1) of helium for activation and, if necessary, de-
hydroxylation at temperatures up to 1100 K. The lower metal compartment
of the cell with sealed-on IR transparent CaF2 windows, which was pene-
trated by the IR beam coming from an FTIR spectrometer, could be purged
in the same helium stream at a chosen temperature of adsorption/desorption.
A main flow of helium was passed through the cell with a high flow rate
(800 ml min–1). This high flow rate guaranteed a rapid dissipation of the heat
of adsorption and, thus, isothermic conditions and a steady maintenance
of the constant sorbate concentration in the intercrystalline space. Thus,
two pitfalls of macroscopic, nonequilibrium uptake methods for investiga-
tion of diffusion in zeolites were avoided: the lack of isothermic conditions
due to the adsorption heat evolved and the lack of constant intercrystalline
sorbate concentration. These have been identified by Doelle and Riekert
as main sources of error in macroscopic uptake experiments ([27, 28]; cf.
also [29]).
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It was confirmed that the presence of the carrier gas (helium) did not af-
fect the diffusion measurements. When helium was replaced by neon, argon,
or krypton, no change in the results was observed; only xenon caused some
deviation of the results (Niessen W, private communication). The main flow
could be very rapidly connected with streams of the adsorbates in helium
(8 ml min–1) in such a way that the total flow and pressure remained constant.
The adsorbate partial pressures could be varied, i.e., increased or decreased,
almost instantaneously by small jumps. The experiment was started by scan-
ning the spectrum of the pure, activated adsorbent. After a first pressure
jump, e.g., from zero to 115 Pa, at a chosen adsorption temperature, the spec-
trum of the adsorbate/adsorbent was monitored in short intervals. An FTIR
spectrometer of Perkin–Elmer type 1800 was employed. An example with sets
of spectra of ethylbenzene adsorbed into H-ZSM-5 is shown in Fig. 3.

For the FTIR microscopic diffusion measurements (micro-FTIR spec-
troscopy) [30–32] the same Perkin–Elmer 1800 spectrometer was used, but
a so-called IR microscope (Spectra Tech model IR-Plan) and an appropriate
flow-through micro-cell were attached (see Figures 4a,b).

The microscope enables focusing by Cassegrainian mirrors. Optical and IR
beam paths are collinear and switched by tilting mirrors. Thus, samples may
be characterized and selected visually before recording the spectra. Strictly
speaking, the IR microscope is operated as a microscope only in the optical
mode, thereby creating a magnified image of the sample. In the IR mode, the
image is created at a 1 : 1 scale on a narrow band MCT detector with a sensi-
tive area of about 250 µm×25 µm. The focal diameter of the IR beam is about

Fig. 3 Set of FTIR spectra indicating successive states of sorption of ethylbenzene into
H-ZSM-5 at 415 K (0, 1, 2, 3, 4, 5: after 0, 11.1, 33.3, 55.6, 103.7, and 348 s, respectively).
Pressure jump: from 0 to 1.15 mbar partial pressure of ethylbenzene in helium stream;
“thickness” of the sample wafer: 10 mg cm–2 (corresponding to about 0.1 mm)
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Fig. 4 a Schematic setup for experimental studies of sorption and sorption kinetics by
“micro”-FTIR spectroscopy (so-called FTIR microscopy). b Flow cell for micro-FTIR in-
vestigations of sorption and sorption kinetics in zeolites [30, 31]

0.5 mm; the beam may be confined further by adjustable rectangular aper-
tures. The minimum spatial resolution is given by the diffraction limit. In the
IR spectral range, approximately 10 µm may be reached. However, the min-
imum sample size is rather limited by the signal-to-noise ratio, and typical
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areas are 40 µm×40 µm. Besides the possibility to study sorption kinetics in
single crystals, conventionally pressed wafers (as, e.g., in the macro-FTIR ex-
periments reported in Sect. 2.1.2.1) or zeolite powder particles may also be
investigated. In the latter case, IR microscopy requires only tiny amounts of
powder crystallites, i.e., ca. 10 mg. The micro-flow cell (Fig. 4b) attached to
the microscope by means of an xy stage is manufactured of stainless steel.
Sample observation is performed through CaF2 windows sealed with Teflon
rings. The cell accommodates a micro-oven, the diameter of which is about
10 mm. The adsorbate supply is achieved with the same type of equipment
as used for the macro-FTIR spectroscopic measurements (vide supra, and see
Fig. 5).

To deduce from the spectra the absolute amounts adsorbed or desorbed,
calibrations were carried out. This was achieved by measuring the ab-
sorbances of the typical IR adsorbate bands as a function of the baromet-
rically determined (admitted or removed) amounts of adsorbate. The thus-
obtained calibration curves were almost linear in the range of coverage of
interest (see, e.g., Vol. 4, Chap. 1 of this series, p. 37). Uptake of the adsor-

Fig. 5 Experimental setup for diffusion measurements in zeolites. Schematic arrangement
around the IR flow-through cell (6), which for macro-FTIR measurements may be that
described in Vol. 4, Chap. 1, p 42 of this series (see also [23]) or for micro-FTIR measure-
ments the cell represented in Fig. 4b. Detailed explanation of main parts: (1) ionization
gauge; (2) ionization gauge controller; (3) baratron; (4) pressure controller; (5) magnetic
valve; (6) IR flow cell with sample; (7) temperature controller; (8) mass flow controllers;
(9) thermostatted saturators; (10) four-way valves
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Fig. 6 Uptake curve of ethylbenzene diffusing at 415 K into an activated (at 675 K)
H-ZSM-5 sample (wafer) upon a pressure jump from 0 to 1.15 mbar; experimental data:
××××

bate ethylbenzene for a partial pressure jump from 0 to 1.15 mbar at 415 K is
illustrated in Fig. 6.

2.1.2
Materials

The adsorbents used in the experiments described in the following para-
graphs were H-ZSM-5, Na-ZSM-5, Li-ZSM-5, silicalite-1, and H-MOR, the
compositions of which are listed in Table 1. Samples No. 5, Li-ZSM-5,
and No. 6, Na-ZSM-5, were produced via a fivefold conventional ion ex-
change in 0.1 N solutions of NaOH and LiOH from the starting material
No. 3. The starting material No. 3 and the silicalite-1 sample were prepared
and kindly provided by Dr. H.K. Beyer, Institute of Chemistry, Hungarian
Academy of Sciences (Budapest, Hungary). Relatively large single crystals
of H-ZSM-5 (sample No. 7, ca. 120 µm×20 µm×20 µm) for investigations
by FTIR microscopy (micro-FTIR spectroscopy) were kindly provided by
Prof. J. Weitkamp, University of Stuttgart. According to X-ray checks, all sam-
ples exhibited good crystallinity. The size and the shape (spheres or slabs)
of the samples were determined by optical microscopy and SEM and were
taken into account for data evaluation (see Sect. 2.2.3). In polarized light, the
crystals of sample No. 7 exhibited inside hourglass-like structures (see Fig. 7).

This observation might indicate intracrystal interfaces as discussed by
Geus et al. [33], which may affect the diffusion pathways and thus the sorp-
tion behavior (see also Sect. 3, Fig. 35). The activation of zeolite samples for
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Table 1 Properties of the zeolite sorbents used

No. Zeolite Formula nSi/nAl Particle size
[µm]a

1 H-ZSM-5 H2.5Na0.1Fe0.3Al2.8Si93.2O192 33.2 8.8×5.2×3.2
2 H-mordenite H5.5Na0.5Fe0.1Al6.2Si41.8O96 6.7a 0.8
3 H-Na-ZSM-5 H1.7Na0.9Al2.6Si91.5O192 35.2 2.0
4 Silicalite-1 Na0.1Al0.1Si95.9O192 > 800 4.0
5 Li-ZSM-5 Li2.6Al2.6Si91.5O192 35.2 2.0
6 Na-ZSM-5 Na2.6Al2.6Si91.5O192 35.2 2.0
7 H-ZSM-5 H Al3.0Si91.1O192 30.4 120×20×20

a Samples No. 2–6 were almost spherically shaped. The formulae of samples No. 1 and
2 are idealized, i.e., both samples possess significant amounts of Al-containing extra-
framework species (“true” Lewis sites)

Fig. 7 Specimen of large single crystals of H-ZSM-5 (nSi/nAl = 30.4) provided by
Prof. J. Weitkamp, Stuttgart; size: 100 µm×20 µm×20 µm; left: imaged by scanning elec-
tron microscopy; right: imaged by an optical microscope in polarized light

sorption and diffusion measurements is usually performed in dynamic high
vacuum (10–5 Pa for at least 2 h) or in a stream of extremely dry helium or
hydrogen (in particular in micro-FTIR experiments); the activation tempera-
ture is usually 675 K and reached by slow heating (5 K min–1). Subsequently,
the temperature is slowly lowered (10 K min–1) to the required sorption tem-
perature. During performing this temperature program, the high vacuum or
a carrier gas stream (helium) of 10 ml min–1 is maintained.

As usual, spectral grade adsorbates (benzene, ethylbenzene, p-xylene, and
pyridine) were employed (e.g., from Merck, Darmstadt, Germany). They must
be further purified via distillation, passage through an alumina column to re-
move, particularly from ethylbenzene, contaminating oxygenates, subjected
to three freeze–pump–thaw cycles and, finally, stored over highly (at 525 K
under 10–4 Pa) activated 4A molecular sieves. These previously activated zeo-
lite A samples were employed to remove even traces of water: ampoules with
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activated zeolite 4A were sealed after activation under high vacuum and were
broken in the bulb containing the highly purified adsorbate.

Chromatography grade gases (99.996% He, Ar, Kr, Xe) were purchased
from Messer-Griesheim, sorbate paraffins (spectroscopic grade n-hexane,
n-heptane, n-octane, and neopentane) from Fluka; these were used without
additional purification.

2.2
Selected Examples

2.2.1
Adsorption and Desorption of Single-Component Adsorbates by “Macro”-FTIR

Generally, the adsorption and desorption experiments described in this sec-
tion as well as those reported in Sect. 2.2.2 (vide infra) were carried out using
macro-infrared spectroscopy as described in the first part of Sect. 2.1.1.

2.2.1.1
Benzene, Ethylbenzene, and p-Xylene in H-ZSM-5

The following IR bands being indicative of the adsorbates benzene , ethyl-
benzene, and p-xylene were monitored: at 1478, 1496/1453, and 1516 cm–1,
respectively. Sets of spectra of benzene or p-xylene on H-ZSM-5 analogous
to that shown for ethylbenzene (Fig. 3) were monitored and, using the ap-
propriate calibration curves, the corresponding adsorption and desorption
curves of the type displayed for ethylbenzene in Figs. 8a,b obtained (see also
discussion of Fig. 29 below).

From the plateaux appearing for the various coverages at chosen tempera-
tures, adsorption isotherms could be derived. They were of the Freundlich–
Langmuir type, i.e., describable by an equation of the type shown in Eq. 1:

n = no ·b ·pm(1 + pm) , (1)

where n = coverage, no = maximum coverage, p = equilibrium partial pres-
sure of the adsorbate; m, b = specific constants.

A set of such isotherms is shown in Fig. 9 for the system ethylbenzene/
H-ZSM-5. From such sets, in turn, isosteres were constructed and isosteric
heats of adsorption, Qiso, determined via the Clausius–Clapeyron equation.
This is illustrated in Fig. 10 using the system ethylbenzene/H-ZSM-5 as an
example.

The results for the above-indicated three adsorbates are summarized in
Table 2 and compared with data provided by independent techniques and
reported in the literature (see [24, 25, 34–37]). The agreement is quite satis-
factory. This also holds for the diffusion coefficients, D0, the evaluation of
which will be discussed in Sect. 2.2.3.
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Fig. 8 Effect of temperature on the amounts (a, upper part) adsorbed and (b, lower part)
desorbed of ethylbenzene in ZSM-5 for different pressure jumps and three final partial
pressures (115, 230, and 460 Pa) and effect on the (corrected) diffusivities (vide infra).
The uptake curves 1, 2, 3, and 4 were determined at 355, 375, 395, and 415 K, respectively

2.2.1.2
Pyridine in H-MOR, H-ZSM-5, Li-ZSM-5, Na-ZSM-5, and Silicalite-1

Measurements of adsorption of pyridine into acid zeolites were severely im-
peded by the strong interaction of the adsorbate molecules with the adsorp-
tion sites, that is, centers of Brønsted and/or Lewis acid types, i.e., acidic
OH groups and only threefold coordinated framework Al or Al-containing
extra-framework species, respectively (“true” Lewis sites; see Vol. 4, Chap. 1,
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Fig. 9 Isotherms of ethylbenzene adsorption on H-ZSM-5 for various adsorption tempera-
tures: amounts adsorbed (mmol g–1) as a function of the ethylbenzene partial pressure
(Pa)

Fig. 10 Isosteres of ethylbenzene adsorption on H-ZSM-5 for various coverages

Sect. 5.5.2.6). As a consequence of this strong interaction, the hopping rate
of the adsorbate molecules, moving from one site to another, was found to
be rather low, and one has to accept correspondingly long times for equi-
libration. However, it turned out that the uptake was in no case reversible,
i.e., it could not be reversed through desorption at decreased adsorbate
pressures, even at the highest temperatures (575 K) which were experimen-
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Table 2 Isosteric heat, Qiso, and microcalorimetrically measured heat of adsorption, Qad,
of benzene, ethylbenzene, and p-xylene in H-ZSM-5

Sorbate Coverage Qiso Refs. Qad Refs.
[mmol/g] [kJ/mol] [kJ/mol]

Benzene 0.35 64±5 [33] 64.5±5 [33]
0.35 60 [34]

Ethylbenzene 0.35 82±5 [33] 86.5±5 [33]
p-Xylene 0.35 79±5 [24] 78±2 [35]

80 [36]

tally available (see Sect. 2.1.1 and [22–26]). Therefore, adsorption isotherms
for the systems pyridine/H-MOR or pyridine/H-ZSM-5 could not be ob-
tained [26]. This is a serious problem, since the adsorption of pyridine into
acid zeolites is a very popular procedure to indicate qualitatively through
the positions of the typical bands the Brønsted acid sites (pyridinium ion
band at 1545 cm–1) as well as the “true” Lewis acid centers (band of pyri-
dine coordinatively bound to extra-framework, aluminum-containing, and
electron-pair accepting species at 1450 cm–1) and, finally, the cations (bands
of pyridine attached to cations at 1441–1450 cm–1), as was discussed in Vol. 4,

Fig. 11 FTIR spectra of the ring deformation region after pyridine sorption into H-ZSM-5
(sample No. 3), Li-ZSM-5 (sample No. 5), and Na-ZSM-5 (sample No. 6) monitored
through the changes in the absorbance of the band at 1443 cm–1
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Chap. 1 of the present series (see also Fig. 11). Similarly, the amounts of
Brønsted and Lewis centers are often measured via pyridine adsorption,
and the strength of such acid sites in zeolites is frequently determined by
temperature-programmed desorption of previously adsorbed pyridine (see,
e.g., [38]).

The assumption that the strong interaction between the strongly acidic ad-
sorbent and the strongly basic adsorbate under our experimental conditions
was the reason for the failure to achieve reversibility was confirmed when ad-
sorbents with the same structure but lower (Li-ZSM-5 or Na-ZSM-5) or zero
acidity (silicalite-1) were employed [26]. Figure 12 demonstrates the perfect
reversibility of pyridine sorption into the slightly acidic Li-ZSM-5 zeolite.

Also, pyridine was reversibly adsorbed into the essentially nonacidic
silicalite-1 (sample No. 4), which has the same MFI structure as H-ZSM-5,
but no acid centers. A set of spectra of pyridine uptake into silicalite-1 was
scanned in short intervals and is displayed in Fig. 13.

The bands at 1595 and 1443 cm–1 are very close to those observed with the
slightly acidic samples Nos. 5 and 6 (see Table 1). They were easily removed
by short purging with helium or evacuation. From sets of spectra analogous
to those of Fig. 12 (reversible) uptake curves were obtained similar to those
of Fig. 8, and likewise isotherms (see, e.g., Fig. 14) and isosteres (Fig. 15) were
constructed therefrom.

Fig. 12 Curves obtained upon reversible uptake sorption (left side) and desorption (right
side) of pyridine into and out of Li-ZSM-5
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Fig. 13 Set of FTIR spectra of successive states of uptake of pyridine into silicalite-1 (sam-
ple No. 4)

Fig. 14 Isotherms of pyridine adsorption on Li-ZSM-5 (sample No. 5) at various tempera-
tures T, and described by a Langmuir–Freundlich equation (solid lines)
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Fig. 15 Isosteres of pyridine adsorption on Li-ZSM-5 (sample No. 5) for various coverages.
From the slopes isosteric heats of adsorption, Qiso, of 195–155 kJ mol–1 were derived,
depending on the coverage

2.2.2
Adsorption of Binary Mixtures by “Macro”-FTIR

2.2.2.1
Benzene/Ethylbenzene

The IR technique also enables us to determine the adsorption and desorp-
tion of binary mixtures, provided the IR spectra of the two components
were sufficiently different so that the spectra of the mixtures could be reli-
ably decomposed. This was, e.g., the case for the pairs benzene/ethylbenzene,
benzene/p-xylene, and ethylbenzene/p-xylene (compare, e.g., Figs. 3 and 16).

An example of isotherms for the mixture of benzene and ethylbenzene is
provided by Fig. 17. Also in this case, the isotherms were well described by
a Langmuir–Freundlich equation of the type shown in Eq. 2:

ni = noi×bi×pmi
i /(1 +

∑
j

bj×p
mj
j ) , (2)

where pi = equilibrium partial pressure of adsorbate, ni = coverage with ad-
sorbate, noi = maximum coverage with adsorbate, bi, mi = constants specific
to the adsorbate, and j = number of adsorbate (see [22]).

The adsorption isosteres for ethylbenzene (see Figure 18), adsorbed from
a benzene/ethylbenzene mixture into H-ZSM-5, provided isosteric heats of
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Fig. 16 Set of FTIR spectra indicating successive states of sorption of benzene into
H-ZSM-5 at 415 K (0, 1, 2, 3, 4: after 0, 18.5, 48.1, 64.8, and 871.5 s, respectively). Pressure
jump: from 0 to 1.15 mbar partial pressure of ethylbenzene in helium stream; “thickness”
of the sample wafer: 10 mg cm–2 (corresponding to about 0.1 mm)

Fig. 17 Isotherms for the mixed adsorption at 415 K of benzene and ethylbenzene on sim-
ultaneous changes of the partial pressures of the components

adsorption of about 63–70 kJ mol–1, which were definitely lower than that of
pure ethylbenzene (82 kJ mol–1) due to the effect of the simultaneously ad-
sorbed benzene (see Table 2).
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Fig. 18 Sorption isosteres of the sorbate ethylbenzene from simultaneous sorption of the
binary mixture of ethylbenzene and benzene; pressure as a function of the reciprocal
temperature at constant loading (in mmol g–1): (1) 0.10; (2) 0.15; (3) 0.20; (4) 0.25; (5) 0.30

2.2.3
Adsorption and Desorption Kinetics of Single-Component Adsorbates

2.2.3.1
Diffusion of Benzene, Ethylbenzene, and p-Xylene in H-ZSM-5 by “Macro”-FTIR

From sets of spectra such as those shown in Fig. 3 and uptake curves dis-
played by Fig. 8 not only isotherms and isosteres could be derived, using the
respective plateaux for the temperatures and pressures indicated, but also
from the ascending branches (measured via FTIR after an upward pressure
jump) or the descending branches (determined after a downward pressure
jump) the kinetics of adsorption and desorption into zeolitic pores could
be derived. These processes were assumed to be diffusion controlled. Their
evaluation required a fit of the appropriate solution of Fick’s second law as
provided by Crank [39] to the experimentally measured uptake (or removal)
points, which are indicated in Fig. 6 by filled crosses for the case of ethylben-
zene uptake.

The solid curve in Fig. 6 represents the solution of Fick’s second law
adopted for the present experiments (Eq. 3, cf. [22, 23]):

C = –
2D
ra

∞∑
n=0

(– 1)n e– Dn2π2t
a2 nπ∗ sin

nπr
a

t∫

0

e
Dn2π2λ

a2 φ(λ)dλ , (3)
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where C, D, t, r, a, and φ(λ) denote concentration, diffusion coefficient, time,
radius coordinate, radius of the crystallite, and a function accounting for
the time lag, respectively (see above, Fig. 6). D is first assumed to be in-
dependent of coverage. The time lag was best described by an exponential
function, Eq. 4:

φ(t) = C0(1 – e–βt) , (4)

where C0 and β stand for the surface concentration and a time constant, re-
spectively.

In the case of the FTIR microscopic experiments, where a relatively small
cell was employed (see Sect. 2.1.1), the time constant could be reproducibly
determined as β ≈ 0.6 s–1. The evaluation proceeds analogously in the case of
desorption upon downward pressure jumps. More details concerning the data
evaluation are provided by Niessen [22] and Karge and Niessen [23, 24].

Thus, from the procedure of fitting the experimental data, two parameters
were obtained, viz. β (typical of the time lag, vide supra) and D, the unmod-
ified (vide infra) transport diffusion coefficient. The time lag, characterized
by β, is due to the fact that after increasing or decreasing the partial pressure
of the adsorbate in the gas stream, the corresponding surface concentration
on the adsorbent surface is not instantaneously established but only after
a finite (measurable) time (cf., e.g., Figs. 3 and 6). The transport diffusion co-
efficient D is frequently transferred by Eq. 5 (see [40]) into a modified, i.e.,
so-called corrected, diffusivity D0. Equation 5 is called the Darken equation
even though, in fact, its origin goes back to Maxwell, Stefan, and Einstein. The
aim is to eliminate a possible dependence on the coverage and obtain the so-
called intrinsic diffusion coefficients, D0, which should allow a comparison
with diffusivities obtained under equilibrium conditions, e.g., by PFG NMR
or QENS, i.e., the self-diffusion constants. In fact, the thus-modified diffusiv-
ity is found in many cases, but not always, to approach the self-diffusivity.
Equation 5 is given as:

D = D0(∆ ln p)/(∆ ln C) , (5)

where D0 is the “corrected” diffusion coefficient, p the partial pressure of the
adsorbate in the gas phase, and C the adsorbate concentration in the sample.
For such corrections, the IR-determined adsorption isotherms may be used.

In Fig. 8, a set of uptake curves for ethylbenzene adsorbed and desorbed at
various temperatures after various partial pressure changes has already been
shown. The diffusivities of benzene and p-xylene derived from IR measure-
ments in the same way as described for ethylbenzene are collected in Tables 3
and 4. Table 3 includes data for single-component diffusion as well as for co-
and counter-diffusion (see Sect. 2.2.4.1)

Similar to the conclusions drawn from Table 2 (vide supra) with respect to
the caloric effects, we now find in view of Table 4 that the good agreement
between the diffusivities obtained for benzene in MFI structures through
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Table 3 Diffusivities of benzene (B), ethylbenzene (EB), and p-xylene (p-X) upon pressure
jumps of ∆p[B] = ∆p[EB] = ∆p[p-X]: 0 → 115 Pa, H-ZSM-5 (sample No. 1) at 395 K (for
more data and experimental details, see [22–24, 34])

n (B) D0 (B) n (EB) D0 (EB) n (p-X) D0 (p-X)
Type [mmol g–1] [cm2 s–1] [mmol g–1] [cm2 s–1] [mmol g–1] [cm2 s–1]

a 0.16 6.8×10–10 0.32 5.8×10–10 0.33 1.5×10–9

b 0.03 – 0.30 3.5×10–10 0.29 1.3×10–9

c 0.02 2.0×10–10 0.30 2.0×10–10

0.05 8.0×10–10 0.30 8.0×10–10

a Single-component diffusion
b Co-diffusion (B + EB or B + p-X)
c Counter-diffusion (B vs EB or B vs p-X, i.e., B preadsorbed under p[B] = 115 Pa)
n Coverage

Table 4 Diffusivities of benzene in H-ZSM-5 or silicalite-1 and comparison with literature
data

Authors Karge, Bülow Zikánová Förste Ruthven Shen et al. [37]
Niessen et al. et al. [35] et al. [6] et al. [43] Van-Den-Begin
[22, 23] [41, 42] et al. [44]

Method FTIR V = const. Grav., NMR tracer ZLCa FR
p = variable piezo.

D0 5.3×10–10 6×10–10 6×10–10 (5–9) ×10–10 2×10–9 1.4×10–9

[cm2 s–1]
TDiff. 375 363 363 386 373 375
[K]
n [molec./ 1.4 2.0 1.4 4 – 1.4
u.c.]

a Silicalite-1

the IR technique described on the one hand, and those determined by var-
ious independent methods (see [6, 22, 23, 35, 37, 41–44]) on the other, sug-
gests a high reliability of the IR spectroscopic method. This also gives con-
fidence in the reliability of the diffusion coefficients of ethylbenzene, D0
(EB), and p-xylene, D0 (p-X), determined via IR measurements (see Table 3)
and, furthermore, in the diffusion coefficients obtained for the cases of co-
and counter-diffusion, i.e., for the kinetics of simultaneous adsorption or
desorption of the mixtures benzene/ethylbenzene or benzene/p-xylene (see
Sect. 2.2.4.1). For example, it should be mentioned here that Schumacher
and Karge [45] obtained with the same adsorbent and adsorbate as used
in the FTIR study, but through a rather sophisticated barometric meas-
urement, an only slightly lower diffusion coefficient for ethylbenzene than
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that listed in Table 3, viz. (1.3 ± 0.2)×10–10 cm2 s–1 (EA = 34 ± 3 kJ mol–1).
Mirth and Lercher [46] and Gründling et al. [47, 48] extracted from time-
resolved FTIR spectroscopic measurements diffusion coefficients of toluene
(T) and xylenes (X) in H-ZSM-5. With toluene taken up at 320 K into sin-
gle crystals of H-ZSM-5, these authors found D(T) ≈ (3.9–11)×10–10 cm2 s–1,
in reasonable agreement with literature data obtained by different tech-
niques. The diffusivities of p-xylene reported in [46–48] were in the order
of 10–11–10–12 cm2 s–1 and seemed to be too low. However, in later meas-
urements [49] and under similar conditions, Lercher and coworkers arrived
at D(p-X) ≈ 1.5×10–9 cm2 s–1, which is very close to the value given in
Table 3.

Since there are, in uptake curves like that of Fig. 8, ascending and descend-
ing branches appearing at various experimental temperatures, the diffusion
coefficients could also be obtained for a variety of temperatures. From an
Arrhenius plot, D0 vs 1/T, the activation energies of diffusion, EA, were
derived and collected in Table 5. Again, these data are in excellent agree-
ment with results reported from measurements by completely independent
techniques.

As mentioned in Sect. 1, the FTIR spectroscopic technique enables us
to study mass transport phenomena as well as chemical conversions in
situ, i.e., at or close to reaction conditions at which the IR cells may
be operated as (micro-) flow-through reactors. An example is the study
of coke formation during ethene or ethylbenzene conversion on H-ZSM-5
and the simultaneous measurement of the decrease of reactant diffusivi-
ties [15]. The EB conversion was monitored at 475 and 575 K, resulting
in two types of coke distinguished by their IR spectra. The amount of
coke was measured through the absorbance of the so-called coke band at
1610 cm–1 (Fig. 19). The diffusivities of ethylbenzene in the weakly cok-
ing catalyst, H-ZSM-5, decreased with increasing time of coking (see Fig-
ure 20 and Table 6) and, in fact, linearly with the amount of coke de-
posited.

Table 5 Activation energies for diffusion of benzene, ethylbenzene, and p-xylene in
H-ZSM-5

Sorbate EA Refs. EA Refs.
[kJ mol–1] [kJ mol–1]

Benzene 23 [22, 34] 26 [34]
27 [41]
27 [43]

Ethylbenzene 31 [22, 34] 30 [43]
p-Xylene 30 [24] 30 [43]



160 H.G. Karge · J. Kärger

Table 6 Correlation between coke formation, diffusivity, and sorption capacity after cok-
ing via ethylbenzene conversion at 575 K

Expt. tcoking A[1490] A[1610] n∝ [EB] ∆n/n D0 [EB]
no. [h] ×103 ×103 [mmol g–1] [%] ×10–10

[cm2 s–1]

1 – – – 0.31 – 5.5
2 3.0 1.2 0.1 0.29 6 5.5
3 13.0 2.7 0.5 0.27 13 5.5
4 25.5 3.7 0.7 0.27 13 5.5
5 42.5 4.8 0.8 0.25 20 5.3
6 70.0 6.0 1.0 0.24 23 4.3
7 104.0 7.8 1.2 0.22 29 2.7

(1) Freshly activated sample; (2)–(7) coked samples. tcoking: time on stream during cok-
ing; D0 [EB]: Fickian diffusivity of ethylbenzene; n: sorption capacity for ethylbenzene at
Tdiff = 395 K under ∆p [EB] = 0 → 115 Pa; ∆n/n: percentage of loss of sorption capacity;
A[1490], A[1610]: maximum absorbance of typical coke bands at 1490 and 1610 cm–1, re-
spectively, as a measure of coke deposited. The error of the diffusivity values is about
±0.5×10–1 cm2 s–1

Fig. 19 Set of spectra obtained after coking due to ethylbenzene conversion at 575 K over
H-ZSM-5 (sample No. 3). The spectra obtained after activation and after 25.5 h of time on
stream (see Table 6) are omitted for the sake of clarity
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Fig. 20 Uptake curves for ethylbenzene in freshly activated and coked H-ZSM-5 (sam-
ple No. 3). The curves obtained after 25.5 and 104 h of time on stream (see Table 6) are
omitted for the sake of clarity

2.2.3.2
Diffusion of Pyridine in H-ZSM-5, H-MOR, Na-ZSM-5, Li-ZSM-5, and Silicalite-1
by “Macro”-FTIR

As mentioned earlier, the lack of reversibility is a severe hindrance in ob-
taining reliable adsorption isotherms of pyridine in acid zeolites such as
H-MOR or H-ZSM-5. The same problem arises with the kinetics investigation
of adsorption of pyridine into and desorption out of acid zeolites. However,
compared to earlier attempts [10], considerable progress was achieved when,
upon a modification of the IR flow cell, the application of a higher experi-
mental temperature became possible [26]. An example of pyridine uptake
into H-ZSM-5 at 575 K is demonstrated by Fig. 21. Compared to the earlier
study [10], the higher adsorption temperature (575 K instead of 395–475 K)
enabled a description of the kinetics of the pyridine uptake using only
one, i.e., a unique “noncorrected” transport diffusion coefficient D, for the
whole process. This holds both for the pyridine uptake via Brønsted (B) and
Lewis (L) acid centers (PyB) and (PyL), respectively. Note, however, that the
process of uptake of pyridine, even though described by a solution of Fick’s
law, is not reversible, i.e., pyridine was not desorbable at the same tempera-
ture at which it had been sorbed. A tentative explanation is given below.

The diffusion coefficients were found to be of the order of 5×10–11 cm2 s–1,
which seems reasonable when compared with the diffusivities obtained for
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Fig. 21 Uptake of pyridine into H-ZSM-5 as a function of the square root of time mon-
itored by the increase of the absorbance of the typical bands at 1541 cm–1 (pyridine
reacted with Brønsted sites to give pyridinium ions, PyB, crosses ++++) and 1453 cm–1

(pyridinium attached to Lewis sites, PyL, crosses ××××) described by a solution of
Fick’s second law (solid line)

benzene, ethylbenzene, or p-xylene (see Table 3). In the case of pyridine
taken up by H-mordenite at 525 K a diffusion coefficient of 1×10–12 cm2 s–1

was determined, almost coincident with a very early result by Klose and
Karge [10]. However, this agreement might be fortuitous, since the uptake
was, even at 575 K, still not reversible, and the amount adsorbed could not
be removed by a corresponding decrease of the partial pressure (vide supra).
In other words, in the case of pyridine in acid zeolites the diffusion model
of “random walk” seems to be not applicable at the temperatures attainable
so far. The fact, however, that the adsorption step was quantitatively repro-
duced and described by the solution of Fick’s second law (Eq. 3) might be
explained in the following way. The observed behavior is possibly indicative
of a mechanism where a rather slow migration of the adsorbate is followed
by a very rapid (and irreversible) reaction with strongly acidic Brønsted
and/or Lewis centers. In this sense, the diffusion of pyridine may be the rate-
determining step in the overall uptake process of pyridine into H-mordenite
and H-ZSM-5.

When the strong acidity of the MFI zeolite (H-ZSM-5) was removed via
ion exchange, as in the case of Li-ZSM-5 or Na-ZSM-5, or was intrinsically
absent, as in the case of silicalite-1, adsorption of pyridine was entirely re-
versible, and reasonable (“corrected”) diffusion coefficients were obtained. As
an example, Fig. 12 illustrates the reversible pyridine adsorption into and de-
sorption out of Li-ZSM-5. The diffusion coefficient of pyridine transport in
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Fig. 22 Uptake of pyridine into Li-ZSM-5 (sample No. 5) as a function of the square root
of time monitored through the increase of the absorbance of Py → Li band (×××××)
at 1441 cm–1 and fitted (solid lines) by a solution of Fick’s second law according to Eqs. 3
and 4

Table 7 Diffusivities of pyridine in various zeolites

Sample no. Zeolite Temperature Diffusivity Uptake
[K] [cm2 s–1]

1 H-ZSM-5 575 4×10–11 irreversible
2 H-mordenite 525 1×10–12 irreversible
4 Silicalite-1 525 2×10–9 reversible
5 Li-ZSM-5 575 8×10–12 reversible
6 Na-ZSM-5 575 2×10–11 reversible

Li-ZSM-5 was determined as 8.0×10–12 cm2 s–1 (Fig. 22). The diffusivities of
pyridine in all adsorbents investigated are listed in Table 7.

2.2.3.3
Diffusion of Paraffins in H-ZSM-5 by “Micro”-FTIR

The diffusion of paraffins was investigated by micro-FTIR spectroscopy. In
Fig. 23, spectra of the freshly activated, unloaded zeolite sample No. 7, as well
as of the otherwise unchanged sample after admitting a partial pressure of
3.1 mbar of n-hexane, are presented. The experimental resolution was 2 cm–1.
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Fig. 23 Monitoring the absorbance of an H-ZSM-5 sample during uptake of n-hexane at
398 K via micro-FTIR spectroscopy; 3.1 mbar partial pressure of n-hexane in a helium
flow (100 ml min–1)

Although 25 spectra were accumulated, the signal-to-noise ratio is, due to the
small sample area of about 20 µm×20 µm, rather low.

The band at 2350 cm–1 is attributed to CO2 present in the beam path within
the IR microscope. The spectrum of the freshly activated sample exhibits IR
bands at 2007, 1882, and 1644 cm–1, which may be attributed to overtones
of zeolite framework vibrations [52, 53]. The broad feature at 3500 cm–1 is
due to Si(OH) groups of lattice defects [44]. After equilibration of the sam-
ple with 3.1 mbar of n-hexane, the positions and relative intensities of the IR
bands mentioned remain essentially unchanged. Additionally, the spectrum
shows the IR bands characteristic of n-hexane, i.e., the asymmetric vibrations
of the CH3 and CH2 groups at ν = 2960 and 2930 cm–1, respectively, and the
symmetric counterparts at ν = 2890 and 2870 cm–1 (see Vol. 4, Chap. 1 of the
present series).

Thus, by referencing the absorbances of the unloaded sample to those of
the unloaded one, any influence of the adsorbent on the IR absorbances is
eliminated, and the amount of sorbate may be deduced simply from the in-
tensity of the characteristic IR bands. In the case of the single component
n-hexane, the asymmetric vibration of the methyl group, νCH3

as , was evaluated.
To illustrate the quality of the data, no accumulation and/or averag-

ing of the absorbances were carried out. For the sorbates n-heptane (see
Fig. 24), n-octane, and n-nonane similarly well-fitted uptake curves were
obtained [32]. In Fig. 25, the uptake curves for n-hexane into sample No. 7
at various sorption temperatures are presented. The symbols denote the
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Fig. 24 Uptake curve of n-heptane into H-ZSM-5 at 325 K as measured via micro-FTIR
spectroscopy. Solid line: calculated uptake curve; ∆: experiment

experimental data; the corresponding calculated uptake curves, the fitting of
which provides the transport diffusivities , D, are plotted as solid lines.

Since the amount of sorbate decreases with increasing sorption temperature,
the signal-to-noise ratio deteriorated. Also, crystals of lower quality caused in-
creased scatter. In such cases repeated uptake runs may be performed to reduce
the experimental error. Repetition of the uptake runs is easily performed if the
sorbate can be completely removed by short purging with pure carrier gas. This
holds, e.g., for n-hexane, n-heptane, and neopentane, whereas n-octane and
n-nonane desorbed at lower temperatures only to about 70%, and raising the
temperature to 475 K for a time of 5 min was necessary to recover the unloaded
zeolite. Thus, only uptake of n-hexane and n-heptane is, in a strict sense, re-
versible in that at the temperature of adsorption by successive lowering of the
sorbate partial pressure the uptake curve is exactly passed through by small
steps but in a reverse direction. The above-mentioned reduction of the scat-
ter of the experimental uptake curves could also be achieved by superimposing
results obtained with more than one large crystal.

