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Preface

In the preface to Vol. 4, it was stressed that characterization of molecular
sieves is an indispensable prerequisite for the evaluation of results in the syn-
thesis, modification, and application of these microporous and mesoporous
materials. Thus, Vol. 2 grouped together contributions to structure analysis of
molecular sieves, whereas Vol. 4 was particularly devoted to characterization
by spectroscopic techniques. Logically, Vol. 5 is intended to complement the
preceding volume in that it covers a variety of non-spectroscopic techniques
for the characterization of zeolites and related materials. Thereby, some of the
contributions are specifically focused on methods of characterization such as
chemical analysis, thermal analysis, pore-size characterization using molec-
ular probes or 129Xe NMR, which are, of course, illustrated by a wealth of
applications. Two other chapters deal specifically with the characterization of
important molecular sieve systems, viz. coke on zeolites and isomorphously
substituted molecular sieves.

The first chapter, co-authored by R. Fricke and H. Kosslick, provides, in
an exhaustive manner, methods of chemical analysis of (microporous) alumi-
nosilicates, aluminophosphates and related molecular sieves. These analytical
methods are exemplified by a large number of cases and, very importantly, the
chemical procedures and treatments are meticulously described. To the best of
our knowledge, no comparable compendium of chemical analysis of zeolites
and related substances has ever been available before.

In her contribution, G. Pál-Borbély shows the great potential of thermal
analysis for the characterization of molecular sieves and processes occurring
with them as far as they are accompanied by changes in weight and/or heat
effects. Such processes are, for example, dehydration, dehydroxylation, deam-
moniation, phase transition, structure collapse, decomposition of occluded
complexes, and oxidation or reduction of framework constituents. In this
context, applications of thermogravimetry (TG), derivative thermogravimetry
(DTG), differential thermoanalysis (DTA), differential scanning calorimetry
(DSC), and also more recent developments such as tapered element oscillating
microbalance (TEOM) measurements are discussed.

With respect to the understanding and possible applications of structured
microporous and mesoporous materials, the knowledge of their pore sizes is
of paramount importance. There are several approaches to determining pore
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sizes, for example, via scattering techniques, electron microscopy or 129Xe
NMR (see also the fourth chapter). In this volume, however, Y. Traa, S. Sealy
and J. Weitkamp describe and critically discuss the characterization of pore
sizes using probe molecules, i.e., by techniques based on either adsorption or
catalytic test reactions. The intense investigation of the relationship between
a catalytic test reaction, viz. shape-selective hydrocracking of C10 cycloalkanes,
and the effective pore width of zeolites finally led to the introduction of the
spaciousness index (SI), which, since then, has found widespread acceptance.
A versatile method of characterizing molecular sieves was developed with the
help of 129Xe NMR. One of the pioneers of this remarkable characterization
technique, J. Fraissard, has contrubuted the fourth chapter of this volume. Here,
he explains the fundamentals of the method and demonstrates its capability of
studying the porosity of zeolites, the effect of cation exchange, the distribution
of adsorbed phases, the behavior of zeolite-supported metals, phenomena
of Xe diffusion, and special features of other microporous (pillared clays,
heteropolyoxometalate salts, activated carbons) and mesoporous solids (M41S
and SBA materials).

Catalyst deactivation as a consequence of the undesired deposition of car-
bonaceous materials plays an important role in many catalytic processes on
micro- and mesoporous solids. Coke formation on zeolites and the effect of
several features of coke deposition, such as shape selectivity, acidity of the
catalyst, location, mechanism and kinetics of coke build-up, activity of and
selectivation by coke are dealt with in the fifth chapter written by F. Bauer
and H.G. Karge. However, the focus of this contribution is laid on the charac-
terization of coke formed on zeolites by spectroscopic and non-spectroscopic
techniques and the relationship derived therefrom between the nature of the
coke and the conditions of its formation.

The last chapter is devoted to the characterization of very interesting deriva-
tives of the common molecular sieves, i.e., the isomorphously substituted
molecular sieves. The notorious main problem here is whether or not the
hetero-element (such as B, Ga, Fe, Ti, V, Zn, Co) is unambiguously incor-
porated into the framework of the porous material. The authors, J. B.Nagy,
R. Aiello, G. Giordano, A. Katovic, F. Testa, Z. Kónya, and I. Kiricsi provide
a large body of experimental results of successful isomorphous substitution
and a great number of cases where the position of the isomorphously intro-
duced hetero-element (before and after additional treatment) can be identified
by sophisticated physico-chemical investigations.

Most likely, the important art of characterizing micro- and mesoporous
structured materials will turn out to have not been exhaustively covered by
Vols. 4 and 5. Thus, it could well be that additional characterization techniques
will be dealt with in a future volume of this book series.

April 2006 Hellmut G. Karge
Jens Weitkamp
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Abbreviations
AAS Atomic absorption spectroscopy
AES Atomic emission spectroscopy
AS Auger electron spectroscopy
a.u. Arbitrary units
CP Cross polarization
CHN Simultaneous analysis of carbon, hydrogen, and nitrogen by combus-

tion
CN Coordination number
DTA Differential thermoanalysis
Erio T Colored indicator
EDTA Ethylendiaminetetraacetic acid sodium salt-complexing agent
ED Energy disperse
EPMA Electron probe micro analysis
ESCA Electron spectroscopy for chemical analysis (synonym for XPS, UPS)
EXAFS Extended X-ray absorption fine structure
FTIR Fourier transform infrared
HPLC High-pressure liquid chromatography
HF-generator High-frequency generator
HTP High temperature peak
I Intensity
ICP Inductive coupled plasma
ICP-AES Inductive coupled plasma (activated) atomic emission spectroscopy
IR Infrared
ISS Ion scattering spectroscopy
LTP Low temperature peak
M Metal nucleus (NMR)
MAS Magic angle spinning
Me+ Metal cation
NMR Nuclear magnetic resonance
PVA Polyvinyl alcohol
PTFE Polytetrafluorethylene
Q Radius ratio of atoms of two elements
Qn n-fold connectivity of the metal nucleus Q giving rise to NMR reson-

ance (n = 0–4)
rMe Atomic radius
rMe–O Metal-oxygen distance
Si(4Me) Silicon atom (usually in tetrahedral oxygen coordination) connected to

four metal atoms via oxygen bridges
TG Thermogravimetry
TGA Thermogravimetric analysis
TMS Tetramethylsilane
TPD Temperature-programmed desorption
TPDA Temperature-programmed desorption analysis
TO4-tetr. Metal (T)-oxygen tetrahedra
T – O – T bridge Metal-oxygen-metal bridge
u.c. Unit cell
UPS Ultraviolet photoelectron spectroscopy
UV-Vis Ultraviolet visible
Vu.c. Unit cell volume
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WD Wavelength disperse
(1 + 1) Relative contributions of two components to a mixture
XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy
XRF X-ray fluorescence spectroscopy
δ Chemical shift

1
Introduction

During the last years, the synthesis and detailed investigation of zeolites in-
cluding mesoporous materials has obtained a tremendous impetus. A large
number of new structures and compositions of zeolitic frameworks has been
developed. Some of them have already found applications such as catalysts,
adsorbents or detergents.

Zeolites are inorganic crystalline compounds that are related to tectosili-
cates. Their lattice usually consists of three-dimensional, four-fold intercon-
nected TO4 tetrahedra. They are linked via T – O – T bridges. Most natural
and the first synthetic zeolites are aluminosilicates. The substitution of sili-
con by aluminum in framework positions leaves a negative framework charge.
Therefore, the framework can be considered as a polymeric anion. The nega-
tive framework charge is compensated by cations, often sodium, which is
a part of most synthesis recipes. The pores of these zeolites are filled with
water. The general compositional formulae of these alkali ion-containing zeo-
lites is:

Mex
+[(AlO2)x(SiO2)y]x– · zH2O

The interstitial cations are exchangeable (in principle) by, all other kinds
of cations. A great diversity of zeolite composition exists. Nowadays, alu-
minum was substituted by other metals like Ge, Fe, Co, etc. Also, new,
silicon-rich zeolite structures were obtained using organics as templates.
Therefore, in addition to water, these new types of zeolites contain these tem-
plate molecules. Zeolites and molecular sieves with completely new frame-
work compositions were synthesized on the basis of aluminophosphates,
gallophosphates, and nitridophosphates. New molecular sieves consisting at
least in part of octahedrally coordinated framework atoms are also now
known. Some zeolites may contain additional anions like chloride or sulphate.

The knowledge of the chemical composition of zeolites is the key for the
understanding of their physico-chemical properties and the bases for the con-
sideration of “structure-property-action(application)-relationships”.

The methods applied for the characterization of the zeolites have received
a high technological standard by the introduction of computer-controlled
spectrometers or other equipment allowing better and more detailed in-
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sight into the properties of these solids. Therefore, numerous papers have
been written in connection with the application of modern characterization
methods and their use.

The contents of the present chapter deals with the quantitative analysis of
the composition of zeolite frameworks. This seems to be a necessary addition
to other characterization methods because in many papers the data available
are limited to the composition of the synthesis gel only. In addition, induc-
tion coupled plasma (ICP), atomic absorption spectroscopy (AAS), and other
similar methods are often the only methods used for the quantitative analysis
of the solids.

The intention of the authors was not to focus mainly on the description of
these modern methods but to gather and summarize some of the main wet-
chemical recipes that are already well known for a long time. Unfortunately,
however, the description of these wet-chemical methods are more or less dis-
persed over a large number of chemical handbooks. Often, the advantages
and limits of these methods for the quantitative analysis of various molecu-
lar sieves (zeolites, aluminophosphates, etc.) are unknown. Therefore, it is our
hope that the description of those methods, which are directed to the quan-
titative analysis of elements that form the framework of the most important
zeolites and other micro- and mesoporous materials, may help to find the
right method for the analysis of the appropriate element.

In the first part of the paper an overview of routes and methods for the
determination of the chemical composition of zeolites is given, starting with
the preliminary preparation of samples including their dissolution by differ-
ent techniques. The classical wet chemical way is described and illustrated
by analysis instructions. This conventional method is not only of historical
interest, but necessary as a reference, and is useful if only a partial analysis
(one or two elements) is required. An overview of the possible determin-
ation methods of elements will be given including appropriate references.
Modern physical routine methods, such as atom absorption spectroscopy
(AAS), inductive plasma coupled-atom emission spectroscopy (ICP-AES),
and X-ray fluorescence spectroscopy (XRF) and their useful application and
limitations/problems, are described in the next chapter.

In the second part of the paper attention is directed to the spatial dis-
tribution of elements. This becomes more and more important because of
its influence on zeolite properties. This includes (a) determination of the
silicon/metal framework ratio (mainly Si/Al) by IR, NMR, NH3-TPD and
NH4

+-exchange capacity, and (b) the problem of differentiation between
framework and extra-framework species by means of acid leaching and pho-
toelectron spectroscopy (ESCA). The latter is closely related to the quanti-
tative determination of catalytically active sites and will be treated in other
parts of this series.

The quantitative determination of organics by thermal and CHN analysis
is also considered.
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2
Sample Preparation

The use of modern instrumental analytical techniques like atomic absorp-
tion and emission spectrometry and X-ray fluorescence spectrometry has
considerably enhanced the accuracy and reproducibility of analytical meas-
urements. Often, errors or standard deviations given in papers consider only
those of the analytical method that has been applied. Due to the high level
of instrumental techniques, however, nowadays the accuracy of the chemical
analysis is increasingly determined by the accuracy of prior to measurement
operations such as sampling, preparation of the sample, determination of ig-
nition loss, and fusion of samples. In general, the sample passes through these
essential steps before its composition will be determined by the different
techniques.

2.1
Sampling

The problem of sampling, the choice of a representative part that reflects
the mean chemical composition of the material, is mainly restricted to cases
were natural zeolites obtained from deposits are under study or a zeolite
is obtained with a second phase, e.g., cristobalite. Usual synthesis products
obtained by lab-scaled crystallization consist of crystals of relative uniform
composition and sizes of 0.1–10 µm. They are soluble and need no further
mechanical decomposition before disintegration.

