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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, AIPO4-8, 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. Kdrger. 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. Kérger 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 m?s7!). 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 1074 m? s7!, 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 !'C 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. Kédrger 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 PEG 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)

Ay, Ay, ... Parameters in Egs. 12 or 19

b, by Langmuir equilibrium constant (Eq. 5)

B Mobility (Eq. 34)

c Gas-phase concentration

o Molar density or total concentration in gas phase

D Diffusivity

Dy Corrected diffusivity

D Self-diffusivity

Dj; Mutual diffusivity in Maxwell-Stefan model (Eq. 38)
DAZ DOA(l - 9A - 93) Eq. 39

k Reaction rate constant

K, K! Henry’s law equilibrium constant (Eq. 1)

N; Molar flux of component i

P, p° Sorbate pressure or partial pressure

Ds Saturation vapor pressure of pure liquid sorbate (Eq. 20)
g q° Adsorbed-phase concentration

s 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

Vi Molar volume of sorbate

w Volume of sorbate per unit mass of sorbent

Wo Specific micropore volume of sorbent
Xi Mole fraction in adsorbed phase

Y; Mole fraction in vapor phase

z Distance coordinate

o Separation factor (Eq. 23)

B Molecular volume (or area of a molecule in Eq. 16)
- AH Heat of adsorption

& Adsorption potential (Eq. 20)

0 Fractional loading (q/¢s)

g Spreading pressure (Eq. 15)

K Constant

n Chemical potential

n Effectiveness factor (Eq. 47)

@ Thiele modulus (Eq. 47)

¢ Defined by Eq. 13

Vi 7/RT (Eq. 24)

(05 Ethylene

C3 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

(0):¢ o0-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*
Z1C 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

Low heat of adsorption

(1.0 to 1.5 times latent heat

of evaporation)

Nonspecific

Monolayer or multilayer

No dissociation of adsorbed species
Only significant at relatively low
temperatures

Rapid, nonactivated, reversible

No electron transfer, although
polarization of sorbate may occur

Chemisorption

High heat of adsorption

(> 1.5 times latent heat

of evaporation)

Highly specific

Monolayer only

May involve dissociation
Possible over a wide range
of temperatures

Activated, may be slow and
irreversible.

Electron transfer leading to
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 sufficientlylow 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 (3q/9c)r = K; lim (3q/9p)r = K'. (1)
c— p—

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:

where AU and AH 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 K! is simply:

K =K!RT. (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=/ e UM/RT g (4)

14

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.

23
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]:
1
9=q= bcsz; blpze, 5)
gs l1+bc 1+blp 1-6

where g is the saturation capacity and b (or b!) is an equilibrium constant
which is directly related to the Henry constant (bgs = K; b'gs = K*). 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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24
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:

_ bigsip N baqs2p

T 14bip 1+byp ©)

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 CO; 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]:

1 1+kpe’
7. I P .
qs 2s 1+kpes
This expression reduces to Henry’s law at low loadings with the dimensionless
Henry constant given by:

K =k sinhs/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 P

= ©)
qs (b + pt) 1/t
for which the dimensionless Henry constant is given by:
RT
k="% (10)

Topl/t
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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 (B). 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 A; = [(1 - s8/v)/(1 - B/v)], where s
is the number of molecules of effective volume § in a cage of free volume v.
This leads to an isotherm expression of the form [8]:

_K'p+A4, (K'p)” + ... + A5 (K'p)* /(s - 1)!

, 11
1+Klp+...+ A; (K1p)'/s! (11)

q

(molecules/cage)

where the maximum value of s is given by g5 = smax (integer) <v/g.
For smax =1, Eq. 11 reduces to the simple Langmuir form with g5 =1
molecule/cage, while for large values of spayx 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 spax 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 A characterizing the reduction in the configuration integral for multiply
occupied cages are retained as empirical constants in the isotherm equation.

Thus for symax = 3 the isotherm becomes:
K'p+ A, (Klp)2+A3 (Klp)3/2! 12)
1+ Klp + Ay (K1p)7/2 + A5 (K1p)* /31

which is a three-parameter model (K 1 A,, A3).
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Fig.1 Theoretical isotherms calculated according to Eq. 11 showing the transition from
Langmuir to Volmer form with increasing smax. From Ruthven [8]
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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/8=5.0 and K! =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:

(13)

PO
1,042 1,.0\3
/qdp= . =1n§:1n[1+K1p0+A2(KP) L As(Kp) }
p RT P 31
0
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It follows that
r-1-K'p® Ay AsK'p°
(K'p%? 2 6 (e

A plot of this function against K'p? thus provides a convenient test for the
model and a simple way to extract the parameters A, and As. Examples of

T T T [ T 1T [ T 17 ] T T ] 1T

» s x  Cyclohexane on NaX 439 K
A& m-Xylene on NaY 443 K

O Toluene on NaX 513 K —

$-1-(K'p)

0 20 40 60 80 100
K’p (molecules/cage)

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

Table2 Correlation of equilibrium isotherms for hydrocarbons on zeolite NaX and NaY
according to Eq. 14

Sorbent Sorbate T (K) K (Ii‘gle"‘%’gﬁ) A, As
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 (Cg aromatics—NaY)
Low concentration (K): EB > OX > MX ~ PX
High concentration (KA (1/3)*): PX > OX > MX > EB
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such plots showing excellent linearity with a common intercept correspond-
ing to A, ~ 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 A,
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].