The results presented here were not subject to a Darken correction (vide
supra, Eq. 4), which generally accounts for a nonlinearity of the adsorption
isotherms . In previous experiments, it was established that for the partial
pressures employed in the experiments described in this section, the adsorp-
tion isotherm may be considered as linear.

All sorbates exhibited transport diffusivities of the order 10–8 cm2 s–1, in-
creasing with increasing temperature. The errors of the transport diffusion
coefficients are estimated to be ±0.75×10–8 cm2 s–1 in the case of n-hexane
and n-heptane. Due to the lower absolute absorbance in the case of n-octane
and n-nonane, the estimated error is higher, viz. ±1.25×10–8 cm2 s–1. The re-
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Fig. 25 Uptake of n-hexane under 3.1 mbar partial pressure with helium as carrier gas
at various sorption temperatures monitored via micro-FTIR spectroscopy. Solid lines:
calculated uptake curves; symbols: ∆ = 398 K, ♦ = 423 K, ◦ = 448 K, � = 473 K

sults obtained via the technique of micro-FTIR spectroscopy agree well with
data obtained by other uptake techniques. Van-Den-Begin et al. [44] reported
a (corrected) transport diffusion coefficient of 2×10–7 cm2 s–1 for n-hexane in
single crystals of silicalite-1 at a sorption temperature of 379 K, measured by the
single-step frequency response technique. The application of the ZLC method
by Eic and Ruthven [54, 55] resulted in an intracrystalline transport diffusivity
of 10–8 cm2 s–1 at a sorption temperature of 334 K. (Generally, the diffusivities
in silicalite-1 are found to be a little higher than in H-ZSM-5.) The diffusivi-
ties determined for n-hexane, n-heptane, n-octane, and n-nonane at various
temperatures are listed in Table 8. Jobic et al. [56] measured by QENS diffusiv-
ities which were about one order of magnitude higher; (cf. also discussion in
Chapter 5 of this volume).

Table 8 Transport diffusivities of n-paraffins in single crystals of H-ZSM-5

N a
Carbon 6 7 8 9

TDiff [K] Transport diffusivities [10–8 cm2 s–1]

398 4.5 3.0 2.7 1.5
423 6.2 3.5 3.0 2.3
448 8.0 4.1 3.0 2.6
473 9.5 6.0 5.0 3.3
EA [kJ mol–1] b 15.6 14.6 16.9 16.4

a NCarbon: number of carbon atoms in the paraffin chain
b EA: activation energy of diffusion
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Fig. 26 Arrhenius plot of transport diffusivities of n-paraffins (n-hexane, n-heptane,
n-octane, n-nonane) in H-ZSM-5 single crystals

From the uptake curves of the four n-paraffins (as shown, e.g., in Figs. 24
and 25 for diffusion of n-heptane and n-hexane, respectively) into H-ZSM-5
as a function of adsorption temperature, the corresponding Arrhenius plots
were derived and are shown in Fig. 26.

Table 8 also summarizes the activation energies, EA, which do not exhibit
any apparent dependence on the chain length. This behavior was also stated
by Eic and Ruthven [54, 55], who found an increasing activation energy for
the diffusion of paraffins in silicalite-1 up to n-hexane and a leveling off for
carbon numbers greater than six. For n-pentane, these authors determined
EA = 19.3 kJ mol–1.

2.2.4
Kinetics of Adsorption and Desorption of Adsorbate Mixtures

2.2.4.1
Co-diffusion of Benzene, Ethylbenzene, and p-Xylene by “Macro”-FTIR

In a co-diffusion experiment, first the spectrum of the pure, activated adsor-
bent wafer is scanned, and then the desired pressure jumps of both adsorbates
are simultaneously realized, followed by monitoring the uptake of both com-
ponents through their IR spectra. An example is provided in Fig. 27, where
the co-diffusion of benzene (monitored by the development of the band
at 1478 cm–1) and p-xylene (monitored by the development of the band at
1516 cm–1) is described.

In cases of co-diffusion such as that illustrated in Fig. 27, one frequently
encounters the phenomenon of “overshooting” for the following reason. At
higher coverages the more strongly interacting component, which is in the
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Fig. 27 Set of spectra monitored via macro-FTIR spectroscopy during co-diffusion of ben-
zene (partial pressure: 460 Pa) and p-xylene (partial pressure: 115 Pa) from a gas stream
(with helium as carrier gas) into H-ZSM-5. First, benzene is preferentially sorbed, then it
is partially replaced by p-xylene, which is more strongly interacting with the adsorbent
(see Fig. 28)

present case p-xylene exhibiting Qiso = 80 kJ mol–1, starts to replace a frac-
tion of the component with the weaker interaction, here benzene with Qiso =
64 kJ mol–1. A similar behavior was observed when ethylbenzene and ben-
zene were co-diffusing [22, 23]. Ethylbenzene interacted more strongly with
the sorbent than benzene. Thus benzene, having the somewhat higher dif-
fusion coefficient, migrates initially more rapidly into the H-ZSM-5 pore sys-
tem, but is subsequently replaced to some extent by more strongly adsorbed
EB molecules (Qiso(EB) > Qiso(B)). This effect was expected from theoretical
considerations [57–59]. The evaluation of diffusion coefficients in cases of
co-diffusion follows essentially the same procedure as in the treatment of
single-component diffusion. Some results are incorporated into Table 3 (vide
supra).

2.2.4.2
Counter-Diffusion of Benzene vs Ethylbenzene, Ethylbenzene vs Benzene,
Benzene vs p-Xylene, and p-Xylene vs Benzene by “Macro”-FTIR

A counter-diffusion experiment is usually conducted as follows. First, the
activated adsorbent wafer is loaded at a given experimental temperature
with a certain amount of component 1 (e.g., benzene) according to a cer-
tain partial pressure jump of this component in the gas stream (vide supra).
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Fig. 28 Co-diffusion of p-xylene and benzene. Uptake from a mixture of benzene and
p-xylene as a function of the square root of time at 395 K but for two different partial
pressures of benzene in the mixture. The “overshooting” of benzene sorption is clearly
demonstrated (see text)

Second, when a stationary state is reached, i.e., no further changes in the
spectra observed, component 2 (e.g., p-xylene) is admitted to the main gas
stream via injecting an appropriately prepared partial stream with compon-
ent 2. Then, component 2 travels into the adsorbent and replaces part of the
preadsorbed component 1. Thus, component 1 produces a descending branch
(here, decreasing absorbance of the typical band at 1478 cm–1), whereas the
in-going component 2 gives rise to an ascending branch of the uptake curve
(i.e., increasing absorbance of the typical band at 1516 cm–1) as shown by
Fig. 29 [24]. From both branches the respective diffusion coefficients can be
evaluated in essentially the same manner as that described for the adsorption
kinetics of single-component systems. Data for the systems investigated are
incorporated into Table 3 (vide supra).

It is worth noting that the last desorption step (part b of Fig. 29) yielded
significantly lower diffusivities than part a with the ascending branch for the
first uptake step of p-xylene. Similar phenomena were observed with other
systems (cf. similar features in, e.g., Fig. 8). Note, however, that these differ-
ences between the results obtained in adsorption and desorption decrease
with respect to the subsequent pressure jumps. The observed effect is most
likely due to a strong interaction of the adsorbate molecules with a small
fraction of rather strong adsorption sites of the adsorbent, so that it is diffi-
cult to remove the very last molecules by desorption. Their slow hopping via
these strong sites reduces the diffusion coefficient. This assumption is sup-
ported by the observation that the range of deviation of the data obtained
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Fig. 29 Counter-diffusion of p-xylene versus benzene in H-ZSM-5. Amount adsorbed
from a gas mixture in adsorption (a) and desorption (b) experiments with p-xylene as
a function of the square root of time

by desorption could be very much reduced when smaller jumps of decreas-
ing pressures were chosen, for instance 115 → 57.5 Pa, 57.5 → 28.5 Pa, and
28.5 → 0 Pa. Then, the reduced diffusivities were observed only for the very
last jump, indicating that only a small fraction of strong sites were operative.
Note that the differences in the data of the first adsorption and last desorp-
tion steps were almost absent when the sample was cleaned by purging with
helium after a first run and the adsorption/desorption cycle was repeated in
a second run. A similar effect was observed when the sample activated in
a flow of pure helium was first contacted at the adsorption temperature, Tad,
with a helium stream containing a small sorbate partial pressure (e.g., upon
a pressure jump ∆pi: 0 → 1.15 Pa for 0.5 min), which was followed by purg-
ing again with pure helium. In such cases, the very strong adsorption sites
were already occupied prior to the first pressure jump to start the adsorp-
tion/desorption cycle.

Analogous counter-diffusion experiments were also performed with
the sorbate pairs benzene vs ethylbenzene and ethylbenzene vs benzene
(see [22, 23, 34]).

2.2.4.3
Counter-Diffusion of n-Hexane vs Neopentane and Neopentane vs n-Hexane
by “Micro”-FTIR

Experiments devoted to the phenomena of co- and counter-diffusion using
the micro-FTIR technique were basically performed in the same way as
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described above for the macro-FTIR method. As a particularly interesting ex-
ample we have selected the systems n-hexane vs neopentane and neopentane
vs n-hexane, respectively, in H-ZSM-5 [60].

Figure 30 demonstrates that the IR features of n-hexane and neopentane
are sufficiently different to monitor the changes in their absorbances when
both components are present in the adsorbent. The respective bands were de-
composed by an appropriate computer program. For the determination of the
amounts of neopentane, the band of the asymmetric vibration of the methyl
group, ν

CH3
as , at 2960 cm–1 and for that of n-hexane the band of the asymmet-

ric vibrations of the CH2 group at 2930 cm–1 were used.
As can be recognized from Fig. 31, the adsorbent single crystal was, after

activation at 675 K, preloaded with neopentane (at 475 K and under a partial
pressure of neopentane, pNEOP ≈ 3.1 mbar). Subsequently, a partial stream of
helium loaded with n-hexane (3.1 mbar) was injected. The sorbate n-hexane
replaced the preadsorbed neopentane almost completely; only a few percent
neopentane was left inside the zeolite adsorbent.

The reverse experiment showed that neopentane was, under the given
conditions, unable to replace any of the preloaded n-hexane. Admission of
neopentane did not change the steady-state concentration of the preloaded
n-hexane, but led to an additional uptake of neopentane (see Fig. 32).

It may be tentatively assumed that the interaction of n-hexane with the
adsorbent H-ZSM-5 is considerably more intense than that of neopentane.
Most probably, n-hexane possesses a distinctly higher number of centers of
possible interaction with the adsorbent. Compared to n-hexane, neopentane

Fig. 30 Difference in the IR absorbance spectra of n-hexane (upper spectrum) and
neopentane (lower spectrum) in H-ZSM-5
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Fig. 31 Counter-diffusion of neopentane (preloaded) versus n-hexane (subsequently ad-
mitted) in H-ZSM-5

Fig. 32 Counter-diffusion of n-hexane (preloaded) versus neopentane (subsequently
admitted)

is a spherelike molecule with CH3 groups in its outer shell with only a few
possible contact sites. On the contrary, the shape of a chain of two CH3 groups
and four CH2 groups provides distinctly more centers for possible contact
with sites of the adsorbent, i.e., the H-ZSM-5 zeolite. In this context, it would
be certainly very interesting to determine and compare, for instance, the
heats of adsorption of both components.
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3
Unprecedented Insight by Interference Microscopy

3.1
Experimental

The application of interference techniques to diffusion measurements in li-
quids was established more than a century ago [61, 62], and first efforts
to transfer this measuring principle to zeolites date back to the late 1970s
[18, 19]. It was, however, not before the beginning of the new millennium that
interference microscopy showed it is going to evolve into a most powerful
technique for both diffusion measurement and structural characterization.
This progress is in particular based on the synergism resulting from the
joint application of interference and IR microscopy [63–65], which has be-
come possible by exploiting the technical progress in interference microscopy
[20, 66–68].

Figure 33 illustrates the application of interference microscopy to diffusion
studies with nanoporous materials. The technique is based on the analy-
sis of the interference pattern generated by the superposition of two light
beams, one passing through the crystal and the other passing through the sur-
rounding atmosphere. Since the optical density depends on the concentration

Fig. 33 Schematics of interference microscopy. a Two light beams, one passing through
the crystal and the other through the surrounding atmosphere. b The interference micro-
scope. c Interference patterns generated due to different optical properties of the media
passed by the two beams. d Concentration profiles calculated from the changes in inter-
ference patterns with time
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of the guest molecules, changes in local concentration appear directly as
corresponding changes in the interference pattern (see Fig. 33b,c). It is there-
fore possible to deduce the concentration profiles (see Fig. 33d) from the
measured changes in the interference pattern. The quantity directly acces-
sible is the integral of the concentration through the crystal along the light
path (this means the x direction in Fig. 33a) with a spatial resolution of
∆y×∆z = 0.5×0.5 µm2. If, due to a corresponding blockage of the relevant
crystal faces or because of the architecture of the pore system, diffusion in
the x direction is prohibited, there will be no variation of concentration in
this direction. In this case, interference microscopy yields directly the local
concentrations C(y,z). Such a situation occurs for materials with pore systems
consisting of arrays of either parallel channels or two-dimensional channel
networks (as assumed in Fig. 33a) if one is able to observe perpendicular to
the channel axes.

For the measurements, about 100 crystals are placed in an optical vacuum
cuvette connected to a vacuum system consisting mainly of a gas reservoir,
a pressure sensor, and a turbo-molecular pump. The system allows the sor-
bate pressure in the cuvette to be changed rapidly (a step change initiating
sorbate uptake or release) or to be maintained constant. The concentration
integrals are measured of an individual crystal.

The optical cuvette has to be placed within the narrow space given by
the optical device. This spatial confinement complicates temperature con-
trol. Hence, so far all measurements have been performed at room tem-
perature. Another experimental limitation results from the extremely small
size—and, hence, from the extremely small sorbate capacity—of the objects
of investigations, namely the individual crystal. Thus, even spurious amounts
of contamination within the sorbate supply or on the vessel surface may
have a dramatic effect on the crystal under study. As an example, isobutane
uptake on single crystals of silicalite-1 has been found to be dramatically
retarded by spurious amounts of water molecules [69], which remained com-
pletely invisible for a larger assemblage of crystals, even if amounting to
not more than a couple of milligrams. The problem is aggravated by the
limited thermal stability of the optical cell, which allows in situ sample ac-
tivation only under rather moderate conditions with temperatures of up to
typically 200 ◦C maximum. It was in particular under these conditions where
IR microscopy turned out to be essential for the development of interfer-
ence microscopy. As extensively illustrated in the previous sections of this
chapter, in contrast to interference microscopy, IR spectroscopy is sensi-
tive to the different molecular species. Thus, application of IR spectroscopy
under the same experimental conditions reveals the real nature of the guests
on the crystal under study during the measurements. In this way, IR mi-
croscopy proves to be invaluable for elaborating those experimental condi-
tions in which all corrupting effects by “unwanted” guest molecules may be
excluded [63–65, 70–72].
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Finally, one has to mention that interference microscopy is only able to
record relative changes in sorbate concentration. Hence, the joint applica-
tion of interference and IR microscopy turns out to be indispensable for
the determination of the absolute loadings under which the experiments are
performed.

3.2
Probing Zeolite Structures by Diffusion Measurements

3.2.1
Intergrowth Effects in MFI-Type Zeolites

Crystals of MFI-type zeolites are often found to reveal an internal hour-
glass structure as illustrated by the specimens shown in Fig. 34. By structure
analysis, this peculiar behavior has been revealed to be caused by regular
intergrowth effects [33, 73, 74]. As a consequence, the individual zeolite “crys-
tals” turn out to be composed of several subunits. Figure 35 displays how
these subunits ally to the well-shaped body which thus appears to be a perfect
single crystal [73]. After subjecting such crystals to an iodine atmosphere,
in [75] the interfaces between the subunits were found to be essentially im-
mediately accommodated by iodine molecules. This most spectacular finding
prompted the question whether molecular uptake by MFI-type zeolites may
possibly proceed “the other way around”, namely along gaplike interfaces di-
rectly into the very center of the particles, rather than through the particle’s
external surface. The particular explosiveness of this conception lies in the
option that, like in metals by grain boundary diffusion [76], the rates of mo-
lecular uptake would be essentially useless for the exploration of the rate of
intracrystalline diffusion. With the clarification of this issue [77], interference

Fig. 34 Microscopic images of a typical silicalite-1 crystal in two different orientations.
The hourglass structure is made visible by using the shearing mechanism of the micro-
scope. The length scale in the x, y, and z directions is shown in micrometers
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Fig. 35 Schematic representations of the internal structure of silicalite-1 crystals:
a according to [73–75]; b according to [33]

microscopy—in combination with dynamic Monte Carlo simulations—gave
a first example of its potential for structural elucidation.

Figure 36 compares the actual measurements of transient concentration
profiles during molecular uptake by a silicalite-1 crystal as displayed in Fig. 34
with uptake simulations. The diagrams show the integrals of concentration
in the x direction as a function of z (this is in longitudinal extension of the

Fig. 36 Intracrystalline concentration profiles of isobutane in silicalite-1 along the
z direction during adsorption: a,b profiles measured by interference microscopy; c,d
simulated profiles, assuming that the internal interfaces serve only as transport barriers.
For the simulated profiles the time unit is 103 elementary diffusion steps. The equilibrium
values of C(y, z) after the end of adsorption are equal to 1
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crystal) along the central line (y = 9.8 µm) and about half way to the surface
plane (y = 4.4 µm). The simulations have been performed by assuming ei-
ther a moderate transport resistance along the interfaces or rapid diffusion so
that the interfaces immediately equilibrate with the external gas phase [77].
Comparison with the experimental results (Fig. 36a,b) yields accordance with
the behavior expected for moderate transport resistances (Fig. 36c,d), while
the option of uptake accelerated by fast diffusion along the interfaces (which
would result in internal maxima of concentration) may definitely be ruled out.
In contrast to the small iodine atoms which, obviously, are able to slip along
the plane of the interfaces, the diffusion of the considered alkane molecules
is in no way promoted by the existence of the interfaces. For the speci-
mens under study, these internal interfaces rather exhibit a slight transport
resistance.

3.2.2
Intergrowth Effects in AFI-Type Zeolites

AFI-type zeolites consist of parallel channels with diameters of the order of
0.7 nm. Therefore, they have been considered as ideal host systems for the
exploration of single-file diffusion (see Chap. 8 of this volume). By the appli-
cation of interference microscopy, however, representatives of this structure
type investigated so far turned out to be far away from a system which might
be referred to as a microscopic bundle of “macaronis”. As an example, Fig. 37
displays the intracrystalline guest profiles in a CrAPO-5 crystal established
in a methanol atmosphere of 1 mbar at equilibrium. It turns out that, within
the apparently perfect crystals, there are regions which remain completely in-
accessible to the methanol molecules. The resulting model of accessible and
inaccessible regions within the crystals is displayed in Fig. 38. It is only the
space below the shown semi-pyramid (and, correspondingly, above a sym-
metric upper semi-pyramid which is omitted for clarity) to which the guest
molecules may get. In view of these very puzzling results it was extremely im-
portant to support the evidence of interference microscopy by parallel studies
using IR microscopy. Figure 39 illustrates the perfect agreement observed in
these comparative studies.

Our perspective on the internal pore structure was notably qualified
by comparative studies of the water distribution in the above considered
CrAPO-5 crystals and in SAPO-5, as another representative of the AFI fam-
ily [78]. Figure 40 displays the equilibrium distribution of water in crystals of
CrAPO-5 (left) and SAPO-5 (right) in a water atmosphere of 1 mbar (top and
bottom) and of 20 mbar (middle). The water distribution at 1 mbar has been
considered after both adsorption from 0 mbar (top) and desorption from
20 mbar, i.e., from the situation shown in the middle of the figure (bottom).
We note the following important results:
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Fig. 37 profile of methanol inEquilibrium intracrystalline concentration profile of
methanol in a CrAPO-5 crystal. The color intensity is proportional to the integrals of
local concentration in the y direction (a) and z direction (b). Darker regions correspond
to larger concentration integrals. x, y, and z are the crystallographic directions (the chan-
nel direction is z)

Fig. 38 Suggested internal structure of CrAPO-5 crystals (shown only for the lower part
of the crystal). x, y, and z are the crystallographic directions
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Fig. 39 The mean concentration integrals I recorded by FTIR (diamonds) and interference
microscopy (points) along the y direction for x values between 35 and 55 µm; x, y, and z
are the crystallographic directions

(i) Within the limits of accuracy, the representations on the top and bottom
agree with each other. This indicates that there is no history dependence
(hysteresis) in the sorption behavior.

(ii) The results obtained with CrAPO-5 at the smaller water pressure nicely
reflect the behavior observed with methanol (Figs. 37–39). The water
distribution is found to resemble the observed methanol distribution,
namely with a reduction of guest concentration close to the external faces
toward the central plane. The fact that these observations are not as dis-
tinct as the situation shown in Fig. 37, with the clear model suggestion
given by Fig. 38, may be easily referred to the smaller size of the guest
molecules.

(iii) This supposition is confirmed by the observation that, at a sufficiently
high gas pressure, the water molecules are obviously “forced” to be ac-
commodated in the total internal pore space.

(iv) SAPO-5 (right side of Fig. 40) reflects the exactly opposite behavior, i.e.,
a preferential population of the central part of the crystal, before—at
sufficiently high gas-phase pressures—again the guest molecules are es-
sentially homogeneously distributed over the crystal.

The evidence of interference microscopy nicely correlates with the models
of crystallization, which in the case of SAPO-5 favor a pencil-like crys-
tallization core [79, 80], while in CrAPO-5 crystallization proceeds via
the formation of dumbbell-shaped structures [81, 82]. In no case could
a nanoporous material with the desired structure of microscopic, ideal
macaronis be identified. The appearing dramatic deviation from an ideal
channel structure excludes the application of simple model assumptions
for interpretation of the time evolution of the concentration profiles. In
fact, in [83] the experimentally monitored concentration profiles during
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Fig. 40 Intracrystalline concentration profiles of water in CrAPO-5 (a1–3) and SAPO-5
(b1–3) crystals integrated along the y direction under equilibrium with water vapor at
1 mbar (a1, b1, a3, b3) and 20 mbar (a2, b2). The profiles under the pressure of 1 mbar
were recorded after the change of the water pressure from 0 to 1 mbar (a1, b1) and from
20 to 1 mbar (a3, b3). The profiles are shown for only the crystal surface marked in c.
The channels run along the z axis. Darker regions correspond to higher concentration
integrals

molecular uptake of methanol on a CrAPO-5 crystal are shown to nicely
follow the shape expected for diffusion-limited uptake by an ensemble
of channels of varying length. However, the observation time in the ex-
periment is found to progressively retard behind the simulation time.
Though this tendency might be referred to an increasing mutual hin-
drance of the diffusants with increasing concentration, there is no fur-
ther option for more detailed insights into the microdynamics of these
systems. Considering further systems, it will be shown in the following
that such insight has meanwhile also become accessible, in some cases
even for zeolite specimens with apparently much more complicated pore
structures.
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3.3
Microscopic Measurement of Transport Diffusion and Permeation
Through Transport Resistances on the Crystal Surface

The most appropriate conditions for observing mass transfer phenomena in
nanoporous materials are provided for one-dimensional diffusion. Obviously,
any deviation from one-dimensional diffusion complicates the handling of
the associated equations. This concerns their rigorous analysis, numerical so-
lutions, and dynamic simulations. It has already been mentioned (Sect. 3.1)
that, from the experimental point of view, diffusion in one or two dimensions
allows the direct measurement of the local concentration (rather than only of
the concentration integral in observation direction). For one-dimensional dif-
fusion, invariance of the concentration profiles in the direction perpendicular
to diffusion facilitates analysis. Correspondingly, we are going to start our
treatise in Sect. 3.3.1 by presenting diffusion results for a one-dimensional
system, namely for manganese formate, a representative of the MOF fam-
ily of nanoporous materials with a one-dimensional channel system. The
second system under study, ferrierite, contains a two-dimensional channel
network. It is found, however, that—due to a blockage of the entrances to
one set of channels—molecular uptake and release proceeds essentially via
one-dimensional diffusion (Sect. 3.3.2). Finally, Sect. 3.3.3 presents an algo-
rithm which, under the conditions of three-dimensional diffusion, allows
the transformation of the experimentally accessible integral concentrations
∫ C(x,y,z)dx into the genuine local concentration C(x,y,z).

If we abandon the very unlikely case of anisotropic diffusion with principal
tensor axes which are not perpendicular to the crystal faces normal, molecu-
lar fluxes may quite generally be assumed to be directed perpendicular to the
crystal surfaces. Hence, molecular uptake and release may be considered to
proceed via one-dimensional diffusion quite generally, as long as the fluxes
stemming from different crystal faces do not superimpose upon each other.
This includes in particular the initial phases of uptake and release. We shall
see that due to this reason, by measuring surface permeabilities, interference
microscopy is in general able to quantify the intensity of surface resistances.

3.3.1
Methanol in MOF Manganese Formate

Figure 41 illustrates the system under study and the coordinates of measure-
ment, showing the SEM image of a typical Mn(HCO2)2 crystal (a) [84, 85], a
scheme of the one-dimensional channel structure along the y direction (b),
and the crystal under study with its extensions, the axes denomination, and
the plane along which the concentration profiles have been recorded (c) (ob-
servation in z direction, plane extension in y direction, x = 41 µm). Figure 42a
provides an impression of the transient concentration profiles measured dur-
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Fig. 41 SEM image of a typical Mn(HCO2)2 crystal with indicated y axis (a), scheme
of the one-dimensional channel structure of Mn(HCO2)2 along the y axis [91] (b), and
crystal part (white dots at x = 41 µm) in which the profiles shown in Fig. 42b have been
measured (c)

ing the uptake of methanol by an activated Mn(HCO2)2 crystal [86]. A de-
tailed analysis has been performed along the plane x = 41 µm. The corres-
ponding profiles are shown in Fig. 42b. Knowledge of the evolution of the
intracrystalline concentration profiles allows a microscopic application of
Fick’s second law [87]

∂C
∂t

=
∂

∂y

(
D

∂C
∂y

)
= D

∂2C
∂y2 +

∂D
∂C

(
∂C
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)2

. (6)



Diffusion by IR and Optical Interference Microscopy 183

Fig. 42 Evolution of the two-dimensional concentration profiles (a) and of the one-
dimensional concentration profiles in the y direction (x = 41 µm) (b) of methanol in the
MOF crystal for a pressure step from 0 to 10 mbar. The method of evaluating the terms
∂2C/∂y2 and ∂C/∂t is also indicated

The present equations relate to nonequilibrium phenomena with the diffu-
sivity D referred to as the coefficient of transport diffusion. Following Fick’s
first law, it is defined as the factor of proportionality between the particle
flux, i.e., a phenomenon of genuine mass transport, and the concentration
gradient. Note that this definition does not imply any assumption on the
concentration dependence of D (which, as we still shall see, may most signifi-
cantly depend on the concentration) [87]. This dependence has to be taken
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into account by the second term on the right-hand side of Eq. 6. One may get
rid of this second term by simply considering the evolution of the center of
the concentration curves, since here ∂C/∂t is equal to zero. It is this range of
the profiles which provides direct access to the transport diffusivity via the
relation

D =
∂C/∂t

∂2C/∂y2 , (7)

with ∂C/∂t and ∂2C/∂y2 directly following from the experimental data,
as illustrated by the inserts to Fig. 42b. Figure 43 displays the resulting
diffusivities.

Fig. 43 Concentration dependence of the transport diffusivity as determined from the
center (a) and from the entire profile (b)
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The surface permeability α is defined as the factor of proportionality be-
tween the particle flux through the surface, j, and the difference Ceq – Csurf(t)
between the intracrystalline concentration established in equilibrium with
the surrounding atmosphere and the actual concentration in the layer close
to the crystal surface

j = α
(
Ceq – Csurf(t)

)
. (8)

The flux j results from the uptake per time following the relation

j =
1

2A
dm
dt

=
1
2

d

(
l∫

–l
C(y)dy

)

dt
(9)

where m(t) denotes the total uptake by the entire crystal at time t, l is the half
length of the crystal extension in the channel direction, and A stands for the
area of the crystal fase perpendicular to the channels.

Combination of Eqs. 8 and 9 yields the permeability data plotted in Fig. 44.
Figure 45 provides a comparison between the experimental data (those of
Fig. 42b, without smoothing) and a numerical fit with D = 1.5×10–12 m2 s–1

as resulting from Fig. 43a and a variable surface permeability α. The best
agreement between the numerical solution and the experimental data as dis-

Fig. 44 Surface permeability of the MOF-type crystal under study during methanol up-
take as a function of the boundary concentration (mean value during the considered time
step) via Eqs. 7 and 8, with the boundary concentration Csurf(t) taken from the margins of
the measured concentrations. The polynomial fit to these data is given by the broken line.
The full line shows the dependence of the permeability on concentration, which leads to
the best fit of the recalculated concentration profiles to the experimental ones (Fig. 45)
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Fig. 45 Comparison of the transient concentration profiles during methanol uptake by the
MOF-type crystal as recorded by interference microscopy (symbols) with the correspond-
ing profiles recalculated from the measured diffusivities with surface permeabilities (full
line in Fig. 44) which lead to the best fit to the experimental points

played in Fig. 45 is obtained with surface permeabilities given by the straight
line in Fig. 44.

3.3.2
Methanol in Ferrierite

As schematically shown by Fig. 46a, ferrierite contains two mutually inter-
secting arrays of channels. In comparison with the strictly one-dimensional
MOF crystals considered in the previous section, their analysis is addition-
ally complicated by the existence of two rooflike parts on either side of the
platelike main crystal body. It turned out, however, that these features did in
no way complicate the method of analysis. Contrary to the MOFs, which re-
quired an additional activation step after each uptake experiment, methanol
in ferrierite proved to be an ideal host–guest system, where one and the
same crystal could alternately be subjected to adsorption and desorption
without any perceptible change in the sorbate profiles. It were these spe-
cial conditions under which interference microscopy could be developed to
a technique of diffusion measurement in nanoporous materials of unprece-
dented power [63, 65, 70, 71, 88, 89].

Figure 46b and c provide an overview of the observed evolution of the
molecular concentration (integrated in the x direction) during molecular up-
take, namely the evolution over the total y–z plane (c) as well as, for clarity,
selected profiles in the z direction (b) and y direction (d) [88, 90]. These
latter two sets of profiles help us to understand that the time dependence
of the observed integral concentrations may be easily explained by assum-
ing a two-stage process, namely a first fast one during which the rooflike
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Fig. 46 Evolution of concentration profiles of methanol in a ferrierite crystal for a pres-
sure step of 0 → 80 mbar. a Shape and 2-D pore structure of the ferrierite crystal;
b concentration profiles in the z direction at y = 25 µm; c 2-D concentration profiles in the
entire crystal; and d concentration profiles in the y direction at the center (z = 120 µm)
and two locations close to the edges of the crystal. Relative concentration 1.0 corresponds
to the ferrierite equilibrium loading by methanol at 80 mbar

parts on the top and bottom of the main crystal body essentially immedi-
ately accommodate the guest molecules, and a second one during which,
eventually, the main body is filled. This course has to be referred to the differ-
ent boundary conditions at the orifices of the larger (“ten-membered-ring”)
channels: while, obviously, in the rooflike parts they are easily accessible,
molecular entrance along these channels is largely obstructed in the crys-
tal main body. As a consequence, the observed profiles (Fig. 46d) essentially
reflect the evolution of the guest concentration due to diffusion along the
smaller (“eight-membered-ring”) channels. The contribution provided by the
(fast) uptake along the larger channels in the rooflike parts immediately ap-
pears in the short-time profiles displayed in Fig. 46b and may thus be easily
subtracted from the overall value. The thus corrected concentration profiles
have been analyzed [70, 88] following the procedure described in Sect. 3.3.1.
Figure 47 displays the resulting transport diffusivity (in the small-channel
direction, this means in the y direction) as a function of the loading [70].
Again we could benefit from a synergetic application of interference and IR
microscopy, with the latter allowing us an estimate of the absolute intracrys-
talline concentrations. We note that now, in striking contrast to the behavior
described in Sect. 3.3.2 for methanol in manganese formate, the transport
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Fig. 47 Transport diffusivity in the y direction as a function of concentration obtained
from the center of the crystal from different experiments. The full line represents the
dependence used for calculating the concentration profiles in Fig. 48

diffusivity increases with increasing loading by almost two orders of magni-
tude. We take it as another example indicating that there is no general rule
which, without reference to specific microdynamic models, might be able to
predict the loading dependence of transport coefficients, including surface
permeabilities and the self- and transport diffusivities. Close inspection of
the concentration profiles resulting from the solution of Fick’s law with the
measured transport diffusivities and surface permeabilities revealed a sys-
tematic deviation from the data of measurement. This difference could be
referred to the fact that, obviously, the access to the ten-ring channels in the
z direction is not completely blocked. Allowing for appropriately chosen per-
meabilities and assuming a fast distribution of the entering molecules within
these larger channels was shown to lead to good agreement with the meas-
ured data [69]. This is exemplified with the sets of transient concentration
profiles during uptake (left) and release (right) in Fig. 48.

The height of the pressure step increases from top to bottom. Obviously,
in this sequence the profiles during adsorption and desorption lose their

Fig. 48 �Comparison of simulated and experimental profiles for pressure steps 0 to 5 mbar
(a), 5 to 0 mbar (b), 0 to 10 mbar (c), 10 to 0 mbar (d), 0 to 40 mbar (e), 40 to 0 mbar (f),
0 to 80 mbar (g), and 80 to 0 mbar (h). The points refer to experimental measurements.
The lines are simulated from the 2-D finite difference solution with the same concentra-
tion dependence of transport diffusivities as determined from Fig. 47 (full line) and the
surface permeabilities determined from the use of Eqs. 7 and 8. For the simulations it is
implied that Dz � Dy
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complementarity. This finding corresponds to the observed increase in dif-
fusivity (and permeability) with increasing loading, which is also reflected
by a progressive enhancement of the adsorption rates in comparison to the
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desorption rates. This behavior could again be nicely corroborated by IR
monitoring of uptake and release by the individual crystals [63].

With the meaningful title “Sorption kinetics and intracrystalline diffusion
of methanol in ferrierite: an example of disguised kinetics”, [71] exempli-
fies the pitfalls which, in cases like the given one, will necessarily lead the
researcher to completely wrong conclusions if he is only able to base his
reasoning on the overall uptake and release rather than on the processes of
intracrystalline mass transfer.

3.3.3
Three-Dimensional Diffusion in SAPO STA-7

The pore structure of SAPO STA-7 includes two types of cages, labeled A and
B in Fig. 49 [3, 91]. The A and B cage types differ in shape and size with A
being smaller than B. Connectivity along the crystallographic z direction in
STA-7 is via two parallel paths, with the faster one between the B cages. Along
x and y directions there is only one diffusion path, which is between the A and
B cages. Intracrystalline diffusion has to be governed, therefore, by a diffusion
tensor of rotational symmetry, with the symmetry axes in the z direction.

As an example of the primary data during methanol uptake, Fig. 50 dis-
plays a two-dimensional (a) and one-dimensional (b) presentation of the
evolution of the integrals of concentration profiles over planes through the
crystal center [92]. These presentations nicely reflect the expected symmetry
with respect to the x and y axes. By softly knocking against the cuvette, the
crystal under study may be turned around 90◦, so that now the concentra-
tion profiles after integration in the x or y direction also become accessible
to direct observation. Conventional techniques of X-ray computed tomogra-
phy are able to convert such integrals into their “kernels”, namely into the

Fig. 49 STA-7 structure along the z direction with labeled cages A and B. The A–A window
size is 0.32 nm and the B–B size is 0.41 nm. The window size between A and B is 0.35 nm
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Fig. 50 Concentration profiles integrated over the z direction observed by interference
microscopy during a methanol pressure step from 0 to 1 mbar. a Two-dimensional and
b one-dimensional profiles in the crystal center along the x (fair spheres) and y (black
spheres) directions. The times after onset of adsorption are indicated in b

desired concentrations, by considering a sufficiently large spectrum of orien-
tations [93]. In the given case, the limitation in the directions of integration
prohibits this access. The option of comparison with the expectation from
Fick’s second law, however, may be shown to provide a second, success-
ful route for deducing the genuine intracrystalline concentrations from the
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Fig. 51 Transport diffusivity calculated from the profiles in the y and z directions [92].
Analyzed concentration profiles are at 330, 350, and 370 s, where the concentration fronts
propagating from opposite faces have not yet overlapped. The thin lines represent the
analytical dependence of the diffusivities which yields excellent agreement with the meas-
ured concentration integrals (standard deviation σ = 0.006)

measured concentration integrals [92]. From an analysis of the thus attain-
able complete space and time dependence C(x,y,z,t) of the intracrystalline
concentration one is able to determine both the principal values Dx = Dy and
Dz of the diffusion tensor and the relevant surface permeabilities [92].