2.2
Drying and Stable Hydrated Form

Zeolite synthesis products are washed until the washing water is neutral
in order to remove the excess alkali and templates. This should be done
carefully because under supersaturated hydrothermal conditions and con-
centration gradients crystalline by-products can appear. Extra-zeolitic silica
precipitates, if sometimes present on crystal surfaces, can be removed by
careful treatment with HCl or 2 M NaOH solution. Sodium aluminosilicates
or other zeolites containing only water in the cavities are obtained in the
complete cation exchanged form. They will be repeatedly exchanged with
NaCl solution, if necessary at ambient temperature, to obtain the stoichio-
metrically correct form. This holds especially for aluminum-rich sodium
aluminosilicates like zeolite A, faujasites, mordenite, and others. Samples are
then dried. Some authors prefer the complete removal of water by calcina-
tion at 400 ◦C for 3 h; others dry the samples at elevated temperatures of
40–60 ◦C to remove excess wash water and loosely bound zeolitic water. In
view of possible dealumination at higher temperatures, which might change
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the sample with respect to the framework composition upon combustion
of organics at high temperatures, the latter procedure is preferable. Also,
template containing microporous materials are treated in this manner. The
dry sample cake is broken and slightly milled in an agate mortar to obtain
a powdered crystalline material. This crystalline powdered sample is trans-
ferred to a desiccator containing a saturated ammonium chloride solution
(constant water vapor pressure). Then the sample is saturated with water
under reduced atmospheric pressure for 1–3 days until adsorption equilib-
rium is achieved.

2.3
Weighing

A typical sample weight for complete wet chemical analysis (two parallel runs
for each sample) is 0.5–1 g. If only one or a fraction of elements present in
the zeolite should be determined or modern instrumental methods are used,
down to approximate 0.05 g of the sample is necessary. Weighing of the sam-
ple should be carried out as quick as possible to minimize errors which might
arise by weight changes due to the adsorption of moisture, by drift of the
balance, etc. The sample is directly weighed into a platinum dish. The dis-
advantage is the high weight of platinum compared to the sample weight,
which leads to an increased weighing error. Therefore, the sample can also be
weighed on a special “weighing paper”, which ensures that all the sample is
removed from the paper and transferred to the dish.

2.4
Loss of Ignition

Different temperatures of ignition are recommended for different materials.
Usually, silica- and alumina-containing minerals, rocks, clays, etc., are ignited
at 1200 ◦C, if possible. These “dead burned” samples are of lowest hygroscopy
making an accurate weighing possible. Microporous materials lose alkaline
cations at this high temperature. Therefore, zeolite samples are ignited in
platinum crucible at 800 ◦C, where alkaline loss is negligible. Rapid weighing
of the cooled samples ensures sufficient accuracy.

A conceivable procedure might be the following:
Weigh 0.05 to 1 g of microporous material into a platinum disk. Then heat

the sample in an electric furnace from room temperature to 800 ◦C and hold
the sample at this temperature for 0.5 to 1 h. Then quickly transfer the plat-
inum disk with the sample into a desiccator (containing zeolite NaA or KA as
drying agent) and then cool down to room temperature (0.5 to 1 h). Determine
the weight loss. This material can be used for fusions, too.

To accelerate the procedure, samples are sometimes preheated over the
flame of burners. With respect to the possible water content of microporous
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materials, this should be avoided. In addition, the sample should not be trans-
ferred into hot ovens. Sudden water eruption may destroy the sample and
may lead to undesired sample losses. It is worth mentioning that the use of
a platinum crucible always requires thermal treatment in oxidizing atmos-
phere. In reducing atmosphere at high temperature, some oxides, for instance
iron, can be reduced and form alloys with platinum. A reaction with carbon is
also possible. The heated platinum should be always handled with platinum-
tipped tongs to keep the platinum as clean as possible.

3
Fusion Techniques for Elemental Analysis

In general, three kinds of fusion techniques [1–3] are applied before the de-
termination of elements with instrumental methods can be carried out:

• dissolution of the sample by acid treatment at room or ambient tempera-
ture

• acidic and basic fusion by heating in suitable crucibles and
• fusion under reductive conditions (normally, however, not necessary for

microporous materials).

Dissolution of samples occurs with various acids such as HF, H2SO4, HNO3,
HCl, HJ, H3PO4, and Br2. All the acid fusions can be carried out in autoclaves
and also in a microwave oven.

Basic and acidic fusions are carried out in melts of Na2CO3, K2CO3, LiBO2,
NH4NO3, Na2B4O7, Li2B4O7, H3BO3, K2S2O7, KHSO4, NH4HSO4 and KHF2.

Fusion under reductive conditions uses Pb or NiS as a collector and are
applied for the enrichment of gold and platinum metals.

Prior to elemental analysis, microporous materials have to be dissolved
or transferred into soluble compounds. Therefore, the fusion solution must
contain the determined elements in the same quantities as the original sam-
ple. During this operation, contamination of the sample from fusion agents
or crucible components should be negligible. Fusion agents and materials re-
leased from the vessel walls are the main sources of contamination. Another
problem is the blank value of the solutions. This value and its variation de-
termines the detection limit of the analytical method. Therefore, fusion is
the main source of error. Best results are obtained with platinum crucibles
or Teflon-lined autoclaves. Care has to be taken of the purity of fusion com-
pounds and acids. If necessary, the acids should be purified by distillation
under vacuum, starting with analytical-grade acids. The acidic fusion solu-
tion should not be stored for a prolonged time in glass vessels. Depending on
the contact time and on the prior treatment of the vessels, 0.05 to 10 mg/L of
different elements can be released [4].



8 H. Kosslick · R. Fricke

3.1
Dissolution in Acids

Problems may also arise from the different volatility of compounds of elem-
ents, i.e., SiF4 ↑, BF3 ↑, or from hardly soluble residues or accompanying
minerals. Small residues are difficult to detect by eye. Nevertheless, they may
contain large amounts of trace elements (low degree of substitution) like Ti,
Zr, Cr, Ni, Co, Zn. It is known that chromium spinels are difficult to dissolve
in HF/HClO4 mixtures. This can be overcome by the use of HF/H2SO4. This
may cause a loss of lead or barium precipitated as sulphates which, however,
can be redissolved by treatment with water or diluted nitric acid.

Boron- and zirconium-containing minerals are difficult to dissolve in open
systems (evaporation in uncovered vessels). They should be treated in closed
Teflon-lined autoclaves (no loss of volatile BF3 ↑). Loss of boron during evap-
oration can also be avoided by the addition of polyalcohols like mannite and
glycerol.

Hydrofluoric acid exhibits a very high complexing ability and, conse-
quently, dissolves the frameworks of microporous materials very rapidly.
Therefore, the instrumental analysis of fluoride-containing stock solutions
requires the application of HF-resistent nebulizer systems. Otherwise, inten-
sive corrosion of the apparatus occurs. High fluoride concentrations may also
be the reason for the appearance of systematic errors in the atomic absorp-
tion spectroscopy (AAS) and atomic emission spectroscopy (AES). In some
cases, fluoride interference can be avoided by the addition of sulphuric acid.
Hydrogen fluoride is carefully evaporated by heating to 150 ◦C after sample
treatment in autoclaves. Likewise, poorly soluble minerals can be successfully
fused using this technique and high fluoride concentrations are prevented.

Many as-synthesized microporous materials contain organic templates in
their pore system, which may also cause analytical errors. Therefore, cal-
cined samples should be used for analysis provided that calcination is not
accompanied with the formation of poorly soluble minerals. If as-synthesized
samples are analyzed, the organic should be removed by nitric acid treatment
at elevated temperature. The sample should be slightly warmed to prevent
explosive decomposition. Thereafter, the residue is dissolved in HF/H2SO4.
Residual carbon does not disturb the analysis.

Although more laborious than the HF treatment (Sect. 4.2), dissolution
in H3PO4 is a very effective way to fuse zeolites, especially if the sam-
ple contains volatile boron or weakly soluble minerals. The reason is the
high complexing ability of pyrophosphoric acid. On heating, orthophospho-
ric acid undergoes successive condensation reactions, giving pyrophospho-
ric and metaphosphoric acid, so-called “condensed” or “strong” phosphoric
acid:

H3PO4 → H6P4O13 and H4P4O12 (1)
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This oligomeric phosporous acid has a very high complexing ability and also
forms stable silica compounds SiP2O7 [5]. The potential of this fusion or the
use of phosphorous acid in combination with other acids has been underesti-
mated so far. One disadvantage of this fusion is, however, the high viscosity
of the resulting solution. Evaporation of the fusion solution should be car-
ried out in such a way that the H3PO4 is not lost. The addition of some
phosphoric acid to other acid-fusion mixtures makes the fusion more effect-
ive.

3.1.1
Procedures

Dissolution in H3PO4

Typically, 50 mg of ground sample is treated with 3.5 mL of conc. H3PO4 in
a platinum crucible. Heat slowly on a sand bath or hot plate to 300 ◦C while
shaking at regular intervals of 15 min. The released water should have enough
time to evaporate. Solution should be completed within 2 h. If not (metal sul-
fide), the combined use of 0.25 mL HClO4 (70% in water) and 3.5 mL H3PO4 is
necessary. The obtained solution is cooled and diluted with demineralized wa-
ter to 100 or 200 mL. To prevent precipitation of titanium (Ti(OH)PO4), 0.5 mL
H2O2 is added before dilution.

Dissolution in HF/H2SO4

Transfer 50–100 mg of the sample into a platinum crucible and add 1–2 mL
of HF (40% in water) and 2–4 mL conc. H2SO4. Gently shake the fusion mix-
ture. Cover the crucible and heat on a sand bath up to 180–200 ◦C. Continue
thermal treatment for 2 h or more. Then evaporate the excess HF by increasing
the temperature until dryness is reached. Cool down to room temperature and
dissolve the residue with conc. HCl or conc. HNO3. Dilute with demineralized
water and make to volume.

Dissolution in HF/HClO4/HNO3

Transfer 50 to 100 mg of the sample into a platinum crucible. Add, little by lit-
tle, 1–2 mL of conc. HF, 2–3 mL of conc. HClO4 and 2–3 mL of conc. HNO3.
Heat slowly on a plate or sand bath, starting at slightly elevated temperature,
to 180–200 ◦C in a time interval of 2–3 h. Evaporate by prolonged heating at
increased temperature. Cool the fusion and dissolve in diluted acid.
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3.2
Acidic and Basic Fusions

Acidic and basic fusions require mixing of the sample with the fusion com-
pounds. First, part of the fusion mixture is deposited on the bottom of the
(platinum) crucible. Then the sample will be mixed with the main part of the
fusion mixture and transferred to the crucible. Finally, the mixture should be
covered by the last portion of the pure fusion compound. If fusion mixtures,
for example KOH, release water or gases like CO2 or SO2, the fusion mixture is
slowly heated to melt to evaporate all volatile contaminants and then cooled.
The sample is put onto the cold solid melt cake and again heated to the fu-
sion temperature. After melting, the fusion is held at the fusion temperature
for a certain time. The cooled (but still warm) melt cake is dissolved by the
successive addition of as small as possible portions of water and/or diluted
acid (HNO3, HCl) to ensure complete dissolution. The remaining non-soluble
residues will be dissolved in 1 mL of conc. HCl or HNO3 and 5 mL of water
and again heated to 180 ◦C for ca. 1 h.

In general, the fusion melts can react either acidic or basic. Basic com-
pounds release oxygen according to the following types of reactions:

CO3
2– → CO2 + O2– (2)

4BO2
– → B4O7

2– + O2– (3)

O2– + Al2O3 → 2AlO2
– (4)

Pyrosulphates undergo an acidic reaction:

2KHSO4 → K2S2O7 + H2O ↑ (5)

O2– + S2O7
2– → 2SO4

2– (6)

Al2O3 → 2Al3+ + 3O2– (7)

Substances that behave acidic are fused with basic melts: silica and alumi-
nosilicates. Oxides of Al, Cr, Ti, Fe, Ge, Mn, Mo, Sn, V, W, Zr and others behave
amphoteric. They are fused in acidic and basic melts. But acidic tetraborate
melts are also used for the fusion of silicates for X-ray fluorescence analysis
(XRF). The material readily decomposes if the silicates contain high amounts
of alkaline oxides. Pure dense silica (quartz) dissolves slowly, and its disso-
lution is completed only after the addition of another metal oxide. Mixtures
of meta- and tetraborate can be applied universally. Acidic melts of potas-
sium pyrosulphate are used to fuse hardly soluble oxide minerals of Be, Cr,
Fr, Ti, W, Zr and of rare earth elements. For the latter two, the corresponding
sodium salts are preferred. Ammonium pyrosulphate is used to fuse sulfides
(in quartz or borosilicate crucible). In the following paragraphs some ex-
amples of fusion are given in brief (compare also the chapter wet chemical
analysis).
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3.2.1
Procedures

3.2.1.1
Fusion in KOH

Transfer 0.5 to 1 g of KOH into a nickel or zirconium crucible (not platinum!)
and heat slowly to melt on a plate or sand bath to evaporate residual water
and carbon dioxide. Cool the melt. Put 50–100 mg of the sample onto the KOH
cake and heat to > 350 ◦C until a clear melt is formed. Cool down and dissolve
the melt in water and subsequently treat with diluted HCl. Make the combined
solutions to volume.