28
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:

n:(Bn) ’ (15)
p op/)r

where 7 is the “spreading pressure”. Integration of this expression with the
appropriate equation of state for the adsorbed phase [ = f(q, T)] yields the
expression for the equilibrium isotherm. For example, if the adsorbed phase
obeys the analog of the ideal gas law (wA = RT, where A o 1/¢), the isotherm
corresponds to Henry’s law (g = Kc). If the equation of state for the adsorbed
phase has the form:

(A - B) =RT, (16)

where A (o< 1/q) is the surface area per molecule and S is the actual area oc-
cupied by a molecule, then for 8 <« A (low loading) the isotherm assumes
the Langmuir form (Eq. 5), whereas at higher loadings it will approach the
Volmer form [13]:

0 0
bp_l_eexp<1_9), (17)

where 0 = B/A. If the equation of state for the adsorbed phase is a virial form:

I;TT =q+A1q° +Ayg +... (18)



12 D.M. Ruthven

400
i _ 817K
— /‘p‘(
> 0%
S 200/(,,,—\‘/
o]
© X
P s 5B8K
E —
(o]
% 100/
i 523K
£ 80
c s
5 60F e
- Ya/‘
) - o
g 40:/“/%/0‘“&/‘
20 1 L I 1 i 1

(0] Q2 04 06 08 1.0 12 14
q (molecules/cavity)

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 3.,
=exp| 2419+ 2A2q +...]. (19)
q

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 In(p/q) vs g should yield a linear asymptote with slope 24,
and intercept — In K (see Fig. 4) [14].

29
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 (¢) 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):
e=-RTIn(p/ps). (20)

For a given adsorbent-adsorbate system the relationship between ¢ 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:

In(q/gs) = - k[In(p/ps)]*. (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.

av* %
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Fig.5 Characteristic curve for benzene on activated carbon at five different tempera-
tures (1 =20°C,2=50°C,3=280°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 (gq/gs) to the absolute loading requires knowledge of g
(= Wo/Vm). The specific micropore volume (Wy) can be found from the ex-
trapolation of the characteristic curve to zero adsorption potential, but the
molecular volume of the adsorbed fluid (Vy,) is not known. It has been sug-
gested that Vi, 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:

qaa _ bapa ) B _ beps
qs 1 +bApA+beB ’ qs 1+bApA+beB.

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 («) should correspond to
the ratio of the Henry constants and should be independent of loading:

_ 9a/pa _Ka
~ qs/ps K~

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—CO; in 5A and 13X zeo-
lites it provides a good prediction of the binary isotherm at elevated pres-

(22)

OAB (23)
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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.

2.1
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 (p;) by integration of the Gibbs isotherm:

K
Vi () = oy = qfip g (24)
p=0
Note that for an ideal Langmuir isotherm this yields:
Yi=qsln (1+ b}pi) (25)
and for the SSTM isotherm:
Yi=In[1+K'p+..+A(K'p)’/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:

paA=pA(m)Xa=YaP;  pp=pR(m)(1-Xa)=(1-Ya)P. (27)

Mixing is assumed to occur at constant spreading pressure so p% and p%
are the values for the single-component systems at the relevant value of =,
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
2. Calculate p} and p$ according to Eq. 24
3. Substitute p} and p} in Eq. 24

Since p is fixed this yields a pair of equations from which X, and Y, can be
found directly. The total loading is then found from:
1 X 1-X
="y ( ; 2 (28)
qa+T 4B gy qg
where g%, g% are the loadings for the pure components at the same spreading
pressure (7).
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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:

(8 In p) _AH
= -

oT J, RT

Integration, on the assumption that the heat of adsorption is independent of

temperature, yields:

(29)

Inp=- AH + constant (30)
RT
showing that, subject to this approximation, the isostere should be linear
when plotted as Inp 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
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Fig.6 Experimental isosteres for the system N,-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,

kT mol™
w
o

-OH
)

0 02 0.4 0 0.2 0.4 0 0.2 04 06
a) q (mmolg™)

© C3Fg

gst(kcal mol™")

1
o) 05 I-0
b) 8

Fig.7 a Variation of heat of adsorption with loading for CHy, N;, and CO on NaCaA
zeolites (e, NaA; [J, 30% Ca exchange; A, 46% Ca exchange; A, 85% Ca exchange; and
o, 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
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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].
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Fig.8 a Variation of heat of adsorption with fractional loading for I, on 54, 13X, and CHA
zeolites. b Equilibrium isotherms for I,-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
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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
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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):