Fig. 52 Surface permeabilities determined from the calculated concentration profiles. The
solid line (αy) and the dotted line (αz) represent the analytical dependence of the sur-
face permeabilities which yields excellent agreement with the measured concentration
integrals (standard deviation σ = 0.006)
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These data are displayed in Figs. 51 and 52. The transport diffusivity in the
z direction is approximately twice as large as that in the x or y direction. This
correlates nicely with the difference in the critical sizes of the windows on the
diffusion paths in the different directions. It is interesting to note that also the
surface permeability in the z direction slightly (by about 20%) exceeds that in
the x and y directions.

3.3.4
Textbook-like Sorption Behavior in Silicalite-1

In all the transient concentration profiles considered so far (Figs. 36, 42, 45,
46, 48, and 50), in no case did the boundary concentration immediately as-
sume the equilibrium value. The consequences of this finding on the relation
between the transport resistances exerted by the intracrystalline bulk phase
and by the crystal surface on the overall uptake and release behavior will be

Fig. 53 Transient profiles of 2-methylpropane as a guest molecule in a nanoporous mate-
rial (crystal of type silicalite-1). a Overview of the intracrystalline concentration profile
10 s after the onset of adsorption. b Evolution of the guest profiles along the x axis at
z ∼ 10 µm during uptake. c Host crystal with indication of the cross section to which the
transient concentration profiles in d refer. e Evolution of the guest profiles along the x axis
during release over different cross sections as indicated by c
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discussed in Sect. 3.4.3. Here, we will provide an example where molecular
uptake and release are in fact close to those patterns which one expects for
diffusion-limited uptake [94].

The zeolite specimen of type silicalite-1 has been synthesized as specified
in [95]. Prior to calcination, the silicalite-1 crystals used were exposed to fresh
aqueous sodium hydroxide solution for one day.

Figure 53 displays, as an example, the transient intracrystalline concentra-
tion (integrated in the y direction) during the uptake of isobutane, showing
the total profile in the x–z plane 10 s after the onset of the adsorption of
isobutane (a) and the evolution of the profile at z = 10 µm at subsequent inter-
vals of time (b), as well as the corresponding profiles during desorption (d),
now comparing the evolution over different cross sections as indicated in (c).
Both Fig. 53a and d indicate that, along the longitudinal extension of the
crystal, there are no substantial differences in the sorption behavior. Most
importantly, immediately after the onset of adsorption or desorption, the
boundary concentrations are found to essentially coincide with the equi-
librium data. With these measurements one has to abandon speculations
about the ubiquity of surface barriers as a general feature of nanoporous
materials.

3.4
The Novel Options of Data Analysis

The novel options of interference microscopy gave rise to the development
and introduction of analytical tools which can be very helpful for a better
understanding of the different phenomena of mass transfer in nanoporous
materials. This will be illustrated by three examples. In Sect. 3.4.1 we will
demonstrate that, owing to the potentials of interference microscopy, today
also in diffusion studies with nanoporous host–guest systems we may ben-
efit from Boltzmann’s ingenious method to derive diffusivities from simply
the shape of transient concentration profiles. This technique is particularly
helpful for concentration-dependent diffusivities which exclude an analytical
solution of the diffusion equation (Eq. 6). In Sect. 3.4.2 it will be shown that,
simultaneously with the determination of surface resistances, interference
microscopy also allows the direct measurement of the sticking factor, which
means of the probability that a molecule encountering the external crystal
surface will be able to continue its trajectory into the crystal interior. Finally,
Sect. 3.4.3 will describe how the accessibility of transient intracrystalline con-
centration profiles allows a straightforward quantification of the relevance of
transport resistances on the crystal surface for the overall rate of molecular
uptake and release.
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3.4.1
Analyzing Intracrystalline Concentration Profiles
via Boltzmann’s Integration Method

The application of Fick’s second law (Eq. 6) to the assessment of molecular
uptake or release becomes particularly simple if one may imply the following
boundary and initial conditions:

C(0, t) = C∞ (10)

C(y, 0) = C(∞, t) = C0 . (11)

Equation 6 together with Eqs. 10 and 11 describe a process of one-
dimensional diffusion, initiated by a change in the surrounding atmosphere
so that the corresponding equilibrium concentration varies from C0 to C∞.
Equation 10 requires that immediately after the pressure step, the concentra-
tion at the boundary (namely for y = 0) assumes the new equilibrium value.
This means that the existence of additional transport resistances at the sur-
face of the system is excluded. The second term in Eq. 11 indicates that the
process has to proceed as in a semi-infinite medium. This means in particular
that the transient adsorption or desorption profiles originating from different
crystal faces must not yet have met each other.

Under these conditions, by introducing the new variable η = y/
√

t, the par-
tial differential equation, Eq. 6, may be transferred into

d2C
dη2 +

η

2D
dC
dη

+
dD/dC

D

(
dC
dη

)2

= 0 , (12)

where the concentration now appears as a function of the sole variable
η = y/

√
t. The initial and boundary conditions of Eq. 6, namely Eqs. 10 and

11, are now transferred into

C(η = 0) = C∞ (13)

C(η = ∞) = C0 . (14)

Plotting the concentration profiles C(y,t) as a function of this new parameter,
i.e., as C

(
η = y/

√
t
)
, for different times t should therefore yield coincid-

ing representations. Equation 12 cannot be integrated either. However, being
interested only in the concentration dependence D(C) of the diffusivity as
the key quantity of our study, following Boltzmann [96, 97] we may rewrite
Eq. 12 as

d
dη

(
D

dC
dη

)
=–

η

2
dC
dη

. (15)
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Integration over η from ∞ to η(C), with (dC)/(dη) = 0 for η = ∞, yields

D(C) =–
1
2

dη

dC

c∫

c=0

ηdc . (16)

Figure 54 illustrates the way by which Eq. 16 allows the determination of the
complete concentration dependence of the diffusivity from a single transient
sorption profile [98].

The presented data refer to methanol uptake in ferrierite. We have de-
scribed in Sect. 3.3.2 that the main uptake occurred along the small eight-
ring channels, i.e., in the y direction. In addition, however, a small frac-
tion of molecules was also able to enter through the margins of the ten-
ring channels. Their contribution may be easily determined from the con-
centration increase in the middle of the eight-ring channels. Subtraction
of this contribution leads to the plots shown in Fig. 54 [98]. In addition
to the fact that the resulting boundary concentration remains invariant, it
also appears that over the considered intervals of time, the sorption fronts
from different sides are well separated from each other. Thus, the two
main requirements for the application of Boltzmann’s integration method,
namely Eqs. 13 and 14, are fulfilled. It turns out that the sorbate pro-
files presented as a function of the sole variable η = y/

√
t do not coincide

for different times t, as is required for the rigorous application of Boltz-
mann’s integration method. One has to have in mind, however, that the
time invariance of the boundary condition in Fig. 54 was ensured by sub-
tracting the influence of the uptake introduced by a second, perpendicu-
lar channel system, rather than by immediate equilibration with the sur-
rounding atmosphere. It is demonstrated in [99] that the approximations

Fig. 54 Evolution of the concentration profiles in the y direction in the left (a) and
right (b) sides of the ferrierite crystal as a function of the parameter η = y/

√
t; a also

illustrates the way of determining
c∫

c=0
ηdc and dc

dη
yielding via Eq. 16 the diffusivity
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leading to the data plots of Fig. 54 lead to an uncertainty in the diffusivi-
ties following the Boltzmann method of not more than a factor of 2. The
Boltzmann method is thus found to be a powerful technique for the an-
alysis of evolving adsorption and desorption fronts. The diffusivity data
presented in Fig. 51 have been obtained by means of Boltzmann’s integration
method [37].

3.4.2
Sticking Probability

Let us now change our position and look at the surface of the nanoporous host
system from the atmosphere [100]. Let us, in particular, follow the collision
rate of the guest molecules with the external surface and the probability with
which these molecules are able to propagate into the internal pore system.
From elementary gas kinetics, the number of gas-phase molecules colliding
with a plane surface is well known to be [101–103]

jos =
1√
2π

NA
1√

RTM
p , (17)

with NA, R, T, M, and p denoting, respectively, the Avogadro and gas con-
stants, the absolute temperature, the molecular weight, and the gas pressure.

The flux density of molecules getting from the outer atmosphere into the
pore space (jin), on the other hand, may be easily noted on the basis of Eq. 8.
The flux density j as considered in Eq. 8 results from the net effect of the
fluxes entering and leaving the pore space, i.e.,

j = jin – jout . (18)

The flux density out of the pore system, jout, results from Eq. 8 for the case of
total absence of an external atmosphere, i.e., for vanishing external pressure
and hence for Ceq = 0, yielding

jout = α ·Csurf . (19)

Since, under equilibrium conditions, Csurf = Ceq and j = 0, combination of
Eqs. 18 and 19 yields

jin = α ·Ceq . (20)

Thus, with the ratio jin/jos directly following from Eqs. 17 and 20, the “stick-
ing probability”, i.e., the probability that a molecule, after having encoun-
tered the outer crystal surface, is going to continue its trajectory in the
intracrystalline pore space, has become accessible by direct experimental de-
termination. For the systems considered in Sects. 3.3.2 and 3.3.4 under the
conditions of the reported experiments, i.e., for molecular uptake of isobu-
tane by silicalite-1 at a pressure of 1 mbar and of methanol by ferrierite at
a pressure of 10 mbar, it results to be 0.01 and 6×10–6, respectively. Thus, it
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turns out that for isobutane on silicalite-1 a notable fraction of at least 1%
of the molecules colliding with the surface will continue their trajectory into
the interior of the nanoporous material, while for ferrierite only a fraction
of about 6×10–4% of methanol molecules encountering the entrance plane to
the ferrierite crystal in the y direction are allowed to enter [100].

Thus, direct experimental evidence is found to confirm the option that
the sticking probabilities of guest molecules by nanoporous materials may
cover several orders of magnitude between close to one and very small values,
following the predictions of macroscopic analysis [102, 103].

3.4.3
Assessing Surface Resistances from Transient Concentration Profiles

The direct access to transient concentration profiles during molecular up-
take and release, as displayed, e.g., in Fig. 48, may be used to plot the
actual boundary concentration as a function of the relative uptake at the
given instant of time. An example of such a correlation plot is provided by
Fig. 55 [104]. It refers to molecular uptake of methanol on ferrierite for a pres-
sure step from zero to 10 mbar as displayed in Fig. 48c. The values of relative
uptake as indicated by the abscissa are determined from the total area below
the transient concentration profiles. The actual boundary concentrations for
each of these profiles are indicated by the associated values on the ordinate.
Interestingly, toward its final point for total molecular uptake and equilib-
rium concentration, the correlation plot is found to approach a straight line.
Backward prolongation of this straight line toward the ordinate marks a well-
defined intercept which we are going to denoted by w.

Fig. 55 Correlation between the actual boundary concentration (Csurf) and the relative
uptake (m) at the corresponding instants of time for methanol uptake by ferrierite for
a pressure step from 0 to 10 mbar
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In fact, this behavior can be shown to hold quite generally. With the
simplifying assumption of constant diffusivities and surface permeabilities,
the normalized concentration profiles during molecular uptake by a plate of
thickness 2l are given by the relation

C(y, t) = 1 –
∞∑

n=1

2L cos(βny/l) exp(– β2
nDt/l2)

(β2
n + L2 + L) cos βn

, (21)

where the βn are the positive roots of

L =
lα
D

= βn tan βn . (22)

Integration over the system from – l to l yields

m(t) = 1 –
∞∑

n=1

2L2 exp(– β2
nDt/l2)

(β2
n + L2 + L)β2

n
, (23)

for the relative uptake at time t. In the long-time limit one may confine oneself
to only considering the first terms in the sums in Eqs. 21 and 23, which then
may be easily combined to give

Csurf(t) = C(y = l, t) = 1 –
β2

1

L
+

β2
1

L
·m(t) . (24)

It is thus found that, with m → 1, in fact any function Csurf(m) will approach
a straight line, yielding an ordinate intercept

w = 1 –
β2

1

L
. (25)

Considering a large spectrum of quite different concentration dependences
for both the diffusivities and surface permeabilities, such a dependence may
be shown to hold quite generally, in excellent agreement with numerous ex-
amples of data analysis [105].

Let us discuss the significance of this finding in the context of the exam-
ples shown in Fig. 56. They represent the correlation plots calculated ana-
lytically for constant diffusivities and permeabilities for ratios lα/D = 100,
1, and 0.01, respectively [104]. With the time constants τdiff = l2/(3D) for
diffusion-limited uptake and τsurf = l/α for uptake limited by transport re-
sistances on the crystal surface [106], the expression lα/D may be identified
as a measure of the ratio τdiff/τsurf between the time constants of uptake
or release, brought about exclusively by either diffusion or surface perme-
ation. One may easily rationalize that for prevailing surface resistances (i.e.,
for small values of lα/D), the total amount adsorbed will increase essen-
tially in parallel with the boundary concentration. On the contrary, large
surface permeabilities will ensure that, essentially instantaneously with the
beginning of molecular uptake, the boundary concentration will attain the
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Fig. 56 Correlation between the actual boundary concentration (Csurf) and the relative
uptake (m) at the corresponding instant of time. Three different cases are shown: the
mass transport is essentially limited by intracrystalline diffusion (lα/D = 100), by sur-
face barriers (lα/D = 0.01), and both by intracrystalline diffusion and surface resistance
(lα/D = 1)

equilibrium value. This is exactly the behavior reflected by Fig. 56. More-
over, quantitative analysis yields the reciprocal value of the ordinate inter-
cept, w–1, as an estimate of the ratio τdiff + surf/τdiff, i.e., the estimate of
the factor by which the uptake time (or, quite generally, the time of equili-
bration) is enhanced by the existence of possibly existing surface barriers.
Reference [105] provides numerous examples where this type of analysis
is shown to nicely reproduce the results of the corresponding procedure
based on a separate determination of intracrystalline diffusivites and surface
permeabilities.

4
Concluding Remarks and Outlook

The FTIR technique has proven to be a powerful method for investigating
adsorption, desorption, and diffusion of single components or binary mix-
tures in microporous solids such as zeolites. In the latter case of mixtures,
the phenomena of codiffusion and counter-diffusion became accessible to
measurement, which was not possible with methods of investigation based
on changes of weight, volume, or pressure. Even with the powerful and most
important NMR techniques (see Chap. 3 of the present volume), the study
of multicomponent (e.g., H2–D2) self-diffusion rather than co- and counter-
diffusion experiments is possible (see Sect. 1 and [6]). The only prerequisite
for the IR method is that the IR spectra, which are contributed by the com-
ponents of the mixture, can be sufficiently decomposed. This, however, was
easily achieved for all systems studied so far, owing to appropriate com-
puter programs nowadays available. Certainly, the computational methods
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for decomposition of spectra of different components will be steadily im-
proved. The potential of the method was demonstrated by the study of a num-
ber of systems. The good agreement of the results with literature data, as far
as available, confirmed the reliability of the FTIR technique, which was also
extended to so-called FTIR microscopy, or more precisely micro-FTIR spec-
troscopy, using a “microscope” (e.g., SpectraTech model IR plan). This en-
abled the study of sorption and sorption kinetics of light paraffins (n-hexane,
neopentane, n-heptane, n-octane, and n-nonane) in large H-ZSM-5 crystals
or into small powder samples (see Hermann et al. [30–32]). In those studies
larger transport diffusivities were also shown to be measurable by the FTIR
technique, e.g., 8×10–8 cm2 s–1 for n-hexane in a 120 µm×20 µm×20 µm
crystal of H-ZSM-5, and the activation energy of diffusion was determined
to be 15.6 kJ mol–1. The new technique was even successfully employed in
measuring the transport of cations into zeolite frameworks on solid-state ion
exchange (see Vol. 3, Chap. 2 of the present series, [107]).

Even though the FTIR technique for adsorption and, particularly, diffusion
is not a simple one, it is, little by little, being adopted and employed by other
researchers as well. Thus, Zhobolenko and Dwyer [108] applied successfully
the micro-FTIR technique to determine transport diffusivities of a number
of hydrocarbons (benzene, toluene, p-xylene, cyclohexane) in large silicalite-
1 crystals. The obtained diffusion coefficients were close to data arrived at by
Niessen [22], Karge and Niessen [23], Niessen and Karge [24], and Niessen
et al. [34].

Also, Roque-Malherbe et al. [109] and Wendelbo and Roque-Malherbe
[110] employed FTIR methods like those described above for the inves-
tigation of diffusion and counter-diffusion in zeolites. Moreover, Roque-
Malherbe and Ivanov [111] studied by FTIR the diffusion and counter-
diffusion of xylenes in H-SSZ-24 and H-ZSM-11. These authors studied the
kinetics of adsorption and desorption using benzene and o-xylene as adsor-
bates and H-MCM-22, H-ZSM-5, and H-Beta as sorbents.

Finally, the work by Jamis et al. [112, 113] should be mentioned. The
FTIR technique was employed in studying the kinetics of uptake of hydro-
gen cyanide into synthetic zeolites Y, Beta, and mordenite as well as natural
clinoptilolite, ferrierite, and stilbite. Tanaka et al. [114, 115] investigated the
kinetic processes during adsorption and diffusion of aromatics in medium
pore sized zeolites by time-resolved IR spectroscopy. Similarly, Makarova
et al. [116] studied the diffusion of tert-butanol in zeolite Na,H-ZSM-5 by
in situ FTIR kinetic measurements. More recently, Kazansky et al. [117] em-
ployed diffuse reflectance spectroscopy (DRIFT) for studying nitrogen sorp-
tion and nitrogen–oxygen transport codiffusion and counter-diffusion in,
e.g., Na-ZSM-5 zeolites.

A particular advantage of the described FTIR technique for diffusion stud-
ies should not be forgotten. Different from most of the methods employed
previously, the FTIR technique enables us to conduct measurements very
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close to the conditions of catalytic experiments, i.e., a flow reactor cell is used
and may be operated at pressures and temperatures applied in laboratory-
designed catalytic experiments.

Certainly, the FTIR technique will experience improvement with respect to
experimental device and procedure. Especially, it would be desirable to ex-
pand the experiment temperature to higher values to avoid immobilization
effects such as those encountered with pyridine in H-ZSM-5 or pyridine in
H-MOR. The applicability of higher temperatures depends in the first line
on an appropriate sealing of the IR transparent windows. Also, the proced-
ure of data evaluation to obtain diffusion coefficients was and still is open
for refinement. It is, for instance, not optimum to determine the diffusion
coefficients first as independent of coverage and only afterward “correct”
them through the Darken equation, the more so as this correction does in
fact not entirely eliminate the coverage dependence. Moreover, the fact that
the diffusion must basically be described not by a single D value but a ten-
sor of D values had to be considered in the evaluation methods. Here, the
introduction of diffusion interference microscopy (DIFM) has brought about
considerable progress (see Sect. 3.3.3 and [92]). With respect to the latter
technique, application of conditions close to those of realistic processes, e.g.,
higher temperatures (as with FTIR experiments, vide supra) and application
of flow reactor cells, are desirable. Thus, future theoretical and experimen-
tal developments will certainly improve the FTIR and DIFM techniques and
foster their wider use.
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Abstract Neutron scattering was first used to derive the self-diffusivities of hydrocar-
bons in zeolites, but transport diffusivities of deuterated molecules and of molecules
which do not contain hydrogen atoms can now be measured. The technique allows one
to probe diffusion over space scales ranging from a few Å to hundreds of Å. The mech-
anism of diffusion can, thus, be followed from the elementary jumps between adsorption
sites to Fickian diffusion. The neutron spin-echo technique pushes down the lower limit
of diffusion coefficients, traditionally accessible by neutron methods, by two orders of
magnitude. The neutron scattering results indicate that the corrected diffusivity is rarely
constant and that it follows neither the Darken approximation nor the lattice gas model.
The clear minimum and maximum in diffusivity observed by neutron spin-echo for n-
alkanes in 5A zeolite is reminiscent of the controversial “window effect”.

Keywords Corrected diffusivity · Neutron scattering ·
Self-diffusivity transport diffusivity · Zeolites

Abbreviations
A0(Q) Elastic incoherent structure factor, or EISF
A�(Q) Quasi-elastic incoherent structure factors
AlPO4-5 Microporous aluminophosphate zeolite-like structure∗
b Scattering amplitude or scattering length
bcoh Coherent scattering length
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binc Incoherent scattering length
bH

inc Incoherent scattering length for the hydrogen atom
barn unit of the neutron cross-section, in 10–28 m2 atom–1

BS Back-scattering
CBMC configurational-bias Monte Carlo
CE Chudley and Elliott jump diffusion model
d Jump distance
d0 Distance between two sites, (Eq. 30)
dσ/dΩ Differential scattering cross-section, (Eq. 3)
d2σ/dΩdE Partial differential scattering cross-section, (Eq. 3)
D Diffusion coefficient or diffusivity
Ds self-diffusivity
Dt Transport diffusivity
Do Corrected diffusivity
E0 Energy of incident neutrons
E1 Energy of scattered neutrons
EISF Elastic incoherent structure factor
G(r, t) (Time-dependent) pair-correlation function
Gs(r, t) Self-correlation function
� Planck’s constant/2π
HR Hall and Ross jump diffusion model
HWHM Half-width at half-maximum
I(Q, t) Intermediate scattering function
j� spherical Bessel function of order �

k Neutron wave vector
k Neutron wave number, or magnitude of k
k0 Wave vector of incident neutrons
k1 Wave vector of scattered neutrons
MCM-41 Ordered mesoporous material
MD Molecular dynamics
N Number of atoms
Na-Y Zeolite structure∗
Na-X Zeolite structure∗
NEMD Non-equilibrium molecular dynamics
NSE Neutron spin-echo
P� Legendre polynomial
p(r, t) Probability to find a particle at position r at time t
PFG NMR Pulsed-field gradient nuclear magnetic resonance
Q scattering vector
QENS Quasi-elastic neutron scattering
r General position vector of nucleus
r0 Measure of the delocalization of a molecule on its site, (Eq. 30)
ri(t) Position vector of the ith nucleus at time t
rm Position vector of atom m relative to the center of mass
〈r2〉 Mean-square jump length
S(Q) Structure factor
S(Q,ω) Scattering function, or dynamical structure factor
Scoh(Q, ω) Coherent scattering function
Sinc(Q, ω) Incoherent scattering function
SS Singwi and Sjölander jump diffusion model
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T Zeolite structure1

TOF time-of-flight
5A Zeolite structure1

ZSM-5 Zeolite structure1

Na-ZSM-5 Zeolite structure1

Greek symbols
δ(x) Dirac delta function
δmm′ Kronecker delta function
δN Fluctuation in the number of molecules N contained in a given volume
θ Fractional occupancy
θmm′ Angle between the Position vectors of atoms m and m′
λ Neutron wavelength
ρ Macroscopic number density
ρ(r, t) Microscopic particle density operator
σ Nucleus cross-section
σcoh Nucleus coherent cross-section
σinc Nucleus incoherent cross-section
τ Characteristic time of a dynamical process, residence time of a molecule on

a given site
ϕ Total precession angle
�ω Neutron energy transfer
Γ Thermodynamic correction factor
Γ2 Intermediate component for propane in Na-Y, Fig. 4
∆ω Instrumental energy resolution
∆ω(Q) HWHM of the Lorentzian function for diffusion
Λs Lorentzian profile in energy for the self-scattering function
Λt Lorentzian profile for the coherent scattering function
Λrot

� Lorentzian functions for rotational diffusion
Ω Solid angle
⊗ Convolution

1
Introduction

Neutron scattering techniques are increasingly being used to study the struc-
ture and dynamics of molecules adsorbed in nanoporous materials. The most
prominent example is neutron diffraction, which is complementary to X-ray
diffraction to solve structural problems in zeolites and other microporous
materials [1]. While the use of powder neutron diffraction is well established
in the zeolite community, the spectroscopic applications of neutron scattering
are less familiar. However, the constant amelioration of the neutron instru-
mentation and of the theoretical models provides unprecedented insights into
the dynamics of the framework and of adsorbed molecules, at the atomic and

1 cf. Baerlocher C, Meier WM, Olson DH (2001) Atlas of zeolite framework types, 5th edn, Elsevier
Amsterdam, pp 302
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molecular level. Using combined instruments, one can cover energy transfers
ranging from a few neV to hundreds of meV, corresponding to time scales
from about a microsecond to a femtosecond. For a molecular system, this al-
lows one to probe the different motions of translation, rotation, and vibration.

The translational motion of molecules in porous media, i.e., diffusion, can
be measured by a large variety of methods. This explains the large num-
ber of definitions of diffusion coefficients (or diffusivities) which can be
found in the literature [2]. Pulsed-field gradient (PFG) NMR and incoher-
ent quasi-elastic neutron scattering (QENS) measure the self-diffusivity, Ds,
at thermodynamic equilibrium. Since hydrogen has the largest neutron in-
coherent cross-section, the first neutron measurements concerning diffusion
in zeolites dealt with hydrogenated molecules. Diffusion in isotropic sys-
tems was mainly studied, although theoretical considerations were made on
one-dimensional diffusion [3] long before the characteristic profiles could be
measured with sufficient accuracy [4]. Until recently, the figure quoted in the
literature for the lowest diffusivity accessible by QENS was 10–12 m2 s–1. The
use of the neutron spin-echo (NSE) technique allows one to measure diffu-
sivities down to 10–14 m2 s–1, so that the range of diffusivities is now exactly
the same as with PFG NMR (in both techniques, there is no upper limit for
the diffusivity). The space scale, which can be covered by neutron techniques
with ideal zeolite samples, having a perfect crystallinity, can be of tens of nm.
However, the available zeolite crystals have usually defects which give a strong
intensity at small scattering angles; for this reason the maximum distance
which can be probed is about 10 nm. On the other hand, this means that com-
mercial samples, with crystallites of diameter 1 µm or less, can be studied
with neutrons.

In separation or catalytic applications, it is the transport diffusivity, Dt,
which matters (this quantity is also named Fickian or chemical diffusivity).
Transport diffusivities are traditionally obtained under non-equilibrium con-
ditions [2], but they can be measured at equilibrium by coherent QENS [5].
Coherent neutron scattering is in principle more complicated than incoher-
ent scattering, but under certain conditions transport diffusivities can be
extracted from the neutron data.

The derivation of Dt from coherent QENS is similar to a computation of
Dt from the fluctuations in an equilibrium density distribution. This was
accomplished by Tepper and co-workers for Ar in AlPO4-5 [6]. Using the
Green–Kubo formalism, they were able to extract this non-equilibrium quan-
tity from just one equilibrium simulation. Moreover, the calculations being
performed in reciprocal space, the variation of the diffusivity upon the wave
vector was used to check when the system was in the linear regime [6]. The
first application of non-equilibrium molecular dynamics (NEMD) to zeolites
was performed by Maginn et al. on methane in silicalite [7]. Standard equi-
librium MD techniques were later used by Sholl and co-workers to determine
the concentration dependence of diffusivities [8].
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The space and time scales accessible by the neutron scattering techniques
are comparable to the ones covered by molecular simulations so that com-
parisons between experiment and predictions can be made not only for the
diffusivities, but also for the jumps between adsorption sites and for the dis-
tribution of adsorbed molecules.

2
Theory

2.1
Scattering Theory, Neutron Cross-Sections

Neutrons interact with nuclei via very short range nuclear forces. A neutron
has both particle-like and wave-like properties: it has zero charge, a spin 1

2 ,
a mass slightly larger than the mass of a proton, and a wavelength λ. Since λ is
a scalar, one uses the wave vector k in scattering theory (the magnitude of k is
2π/λ).

The wave vector transfer defines the scattering vector Q

Q = k0 – k1 , (1)

where k0 and k1 are, respectively, the incident and final wave vectors. The mo-
mentum which is transferred to the sample is �Q. When there is an exchange
of energy between the neutron and the sample, the energy transfer is defined
as

�ω = E0 – E1 , (2)

where E0 and E1 are, respectively, the incident and scattered neutron en-
ergies. In elastic scattering, only momentum changes are measured (like in
X-ray diffraction). In inelastic scattering, energy transfers are also deter-
mined. Unquantified diffusive motions, such as translation, usually occur at
small energy transfers, and since they yield a continuous spectrum centered
around the elastic peak, this energy range is called quasi-elastic.

In QENS experiments, one measures the double-differential cross-section,
d2σ/dΩdE, which represents the number of neutrons scattered into the solid
angle dΩ with energy in the range dE. The amplitude of the scattered wave
varies between nuclei (because of different isotopes or spins), so that averages
have to be performed for each element. The total cross-section per scatterer is
obtained by integrating over energies and solid angles

σ =
∫

dΩ
dσ

dΩ
=
∫

dE
∫

dΩ
d2σ

dΩdE
= 4π〈b2〉 , (3)

where b is the scattering length. The scattering cross-section can be split into
coherent and incoherent contributions. The coherent elastic scattering has
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a phase term in exp(iQ.r) and, thus, takes into account interference effects.
The coherent scattering cross-section corresponds to an average over all iso-
topes and spin states

σcoh = 4π |bcoh|2 = 4π〈b〉2 . (4)

The incoherent part, which has no phase relationship, corresponds to the dif-
ference between the total and the coherent cross-sections

σinc = 4π|binc|2 = 4π
(〈b2〉 – 〈b〉2) (5)

it, therefore, represents the mean square deviation from the mean potential,
which can be due to isotopic or spin effects.

Instead of being scattered, the neutron can be absorbed. In this case, the
neutron is captured by the nucleus, with the formation of a compound nu-
cleus, which decays by emitting charged particles or γ -rays.

The relative incoherent and coherent cross-sections of some elements are
shown in Fig. 1. The values are measured in barns (1 barn = 10–28 m2), which
indicates that the interaction of neutrons with matter is relatively weak. Hy-
drogen has the largest cross-section (82 barns). Further, this cross-section
is essentially incoherent because the non-zero nuclear spin of 1H

( 1
2

)
gives

rise to two scattering lengths of opposite sign with a weighted average close

Fig. 1 Neutron scattering cross-sections for some elements and isotopes. The larger the
area of the circle, the larger the cross-section
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to zero. With incoherent scattering, the motions of individual protons or
molecules inside a porous network can be investigated. From the early neu-
tron experiments, self-diffusivities could be obtained and compared with PFG
NMR data [9].

More recently, the diffusion of deuterated molecules and of molecules
which do not contain hydrogen atoms has been studied. It appears from Fig. 1
that the cross-sections of these elements are about one order of magnitude
smaller than hydrogen, which requires high neutron flux sources. At the In-
stitut Laue-Langevin, Grenoble, France, it has been possible to determine
the transport diffusivity of molecules such as CO2, O2, N2, CF4, SF6, and
deuterated alkanes or aromatics. The diffusion of rare gases has also been
investigated: natural Ar has a very small cross-section, but 36Ar has a very
large coherent cross-section (77.9 barns). Natural Xe has a small coherent
cross-section (2.96 barns) and a large absorption cross-section (13.28 barns
for λ = 1 Å), which makes an experiment with a typical neutron wavelength
of 6 Å difficult (the absorption cross-section would be ≈80 barns, since it is
proportional to λ). However, it might be possible to use one of the various iso-
topes of Xe, having a coherent cross-section similar to natural Xe, but with
a weaker absorption. Deuterium is special in the sense that its coherent and
incoherent cross-sections are of the same order of magnitude.

Coherent and isotopic-incoherent scattering involve no spin-flip, whereas
spin incoherent scattering (i.e., for hydrogenated molecules) inverts the neu-
tron spin with a probability of 2/3. Since spin-polarized neutrons are used in
the neutron spin-echo technique, the polarization of the neutron beam, after
spin-incoherent scattering would be reversed and three times less intense.

The measured intensity can be split into coherent and incoherent contri-
butions, as in the case of the scattering cross-sections

d2σ

dΩdE
=

k1

k0

N
4π�

[
σcohScoh(Q, ω) + σincSinc(Q, ω)

]
, (6)

where S(Q, ω) is called the scattering function, or dynamical structure factor.
Integrating over energy yields the structure factor S(Q). For incoherent scat-
tering, the intensity is smoothly decaying with Q, but for coherent scattering
one has a maximum related to the intermolecular distance [5] and the value at
Q = 0 corresponds to the inverse of the thermodynamic factor (see Sect. 4.1).

For data fitting, it is easier to work with the scattering function than
with the double-differential cross-section since there are no experimental pa-
rameters. During a normal QENS experiment, one measures in Q–ω space
motions, which occur in real space and in time. The scattering functions are
the four-dimensional Fourier transforms of the van Hove correlation function
G(r, t) [10].

S(Q, ω) =
1

2π

∫
dt exp(– iωt)

∫
dr exp(iQ.r)G(r, t) . (7)
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The incoherent and coherent scattering functions are related to the self- and
pair-correlation functions

Sinc(Q, ω) =
1

2π

∫
dt exp(– iωt)

∫
dr exp(iQ.r)Gs(r, t) (8a)

Scoh(Q, ω) =
1

2π

∫
dt exp(– iωt)

∫
dr exp(iQ.r)G(r, t) , (8b)

where GS(r, t) corresponds to the probability of finding a particle at position
r at time t if the same particle was at the origin at time zero, whereas G(r, t)
gives similarly the probability of finding any particle (including the same).

Q and ω are the Fourier-transformed variables of r and t. Q has the di-
mension of a reciprocal distance, and ω of an angular frequency. Therefore,
macroscopic quantities will correspond to small Q, i.e., long wavelengths, in-
volving averages over large distances. In analogy, slow diffusivities implying
long times in G(r, t) will correspond to small ω. Schematic representations of
scattering functions are shown in Fig. 2a,b. When the characteristic time, τ ,
of the dynamical process to be measured is shorter than the inverse of the in-
strumental resolution, ∆ω, a broadening of the elastic peak will be observed
(Fig. 2b), allowing one to derive a diffusion coefficient from the spectra ob-
tained at various Q values. On the other hand, when τ is larger than 1/∆ω,
the shape is given by the instrumental resolution (Fig. 2a). In this case, the
diffusivity cannot be extracted from the measurements, and a higher energy
resolution is required to probe longer times.

NSE is another neutron technique from which the Fourier transform of the
scattering function, (Eq. 7), is obtained

I(Q, t) =
∫

dω exp(iωt)S(Q, ω) . (9)

I(Q, t) is called the intermediate scattering function since it is defined by

I(Q, t) =
∫

dr exp(iQ.r)G(r, t) (10)

so that the scattering function corresponds to

S(Q, ω) =
1

2π

∫
dt exp(– iωt)I(Q, t) . (11)

With the NSE method, data are not recorded as a function of energy transfer,
but as a function of time. Elastic and quasi-elastic representations are shown
in Fig. 2c,d, respectively. The normalization of I(Q, t) is done using I(Q, 0),
which corresponds to the structure factor, S(Q)

I(Q, 0) =
∫

dωS(Q, ω) = S(Q) . (12)

The integration over energy transfers in Eq. 12 is not straightforward in tra-
ditional QENS experiments, because the measurements are made at constant
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Fig. 2 Schematic representations, for one Q value, of the scattering function, S(Q, ω), and
of the intermediate scattering function, I(Q, t), in the case of a and c: elastic scattering;
b and d: quasi-elastic scattering

scattering angles and not constant Q. On the other hand, the structure factor
is directly obtained from NSE experiments.

2.2
Derivation of Self- and Transport Diffusivities

In short, incoherent scattering allows one to determine the self-diffusivity,
DS, whereas coherent scattering gives access to the transport diffusivity, Dt,
from experiments performed at equilibrium. When the scattering is both in-
coherent and coherent, then both diffusivities can in principle be determined
simultaneously.

Let us examine first the incoherent scattering. For isotropic diffusion, the
motion of a given atom (or single molecule) is represented by the diffusion
equation (Fick’s second law), for long enough times (and distances)

∂p(r, t)
∂t

= Ds∇2p(r, t) . (13)
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The self-correlation function, GS(r, t), is an appropriate solution for p(r, t),
the probability to find the atom (or molecule) at position r at time t. If the
atom is at the origin at time zero, GS(r, 0) = δ(r), the self-correlation function
is given by the Gaussian expression

Gs(r, t) =
1

(4πDst)3/2 exp
(

–
r2

4Dst

)
. (14)

The spectral profiles can then be calculated. As a first step, the spatial Fourier
transform in Eq. 8a gives the intermediate self-scattering function

Is(Q, t) = exp(– DsQ2t) . (15)

The incoherent scattering function, (Eq. 8a), is obtained from the time
Fourier transform of the intermediate self-scattering function

Sinc(Q, ω) =
1
π

DsQ2

ω2 + (DsQ2)2 = Λs . (16)

It is abbreviated by a capital lambda because it corresponds to a Lorentzian
profile in energy. Equation 16 corresponds to an isotropic diffusion. Other an-
alytical expressions can be derived for anisotropic diffusion (1-D, 2-D) or for
single-file diffusion. The half-width at half-maximum (HWHM) of Λs is

∆ω(Q)inc = DsQ2 . (17)

It should be noted that the above expressions are only valid at large distances,
corresponding to small Q values. Analytical expressions for larger Q values
(smaller distances) will be given in the Jump Diffusion Sect. 2.3.