3.2.1.2
Fusion in LiBO2/Li2B4O7

Transfer a mixture of 100 mg of the sample and 500–1000 mg of the fusion
mixture (meta-to-tetraborate = 4 : 1) into a platinum crucible. Heat the cru-
cible in an electric furnace to 1000 ◦C. Swirl carefully at certain time intervals.
After 0.5 to 1 h, the dissolution is completed. Dissolve the cake in diluted HCl
or HNO3. If fusion is incomplete, decrease the meta-to-tetraborate ratio and
increase the amount of fusion mixture.

3.2.1.3
Fusion in K2S2O7

Transfer a fusion mixture containing 50–100 mg of the sample and 1–3 g of py-
rosulphate into a platinum crucible. Heat to 450 ◦C and hold the temperature
for 30 min. Cool down and dissolve the cake with diluted HCl, diluted sulphuric
acid or tartaric acid (10% in water).

4
Determination of the Bulk Chemical Composition

4.1
Wet-Chemical Analysis

Although the wet-chemical analysis of microporous materials is laborious
compared to modern instrumental analytical techniques, there exist some
reasons to consider this classical chemical analysis in more detail. The ad-
vantage of this analytical method is that the sample is decomposed and all
constituents are chemically separated from each other so that interferences
are minimized. The element content is directly determined, for example, by
the weight of a defined compound.
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Table 1 List of fundamental classical chemical analytic literature

Books
Fresenius W, Jander G (eds) (1953) Handbuch der Analytischen Chemie, Bd. I–VII,
and new editions. Springer, Berlin Heidelberg New York
Halman M (ed) (1972) Analytical Chemistry of Phosphorous Compounds.
Wiley-Interscience, New York. In series: Chemical Analysis, vol. 37
Radke CJ (ed) (1950) Analytical Chemistry of the Manhattan Project. McGraw-Hill
Book Company, Inc. In: National Nuclear Energy Series, vol. VIII
van Nieuwenberg CJ, Böttger W, Feigl F, Komarovsky AS, Srafford N (1938) Tables
of Reagents for Inorganic Analysis. Akademische Verlagsgesellschaft m.b.H., Leipzig

Kolthoff IM, Sandell EB (1943) Textbook of Quantitative Inorganic Chemistry.
The Macmillan Company, New York
Maisson et Cie (1974) Chemie Analytique Quantitative (I+II). Paris
Müller G-O (1968) Praktikum der Quantitativen Chemischen Analyse.
S. Hirzel Verlag, Leipzig
Bennett H, Reed RA (1971) Chemical Methods of Silicate Analysis.
Academic Press, London
Journals
Fresenius Zeitschrift für Analyische Chemie
The Analyst
Talanta

First, this technique is needed if new compounds are to be analyzed unam-
biguously. Second, it is of interest if modern (and expensive) methods are not
available, and, third, if the analysis of only one component is required. Pro-
cedures given in the following paragraphs may be verified or cut according to
one’s own needs. A list of fundamental literature of classical chemical analysis
is given in Table 1.

4.1.1
Metal Silicates

4.1.1.1
Course of Wet-chemical Analysis of Metal Silicates

Fuse the sample with a fusion mixture of Na2CO3/H3BO4 or potassium pyro-
sulphate. Dissolve the cold melt in hydrochloric acid. Eventually, add drops of
hydrosulphuric acid to prevent hydrolysis of titanium salts. Now evaporate the
solution until a stiff silicon dioxide gel forms. At low silicon content (< 20%),
the solution hardly gels. Coagulate the silica by addition of polyethylene oxide.
Filter off the precipitate and wash the solid first with HCl followed by deminer-
alized hot water. Transfer the filtrate into a platinum crucible and ignite before
and after HF treatment. The difference in weight gives the gravimetric silica
content. Fuse the residue of the HF treatment again and put its solution to the
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filtrate from the silica determination. Make the combined solutions to volume
and use for the following determinations:

Aliquots are used for the spectrophotometric determination of iron with
phenanthroline chloride after reduction with hydroxylamine, spectrophoto-
metric determination of titanium using hydrogen peroxide and H3PO4 to
prevent interference with iron.

Determination of soluble rest-silicon by spectrophotometric measurement
of either the yellow color using ammonium molybdate or the blue color after
reduction of the silicomolybdate if interference with phosphate occurs.

Other aliquots are used for the spectrophotometric determination of phos-
phate as molybdatophosphate or as vanadatophosphate, and the determin-
ation of manganese by oxidation to permanganate by potassium periodate.

A further aliquot is used for the volumetric determination of alumina after
increasing the acidity by the addition of HCl/H2SO4. Iron and titanium are
precipitated with cupferron. The precipitate and excess reagent is removed
by extraction with chloroform and determined separately. The solution is
neutralized with ammonia, an excess of EDTA is added, and the solution is
buffered. The solution is boiled for complete complexation of the aluminum,
and non-reacted EDTA is back-titrated with ZnCl2 solution.

In a similar way, bivalent transition metal elements can be determined. For
aluminous materials, lime and magnesia the determination is also made from
this stock solution after complexing the oxides of the ammonia group with
triethanol amine.

4.1.1.2
Determination of Silica

Some microporous materials like aluminum-rich silicates or some silicon-
substituted aluminophosphates contain HCl-soluble silicon, which allows the
determination of the silica content by precipitation with 20% HCl in water as
silicon dioxide (gel method).

Procedure
The sample is weighed into a platinum disk and three times evaporated with
hydrochloric acid until it is completely dry (30 min after dryness) on a sand
bath. Before each addition of acid, the sample should be thermally treated un-
til caustic. Allow to cool and drench the residue with 5 wt % HCl, filtrate, and
wash the filter cake with hot water to dissolve the salts. Place the filter with the
residue (SiO2) into a weighed Pt crucible, heat and dry the residue with cau-
tion and char the filter paper at 1000 ◦C. The remaining SiO2 is weighed after
cooling down in a desiccator to room temperature (ca. 1 h).
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Control
The evaporation with HF leaves no residue. High-silica zeolites of the ZSM-5
type as well as aluminophosphates with relative high silicon content con-
tain silicon that is not or poorly soluble in HCl. These compounds have to
be fused. The silica content is determined by the coagulation method as fol-
lows:

Transfer ca. 0.5 g of weighed sample into a platinum dish. Carefully mix
the material with the fusion mixture (five times the weight of the sample).
Then cover the dish with a platinum lid. Heat on a mushroom burner with
a low flame under fan until gas evolution is finished. Then continue heating
under a full flame for 10–15 min until a flowing and red-heat melt appears.
Immerse the platinum dish containing the melt in cold distilled water. Put the
dish into another platinum crucible and add some distilled water and 40 mL of
hydrochloric acid (1 + 1) and cover with a watch glass dish. After dissolution
of the cake, the crucible is withdrawn and carefully rinsed with a minimum
amount of required water. The fusion is complete if no scrape is felt during stir-
ring (by hand) with a glass stick. Boil off the solution until it is dry on a water
bath and continue heating for an additional 30 min until caustic, to enclose all
the silica. Take up the residue with 30 mL hydrochloric acid (1 + 1) and warm
it (covered) on the hot water bath for an additional 10 min. Precipitate the sili-
cic acid from this solution by adding 5 mL of Polyox coagulation agent and
continue stirring with a glass stick for 5 min. Age 10 min and filtrate the so-
lution through a filter paper of medium pore size (yellow etiquette) and wash
the solid residue with hot water to remove all the chloride. If large amounts
of other elements are present (alumina, iron oxide, lime, or magnesia), a mu-
cous filter should be used. Fold the filter and transfer it to the platinum crucible
used for the fusion. Cautiously char the filter paper over the low non-colored
flame. Then ignite the residue at 1200 ◦C for 30 min. Cool down the crucible
in a desiccator and weigh the crucible content. Now wet the residue with 1 mL
of distilled water and add 10 drops of sulphuric acid (1 + 1) and ca. 10–20 mL
of hydrofluoric acid (40 wt % in water). Evaporate again until dryness as de-
scribed above, ignite at 1200 ◦C, cool down in the desiccator and again weigh
the crucible. The difference to the former determination represents the amount
of fine-silica.

Then fuse the residue with 0.5 g of potassium pyrosulphate or another fusion
mixture. Dissolve the cold melt cake with some water or (diluted) hydrochloric
acid and add the solution to the former filtrate.

Fusion mixture: caustic sodium carbonate-sodium potassium carbonate
(1 + 1), sodium carbonate-borax (336 + 221, calcined at 400 ◦C, and carefully
ground).

Coagulation reagent: Polyethylene oxide: Add 250 mg of polyethylene
oxide to 100 mL of distilled water under magnetic stirring until it is dissolved
(molecular weight ca. 600 000 – BDH Chemicals-Ltd. Poole England, Union
Carbide "Polyox" resins).
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4.1.1.3
Determination of Soluble Silica

Due to the general solubility of silica as monomeric silicic acid in water,
part of the silicon (ca. 1%) always remains in the solution. It can be de-
termined spectrophotometrically either as yellow silicomolybdate, or after
reduction according to the molybdenum blue method. The molybdenum blue
complex has a ca. ten times higher extinction coefficient. Hence, the latter
method is more sensitive and allows the determination of traces of silicon.
Additionally, the molybdenum blue method has to be used if phosphate in-
terferes with the silicon determination by the formation of the likewise yellow
molybdatophosporic acid.

Molybdic acid reacts with monomeric silicic acid and forms the yellow
silicomolybdic acid according to:

7Si(OH)4 + 12H6Mo7O24·4H2O + 126H2O → 7H8Si(Mo2O7)6·28H2O (8)

The intensity of the yellow acid is measured and corresponds to the amount
of silicon that has to be added to the gravimetrically determined amount of
silicon to give the total silicon content of the sample.

Procedures

Silicomolybdate Method
Add up to 5 mL of stock solution to 20 mL ammonium molybdate solution and
make to 50 mL volume by addition of distilled water. Allow the components to
react for 10 min and measure the absorption at 410 nm. The adjusted solution
should contain ≤ 0.05 mmol of silicon [6].

Reagents
Dissolve 10 g of (NH4)6Mo7O24 ∗4H2O in 90 mL of water, add 4.7 mL conc.
ammonia solution (28 wt % in water), and make to volume (100 mL). Add this
solution to 500 mL of water that was acidified by the addition of 200 mL of
0.75 molar sulfuric acid in water. This acidified molybdate solution is used for
silicon determination.

Molybdenum Blue Method
Dilute an aliquot of the stock solution containing ca. 0.15 to 0.8 µmol of silicon
to 20 mL. Add 3 mL of molybdate solution. Allow it to react for 10 min and add
15 mL of the reducing agent and make to 50 mL volume with distilled water.
After 3 h, the intensity of the absorption at 810 nm is measured.

Ceric ions, fluoride, germanium, and vanadium give serious interference,
whereas phosphorous is masked by oxalic acid [6, 7].
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Reagents
The molybdate solution is prepared by dissolving 10 g of (NH4)6Mo7O24
4 ·H2O and 30 mL of conc. hydrochloric acid (36 wt % in water) in water. The
resulting mixture is made to 500 mL volume.

The reducing agent is prepared in the following way:
Prepare a solution containing 2 g per 100 mL metol (5-amino-2-hydroxy-

toluene sulfate) and 1.2 g per 100 mL sodium sulfite in water. Add to this
solution 60 mL of oxalic acid (10 wt % in water), 120 mL sulfuric acid (1 + 3)
and 20 mL of water and store this solution.