9q
0z
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:

q*
0z

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

1 (z2) 1(r%)

= 5 ¢ (one dimension) or D = 6 1 (three dimensions) . (33)

J=-D (31)

JF=-2 |q. (32)

By considering the solution of the transient diffusion equation for a point
source, it may be shown that the definitions of Eqgs. 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:

o
=-B . 34
J=-Bq', (39)
Assuming an ideal vapor phase the chemical potential is given by:
w=pn’+RTInp. (35)

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

dlnp
ding

dlnp

D =BRT
0dlnq

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

where dlnp/dln q represents the slope of the equilibrium isotherm plotted
in logarithmic coordinates. The parameter Dy 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 dlnp/dIng = 1.0 and D = Dy. 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:

Do

D= 1-0 (37)
suggesting that the Fickian diffusivity will increase rapidly as the saturation
limit is approached, since in this region dlnp/dIngq — oo.
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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 [Dy o (1 - #)] and weak confinement [Dy =
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 Jorg Karger.

The relationship between the corrected transport diffusivity and the self-
diffusivity is more complex. Darken assumed that these quantities should be
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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
X:N; = X;N: \VTP
PORENINAREES ag (38)
- C()Dl‘j RT
j=1
i7
To describe the diffusion of two species (A and B) in a microporous zeolite we
write this equation in the form:
OBNA -0a N (1-65 -6p)Ny Viea
+ =-ga 5 (39)
Dag Dy, RT
where 6; = q;/gs. To maintain consistency with Eq. 36 we incorporate the frac-
tion of unoccupied micropore space (1 - 94 - 6g) into the definition of Dg4:

OgNp — O4Np + Ny Via

__ , 40
Dag Dos I R (40)

This expression contains two different diffusion coefficients: Dy which char-
acterizes the frictional resistance with the pore walls and Ppp which char-
acterizes the interaction between the two differing species (the mutual dif-
fusivity). For self-diffusion Ny =- Ny and 6 = 6, + 6p (the total fractional
loading), so that for diffusion in the z direction:

0 1 0 0
Na + —_ A OHA __%4A (41)
Dag Doa RT 0z 0z
Comparison with Eq. 32 shows that the self-diffusivity is given by:
1 1 0
+ (42)

Dar Doa Panr’
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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 Da, 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 _ 1 xl_eDOA ) (43)

Doa  1+6Dos/Paa Daa
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 _ - Doa [(1-6B) +6aDos/Dagl VOa + 64 [1 + Dop/Das] Vs
qs 1-64-68 1 + 6gDoa/Das + 6aDop/Das
(44)

with a similar expression for Np. If there is no interference between diffusing
species (Dap — 00) this reduces to the simpler expression:

Na - Doa

= [(1-6B)VOs +0aAVOg] (45)
qs 1- QA - 9]3

as originally derived by Habgood [50, 51].

The corrected diffusivities (Dgs, Dgp) 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:

A B
Dap = Dgy"® DgA* ™ . (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 (CHy) 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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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

Direct monitoring of transient conc.

profile (H,O-heulandite)
Transient sorption rate

- Volumetric/gravimetric
- Piezometric

NMR relaxation

PFG NMR
Chromatography (gas)
Membrane permeation
Effectiveness factor

ZLC

Frequency response
QENS

Chromatography (liquid)
Fourier-transform infrared
absorption (FTIR)
Differential adsorption bed
IR and IR/freq. response
Tracer ZLC

TAP reactor

Interference microscopy
Neutron spin-echo

Author

Tiselius (1943) [55, 56]

Barrer (1940) [57, 58]

Biilow (1970) [59, 60]; Do [61, 62]

Resing (1967) [63, 64]

Pfeifer, Kérger, Lechert (1970s) [65-68]
Haynes, Ma, Ruthven (mid 1970s) [69-71]
Hayhurst, Wernick (1983) [72,73]

Haag, Post (early 1980s) [74, 75]

Eic and Ruthven (mid 1980s) [76, 77]
Yasuda, Rees (late 1980s) [78-80]

Cohen de Lara, Jobic (late 1980s) [81, 82]
Awum (1988) [83]

Niessen and Karge (1991) [84-86]

Do (1991) [87]

Grenier, Meunier, Bourdin (1994) [88, 89]
Hufton (1994) [90,91]

Baerns and Keipert [92]; Nijhuis (1997) [93]
Karger et al. (1999) [94, 95]

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
- PEG

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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Temperature Dependence of Diffusivity for Propylene and Propane in CHA Zeolites
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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
C3Hg-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: o,e, MD simulations; +, QENS; V, single crystal membrane; A, PFG
NMR; A, 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 (¢) 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 (C;H4 and C3Hg) from the corresponding
paraffins (C;Hg and C3Hg) 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 (K, /Kg ~ 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].
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Fig. 18 Comparative (integral) uptake curves for C3Hg and C3Hg in Si-CHA at 80 °C and
600 Torr. From Olson et al. [36]. Note that the curves show linearity in /¢ 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 C; olefins and paraffins in sev-
eral different CHA zeolites. In 5A zeolite diffusion of the C; 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 C,Hy
and C;Hs. Steric hindrance is substantially greater in 4A zeolite, resulting
in higher diffusional activation energies and significantly faster diffusion of
C,Hy, 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 C3Hs/C3Hg 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
(CHy).