For coherent scattering, the scattering function depends on the pair cor-
relation function, G(r, t), as indicated in Eq. 8b. This correlation function can
be expressed in terms of the microscopic particle density which specifies the
position of a particle by a delta function

ρ(r, t) =
∑

i

δ
[
r – ri(t)

]
. (18)

For molecules adsorbed at equilibrium in a zeolite, G(r, t) gives the correla-
tion between the densities at two different positions and different times

G(r, t) =
1
ρ

〈
ρ(0, 0)ρ(r, t)

〉
, (19)

where ρ is the macroscopic number density. This correlation function is,
therefore, directly connected with the density fluctuations in the adsorbed
phase. The transport diffusivity, Dt, can be obtained from QENS experi-
ments, because one is following the evolution of local concentration gradients
around equilibrium.
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At low Q values, the coherent scattering function for an isotropic motion
has the form [11]

Scoh(Q, ω) =
S(Q)
π

DtQ2

ω2 + (DtQ2)2 = S(Q)Λt . (20)

The first difference with incoherent scattering is that the intensity varies
as S(Q), leaving aside the influence of the Debye–Waller factor. One, therefore,
expects a non-monotonic variation of the total intensity as a function of Q. In
the small Q domain, the line-shape of the coherent scattering function is still
Lorentzian, with a HWHM

∆ω(Q)coh = DtQ2 . (21)

The scattering from a molecule will be more complicated than for a single
atom because the other molecular motions of rotation and vibration come
into play. If there are no inelastic features in the measured energy transfer
range studied, the vibrational term will only affect the measured intensities
in the QENS domain through a Debye–Waller factor. On the other hand, the
influence of the rotation on the observed profiles has to be treated in more
detail. Sears has derived analytical expressions for the total differential cross-
section of a molecular system, where the rotational motion is isotropic [12].
From his work, a simplified expression (Eq. 22) for the double-differential
cross-section can be obtained; it is split into three terms:

n∑
m=1

bm
inc

2 j20(Qrm)Λs

+

∣∣∣∣∣
n∑

m=1

bm
coh j0(Qrm)

∣∣∣∣∣
2

S(Q)Λt

+
∞∑
�=1

(2� + 1)
n∑

m,m′=1

{
bm

cohbm′
coh + bm

inc
2 δmm′

}

× j�(Qrm)j�(Qrm′)P�(cos Θmm′)Λs ⊗Λrot
� . (22)

The first term is related to self-diffusion, the second to transport diffusion,
and the third to a convolution (symbol ⊗) between self-diffusion and the
rotational motion, which consists here of a rotational diffusion involving
Lorentzian functions, Λrot

� .
The symbol j� corresponds to the spherical Bessel function of order �, rm

denotes the position of the atom m relative to the center of mass (there are n
atoms within one molecule), P� is a Legendre polynomial, Θmm′ is the angle
between rm and rm′ , and δmm′ the Kronecker delta.
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If an incoherent scatterer like CH4 is studied, the second term in Eq. 22 will
be zero (bcoh = 0) and the measured intensity will be proportional to

d2σ

dΩdE
∝ 4bH

inc
2
Λs ⊗

[
A0(Q)δ(ω) +

∞∑
�=1

A�(Q)Λrot
�

]
, (23)

where A0(Q), the elastic incoherent structure factor (EISF) and A�(Q), the
quasi-elastic incoherent structure factors are defined as

A�(Q) = (2� + 1)j2�(QR) . (24)

R is the C – H distance. The Legendre polynomials do not appear in Eq. 23
because Θmm′ is equal to 0◦ and, thus, P�(cos 0) = 1.

The elastic (� = 0) and quasi-elastic incoherent structure factors for the
isotropic rotation of methane are shown in Fig. 3. It appears from this fig-
ure that only the first three terms of the summation in expression 23 have
to be considered in the Q range, which is usually covered by QENS instru-
ments. The self-diffusivity will be obtained by first fitting the QENS spectra
with expression 23 and then from the broadening of Λs with Q.

For a totally coherent scatterer like CF4, the first term in expression 22
will be zero (binc = 0) and the number of contributions in the third term will
depend on the symmetry of the molecule. The tetrahedral symmetry of CF4
implies that the sum on the Legendre polynomials is zero for � = 1 and � = 2.
The sum is non-zero only for � = 3. This means that in the Q range, which is
the most important to extract diffusivities (Q < 1 Å–1), the third term in ex-

Fig. 3 Elastic (� = 0) and quasi-elastic (� = 1, 2, 3) incoherent structure factors for the
rotational diffusion of methane (R = 1.1 Å)
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pression 22 is negligible so that one has only to consider the first term, i.e.,
a single Lorentzian, in the data interpretation. The conclusion, which is some-
what surprising, is that for a symmetric molecule fitting is easier for a coherent
scatterer than for an incoherent one (e.g., CF4 compared with CH4).

For a deuterated molecule, the scattering will be both incoherent and
coherent, and the three terms in expression 22 may have to be taken into ac-
count. At low loadings, the structure factor is of the order of 1, so that the
coherent term should dominate.

2.3
Jump Diffusion Models

The expressions derived above, in particular Eqs. 17 and 21, allow one to
derive self- or transport diffusivities in a straightforward manner, since the
width has a simple DQ2 law. This Fickian diffusion is only observed at large
distances, corresponding to small Q values. Typically, in a molecular liquid,
Fickian diffusion is observed for distances larger than 10 Å. For a molecule
diffusing in a zeolite, one has to probe translation over a few unit cells
(≈ 60 Å). At smaller distances (larger Q values), there is usually a deviation
from the linear relation between ∆ω and Q2. This sort of deviation is quite
general and is due to the details of the elementary diffusive steps.

The models, which have been developed in the literature, concern es-
sentially incoherent scattering, i.e., self-diffusion. Much less work has been
performed on jump diffusion of coherent scatterers [5, 11]. If one considers
only isotropic systems, the scattering function will always be a Lorentzian
function, but the width (HWHM) of the energy spectra will differ from the
simple DQ2 behavior. For each spectrum measured at a given Q value, one can
extract a diffusion coefficient D. One has to extrapolate D(Q) to small Q values
to obtain the Fickian diffusivity.

The models contain as parameters the characteristic lengths and times of
the elementary steps. The available models were developed by the following
researchers:

1. Chudley and Elliott (CE) [13]: in this model, the jump distance d is a con-
stant and the HWHM is given by

∆ω(Q) =
1
τ

(
1 –

sin(Qd)
Qd

)
, (25)

where τ is the residence time of the molecule on a given site.
2. Hall and Ross (HR) [14]: here, the jump distance is not fixed, but one has

a jump length distribution of the form

ρ(r) =
2r2

r3
0(2π)1/2

exp
(

–
r2

2r2
0

)
. (26)
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The broadening is given by

∆ω(Q) =
1
τ

(
1 – exp

(
–

Q2〈r2〉
6

))
. (27)

The diffusion coefficient is defined by D = 〈r2〉/6τ , where 〈r2〉 is the mean-

square jump length: 〈r2〉 =
∞∫
0

r2ρ(r)dr = 3r2
0.

3. Singwi and Sjölander (SS) [15]: this is a model, where a jump length dis-
tribution different from the HR model is considered

ρ(r) =
r

r2
0

exp
(

–
r
r0

)
. (28)

Assuming that the time taken for the jump can be neglected, one obtains
for the broadening

∆ω(Q) =
1

6τ
Q2〈r2〉

1 + Q2〈r2〉/6
. (29)

In the SS model, one has 〈r2〉 = 6r2
0.

4. Jobic: in this more recent model, the distance between two sites is defined
by d0, and r0 is a measure of the delocalization of the molecule on its
site [16]. The jump length distribution corresponds to

ρ(r) =
r

d0r0(2π)1/2 exp
(

–
(r – d0)2

2r2
0

)
. (30)

Then, one obtains for the HWHM

∆ω(Q) =
1
τ

[
1 –

sin(Qd0)
Qd0

exp
(

–
Q2r2

0

2

)]
. (31)

The mean-square jump length corresponding to this model is: 〈r2〉 =
d2

0 + 3r2
0.

Experimentally, all these models have been found to be useful to describe
molecular diffusion in zeolites. For example, in the case of n-pentane in
Na-X [17], the broadenings (HWHM) derived from individual fits of the spec-
tra showed a maximum at Q2 ≈ 0.4 Å–2. This maximum is characteristic of
a jump diffusion process with jumps of a fixed length occurring in random
directions (the CE model). The jump length, 7 Å, is shorter than the distance
between the centers of two adjacent supercages, ≈ 11 Å, which means that
long-range diffusion does not simply corresponds to jumps from one cage to
the adjacent one.
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When the adsorption sites are randomly distributed in the framework, one
has a distribution of jump lengths. This was found to be the case for ammo-
nia in silicalite [18]. The broadenings of the spectra did not show a maximum,
but converged progressively to an asymptotic value. All the spectra could be
fitted simultaneously with the SS model, yielding a mean jump length of 5 Å.

In recent molecular dynamics (MD) studies of propane in Na-Y zeolite,
the HWHM obtained from the simulations have been compared with jump
diffusion models and with the experiment [19]. Figure 4 shows fits of differ-
ent models to the MD data, at three temperatures. The error bars on the MD
points is too large to select the “best” model. However, the oscillatory behav-
ior expected for the CE model does not seem to be present either in the MD
data or in the experimental QENS broadenings (Fig. 5).

Fig. 4 The Q dependence of the intermediate component Γ2, for propane in Na-Y showing
a typical jump diffusion at three different temperatures. The curves are the fits of different
models to the MD data. Adapted from [19]

Even if the jump parameters, obtained by fitting the different models to
the data, can vary, the diffusion coefficient should stay constant if there are
enough experimental points at small Q values, since all models share the same
broadening behavior in this Q range of the form DQ2.
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Fig. 5 The Q dependence of the HWHM of the Lorentzian function obtained from the ex-
perimental QENS data of propane in Na-Y, fitted with different model functions. Adapted
from [19]

3
Experimental

The classical instruments to measure quasi-elastic neutron scattering are time-
of-flight (TOF) and back-scattering (BS) spectrometers [20]. Depending upon
the instrumental resolution, a broadening of the spectra will be observed if the
molecules diffuse over a time scale ranging from 10–8 to 10–12 s. The typical
energy resolution on a TOF instrument ranges between 10 and 100 µeV, while
it is of the order of 1 µeV on a BS machine. Various TOF and BS spectrome-
ters are found in neutron facilities around the world. The neutron spin-echo
(NSE) method is of a more restricted access since there are only a few instru-
ments. NSE has been shown recently to apply to zeolitic systems, extending
the accessible time scale window to slower motions by two orders of mag-
nitude [21]. The principle of the NSE technique is quite different from the
traditional instrumentation [22]. On TOF and BS spectrometers, the incident
energy has to be accurately defined, and a higher resolution can only be ob-
tained at the expense of the incident neutron flux. A clear advantage of NSE
is that monochromatization is decoupled from energy resolution and, thus,
a broad wavelength distribution (∆λ/λ ≈ 15%) can be used. In NSE, the veloci-
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ties of polarized neutrons are compared before and after the scattering event,
using the Larmor precession of the neutron spin in a controlled magnetic field.
One is able to detect very small relative velocity changes (of the order of 10–5)
despite the broad wavelength distribution. An echo group, as shown in Fig. 6,
is obtained by varying the field integral around the symmetry point.

Fig. 6 Typical echo group obtained by varying the current in the phase coil. To save time
during the experiment, only a limited number of points are measured near the maximum
of the echo, to derive its phase and amplitude

In Fig. 6, the periodicity of the damped oscillation is determined by the
average wavelength, and the envelope is the Fourier transform of the wave-
length distribution. The amplitude of the echo indicates how much of the
initial polarization is recovered. For an elastic scatterer, after correction from
the instrumental resolution, the polarization is totally recovered (Fig. 2c).
During the scattering event, the beam polarization can be reduced if the
sample contains hydrogen atoms (see Sect. 2.1). This is the reason why deuter-
ated molecules or coherent scatterers are preferably studied. With new NSE
instruments under construction, increases in flux by one or two orders of
magnitude will allow one to measure the diffusion of hydrogenated molecules
as well.

In the case of quasi-elastic neutron scattering, the total precession angle,
ϕ, is a function of the energy transfer ω: ϕ = ωt. The detected intensity is the
average of cos ϕ, weighted by the scattering function of the sample S(Q, ω)

∫
S(Q, ω) cos(ωt)dω∫

S(Q, ω)dω
=

I(Q, t)
I(Q, 0)

. (32)

Therefore, NSE directly measures the intermediate scattering function (see
Eqs. 9–12). In the Fickian regime, one obtains the diffusivity in a straightfor-



224 H. Jobic

Fig. 7 Normalized intermediate scattering function obtained for benzene in Na-Y zeo-
lite (1 molecule per supercage, on average, T = 475 K, Q = 0.3 Å–1). The fraction of the
intensity due to the zeolite is represented as a dashed line

ward manner from the normalized intermediate scattering function

I(Q, t)
I(Q, 0)

= exp
(
– DtQ2t

)
. (33)

For a given Q value, the decay of I(Q, t) can be followed for times up to several
hundreds of ns (for the time being this is only possible at the Institut Laue-
Langevin, in Grenoble, France). The equivalent energy resolution is then of
a few neV.

Another characteristic of the NSE technique is that the dynamical range
is very large (more than three orders of magnitude). This is larger than on
TOF instruments, and much larger than on BS spectrometers. As an example,
the intermediate scattering function obtained for benzene in Na-Y zeolite is
shown in Fig. 7. The experimental data can be fitted with only one expo-
nential function, whereas two decays would be expected from simulations,
where two different time scales for intracage and intercage motion were con-
sidered [23]. The previous conclusion, derived from BS experiments, that
both types of jumps occur on the same time scale is, thus, more clearly con-
firmed [24].

4
Applications

The QENS technique has been used to study the diffusion of hydrogen in
metals, of molecules on flat surfaces, and of ions in oxides or solid elec-
trolytes. Apart from zeolites, the method has been recently employed to
characterize molecular diffusion in MCM-41 samples [25, 26], or in microp-
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orous silica [27, 28]. In some papers, the time scale is sometimes too short
to observe diffusion. Further, to derive a diffusion coefficient in zeolites, one
must probe a length scale which is much larger than the cage-to-cage dis-
tance. This requires measuring data at small Q values, a range which may not
be accessible on some instruments [29]. In that case, only local motions will
be probed.

Despite extensive work in the last decade, large discrepancies still per-
sist between the various experimental techniques which measure diffusion in
zeolites. One of the difficulties is that one has to compare self-diffusivities, ob-
tained by PFG NMR or QENS methods, with transport diffusivities derived
from macroscopic experiments. The transport diffusivity is defined as the
proportionality factor between the flux and a concentration gradient (Fick’s
first law)

J =– Dt∇c . (34)

One expects that Ds and Dt will have a different concentration dependence.
Comparisons between PFG NMR, QENS, and MD simulations could only be
made in the past at the level of Ds. At equilibrium, one can now obtain ex-
perimentally Dt using coherent neutron scattering. From equilibrium MD
simulations, one cannot derive Dt, but one can determine the corrected dif-
fusivity Do. These two diffusivities are linked by considering that the driving
force for diffusion is the chemical potential gradient, and not the concentra-
tion gradient

Dt(c) = Do(c)
(

d ln p
d ln c

)
= Do(c)Γ , (35)

where Γ is the thermodynamic correction factor (for a Langmuir isotherm,
Γ = (1 – θ)–1, θ being the fractional occupancy). One approximation which
can be found in the literature is to replace Do by Ds. However, the self-,
transport, and corrected diffusivities are only equal at zero concentration. All
these diffusivities can have a different concentration dependence, and this is,
indeed, what has been evidenced recently, both by experiments and by simu-
lations.

4.1
Concentration Dependence of the Corrected Diffusivity

Coherent QENS measurements and MD simulations have been performed for
N2 and CO2 in silicalite [30, 31]. It has been found that the self-diffusivities
of the two gases decrease with increasing occupancy, while the transport dif-
fusivities increase. For a comparison with other systems, it is appropriate
to remove the influence of the thermodynamic correction factor and to dis-
cuss the collective mobility in terms of the corrected diffusivity (also called
Maxwell–Stephan diffusivity). Do(c) is directly obtained from the simula-
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tions; it is obtained experimentally by dividing the transport diffusivity by the
thermodynamic correction factor calculated from the simulated adsorption
isotherms. Significant differences for the loading dependence of Do between
the two gases were observed, both by experiment and simulation. The depen-
dence on the loading of Do was analyzed using the surface diffusion model of
Reed and Ehrlich [32], as previously done by Krishna et al. [33]. The inter-
action parameters between sorbate molecules, extracted from the simulated
adsorption isotherms, gave a good description of the loading dependence of
Do. The sorbate–sorbate interactions were found to be more attractive for
CO2 than for N2, as expected on simple physical grounds.

CO2 is more strongly adsorbed than CH4 in silicalite, so that the QENS ex-
periments could be performed at 300 K. On the other hand, N2 is much more
weakly adsorbed, and a temperature of 200 K was selected to reach an average
concentration of 6.5 molecules per unit cell (θ = 0.35), at atmospheric pres-
sure [30, 31]. Larger pressures (or lower temperatures) would be needed to
reach higher loadings. For CF4 in silicalite, higher loadings (up to θ = 0.85)
could be reached at 200 K [34]. It has been shown in Sect. 2.2 that the scat-
tering function for this coherent scatterer condensed to a single Lorentzian
function. Its intensity is, however, governed by a structure factor, S(Q), which
is so small in liquids at small Q values that few coherent QENS experiments
have been performed so far.

The experimental intensities, integrated over the quasi-elastic domain, are
shown in Fig. 8a, at different CF4 concentrations. A maximum for the scat-
tered intensities is observed at the intermediate loading of seven molecules
per u.c. After normalization with respect to the number of scattering
molecules, one obtains a quantity which is related to the structure factor.
The values for S(Q) are reported in Fig. 8b; they show a continuous decreas-
ing trend for increasing loadings. The extrapolation of S(Q) at zero Q value
is known to be a measure of the fluctuations of the number of particles con-
tained in a given volume [35]

S(Q)Q→0 =

〈
(δN)2

〉
〈N〉 . (36)

The thermodynamic correction factor has also been related to particle fluctu-
ations (e.g. [32])

Γ =
〈N〉〈

(δN)2
〉 (37)

so that one has a simple relationship between S(Q) at zero Q and Γ

S(Q)Q→0 = Γ –1 . (38)

The kinetic theory of gases relates particle fluctuations to the isothermal
compressibility. Therefore, at small Q values, one expects a larger scattering
power, larger S(Q), at small sorbate concentration (the sorbate phase is highly
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Fig. 8 a Neutron intensities derived for CF4 in silicalite at 200 K, at different concentrations:
(◦) 2 CF4/u.c., (�) 4 CF4/u.c., (�) 7 CF4/u.c., (�) 9.7 CF4/u.c., (♦) 11.8 CF4/u.c., (�) 14
CF4/u.c., b structure factors derived at the same loadings

compressible like a gas) than at saturation (a case similar to a liquid which is
poorly compressible).

The value of S(Q) at zero Q value cannot be determined experimentally on
the same instrument that is used to measure diffusivities: there are not enough
points at small Q in Fig. 8b. However, the S(Q) scale, which is given in Fig. 8b in
arbitrary units, can be renormalized. At infinite dilution, S(0) should be equal
to one (like in a gas), and sorption thermodynamics also imply that the thermo-
dynamic correction factor should be equal to one, so that Eq. 38 will be fulfilled.
On the other hand, at high concentrations, Γ increases while S(0) goes down. In
Fig. 8b, Γ is equal to 6.6 for a concentration of 14 CF4 per u.c. so that S(0) should
go down to 0.15. A more quantitative analysis has been recently performed for
n-hexane and n-heptane in silicalite [36] where the inverse of the thermody-
namic factor, calculated from S(Q) was found to be in good agreement with
configurational-bias Monte Carlo (CBMC) simulations.



228 H. Jobic

The transport and corrected diffusivities of CF4 in silicalite at 200 K, as
obtained from QENS and atomistic simulations, are reported in Fig. 9 [34].
They are found to be in excellent agreement, both in magnitude and loading
dependence.

Fig. 9 Transport diffusivities (squares) and corrected diffusivities (circles) obtained for
CF4 in silicalite at 200 K, by QENS (filled symbols) and simulations (open symbols)

The experimental corrected diffusivities for CF4 are replotted in Fig. 10
as a function of the fractional occupancy (the diffusivities were normalized
by the corresponding Do(0) values). These data closely match the (1 – θ) de-

Fig. 10 Normalized corrected diffusivities obtained experimentally for several systems:
(�) CF4 in silicalite, (♦) benzene in Na-Y, (�) CO2 in silicalite, (�) Ar in silicalite, (�)
N2 in silicalite, (•) D2 in Na-X. The solid line gives the (1 – θ) dependence, and the dotted
line the “Darken approximation”
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pendence expected for non-interacting particles hopping on a lattice, i.e., for
a lattice gas model. In this case, the transport diffusivity does not depend on
θ [37]. However, it can be seen in Fig. 10 that many other experimental sys-
tems do not follow this model. What is called sometimes in the literature as
the Darken approximation is to assume that Do is independent of θ. The data
reported in Fig. 10 clearly show that this approximation is rarely valid. Do(θ)
displays a clear maximum for D2 in Na-X [5] and a small one in the case of N2
in silicalite [31]. Similar behaviors were observed from atomistic simulations
performed for several gases adsorbed in silicalite [38]. The only quantitative
analyses of the loading dependence of Do have been made so far using the
Reed–Ehrlich model. It is clear that this lattice model is an oversimplifica-
tion of a sorbate–zeolite system and that more refined models will have to be
developed.

4.2
Diffusion of Isobutane in Silicalite

Various experimental and theoretical methods have been used to determine
the diffusivities of n-alkanes in silicalite or ZSM-5 zeolites. Branched alkanes
are expected to be slower, but the ratio of the diffusivities between a normal
alkane and a mono-methyl isomer may vary experimentally between a factor
5 to 1,000 [39, 40]. With a rigid framework, the value of this ratio obtained
from simulations varies between two and six orders of magnitude [41–43].
The first QENS measurements on hydrogenated isobutane in ZSM-5 were per-
formed on a back-scattering instrument [40]. The broadenings were small,
only 10–20% of the instrumental resolution. The self-diffusivities, which were
extracted, were 2–5×10–12 m2 s–1, for temperatures ranging between 450 and
570 K [40].

As explained in the previous sections, slow motions are more easily de-
tected on an NSE instrument, but coherent scatterers are preferably used,
to obtain a better signal. The diffusion of deuterated isobutane in silicalite
has been measured on a NSE spectrometer, at a low sorbate concentration:
2 molecules per u.c. [44]. The normalized intermediate scattering functions
measured at 550 K, for two different Q values, are shown in Fig. 11. The
lowest Q value, 0.08 Å–1, allows one to probe diffusion over distances of
2π/Q ≈ 80 Å. The shift between the two Q values is partly due to the small-
angle scattering due to the texture of the sample. Crystals of very high crys-
tallinity would allow performing measurements at lower Q, so that diffusion
could be followed over space scales of hundreds of Å.

From the NSE data obtained at various momentum transfers ranging from
0.08 to 0.3 Å–1, transport diffusivities could be determined using a jump
diffusion model to take into account the curvature of D(Q). A value of
2×10–11 m2 s–1 was derived at 490 K, which is sevenfold larger than the self-
diffusivity previously obtained in Na-ZSM-5. Part of this difference is due
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Fig. 11 Normalized intermediate scattering functions obtained for isobutane in silicalite at
550 K, for two different Q values: (•) 0.08 Å–1, (�) 0.2 Å–1

to the thermodynamic correction factor, but a blocking effect of the sodium
cations is also probably observed.

By measuring diffusivities at several temperatures, an activation energy for
diffusion of 22.6 kJ/mol was derived. Extrapolating the NSE diffusivities to
300 K, one obtains a value of 8×10–13 m2 s–1, which is in good agreement
with an interference microscopy investigation performed on the same system
which gave 1×10–12 m2 s–1 [45]. This example shows the potential of the NSE
technique to study the diffusion of more complex branched alkanes in silicalite.

4.3
Linear Alkanes in 5A Zeolite, the “Window Effect”

One of the most controversial issues in the field of diffusion in zeolites is
the so-called “window effect”. This term was coined by Gorring to interpret
the anomalous transport results obtained for linear alkanes in zeolite T [46],
but his experimental conditions have been criticized. More recent macro-
scopic studies could not reproduce the periodic variation in diffusivity, and
a monotonic decline with carbon number was reported [47, 48]. However,
a microscopic technique, such as neutron scattering, is better suited to probe
anomalous diffusion mechanisms on a molecular scale, since it is much less
sensitive to the influence of defects or internal transport barriers within the
zeolite crystals.

Anomalous diffusion in zeolites is expected to happen only in structures
which possess cages separated by windows, and the concept of the window ef-
fect depends both on the cage and window sizes. An unusual behavior may
occur in systems where the sizes of the molecule and of the aperture between
cavities are similar, and when the characteristic length scales of the molecule
and of the cavity are comparable. If a molecule is too long to fit comfortably
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Fig. 12 Diffusivities of linear alkanes in different zeolites obtained at 475 K as a function
of the carbon number a self-diffusivities derived from PFG NMR in Na-X zeolite, b self-
diffusivities measured by QENS in ZSM-5, c transport diffusivities obtained by NSE in
5A [48]

in a cage and takes a configuration where at least one end of the molecule ex-
tends through a window, the energy barrier between adjacent cages is easier
to cross, leading to a higher diffusivity.

As shown in Fig. 12, a monotonous decrease in the self-diffusion coefficient
was measured by PFG NMR for a series of n-alkanes in Na-X [50]. A similar
trend was observed in ZSM-5 by QENS. From the NSE experiments performed
in 5A, one finds that Dt drops to a minimum at C8 and has a clear maximum at
C12. A similar variation is obtained for Do after correcting from the thermody-
namic correction factor (the number of carbon atoms per cavity is the same).
Recent PFG NMR results indicate also a small minimum for Ds at C8 and a small
maximum at C10 [51]. The NSE data obtained for longer n-alkanes in 5A are in
contradiction with simulations which predict increasing diffusivities from C12
to C17 [52] whereas a decreasing trend is observed (Fig. 12). Finally, the acti-
vation energies derived from the NSE measurements show a minimum for C12,
in agreement with the explanation in terms of the window effect. These results
are related to similar concepts such as resonant diffusion [53] or the levitation
effect, which corresponds to a maximum in self-diffusivity when the size of the
diffusant is comparable to the diameter of the void [54].

5
Conclusion

The combination of quasi-elastic neutron scattering (QENS) and neutron
spin-echo (NSE) methods allows one to probe characteristic times ranging
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from less than a picosecond to almost a microsecond. The space and time
scales of the neutron scattering techniques are comparable with those ex-
plored by molecular simulation methods, so that direct comparisons can be
made on the translational and rotational dynamics of adsorbed molecules.

Although hydrogen has the largest neutron cross-section, the neutron in-
strumentation is no more restricted to the study of hydrogenated molecules.
One can now probe the diffusion of molecules which do not contain hydro-
gen atoms. At the time being, the self-diffusivity of hydrocarbons is meas-
ured with the hydrogenated molecule, and the transport diffusivity with the
deuterated molecule. In future, it will be possible to derive simultaneously
both diffusivities from measurements with a deuterated molecule, using po-
larization analysis to resolve the coherent and incoherent contributions.
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Abstract Theoretical, experimental principles and the applications of the frequency re-
sponse (FR) method for determining the diffusivities in microporous and bidispersed
porous solid materials have been reviewed. Diffusivities of hydrocarbons and some other
sorbates in microporous crystals and related pellets measured using the FR technique
are presented, and the FR data are analysed to demonstrate the identification of the FR
spectra. These results display the ability of the FR method to discriminate multi-kinetic
mechanisms, including a surface resistance or surface barrier occurring simultaneously in
the systems, which are difficult to be determined using other microscopic or macroscopic
methods. The FR measurements also showed that the diffusivity of a system depends sig-
nificantly on the subtle differences in molecular shape and size of sorbates in various
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porous framework structures. Several FR techniques and future developments, including
both theories and apparatus, have also been briefly described.

Keywords Diffusion · Frequency response · Hydrocarbons · Microporous materials

Abbreviations
4A, 5A Linde Type Zeolite A∗
AlPO4-5 Aluminophosphate-five molecular sieve∗
α Ratio of the concentration of sorbate in the gas phase to the concentration in

the sorbent at equilibrium
CBe Bulk sorbate concentration under equilibrium conditions, mmol g–1

Cg Concentration of diffusate in the gas phase, mmol g–1

CH Cyclohexane
CMS Carbon molecular sieve
CP Cyclopentane
Cs Volumetric heat capacity of the sorbent, kJ m–3 K–1

D Transport diffusion coefficient in crystals, m2 s–1

D0 Self-diffusion coefficient in crystals, m2 s–1

DMCH Dimethylcyclohexane
Dp Macropore diffusivity, m2 s–1

DTG Differential thermogravimetric
Dµ Micropore diffusivity, m2 s–1

δc, δs Characteristic functions
δc,sM , δs,sM In-phase and out-of-phase characteristic functions for macro-particle shape

factor sM
δc,sµ, δs,sµ In-phase and out-of-phase characteristic functions for micro-particle shape

factor sµ
δin, δout In-phase and out-of-phase components
σ1, σ2 Fractional adsorption capacities in the macropore voids and the microparti-

cles
EB Ethylbenzene
f Frequency, s–1

FR Frequency response
FRFs Frequency response functions
h Heat transfer coefficient, W m–2 K–1

k-A Rate constant for a surface resistance or surface barrier, s–1

ka Adsorption rate constant, s–1 Pa–1

kd Desorption rate constant, s–1

K Dimensionless equilibrium constant
Kiso Dimensionless equilibrium constant calculated from adsorption isotherms
Kp Equilibrium based on the pressure, kmol m–3 Pa–1

KT Equilibrium based on the temperature, kmol m–3 K–1

l Half thickness of the slab sorbent, m
LHS Left-hand side
m. Molecule(s)
MD Molecular dynamic
MFI ZSM-5 zeolite structure∗
Mt Amount of sorbate sorbed in a sorbent at time t, mmol g–1

M∞ Amount of sorbate sorbed in a sorbent at sorption equilibrium, mmol g–1
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n Harmonic number for Fourier transformation
NaX, 13X Faujusite-type zeolite∗
nm Coverage of the sorbent, molecules per unit cell
P Pressure, Pa (1 Torr = 133.33 Pa)
PB Relative amplitude of the pressure variation in the absence of sorbent
p-DCB p-dichlorobenzene
PFG NMR Pulse field gradient nuclear magnetic resonance
PZ Relative amplitude of the pressure variation in the presence of sorbent
Pe Equilibrium pressure of the sorbate, Pa
q Concentration adsorbed in the sorbent, mmol g–1

QENS Quasi-elastic neutron scattering
Qst Heat of adsorption, kJ mol–1

Qiso
st Heat of adsorption calculated from adsorption isotherms, kJ mol–1

R Gas constant, kJ mol–1 K–1

RHS Right-hand side
Rp Radii of macro-particles, m
Rµ Radii of micro-particles, m
S Dimensionless constant
silicalite-1 Siliceous framework of the MFI zeolite∗
sM Macro-particle shape factor
sµ Micro-particle shape factor
SSFR Single-step frequency response
th Time constant for heat exchange process, s
tp Macropore diffusion time constant, s
T Temperature, K
theta-1 Zeolite structure*
Ve Mean volume of sorbate outside the sorbent, m3

Vg Volume of the gas phase, m3

Vs Volume occupied by the sorbent, m3

ΦB Phase lag of the pressure change in the absence of sorbent, degrees
ΦZ Phase lag of the pressure change in the presence of sorbent, degrees
ΦZ-B = ΦZ – ΦB
γ Parameter describing the non-isothermality
ω Angular frequency of the volume modulation, rad s–1

ξ Surface resistance effect factor defined in Eq. 19
λ A measure of the approach to saturation of the Langmuir isotherm
∗ cf. Baerlocher C, Meier WM, Olson DH (2001) Atlas of zeolite framework

types, 5th edn. Elsevier, Amsterdam.

1
Introduction

The frequency response technique is a quasi-steady state relaxation technique
in which a system in equilibrium is perturbed slightly by a rapid, periodic
change in a property of the system which disturbs the equilibrium. The ad-
justment of the system to the new equilibrium is followed and characterised
by one or more relaxation times. The response of a parameter characteristic
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of the state of the system depends upon the time scale of the dynamic pro-
cesses affecting the parameter relative to the period of perturbation, the type
of perturbation and physical characteristics of the system. The response spec-
trum of the system to the modulation can, thus, be used to determine the
kinetic parameters. This method applies much smaller changes in the system
conditions than those typically used for large step change methods, such as
gravimetric and volumetric uptake measurements.

By applying an appropriate perturbation to a relevant parameter of
a system under equilibrium, various frequency modulation methods have
been used to obtain kinetic parameters of chemical reactions, adsorption-
desorption constants on surfaces, effective diffusivities and heat trans-
fer within porous solid materials, etc., in continuous flow or batch sys-
tems [1–24]. In principle, it is possible to use the FR technique to discrim-
inate between all of the kinetic mechanisms and to estimate the kinetic
parameters of the dynamic processes occurring concurrently in heteroge-
neous catalytic systems as long as a wide enough frequency range of the
perturbation can be accessed experimentally and the theoretical descriptions
which properly account for the coupling of all of the dynamic processes can
be derived.

Diffusional mass transport in microporous materials is of crucial rele-
vance and usually a rate-controlling step for a large number of heteroge-
neous catalytic and separation processes. The knowledge of the diffusivities
is, therefore, of immense importance for obtaining a better understanding
of the mechanisms of catalytic and adsorption separation processes. The FR
technique has proved to be a very effective and a very powerful method for
determining inter- and intracrystalline diffusivities of sorbate molecules in
porous materials. An outstanding advantage of the FR method is its abil-
ity to distinguish multi-kinetic processes in an FR spectrum, i.e., various
rate processes which occur simultaneously can be investigated by this tech-
nique [3]. For diffusion measurements in microporous materials, the fre-
quency response method monitors the pressure response of a closed system
to a small fluctuation in its volume. This technique was initially applied to
study chemisorption kinetics by Polinski and Naphtali [1] and was then used
by Yasuda to measure diffusion coefficients in gas-zeolite systems by applying
a sinusoidal-wave perturbation to the equilibrium gas phase volume of the
system [2–5]. Rees et al. have improved this technique by the use of “pure”
square-wave perturbations, by reduction of the response time of the pressure
transducer, by automation of the apparatus, and finally, by an expansion of
the frequency-range [6–11].

In this chapter the discussion will be mainly focused on the theories and
experimental principles of this gaseous batch system subject to square wave
volume perturbations and the applications of the method to determine the
diffusivities in microporous solid materials. Some other FR techniques, in-
cluding both theories and apparatus will also be briefly described.
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2
Apparatus and Measurement Procedures

The principal features of the FR apparatus developed by Rees et al. are shown
in Fig. 1. An accurately known amount of sorbent sample (∼50–100 mg) is
scattered in a plug of glass wool and outgassed at a pressure of < 10–3 Pa
and 623 K overnight by rotary and turbo molecular drag pumps (Eq. 6). The
temperature was raised to 623 K at 2 K min–1 using a programmable tube
furnace. A dose of purified sorbate is brought into sorption equilibrium
with the sorbent in the sorption chamber (Eq. 8) at the chosen pressure and
temperature.

Fig. 1 Schematic diagram of the FR apparatus: 1: Sorbate inlet 2: Valve 3: Electromagnets;
4: Moving disc 5: Bellows 6: Rotary and turbo drag pumps 7: Computer with A/D and
D/A cards 8: Adsorption vessel with zeolite in glass-wool 9: Vacuum connectors 10: Dif-
ferential Baratron 11: Signal conditioner 12: Reference pressure side

A square-wave modulation of ±1% was then applied to the gas phase
equilibrium volume, Ve. Such a small perturbation can generally satisfy the
assumption of linearity. The modulation was affected by applying a current
to each of the two electromagnets (Eq. 3) in turn, which moves the disc
(Eq. 4) between the electromagnets rapidly (< 10 ms) and periodically. The
brass bellows (Eq. 5) attached to the disc, which is part of the sorption gas
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phase volume, was expanded and compressed to produce the ±1% change in
volume. A frequency range of 0.001 to 10 Hz was scanned over some 30 incre-
ments. The range of diffusivities that can be covered by such an FR apparatus
depends on the size and the shape of the adsorbent crystals, as demonstrated
in Fig. 2.