The filtrate of the silica precipitation or the residue of the hydrofluoric
treatment is used for determination of Me(III) elements as well as of mono-
and bivalent cations.

4.1.1.4
Determination of Aluminum

The gravimetric determination of aluminum as Al-oxinate is of high accuracy
and has been proven to be a reliable method in silicate analysis. Besides, also
a complexometric determination is possible.

Procedures

Gravimetric
Neutralize the acidic stock solution with ammonia against methylene-red
and acidify with conc. hydrochloric acid. Now add 4 mL of hydrochloric acid
(1 + 1). Mix this solution with 2 mL of hydroxyaminhydrochlorid and 2 mL
of o-phenanthroline and warm up to 40–50 ◦C. At this point, the volume of
the solution should be ca. 250 mL. Add the required amount of 8-oxychinoline
(< 30 mg Al2O3 – 10 mL; 30–65 mg Al2O3 – 20 mL). Slowly add 40 mL of am-
monium acetate under stirring. Filter off the resulting precipitate. Wash and
dry.

1 g of Al oxinate contains 58.73 mg of Al.

Reagents
Dissolve 50 g of NH2OH ·HCl in warm water and make to volume (100 mL). If
necessary, filtrate this solution.

Add 50 g of 8-oxychinoline to 120 mL of pure acetic acid (Eisessig), dissolve
it under warming and fill up with water to a volume of 700 mL. Filtrate the cold
solution and make to 1 L volume.

Indicator
Solution of 0.1 g o-phenanthroline in 10 mL of pure acetic acid (1 + 1).
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Combined Titration of Fe, Al and Ti
Adjust the acidified stock solution with the addition of urotropine to pH = 5–6
against pH-paper. Add the 0.05 molar standard complexon(III) solution in ex-
cess and boil for 5 min. Cool the solution under running cold water and add
0.5 mL of benzidine solution and 1 mL of ferro-ferricyanide solution as indi-
cator. Titrate back with a 0.05 molar standard solution of zinc chloride. The
consumption of complexon solution is equivalent to the amount of Fe, Ti, and
Al, or to their sum. The end of titration is reached if no further deepening of
the blue color is achieved. Add sodium fluoride (3 wt % in water) and boil for
5 min in order to destroy the aluminum complex and to release the correspond-
ing amount of complexon into solution. Determine the released complexon
again by back- titration with 0.05 molar standard solution of zinc chloride.

Additional Solution
Mixture (1 + 1) of 0.1% solution of ferro(II)cyanide in water and 0.1% solu-
tion of ferri(III)cyanide in water.

Determination of Alkaline Earth and Transition Metals
Alkaline earth and most of the bivalent transition metals can be directly
titrated with a standard complexon(III) solution or alkalimetrically deter-
mined by back-titration of protons of non-reacted complexon(III) that was
added in excess. For details, see Schwarzenbach [8].

Determination of Magnesium
Mg2+ ions can be directly complexometrically determined in the alkaline
stock solution by titration against Erio T as indicator. In the same way, Zn, Cd,
Sc, La, Ga, In and rare earth metal ions can be determined.

Procedure
Neutralize 5 mL of stock solution with some drops of ammonia (13.5 M in wa-
ter) and make to 25 mL volume by addition of water. Acidify with 0.5 mL of
HCl (2 M in water), add 0.5 mL of conc. ammonia, and make to 50 mL volume
(pH = 10.3–10.5). Add ca. 50 mg of the indicator (mixture of 1 wt % of Erio
T in NaCl finely milled in a mortar) and titrate with EDTA solution (0.01 M)
until the color changes from red to blue.

Interfering ions like Fe2+, Fe3+, Ni2+, Cu2+, Co2+, Ti4+ and ions of platinum
metals can be masked with KCN or triethanolamine.

Determination of Calcium

Procedure
Add 5 mL of triethanolamine (1 : 1 diluted with water) to the acidified solu-
tion to mask aluminum. Add the indicator (Fluorexon, a fluoresceine complex,
1 wt % in KCl) and titrate with standard complexon-solution (EDTA) to the
appearance of a green color.
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4.1.2
Analysis of Alumino- and Gallophosphates

4.1.2.1
Course of Wet-Chemical Analysis

The determination of silicon is carried out best separately from the determin-
ation of the other constituents.

Procedure
For the determination of Al, Ga, P and cations, dissolve a part of the sam-
ple in acid and remove the silicon by repeated evaporation with HF followed
by evaporation with conc. H2SO4 until dryness in order to completely remove
fluoride and chloride. Dissolve the residue in diluted HNO3 and make to vol-
ume. Or, transfer the combined filtrates of the silica determination (compare
Sect. 4.1.1, metal silicates) into a flask and aliquot with water to 200 mL and
use an aliquot of 25 mL of this solution for Al determination. If the alumino-or
gallophosphate is poorly soluble, fuse the sample with KOH.

Determine aluminum gravimetrically as oxinate. Also complexometric de-
termination with EDTA is possible. However, in concentrated solutions, in-
terference with phosphate may appear, leading to an underestimation of the
aluminum content of up to 5%. Determine phosphorous colorimetrically as
ammonium vanadatophosphate. If interference occurs, separate the transi-
tion elements.

4.1.2.2
Determination of Silica

Fuse the sample in acid, i.e., HCl (10% in water), HNO3, H2SO4 or take another
fusion if necessary and determine silica according to the gel method gravi-
metrically or use the coagulation method. Silica can also be determined as
weight loss upon HF treatment, provided the residue is converted completely
into oxides by evaporation with H2SO4 and HNO3.

4.1.2.3
Determination of Aluminum

In the presence of phosphorous, aluminum should be determined gravimet-
rically as oxinate or oxide. Also complexometric titration is possible after
masking interfering elements or after separation of the aluminum.

Procedure
Acidify the stock solution to pH = 1–2 with hydrochloric acid (1 + 1). Add the
0.1 molar standard complexon solution in excess (with respect to the Al con-
tent) and boil for 20 min in order to complex the aluminum. Add the indicator
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(xylenol orange) to the cold solution. Now back-titrate with a standard solution
of lead nitrate or acetate the non-consumed complexon.

1 mL of titratable non-consumed complexon solution (0.1 molar) corres-
ponds to 2.7 mg Al.

Indicator: xylenol orange in potassium nitrate (1 + 100).

4.1.2.4
Separation of Aluminum

The separation of aluminum is considered in detail in volume III of the Hand-
buch der Analytischen Chemie (see Table 1) and is summarized in brief here.

Under acidic conditions, the precipitation of aluminum as oxinate allows
a quantitative separation from the alkaline earth metals as well as In. Phos-
phate does not disturb.

Fe, Ti, Zr, V, Sn, Bi, Nb, Ta, Ga, U can be separated from Al by precipitation
with cupferron in 1–2 N acidic solution. Eventually, some tartaric acid (1.5)
has to be added.

Tartrate ions mask Al, Fe, and Cr, allowing precipitation of Ni as diacetyl-
dioxime. Cu, Mg, Zn, and Cd can be precipitated and separated from Al in
alkaline tartrate-containing stock solution as oxinate. 10–20 mL of 2 N NaOH
have to be added to 100 mL of stock solution.

4.1.2.5
Determination of Gallium

Make the acidic solution to volume and add 8-oxychinoline solution (5 wt %
in ethanol) in excess. Heat on a water bath to 70–80 ◦C and neutralize by
dropwise addition of dilute ammonia solution. Age at 70 ◦C for 1 h and cool
down. Filter through a porcelain funnel after 1–2 h ageing at room tempera-
ture. Weigh the precipitate after drying at 120 ◦C [9].

4.1.2.6
Separation of Gallium

Zn, Cd, Co, Ni, Mn, Be, Tl, alkaline earth and also alkaline metals can be sepa-
rated from gallium by precipitation of gallium with tannin. Al, Cr, In, and rare
earth metals can be separated by precipitation with cupferron.

Separation of Gallium from Iron

Procedure
Take an aliquot of the stock solution and add ammonia until a steady turbidity
appears. Add the reagent for precipitation. Wait a few hours and filtrate. Wash
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the precipitate with cold acetic acid (1 + 1) and subsequently with water. Char
the precipitate in a furnace by heating to red heat. Weigh the formed Fe2O3 or
dissolve in acid and determine otherwise. Gallium can be determined in the
filtrate as usual.
Reagent
Freshly prepared and filtrated solution of 1 g a-nitroso-b-naphthol in 50 mL
of acetic acid (1 + 1).

Precipitation of Gallium with Tannin
Acidify the stock solution weakly with acetic acid and add ammonium nitrate
to a final concentration of ca. 2%. Heat to boiling and add dropwise under
stirring the tannin (1 : 9 in water) until complete precipitation is achieved. In
general, ten times the tannin with respect to the gallium content is sufficient,
but at least 0.5 g. Filter after precipitation and wash with hot water to which
some ammonium nitrate and acetic acid was added. The filtrate is clear and of
weak yellow color. Dry the precipitate and then char. Weigh the formed Ga2O3.
The precipitation should be carried out twice after dissolution of the gallium
oxide, because the gallium tannin precipitate adsorbs accompanying metals.

Precipitation of Gallium with Cupferron
Neutralize an aliquot containing 10–300 mg of gallium with ammonia and
acidify with sulphuric acid until the acid concentration is nearly 2 N in a total
volume of 100–500 mL. Add the cupferron under vigorous stirring at room
temperature in excess (per 0.1 g Ga add 1 g of cupferron, stoichiometric re-
action requires 0.6 g of cupferron) and warm the solution on a water bath.
A cloudy precipitate forms which readily agglomerates. Press with a rubber
wiper to a crystalline paste. Filter through a filter paper on a platinum cone.
Add 1–2 mL of the reagent to the turbid filtrate to complete precipitation and
filtrate again (no tarnishing of the filtrate after 1 h). Or, better, cool down the
solution under running water for 10 min (or in a refrigerator) and filter. Wash
with 2 N H2SO4 until all of the chloride is removed, dry, and char. Determine
the gallium by weighing the formed Ga2O3.

Weighing of Ga2O3
Char the precipitate in a porcelain crucible in oxidizing atmosphere. Heat
slowly to reduce loss by volatilization. Ga2O3 is not volatile until 2000 ◦C. How-
ever, Ga2O begins to evaporate at 660 ◦C quantitatively. Red-heat causes corro-
sion of crucible walls but no weight change. Chloride causes weight loss due to
GaCl3 evaporation. The gallium oxide, thermally treated at 1000–1200 ◦C, is
not hygroscopic. Avoid the use of Pt crucibles, because under reducing condi-
tions, Pt-Ga-alloys form.
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4.1.2.7
Determination of Phosphorous

Phosphate is determined in the filtrate of the silica determination or after
evaporation of silicon with HF and removal of excess fluoride by evapora-
tion with conc. H2SO4 and conc. HNO3. Determination takes place either
spectrophotometrically or gravimetrically as NH4MgPO4 ↓ after masking the
aluminum with citric acid or after a procedure proposed by Dahlgren.

Procedures

Spectrophotometrical
Transfer an aliquot of the phosphate solution containing 0.25–6 mg P2O5 into
a 100-mL graduated flask and add 30 mL of the reagent solution, make to
volume, and then shake. Measure the absorbance after 5 min at 440 nm.

Reagent:
1 : 1 : 1 mixture of HNO3 (1 + 2), ammonium vanadate (2.5 g in 500 mL

boiling water, acidified with 20 mL conc. HNO3 after cooling and made to 1 L
volume), ammonium molybdate (5 wt % in water). It is necessary to keep the
given sequence of mixing!

Silicon does not disturb if the content is below 1 mg per 100 mL of stock
solution. More than 200 mg of sulphate and 20 mg of fluoride interfere and
have to be removed prior to measurement by evaporation with conc. HNO3.
Fusion of samples can result in the formation of pyrophosphate which is not
detectable. Therefore, dissolve products of fusion refinement carefully in acid,
i.e., HNO3.