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 N, and CHy 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 N over CHy (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 N; is removed with 95% recovery
of CHy4 [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. Itis essential to dry the feed gas to very low humidity levels.
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Fig.20 Comparative uptake curves for Oy, N3, and CHy4 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 n (the effectiveness factor):

ke =kn (47)
= o[ o)

(] tanh @
@ =R\/k/D.

This basic analysis is commonly attributed to Thiele (1939) [114] and the di-
mensionless parameter @ is commonly called the Thiele modulus, although
essentially the same analysis was published many years earlier, in 1909, by
Jittner [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):

R2 k)l/Z

DK (48)

@ =R\/k/KD = (
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 C5 + C5 (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 (C5 + C3) 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. 2CH30H — CH3 — O - CH3 + H,0 (49)
2. CH; - O-CH; — CyH4 + H,0
3. 1.5C;Hy <«— C3Hg

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; + C3 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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Diffusion and Reaction of Methanol in SAPO 34
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Fig.21 Variation of diffusional time constant (Dy/R?), dimensionless Henry constant (K),
and the product KDy with temperature. (From data of Chen et al. [127].) The value of
Dy/R? 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 (R?/Dy) 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
AU = —31 kJ/mol, which is almost the same as the diffusional activation en-
ergy derived from the temperature dependence of the (corrected) diffusivity
(E =30.5kJ/mol). Consequently the product KDy, 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:

1
(0] ky D 2
2 =( 2 MeOH) > 1. (50)
) ki DpwmE

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 ky < k; a high ratio of Dyeon/DpME is necessary to achieve a high
ratio @,/&; 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 Dyeon/Dpme 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 PEG 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

co Initial steady value of ¢

Cp Heat capacity of adsorbent

D Diffusivity

D Intracrystalline diffusivity

De Effective diffusivity for macroporous pellet (see Eq. 21)
Dy, Axial dispersion coefficient

Dy Macropore or mesopore diffusivity

F Fluid flow rate

h Overall heat transfer coefficient

k Solid “film” mass transfer coefficient

ke External fluid film mass transfer coefficient

K Dimensionless Henry constant

Ko Pre-exponential factor in temperature dependence of K
) Half width of zeolite crystal

L Column length; parameter defined by Eq. 11

M;/Ms,  Fractional approach to equilibrium in an uptake experiment
p Partial pressure

P Total pressure

q Sorbate concentration in adsorbed phase

do Value of g at equilibrium with ¢

Te Zeolite crystal radius (Eq. 14)

R Particle or crystal radius

Ry Gas constant (e.g., Eq. 10)

t Time

T Temperature (K)

14 Column volume

Va4 Volume of dosing chamber

Ve 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

o Heat transfer parameter (ha/pCp)/(Dc/rg)

B (AH/pCp)(3q* /0T)—nonisothermal equilibrium parameter
Bi Roots of Eq. 9 or Eq. 16

y Parameter defined in Eq. 10

3 Parameter defined in Eq. 10

e Voidage of adsorbent bed

&p Porosity of adsorbent particle
- AH Heat of adsorption
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- AU Internal energy of adsorption

uw Mean retention time

P Particle (or sample) density

0Ods Pu Dimensionless pressure changes defined in Eq. 10
a? Variance of chromatographic response

n Effectiveness factor

¢ Thiele modulus

X 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

Z1C 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 (D,), defined by
Eq. 1 (cf. [1], p 11):

Do =D(dIng/dInp), (1)

where (dIngq/dInp) 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]:

M;

6 wn 1
=1- e - n*72Dt/R?) . 2
Moo nzngl:nz xp( "Dt/ ) 2)

The short and long time asymptotes are given by:

M; 6 |Dt
Short Time: L= \/ (3a)
My RVY &
. M: 6 2 2
Long Time: My 1- L2 &P (- n°Dt/R?) . (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:

M,
‘ =1-exp (- 3kt/R) . (4)
My
M(t)/Mo) M(t)/M()
1'0; 1.0 Slab -~~~ 7
- Cylinder ./ /// =
04F 0.8} P 7 Cube
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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]:

M; B - 3ht 1
Moo"1_(1+ﬂ)eXp[pch'(1+ﬂ)}’ )

where = (AH/pGCp) (Bq*/BT)p. A plot of log (1 - M;/Mx) vs. t thus pro-
vides clear evidence concerning the nature of the rate limiting resistance and
a convenient way to extract the time constant (R?/D, R/3k, or PCpR/3h).
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Fig.2 Experimental uptake curves for CO, in 4A zeolite crystals showing near isother-

mal behavior in large (34 and 21.5um) crystals (D~ 9x 10~ cm?s™! at 371K and

5.2x 1072 cm?s7! at 323 K). The solid lines are the theoretical curves for isothermal dif-
fusion from Eq. 2 with the appropriate value of D./r2. The uptake curves for the small
(7.3 um) crystals show considerable deviation from the isothermal curves but conform
well to the theoretical nonisothermal curves with the values of D, estimated from the data
for the large crystals, the value of § calculated from the equilibrium data, and the value
of o 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 = Dpéep/ (sp +(1- sp)K). Since the equilibrium constant (K) is gener-
ally large and varies with temperature according to the van’t Hoff equation
(K = Ko e 2U/RsT) 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
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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-
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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 Biilow 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 (V, and Vy),
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, y and §, and the ratio of the time constants for the valve and for the
diffusion process, w. The ratio /Y 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 Eqgs. 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 Egs. 6-9 with y = § = 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, Biilow et al. studied in detail the adsorption of benzene
in large (120 um) 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 (D,) 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.
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Fig.5 Loading dependence of corrected diffusivities (D,) for ethylbenzene in H-ZSM-5 at
various temperatures, measured by piezometric technique. From Schumacher et al. [20]
with permission
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23
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
aknown 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-



58 D.M. Ruthven et al.

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).

24
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:

szo ctdt_L[lJr(l—s)K}’ ()

fooocdt Y% e

where, for a composite particle:

K=¢p+ (1-¢p) wKc, (12)
2 _ fooo (t'“)z dt 13
7= JoF cdt ’ 13
0
o2
HETP= "L (14)
"

Dy 2¢v [ R R? r? e -2
=2 "+ + + 1+ .
v (1-¢) 3kt 15¢pDp  15KD 1-¢)K
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 (Dy) is velocity
dependent. For liquid systems Dy, varies essentially linearly with velocity so
a plot of HETP vs. superficial velocity (¢v) 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/v? may be more convenient since in this re-
gion Dy, 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-
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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.

25
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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Clearly, the parameter y is of the order of 1/K. Therefore, the limiting
case y =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 um and
100 wm) 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 y < 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: R?/D and KV/F. This parame-
ter is also equal to the dimensionless adsorbed phase concentration gradient
at the surface of the solid at time zero.! 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.

! From the column mass balance X5 99 =_F ¢
qp dt c

=0
aQ —
( % )5:1 =-L

o . . 3KVsD (9Q _ _pec
it is possible to obtain ) (32 )szl =-Fg and



Measurement of Diffusion in Microporous Solids by Macroscopic Methods 63

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:

e _/32th
Y Xf( LR ) (19)
. B+ L(L-1)

A semilog plot of the dimensionless concentration yields L and D/R? 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/cy vs. Int 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-pm 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 N, purge
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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 pm) 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 pm), 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~ m? s~. 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-
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Fig. 10 Permeability measurement through a single (100 pm) 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 (¢ = 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:

3011 (20)
"‘¢[tanh¢'¢]'
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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 etal. [67], duly corrected to
adsorbed phase basis. From Post et al. [68]
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For sufficiently small particles ¢ — 0 and n — 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, C02C3 |'|8, nC4|'|10-5A

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, CO,, and C3Hg in 5A zeolite
(Fig. 13).

CH3O0H-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. O Van Den-Begin et al., square wave; o Eic and Ruthven,
ZLGC; A,V Zikanova et al., piezometric; * silicalite-1, + H-ZSM-5, SSFR; B NMR tracer
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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 pm, 250 pm) 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 CO, 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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NMR data. From Brandani et al. [71]

Propane - A1P04-5 [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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Table 2 Diffusion in AIPO4-5 (300 K) [73]

Sorbate Technique Time scale (s) Mechanism D (cm?s7!)

CH4 PFG NMR 0.01-0.1 Single file 5x107°-5x 1078
[D o 14/1]

C3Hg TZLC 1-10 Fickian 10°0-5x 107
[D const]

Unidimensional pore system diameter ~ 7.3 A

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 AIPO4-5. 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.
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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].
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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/I~ 1.7 x 102 s™; D/P ~ 13 x 107 s7;
[ =25 um). 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 um), 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



78 D.M. Ruthven et al.

Table3 Diffusivity data of n-heptane, cumene, and mesitylene for SBA-15 samples at
30°C