Fig. 2 The relationship of diffusion coefficients, D; frequency, f ; and spherical crystal
radius, r

The pressure response to the volume perturbation was recorded with
a high-accuracy differential Baratron pressure transducer (MKS 698A11TRC)
(Eq. 10) at each frequency over three to five square-wave cycles (256 pres-
sure readings per cycle) after the periodic steady-state had been established.
The isotherm describing the equilibrium sorption conditions can be linear or
curved. However, the horizontal region of a rectangular isotherm cannot be
used as there is no sorption/desorption following the square–wave modula-
tion of the equilibrium volume.

The frequency was controlled by an on-line computer (Eq. 7), which was
also used for the recording of the pressure data from the Baratron transducer.
The conversion rate of the analogue-to-digital converter in the interface unit
must be fast enough to cope with the 1 to 4 ms response time of the pressure
transducer. The pressure response to the volume change over the whole fre-
quency range was measured in the absence (blank experiment) and presence
of sorbent samples to eliminate time constants associated with the appara-
tus. The FR spectra were derived from the equivalent fundamental sine-wave
perturbation by a Fourier transformation of the volume and pressure square-
wave forms.
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Another batch or closed FR system, similar to the one described above,
but applying a sine-wave perturbation to an equilibrium gas phase volume
instead of a square-wave is obtained by attaching the bellows to a cam and
variable speed motor or to a servomotor [1, 2, 12, 19]. Compared with a sine-
wave modulation, a square-wave is easier to create and the system has much
better long term reliability. Also, in the case of a square-wave forcing func-
tion, the pressure response contains higher harmonics, which makes the
study of fast dynamics accessible by using relatively low frequencies of the
input perturbations and analysing the higher harmonics in the output sig-
nal [9]. This feature redeems a batch FR system from the limitation that the
frequencies of the volume modulations in the experimental investigations are
restrained to relative low values due to mechanical restrictions.

As can be seen in the subsequent sections, in some circumstances, the
dissipation of the heat of adsorption affects the response signal and plays
an important role on mass transport processes. A thermal FR apparatus has
been built to monitor both pressure and temperature changes resulting from
the volume modulations. The temperature is accurately measured by an in-
frared detector with a standard error on the order of 10–4 K [21, 22]. However,
the temperature sensing system is quite complex and the components are
expensive.

More recently, continuous flow or open FR systems have been developed
to measure the adsorption and diffusion properties of sorbate molecules in
microporous materials [13–15]. In these systems, either the concentration of
the sorbate feed [13] or the pressure within the reactor [14, 15] is oscillated
and the resulting changes at the exit stream are measured by using mass spec-
trometry or a mass flow meter. For a flow FR system, the effect of adsorption
heat is reduced as the flowing gases attenuates the temperature change.

Studies of the diffusivities of mixtures of sorbates can be simply carried
out and chemical reaction kinetics on porous materials can also be measured
using a flow FR system [25]. A flow system is, again, more complex to operate
and more expensive to construct than a batch system.

Reyes et al. described their newly designed FR system that combines
acoustically coupled moving diaphragms capable of reaching higher forcing
frequencies (100 Hz) with two synchronized and identical closed chambers,
one containing the sample and the other, an exact equivalent volume, being
without sample. They also proposed an idea to use more suitable forcing sig-
nals in order to decrease the experimental time required to obtain a response
function over a wide range of frequencies by applying signals containing mul-
tiple harmonic components. This method can probe the system response over
a range of frequencies simultaneously [19, 20].

The apparatus developed by Rees et al. can also be used for single-step
FR measurements. In these experiments, the gas phase equilibrium volume,
Ve, is only subjected to one half of a square wave perturbation of ±1%. Up
to 2,048 pressure readings can be recorded by the on-line computer during
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one adsorption or desorption half-cycle. The experiments were also carried
out in the absence and presence of sorbents to subtract the dead-time of the
apparatus. The adsorption and desorption uptake rate curves for each half-
cycle were obtained from the difference in the pressure readings of the blank
experiment and those when the sorbent was present [8, 26, 27].

3
Theoretical

3.1
Basic Principles for Treatment of Frequency Response Experimental Data

A variety of theoretical models of FR describing different mass transfer
mechanisms occurring simultaneously in microporous systems and bidis-
persed porous systems have been comprehensively developed. A pure, sin-
gle diffusion process model of an adsorbate in a zeolite sorbent was firstly
derived by Yasuda [2, 4], in which the linear FR of an isothermal, batch
adsorption system was considered. This work was then extended to multi-
independent dynamic processes taking place in the system and to the sys-
tem where diffusion processes occur coupled with a surface resistance [3].
Sun et al. developed a model for an FR system where the effect of the dis-
sipation of the heat of adsorption on mass transport processes is taken
into account [28, 29]. Grenier et al. added the measurement of the tem-
perature response to the pressure response within a batch system to sim-
ultaneously determine heat and mass transfer resistances and included the
relevant mathematical treatments [21, 22]. Do and co-workers made an in-
depth analysis of various mass transport mechanisms in bidisperse adsor-
bents and provided guidelines for their applicability to different FR sys-
tems [24]. The study was then extended to non-isothermal systems including
the influence of heat release on adsorption capacity and diffusivities [30].
They also expanded their work to the analysis of non-linear frequency re-
sponse for both isothermal and non-isothermal systems by using the con-
cept of higher-order frequency response functions (FRFs) [23, 31–33]. They
found that the second order FRFs give enough information for the iden-
tification of different kinetic mechanisms. Models describing flow FR sys-
tems have also been developed by Do et al. and LeVan et al. [14, 31, 34].
Camp recently derived a preliminary theoretical diffusion model of ideal
adsorbate molecules diffusing along one-dimensional channels containing
random sequences of high- and low-energy barriers [18]. This model will
be useful to investigate the kinetic mechanisms occurring in heterogeneous
catalytic or separation processes which usually involve porous catalysts or
sorbents containing different cationic species or increasing concentrations
of internal coke.
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In this chapter, we focus only on the theoretical analyses of a linear, batch
FR adsorption system in which pressure changes respond to periodic volume
perturbations of ±1% as these models have been commonly used and exten-
sively tested experimentally. Details about the other models can be found in
the references given above.

The FR data of a linear, closed system can be expressed by the in-phase and
out-of-phase equations

in-phase: (PB/PZ) cos ΦZ-B – 1 = Kδin + S (1)

out-of-phase: (PB/PZ) sin ΦZ-B = Kδout (2)

derived from the solution of Fick’s second law for the diffusion of diffusants in
a solid subjected to a periodic, sinusoidal surface concentration modulation [4,
35, 36]. K is a constant related to the gradient of the adsorption isotherm, S is
a constant that represents a very rapid adsorption/desorption process, which
may co-exist with the diffusion processes being measured, δin and δout are the
respective overall in-phase and out-of-phase characteristic functions.

For the FR system with a closed volume perturbed by a square-wave, the
FR parameters of the amplitude ratio PB/PZ and the phase lag ΦZ-B = ΦZ – ΦB
can be experimentally derived from a Fourier transformation of the volume
and the pressure square-wave modulations [9, 36–39]. ΦZ and ΦB are the
phase lags and PB and PZ are the pressure responses to the ±1% volume per-
turbations in the absence and presence of sorbents, respectively.

Generally, the FR parameters can be derived for the equivalent fundamen-
tal sine-wave perturbations from the first harmonic Fourier transformation
of the input and the pressure response signals. The higher harmonics can,
also, be used to extend the experimental frequency range by a factor of n
(n > 1, where n is an odd number) when high quality response data are avail-
able [9, 37, 39].

The overall in-phase and out-of-phase characteristic functions on the RHS
of Eqs. 1 and 2 depend on the theoretical models describing the overall ki-
netic processes involved in the system. By fitting the experimental data on the
LHS with the theoretical models on the RHS of the equations, diffusion coef-
ficients and some other kinetic parameters which are included in the overall
FR characteristic functions can be extracted.

3.2
Prediction of Diffusivities

The overall in-phase and out-of-phase characteristic functions rely on the
kinetic mechanisms involved in the FR system. As mentioned in Sect. 3.1,
various theoretical models have been developed to cover the multi-kinetic
processes taking place in the system. Some commonly used models are sum-
marised in the following sections.
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3.2.1
Single Diffusion Process Model

When only a single intracrystalline diffusion process occurs in a microporous
system, the characteristic functions are [2, 3]

in-phase: Kδin =
RTVsKP

Ve
δc (3)

out-of-phase: Kδout =
RTVsKP

Ve
δs , (4)

where R is the gas constant, T is the isotherm temperature, Vs is volume oc-
cupied by the sorbent, Ve the mean volume of sorbate outside the sorbent and
Kp is the equilibrium constant based on pressure.

For crystals of a slab shape, δc and δs are given by [2]

δc =
1
η

(
sinh η + sin η

cosh η + cos η

)
(5)

δs =
1
η

(
sinh η – sin η

cosh η + cos η

)
. (6)

Fig. 3 The ideal shape of the phase lag, ΦZ-B, and amplitude ratio, PB/PZ, curves vs.
frequency (a) and the relevant theoretical characteristic functions, Kδin and Kδout, for
a single diffusion process occurring in microporous spherical crystals when l = 10 µm,
K = 1, and D = 10–11 m2 s–1
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For diffusion in spherical crystals, δc and δs are given by [2]

δc =
3
η

(
sinh η – sin η

cosh η – cos η

)
(7)

δs =
3
η

(
sinh η + sin η

cosh η – cos η
–

2
η

)
, (8)

where η = (2ωl2/D)1/2, ω is the angular frequency, f = ω/2π = frequency,
l is the half thickness of the slab or the radius of the sphere, and D the in-
tracrystalline transport diffusion coefficient. Solutions similar to Eqs. 5–8
have also been carried out for parallelepiped crystals and anisotropic dif-
fusion [40].

The ideal shape and location of the phase lag ΦZ-B and amplitude ratio
PB/PZ curves and the relevant characteristic functions versus frequency are
displayed in Fig. 3.

3.2.2
Two Independent Diffusion Processes Model

When two diffusion processes occur simultaneously, provided they are inde-
pendent of each other, the theoretical treatment can be expanded to give [2,
41, 42]

in-phase: Kδin = K1δc,1 + K2δc,2 (9)

out-of-phase: Kδout = K1δs,1 + K2δs,2 , (10)

where subscripts 1 and 2 indicate the two separate kinetic processes. The
characteristic functions δc and δs are also generated by Eqs. 5–8. Figure 4
demonstrates the typical characteristic functions of this bimodal model,
where the overall curves can be decomposed into their respective separate
components I and II.

3.2.3
Non-Isothermal Diffusion Model

Periodic adsorption and desorption inside adsorbent particles, induced by
the volume modulation, may lead to a heat of sorption effect which is dis-
sipated through a heat exchange between the sorbent and the surround-
ings. When the heat exchange rate is comparable with the diffusion rate,
another bimodal form for the frequency response characteristic curves is
found [28, 29].
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Fig. 4 Typical theoretical characteristic functions, Kδin and Kδout, for two inde-
pendent diffusion processes (I + II) when KI = KII = 0.5, lI = lII = 20 µm, and DI =
5×DII = 5×10–10 m2 s–1

The overall characteristic functions δin and δout for this model are given by

in-phase: Kδin =
RTVsKP

Ve

(
δc(1 + ω2t2

h) + γ (δ2
c + δ2

s )ω2t2
h

(1 + γδsωth)2 + (1 + γδc)2ω2t2
h

)
(11)

out-of-phase: Kδout =
RTVsKP

Ve

(
δs(1 + ω2t2

h) + γ (δ2
c + δ2

s )ωth

(1 + γδsωth)2 + (1 + γδc)2ω2t2
h

)
, (12)

where th is the time constant for heat exchange between the sorbent and its
surroundings, and

γ = KTQst/Cs (13)

is a measure of the non-isothermality of the system. Qst is the heat of adsorp-
tion, Cs is the volumetric heat capacity of the sorbent and KT is derived from
the adsorption isotherm with respect to temperature and defined by

KT =
PeQst

RT2 KP . (14)

δc and δs are also given by Eqs. 5 and 6, respectively, for slab-shaped crystals
and Eqs. 7 and 8, respectively, for spherical crystals.
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3.2.4
Diffusion with Surface-Resistance or Surface-Barrier Model

When surface-barriers or a surface-resistance or “skin” effect to sorbate gases
occurs, the overall characteristic functions can be indicated by [3, 43, 44]

in-phase: δin =
(
ak-A/ω

)2 (a + cδc
)
/θ (15)

out-of-phase: δout =
(
ak-A/ω

) [
1 –

(
ak-A/ω

) {(
ak-A/ω

)
+ cδs

}
/θ
]

(16)

where k-A is the rate constant for the resistance-affected process, δc and δs are
the same as those in Eqs. 5–8 for slab and spherical crystals respectively, and

θ =
{(

ak-A/ω
)

+ cδs
}2 + {a + cδc}2 (17)

c ≡ (
dC/dP

)
e /
{

d
(
A + C

)
/dP

}
e = 1 – a (18)

Here A is the concentration of adspecies on the external surface, C is the
concentration adspecies within the porous adsorbent and P is the pressure
and the subscript indicates the equilibrium. The following are the constants:
a ≈ 10–2 and c ≈ 1 for most zeolites.

The magnitude of the surface resistance can be seen from the area to the
right of the intersection between the in-phase and the out-of-phase character-
istic function curves as presented in Fig. 5. The surface resistance depends on

Fig. 5 Theoretical FR spectra for diffusion with surface resistance with ξ as a parameter
for spherical crystal geometry when K = 0.15 and D/r2 = 0.1 s–1
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the ratio of ξ defined by

ξ = ak-A/
(
D/l2

)
(19)

suggesting that the “skin” effects depend not only on the ratio of the rate
constants of the process related to the surface resistance and of the diffusion
processes, but also on the size of crystals. Increasing values of ξ indicates
a decreasing “skin” effect as shown in Fig. 5 [44, 45].

For FR spectra, if the experimental range of frequency is wide enough to
cover all the rate processes occurring in a system, the asymptotes of the in-
phase and out-of-phase characteristic curves should satisfy the following two
relations [3]

lim
ω→∞

(
PB/PZ

)
cos ΦZ-B – 1 = 0 and lim

ω→∞
(
PB/PZ

)
sin ΦZ-B = 0 (20)

lim
ω→0

(
PB/PZ

)
cos ΦZ-B – 1 = K =

RTVsKP

Ve
and lim

ω→0

(
PB/PZ

)
sin ΦZ-B = 0 .

(21)

The diffusion coefficients and the other parameters such as γ , ξ , k-A, etc. can
be obtained by a least-square curve-fitting of the experimental in-phase and
out-of-phase FR data with the related theoretical characteristic functions.

3.2.5
Mass Transport in Pellets of Microporous Materials or Membranes

Crystals of microporous materials must be formed into pellets of suitable di-
mensions, porosity and mechanical strength, or be formed into a membrane
on the surface of support materials when used in practice. Such compos-
ite pellets or membranes offer a bidispersed porous structure, with macro-
or mesopores between the crystals and micropores permeating the crystals.
The overall rate of the transport in such systems depends on the interplay
of various processes occurring within the pellets or membranes. Jordi and
Do [24, 46] have developed a general theoretical model and seven relevant
degenerate models to analyse the frequency response spectra of a system con-
taining bidispersed pore structure materials for slab, cylindrical and spherical
macro- and micropore geometry. Sun et al. [47] also reported the theoretical
models of the FR for non-isothermal adsorption in biporous sorbents.

The overall characteristic functions δin and δout for a system involving bi-
porous materials are [24]

in-phase: δin = δc,sM

(
σ1 +

σ2

1 + λ
δc,sµ

)
– δs,sM

σ2

1 + λ
δs,sµ (22)

out-of-phase: δout = δs,sM

(
σ1 +

σ2

1 + λ
δc,sµ

)
+ δc,sM

σ2

1 + λ
δs,sµ , (23)

where δc,sM and δs,sM , are the in-phase and out-of-phase characteristic func-
tions for macro-particle shape factor sM, and δc,sµ and δs,sµ are the in-phase
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and out-of-phase characteristic functions for micro-particle shape factor sµ;
σ1 and σ2 are the fractional adsorption capacities in the macropore voids and
the micro-particles, respectively. For most commercial sorbents, σ1 is close to
zero and σ2 is close to unity. The parameter λ is a measure of the approach to
saturation of the Langmuir isotherm and is defined by

λ =
ka

kd
CBe , (24)

where CBe is a bulk sorbate concentration under equilibrium conditions, ka
and kd are the rate constants for adsorption and desorption. Small values of
λ indicate an equilibrium state in the linear region of the Langmuir isotherm,
while saturation is approached as λ increases.

The ratio of the macropore diffusion rate to the micro-pore diffusion rate
is defined by

ε =
1
σ1

DµR2
P

DpR2
µ

, (25)

where Dp and Dµ are the macro- and micropore diffusivities, respectively, Rp
and Rµ are the radii of the macro- and micro-particles, respectively. If ε is
small (� 1), micropore diffusion controls, while macropore resistance domi-
nates when ε � 1.

When the macropore diffusion rate for a system involving biporous sor-
bents is by far faster than the micropore diffusion rate, i.e., ε � 1, the overall
kinetic processes for the system can, then, be simply described by the models
given in Sects. 3.2.1, 3.2.2 and 3.2.4. Details about the degenerate models de-
scribing different situations with various kinetic mechanisms involved in the
bidispersed FR systems can be found in the references [24, 38, 46]. Again, the
diffusivities involved in these models can be calculated by the curve-fitting of
the experimental FR in-phase and out-of-phase characteristic functions.

The diffusivity measured by the FR technique, D, is a transport diffu-
sivity which has to be corrected, by using the Darken Equation (Eq. 26),
to obtain the so-called corrected diffusion coefficient where the diffusion is
measured at an equilibrium pressure, Pe, which is outside the Henry’s law
range. This corrected diffusivity is generally taken to be the equivalent of the
self-diffusion coefficient D0:

D0 = D
(
∂ ln q/∂ ln Pe

)
T , (26)

where q is the concentration absorbed at the equilibrium pressure, Pe.

3.3
Single-Step Frequency-response Method

In the analysis of the pressure data obtained by the single-step FR (SSFR)
technique, where the pressure response of the system following the fast (a)
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expansion and (b) compression of the volume in the absence (blank experi-
ment) and in the presence of the microporous solid sample was recorded as
shown in Fig. 6, the dead-time is first subtracted from the time scales of the
blank experiment and when the sample is present. The subsequent difference
in the pressure of the blank experiment and in the presence of sorbent can be
considered as the amount sorbed by the solid crystals as a function of time. If
Mt denotes the amount of sorbate sorbed at time t and M∞ the corresponding
amount after infinite time, e.g.,, at sorption equilibrium, then the adsorption
and desorption rate curves can be obtained by plotting Mt/M∞ against the
square root of time, as shown in Fig. 7.

Fig. 6 Pressure changes of benzene response to a volume decrease (a) and increase (b) in the
absence (horizontal line) and in the presence (curve line) of silicalite-1 (cf. [65]) sample

Fig. 7 Sorption uptake-rate curves of benzene in 50 mg of NaX (cf. [65]) at 440 K and
2.0 Torr. � and ∗ denote adsorption and desorption processes, respectively. The continu-
ous line is obtained from Eq. 26 with a fractional uptake of 0.6 and D = 4.9×10–10 m2 s–1.
Note: 1 Torr = 133.33 Pa
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As the pressure in the gas phase is not constant during the rate measure-
ments, the changing boundary conditions have to be taken into account. Two
different representative treatments of the Mt/M∞ data are given below.

(i) The solution of diffusion controlled uptake from a well stirred solution
of limited volume [48] was employed to fit the sorption uptake rate curves.
The solution of the diffusion equation for a sphere with radius r is given by

Mt

M∞
= 1 – 6

∞∑
n=1

α(α + 1) exp
(
– Dq2

nt/r2
)

9 + 9α + q2
nα

2 , (27)

where the values of qn are the non-zero roots of

tan qn =
3qn

3 + αq2
n

(28)

and α is the ratio of the concentration of sorbate in the gas phase to the
concentration in the sorbent after infinite time, i.e., when equilibrium is es-
tablished.

The corresponding solutions for diffusion in cylindrical and slab crystals
can also be obtained [48].

(ii) From the early time linear plots of sorption uptake against
√

t, the
√

t
law [49] for the simultaneous volume and gas-phase concentration changes
can be used. The slope, S(0), of a plot of Mt – M0 against

√
t is given by [49]

S(0) = 2A
(

D
π

)1/2
⎡
⎣

kVg(∞)
Vg(0) Cg(∞)

(
1 + M∞–M0

αM∞

)

1 +
KVg(∞)

Vg(0) Cg(∞)
(

1 + M∞–M0
αM∞

) – M0

⎤
⎦ , (29)

where Cg is the concentration of diffusant in the gas phase and M0 the con-
centration of sorbate in the sorbent at time, t = 0. Vg denotes the volume of
the gas phase, A the total area normal to the direction of the diffusion flux,
“0” and “∞” refer to t = 0 and ∞, respectively, and it is k = KM∞ = Mt/Cg.

In the SSFR method, the volume change of the gas phase is only ±1% of the
total volume, therefore, Vg(∞)/Vg(0) ≈ 1. When sorption/desorption follows
Henry’s law, then Eq. 29 becomes

S(0) =
2A
Vs

(
D
π

)1/2

[M∞ – M0]
(
1 + 1/α

)
, (30)

where Vs is the volume occupied by the sorbent. When the experiment is car-
ried out in the near-saturation region of the sorption isotherm, α becomes
large and Eq. 29 approaches that for the infinite volume case

S(0) =
2A
Vs

(
D
π

)1/2

[M∞ – M0] . (31)

By fitting the uptake curve with an appropriate model, the diffusion coef-
ficient can be obtained which can also be corrected by using the Darken
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Equation (Eq. 26) to obtain the so-called corrected diffusion, i.e., the self-
diffusion coefficient. In these measurements, D is assumed to be constant.
In the experiments described here, only very small perturbations from the
equilibrium state are involved and, therefore, D is the differential diffusion
coefficient for the equilibrium concentration of sorbates and can be safely
considered to be constant.

4
Frequency-response Studies of Diffusion in Microporous Materials

An FR spectrum with a broad range of time constants can be applied to char-
acterise multi-kinetic processes occurring in microporous materials, whereas
microscopic techniques such as pulse field gradient nuclear magnetic reson-
ance (PFG NMR) [50], quasi-elastic neutron scattering (QENS) [51] and com-
puter simulation calculations [52] were found to be capable of measuring only
very fast intracrystalline mobilities. Conventional macroscopic methods such
as gravimetric uptake rate measurements can only be carried out with accu-
racy when longer time constants are involved [53]. The FR method has, there-
fore, been widely used to measure diffusivities of many different sorbates in
various microporous and meso- and/or macroporous materials, e.g.,, Kr-, Xe-,
ethane-, and propane-5A [39, 54], n-alkanes-silicalite-1 [6, 7, 42, 55–57] and
–NaX [58], aromatics-silicalite-1 [10, 59–61], –AlPO4-5 [62] and –NaX [26],
CO2- and propane-theta-1 [45, 63], Xe-, N2-porous silica [20], and N2-, O2-
carbon molecular sieves (CMS) [64], etc.(For the abbreviations and names of
these zeolites cf. [65]). In this section, some FR measurement results will be
presented to demonstrate the potentials and applications of the FR method in
diffusion investigations of sorbates in microporous materials.

4.1
Systems Involving a Pure, Single Diffusion Process

The diffusivities can be readily derived from the FR data if only a pure, single
diffusion process occurs in a microporous material system where the in-phase
and the out-of-phase characteristic curves merge asymptotically at high fre-
quencies as shown in Fig. 3b.

Figure 8 displays some typical FR data of C1 – C6 n-alkanes diffusing in
coffin shaped crystals of silicalite-1 (40 × 40 × 260 µm3). All the spectra in
Fig. 8a–f,1 can be fitted by the theoretical in-phase and out-of-phase charac-
teristic function curves of the single diffusion model described by Eqs. 3–6,
implying that only a simple, single diffusion process is involved in these sys-
tems. The diffusivities calculated from the best fit are presented in Fig. 9 and
Tables 1 and 2. Equations 5 and 6 were applied since the channel frame-
work structure of silicalite-1 is comprised of near circular (0.54 × 0.56 nm)
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Fig. 8 FR spectra of methane (a), ethane (b), propane (c), n-butane (d), n-pentane (e) and
n-hexane (f) in silicalite-1 (cf. [65]). (�, ◦) indicate the experimental in-phase Kδin and
out-of-phase Kδout characteristic functions, respectively. A single diffusion process model
was used to fit the data in (1), while the non-isothermal diffusion model was used to fit
the data in (2) except (f, 2) which was fitted using the two independent diffusion pro-
cesses model. Solid lines denote the theoretical overall characteristic functions, and dash
and dash-dot lines denote the theoretical diffusion processes occurring in the straight
channels (dash) and the sinusoidal channels (dash-dot). Note: 1 Torr = 133.33 Pa

straight channels running parallel to the b-axis [010] which are intersected by
elliptical sinusoidal channels (0.51 × 0.55 nm) running parallel to the a-axis
[100] (cf. [65]). The single diffusion coefficients measured are the average dif-
fusivities down both the straight and the sinusoidal channel directions for
small n-alkane molecules or the diffusivity along the straight channel direc-
tion for large n-alkane molecules such as n-hexane [55–57]. The diffusivities
obtained from the FR method are in good agreement with the results derived
from PFG NMR measurements and other microscopic techniques as shown



254 L. Song · L.V.C. Rees

Table 1 FR parameters of methane to n-pentane in silicalite-1 a derived from the best
theoretical fits using either the single diffusion process model or the non-isothermal dif-
fusion model with comparison of the heat of adsorption obtained from the fits and from
the literature

Sorbate T P nm Kiso K D0 ×109 th h γ Qst Qiso
st

[K] [Torr] b [m./u.c.] [m2 s–1] [s] [W m–2] [kJ mol–1] [kJ mol–1]
K–1

Methane 195 0.5 0.20 0.34 0.35 7.7 – – – – 18.4 [66]
1.0 0.39 0.34 0.35 8.1 0.98 28.4 0.11 17.4 18.4 [66]
2.0 0.76 0.32 0.27 6.3 1.62 17.3 0.20 18.5 18.4 [66]
4.0 1.45 0.29 0.25 5.0 1.83 15.3 0.36 18.4 18.4 [66]

Ethane 323 1.0 0.051 0.056 0.056 11.0 – – – – 30.9 [67]
273 1.0 0.42 0.41 0.42 8.5 0.80 35.0 0.11 29.7 30.9 [67]

2.0 0.80 0.41 0.40 7.5 1.36 20.6 0.19 29.0 30.5 [67]
3.0 1.19 0.41 0.38 5.5 1.68 16.0 0.26 32.3 30.5 [67]

Propane 348 1.0 – – 0.20 6.0 – – – – –
303 1.0 1.15 1.10 1.10 1.7 1.76 15.9 0.35 33.7 44.0 [67]

3.0 2.87 0.76 0.77 1.1 2.70 10.4 0.63 31.9 42.0 [67]
6.0 4.58 0.48 0.45 1.0 2.79 10.0 0.83 33.8 41.0 [67]

n–butane 398 1.0 0.16 0.17 0.16 6.8 – – – – –
373 1.0 0.36 0.32 0.31 5.8 0.46 60.9 0.12 44.0 51.0 [67]

2.0 0.69 0.29 0.28 3.5 1.41 19.9 0.18 40.5 51.0 [67]
4.0 1.26 0.24 0.22 4.5 1.22 22.7 0.24 37.3 52.7 [67]
7.0 1.94 0.18 0.14 2.6 1.64 17.1 0.34 41.5 52.7 [67]

348 1.0 1.00 0.93 0.96 2.2 1.32 21.2 0.28 37.5 48.2 [67]
n–pentane 450 1.0 0.11 0.12 0.12 8.3 – – – – –

423 1.0 0.25 0.20 0.19 5.7 0.25 32.9 0.09 52.8 50.6 [67]
395 0.5 0.31 0.61 0.64 3.5 0.47 59.6 0.13 49.4 50.6 [67]

1.0 0.58 0.54 0.54 3.3 0.76 36.8 0.17 45.1 50.6 [67]
2.0 1.00 0.44 0.40 3.2 1.02 27.5 0.24 43.5 50.6 [67]
4.0 1.75 0.31 0.26 2.5 1.40 20.0 0.32 45.7 50.6 [67]

a cf. [65]
b 1 Torr = 133.33 Pa

Table 2 FR parameters of n-hexane in silicalite-1 a derived from the best theoretical fits
using the two independent diffusion processes model

T P nm Kiso K = K2
K1+K2

D01 ×109 D02 ×1010

[K] [Torr]b [m.c/u.c.] [K1 + K2] [m2 s–1] [m2 s–1]

473 1.0 – – 0.12 – 4.8 –
423 0.5 0.49 2.0 1.6 0.30 2.9 1.1

1.0 0.88 1.6 1.2 0.30 2.3 1.1
2.0 1.45 1.1 0.8 0.33 2.2 0.9
4.0 2.20 0.63 0.4 0.33 2.1 1.0

a cf. [65]
b 1 Torr = 133.33 Pa
c m.: molecule(s)
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Fig. 9 Chain-length dependence of the self-diffusion coefficients of n-alkanes in silicalite-1
(cf. [65]) at 303 K derived from the FR technique (–�–) compared with the results meas-
ured by PFG NMR [50] at 298 K (–◦–), QENS [51] (–�–) at 300 K and molecular dynamic
calculations [52] (–♦–) at 300 K

in Fig. 9. Such agreement is an excellent proof that the FR method is an ef-
fective and an accurate technique for determining the diffusivities of sorbate
molecules in microporous materials.

Some FR spectra of benzene in silicalite-1 crystals with a cubic shape
(4 × 3 × 4 µm3) are presented in Fig. 10. Once again, all of the experimen-
tal data showed in Fig. 10a–c can be fitted by the single diffusion-model but
now Eqs. 7 and 8 are applied instead of Eqs. 5 and 6 because the crystals
can be assumed approximately to be spherical. These findings suggest that
the mass transport of benzene in silicalite-1 framework is mainly controlled
by a pure, single diffusion process at loadings < 4 molecules per unit cell
(m./u.c.). The energy minimization simulations [61] of the sorbed benzene
molecule in silicalite-1 give an energy barrier for benzene diffusing down
the straight channel direction which is in good agreement with the experi-
mental activation energy, implying that the single diffusion process of sorbed
benzene takes place mainly along the straight channel direction. A molecular
dynamic (MD) simulation run also demonstrated that the diffusion process
of the sorbed benzene molecules down the straight channel direction is the
dominant process [10, 61, 62].

A single diffusion process was also found by the FR method for p-xy-
lene molecules sorbed in silicalite-1 at high temperatures as displayed in
Fig. 11c–f. Canonical ensemble Monte Carlo and MD simulations showed that
at high temperature, the p-xylene molecules sorbed from the external surface
of the crystals into the sinusoidal channels will reorient their long axis from
the sinusoidal channel direction to the straight channel direction at intersec-
tions as they diffuse down the sinusoidal channels. The higher the tempera-
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Fig. 10 FR spectra of benzene in silicalite-1 (cf. [65]). Continuous lines are the fits of the
theoretical single diffusion process model (a–c) and the two diffusion processes model
(d–f). The symbols (�, ◦) are the experimental in-phase and out-of-phase characteristic
function data, respectively. Note: 1 Torr = 133.33 Pa

ture, the easier is this rotation. On the other hand, a p-xylene molecule sorbed
in a straight channel finds, because of the non-spherical shape of the inter-
section, it much more difficult to rotate and reorientate its long axis along
the sinusoidal channel direction [61, 62], suggesting that the mass transport
of the sorbed p-xylene in silicalite-1 detected by the FR method results from
the single diffusion process of p-xylene diffusing down the straight channel
direction only.

The above examples demonstrate that for a microporous material system
where only a simple, single diffusion process occurs, the diffusion coefficients
can be easily obtained by fitting the FR experimental data with the single dif-
fusion process model using the least-square fitting routines. Compared with
the PFG NMR and QENS techniques, the FR method is simpler and of low-
cost and can follow a much wider range of diffusivities.

The range of measurable diffusivities depends on the size and the shape
of the adsorbent crystals as well as the range of frequencies covered by the
FR apparatus, as demonstrated in Fig. 2. Appropriate size of the crystals has
to be, therefore, chosen in order to be able to detected the diffusivities of the
sorbate molecules in the system.
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Fig. 11 FR spectra of p-xylene in silicalite-1 (cf. [65]). Continuous lines are the fits from
the theoretical models of two diffusion processes (dash and dash-dot lines denote the
theoretical characteristic function curves down the sinusoidal and the straight chan-
nels, respectively) and the symbols (�, ◦) present experimental in-phase and out-of-phase
characteristic function data, respectively. Note: 1 Torr = 133.33 Pa

4.2
Identification of Frequency Response Spectra

The FR method has been found to be a very powerful and unique technique
for determining the mass transport rates of multi-kinetic processes occurring
in various sorbate/sorbent systems. From the shape and the pattern of the
spectra, information about the kinetic mechanisms taking place in the sys-
tem can be obtained, which cannot be achieved from other techniques. It has
been found, however, that the rate spectra or the FR spectra are not always
uniquely defined and there are generally several combination of parameters,
i.e., several theoretical models, which could produce the same FR spectra.
Controversial interpretations of one set of experimental data have been re-
ported in the literature [28, 59]. This difficulty can, nevertheless, be tackled
by investigating systematically the systems over a wide range of reasonable or
possible parameter values, e.g., variation of pressures or temperatures and by
testing the validity of theoretical models by analysing the physical parameters
derived from the fits.
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The FR spectra of C1 – C6 n-alkanes in silicalite-1 shown in Fig. 8a–f,2
cannot be fitted by the single diffusion process model and a bimodal be-
haviour had to be assumed for these spectra. This bimodal behaviour
can be elucidated by three models, i.e., non-isothermal diffusion model
(cf. Sect. 3.2.3) [28, 38, 55], two independent diffusion processes model (cf.
Sect. 3.2.2) [8, 38, 55, 59], and diffusion-rearrangement model [38, 55, 59, 68],
which assumes that for zeolites such as MFI (cf. [65]) the sorbate molecules
diffuse only along the transport channels, i.e., the straight channels, but can
be stored in the sinusoidal channels, with a finite-rate mass exchange be-
tween the two channels. Which process actually operates can be determined
by analysing the physical parameters derived from the fits of the theoretical
models.

The FR measurements of propane in silicalite-1 (cf. Fig. 8b,2) can be used
as an example for the identification of such spectra. Since the channel inter-
sections have a free diameter of ∼0.54 nm it seems reasonable to expect that
a flexible propane molecule of 0.652 nm length should be able to rotate at the
channel intersections. Therefore, it is unlikely that two independent diffusion
processes would be observed.

By analysing the parameters obtained from the FR in-phase and out-of-
phase curve fits of the non-isothermal diffusion model, it has been found that
the pressure and temperature dependence of the heat transfer coefficients,
the heat exchange rates, the non-isothermality of the system, the heat of
adsorption, and the K values derived from the model are all physically ratio-
nal [38, 55]. One can, therefore, conclude that the low frequency FR spectral
data can be attributed to the dissipation of the heats of adsorption between
sorbent and the surroundings in the system.

Similar analytical procedures show that for methane to n-pentane sor-
bates, the bimodal FR spectra found at high loadings, i.e., low temperatures
and high pressures, result from the dissipation of the heats of adsorption.
The mass transport processes of these systems are dominated by the dif-
fusion of the sorbed molecules in both straight and sinusoidal channels of
silicalite-1 [57, 67]. The effect of the heat of adsorption on the diffusion pro-
cess only arises at high loadings. At low loadings, a pure, single diffusion
process can be found as shown in Fig. 8a–e,1.

Unlike the fits for methane to n-pentane, the parameters obtained from the
fits of the non-isothermal diffusion model for n-hexane in silicalite-1 are no
longer plausible [56, 57, 67]. The sorbed n-hexane molecules are preferentially
located in the straight channel segments at very low loadings [67], implying
that the single diffusion process measured by the FR technique at these load-
ings can be attributed to the diffusion of n-hexane down the straight channel
direction only [52]. When the loading increases, the sorbed molecules will
occupy the sinusoidal channels as well as the straight channels due to cluster-
ing [67], resulting in two diffusion processes along the two respective channel
directions. At this point the loading is still low enough for the molecules
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to keep their conformational “memory” and to continue to diffuse in the
channel direction where they were originally located [52], i.e., the bimodal
behaviour of the FR curves of n-hexane in silicalite-1 presented in Fig. 8f,2
results from two independent diffusion processes down the two channel di-
rections.