After Dahlgren
Take the filtrate of the silica determination or dissolve the sample in 20 mL
conc. nitric acid. Eventually, heat 15 min to boiling and make to 100 mL vol-
ume. The 100 mL of the aliquot should contain 15–20 mL conc. HNO3. Add
100 mL of a chinolate-acetone mixture (72 + 28) to the cold solution. Heat the
resulting solution in a water bath and maintain it at boiling for ca. 30 s. Cool
the beaker in cold water for 2–3 h. Then filtrate the solution through a G4
sintered-glass mat. Dry the mat at 275 ◦C before using. Carefully rinse the
beaker with small portions of water with the aid of a rubber wiper. Dry the pre-
cipitate at 275 ◦C and weigh the cold product after ca. 2 h. Clean the mat with
hydrochloric acid (1 + 1) or conc. ammonia solution.

1 g of precipitate contains 13.998 mg P.

Additional Solution
Prepare the chinolate solution in the following way: Dissolve 70 g of ammo-
nium molybdate in 150 mL water and add this solution to a solution of 60 g
citric acid in 150 mL water (solution A). Now dilute 35 mL of nitric acid (conc.)
in 100 mL of water and add 5 mL of chinoline (solution B). Combine solu-
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tions A and B under stirring. Store the chinolate solution overnight. Filter the
solution through a G4 sintered-glass mat and keep it in a polyethylene flask.

4.1.2.8
Determination of Transition Metals (Zn, Cu, Ni, Co, and V)

Besides the complexometric determination by titration with EDTA solution
against Erio T indicator described above, copper and nickel can be accurately
determined gravimetrically. Zinc is preferentially determined by complexo-
metric titration like magnesium at a pH of 10, whereby 1 mL of 0.01 M EDTA
solution corresponds to 0.6538 mg Zn. (Buffer solution pH = 10 : 70 g NH4Cl,
570 mL conc. NH4OH in 1000 mL water [8]).

Procedures

Electrogravimetric Determination of Copper
Dilute an aliquot of the stock solution containing up to 32 mg of copper with
water to 70–80 mL and acidify by addition of 3 mL of 18 M H2SO4. Electrol-
ysis is carried out at a voltage of 2–2.5 V and an electric current density of
0.2–0.6 A dm–2 at 40 ◦C. Precipitate the copper on a Pt-net cathode. Electroly-
sis is complete after 30–60 min. Weigh the dry Pt cathode. Prior to electrolysis,
clean the Pt-net in acid, wash in water and ethanol and dry under slight warm-
ing to constant weight.

Gravimetric Determination of Nickel
Transfer 10 to 20 mL of the stock solution containing ca. 6–60 mg of Ni into
a 400-mL glass vessel. Acidify by addition of 2 mL of diluted HCl (2 M in water)
and make to 200 mL volume with deionized water. Now add 20–30 mL of am-
monia (0.2 M in water) to achieve a pH of 3–4. Heat to boiling on an electric
heating plate and add slowly, with the help of a burette, 25 mL of the reagent
solution. Adjust the pH at 8–9 by dropwise addition of diluted ammonia. Stir
the covered solution for 10 min with a magnetic stirrer and allow to precipi-
tate. Decant after 30 min and filtrate through a glass-mat. Wash the precipitate
with 10 mL of hot water and subsequently with 20 mL of cold water. Dry at
110–120 ◦C for 2 h. Continue drying until the weight is constant in steps of ca.
45 min. One milligram of precipitate corresponds to 0.2032 g Ni.

Determination of Ni besides Zn2+, Mn2+, and Fe2+ is possible in weak acetic
acid solution (dropwise addition of 2 M acetic acid in water) buffered with
Na/NH4Ac (1 + 1, 2 M in water). Addition of ca. 20 mL tartaric acid (15 g in
100 mL solution in water) to the mineral acidic solution masks Fe3+, Al3+, and
Cr3+ effectively.

Reagent: ca. 0.1 M Na-dimethylglyoximate solution prepared by solution of
ca. 16 g of the chemical in warm water, eventually filtrated, and diluted to 1 L
volume.
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Complexometric Determination of Cobalt
Neutralize 5 mL of the stock solution and make to 25 mL volume with water.
Add 0.5 mL of 2 M HCl and 100 mg of the indicator (1 wt % of murexide in
NaCl, finely milled). Drop ammonia (2 M in water) into the red-pink solution
until it just becomes yellow. Dilute with water to 50 mL volume (pH = 7.5–8.5)
and titrate with 0.01 M EDTA solution from yellow to pink.

1 mL 0.01 M EDTA corresponds to 0.5893 mg Co.

Potentiometric determination of vanadium
Dissolve ca. 20 mg of the sample in 70 mL of sulfuric acid (1 + 1) at 140 ◦C
under flowing dry nitrogen for 20 min. Dilute this solution to 250 mL with wa-
ter. The hot solution is titrated under flowing nitrogen (Titrierautomat Schott
TPC 2000) with n/100 Ce(SO4)2 solution until the color changes from blue to
yellow. Lead and barium precipitate as sulfates. However, these residues can be
dissolved by treatment with water or diluted nitric acid.

Indicator: ferroine, e.g., tri-1,10-phenanthroline-iron(II) ions. The change of
the oxidation state of iron in the complex caused by the excess of Ce4+ changes
the optical absorption [10].

4.1.3
Nitrido-zeolites

In these microporous frameworks the SiO2 tetrahedra are replaced by PN2
–-

units. The negative framework charge is balanced by different cations located
in the interstitial void volume. Also, anions (Cl–) are included [11]. For in-
stance, a sodalite structure of the formula Zn7[P12N24]Cl2 was synthesized.
Generally, there also exist attempts to replace the atoms of the anionic frame-
work by other elements like As and Sb. Therefore, the importance of analysis
of today’s less common elements in microporous materials will increase in the
near future.

P – N-zeolites are chemically highly resistent and thermally stable. To
avoid the formation of volatile phosphanes, fusion is carried out under ox-
idative conditions with diluted hydrosulphuric acid at 190 ◦C for 2 days in
Teflon-lined autoclaves. Also conc. nitric acid can be used to fuse poorly sol-
uble phosphides, arsenides, antimonides, and sulfides in autoclaves [12].

The oxidative fusion of P – N-zeolites yields ammonium hydrogen phos-
phate. The cation is determined directly in the fusion solution by complex-
ometric titration. Phosphate is determined by the molybdate method. The
nitrogen, now present as ammonium, can be determined photometrically as
indophenol (Berthelot reaction) and the chloride by argentometry.

The discovery of P – N-zeolites is an example of the importance of classical
wet-chemical analysis (standards) for the determination of new compounds,
before routine methods as ICP-AES could be applied.
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4.1.3.1
Determination of Nitrogen by the Berthelot Reaction

In the Berthelot reaction, ammonium ions react with a phenol under suit-
able conditions, giving an indophenol dye. The absorption of the dye appears
in the range of 630–720 nm. The method is sensitive and specific to ammo-
nium ions. Ammonium ions can be directly determined in the stock solution
of the fusion or after pretreatment, such as the Kjeldahl digestion. Solids can
be directly measured after decomposition with acid. The residue is filtered
off before handling. Sodium salicylate and phenol are the phenolic com-
pounds mainly used. Sodium dichloro-S-triazine-2,4,6-trione (NaDDT) or
sodium hypochlorite are used as hypochlorite sources. Sodium nitroprusside
[Fe(CN)5NO]3– is added as a catalyst. The reaction proceeds at 25–100 ◦C and
is sensitive to the pH value. The catalyst stabilizes probably the monochlo-
ramine formed after combining components and takes part in the reaction.
The probable reaction sequence according to Krom [13] is shown in Fig. 1.

Interfering metals are complexed with EDTA. Organic amines depress the
indophenol reaction. In general, interferences are diminished by sample di-
lution. Ammonium exchanged zeolites can be directly determined after acid

Fig. 1 Reaction scheme of the Berthelot reaction [13]
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Table 2 Reagents, final concentrations, and sensitivities (extinction e) of some methods
based on the Berthelot reaction [13]

Phenolic Final conc./ Hypo- Final conc./ Catalyst/ Optimum e′ 104/

compound g L–1 chlorite g L–1 g L–1 pH L mol–1cm–1

Phenol 12 NaOCl 1.0 40 11.3–11.7 1.23
Phenol 5.6 NaOCl 0.167 27 11.4–11.8 2.04
Phenol 8.3 NaOCl 0.22 83 11.5–13.0 0.87
Phenol 0.9 NaOCl 0.004 11 10.4 2.01
Na salicylate 40 NaOCl 0.745 1400 12.0 2.04
Na salicylate 10.2 NaDDT 0.3 72 12.8–13.1 1.87
Na salicylate 17 NaDDT 5.0 120 – 1.23
o-Cl-phenol 0.45 NaOCl 0.045 2 10.5–11.5 2.01

fusion as it was done already with clays [14]. NO3
– and NO2

– can also be
determined if a reduction step is involved prior to analysis [15].

A comprehensive survey of the Berthelot reaction is available [16] that also
summarizes some reaction conditions as given in Table 2.

4.2
Instrumental Methods of Chemical Analysis

Today, atom absorption (AAS) and atom emission spectrometry (AES) as well
as X-ray fluorescence spectrometry (XRF) are most commonly used for elem-
ental analysis of substances in addition to a great variety of different methods
available. All three methods are also suitable for the analysis of microporous
materials. They allow the determination of many different elements known to
constitute the frameworks of microporous and mesoporous materials. Their
sensitivity is high enough to ensure an accurate quantitative determination of
these elements. Due to their practical importance for “zeolite chemists”, these
three methods will be introduced in brief. Prior to analysis, samples have to
be prepared, handled, and fused as described above. For atomic spectrom-
etry, samples are mainly dissolved in concentrated acids and then diluted.
This diluted sample solution is used for AAS and AES. In the case of X-ray
fluorescence determination, samples are fused in melts of lithium tetraborate.

Fusion in Hydrofluoric Acid

Procedures
Transfer ca. 100 mg of the sample into a platinum crucible. Moisten the sam-
ple with conc. sulfuric acid and add 3–5 mL of hydrofluoric acid (40 wt %
in water) drop by drop. Attention, the solution may foam. Heat the solution
until dryness to remove the silicon as volatile SiF4 ↑. Dissolve the residue in



26 H. Kosslick · R. Fricke

Fig. 2 Course of fusion of poorly soluble rare earth-containing samples for ICP-AES de-
termination [24]

hydrochloric acid (1 + 1) and warm a little; if necessary, filtrate the solution.
Transfer this solution into a volumetric flask and make to volume (50 mL).

This solution is used for AAS or ICP-AES determinations of elements, ex-
cept for silicon.

Or, weigh ca. 10 mg into a dry Teflon beaker. Add 5 mL of conc. hydrofluoric
acid. Dilute with water, and then transfer the solution into a Teflon volumet-
ric flask. Rinse the Teflon beaker with a small portion of distilled water and
combine it with the solution. Make to volume.

This solution can be directly used for ICP-AES determination of elements
including silicon, provided the spectrometer is equipped with an HF-resistent
Teflon device. Otherwise, to protect from spectrometer damage, the samples
have to be evaporated until all fluoride is removed (Fig. 2).

4.2.1
Atomic Absorption Spectrometry (AAS)

Nowadays, AAS has obtained a wide range of application in analytical labora-
tories [17–19]. Much methodic work has been done to develop this method:
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spectrometers are cheap in comparison to the other competing methods. Sev-
eral techniques of AAS, which differ in the type of atomization, have been
developed so far. In the hydride-technique, elements are converted to their hy-
dride compounds. It uses the ability of the elements of the IVth, Vth, and VIth
main group of the periodic system of elements to react with “nascent” hydro-
gen. This reaction yields gaseous hydrides, which can be analyzed. Hence, this
method is restricted and used to separate and enrich As, Sb, Bi, Se, Te and
(Sn). The stock solution is combined with a solution of NaBH4. Likewise, Zn
and (hydrochloric) acid are used for the determination of As, Sb, and Se.

To avoid the disadvantage of the flame burner system, the electrical heat-
ing of samples in a graphite-tube furnace, closed and open was developed. It
allows the direct determination of solid samples and is suitable for investiga-
tions combined with other methods. Atomization of a solid sample is realized
in a lightening arc. Graphite, which covers the sample, acts as the electrode.
The cold-vapor technique is applied for the determination of easily volatile
compounds (for example mercury) and shows low sensitivity.