Sample Microporosity (%) Sorbate Degr (m?s71) E (kJ mol™)
MMS-1 64.7 n-heptane 3.40 x 10714 22.2
Cumene 1.23 x 10714 17.2
Mesitylene 0.73 x 10714 15.8
MMS-2 54.1 n-heptane 3.97 x 10714 20.2
Cumene 1.42 x 1071 14.8
Mesitylene 0.86 x 10714 13.9
MMS-3 31.6 n-heptane 7.73 x 10714 12.8
Cumene 2.92x 1071 12.2
Mesitylene 1.70 x 10714 11.4
MMS-4 18.6 n-heptane 9.33x 10714 6.5
Cumene 3.98 x 10714 7.5
Mesitylene 2.17 x 10714 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 k] /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]:
_ &by

Deff = 6+ (1-£)K (21)
where &, is mesoporosity, D, 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
(40-66.5kJ/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

12
104 MMS+4
A MMS-3
L 8- A
x
"» 61
e MMS-2
< 4 - e} A MMSA
o o A
2 1 <& &
o
s 3
0 L) L)
10 30 50 70

Microporosity (%)

Fig. 19 Dependence of effective diffusivity (D) at 30 °C on percentage of microporosity
for: A n-heptane; o 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 um, PFG NMR has proven to be a particularly versatile tool for diffusion studies
in heterogeneous systems. With respect to zeolites, PEFG 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 Ca?*

Symbols

A Quantity defined by Eq. 18

a,b,c Unit cell dimensions

B Intensity of magnetic field

B.dd Added inhomogeneous field (=gz)

B, Constant magnetic field

c(p) Sorbate concentration at sorbate pressure p

D Coefficient of self-diffusion, (self-)diffusivity

Dapp Apparent diffusivity

D, Corrected transport diffusivity

Dest Effective diffusivity

Dy, Coefficient of long-range self-diffusion (= pinterDinter)

Dinter Coefficient of self-diffusion in the intercrystalline space

Dintra Coefficient of intracrystalline self-diffusion

D, Diffusivity with “open” windows

D¢ Transport diffusivity

Dy, Dy, D, Principal elements of the diffusion tensor

Dyy 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

M, First statistical moment of an adsorption/desorption curve (= Tintra)
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p Pressure; probability to find an unblocked window

PDinter Relative number of molecules in the intercrystalline space

P(Az,t)  Probability density that during time ¢ a molecule is shifted over a distance Az
(=propagator)

R Crystallite radius

r Space vector

Te Crystal radius

Tp 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

4 Gyromagnetic ratio

v (1) Fraction of molecules leaving their original crystallite during time interval ¢

8 Duration of the magnetic field gradient pulses

(Ar)? Mean square displacement

(Az)? Mean square displacement in z direction

Ag Phase shift

o Lennard-Jones distance

Aeff Effective mean free path in the intercrystalline space

Ttort Tortuosity factor

Tintra Intracrystalline mean life time

Diff Theoretical value of Tintra in the case of diffusion control

¢ Phase of the precessional motion

) Attenuation of the spin echo in PFG NMR experiments

® 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., °H [7-9]) and from chemical shift anisotropy (e.g.,
13C and 3P [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 '2°Xe, 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 12°Xe 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 '2°Xe as a probe [25]. By applying 2D 1°Xe 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, ??Xe NMR line shape analysis has also been applied to explore
molecular dynamics in nanochannels [31]. 2D ?H and !>C 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),
w = yB, is proportional to the intensity B of the applied magnetic field (with
the magnetogyric ratio y as a factor of proportionality), under the influ-
ence of a space-dependent magnetic field, B = B, + 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 B, with an inhomogeneous mag-
netic field B,q4 = gz, the precessional (“Larmor”) frequency (w = y B) of a spin
about the direction of the magnetic field (B) becomes space dependent:

a)=a)(z)=yB=y(B0+gz)=a)0+ygz. (1)

y denotes the gyromagnetic ratio of the nucleus under study (e.g., 2.67 x 10
T's7! for 'H; 0.67 x 10® T-' s7! for °C; 0.27 x 108 T™' s7! for 1°N; 2.52 x 10°
T's7! for 1°F, and 0.75 x 108 T-! s7! for 12°Xe) 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 Az in the positions of a particular spin at the instants of
the two field gradient pulses lead to a phase shift

Ap=ygAzs, (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

1//=/P(Az, t) cos(ydgAz)d(Az), (3)

where P(Az,t) denotes the probability (density) that an arbitrarily selected
spin within the sample has been shifted over a distance Az with respect to
the z coordinate in the time interval t between the two field gradient pulses.
P(Az, 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(Az,t) = 2; / Y (3g, t) cos(YsgAz)d(ydg) . (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

P (z,4)

a P(z4) 153 K b

3| 4} z /um

OI.S II.O 1|.5 2|.02/pm

P(z,4)

200 200 f—————y
/ 100 200 300 400 / 100 200 300 400
A/ms A/ms

Fig.1 Propagator representation of the self-diffusion of ethane in zeolite Na,Ca-A with
mean crystallite radii of R = 8 um (a) and 0.4 um (b). From [57] with permission



Diffusion Measurements by NMR Techniques 91

for z > 0. For the lowest temperature (153 K), the distribution widths of mo-
lecular displacement during the considered time intervals (5...45ms) are
found to be small in comparison with the mean radius of the larger crystallites
(8 pm). 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 Tipia of the
molecules under study.