The bimodal behaviour was also found in the FR spectra of p-xylene
in silicalite-1 at loadings < 4 m./u.c. and low temperatures as displayed in
Fig. 11a,b which can be, again, ascribed to the two independent diffusion pro-
cesses model. The effect of the dissipation of the heat of adsorption, which
can also cause a bimodal FR spectrum as demonstrated above, can be dis-
carded after analysing the data [28, 59–61] because i) the heat of adsorption
increases with increasing loading [67], while the low frequency response in
the FR spectra disappears with increasing loading; ii) the rate of heat pro-
duction depends on the rate of adsorption or the diffusivities of sorbate
molecules. In the case of p-xylene, the latter is much slower than that for the
n-alkanes/silicalite-1 systems in which the heat effect was observed. The heat
of p-xylene adsorption will be too slowly produced to be detected in the range
of frequencies scanned. This is also true for some other cyclic hydrocarbon
molecules adsorbed in silicalite-1 as the diffusivities of the cyclic hydrocar-
bons are even lower than those of p-xylene.

Canonical ensemble Monte Carlo simulations have shown that, when ad-
sorption equilibrium is reached, the adsorbed p-xylene molecules will occupy
the intersections of the two channels at lower loadings (< 4 m./u.c.) and low
temperatures with the orientation of the long molecular axis either along
the sinusoidal channel direction or the straight channel direction [61]. It
has been well documented that it is difficult for even flexible, long linear
hydrocarbon molecules such as n-hexane to lose their conformational “mem-
ory” quickly inside the host framework channels [52, 54], suggesting that
molecules aligned along a particular channel will tend to move along that
channel at lower loadings. Thus the bimodal FR behaviour of p-xylene in
silicalite-1 is, without doubt, due to the sorbed p-xylene molecules moving
independently down the straight and the sinusoidal channel directions.

As discussed above, the shape and the pattern of the FR spectra give
information about the dynamic processes occurring in microporous materi-
als which are not detected by microscopic techniques and by other macro-
scopic methods. When the adsorption and diffusion properties of benzene in
silicalite-1 at loadings > 4 m./u.c. were investigated, two pronounced peaks
in the out-of-phase curves of the FR spectra of benzene were unexpectedly
found as shown in Fig. 10d–f. In these FR spectra, a new high frequency peak
appeared compared with the FR data at loadings < 4 m./u.c. where only a sim-
ple, single peak was observed. It is not plausible to assign the high frequency
peak to either the dissipation of the heat of adsorption or to a finite-rate mass
exchange between the straight and the sinusoidal channels. The FR spectra
will give only a simple, single peak if the rate of these two kinetic processes
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is faster than that of the diffusion process. It is also inconceivable to associate
the two peaks to two independent diffusion processes down the straight and
the sinusoidal channel directions, respectively, because only a single diffusion
process was detected at low loadings and this appears at low frequencies, i.e.,
with a slow rate, which has been attributed to diffusion of benzene along the
straight channel direction. It is unreasonable to assume that sorbed benzene
molecules at high loadings diffuse down the sinusoidal channel direction
faster than those at low loadings down the straight channel. The adsorption
simulations showed that some of the sorbed benzene molecules are clus-
tered at loadings > 4 m./u.c [10, 69, 70], leading to two different states of the
sorbed molecules existing in the framework, i.e., a clustered state and an
unclustered state. The differential thermogravimetric (DTG) studies of this
system showed that the benzene molecules sorbed above a loading of 4 m./u.c.
desorbed more easily than those sorbed at lower loadings [10, 70]. As the
molecules at high loadings are sorbed with higher heats of adsorption, mainly
because of sorbate-sorbate interactions [10, 70], the ease by which they are de-
sorbed must be due to gains in entropy on desorption as the main driving
force. These results imply that the new high frequency peak at high loadings
for benzene in silicalite-1 should be related to a diffusion process involving
molecules associated with the clustered state while the low frequency peak,
which has a time constant similar to that for the single frequency peak at
high temperatures and low loadings, must be associated with the diffusion
of sorbed molecules located at the intersection sites and not part of clusters.
This clustering effect was also found with cyclopentane sorbed in silicalite-1
at high loadings [62]. To the best of our knowledge, this fast diffusion process
has not been observed by any other technique.

The effect of a surface resistance or surface barrier on the diffusivities of
sorbate molecules in microporous materials can also be observed using the FR
technique. From the area to the right of the intersection between the in-phase
and the out-of-phase curves the surface-resistance or surface barrier can be
easily determined qualitatively. They can also be obtained quantitatively from
the theoretical model (cf. Sect. 3.2.4). Such a “skin” effect was found in the FR
investigations of the diffusivities of N2, CO, CO2 and propane in theta-1 zeo-
lite [45, 63] as illustrated in Figs. 12 and 13, and was attributed to the fact that
a single-file diffusion process was occurring in the system [71, 72]. These FR
experimental data can be well fitted by the model of diffusion with surface-
resistance described in Sect. 3.2.4 with the parameters given in Table 3. The
intersection areas indicate the presence of a surface resistance on the exter-
nal surfaces of theta-1 crystals associated with the diffusion process. This area
depends on the ratio of the rate constants of processes related to surface resist-
ance and diffusion processes, which is defined by the parameter ξ in Eq. 19.
A large value ξ corresponds to a small “skin” effect.

For both CO2 and propane sorbed in theta-1 systems, the ξ values in-
crease with increasing temperature and decrease with increasing loading,
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Table 3 FR parameters of N2, CO, CO2 and propane diffusion in theta-1 a derived from
the fits by using the single-diffusion with surface resistance model

Sorbate T P D0 ×1010 k-A K ξ

[K] [Torr]b [m2 s–1] [s–1]

N2
CO
CO2

Propane

245
195
273
298
323
348
348
373
398
423

5.0
2.0
2.0
2.0
2.0
2.0
0.27
0.8
1.16
1.16
2.0
4.0
3.1

4.9
1.5
1.5
2.4
2.9
4.0
0.19
0.26
0.2
0.65
0.62
0.51
1.3

471
45
60
150
450
626
3.5
4.0
4.0
23
21
12
92

0.155
0.56
0.87
0.44
0.22
0.11
0.48
0.20
0.20
0.089
0.088
0.082
0.042

11.8
3.8
5.0
7.5
19.2
18.9
2.9
3.2
2.8
5.6
5.4
3.7
11.3

a cf. [65]
b 1 Torr = 133.33 Pa

Fig. 12 FR experimental data (�, ◦) of CO2 diffusion in 0.4 g theta-1 (cf. [65]) at 2.0 Torr
and temperatures of 273 (a), 298 (b), 323 (c) and 348 K (d) fitted by the single diffusion
process with surface resistance model. Note: 1 Torr = 133.33 Pa

suggesting that the “skin” effect becomes more significant at low tempera-
tures and high loadings. These findings justify the assumption that the “skin”
effect observed in these systems by using the FR technique arises from the
single-file diffusion mechanism involved. A surface resistance arising from
the structure constraint of sorbate molecules should be very insignificant
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Fig. 13 FR experimental data (�, ◦) of propane in theta-1 (cf. [65]) fitted by the single
diffusion process with surface resistance model. Note: 1 Torr = 133.33 Pa

for small molecules such as CO2 and propane. In addition, such surface re-
sistance should be more pronounced at low loadings when the ratio of the
external surface adspecies to the adspecies inside the channels of zeolite is
at a maximum, which is inconsistent with the above FR results. For single-
file diffusion, molecules can propagate only when an empty site is created in
the direction of their diffusion. The molecules adsorbed at the entrances of
the channels of theta-1 cannot, therefore, move into the channels until the
adjacent ones move further down the channels. Similarly, the molecules in-
side the channels cannot move out of the channels unless the molecules at
the entrances escape from the surface of the zeolite, implying that the rate
of adsorption and desorption of the molecules at the end of the channels
plays a significant role on the single-file diffusion process [71, 72]. The rate
of adsorption and desorption of the molecules at the end of the channels
becomes higher at high temperatures, which can reduce the surface resist-
ance, whereas high loadings will result in higher occupancies of pore mouth
sites, which will increase the surface resistance. It is reasonable to expect that,
if the temperature is high enough or the loading low enough (e.g., ≤ one
molecule per channel section), the surface resistance will vanish and a pure
normal diffusion process will be observed. The spectra in Fig. 12 support this
conclusion.

The FR measurements of fast kinetic processes require very large crystals
or high frequencies. As mentioned above, the higher harmonic (n > 1, where
n is an odd number) Fourier transformations can be used to extend the ex-
perimental frequency range by a factor of n when high quality response data
are available.
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Figure 14a shows the fundamental frequency response curves of CO2 dif-
fusion in silicalite-1 at 273 K and 2 Torr equilibrium pressure [45]. It can be
seen that the frequency range scanned for this fast diffusion process was not
wide enough to define the full range of the response curves. Only the left-
hand sides of the response curves were obtained. Higher harmonic Fourier
transforms are, therefore, necessary to derive data points above the highest
experimental frequency of 10 Hz. Figure 14b presents the third, fifth, seventh
and ninth harmonic frequency response spectra of the same raw data super-
imposed on the fundamental points [45]. It can be seen that these higher
harmonic data repeat well the fundamental data at frequencies below 10 Hz
and the full range of the response curves can now be covered. Excellent agree-
ment between these higher harmonic data points and the theoretical lines
fitted using the single diffusion model can be observed. These higher har-

Fig. 14 FR response curves of CO2 diffusion in silicalite-1 at 273 K and 2.0 Torr. a The
fundamental frequency response data; b the first (�,�), third (•, ◦), fifth (�,♦), seventh
(�,�) and ninth (�, �) harmonic frequency data fitted by the theoretical model (lines)
with D = 2.5×10–9 m2 s–1 and K = 0.27. Note: 1 Torr = 133.33 Pa
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monic Fourier transforms widen the dynamic timescales that can be followed
by the FR method from 0.1–1000 s to 0.01–1000 s.

To tackle the difficulty of the identification of the FR spectra, Do and
co-workers have developed non-linear frequency response models for both
isothermal and nonisothermal systems by using the concept of higher-
order FRFs [23, 31–33]. By applying the second order FRFs, these theoretical
models are able to give unique FR spectra for the multi-kinetic mechanisms
occurring in microporous material systems [33]. More parameters have to be
measured experimentally, however, which needs a more complex apparatus,
and there are no experimental data available yet to test the proposed models.

4.3
Diffusivity Interdependence on Sorbate Properties and Microporous Structures

From the FR spectra, the influence of the subtle differences in molecular
shape and size of sorbates and the effect of porous framework structures on
the diffusivities of the systems can be readily observed as demonstrated in
Figs. 8–18 and Tables 1–4.

The mass transport of benzene in silicalite-1 is mainly controlled by a pure,
single diffusion process at loadings < 4 m./u.c. At high loadings, however,
a pronounced bimodal FR spectrum was observed with a new peak appearing
at a high frequency. This bimodal behaviour has been attributed to dif-
fusion processes associated with two different states of the benzene molecules
sorbed in the channels of silicalite-1 as discussed in Sect. 4.2. Analogous to
this diffusion behaviour of benzene, two distinct peaks were also found in
the FR spectra of cyclopentane in silicalite-1 at loadings higher than 4 m./u.c.,
and this bimodal behaviour of cyclopentane can be similarly ascribed as that
for benzene. The diffusion coefficients of both benzene and cyclopentane in
silicalite-1 are of the same order of magnitude.

For p-xylene, the sorbed molecules diffuse down the direction of both the
straight and sinusoidal channels in silicalite-1 at loadings < 4 m./u.c. and low
temperatures. At high temperatures, however, only a pure, single diffusion
process can be detected. Surprisingly, the sorbed p-xylene molecules diffuse
faster down the straight channel direction than benzene, a smaller molecule
than p-xylene. The diffusivities of the four aromatics illustrated in Fig. 15
show a decrease in the order of p-xylene > toluene > benzene > ethylbenzene.

The higher diffusivities of p-xylene compared to those of benzene in
silicalite-1 can be ascribed to the combination of enthalpy and entropy ef-
fects [60–62]. The sorbed benzene molecules have to lose their rotational
freedom around their hexagonal axis, C6, when they move from an intersec-
tion to a channel segment, i.e., there is a large decrease in entropy in this
jump step. For p-xylene, the molecules are, however, orientated with their
long molecular axis along either channel direction when they are located at
an intersection. The diffusion jump step involves, therefore, only a very small
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Table 4 Diffusion coefficients of the cyclic hydrocarbons in silicalite-1 a measured by the
FR method

Sorbate T nm D01
c ×1013 D02

d ×1013

[K] [m.b/u.c.] [m2 s–1] [m2 s–1]

Benzene 273 5.8 19.4 0.53
303 5.6 14.6 0.52
373 1.1 – 2.58

Toluene 323 4.1 0.35 –
373 2.0 9.6 0.83
415 0.5 13.4 –

EBe 373 2.9 1.02 –
415 0.81 7.04 –

p-xylene 323 4.9 7.4 –
373 3.9 160 15
473 – 210 –

CPf 253 3.8 14.3 0.22
273 3.6 – 0.83
373 0.64 9.4 1.5

CHg 423 – 0.06 –
cis-DMCHh 398 – < 0.01 –
trans-DMCHi 398 – 0.55 –

448 – 2.9 –

a cf. [64]
b m.: molecule(s)
c Related to the faster diffusion process for benzene and cyclopentane, where two pro-

cesses exist; for the other sorbates, related to the diffusion process along the straight
channel direction

d Related to the slower diffusion process where two processes exist or to the single dif-
fusion process for benzene and cyclopentane; for p-xylene and toluene, related to
the diffusion process down the sinusoidal channel direction

e ethylbenzene
f cyclopentane
g cyclohexane
h cis-dimethyl cyclohexane
i trans-dimethyl cyclohexane

entropy decrease compared with benzene. In addition, the energy barriers
which have to be overcome are higher for benzene than those for p-xylene
down the straight channel direction as confirmed by the activation energies
listed in Table 5, suggesting that the longer p-xylene molecules span across
high and low energy sorption sites. This is also true for toluene sorbed in
silicalite-1, and that the diffusivity of toluene is faster than that of benzene is
mainly due to this enthalpy effect. A large entropy loss will also be required
for the sorbed toluene molecules to move from the intersections to the chan-
nel segments because the pitching of the asymmetric toluene molecules will
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Fig. 15 Arrhenius plots of benzene (�), toluene (•), ethylbenzene (�) and p-xylene in
straight channel (�) and sinusoidal channel (�) in silicalite-1. The numbers at the lines
are the number of sorbed molecules per unit cell

Table 5 Activation energies, Ea, of cyclic hydrocarbons diffusing in silicalite-1 a channels

Sorbate Ea
[kJ mol–1]

p-xylene 19.0b, 35.0c [60]
Benzene 28.8 [60]
Toluene 20.3 [60]
Cyclohexane 48.1 [73]
cis-DMCHd 56.0 [73]
trans-DMCHe 38.9 [73]

a cf. [64]
b related to the straight channels
c related to the sinusoidal channels
d cis-dimethyl cyclohexane
e trans-dimethyl cyclohexane

be more restricted in the channel segments than in the intersections. The en-
thalpy effect plays a much more important role in the much slower diffusivity
of p-xylene in the sinusoidal channels than the entropy effect.

The effect of subtle differences in certain properties of sorbate molecules
on the diffusivities can be very intriguingly demonstrated in Fig. 16. With
shape and size close to that of p-xylene, the long, rigid molecule, p-dichloro-
benzene (p-DCB) displays an FR behaviour in silicalite-1 very similar to that
of p-xylene. The flexible saturated cyclic hydrocarbons diffuse much more
slowly within the channel framework of silicalite-1 than their rigid aromatic
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Fig. 16 FR spectra of p-DCB (a), cyclohexane (b), c-DMCH (c) and t-DMCH (d) in
silicalite-1 (cf. [65]). Continuous lines are the fits of the theoretical single diffusion pro-
cess model (b and d) and the two diffusion processes model (a) in which dash and
dash-dot lines denote the theoretical characteristic function curves for diffusion down the
sinusoidal channels and straight channels, respectively, decomposed from the solid line
overall characteristic functions. The symbols (�, ◦) are the experimental in-phase and
out-of-phase characteristic function data, respectively. Note: 1 Torr = 133.33 Pa

equivalents and only one single diffusion process can be observed. As found
in the case of p-xylene and benzene, trans-dimethylcyclohexane (DMCH) dif-
fuses at least one order of magnitude faster than cyclohexane. The cis-DMCH,
on the other hand, diffuses more slowly than cyclohexane. These findings
suggest that molecular dimension and flexibility are crucial factors in deter-
mining sorbent/sorbate interactions especially when the size of the sorbate
molecule is comparable with the pore size of microporous materials. These
results can be ascribed, once again, to entropy and enthalpy effects in the
systems.

The influence of microporous framework structures on the diffusivities of
the sorbed molecules is illustrated in Fig. 17 where AlPO4-5 was used for the
FR measurements of the saturated cyclic hydrocarbons and their equivalent
aromatics instead of silicalite-1. Unlike the complex diffusion behaviour in
silicalite-1, all sorbate molecules adsorbed in the unidirectional cylindrical
channels of AlPO4-5 display a simple FR spectrum but with a surface resist-
ance component. Interestingly, the diffusivities of cis- and trans-DMCH in
AlPO4-5 are now very similar and, also, similar to that for benzene. These
results are very different from those above with silicalite-1. The diffusivi-
ties of p-xylene, cyclohexane and cyclopentane are a little slower than that of
benzene whereas in silicalite-1, the diffusivity of p-xylene along the straight
channel direction is ca. one order of magnitude faster than that of benzene



268 L. Song · L.V.C. Rees

Fig. 17 FR spectra of cyclic hydrocarbons in AlPO4-5 (cf. [65]). Continuous lines are the
fits of the theoretical diffusion with surface-resistance or surface-barrier model. The sym-
bols (�, ◦) are the experimental in-phase and out-of-phase characteristic function data,
respectively. Note: 1 Torr = 133.33 Pa

and the diffusivity of cyclohexane is ca. two order of magnitude slower than
that of benzene. The surface resistance is also associated with the single-file
diffusion occurring in these systems as discussed for the systems of CO2 and
propane sorbed in silicalite-1 [62].

The pore structure effect can also be seen in Fig. 18 where a comparison of
the temperature dependence of propane diffusivities in theta-1 and silicalite-1
measured by the FR method is shown. The diffusion coefficients of propane in
theta-1 are about two orders of magnitude smaller than those in silicalite-1,
indicating that the diffusion mechanism in these two types of frameworks
is different. The sizes of the channels of the two zeolites are quite simi-
lar but silicalite-1 possesses a three dimensional channel framework while
theta-1 has only unidirectional cylindrical channels running down the z-axis
[001] direction. The mechanism of single-file diffusion is suggested for the
propane/theta-1 system while normal random-walk diffusion is operating
in the propane/silicalite-1 system [63]. In single-file diffusion, a displaced
molecule is more likely to return to its original position than to proceed
further because of the mutual interaction of the diffusant molecules, lead-
ing to a negative cross-term correlation effect which reduces the diffusivities
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Fig. 18 Comparison of the Arrhenius plots of the diffusion coefficients of propane in
theta-1 (cf. [65]) (•) and in silicalite-1 (cf. [65]) (�)

compared with the random walk situation [71, 72]. In the light of the results
obtained from molecular dynamic simulations and NMR measurements, it
has been established that the mean square displacement in single-file dif-
fusion in an infinite long channel is proportional to the square root of the
observation time rather than the observation time [71, 72]. This indicates
that the diffusivities of sorbate molecules involved in single-file diffusion are
much smaller than those for molecules involved in the normal random-walk
diffusion model. This is exactly the case shown in Fig. 18.

The activation energy of the diffusion of propane in theta-1 calculated
from the Arrhenius plot is 39 ± 3 kJ mol–1 which is much higher than the
value of 15.8±0.7 kJ mol–1 for silicalite-1. The heat of adsorption of propane
in theta-1 (41.7 kJ mol–1) is, however, only slightly higher than that in
silicalite-1 (40 kJ mol–1) [74]. According to the framework structures, theta-
1 zeolite presents a smoother energy profile than silicalite-1 [74, 75]. Thus,
this high activation energy should be ascribed to the consequence of single-
file diffusion [45]. It is interesting to note that the activation energy for the
diffusion of propane in theta-1 is very close to the heat of adsorption for the
system, suggesting that the mass transport process of propane molecules in
theta-1 is controlled by the rate of adsorption and desorption of the molecules
to or from the zeolite. This finding offers for the first time a remarkable
direct experimental evidence of the theoretical assumption for the systems
with single-file diffusion behaviour that the adsorption and desorption of the
sorbed molecules at pore entrances are considered to be the significant and
even the rate-controlling step [71]. At very low sorbate concentrations, single-
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file diffusion then occurs at a rate which is close to normal Fickian diffusion
rates.

4.4
Diffusivity Measurements in Bidispersed Porous Materials

Studies on mass transport processes of sorbates in bidispersed porous solid
materials, exhibiting macro- or mesopores between crystals and micropores
inside the crystals, are of considerable importance in obtaining a better un-
derstanding of the separation and catalytic processes involved in the systems.
Such systems have not, however, been studied in depth. As discussed in
Sect. 3.2.5, the FR technique provides a realistic way to investigate the dynam-
ics processes taking place in such biporous systems.

Similar to the FR measurements of sorbates in monodispersed micro-
porous materials, the major difficulty in the application of the FR method is
to identify the true kinetic mechanisms occurring in the systems from the
rate spectra or the FR spectra as there are generally several combinations
of parameters, i.e., several theoretical models, which could produce virtually
the same FR curves. This difficulty has been tackled by investigating the sys-
tems over a range of reasonable or possible parameter values, e.g., variation
of particle size or temperatures.

The FR measurements have been carried out for several systems using
bidispersed structured sorbents [64, 76, 77]. All the spectra, however, indi-
cate that either micropore diffusion or macropore diffusion, with or without
a surface resistance, was the rate-controlling step for these systems.

Onyestyak et al. investigated the diffusivities of isobutane in 13X (cf. [65])
crystals in both powder and pellet forms using the FR method as displayed
in Figs. 19 and 20 [76]. Significant difference in response behaviour can be
found. The diffusion of isobutane in X zeolite powders is expected to be very
fast, and this is clearly demonstrated by the response signals at high fre-
quencies as presented in Fig. 19a,b which can be ascribed to diffusion within
the micropores. The response data for the diffusion of isobutane in com-
mercial 13X pellets under the same conditions as those for the pure crystals
are presented in Fig. 19c. The response peak of the out-of-phase character-
istic function for this system appears at a frequency more than three orders
of magnitude lower than that with the 13X crystals. Further investigations
showed that the frequency of the response peak depends on the pellet size as
illustrated in Fig. 20, suggesting that the response curves for the 13X pellet
system result from macropore diffusion rather than micropore diffusion. The
intercrystalline diffusion coefficient, Dp, can be calculated from the slope of
the linear plot and found to be ca. 5×10–7 m2 s–1. This value is very close to
that estimated assuming Knudsen diffusion [71], i.e., 3.9×10–7 m2 s–1.

FR studies of carbon dioxide, propane and ammonia in 4A, 5A and 13X
commercial pellets [77] have, also, been carried out and the results showed
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Fig. 19 FR Characteristic functions Kδin (�) and Kδout (◦) of isobutane diffusion in
a 54 mg of laboratory-synthesized NaX (cf. [65]), b 52 mg Lancaster 13X (cf. [65]) and
c 57 mg Lancaster 13X pellets (R = 0.30 mm) at 423 K

Fig. 20 Pellet size dependence of macropore diffusion time constant for isobutane dif-
fusion in 13X (cf. [65]) pellets (�) and CO2 diffusion in 5A (cf. [65]) pellets (◦) at 423 K
obtained using a model discussed in Sect. 3.2.5
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that macropore diffusion with a surface resistance is the rate-controlling step
for these systems, with the exception that the FR signals of propane in 4A
pellets were too small to be detected (cf. Figs. 21 and 22).

Ammonia, which possesses a large dipole moment, has been used exten-
sively as a probe molecule for the characterisation of both Lewis and Brønsted
acidic sites. Figure 22 shows the significant difference in the FR data between
ammonia in zeolite crystals and in pellets. The FR spectra of ammonia in
zeolite crystals demonstrated that the rate of the ammonia adsorption on
different acidic sites in the crystals controls the overall dynamics of the pro-
cesses occurring in the systems. In the case of pellets, the rate-controlling
step was found to be macropore diffusion with (Fig. 22a,2,b,2) or without
(Fig. 22c,2) surface resistances [77].

Shen et al. measured the FR curves of O2 and N2 in different CMS pellets
and analysed the data using the above procedures [64]. Micropore diffusion
with surface resistance dominates in those CMS samples with a micropore

Fig. 21 FR characteristic functions Kδin (�) and Kδout (◦) for CO2 (1) and propane (2) at
373 K and 4 Torr in 4A (cf. [65]) (a), 5A (cf. [65]) (b) and 13X (cf. [65]) (c) zeolite pellets
(ca. 100 mg for CO2 and 200 mg for propane) fitted using a model discussed in Sect. 3.2.5.
Note: 1 Torr = 133.33 Pa
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Fig. 22 FR characteristic functions Kδin (�) and Kδout (◦) for ammonia at 373 K and
1 Torr in ca. 30 mg well-dispersed crystal powder (1) and pellets (2) of 4A (cf. [65]) (a),
5A (cf. [65]) (b) and 13X (cf. [65]) (c). Lines are fits of the theoretical models. Note:
1 Torr = 133.33 Pa

opening of ca. 0.4 nm, while for the sample with a micropore opening of ca.
0.9 nm, the mobility of O2 and N2 is mostly controlled by interparticle trans-
port.

The FR spectra when both micro- and macropore diffusion processes are
rate-controlling in systems involving dispersed solid materials with biporous
structures have not been observed as yet. However it should be possible by
adjusting the crystal and pellet sizes, i.e., obtaining an appropriate ε value in
Eq. 25.

4.5
Diffusivities of Multi-Component Gas Mixtures in Microporous Materials

The behaviour of a multi-component gas mixture in a microporous adsorbent
is important both theoretically and practically in separation and catalytic
processes. Detailed theoretical analysis of the frequency response for the dif-
fusion of multiple adsorbates in microporous material crystals have been
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reported by Sun et al. [78] for a closed FR apparatus and by Park et al. [79]
for an open FR system. Some FR experiments have been carried out for binary
gas mixtures, e.g., N2+O2 mixture adsorbed in 4A zeolite [80] and p-xylene +
benzene gas mixtures in silicalite-1 [81], but the studies on gas mixtures have
not yet been done in depth because of experimental difficulties.

5
Future Developments

Microscopic techniques are limited to processes involving fast diffusion, while
the other macroscopic methods are more reliable for slow diffusing systems.
As a macroscopic technique, an outstanding advantage of the FR method is
its ability to measure, in an FR spectrum, various rate processes which occur
simultaneously in gas-solid systems. The range of the rate constants meas-
ured by an FR apparatus depends on the size and the shape of the adsorbent
crystals. For fast diffusing species, large crystals are needed to determine the
diffusivity. With some zeolites it is, however, very difficult to synthesize large
crystals, and until these problems are overcome some very interesting fast
diffusion processes cannot be tackled. Although the use of square wave per-
turbation can take advantage of the higher harmonics contained in the output
signal to study fast dynamics, there will be difficulties to obtain very high
quality fundamental frequency response data especially for complex systems.
An FR apparatus with an experimental high frequency range extended be-
yond the current mechanical limits will be very welcome. This improvement
will allow the measurements of kinetic processes associated with very small
industrial crystals (∼1 µm) and provide access to faster kinetic properties of
special interest in the study of chemical reactions. An acoustic technique has
been proposed to be used to extend the frequency range of the FR measure-
ments, and a primary simplified model has been presented to determine the
feasibility of this technique [19, 82].

A non-linear FR approach, e.g., an FR system subject to large amplitude
perturbations, would be another possible improvement which would allow
one to tackle some of the difficulties of the identification of the FR data dis-
cussed above. The theoretical models developed by Do and co-workers [23,
31–33] have laid the foundations for the design and development of this tech-
nique.
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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
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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
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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.



Positron Emission Profiling: a Study of Hydrocarbon Diffusivity in MFI Zeolites 283

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
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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
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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



Positron Emission Profiling: a Study of Hydrocarbon Diffusivity in MFI Zeolites 305

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
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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



318 E.J.M. Hensen et al.

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,
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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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Abstract The exclusion of the mutual passage of diffusants in zeolites with one-
dimensional channels leads to patterns of molecular transportation which are unknown
in amorphous materials or from zeolites with multi-dimensional pore networks. In par-
ticular, there is no possibility to describe molecular transport by the well-known Fick’s
equations of molecular diffusion. Molecular transport in such systems has been termed
single-file diffusion. It is characterized by the molecular mean square displacements,
which in infinitely extended single-file diffusion is found to increase in proportion with
the square root of the observation time rather than with the observation time itself. For
finite single-file systems, the rate of molecular exchange between the crystals and their
surroundings, representing one of the key parameters for their practical application in
heterogeneous catalysis and mass separation, decreases with the third rather than with
the second power of the crystal size.

As a consequence of the correlation of the movement of the individual diffusants and
the thus-mediated long-range influence of boundaries, the treatment of single-file systems
of finite length is particularly complicated. Present attempts of analytical treatment of
such systems and the quantification of the boundary conditions do not provide anything
more than first approaches. Monte-Carlo simulations supported by analytical approaches
reveal striking peculiarities of zeolitic single-file systems. These peculiarities include an
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enhanced dependence of the intracrystalline mean lifetime, and hence of the effectiveness
factor, on the size of the catalyst particle, and the possibility of an enhancement of the
apparent activation energy of catalytic reactions under transport control. Though there is
still some controversy concerning the evidence obtained by the different methods applied,
indications of single-file diffusion in zeolites have been observed by various experimen-
tal techniques including pulsed field gradient NMR, quasi-elastic neutron scattering and
tracer exchange measurements.

Keywords Anomalous diffusion · Confinement · Diffusion-limited reaction ·
Dynamic Monte Carlo simulation · Molecular traffic control · Random walk ·
Single-file diffusion

Abbreviations
AlPO4-5 (-8,-11) Zeolite structure types with one-dimensional channels (“Alu-

minum Phosphate”)
DMC Dynamic Monte Carlo simulation
MD Molecular dynamics
NMR Nuclear magnetic resonance
PFG NMR Pulsed field gradient NMR
QENS Quasielastic neutron scattering
VPI-5 Zeolite structure type (“Virginia Polytechnic Institute”)
ZSM-5 Zeolite structure type (“Zeolite Socony Mobil”)
ZSM-12 (-22,-23,-48) Zeolite structure types with one-dimensional channels

Symbols
a Mean distance between two adjacent molecules
D Coefficient of self-diffusion (self-diffusivity)
Deff Effective diffusivity
Dsim Modified (center-of-mass) diffusivity in a single-file system
F Mobility factor of single-file diffusion as defined by Eq. 2
k Intrinsic reactivity
k∗ Effective reactivity
L Channel length
l Mean free distance between adjacent molecules
N Total number of sites in a single-file system
N∗ Modified site number in a single-file system
n Particle number (= θN)
P(∆z, t) Probability density that during time t a molecule is shifted over

a distance ∆z (= propagator)
s Space coordinate of an isolated (sole) molecule
t Time
x Site number in file-direction
z Space coordinate in file direction
γ (t) Tracer exchange curve
∆s, ∆z Particle displacement
η Effectiveness factor
ηi Reactant concentration profile
θ Relative loading, site occupancy (= n/N)
θi Relative loading of site i
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κ Probability of reaction between two diffusion steps
λ Step length
σ Particle diameter
σi Parameter indicating whether a site is vacant (σi = 0) or occupied

(σi = 1)
τ Mean time between two jump attempts, residence time
τex Mean exchange time between two adjacent molecules
τi Average time that a particle which is found at site i, has already

spent in the single-file system
τintra Intracrystalline mean life time (residence time in a single-file sys-

tem)
φ Thiele modulus
ϕ(i)(τ) Residence time distribution function (of a particle at site i in the

single-file system)
ω Particle-particle interaction parameter

1
Introduction

Studying molecular diffusion in zeolite crystallites is complicated by the small
size of the objects of investigation. Inevitable deviations of the real structure
of a sample from the ideal one lead to an additional complication of the situ-
ation. It is not unexpected, therefore, that in spite of considerable progress
in the experimental techniques, there is still some controversy in the under-
standing of intracrystalline zeolitic diffusion (cf. the preceding chapters of
this volume).

The situation is far more complicated if the zeolite framework compels the
diffusants to remain in one and the same order, i.e., if the zeolite pore system
consists of non-intersecting channels with diameters small enough so that
a mutual passage of adjacent sorbate molecules is prohibited. Zeolites offering
such a possibility include the structure types ZSM-12, -22, -23, -48; AlPO4-5,
-8, -11 and many more. The situation may be compared to that of a string of
pearls, where one pearl may only be shifted in a given direction if there is suf-
ficient free space, i.e., if all pearls originally situated in this range have also
been shifted in the same direction [1]. Since the concentration of molecules in
front of those shifted tends to exceed the concentration behind the considered
diffusant, subsequent displacements are more likely to be directed backward
than forward. This correlation between subsequent displacements increases
with increasing molecular shifts. In normal diffusion, in striking contrast
to this situation, subsequent displacements eventually become independent
from each other. It is this condition which allows description of molecular
transport on the basis of the well-known Fick’s equations. By contrast, the
highly correlated motion in single-file systems excludes the application not
only of Fick’s laws but presumably of any type of differential equation.
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It should be noted that in the literature the term single-file diffusion has
sometimes been used to indicate only the mutual steric hindrance of the
molecules in zeolite channels and not the additional constraint of an absolute
exclusion of their mutual passage. Such terminology is clearly misleading since
in this case molecular propagation would also be subjected to Fick’s laws.

When investigating single-file diffusion in zeolites, one must face not only
the general experimental problems of diffusion studies with zeolites, but also
additional aggravations. These are due to possible transitions between the
regimes of single-file and normal diffusion and the influence of the real struc-
ture on these transitions. There is also substantial need for a satisfactory and
handy theoretical description of the expected processes. Sects. 2 and 3 of this
chapter are devoted to this problem, while Sect. 4 provides a survey of the
available experimental data in this rather new field of research.

2
Single-File Systems of Infinite Extension

2.1
Random Walk Considerations

Long before the term single-file diffusion was introduced into the zeolite
community [2], it had been coined as a quite general description of any
type of one-dimensional transport of hard-core particles, including such di-
verse phenomena as transport in the ion channels of biological membranes
and along dislocation lines in crystals [3, 4]. The abundance of intriguing
questions associated with such systems has fascinated mathematicians and
theoretical physicists for many years [5, 6]. In the most simple model, mo-
lecular transportation in single-file systems has repeatedly been assumed
to proceed by steps of equal spacing between adjacent adsorption sites. In
this case, the mean square displacement in the file direction is given by
the relation [5–13]

〈(
∆ z

)2
〉

= λ2 1 – θ

θ

√
2
π

√
t
τ

, (1)

where λ stands for the step length and θ denotes the occupancy of the ad-
sorption sites. τ is the mean time between subsequent jump attempts. Jump
attempts are only considered to be successful if the site to which they are
directed is unoccupied. Following the notation of the Einstein equation of
normal one-dimensional diffusion [14]

〈(
∆z
)2
〉

= 2Dt , (2)
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Eq. 1 may be transferred into〈(
∆ z

)2
〉

= 2 F
√

t , (3)

with the so-called mobility factor of single-file diffusion [1]

F = λ2 1 – θ

θ

1√
2πτ

, (4)

with the essential difference that the mean square displacement increases
in proportion to the square root of the observation time rather than to
the observation time itself. Eq.1 has been derived in different ways [5–11],
all of which are far from being straightforward as a consequence of the
correlated motion in a single-file system. In [12], this complication is cir-
cumvented by considering the particle shift as a consequence of the move-
ment of the vacancies within single-file systems. This movement can be
considered to be uncorrelated, so that a derivation of Eq. 1 by elemen-
tary arguments becomes possible. Moreover, in this way all higher mo-
ments 〈(∆z)ν〉 of molecular displacements may also be calculated. This
knowledge permits the determination of the probability distribution func-
tions of molecular displacement, the so-called propagator. As in the case
of normal diffusion ([14], Eq. 5), the propagator is found to be a Gaus-
sian [13]

P(∆z, t) =
(

2π
〈(

∆z
)2
〉)–1/2

exp
[

– (∆z)2/2
〈(

∆z
)2
〉]

, (5)

where now, clearly, the mean square displacement follows Eq. 3 rather than
Eq. 2.