From the different AAS techniques available, flame AAS is the preferen-
tially used method (Fig. 3). It covers the previously mentioned advantages of
AAS and allows the determination of the most interesting elements. The func-
tion of the flame in AAS spectrometry is the atomization of sample solutions.
The sample solution is pneumatically directly sprayed into the flame. Several
flames containing different feeds are used. The flames differ in their tem-
perature. Higher temperatures are especially necessary to atomize less volatile
elements. The AAS spectra of atomized elements are recorded as a function of
the wavenumber. The physical background is as follows:

Light absorption occurs by the excitation of the outer-shell electrons,
which then occupy states of higher energy levels. These excitations are quan-
tified. According to the laws of quantum mechanics, only “discrete” energy
levels can be occupied and hence, only discrete amounts of energy can be
absorbed by the atom. Consequently, the atoms of each element show a char-
acteristic absorption feature with respect to possible excitation energies and
probabilities. As a result, a characteristic atomic absorption spectrum for
each element is registered, which consists of many spectral lines of different
intensities belonging to the possible energetic states and transition probabil-

Fig. 3 Schematic representation of an atom absorption spectrometer [17] 1 – radiation
source, 2 – flame, 3 – monochromator, 4 – detector, 5 – electronics
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ities of electrons. An example for the possible electron transitions from the
ground state to higher energy levels is described in the term scheme (Fig. 4).
The excitation energies of electron transitions in the atoms cover the UV-
Vis range of the electro-magnetic spectrum ranging from far UV to the near
IR (200–1000 nm or 50 000–10 000 cm–1, where 8066.5 cm–1 correspond to an
energy of 1 eV).

The light absorption (A) depends on the specific extinction (absorption)
coefficient of the electron transition (characteristic wavenumber), the con-
centration of the element (c), and the thickness of the sample (d). According

Fig. 4 The energy level diagram for barium [19]
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Table 3 Detection limits of elements (mg L–1) in flame AAS in air/C2H2 or N2O/C2H2

< 0.001 0.001–0.01 0.01–0.1 0.1–1 1–5 > 10

Na, Mg Li, K, Rb, Cs Ba, Al, Ga, In B, Si, Ge, Sn P
Be, Ca, Sr Ni, Mo, Sb, Bi As, Se, Te
Cd, Co, Mn Sc, Ti, V, Pb Y, Zr, Nb, Hg Sn, Ta, W
Zn, Cr, Fe Eu, Er, Ho,Yb Lu, Tb La, Nd, Gd, Pr U
Cu, Ag, Rh Pd, Ru Au, Os, Ir, Pt,

The lower limit of normal detection range is one magnitude larger than the detection
limit. Concentrations may differ by 2 orders of magnitude in AAS, but by 5–7 orders of
magnitude in ICP-AES. As a rule, practically achieved detection limits of AES are similar
to AAS.

to the law of Lambert-Beer, the light absorption at a certain frequency is
proportional to the amount of the considered element in the sample. The
following relation exists between these parameters:

A ≡ log Io/ID = k · c ·d , (9)

with Io – intensity of incoming light (constant wavenumber) and ID – inten-
sity of the transmitted light.
k is the proportionality factor and contains the intrinsic extinction coefficient
and experimentally founded corrections.

Most of the elements can be determined qualitatively as well as quantita-
tively by AAS. The existence of atom-specific absorption lines in the spectra
allows the simultaneous determination of different elements present in the
sample. This is almost ensured in zeolite chemistry, because the sensitivity of
AAS is high compared to the element content in zeolites and the amount of
available sample. This high sensitivity allows the quantitative determination
of elements even of small samples of 50 mg and less. AAS detection limits for
some elements are summarized in Table 3.

To register the whole spectral range of electron transitions, different light
sources are needed. Hence, it is necessary to change light sources during the
measurement or to repeat the measurement if the spectrometer does not al-
low the combined use of different light sources during one run. Distortion of
detection can occur due the superposition of lines.

4.2.2
Atomic Emission Spectrometry (ICP-AES)

In the case of AES [20–24], the intensity of the light emitted by the atoms is
registered. Light emission is caused by the transition of excited electrons from
their different states to the ground state and other low-lying energetic states.
Again, emission lines exist that are characteristic of the elements under study.
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The emission intensity is proportional to the concentration of the element in
the sample and is used for the quantitative determination. However, the over-
all emission intensity depends on the transition probability of electrons from
the ground to the excited state. In AES, the electrons are thermally excited. In
contrast to AAS, the flame or plasma has two functions. First, it is used for
atomization and, secondly, it supplies the energy of excitation. At flame tem-
perature, most of the atoms stay in the ground state, and only a low fraction is
excited. Therefore, in general, AES is expected to be of lower sensitivity than
AAS.

In AES, all elements are excited simultaneously without the need of a light
source. Thus, emission of different elements can easily be registered at the
same time. AES is the method of choice if multi-element analysis has to
be performed. Concentration differences of 5 to 7 orders of magnitude can
be managed. AAS is more suitable for determination of low concentrations,
alkali metals, and single-element analysis and allows the determination of
concentration intervals of 2 to 3 orders of magnitude (linearity of intensity
versus concentration). The present opinion is that optimum results are ob-
tained by the combined use of AAS and AES.

The lower sensitivity of AES can be partially compensated by the use of an
inductive coupled plasma instead of a flame (ICP-AES). It allows a drastic in-
crease of the excitation temperature to 6000–8000 K as shown in Figs. 5 and 6.
At this temperature the gas is converted into the state of a plasma. A plasma is
a lightening-charged gas. This contains atomized elements and also ions and
electrons, but the internal charge is completely balanced. Thus, the plasma
behaves as electroneutral.

In ICP-AES, the liquid fusion solution is sprayed into a stream of argon.
This stream passes the plasma burner. This burner consists of a quartz-glass
tube that is surrounded by a high-frequency induction coil. The flowing gas is
then inductively heated and converted to a plasma state in the tube with the
aid of an HF-generator.

Due to the high temperature in the plasma, elements are more efficiently
excited than in a flame, which leads to a higher sensitivity. Also, hardly ex-
citable elements undergo remarkable excitation and can now be determined.
Another advantage is that the plasma contains only the noble gas as a car-
rier, the fused sample and water, but no oxygen. Therefore, the danger of
the formation of oxides, which hardly undergo dissociation, is low in the
plasma as compared to a flame. Elements with high affinity to oxygen (like
alkaline earth and rare earth metals, boron, silicon and others) can be very
effectively atomized. As ionized atoms absorb and emit radiation at other
wavenumbers than excited atoms, the ionization of atoms in the plasma is
a real source of disturbance. This negative influence is in part overcome by
the addition of ionization buffers like potassium chloride. The high electron
density in the plasma shifts the dissociation equilibrium nearly completely to-
wards the atomic state. Therefore, despite the high plasma temperature, the
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Fig. 5 Schematic diagram of a conventional simultaneous ICP system [21]

Fig. 6 a Approximate temperatures, in Kelvin, in the ICP flame. b Cross section view
of temperature distribution within the ICP flame at varying heights. Sample is injected
through the flattened base of the ICP. The temperature of the injector “tunnel” is sig-
nificantly cooler than the surrounding plasma in the lower regions of the ICP. The
temperature profile broadens out and only high in the tailflame of the ICP does the tem-
perature profile resemble a conventional source, decaying progressively from a central
point [21]
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Table 4 Concentrations (wt %) of elements in stock solutions of zeolite fusions deter-
mined by ICP-AES in two different laboratories

Sample Si Al Na Fe

NaA 16.47 15.06 15.50 14.48 13.00 12.55 0 0
ERI 30.06 – 7.37 7.90 0.06 0.06 0.02 0.03
MOR 35.42 – 5.51 5.80 0.07 0.06 0.05 0.05
HS-30 40.95 – 2.07 2.23 0.07 0.06 0.01 0.01
DAY 42.74 – 0.76 0.36 0.11 0.06 0 0

Table 5 Test of the reproducibility of ICP-AES results obtained by six different groups
participating in a ring analysis of Albtalgranite (DFG-KA 1), oxide content in wt% [23, 24]

Oxide I II III IV V VI x∗ s/%∗∗

Al2O3 15.0 14.8 – 13.7 13.8 13.1 14.1 5.7
Fe2O3 3.09 3.09 – 2.95 3.02 2.87 3.00 3
MgO 1.62 1.61 1.51 1.58 1.56 1.56 1.57 2.6
Na2O 3.39 3.33 3.35 3.36 3.33 3.28 3.34 1.2
K2O 4.56 4.64 4.83 4.60 4.66 4.56 4.64 2.2
TiO2 0.52 0.51 0.52 0.51 0.5 0.5 0.51 2.0

∗ mean value of determination
∗∗ standard deviation (accuracy)

major fraction of elements is not ionized. Only alkaline atoms undergo sub-
stantial dissociation, which explains the lower sensitivity of ICP-AES towards
these elements.

Flame temperature allows only excitations requiring energy equivalent to
visible and near-UV light, but not higher energy excitations which require the
energy of far-UV light quanta.

Analytical results illustrate the accuracy and correctness of AES analysis.
Examples are given in Tables 4 and 5.

4.2.3
X-ray Fluorescence Spectroscopy (XRF)

Nowadays, XRF is a well-established method for the qualitative and quan-
titative analysis of microporous and mesoporous materials [25]. The X-ray
region covers the part of the electromagnetic spectrum between 10 and 100 Å
or 100 to 0.1 keV, respectively, and is neighbored by the UV-region on the low-
energy or long-wavelength side. When X-rays pass matter, their intensity is
attenuated due to the interaction with electron shells of atoms. Three main
processes contribute to this attenuation: photoelectric absorption, inelastic
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(Compton) and elastic (Rayleigh) scattering, and pair production (e – e+,
only by high-energy radiation).

X-ray fluorescence is caused by photoelectric absorption [26–28]. Due
to the interaction of X-rays, electrons are expelled from the inner electron
shells of atoms and leave vacancies. A thus-excited ionized atom is intrinsi-
cally unstable. Immediately, a decay to a more stable electronic state occurs.
The excited atom relaxes by transition of electrons from outer (high-energy)
shells to the vacancy in the lower-energy shell. This electron transition from
a higher to lower energetic state is accompanied by the emission of radia-
tion (Fig. 7). The wavelength of an emitted X-ray quantum is equivalent to
the energy difference between the two states of the electron. Due to the laws
of quantum mechanics, only certain states of energy are allowed for the elec-
trons. As a result, each element exhibits its own characteristic fluorescence
spectrum according to the allowed energetic states of electrons.

The fluorescence spectrum consists of several lines corresponding to the
different possible electron transitions (Fig. 8). The wavenumbers of emitted
X-rays are characteristic of the element, which does not exclude interference
of lines of different elements due to the manifolds of possible electron transi-
tions. Under comparable experimental conditions, the fluorescence intensity
is proportional to the concentration of the element in the sample.

Fig. 7 Generation of the optical spectra and the X-ray spectra for the case of the Cu atoms
(the transitions marked do not appear simultaneously, but in an order in succession) [29]
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Fig. 8 XRF spectrum of SAPO-11 (PVA wafer) [Kosslick, unpublished]. Fixed conditions:
very light elements, acquisition lifetime = 40.0 s, realtime = 74.5 s, tube current = 900 µA

The probability that a certain transition will occur is governed by quantum
chemical selection rules. Therefore, X-ray lines of an element differ in inten-
sity. Within a series of lines (transitions of electrons from different excited
states to one energetic level as the K, L, M, etc. shell) (Fig. 9), the fluores-
cence yield increases with the atomic number Z. Hence, atoms with Z < 11
are hardly detected by XRF. Within a series of lines of one element, the line
intensity decreases in the order K > L > M series, i.e., the energetically next
higher electrons with respect to the vacancy show the largest transition prob-
ability to the electron vacancy. Therefore, these lines are preferentially used
for quantitative determination if no interferences require the choice of other
lines. Generally, the excitation radiation must possess an energy greater than
the threshold value ranging from 1 to 20–30 keV.

X-ray fluorescence yields are lower than unity due to simultaneously
proceeding competing processes mentioned above. Additionally, the Auger-
electron emission affects fluorescence yields. It is caused by the absorption
of radiated fluorescence by outer-shell electrons of the same atom, which are
than expelled. This process becomes increasingly important for lighter elem-
ents and prevents their XRF detection.