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

P(Az,t) = (27‘[ <(Az)2>)_1/2 exp [— (Az)2 /2 <(Az)2>] , (5)

with a half mean square width (mean square displacement), ((Az)?), 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

((a2)*)=2Dr. ©)

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 ((Ax)?) = ((Ay)?) = ((Az)*) = ((Ar)?)/3, and Eq. 6 may be trans-
ferred into

<(Ar)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 (Di,) and intercrystalline exchange rates
(Tiera')- 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 Djptr,.

() (F2a(0)=6D,t (i) (g range ) = 6Dy et

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

¥ = exp [— y8%g? ((AZ)2> /2] : (8)
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or, with Eq. 6, to

v =exp (- y*8%g°Dt) . 9)
Egs. 8 and 9 are the standard relations for the application of PFG NMR to
“normal” diffusion, i.e. to mass transfer phenomena characterized by Egs. 5
and 6. Plotting the signal attenuation in a logarithmic representation versus
the square of the pulse width, 8, or gradient amplitude, g, yields a straight
line. The mean square displacement ((z?)) 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 x 10 m?s7! at 293K [61]) by applying the same pulse programme
and by calculating ((Az)?) 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]

Y = exp [— y262g2D(t - 8/3)] . (10)

Eq. 8 may be used for an estimate of the lower limit of molecular displace-
ments accessible by PEG 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 ¥ = 7!, with typical maximum values for the field gradient ampli-
tude (g=25T m™) and the pulse width (§ = 2 ms), for hydrogen-containing
molecules one obtains <(Az)2)}r{§lz100 nm. With Eq. 6, the lower limit of the
diffusivity accessible by NMR is thus found to be ((A2)?) min/(2tmax) Where
tmax denotes the maximum possible observation time. If the NMR signal is
generated by a 7/2-w-(primary) echo sequence, tmax is determined by the
transverse nuclear magnetic relaxation time T, which is typically of the order
of a few milliseconds. However, the range of observation times may be signifi-
cantly enhanced by applying the 7/2-7/2-7/2-(stimulated) echo sequence. In
this case, tmax is determined by the longitudinal relaxation time T;, which at-
tains seconds. Thus, Dpin may be as small as 10°%m?s . In reality, however,
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these limiting values are only attained in exceptional cases [65, 66], and real-
istic lower limits are of the order of 300 nm and 1073 m? s™!, respectively. It
may easily be deduced from Eqgs. 8 and 9 that the measuring conditions de-
teriorate with decreasing gyromagnetic ratio. Thus, for °C and ?°Xe, the
lower limits of molecular displacement are by a factor of about 4, and in
the case of 1°N 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, §, 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, §, is limited, therefore,
by the rate of the decay of transverse magnetizations. Even if applying very
strong field gradients and thus reducing §, 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 D,pp. 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/Rz. 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 §g 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 § is genuinely due to diffusion (and not due to differences in the values
of g 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
107" m?s™! and a T, 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 7/2 pulses and
between the third 7/2 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 7/2 pulses
(which is also the spacing between the third 7/2 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 7 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]

Dy, = PinterDinter > (1 1)

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 pineer 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

1
Dinter~ 3 AeffV/ Ttort > (12)

with A, v and tior¢ 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 A¢¢ hence remains unaffected by temperature
variation and v varies only with the square root of the temperature, the tem-
perature dependence of Dy, 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
(5846 k] mol™! for the activation energy of Dj ;. and 55 k] mol™! 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 (o),
and under the influence of an argon atmosphere of < 0.06 MPa (A), 0.13 MPa ([), and
0.2 MPa (<>). From [85] with permission

the molecules in the intercrystalline space. Now the increase of Dy, due to
the increase of piner With increasing temperature is partially compensated by
the reduction of Ag (and, hence, of Dipter). 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 A.¢ and hence of Dinter
through the increase of the argon concentration in the gas phase). With an ad-
sorption heat of 12 kJ mol™! for argon on Na-X [87] one obtains a theoretical
value of 43 k] mol™!, which is in satisfactory agreement with the experimental
result (39+5 kJ mol ™).