The mean square displacement in single-file systems may quite generally
be shown to be related to the movement of a sole molecule by the expres-
sion [8, 10]〈(

∆z
)2
〉

= l 〈|∆s|〉 , (6)

where 〈|∆s|〉 denotes the mean value of molecular displacement of a sole par-
ticle (i.e. of a diffusant without any interaction with other particles), and l
stands for the mean free distance (clearance) between adjacent molecules.
Under the supposition that an isolated diffusant in the single-file system is
subjected to normal diffusion, Eq. 5 with Eq. 2 may be used to determine the
mean value of molecular displacement of this particle, yielding

〈|∆s|〉 =

√
4D
π

√
t . (7)

Combining Eqs. 3, 6 and 7, the mobility factor F of a single-file system and
the diffusivity of a sole molecule in this system may be shown to be related to
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each other by the expression

D = πF2/l2 . (8)

Eq. 1 results as a special case of Eq. 6 by using Eq. 7 with the well-known
expression [15, 16]

D =
λ2

2τ
(9)

for the self-diffusivity of an isolated particle and by using the relation

l = λ
1 – θ

θ
, (10)

where the step length λ has been set equal to the particle diameter σ .
The single-file expressions Eq. 1 and Eq. 6 are only valid for sufficiently

large observation times. In the limit of short observation times, i.e. in a time
regime where the individual molecules have not yet become “aware” of their
neighbors, molecular displacement may be described by a diffusion-like mo-
tion with a diffusivity

D =
λ2

2τ
(1 – θ) . (11)

In comparison with Eq. 9 for the isolated molecule, the additional factor
(1 – θ) takes into account that a jump attempt is only successful with the prob-
ability 1 – θ. Equating the mean square displacements following from Eq. 2
with D as given by Eq. 11 and from Eq. 3 with F as given by Eq. 4 yields

t =
2τ
πθ2 (12)

for the time of crossover between the regimes of normal diffusion and of
single-file diffusion.

The analytical expression
〈(

∆z
)2
〉

=
λ2(1 – θ)t/τ

1 + θ
√

π/2
√

t/τ
(13)

has been shown to comprise both cases with satisfactory accuracy [17]. One
should be aware of the fact that there is also the possibility of a direct tran-
sition from the “ballistic” behavior of the particle (i.e. from the regime of
proportionality between displacement and time for sufficiently short obser-
vation times) to single-file behavior. Clearly, in this case an establishment of
a time regime of normal diffusion could not be observed. It may be shown by
molecular dynamics simulations that this tendency becomes more and more
dominant with increasing concentration [18].

Since normal and single-file diffusion are described by the same propaga-
tor, Eq. 5, due to the analogy of Eq. 2 and Eq. 3 the propagation pattern of
a given particle in a single-file system coincides with that of normal diffusion
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if the self-diffusivity D is substituted by F and the time t by
√

t. This anal-
ogy, however, is of only limited value for the treatment of practical problems,
since in the case of normal diffusion there is no counterpart for the correla-
tion in the movement of distant particles as is typical of single-file systems.
This correlation prohibits extending the analogy between Eq. 2 and Eq. 3 to
the treatment of single-file diffusion (as attempted, e.g., in [19]) if it is sub-
jected to certain initial and boundary conditions [20, 21]. The treatment of
finite single-file systems in Sect. 3 will demonstrate that we are still far from
the development of an adequate analytical tool for handling this correlation.

2.2
Molecular Dynamics

Molecular dynamics (MD) simulations in single-file systems are additionally
complicated by the requirement that in the absence of external forces the cen-
ter of mass must be preserved. This complication results from the fact that,
as a consequence of the correlated motion in a single-file system, the shift
of a particular molecule must be accompanied by shifts of other molecules
in the same direction. Depending on the total amount of molecules under
consideration, the conservation of the center of mass therefore prohibits arbi-
trarily large molecular shifts. The maximum mean square displacement may
be shown to obey the relation [22]

〈(
∆z

)2
〉
∞ =

1
6

(
1 – θ

)2 nσ2

θ2 =
1
6

(
1 – θ

)2

θ
Lσ , (14)

where n denotes the number of particles considered and L ≡ nσ/θ stands for
the length of the single-file system (channel length). MD simulations as il-
lustrated by Fig. 1 are in excellent agreement with Eq. 14 [22]. It turns out
that one has to consider as many as 10 000 particles in order to avoid the un-
wanted limitation effects during the time interval considered in Fig. 1. Such
particle numbers are much larger than generally considered in MD simu-
lations. It is not unexpected, therefore, that first MD simulations with the
zeolites ferrierite [23, 24] and mordenite [25], which contain one-dimensional
or quasi-one-dimensional channel systems, did not reveal any indication of
the

√
t behavior, as expected on the basis of Eq. 3 for single-file systems. This

type of restriction does not exist in the case of normal diffusion, where the
molecules are able to change their positions relative to each other. Obviously,
in such a situation arbitrarily large molecular displacements are possible,
without the necessity of a shift of the center of mass.

The great expense in calculation time due to the inevitably large particle
numbers in single-file systems calls for the application of simplified poten-
tials. Figure 1 shows the results obtained for spherical molecules diffusing
in an unstructured tube [22]. Particle-particle and particle-wall interactions
have been simulated by a shifted-force Lennard-Jones potential [26] and an
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Fig. 1 Time dependence of the mean square displacement 〈(∆z)2〉 for simulations with
various small numbers of particles (as indicated in the insert). 〈z2〉 tends to a limiting
value 〈(∆z)2〉∞. For comparison, the result for 10 000 particles is also given. From [22]
with permission

inverse Lennard–Jones potential, respectively. The particle and tube diam-
eters were chosen in such a way that any mutual passage of the particles
was definitively excluded. Hence, at first glance, the proportionality between
〈(∆z)2〉 and the observation time t appears to be in striking contrast to the√

t behavior expected on the basis of Eq. 3 for single-file systems. This ap-
parent conflict may be resolved, however, on the basis of the more general
Eq. 6. In fact, a sole particle in an unstructured tube behaves completely de-
terministically with a displacement 〈|∆s|〉 increasing in proportion to the
observation time. Therefore, according to Eq. 6, the mean square displace-
ment 〈(∆z)2〉 in the single-file system also has to increase linearly with t.
Moreover, by determining 〈|∆s|〉 via the mean absolute velocity, the results of
the MD simulations may even be shown to be in quantitative agreement with
the prediction of Eq. 6 [22].

According to Eq. 6, proportionality between the mean square displace-
ment in single-file systems and the square root of the observation time can
only be expected if the movement of the isolated molecule is a random walk.
In [22] this condition was fulfilled by either introducing an additional force,
stochastically acting on the individual molecules, or by considering tubes
with periodically varying diameters. In both cases, molecular displacements
in single-file systems were found to follow Eq. 3 over observation times cover-
ing two orders of magnitude. In this way, for the first time the

√
t behavior
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of single-file diffusion as resulting from random walk considerations was
confirmed by MD simulations. Moreover, the MD simulations were found
to satisfactorily reflect even the concentration dependence that follows from
Eq. 1 if the occupancy θ is defined with respect to a chain-like arrangement
of the molecules along the tube axis.

The exclusion of a mutual passage of the molecules within the zeolite chan-
nels is crucial for the occurrence of single-file diffusion. First attempts to
perform such discriminations by MD simulations with methane and ethane
in AlPO4-5 have been presented in [27–29]. In these studies both the methane
and ethane molecules are found to be readily able to pass each other. Since
such simulations are extremely sensitive to the potentials used [30–34], the
evidence of such results is still under discussion.

Figure 2 displays the results of MD simulations which have been carried
out to provide an overview of the different time regimes of molecular propa-
gation possible in single-file systems [35]. After the initial ballistic period
with (∆z)2 ∝ t2, the mean square displacement is soon found to follow the
typical single-file dependence (∆z)2 ∝ √

t. As already mentioned with refer-
ence to Eq. 13 [17], there is only a very faint indication, if at all, of a time
regime (∆z)2 ∝ t reflecting normal diffusion. The simulations have been
carried out with various channel diameters. The probability of mutual pas-
sages between adjacent particles clearly increases with increasing channel

Fig. 2 Various time regimes of molecular propagation in single-file systems as resulting
from MD simulations. The inset indicates the channel diameters considered in the differ-
ent simulations. In all cases, the diameter of the diffusants was assumed to be equal to
0.383 nm. From [35] with permission
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diameters. Correspondingly, with increasing channel diameters deviations
from single-file diffusion become notable for shorter and shorter observation
times. For sufficiently large observation times, the molecular displacements
are completely determined by these passages. By simple random walk argu-
ments the mean square displacement may then be shown to obey the relation

〈(
∆z

)2
〉

= a2t/τex , (15)

with τex and a (= l + σ) denoting, respectively, the mean exchange time be-
tween two adjacent molecules and their mean distance. Following the time
dependence of ordinary diffusion, 〈(∆z)2〉 is now increasing in proportion
to the observation time. The mean square displacements calculated on the
basis of Eq. 15 are found to be in satisfactory agreement with the simulated
displacements. Since the calculation of 〈(∆z)2〉 requires much larger simula-
tion times than τex, Eq. 15 may significantly help to save simulation times for
the consideration of the long-time regime in zeolite channels when mutual
passages between adjacent molecules eventually become dominant.

The concept of single-file diffusion has most successfully been applied for
MD simulations in carbon nanotubes [36–39], yielding both the square-root
time dependence of the molecular mean square displacement and a remark-
ably high mobility of the individual, isolated diffusants. In [40–42], the as-
tonishingly high single-particle mobilities in single-file systems have been
attributed by MD simulations to a concerted motion of clusters of the ad-
sorbed molecules.

3
Finite Single-File Systems

3.1
The Mean Square Displacement

Proportionality between the mean square displacement and the square root
of the observation time as reflected by Eq. 3 only strictly results for single-
file systems of infinite extension. As soon as the boundary conditions at the
ends of the single-file system become relevant, substantial deviations may
occur. In single-file systems with closed ends the mean square displacement
will obviously deviate from this dependence, approaching a constant value
for sufficiently large observation times [5]. Such a behavior has been repeat-
edly verified by Monte Carlo simulations [43, 44]. Under the assumption that
with the exception of the preserved particle sequence there is no correlation
between the positions of the diffusants at the beginning and at the end of
the experiment, the limiting value of the mean square displacement may be
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shown to be [35]
〈(

∆z
)2
〉
∞ =

1
3

(1 – θ)
θ

2

Lσ . (16)

As to be expected, this value is much smaller than the corresponding value for
restricted normal diffusion in one direction [45],〈(

∆z
)2
〉
∞ = L2/6 , (17)

since normal diffusion enables maximum molecular displacement up to the
extension L of the confinement, while a single-file particle is already confined
by its two neighbors.

In contrast to finite single-file systems with closed ends, single-file systems
with open ends lead to an enhancement of the mean square displacements
in comparison with the pure single-file case. Eventually, molecular displace-
ments are even found to follow the laws of normal diffusion. This behavior
may intuitively be understood by realizing that in an appropriately selected
time interval, a molecule may enter the single-file system on one side while
another molecule may leave the single-file system on the other side. Such
a coincidence of events shifts the total chain of molecules and hence any par-
ticle by one position. This type of molecular shift, however, is uncorrelated
with the next one, caused by the same sequence of events. We have, therefore,
a Markovian process, leading to normal diffusion. Considering the elemen-
tary steps quantitatively [2, 3], the mean square displacement of this process
may be shown to obey the relation [35, 46–48]
〈(

∆z
)2
〉

= 2D
1 – θ

n
t = 2D

1 – θ

θ

λ

L
t , (18)

where D = λ2/2τ is the diffusivity of an isolated particle in the single-file sys-
tem. It is interesting to note that the effective diffusivity,

Deff = D
1 – θ

n
= D

1 – θ

θ

λ

L
, (19)

following from this relation via Eq. 2, coincides with the diffusivity under
the condition of normal diffusion as given by Eq. 11, divided by the total
number n of molecules in the single-file system. This effective diffusivity is
sometimes referred to as the “center-of-mass” diffusivity. Irrespective of the
small diffusivity, the proportionality with t determines that the mean square
displacement in finite single-file systems with open ends is eventually gov-
erned by a diffusion-type equation Eq. 2, rather than by Eq. 3. Equating Eq. 18
and Eq. 1, the crossover time from single-file diffusion to normal diffusion in
finite single-file systems with open ends may be determined to be equal to

t = L2/πD , (20)

with D = λ2/2τ .
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Experiments with single-file systems of finite extension are thus found to
be easily affected by the influence of the boundary conditions. Therefore, one
should be aware of the fact that the observed displacements are sufficiently
below the limiting values for which the boundary conditions start to become
relevant.

Since the two limiting cases of open and closed ends have been shown to
lead, respectively, to an enhancement and a reduction of the mean square
displacement in comparison to an infinite single-file system, it may be antici-
pated that, under the influence of boundary conditions intermediate between
these two limiting cases, molecular propagation in a finite single-file system
may even proceed as in a single-file system of infinite extension.

3.2
Tracer Exchange

Before the introduction of measuring techniques such as pulsed field gradi-
ent (PFG) NMR ([14, 16, 45], pp. 168–206) and quasielastic neutron scattering
(QENS) [49, 50], which are able to trace the diffusion path of the individual
molecules, molecular diffusion in adsorbate-adsorbent systems has mainly
been studied by adsorption/desorption techniques [16]. In the case of single-
file systems, adsorption/desorption techniques cannot be expected to pro-
vide new features in comparison to the case of normal diffusion [51, 52]. In
adsorption/desorption measurements it is irrelevant whether or not two ad-
jacent molecules have exchanged their positions. But it is this effect which
makes the difference between normal and single-file diffusion.

The situation is completely different, however, if one is considering the
mutual replacement of particles which may be distinguished from each other.
The classical experiment of this type is the tracer exchange measurement
where the two species A and B are assumed to be distinguishable but identi-
cal in their microdynamic properties. For these measurements, in general, the
adsorbate-adsorbent system which had been equilibrated with an atmosphere
of species A is brought into an atmosphere of species B of the same pressure.
Under the assumption that the process of molecular migration is subject to
the laws of normal diffusion, the exchange curve may be predicted analyt-
ically. If the process is controlled by one-dimensional diffusion, which is the
case for a parallel-sided slab, e.g., the exchange curve may be shown to follow
the relation (cf. [16], p.239)

γ (t) = 1 –
8
π2

∞∑
i=1
odd

1
i2 exp

(
–

π2

12
i2 t

τintra

)
, (21)

where γ (t) denotes the ratio between the amount of species B within the
adsorbate-adsorbent system at time t divided by the final amount of species B
(which in the considered case of tracer exchange clearly coincides with the
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initial amount of species A). For simplicity, it has additionally been as-
sumed that the species B is in abundance, i.e., that there is no re-entrance of
species A into the system. τintra denotes the intracrystalline mean lifetime of
a molecule in the system, defined by the relation [53, 54]

τintra =

∞∫

0

(
1 – γ (t)

)
dt . (22)

It is related to the length of the system (slab thickness L) and the diffusivity
by the equation

τintra = L2/(12D) . (23)

Eq. 21 with Eq. 23 results as the solution of the corresponding differen-
tial equation of normal diffusion with the appropriate initial and boundary
conditions. These relations hold with the adequate interpretation of D as
a self-diffusivity or a transport diffusivity, respectively, for both tracer ex-
change between the initially adsorbed species A by species B and the relative
uptake in an adsorption experiment. It should be noted that Eq. 21 also de-
scribes the molecular uptake by single-file systems, since with respect to
adsorption/desorption there are no differences between single-file systems
and systems which permit normal diffusion.

As soon as the movements of different species have to be distinguished
from each other, however, the mutual correlation of the molecules in single-
file systems makes it impossible to predict the evolution of the particle distri-
butions by differential equations. For this reason, the time dependence of the
tracer exchange in single-file systems has thus far only been investigated by
Monte Carlo simulations [1, 55–57].

As an example, Fig. 3 shows the initial stages of tracer exchange for the
total site numbers N = 150, 300 and 600 and the site occupancies Θ = 0.25,
0.50. 0.75 and 0.90 [56, 57]. For comparison, the slopes expected for diffusion-
limited exchange (broken line) and for exchange limited by single-file con-
finement (full line) are also indicated. For the very first steps of the particles
leaving the single-file system, single-file confinement is obviously not yet rel-
evant, so that the time dependence is that of a diffusion-limited process.
This initial part is followed by dependencies which may be shown analyt-
ically to result from tracer exchange under single-file confinement [57]. As
a strong argument that under these conditions the above-described diffusion-
like mechanism of displacement does not work, one has to consider the fact
that for any given loading the product of the tracer exchange curve and the
total number of sites is independent of the file length. Since this product
is nothing else than the total number of exchanged molecules, the total file
length is obviously not of any influence on the observed behavior up to the
given time.
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Fig. 3 The normalized tracer exchange curves in single-file systems obtained by dynamic
Monte Carlo (DMC) simulations for various file lengths (=L in the figure) and load-
ings (Θ) (points). The dashed and solid lines show the best fit lines for Θ = 0.5 with the
slope of 1/2 and 1/4 expected for the mechanism of normal and single-file diffusion,
respectively, in the limit of short times. From [57] with permission

Only in the case of Θ = 0.50, with L = 300 and 600, Fig. 3 indicates the
beginning of the transition to the diffusion-controlled regime of tracer ex-
change. It is demonstrated by Fig. 4 that over the largest part of the file, the
concentration profiles during the exchange process are astonishingly well rep-
resented by the corresponding solutions of the classic diffusion equation, i.e.
of Fick’s second law. In the approach taken, a certain part of the file at the
two openings has been assumed to attain the equilibrium concentration in-
stantaneously, so that the exchange had to be followed over N∗ rather than
over N sites. Table 1 indicates the values of the ratio N∗/N and of the ratio
Dsim/Deff between the diffusivity used in the analytical simulations and the
effective file diffusivity, as given by Eq. 19, which have led to the best agree-

Fig. 4 Comparison of the concentration profiles of tagged particles obtained by DMC
simulations for tracer exchange in single-file systems of length L (oscillating solid lines)
with the concentration profiles for normal diffusion, with Dsim and N∗ given in Table 1
(solid lines) at times t1 = 0.93×106τ , t2 = 2.1×106τ , t3 = 3.7×106, and t4 = 7.6×106τ

(τ is the duration of the elementary diffusion step). From [57] with permission
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Table 1 Results of the best fit Dsim and N∗ and the center-of-mass diffusivity Deff and
site number N in the final time domain of tracer exchange (controlled by center-of-mass
diffusion) [57]

N Dsim/Deff N∗/N

150 1.51 0.83
300 1.49 0.87
600 1.80 0.92

ment with the simulation data. Not unexpectedly, the site number N∗ relevant
for the simulations approaches the total number with increasing file length. It
is interesting to note that Dsim, though on the order of Deff, does not seem to
approach this value.

Most importantly, combining the expressions for the intracrystalline mean
life time Eq. 23 and the effective self-diffusivity (Eq. 19), in the case of single-
file diffusion the mean time of molecular exchange is found to scale with L3,
rather than with the L2 dependence typical of normal diffusion. Therefore,
under the conditions of single-file diffusion, the exchange rate with zeolite
crystallites decreases even more pronounced with increasing crystal sizes as
in the case of normal diffusion.

3.3
Theory of Catalytic Reactions

The combined influence of molecular transport and catalytic reaction in
adsorbate-adsorbent systems has so far been exclusively described by supple-
menting Fick’s differential equations of mass transfer with a reaction term and
solving them under the relevant initial and boundary conditions [16, 58, 59].
Due to the correlated movement of the individual particles, this approach fails
in the case of single-file diffusion. Transport inhibition may intuitively be an-
ticipated to be much more stringent in single-file systems than in systems
subject to normal diffusion, since a product molecule can only get out of the
file – i.e. in our case the zeolite channel – if all the other molecules in front
of it have been shifted in the same direction. Since the probability of such
a combined process is very low, the rate of exchange of the product molecules
with the surrounding atmosphere must be dramatically smaller than in the
case of ordinary diffusion, where the product molecules may get to the crys-
tallite surface without any correlation to the movement of the other molecules.
This situation is reflected by the different scaling patterns of the molecular ex-
change time with increasing crystal sizes in the cases of normal and single-file
diffusion as discussed at the end of the previous section.

As in the case of tracer exchange, quantitative information about the cor-
related effect of transport and catalytic reactions in single-file systems has
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so far only been attained by Monte Carlo simulations. Figure 5 illustrates
the situation due to the combined effect of diffusion and catalytic reaction
in a single-file system for the case of a monomolecular reaction A → B [1].
For the sake of simplicity it is assumed that the molecular species A and B
are completely equivalent in their microdynamic properties. Moreover, it is
assumed that in the gas phase A is in abundance and that, therefore, only
molecules of type A are captured by the marginal sites of the file. Figure 5
shows the concentration profile of the reaction product B within the single-
file system under stationary conditions. A parameter of the representation is
the probability κ that during the mean time between two jump attempts (τ),
a molecule of type A is converted to B. It is related to the intrinsic reactivity k
by the equation

κ = k · τ . (24)

In the case of normal diffusion, the corresponding concentration profile may
be calculated analytically [2, 16, 58, 59] yielding

θB

θ
= 1 –

cosh
(

z
√

k/D
)

cosh
(

L/2
√

k/D
) ≡ 1 –

cosh
(
2z/Lφ

)
coshφ

, (25)

with

φ =
L
2

√
k
D

, (26)

denoting the Thiele modulus.
For comparison, Fig. 5 also displays the concentration profile of species B

for the case of normal diffusion as given by Eq. 25, with the particular choice
of the parameter φ = 2.77.

In complete agreement with the fact that the product molecules in a single-
file system are prevented from leaving the system by their file neighbors, the
concentration profiles in the single-file cases show a much more pronounced
tendency of accumulation of the reaction products in the file center than in
the case of normal diffusion. Under stationary conditions, the effective reac-
tivity k∗ is related to the intrinsic reactivity k by the equation

k∗ =
θ̄A

θ
k , (27)

where θ̄A denotes the mean value of the site occupancy of molecules A. The
ratio

η =
k∗

k
=

θ̄A

θ
(28)

represents the effectiveness factor, which may be easily determined by inte-
grating over the concentration profile. Obviously, by integrating over Eq. 25,
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Fig. 5 Concentration profiles of the molecules of species B within the single-file system
under stationary conditions and comparison with the dependence to be expected for or-
dinary diffusion (broken line, Eq. 29). The quantity 2L(k/D)1/2 (the Thiele modulus φ) in
Eq. 29 has been chosen to coincide with the generalized Thiele modulus (cf. Eq. 30) of the
single-file reaction for κ = 1.27×10–5 (φ = 2.77). z denotes the distance from the middle
of the file and L = Nλ its length. From [1] with permission

the effectiveness factor under the conditions of normal diffusion is thus found
to be a sole function of the Thiele modulus

η =
tanhφ

φ
. (29)

This dependence is represented by the dotted line in Fig. 6. In a first attempt
to systematize the simulation results of molecular reaction and diffusion in
single-file systems, a generalized Thiele modulus has been introduced [1].
Combining Eq. 25 and Eq. 23, the Thiele modulus may be expressed in the
alternative notation

φ =
√

3kτintra , (30)

which, in contrast to Eq. 26, is not restricted to a particular transport model
and also includes the case of single-file diffusion. In this way, reactivities
under the conditions of normal and single-file diffusion may be directly re-
lated to each other. The Thiele modulus of the example of normal diffusion in
Fig. 5 was thus chosen to coincide with the generalized one in the single-file
case with κ = 1.27×10–5. It is demonstrated by Fig. 6 that the dependence of
the effectiveness factor in single-file systems on the generalized Thiele modu-
lus is at least qualitatively reflected by the classical dependence of the Thiele
concept, as provided by Eq. 29. One should not be confused by the slightly
larger values in the case of single-file systems for comparable generalized
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Thiele moduli. These also appear in the smaller area below the single-file pro-
file curve for κ = 1.27×10–5 in Fig. 5, in comparison to the area under the
profile resulting from the conditions of normal diffusion with the same Thiele
modulus. By comparing single-file diffusion with ordinary diffusion the pre-
vailing effect is clearly the dramatic enhancement of τintra and hence of the
Thiele modulus, leading to a correspondingly dramatic reduction of the effec-
tiveness factor.

Since tanh φ approaches the value of 1 for sufficiently large Thiele moduli,
it follows from Eq. 29 that the effectiveness factor approaches the recipro-
cal value of the Thiele modulus. In the classical Thiele concept, this leads to
the well-known reduction in the apparent activation energy for transport-
controlled reactions, since the effective reactivity is now proportional to

√
k

rather than to k, as in the absence of any transport limitation.
It should be noted that in the case of single-file diffusion the situation

might be different. This is because the temperature dependence of τintra,
which is the second relevant quantity in Eq. 30 and in the case of normal dif-
fusion is generally assumed to be inferior to that of the intrinsic reactivity,
may become significant. Since the occupancy of the single-file system may
substantially decrease with increasing temperature, the enhanced tempera-
ture dependence of τintra may be a simple consequence of its concentration
dependence, as given by Eq. 19. A quantitative estimate of this effect is given
in [55].

Fig. 6 Effectiveness factor η = κ∗/κ of single-file reaction plotted as a function of the
generalized Thiele modulus. From [1] with permission
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Networks of interconnecting single-file systems with different accommo-
dation probabilities for molecules participating in chemical reactions [56, 60–
63] have recently been introduced as model systems for the quantification of
the effect of Molecular Traffic Control (MTC) [64, 65], i.e. for the enhance-
ment of the effective reactivity by an optimization of the intracrystalline
transport of the molecules involved in the reaction. In the given case, this
reactivity enhancement is caused by a preferential adsorption of the reac-
tant and product molecules along different diffusion paths (channels) in the
interior of the zeolite crystallites and a corresponding reduction of their mu-
tual interference. MD simulations [66, 67] have confirmed the feasibility of
such situations. MTC reactivity enhancement is found to become particularly
pronounced with increasing file lengths between subsequent intersections.

This tendency can be understood by realizing that the mean lifetime in
single-file systems (Eq. 23 with Eq. 19) scales with the third power of the
file length L. We use this proportionality to estimate the mean lifetime re-
quired for the reactant and product molecules to diffuse from one channel
intersection to an adjacent one, with L being proportional to the number of
sites between the intersections. This type of reasoning clearly only applies for
a system of uniform overall concentration, i.e. if the sum of the reactant and
product concentrations is constant throughout the system. Without the dif-
ference in the adsorption preferences of the reactant and product molecules
considered above, this would also be the case in the single-file network con-
sidered. Since the components are attributed to the individual channels with
different probabilities, however, the concentration gradients of the individual
components inherent to chemical reactions (i.e., falling concentrations from
outside to inside for the reactant molecules and increasing concentrations
for the product molecules) would to some extent appear in the channels as
well. Under the influence of such concentration gradients, molecular trans-
port in single-file systems proceeds under the conditions of normal diffusion,
with the mean lifetime scaling with L2 rather than L3. Hence, for sufficiently
large distances L between the channel intersections, the MTC conditions will
ensure a smaller degree of transport inhibition and thus a higher effective
reactivity.

3.4
Analytical Treatment

Our understanding of diffusion and reaction in single-file systems is impaired
by the lack of a comprehensive analytical theory. The traditional way of ana-
lytically treating the evolution of particle distributions by differential equa-
tions is prevented by the correlation of the movement of distant particles. One
may respond to this restriction by considering joint probabilities covering the
occupancy and further suitable quantities with respect to each individual site.
These joint probabilities may be shown to be subject to master equations,
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i.e. to equations correlating the populations of the different states by con-
sidering the mutual transition probabilities. These equations may be solved
with a much smaller expense of computation time than necessary for Monte-
Carlo simulation. Moreover, the master equations may also easily account for
the possibility of mutual passages of adjacent particles and particle-particle
interaction. Examples of such studies including chemical reactions and com-
parison with mean-field approaches may be found in [68–73]. In [72], this
concept has been developed and successfully applied using three different sets
of probabilities:

The configuration probability θσ1σ2···σN (with σi = 0 or 1) denoting the
probability of a particular occupation pattern, where σi = 0 (1) means that
the i-th site is vacant (occupied).

The residence time distribution function ϕ
σ1···σi–1∗σi+1···σN
i (τ) providing the

probability (density) that the particle configuration is given by the parame-
ter set σ1· · ·σi–11σi+1· · ·σN, and that the particle on site i has entered the file
a time interval τ ago.

The reactant concentration profile η
σ1···σi–1∗σi+1···σN
i representing the prob-

ability that site i is occupied by a reactant molecule and that the occupation
of the other sites (either by reactant or product molecules) is described by the
set of parameters σ1· · ·σi–1, σi+1· · ·σN.

One of the most important features of all these probabilities is that they are
time-invariant under stationary conditions. In particular, this means that the
probability distribution for the residence time of a particle at a given site (and
for a given configuration) remains unchanged for any time. In the considered
simple case of a first-order reaction, after residing over a time τ within the
single-file system, a reactant molecule A will not have been converted into
a product molecule B with the probability exp (– kτ). Therefore, the reactant
concentration profile follows easily by multiplying the residence time distri-
bution function with the probability that for a particular residence time there
was no conversion, and integration over all residence times τ yields

ησ1···σi–1∗σi+1···σN
i =

∞∫

0

e–kτϕσ1···σi–1∗σi+1···σN
i (τ)dτ . (31)

Thus the reactant concentration profile is found to be nothing else than the
Laplace transform of the residence time distribution.

The probability functions can be calculated by solving the adequate master
equations and transferred into experimentally relevant quantities by sum-
ming over the two possible states (vacant and occupied) of all sites of the
system. For the relative occupancy of site i one thus obtains

θi =
1∑

σ1=0

· · ·
1∑

σi–1=0

1∑
σi+1=0

· · ·
1∑

σN=0

θσ1···σi–11σi+1···σN . (32)
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In a completely equivalent way one may determine the residence time distri-
bution ϕi(τ) of site i and the probability ηi that site i is occupied by a reactant
molecule.

Though the master equations clearly represent analytical expressions for
the intrinsic dynamics in single-file systems, the calculations become rather
time consuming with increasing file lengths. As a reasonable compromise be-
tween needed computation time and gained information, in [72] single-file
systems with 8 sites have been considered. As an example, Fig. 7 shows the
concentration profile of a single-file system for different particle-particle inter-
action parameters ω [72]. The parameter ω describes the reduction in the
hopping rates if a jump starts from a position adjacent to another molecule as
compared to the jump rate of an isolated molecule (with ω = 1 denoting totally
missing interaction). As is to be expected, the attractive interaction leads to an
accumulation of the particles in the center of the single-file system. Figure 8
shows the average intracrystalline residence time profile for the same cases as
considered in Fig. 7. The intracrystalline residence time τi is determined by the
residence time distribution function ϕi(τ) via the relation Eq. 33

τi =

∞∫

0

τϕi(τ)dt , (33)

and denotes the average time that a particle found at site i has already spent in
the channel. The mean lifetime τintra of an arbitrarily selected particle clearly
follows as a mean over all values τi. Note that Fig. 8 does not give the average
time the particles have spent at the individual sites, but the average total time
they have already spent in the channel.

Fig. 7 Concentration profile θi over the site number i for different values of the particle-
particle interaction parameter ω as resulting from the solution of the master equations.
From [72] with permission
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Fig. 8 Average residence time profile (in units of the time τ between two jump attempts)
of the particles in the single-file systems considered in Fig. 7. From [72] with permission

The benefit of the analytical treatment presented thus far for the calcu-
lation of the characteristic functions of the single-file system is only limited
by the increasing complexity of the joint probabilities and the related master
equations. This treatment, however, has suggested a most informative access
to the treatment of systems subjected to particle exchange with the surround-
ings and to internal transport and reaction mechanisms [74, 75]. Summing
over all values σi = 0 and 1 and, subsequently, over all sites i, Eq. 31 may be
transferred to the relation Eq. 34

η(k) =

∞∫

0

e–kτϕ(τ)dτ , (34)

where ϕ(τ) denotes the residence time distribution function of the molecules
in the system and η(k) is the effectiveness factor as introduced by Eq. 28.
Adopting the reasoning leading to Eq. 31, Eq. 34 is found to hold quite gen-
erally for any system with an intrinsic reactivity k and a stationary residence
time distribution. The residence time distribution curve is not only a func-
tion of theoretical relevance. It is also experimentally accessible precisely as
the response curve of a tracer ZLC experiment [76–82].

It is interesting to note that the residence time distribution may also be
used as a generating function for the tracer exchange curve as introduced in
Sect. 3.2. The relative amount of tracer exchange at a certain time t is simply
the sum over all molecules which have entered and remained in the system
between time zero and the present instant, or, in other words, the residence
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times of which are between zero and t. Thus, one has

γ (t) =

t∫

0

ϕ(τ)dτ , (35)

Fig. 9 Probability distribution function ϕ(τ) (a) and effectiveness factor η(k) (b) corres-
ponding to the tracer exchange curves in the limiting cases of dominating single-file
diffusion, normal diffusion and surface barriers as a function of the quotient of τ and
τintra. From [74] with permission
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with the inversion

ϕ(τ) =
d
dt

γ (t) |t=τ . (36)

Like Eq. 34, Eqs. 35 and 36 hold quite generally for systems containing par-
ticles, the residence times of which are subjected to a stationary probability
distribution. The interrelation of the “characterizing” functions η(k), γ (t)
and φ(τ) and their wide field of application for stationary population are de-
scribed in great detail in [83, 84].

Figure 9 displays the probability distribution function ϕ(τ) and the effec-
tiveness factor η(k), which have been calculated via Eqs. 36 and 34 from the
tracer exchange curves in the limiting cases of single-file diffusion, normal
diffusion and barrier confinement. The fact that in all cases the residence
time distribution function is found to decrease monotonically may be eas-
ily rationalized as a quite general property. Due to the assumed stationarity
of the residence time distribution function, the number of molecules with
a residence time τ is clearly the same at any instant of time. The number of
molecules with a residence time τ + ∆τ may therefore be considered as the
number of molecules with a residence time τ minus the number of molecules
which will leave the system in the subsequent time interval ∆τ . Therefore,
ϕ(τ) must quite generally be a monotonically decaying function.

It is reflected by Fig. 9a that in the long-time range all curves are simple
exponentials. It is impossible, therefore, to determine the dominating trans-
port mechanism from this part of the distribution curve. Thus, for a given
value of kτintra, the analytically determined effectiveness factors for the typ-
ical single-file case (i.e., for large concentrations) as shown in Fig. 9b are
slightly larger than in the case of diffusion limitation and are therefore in
complete agreement with the simulation results given in Fig. 6. In addition,
the effectiveness factor in the case of barrier limitation is found to be even
smaller. It is interesting to note that this sequence also appears in the concen-
tration profiles, which are most pronounced in the case of single-file diffusion
(cf. Figure 5) and which degenerate to a horizontal line reflecting uniform
concentration over the whole sample in the case of transport limitation by
surface barriers.

4
Experimental Results

4.1
Pulsed Field Gradient NMR

As a non-invasive technique being able to monitor directly molecular dis-
placements of the order of micrometers [14, 16, 45], the pulsed field gradient
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(PFG) NMR technique is the most efficient technique for directly probing
single-file diffusion. By varying the observation time (from typically mil-
liseconds up to hundreds of milliseconds), it should be possible to easily
decide whether the mean square displacement increases linearly, as required
for normal diffusion (Eq. 2), or only in proportion to the square root of the
observation time (Eq. 3), indicating the occurrence of single-file diffusion.
PFG NMR studies with zeolites containing one-dimensional channels, how-
ever, are subjected to a number of additional difficulties. (i) The fraction
of the intracrystalline void volume is generally smaller than in zeolites with
more-dimensional pore networks, correspondingly the sorbate concentra-
tions and hence the signal intensities are also smaller. (ii) The molecular
confinement within the one-dimensional channels leads to smaller trans-
verse nuclear magnetic relaxation times which may dramatically impair the
measuring conditions. (iii) The reduced translational mobility leads to much
smaller displacements than are generally observed in more-dimensional net-
works which are more difficult to observe. In addition, one must keep in mind
that molecular transport in one-dimensional channels is much more affected
by inevitable deviations from an ideal structure than in a more-dimensional
pore network.

Owing to these difficulties, PFG NMR studies with CF4 and CH4 in the
one-dimensional channel system of VPI-5 only allowed one to estimate an
upper limit of 0.5 µm for the molecular displacements during the observa-
tion time of 2 ms [52]. Using Eq. 2, from these data the diffusivity of CF4 and
CH4 in VPI-5 may be estimated to be smaller than 5×10–11 m2 s–1. Already,
this upper limit is by at least one order of magnitude smaller than the corres-
ponding value in ZSM-5. The channel diameters in ZSM-5 (0.51–0.56 nm) are
much smaller than in VPI-5 (1.21 nm), so that at a first glance, the smaller dif-
fusivities in VPI-5 are astonishing. However, since in VPI-5 the channels are
parallel, without mutual intersections as in ZSM-5, the low diffusivities may
be considered as an indication of the mutual confinement typical of single-file
systems [52].

The first direct evidence for the occurrence of single-file diffusion in zeo-
lites was provided for ethane in AlPO4-5 [27, 85] and for methane and CF4 in
AlPO4-5 and zeolite Theta [75, 86–88]. In Fig. 10, the mean square displace-
ments for ethane in AlPO4-5 are shown to be, in fact, much better approached
by a square-root dependence on the observation time than by a linear depen-
dence [85]. Owing to the double-logarithmic scale, in Fig. 11, an even larger
range of mean square displacements and observation times is covered [75].
The measurements have been carried out with CF4 on AlPO4-5, and again
the typical single-file dependence is observed. Moreover, the data are also
found to be in reasonably good agreement with the concentration depen-
dence predicted by Eq. 1. Table 2 summarizes the single-file mobility factors
resulting from the experimental data on the basis of Eq. 3 as well as the dif-
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Fig. 10 Ethane mean square displacements in AlPO4-5 plotted as a function of observation
time. Linear and power-law best fits to the data are also shown. The linear fit is made to
pass through the origin. From [85] with permission

fusivities, which one has to attribute to an isolated molecule on the basis of
Eq. 8 [75, 88].