The X-ray fluorescence can either be detected in a wavelength dispersive
(WD) or energy dispersive (ED) mode. In WD detection, the collected flu-
orescence radiation is diffracted and the radiation intensity is analyzed as
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Fig. 9 Electron transitions of the K, L, M line series

a function of the wavelength. It operates like a usual spectrometer. ED is of
high sensitivity, precision, and allows the simultaneous detection of a variety
of elements. Routine spectrometers use this technique.

In ED detection, the whole fluorescence intensity (independent of the
wavelength of X-ray photons) is registered by a semi-conductor detector. The
differentiation of the different wavelengths is made electronically on the basis
of the different energies. ED allows on-line identification and determination
of a variety of elements in a few seconds. However, lower spectral resolution
and stronger background effects decrease the accuracy. ED is used in electron
probe micro analysis (EPMA), because it is a simple small volume equipment
and is preferred when semi-quantitative analysis is required.

Interferences may disturb the determination. Scattering of exciting X-rays
may give rise to enhanced background signals. Also, matrix effects can occur
due to different penetration depths of X-rays in different materials. Their
magnitudes differ with the elemental composition and the structure/state of
material.

Nowadays, the intensity of lines of X-ray fluorescence spectra can be math-
ematically calculated based on physical models of the whole fluorescence pro-
cess with high accuracy. In principle, this fundamental approach allows the
direct prediction of sample composition without any standard or reference.
However, each material, matrix and composition requires an independent cal-
culation. Therefore, empirical matrix corrections and calibrations of signal
intensities by reference samples of known composition are used in routine
analysis of different samples. This is connected with a loss in accuracy but
enhances the reliability.

Calibration of the spectrometer takes place with reference samples of
known composition that contain the same elements as the stock material in
desired concentrations. Several reference samples are prepared by mixing the
appropriate amounts of standard materials. Due to high concentration and
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presence of various elements, the X-ray fluorescence intensity is no longer lin-
early proportional to the element content. A correction is therefore necessary
by using a series of reference samples of different composition.

After calibration of the spectrometer, knowing the loss of ignition and ex-
act sample weight, a direct quantitative determination of elements is possible.
The detection limit of most elements is ca. 1–10 ppm [30]. The accuracy de-
scribed by statistical data evaluation is 0.1–1%. The correctness, based on
comparison with reference samples, is better than 0.5%. Determinations close
to the detection limit of an element are connected with lower accuracies of
4–10% (standard deviation).

4.2.3.1
Sample Preparation

Direct determination. The composition of metals and alloys can be directly
determined from samples without the use of an additional support. Also,
wafers of microcrystalline samples can be determined directly without loss of
substance. However, it is our experience that matrix effects become more im-
portant due to different structures and compositions of materials as well as
textural effects. This leads to a substantial loss of accuracy.

Determination in polyvinyl alcohol (PVA) matrix. PVA wafers can be easily
and rapidly prepared. Since the microcrystalline sample is not fused, matrix
effects render more difficult the use of standards and the direct comparison
of results obtained for different zeolites. PVA wafers can be successfully ap-
plied for the determination of the constituents of zeolites modified by ion
exchange, where the fluorescence intensities of lines of zeolite framework
constituents can be used as internal standard. Another requirement is the
homogeneity of the sample, i.e., the element distribution.

In this way, we have determined the cation composition of alkaline- and
alkaline earth-exchanged A-type zeolites. Wet-chemically analyzed A-type
zeolites were used as standards. The relative standard deviation even for the
less sensitive sodium was better than 3%. The fluorescence intensity was di-
rectly proportional to the concentration of the element in the wafer.

Glassy lithium tetraborate matrix. Fusion in lithium tetraborate allows
complete dissolution of solid samples. Elements are homogeneously dis-
tributed in the wafer and embedded in a unique matrix due to the high
complexing ability of the surrounding borate. Therefore, high accuracy deter-
minations of elements are possible using this fusion technique.

Procedures

Preparation of PVA Wafers
Grind 0.25–0.5 g of the sample in an agate mortar and mix with 2–5 g of PVA.
Grind again for 10 min until the mixture is homogeneous. Press a pellet by in-
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creasing the pressure to 160–180 bar, maintain for a minute and release the
pressure slowly.

Preparation of Glassy Lithium Tetraborate Wafers
Mix 0.5 g of the sample with 6.0 g of Li2B4O7 and grind in an agate mortar to
homogeneity for ca. 10 min. Use a platinum crucible. For preparation of wafers
(easy removal of wafers), the crucible should have a diameter of ca. 3–5 cm
on the ground and the walls should have an opening angle of ca. 30 deg with
respect to the ground. Add a drop of ammonium bromide solution (10% in
water) into the empty platinum crucible and add the mixture to be analyzed.
Shake a little to obtain a smooth surface and an equal sample thickness. Trans-
fer this mixture into an electric furnace and heat to 1050 ◦C (red-hot). Remove
after every 3 min using an extra-long platinum-tipped tongs (use heat-resistant
gloves) and slew with care (keep slanting in each direction slowly and back
fast) to remove air bubbles. Thereafter, remove from the furnace and cool the
crucible by standing on a plate. Remove the wafer by shaking while slightly
tapping.

5
Determination of Anions

Some anions such as fluoride, chloride, bromide, sulphate can be detected by
XRF. Halogenides can also be determined gravimetrically by precipitation of
their silver salts or by argentometry.

Procedure
Add a 0.1 normal silver nitrate standard solution in excess to the stock solu-
tion. Filtrate or centrifugate the solution and back-titrate the non-precipitated
silver with 0.1 N solution of NaCl. The colloidal silver halogenide coagulates
at the end-point of filtration (Gay-Lussac). Or, back-titrate with ammonium
rhodanide and use some drops of ammonium iron(III)sulphate acidified with
nitric acid as indicator:

AgNO3 + NH4CNS → NH4NO3 + AgCNS ↓ (10)

After the silver is fully consumed, the red-brown color of formed Fe(CNS)3
indicates the end of the titration. Alternatively, use dyes like eosine or fluores-
ceine as indicators. The precipitating colloidal silver halogenide interacts with
the dye and influences its color.

Sulphate can be determined gravimetrically as BaSO4 ↓. Nitrate can be de-
termined by the Berthelot reaction after reduction to ammonia (vide supra,
4.15). Complex oxidic anions like phosphate, tungstate, molybdate, etc., can
be detected spectrophotometrically (compare Sect. 4.1.2).

Another elegant method for the determination of anions and also cations
uses ion chromatography [31]. In general, ion chromatography represents
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Fig. 10 The sensitivity of the conductivity detection is shown by the ion chromatograms
for the lower (a) and the upper (b) limiting range [32]

a liquid-chromatographic separation often carried out under enhanced pres-
sure (HPLC-conditions) (Fig. 10). The column contains a silica-support that
is coated with an organic ion exchanger. Water and other solvents can be
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used as carriers and aromatic carboxylic acids like benzoic acid, salicylic
acid, citric acid, boric acid/mannite, phthalic acid, etc., as eluents. The
detection is carried out either conductometrically or by higher-sensitivity
UV- and amperometric (AgCl-electrode) detectors. Ionic chromatography
is routinely used for the determination of F, Cl, Br, J, NO2, NO3, phos-
phate, sulphate, thiosulphate, rhodanide, chromate, borate, BF4

– and others
in water. Also, alkaline and alkaline earth ions as well as ammonium and
Mn, etc., can be determined with high accuracy. The detection limits using
conductometric detection lie in the range from 10 to 100 µg/L. Linear
signal intensity vs. concentration dependencies are found in the concen-
tration range between 0.5 and 100 mg/L. The application of this method
for zeolitic ion and anion analysis requires the separation of the con-
sidered ions from framework components, templates, and excess elements
because they enhance the background and cause interferences. Notwith-
standing, the method requires the use of accurate standards and blank
measurements.

6
Determination of Organic Inclusions

The synthesis of new types of microporous materials using organics as
templates but also the field of new applications of zeolites, where organic
molecules of specific properties are embedded in the microporous structures,
requires the quantitative determination of organics in these types of mate-
rials. The loss of ignition, sufficient for the determination of zeolitic water
of organic-free zeolites like LTA, FAU, MOR and other aluminum-rich struc-
ture types, does not allow to separate exactly the water and organic content.
Separation and quantitative determination is possible by extraction after dis-
solving the zeolite, by CHN analysis and thermal analysis. In principle, all the
three methods can give reliable and equivalent results.

Extraction

Procedure
Dissolve 0.1–1 g of the microcrystalline material in 20–50 mL of 0.1 M hy-
drochloric acid or 10–20 mL diluted or concentrated hydrofluoric acid at room
temperature under magnetic stirring. Neutralize with sodium hydroxide or
ammonia solution. Extract the resulting solution three times with 100 mL of
toluene or chloroform or another suitable solvent. Evaporate the solvent and
weigh the organic residue.

Results are in good agreement with CHN analysis provided the organic is
soluble in the solvent and does not undergo side reactions, such as polymer-
ization, or forms poorly soluble carbocations.
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CHN-Analysis

Typically, 0.1–1 mg of sample of known loss of ignition are transferred into
a stannum container that is brought into a combustion tube. The sample
is heated to 1030 ◦C in a helium flow and subjected to a flush-combustion
by injecting 5 mL of pure oxygen into the helium carrier gas. The heat of
combustion increases the actual temperature of the sample to ca. 1700 ◦C, en-
suring total sample decomposition and oxidation of included organics as well
as water desorption and dehydroxylation of silanol groups. Combustion gases
pass an oxidation tube (e.g., doped with Co3O4/Cr2O3/Ag) and, thereafter,
a Cu reduction tube. The formed H2O vapor, CO2, and N2 is separated in
a GC column filled with Poropack QS. A heat conductivity detector is used for
registration.

Thermal analysis

In the TG-DTA experiment, the sample is subjected to temperature-pro-
grammed heating in air (or argon) in order to thermally desorb water and de-
compose organic compounds [33–36]. TG can also be coupled with gas chro-
matography, mass spectrometry, and IR spectroscopy [37]. Water desorption
and decomposition of different organics proceed at different temperatures
giving rise to characteristic weight losses (steps in the TG curve), which can
be easily quantified. Loosely bound water of template-containing zeolites de-
sorbs on heating up to ca. 150 ◦C.

Water desorption is a strong endothermic process, whereas oxidative tem-
plate decomposition/desorption is exothermic above 300 ◦C. Therefore, the

Fig. 11 TG-DTA curves of N-methylindolizine on zeolite NaX [Kosslick, unpublished]
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simultaneous registration of the DTA signal gives additional hints for the as-
signment of weight losses observed in the TG curve to different contained
compounds (Fig. 11).

The sample is heated to 800 ◦C to ensure complete decomposition and de-
sorption of the organic. Modern TG-DTA devices need ca. 10 mg of sample
for analysis at a heating rate of 10 K min–1. Otherwise, a sample weight of
ca. 100 mg and a heating rate of 5 K min–1 is chosen. Normally, the meas-
urement is carried out in air. Problems may arise with extra-large crystals
of a size > 20 µm and unidimensional pore systems, e.g., SAPO-5, ZSM-12.
Here, the oxidative decomposition of the organic may lead to the formation
of stable coke species, which can be hardly removed from the pores. We have
observed an underestimation of up to 20 wt % of organic in the system n-
propylamine/AlPO-5 using air as a carrier gas. The use of argon diminishes
coke formation drastically. The presence of structural defects leading to in-
ternal pore blocking may also affect thermoanalytical results. In this case, the
sample has to be decomposed.

7
Differentiation Between Framework and Non-Framework Species

Within a sample, elements may be distributed in different ways. Differences
in element distribution may occur in the outer and inner parts of a crystal
caused by changes of the gel composition during the course of crystallization.
Crystals of different size and composition may be formed.