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 Ca**)
in comparison with a theoretical estimate on the basis of Eq. 12 with pjn¢er 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 >N PFG NMR dif-
fusion measurements is by about one order of magnitude poorer than in
the case of 'H 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, >N PFG NMR has, therefore, been routinely applied to the measurement
of long-range diffusion in beds of zeolites [89-91]. In fact, using alternately
'H, 13C and >N 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, 'H 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 Dy = pinter Dinter follow-
ing Eqs. 11 and 12 did only lead to coinciding results if the tortuosity factors
T 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-

L 1E-7H
€
% -
g "
51E-83
)
1 E- T T T 1
2 3 4 5 6

1000 T-' /K1

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 t¢ = rC2 /(15Djptra) and tp = rP2 /(15Dy;) [52,98,99].
Hence, being able to directly determine both Dipra and Dy, 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. Tintra) by an analy-
sis of the time dependence of the spin-echo attenuation (and, hence, of the
propagator), and determined indirectly (viz. t2iff) 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 (R?) one has in the latter case [87, 103]

w= o).
15D
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 y(¢), the
quantity 1 - y(¢) 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 y(t) (Fig. 7c):

(13)

Mi = Tintra = / [1- (0] dt. (14)
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Fig.7 Analysis of PFG NMR data for NMR tracer desorption studies (butane/Na-X,
165 mgg™!, R =25 pum, 353 K). From [60] with permission

Figure 8 provides an example of the information resulting from a compari-
son between tl?lgg and Tintra. Using methane as a probe molecule, in the
as-synthesized ZSM-5 crystallite the values for Tintra and T2 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, t2ifft: 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-
Diff.

tallites. Only for larger coking times, the diverging patterns of Tintra and 7y
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 Deg. 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, D g 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

4 1 1
De(t)/D=1 - VDt - Dt), 15a
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Fig.8 Values for the intracrystalline mean life time Tinra (C),l) and the quantity tg;ﬁfa
(A,A) 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

Dealt)/D=1~ VDt~ (DD, (15b)

2
3.7 R
where D stands for the genuine intracrystalline diffusivity. As to be expected,
the experimentally accessible quantity Deg coincides with the true intracrys-
talline diffusivity in the limiting case of negligible displacements, i.e. for
(Dt)}/? — 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 Egs. 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-
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Fig.9 Relative effective diffusivities for n-hexane (A, sample 2) and tetrafluoromethane
(O, sample 2) under two-component adsorption and for n-hexane under single-
component adsorption (o, sample 1). The lines represent the appropriate fits of Egs. 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), 'H PEG NMR with n-hexane] and absorbing bound-
aries [(Eq. 15b), 1°F 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)!/2. Tt 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 o 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 Kéirger 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 o) 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 300K 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, D,, 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 D, and 1/2(Dy + 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 Dy and D, 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
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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 (o) and perpendicu-
lar (o) to the capillaries of the container system. The broken (dotted) lines indicate the
expected range of D, and 1/2(Dyx + Dj). 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

/D, = a*/Dy + b*/D,, (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 D) /Dy [119]. Figure 14 shows these results in
a dimensionless representation. The included experimental data are in best
agreement with the theoretical plots for D,/Ds~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
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Fig. 14 Theoretical dependence of the signal decay in PFG NMR experiments for differ-
ent values of the ratio Dy/Dy, calculated by means of Eq. 16, and comparison with the
data experimentally determined at 193 (o), 223 (0J), 273 (<>) and 298 (A) 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 Dy and D,. In view of the geometrical conditions and the MD
results, for the experimental data the possibility D), /Dy < 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 Dy 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]

D;/Dyy =08, (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 D,/Dyj, = 0.40.1 [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 7 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 Ca?*, 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 Ca’* 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 Ca** [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 (o) Na75,Ca-X,
(<) Na30,Ca-X, and ([J) 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 C; 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=D20 {A+[A2+4f/(Z/2—1)]1/2} R (18)
with
A=1-p+fp-(f+p-fp)/(z/2-1), (19)

where Dy 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 fDy.

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-
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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

| | | |
0 50 100 150 200

c/ mgg”

Fig.18 Apparent coefficients of intracrystalline self-diffusion of n-hexane as observed by
time- and space-resolved !H PFG NMR in a bed of zeolite Na-X with restricted (M) and
unrestricted (e) 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 PEG 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 'H 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 3C-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 ([J,
cyclopropane; M, 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 °C 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 500K 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 CF,, after
exposing the closed sample tubes for 3.5h to a temperature of either
370K or 575K, the '°F PFG NMR measurements have been carried out
in both cases at 300 K. The resulting diffusivities after high-temperature
treatment (D~2 x 1072 m?s!) 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"1m?s™!). 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
343K resulting from in-situ 1°F PFG NMR measurements during the chemical reaction.
From [236] with permission

53
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

10-11

0 2 4 6 8 1012 14 16 18
Number of carbon atoms

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: x; PFG NMR, 1 molecule per cavity: A, [J (more recent data),
2 molecules per cavity: 4; ZLC, limit of vanishing concentration: e, o (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]), M (silicalite-1, more recent data); PFG NMR, 1 molecule
per cavity: A; 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(Dy + Dy + D;). 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 um with the assumption that jumps
across the barriers occur with an activation energy exceeding that of intracrystalline dif-
fusion by 21.5 k] mol!. 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 (100x25x20 um?®) have been applied, so that only for
displacements notably larger than 10 um 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 pm the diffusing molecules have to overcome
additional potential barriers of 21.5k]J/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 pm, 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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