It should be noted that the thus estimated diffusivity is by two orders of
magnitude larger than the highest diffusivities thus far measured for CF4
in zeolites with more-dimensional pore networks [89, 90]. For methane in
AlPO4-5, the single-particle diffusivities at infinite dilution are, in this way,
estimated to amount to even 10–4 m2 s–1 [87]. This large molecular mobility
may be rationalized as the effect of molecular guidance by the channels. It
may be shown by MD simulations of molecular diffusion in a periodic po-
tential of rotational symmetry [88] that such high values may in fact result
for a sufficiently small difference between the minima and maxima of the
potential energy. It is likely that this supermobility is reflected in the large

Fig. 11 Molecular mean square displacement of CF4 in AlPO4-5 at 180 K as a function of
the observation time at a sorbate concentration of 0.005 (♦), 0.05 (O), 0.2 (�), and 0.4
(∆) molecules per unit cell. From [88] with permission
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Table 2 Results of the PFG NMR self-diffusion studies with CF4 adsorbed in AlPO4-5 at
180 K, represented in terms of the single-file mobility factor F [cf. Eq. 3] and the single-
particle diffusivity D [cf. Eq. 8]. The mean free distance l is calculated according to Eq. 10.
The errors of the experimental values are about 50% [47]

c/molecules/unit cell L/nm F/m2 s–1/2 D/m2 s–1

0.4 1.63 0.7×10–12 0.6×10–6

0.2 3.73 1.5×10–12 0.5×10–6

0.05 16.3 4.5×10–12 0.3×10–6

0.005 167 1.0×10–10 1.1×10–6

permeabilities observed for n-heptane in AlPO4-5 membranes in compari-
son with ZSM-5 [91]. More recent MD simulations of molecular propagation
in confining channels (“nano-tubes”) [36–39] confirm the possibility of the
existence of such states of “super-mobility”.

An appreciation of the PFG NMR studies of zeolite AlPO4-5 performed to
date, however, has to take at least two critical issues into account:
(i) Recent investigations by interference microscopy of molecular uptake on

zeolites that are generally accepted to be of single-file type [92–95] re-
vealed dramatic deviations from the ideal text book structure. In [14],
such deviations have already been discussed as one of the possible expla-
nations for the large differences in the diffusivities determined by differ-
ent techniques. One has to be rather skeptical, therefore, as to whether the
real structure of available zeolite specimens may really be perfect enough
to yield all features to be expected for ideal systems.

(ii) The mean square distance 〈z2(t)〉c covered by the molecules in the tran-
sition ranging from the time regimes of single-file diffusion to normal
diffusion may be easily determined from the crossover time given by
Eq. 20. Even for crystals of ideal single-file structure and with sizes of
more than 100 µm, the resulting value of 〈z2〉c = (2/π)·(1 – θ)/θ Lλ would
yield crossover distances of less than 1 µm which are at the limit of acces-
sibility by PFG NMR. Moreover, in addition to internal defects, deviations
from the ideal crystal structure are, in particular, expected to affect the
boundary conditions with the options of both a reduction (via Eq. 16) or
an enhancement (via Eq. 18) of the mean square displacement in com-
parison with single-file diffusion in an unlimitedly large system. These
deviations would obviously lead to opposite tendencies in the time de-
pendence of single-file diffusion and might, therefore, serve as a possible
explanation of differences in the findings in [96] and [75, 86–88]. Thus,
a substantial demand for the continuation of the PFG NMR measurements
of zeolitic single-file diffusion exists.
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4.2
Quasielastic Neutron Scattering

In contrast to PFG NMR, which is able to trace molecular displacements over
micrometers, quasi-elastic neutron scattering (QENS) is particularly sensitive
to the elementary steps of diffusion [49, 50, 97–100]. The range of displace-
ments accessible by QENS is therefore not larger than a few nanometers. This,
however, is exactly the order of magnitude of the typical distance between ad-
jacent molecules in zeolitic single-file systems. QENS should, therefore, pro-
vide the unique possibility to trace both the ballistic phase (i.e., free particle
movement) and/or normal diffusion (when considering sufficiently small dis-
placements) and single-file diffusion for sufficiently large displacements. The
differences between these two types of movement should appear in a different
broadening of the quasi-elastic peak in the representation of the differential
scattering cross sections versus the energy exchange [101]. The messages of
first QENS studies [102] with potential candidates for zeolitic single-file sys-
tems are slightly controversial. Both for methane and ethane in AlPO4-5, the
QENS data could be fitted much better to a model based on unidirectional
normal diffusion than to single-file diffusion. The resulting diffusivities are,
respectively, 1.6×10–9 m2/s and 1.2×10–9 m2/s for methane concentrations
of 0.7 and 1 molecule/u.c. at 155, and 1.4×10–9 m2/s, 1.1×10–9 m2/s and
0.9×10–9 m2/s for ethane concentrations of 0.7, 1.4 and 1.6 molecules/u.c.
These measurements are in conflict with the PFG NMR results with respect to
both the absolute values of the diffusivities and the predicted diffusion mech-
anism. Since the minimum scattering vectors of the QENS studies correspond
to maximum displacements of the order of 3 nm, it appears that both the me-
thane and ethane molecules should be able to pass each other in the channels.
With respect to methane, such a conclusion would be in agreement with [96],
but in conflict with [75, 86–88]. For ethane, the messages of QENS were in
contrast with [85].

In the case of cyclopropane in AlPO4-5 and methane in ZSM-48, how-
ever, the QENS data also show the typical scattering pattern of single-
file diffusion [101, 102]. It is interesting to note that for methane in
ZSM-48, a transition from normal diffusion (at low concentrations, D ≈
2.5×10–9 m2 s–1) to single-file diffusion (at higher concentrations, F ≈
2×10–12 m2 s–1/2, data for 155 K) may be observed. Such behavior is in com-
plete agreement with intuition. A quantitative treatment on the basis of Eq. 8,
however, fails to confirm this agreement. The single-file mobility factors F
measured at high concentrations would correspond to much larger single-
particle diffusivities than measured for low concentration. This inconsistency
within one and the same set of experiments illustrates the difficulties of
QENS experiments, which must be based on model assumptions. The above-
mentioned values of D and F have been determined on the basis of the
asymptotic laws of normal diffusion (Eq. 2) and single-file diffusion (Eq. 3)
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which are clearly not valid in the transition range between these two regimes
of diffusion. Moreover, the ballistic phase which may be shown to be of much
greater influence in one-dimensional than in multidimensional channel sys-
tems has been completely neglected in the model considerations. It cannot
be excluded, therefore, that by choosing other more auspicious model par-
ameters, satisfactory agreement between both the QENS data themselves and
the QENS and PFG NMR data may be obtained. Since QENS provides the
fourfold Fourier transform of the propagator [97] rather than the propagator
itself, the present question is a typical example of an inverse problem. Theory
and application of reciprocal problems is a most attractive problem of current
research [103].

4.3
Macroscopic Measurements

Molecular adsorption, desorption and permeation do not distinguish be-
tween different molecules and are therefore insensitive to the possibility or
impossibility of the mutual passage of adjacent molecules. All techniques like
uptake, ZLC, frequency response and permeation measurements which are
exclusively based on these phenomena do not allow, therefore, one to de-
cide about the occurrence of single-file diffusion. This, by no way, means
that these techniques are unable to trace differences between multidimen-
sional and one-dimensional diffusion since the latter process may be easily
affected by transport resistances on the channel openings and by self-sticking
of the diffusants. Hence, in particular, various FR-studies have been per-
formed with zeolitic adsorbate-adsorbent systems including possible hosts
of single-file systems [104, 105]. Restriction to one-dimensional diffusion,
however, does not determine whether unidirectional molecular propaga-
tion is subjected to the constraint of single-file diffusion. In order to get
such information, the macroscopic measurements must involve at least two
distinguishable components. Typical representatives of this kind of inves-
tigation are the counter-diffusion measurements [106] which have become
an attractive application of in-situ IR measurements [107–112], though,
also other spectroscopic methods like NMR or mass spectroscopy are ap-
plicable. Thus far, however, such studies have not been carried out with
single-file systems. As a second possibility, two different groups of molecules
may be created by isotope labeling. Their distinction may be based on
the same techniques as in counter-diffusion measurements. The theoret-
ical treatment of such studies, e.g., in the case of tracer exchange experi-
ments, is facilitated by the fact that the mobility of the two components
is essentially identical. Experiments of this type have been carried out by
the tracer ZLC technique and by monitoring the 1H NMR signal inten-
sity during the exchange of a hydrogen-containing species with its deuter-
ated isotope and shall be presented in this section. A third type of macro-
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scopic measurement, the observation of catalytic reactions, will be considered
in Sect. 4.4.

Figure 12 displays the results of a tracer exchange experiment with
propane in AlPO4-5 at a loading of about 0.7 molecules per unit cell at room
temperature [75]. With the definition provided by Eq. 22, from Fig. 12 the in-
tracrystalline mean life time of propane in the AlPO4-5 crystals under study
is found to be equal to 1.3×104 s. Molecular uptake was observed to proceed
with a time constant of less than 100 s [75]. This time constant has to be con-
sidered as an upper limit of the mean life time of an isolated molecule without
single-file interaction (Eq. 23 with Eq. 9) in the channels since, in addition
to this effect of diffusion, the uptake time constant includes the influence of
adsorption heat release immanent to transient adsorption phenomena [16].
Since tracer exchange and molecular uptake have been studied with the iden-
tical host, according to Eq. 23, the differences in the observed time constants
may be attributed to the corresponding (effective) diffusivities, namely to
Eqs. 9 and 19. Hence, the difference of more than two orders of magnitude
between the time constants can be taken as an indication that the mean num-
ber n of molecules in each of the individual channels of the zeolites AlPO4-5
under study amounts to more than 100. This realistic estimate does in fact
suggest the occurrence of single-file diffusion.

First tracer ZLC measurements [113], however, are in contrast to this find-
ing. In these studies, tracer exchange is found to be rather fast, so that there is
no indication of single-file behavior. Moreover, it appears that the (transport)
diffusivities resulting from ZLC measurements are in complete agreement
with the concentration dependence of the (self-) diffusivities resulting from

Fig. 12 Tracer exchange curve of propane in AlPO4-5 at 293 K and a loading of 0.7
molecules per unit cell. From [75] with permission
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the correspondingly interpreted tracer ZLC response curves. In the case of
single-file diffusion, clearly substantial differences are to be expected. As
a possible explanation of the difference to the PFG NMR measurements and
to the NMR tracer exchange studies, one has to realize that the sorbate con-
centrations considered in the tracer ZLC studies are much smaller than those
in the PFG NMR measurements. It cannot be excluded, therefore, that the
molecular transport monitored in the tracer ZLC studies only referred to
a fraction of the channels where imperfections facilitated molecular exchange
with the surroundings.

4.4
Catalysis

It has been theoretically demonstrated in Sect. 3.3 that the effectiveness factor
of catalytic reactions in zeolites is reduced much more by molecular transport
under single-file conditions than by normal diffusion. This is a consequence
of the dramatic enhancement of the intracrystalline mean lifetime and, hence,
of the generalized Thiele modulus via Eq. 30. In view of the significant effect
predicted by theory, it is remarkable that for many years this peculiarity of
molecular transport did not play any role in the treatment of zeolite cataly-
sis [59]. It should be noted, however, that in fact in many systems which can
be considered as good candidates for the occurrence of single-file phenom-
ena, such as aromatics in mordenite, molecular transport could be shown
to be of negligible influence for the observed reactions [114–116]. This is
not necessarily in contrast to the above considerations, since catalytic reac-
tions are generally considered at higher temperatures with correspondingly
low sorbate concentrations. Since, moreover, the single-particle diffusivity in
single-file systems has been found to be larger than expected from studies
with multidimensional pore networks, Eqs. 8, 19 and 23 show that the relevant
single-file mobility factors and, hence, the molecular exchange rates tend to
be larger than expected at first glance. In addition, zeolite catalysts are gener-
ally applied as very small crystallites. It follows from Eq. 23 with Eq. 19 that
for single-file systems this is far more relevant than for the case of ordinary
diffusion for ensuring short intracrystalline lifetimes. Finally, one should be
aware of the fact that the real structure of zeolites may substantially differ
from the ideal one of a given zeolite type. It is rather likely, therefore, that
due to structural defects in zeolite catalysts with one-dimensional channel
systems, the mutual passage of the reactant and product molecules becomes
possible.

The first studies of catalytic processes which confirm the relevance of single-
file diffusion in zeolite catalysis were carried out by Sachtler and co-workers.
During investigation of palladium-catalyzed conversion of neopentane in sup-
ports of different topologies, characteristic differences were observed [117].
With zeolite HY, the process was found to proceed at substantially lower
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apparent activation energies than in SiO2-supported catalysts. By contrast,
equivalent experiments with zeolite L did yield an enhancement of the activa-
tion energies. The Pd/HY data are obviously in complete agreement with the
Thiele–Wheeler theory, which predicts a reduction of the apparent activation
energy under diffusion control. Transport inhibition of single-file type as is ex-
pected in the unidirectional channels of zeolite L, however, is even found to
lead to an enhancement of the apparent activation energy. It has been shown in
Sect. 3.3 that the possibility of this tendency may in fact be a predominant fea-
ture of catalytic reactions in single-file systems. Extensive model calculations
on the basis of the formalism presented in Sect. 3.3 [118, 119] support this sup-
position. In [120] this effect was confirmed by extensive comparative studies
of neopentane reactions over Pt/H-mordenite and Pt/SiO2 catalysts including
H/D exchange, isomerization and hydrogenolysis. At 150 ◦C the Arrhenius plot
of neopentane conversion over Pt/H-mordenite shows a break, indicating the
crossover from the single-file controlled to the chemically controlled regime.
In [121], the transport inhibition in single-file systems was demonstrated by
a characteristic change in the probability distribution of the number of ex-
changed atoms during the H/D exchange of cyclopentane on Pd/mordenites.
When there is no transport resistance, most likely zero, five or ten hydrogen
atoms are exchanged. This is an immediate consequence of the elementary step
of exchange which will with high probability involve all five hydrogen atoms
on the side of the molecule that is in contact with the metal. Such a distri-
bution has been observed for transition metals on amorphous supports and
in zeolite Y [122]. As a consequence of the large residence time under single-
file conditions, however, before desorbing into the gas phase the molecules
have reacted many times so that the initial “double-U-shaped” probability dis-
tribution of the number of exchanged hydrogen atoms gets lost. Following
these pioneering studies, in [123] the hydroisomerization of n-hexane over
Pt/H-mordenites was successfully described by model equations, including
the loading dependence of the effective diffusivities as given by the single-file
expression, Eq. 19.

Upon studying the alkane isomerization over two different types of solid
acid catalysts, Pt/H-mordenite and Pt/ZrO2-SO4, the special features of the
single-file system appeared even in two peculiar cases [124]. Again, as in [117]
and [120], the activation energy in the single-file system was substantially
larger than in the amorphous catalyst. Additionally, Pt/H-mordenite turned
out to be virtually inactive for n-butane isomerization. This may be attributed
to the geometrical constraints of the one-dimensional channels in morden-
ite which suppress the dimerization step. By contrast, Pt/ZrO2-SO4 with acid
sites of comparable strength but without the single-file constraint was found
to be a highly active and stable catalyst.

Surprisingly, in [125] the catalytic activity for the heptane conversion
over platinum supported by H-mordenites was found to increase with in-
creasing platinum particles, corresponding to a decreasing total surface. It
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could be shown, however, that this phenomenon may be easily rationalized
by the peculiarities of the single-file systems, while under the conditions
of high platinum dispersion corresponding to small particles, the channel
structure is preserved and the generation of the larger platinum particles
necessarily leads to a local destruction of the zeolite framework. This re-
moves the transport restrictions of single-file diffusion. The reduction of
the surface of the catalytically active platinum particles is obviously over-
compensated by the transport promotion due to the transition from single-
file to normal diffusion. In the absence of the latter process, clearly any
reduction of the surface of the platinum particles should necessarily lead
to a reduction in catalytic activity. Such behavior is in fact well-known for
platinum on amorphous supports and zeolites with three-dimensional pore
systems [126].

5
Concluding Remarks

The exclusion of a mutual passage of the diffusants in zeolites with one-
dimensional channels leads to patterns of molecular transportation which are
unknown from amorphous materials or from zeolites with more-dimensional
pore networks. In particular, no comprehensive methods exist of describ-
ing molecular transport by the well-known Fick’s equations of molecular
diffusion. Molecular transport in such systems has been termed single-file
diffusion. As a most characteristic feature, the molecular mean square dis-
placements in infinitely extended single-file diffusion is found to increase in
proportion with the square root of the observation time rather than with the
observation time itself. For finite single-file systems, the rate of molecular ex-
change between the crystals and their surroundings, representing one of the
key parameters for their practical application in heterogeneous catalysis and
mass separation, decreases with the third rather than with the second power
of the crystal size.

As a consequence of the correlation of the movement of the individual
diffusants and the thus-mediated long-range influence of boundaries, the
treatment of single-file systems of finite length is particularly complicated.
Present attempts of analytical treatment of such systems and the quantifi-
cation of the boundary conditions do not provide anything more than first
approaches. Monte-Carlo simulations supported by analytical approaches re-
veal striking peculiarities of zeolitic single-file systems. These peculiarities
include an enhanced dependence of the intracrystalline mean life time, and
hence of the effectiveness factor, on the size of the catalyst particle, and the
possibility of an enhancement of the apparent activation energy of catalytic
reactions under transport control. Though there is still some controversy
on the evidence obtained by the different methods applied, indications of
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single-file diffusion in zeolites have been observed by various experimental
techniques including pulsed field gradient NMR, quasi-elastic neutron scat-
tering and tracer exchange measurements.

It should be emphasized, however, that likely in none of these studies was
the zeolite material of such an ideal structure as implied in data analysis.
In this respect, experimental studies with artificially created single-file sys-
tems [127–129] may provide a much higher reliability of the pre-supposed
structural features. A treatise on the substantial deviations of the real struc-
ture, with particular emphasis on the consequences for ideal host systems for
single-file diffusion as evidenced by optical techniques, is given in [95]. Irre-
spective of these limitations, however, a number of peculiarities of catalytic
reactions in zeolites with one-dimensional channel systems are most likely to
be attributed to the special conditions of molecular transport and molecular
arrangement under single-file conditions.

Since single-file diffusion is found to lead to a dramatic increase in the
intracrystalline mean life times, it may be of crucial importance for zeolite-
based technical processes like separation, purification and catalysis [130–
132]. Since essentially any technical application has to deal with multi-
component systems, for the development of the different strategies to tech-
nically exploit single-file diffusion, the concept of dual-mode diffusion [133–
135] deserves special recognition. This concept takes the various options of
how different types of molecules may propagate in channel systems into con-
sideration, including the option that smaller molecules are “slaved” by the
larger ones, compelling them to a joint single-file type motion. Most inter-
estingly, the large differences in two-component permeation through zeolite
membranes from the behavior expected from their single-component prop-
erties may be referred to this exact slaving pattern [136]. In [132], this phe-
nomenon is considered as an option of hydrocarbon trapping, including such
important technical applications as the reduction of cold-short hydrocarbon
emissions from automotive exhaust. Hence, in addition to the multitude of
intriguing theoretical questions of correlated molecular transport in one di-
mension, a substantial practical demand for a better understanding of single-
file diffusion in zeolites and the corresponding experimental studies exists.
Our present knowledge cannot be considered to be much more than an excit-
ing starting point.
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L, 360
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ethylbenzene
–, adsorption in Na-Y, 10
–, as adsorbate, 147
–, FTIR spectra, 143
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FR curves
–, conformational memory, 259
–, of n-hexane in silicalite-1
–, of O2 and N2 in different CMS pellets, 272
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FR data
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FR diffusion coefficients
–, agreement with data from PFG NMR, 253
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resistance model, 261, 262
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–, of propane in theta-1, 262
FR experiments
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4A, 274
FR flow systems, 242
–, diffusion along one-dimensional

channels, 242
FR measurements
–, cyclic hydrocarbons, 267
–, dissipation of the heats of adsorption,

258
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FR method
–, future developments, 274
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FR method results
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FR parameters
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–, single-diffusion with surface resistance

model, 261
FR parameters of
–, ethane, 254
–, methane, 254
–, n-butane, 254
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–, amplitude ratio, 244
–, effective diffusivities, 238
–, heat transfer, 238
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–, non-isothermal diffusion model, 245
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–, out-of-phase response, 57
–, phase shift, 57
–, principle, 238
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FTIR microscopy
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–, concentration integrals, 179
–, sorption, 200
–, sorption kinetics, 200
FTIR spectroscopic measurements
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–, diffusion, 201
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–, equilibrium isotherm, 11
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–, change in sorbate pressure during

diffusion, 51

1H NMR signal on exchange of a
H-containing species with D-isotope
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diffusion, 357

1H PFG NMR
–, gyromagnetic ratios, 99
–, long-range diffusivity, 100
–, multicomponent diffusion, 117
–, spatial resolution, 99
–, with n-hexane, 105
H-MOR
–, sorbents used for diffusion experiments,

146
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–, diffusion and counter-diffusion of
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–, diffusion and counter-diffusion of

xylenes, 201
H-ZSM-5
–, large single crystals, 147
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–, predictions, 27
heat of adsorption
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–, Clausius–Clapeyron equation, 16
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–, decrease of heat of adsorption with
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–, dependence of the Henry constant, 17
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–, sorbate–sorbate interaction, 18
Henry constant, 5
–, calculation, 6
–, van’t Hoff expression, 5
Henry constant (K)
–, effect of temperature, 38
Henry’s law, 11
–, equilibrium isotherm, 6
–, Henry constant, 5, 6
–, loadings, 6
hydrocarbons
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–, isotherm, 10
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–, into ferrierite, 201
–, into mordenite, 201
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–, uptake, 201
Hysomer process
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–, integration of the Gibbs isotherm, 15
ideal structure
–, deviations from –, 112
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–, CH4, 218
–, measured intensity, 218
incoherent scattering, 215
–, intensity, 213
–, spin-flip, 213
incoherent scattering cross-section, 212
incoherent scattering function
–, from the intermediate self-scattering

function, 216
individual crystal
–, small sorbate capacity, 174
industrial applications
–, transport diffusivities, 283
inelastic scattering, 211
infrared spectroscopic method, 136
intercrystalline diffusivities
–, in porous materials, 238
interference microscopy
–, adsorption and desorption of methanol

in ferrierite, 75
–, advantage, 30
–, analytical tools, 194
–, apparent diffusivities, 31
–, Boltzmann’s method, 194
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structure, 355
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–, experimental, 173
–, internal diffusional resistance, 30
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–, intracrystalline diffusion control, 75
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–, nature of the rate-controlling resistances,
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–, relative changes in sorbate

concentration, 175
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–, IR microscopy, 177
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–, subunits, 175
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215
intermolecular interactions
–, increased mobility, 316
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–, effect on diffusion, 323
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internal barrier
–, fault planes, 31
interparticle diffusivity, 68
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–, by 2-methylpentane, 305
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water
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–, dependence on the length scale, 31
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–, MD calculations, 31
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intracrystalline diffusivity, 104, 297
–, absorbing boundaries, 104
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intracrystalline molecular diffusion
–, molecular dynamics (MD), 105
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intracrystalline self-diffusion coefficient
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287
intracrystalline self-diffusivities
–, acetonitrile in Na-X, 106
–, ammonia and water in Na-X, 106
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–, transport limitation, 100
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–, in single-file systems, 349
IR emission
–, diffusion, 140
IR microscope
–, flow-through micro-cell, 143
IR microscopy
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concentrations, 186
IR spectroscopy
–, elementary steps of diffusion, 88
–, uptake of binary mixtures, 139
IR technique
–, multicomponent system, 52
–, sorption of one (or more) components,

52
isoalkanes in MFI zeolites
–, steric hindrance during diffusion, 314
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–, transient intracrystalline concentration,

194
isobutane diffusion in MFI-type zeolites
–, activation energy, 314
–, by FR technique, 314
isobutane diffusion in silicalite-1
–, activation energy, 319
–, apparent activation energy, 319
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–, preferentially adsorbed at channel
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isosteric heats
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isotherm
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isotherms
–, benzene in 13X, 9
–, chromatographic method, 20
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jump length
–, Jobic model, 220
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–, distribution of, 221
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–, solution of Fick’s second law, 156
Knudsen diffusion
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–, irreversible adsorption, 6
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Langmuir model
–, binary and multicomponent systems, 14
lattice defects
–, broad band at 3500 cm–1, 164
–, Si(OH) groups, 164
lattice gas model, 229
Lewis sites (see also “true” Lewis sites,

Lewis centers), 151, 161, 272
Li-ZSM-5
–, sorbents used for diffusion experiments,
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liquid phase systems during diffusion
–, external concentration, 51
loadings in silicalite
–, of 2-methylpentane, 301
–, of n-hexane, 301
–, provided by TEX-PEP, 301
loadings of hexanes measured at various

temperatures
–, in H-ZSM-5, 311
–, in silicalite-1, 311
loadings of mixture components
–, in MFI-type zeolites as a function of

2-methylpentane fraction, 307
loadings of mixture components in silicalite
–, as a function of n-hexane fraction, 321
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–, 2-methylpentane, 307
–, n-hexane, 307
loadings of single components in silicalite-1
–, 2-methylpentane, 307
–, n-hexane, 307
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–, of ethane measured by PFG NMR, 100
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–, energy of adsorption, 51
macroscopic measurement
–, rate of molecular adsorption or

desorption, 122
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macroscopic measurements
–, with respect to single-file diffusion, 357
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47
–, transport diffusivities, 47
mass transfer
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mass transport
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–, through membranes, 248
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–, dependence on concentration, 286
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–, membrane permeation in

multicomponent systems, 26
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multicomponent systems, 26
Maxwell–Stefan model
–, diffusion in a binary adsorbed phase, 25
–, gradient of chemical potential, 25
–, predictions, 27
Maxwell–Stefan diffusivity, 225
MCM-41
–, transport properties of mesoporous

materials, 76
MD simulations
–, conservation of the center of mass, 335
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methane in a cation-free zeolite LTA, 107
–, with zeolite ferrierite, 335
–, with zeolite mordenite, 335
MD simulations of single-file behavior
–, reflect concentration dependence, 337
mean square displacement
–, in the file direction, 332
–, proportional to observation time, 353
–, proportional to square root of the

observation time, 353
mean square displacement 〈(∆z)2〉 for
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–, diffusivities, 196
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–, intracrystalline concentration, 191
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–, diffusion, 71
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–, kinetics of –, 37
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–, into ferrierite, 196
2-methylpentane
–, in H-ZSM-5, 307
–, in medium-pore MFI zeolite, 301
–, in silicalite, 307
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–, in silicalite-1, 288
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micro-FTIR spectroscopy
–, co- and counter-diffusion, 200
micropore diffusion
–, macroscopic methods for measuring, 48
–, of O2 and N2 in different CMS pellets,

272
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–, measuring the sorption/desorption rate,
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–, transport diffusivities, 47
micropores of a zeolite
–, configurational diffusion, 284
microporous materials, 47
–, carbon molecular sieves, 47
–, catalysts, 47
–, selective adsorbents, 47
–, zeolites, 47
microporous solids
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Subject Index 387

–, quasielastic neutron scattering (QENS),
121

Mn(HCO2)2 crystal
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mobility factors
–, for single-file systems, 359
modified diffusivity
–, single-file diffusion, 343
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–, one-dimensional, 181
molecular diffusion
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N2
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n-alkanes
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–, uptake curves, 164
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–, as adsorbate, 148
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n-hexane diffusivity
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–,

√
t behavior, 337

–, initial ballistic period, 337
–, normal diffusion, 337
time-of-flight (TOF) spectrometers
–, quasi-elastic neutron scattering, 222
titanosilicalites
–, composition, 34
–, ETS-4, 34
–, general structure, 34
–, thermal stability, 34
toluene
–, adsorption in Na-X, 10
–, diffusion of –, 266
totally coherent scatterer
–, CF4, 218
Toth model
–, dimensionless Henry constant, 7
tracer diffusion, 23, 282
tracer diffusivity (D)
–, migration of marked molecules in a fluid

of uniform total concentration, 22
tracer exchange
–, in single-file systems, 350
–, under single-file confinement, 341
tracer exchange experiment
–, propane in AlPO4-5, 358
tracer ZLC (TZLC), 65
–, deuterated form of the sorbate, 65
–, online mass spectrometer, 65
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–, self-diffusivity, 65
tracer ZLC measurements
–, no indication of single-file behavior, 358
tracer ZLC or TZLC
–, self-diffusivities, 60
tracer ZLC technique
–, candidate for investigation of single-file

diffusion, 357
tracer-exchange PEP (TEX-PEP)
–, measuring the concentration inside a

packed bed reactor in situ, 293
–, multi-component diffusion, 293
–, study of binary mixtures, 293
tracer-exchange positron-emission

(TEX-PEP)
–, solving the model, 298
tracer-exchange positron-emission

profiling (TEX-PEP)
–, experimental setup, 293
trans-dimethyl cyclohexane
–, diffusion of –, 266
trans-dimethylcyclohexane
–, diffusion of –, 267
transient adsorption profiles, 195
transient concentration profiles
–, actual boundary concentrations, 198
–, correlation plot, 198
–, during methanol uptake by the

MOF-type crystal, 186
–, interference microscopy, 186
–, surface permeabilities, 186
–, uptake of methanol on ferrierite, 198
transient desorption profiles, 195
transient experiments diffusion
–, with a TAP reactor, 315
transient temperature response
–, for CH3OH/Na-X, 52
–, methanol sorption, 140
transition rates
–, through obstructed and open windows,

115
transport
–, in ferrierite, 30
transport diffusion, 25, 121, 122, 217
–, chromatographic measurements, 122
–, frequency response technique, 122
–, interactions between molecules and the

pore wall, 282
–, interference technique, 182
–, macroscopic techniques, 27

–, microscopic measurement, 181
–, rate of molecular adsorption or

desorption, 122
–, resulting from a concentration gradient,

282
–, zero length column (ZLC) technique, 122
transport diffusion (slow)
–, ethane, propane in CHA, 29
transport diffusion coefficient
–, concentration gradient, 284
–, corrected diffusivity, 157
–, Fick’s first law, 284
–, frequency response measurements of

diffusion, 245
–, gradient of the chemical potential µ, 284
–, intracrystalline, 245
transport diffusivities
–, dependencies on the concentration, 283
–, deuterated alkanes or aromatics, 213
–, from NSE data, 229
–, of molecules such as CO2, O2, N2, CF4,

SF6, 213
transport diffusivities of n-paraffins
–, Arrhenius plot, 167
transport diffusivity, 188, 229
–, coherent scattering, 215
–, comparison with literature data, 166
–, concentration dependence, 184
–, deuterated molecule, 232
–, different definitions, 289
–, driving force, 22
–, from experimental data, 184
–, gradient of chemical potential, 22
–, in the small-channel direction of

ferrierite, 186
–, increasing with increasing loading, 186
–, methanol, 192
–, of methanol in SAPO STA-7, 192
–, of n-paraffins in single crystals of

H-ZSM-5, 166
–, of paraffins in H-ZSM-5, 165
–, within a porous (or microporous) solid,

22
transport diffusivity by FR
–, of benzene, 250
transport diffusivity of n-hexane in

H-ZSM-5
–, by a micro-FTIR technique, 313
transport diffusivity, Dt
–, by coherent QENS, 210
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–, from QENS experiments, 216
transport resistances
–, in the intracrystalline space, 123
–, on the external surface, 123
transport resistances on the crystal surface
–, microscopic measurement, 181
transport-controlled reactions
–, reduction in the apparent activation

energy, 346
true activation energy of diffusion (Eact)
–, change in adsorbate loading, 311
–, change in temperature, 311
true Lewis acid centers
–, indicated by pyridine, 151, 161
typical jump diffusion
–, propane in Na-Y, 221

UL zeolites
–, ZLC measurements of diffusion, 76
unilan expression
–, dimensionless Henry constant, 7
uptake (see also adsorption, sorption)
–, diffusion-limited, 199
–, Fick’s second law, 195
–, followed indirectly by monitoring the

temperature, 53
–, insensitive to single-file problem, 357
–, limited by transport resistances, 199
–, methanol, 190
–, methanol in a CrAPO-5 crystal, 180
–, of isobutane, 194
–, of methanol, 182
–, of n-hexane, 164
–, time lag, 157
uptake by a silicalite-1 crystal
–, transient concentration profiles, 176
uptake curve
–, controlled by heat transfer, 50
–, ethylbenzene diffusing into H-ZSM-5,

146
–, extracrystalline diffusion, 51
–, for ethylbenzene in coked H-ZSM-5, 161
–, intracrystalline diffusion, 51
–, n-heptane, 164, 165
–, n-hexane, 164, 166
–, n-nonane, 164
–, n-octane, 164
–, nonisothermal systems, 51
uptake curves
–, for C3H6 and C3H8 in Si-CHA, 33

–, for CH4 in Na-ETS-4 and Sr-ETS-4, 36
–, for N2 in Na-ETS-4 and Sr-ETS-4, 36
–, for O2 in Na-ETS-4 and Sr-ETS-4, 36
–, for CO2 in 4A, 50
–, long time asymptote, 49
–, short time response, 49
uptake curves of n-heptane
–, calculated, 164
uptake curves of n-hexane
–, calculated, 164
uptake into ferrierite
–, two-stage process, 186
uptake kinetics
–, ethylbenzene into H-ZSM-5, 143
uptake of paraffins
–, reversibilty, 166
uptake of pyridine
–, FTIR spectra of successive states, 153
–, into H-mordenite, 162
–, into H-ZSM-5, 162
–, into Li-ZSM-5, 162, 163
–, into Na-ZSM-5, 162
–, into silicalite-1, 153
–, into silicate-1, 162
–, mechanism, 162
uptake rate measurements
–, by monitoring the intensity of an IR

band, 52
–, heat transfer limitations, 29
–, large oriented crystals, 52
–, nonisotropy, 52

Vignes correlation
–, mutual diffusivity, 26
Volmer model
–, adsorption isotherm, 8
–, benzene in 13X, 8
–, light alkanes in 5A, 8

wave vector k
–, scattering theory, 211
window effect
–, anomalous transport results obtained for

linear alkanes in zeolite T, 230

13X pellet
–, intercrystalline diffusion coefficient, Dp,

270
–, macropore diffusion, 270
129Xe NMR, 88
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–, hopping rates, 88
–, molecular dynamics, 88
–, probing structural properties, 88

zeolite catalyst
–, diffusional limitations, 37
zeolite framework vibrations
–, overtones of –, 164
zeolite Na-X
–, adsorption of hydrocarbons, 10
zeolite Na-Y
–, adsorption of hydrocarbons, 10
zeolite silicalite-1
–, medium-pore, 280
zeolite sorbents
–, activation, 147
–, properties of –, 147
zeolite type A
–, simplified statistical model (SSTM), 8
zeolite Y, 15
zeolite-based processes
–, micropore diffusion, 32
zeolite/MCM-41 composites
–, ZLC measurements of diffusion, 76
zeolites (see also microporous solids), 280
–, acid sites, 280
–, bifunctional catalysts, 281
–, catalytic cracking, 281
–, different structures, 280
zeolitic diffusion
–, frequency response method, 57
zero length column (ZLC) method, 60
–, counter-diffusion in liquid phase, 60
–, diffusivities for hydrocarbons, 60
–, perfectly mixed isothermal,

continuous-flow cell, 60
–, uptake rate measurement, 60

zero-length column (ZLC) method
–, measurement of complete isotherms, 20
–, measurement of Henry constants, 20
–, separation factor, 20
ZLC
–, insensitive to single-file problem, 357
ZLC measurements
–, constant self-diffusivities, 56
–, for p-xylene and benzene in silicalite, 56
–, heat transfer, 29
–, transport properties of mesoporous

silicas, 80
ZLC method, 63, 65
–, affected by so-called surface barriers, 124
–, desorption of propane from large

crystals of Na-X, 65
–, evidence of intracrystalline diffusion, 65
–, external mass-transfer resistances, 63
–, heat effects, 63, 65
–, major advantage of –, 63
–, zero length limit, 63
ZLC or TZLC measurements
–, experimental system for vapor phase, 61
ZLC response curves, 64
–, absence of external diffusional

resistance, 64
–, apparent diffusional time constants, 64
–, benzene in crystals of Na-X zeolite, 64
–, desorption curves, 64
–, for o-xylene on Na-X zeolite, 62
ZLC technique, 62, 63
–, concentration dependence of diffusivity,

63
–, diffusional and washout time constants,

62
–, intracrystalline diffusion, 63
–, surface resistance, 63