Most interesting is the location of elements at framework and non-
framework sites. Non-framework species may be ionic or neutral, highly
dispersed in the channels and cavities of the crystal lattice, or located outside
the crystals as extra-particles or located at the crystal surface. Extra- or non-
framework species may have an important impact on the catalytic properties
of samples. They may carry different types of acid sites. The substitution of
4-valent framework atoms like Si by 3-valent atoms like Al, Ga, Fe leaves one
excess negative charge in the framework per substituted atom. This charge
can be compensated by one proton that acts as a Brønsted acid site. The same
happens by substitution of Al or Ga in frameworks of AlPOs and GaPOs by
2-valent cations. The catalytic properties of microporous materials are deter-
mined to a large extent by the Si/Me(III) framework ratio of silicates or the
Me(III)/Me(II) framework ratios of alumino- and gallophosphates.

The total content of elements is not sufficient for characterization because
extra-framework species are also often present. Extra-framework species may
act as Lewis acid sites, redox-centers, or be involved in hydrogen-transfer re-
actions. For example, non-framework gallium species play an important role
in the aromatization of hydrocarbons. In contrast, in the case of Ti-zeolites, it
is framework titanium that is assumed to be the active oxidation site.
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Other examples are the tuning of acidity of Y-type zeolites by dealumi-
nation or the creation of “super-acid” sites by mild steaming. Therefore, it
is of considerable interest to determine the metal location in microporous
materials in a simple way to support the catalyst manufacturing process.

The relation between framework and non-framework species is obtained
by comparison with the total metal content of the sample.

7.1
Framework Composition

7.1.1
Cation Exchange

A suitable method for the determination of the content of substituting atoms
that cause negative charges in the framework is the cation exchange. The
number of exchangeable cations is directly related to the content of substi-
tuting framework atoms. However, elements that leave no framework charge
after incorporation into framework sites are not detectable. This happens if
interchanged framework atoms have the same charge, i.e., substitution of Si
by Ti(IV), or by incorporation of Me(III) atoms into Q3 groups in silicates.
In the latter case, the charge is balanced by the release of a hydroxyl group,
which may schematically described as follows:

3[(SiO)3SiOH] + MIIICl3 → 3[(SiO)3SiO]MIII + 3HCl (11)

Cation exchange can be carried out continuously by steady flow exchange, or
discontinuously in a batch-exchange, whereby the exchange solution is sev-
eral times replaced by new solution.

Due to the different site selectivity and possible ion sieving effects of mi-
croporous materials, the ions used should fulfill some criteria: In general, the
cation should be able to penetrate the crystal. In addition, inner sites (sodalite
cage) should be accessible. The cation should fit well into the oxygen rings
and should have a high affinity to these sites in competition with other cations
(at least if it is offered in excess). The cation should be stable against hydro-
lysis. In practice, ammonium ion exchange and cation exchange with sodium
and potassium are used. The achievement of complete cation exchange has to
be checked independently by chemical analysis.

Ammonium Exchange

Procedure (see Fig. 12)
Arrange a set of devices according to Fig. 12. Put 0.5–2 g of the zeolite on a frit
within the glass mat and cover it with a PTFE sieve. Position the tube of the
dropper funnel so that it touches the ground of the sieve. Place a Pt electrode
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Fig. 12 Apparatus for continuous NH4 ion exchange (according to H.-G. Jerschkewitz,
private communication)

into the exchange solution and connect it through a relay with the heating of
the furnace (or a water thermostat).

Fill the mat wholly with the exchange solution by opening of the tap. Close
the tap again. Heat the exchange solution up to 70–80 ◦C.

This arrangement allows the overnight use of the apparatus. While the
exchange solution flows through the mat, new solution is supplied “automati-
cally” from the funnel whenever the solution level drops under the opening
of the tube. After consumption of the exchange solution, the furnace or
other heating devices are automatically switched off via the relay. The funnel
tube should have an opening of 7–8 mm and its end should be sloped. The
exchange is carried out with a 0.2 M solution of ammonium acetate. Approxi-
mately 250 mL exchange solution pass the sample over 4–6 h.

After exchange, wash the sample and dry at 120 ◦C. Determine the ammo-
nium content by Kjeldahl distillation with 2 M solution of sodium hydroxide.
The overdistilled ammonia is determined by titration. Simultaneously, deter-
mine the silicon (silicates) or Al, Ga content (alumino-or gallophosphates). The
ammonium content can also be determined by TPD or CHN analysis.

This method was applied for the determination of the Si/Al ratio of
medium- to large-pore zeolites such as ZSM-5, mordenite, ZSM-12, and Y-
type zeolites [38, 39]. For medium-pore zeolites, this method operates quan-
titatively. For the large-pore and open faujasites and ZSM-20, a system-
atic underestimation of 30–40% of sites was found, which gave too high
silicon-to-aluminum ratios [40]. An ammonium ion exchange capacity of
only 1.7 mmol g–1 was found for zeolite ZSM-20, however, 29Si NMR data gave
an Si/Al ratio of 4.3 (3.14 mmol g–1 Al). Obviously, the exchange was not
complete. Complete ammonium exchange in the small sodalite cages is only
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achieved by repeated refluxing with 0.5 M of ammonium nitrate solution. At
least three exchanges are necessary for zeolite ZSM-20 to remove also hardly
accessible inner cations. The last exchange is carried out with diluted solu-
tion to remove occluded excess ammonium from the cavities. Thereafter, the
sample is washed (stirred) three times with warm water and filtered off or
centrifuged.

Alkaline Cation Exchange

Procedure
Stir 100 mg of sample with 10 mL of a 0.1 M solution of sodium or potassium
chloride at 60–80 ◦C or heat under reflux in a micro-apparatus for 1 h. Offer
3–5 times new exchange solution. Filter off or centrifuge the residue and wash
repeatedly with small portions of deionized water to remove excess salts. Dry
the sample and analyze the cation content after fusion. The concentration of
the exchange solution should not be higher to avoid salt inclusions.

7.1.2
Temperature-Programmed Desorption (TPD) of Test Molecules

Ammonia

TPD of ammonia (NH3-TPD) and FTIR-TPD have been successfully ap-
plied to the evaluation of nature and concentration of acid sites (Lewis or
Brønsted) of metal-substituted micro- and mesoporous molecular sieves and
zeolites [41–44] (see also Volume 6, Chapter 4). Ammonia reacts stoichiomet-
rically with the protons of Brønsted sites:

Z – H + NH3 → Z–NH4
+ (12)

The use of this method requires fully ion exchanged zeolites to give correct
results on framework Me-content.

NH3-TPD

Procedure
0.2–0.5 g of the H-form of the sample are placed in a reactor tube. Adsorbed
water is removed by heating the sample in a stream of pure helium up to the fi-
nal temperature of the TPD run (400–500 ◦C) with a heating rate of 10 K min–1

and a gas flow of ca. 2.5 L h–1. After cooling to 100 ◦C, the sample is saturated
with ammonia in a helium stream containing ca. 3 vol % NH3, which requires
20–60 min. The sample is then flushed with pure helium at 120 ◦C for 2–3 h
to remove physisorbed and weakly bound ammonia. Under these conditions,
complete desorption of NH3 from silanol groups is achieved (blank test with
Aerosil). The TPD run starts with a heating rate of typically 10 K min–1. Am-
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monia desorption is followed by a thermal conductivity detector. The desorbed
ammonia is trapped in 0.01–0.1 N H2SO4 and determined by titration.

Representative TPD profiles of microporous materials are shown in Fig. 13.
Using TPD of test molecules like ammonia requires some care because de-
sorption of weakly bound species may overlap with the decomposition of the
stoichiometric complex, i.e., the decomposition of ammonium ions occurs.
Another difficulty may arise by adsorption of ammonia on strong Lewis sites
that cannot be differentiated by the NH3-TPD profile alone. This leads to an
overestimation of the Me(III) framework content. On the other hand, ammo-
nia might be desorbed from weak Brønsted sites at low temperature in open
pore zeolites like faujasites.

Quantitatively correct results are obtained for medium-pore zeolites like
ZSM-5, ZSM-12, and large-pore mordenite and SAPO-5 [45]. The TPD pro-
file of these materials consists of a low and a high temperature peak (LTP and
HTP, respectively). The LTP area corresponds to ammonia weakly bound to
Lewis sites, the HTP area to ammonia desorbed from Me-framework sites giv-
ing rise to Brønsted acidity. LTP and HTP ammonia can be separated using
a temperature ramp in the desorption run near the minimum of the de-
sorption profile between LTP and HTP. A simple graphical evaluation leads
to similar results. Comparison with the chemical composition of Al-ZSM-5

Fig. 13 TPD of ammonia (TPDA) plots of the isomorphously substituted ZSM-5 samples
(full lines) and decomposition plots of the ammonium form of In- and B-ZSM-5 (dashed
lines) recorded at continuous heating (heating rate 10 K/min) [45]
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containing only framework aluminum confirms the potential of the method.
Absence of Lewis-type aluminum-containing sites was checked by FTIR of
ammonia. The presence of strong Lewis sites has to be independently checked
by IR spectra of adsorbed NH3 or pyridine. In the TPD run, strong Lewis
sites release ammonia above 500 ◦C which results in an overlap with the HTP
arising from strong Brønsted acidity.

A linear correlation exists between NH3 desorption in the NH3-TPD run
and the FTIR-TPD profile of ammonium ions of fully loaded dealuminated
faujasite type zeolites and the intergrowth ZSM-20 [46] (Fig. 14).

However, a systematic underestimation by ca. 30–40% of the Al frame-
work content by quantitative evaluation of desorbed ammonia of ca. 30–45%
is observed resulting in apparently increased Si/Al ratios [46, 47]. The am-
monia adsorption capacity determined by TPD was 1.7 and 2.6 mmol g–1 for
H-ZSM-20 and HY, respectively (Fig. 15). The corresponding 29Si NMR data
were 3.14 and 4.17 mmol g–1 framework Al. The reason for these differences

Fig. 14 Correlation between the amount of NH3 desorbed during TPD and the normal-
ized integrated absorbance of the NH3 bending modes in the region between 1300 and
1700 cm–1 [46]. Samples: a US-Ex: NaY twofold exchanged, steamed and extracted with
HCl, b US-Ex(C): sample a additionally calcined at 800 ◦C in air, c US-Ex(CE): sample
b EFAL species were additionally extracted by HCl, d DAY (Degussa), e ZSM-20: synthesis
conditions see [46]
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Fig. 15 TPDA profiles of the HZSM-20 and HY samples (heating rate 10 K/min) [47]

is the weak bonding of ammonium ions located in the large cavities [48].
Complete coverage is achieved only after contacting faujasites with pure am-
monia at atmospheric pressure [49]. In contrast to medium-pore zeolites,
the whole desorption profile corresponds to Brønsted ammonia. In a similar
way, several authors have recently used this technique for the characteri-
zation of, e.g., acidic OH groups in zeolites of different types [50], cubic
mesoporous aluminosilicates [51], or lanthanum-containing mesoporous alu-
minosilicates [52].

In summary, ammonia TPD is a useful method for the determination of
framework metals that give rise to Brønsted acid sites. However, features like
incomplete coverage of sites, overlap of different desorption peaks corres-
ponding to different sites, and contribution of strong Lewis sites have to be
taken into account.

n-Propylamine

Gorte et al. [53, 54] have shown that well-defined adsorption complexes, cor-
responding to one molecule per framework Me(III), can be observed for
a range of simple organic molecules in substituted zeolites. For instance, in
the case of 2-propanol and propylamine, molecules in excess of one/Me(III)
can be removed unreacted by evacuation or heating to low temperature.
However, molecules associated with framework Me(III) in 1 : 1 stoichiometry
desorb in the TPD run as propene and water or ammonia at ca. 132 ◦C. This
loss is easily detected in the TPD apparatus or on a thermobalance coupled
with a mass spectrometer. Different medium-pore Al-containing zeolites and
also silica-rich B, Al, Ga, and Fe-ZSM-5 were tested (Fig. 16).
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Fig. 16 TGA results (above) for 2-propanamine on H-[Ga]-ZSM-5 (full line) and ZSM-5
(SiO2/Al2O3 = 880) (dashed line) along with TPD results for the same samples (below).
On both samples, weakly adsorbed 2-propanamine (m/e = 44) desorbed unreacted at low
temperatures. On H-[Ga]-ZSM-5, a second desorption feature, corresponding to a cover-
age of one molecule/Ga, desorbed as propene (m/e = 41) and ammonia (m/e = 17) [54]

The H-form of zeolites was prepared by exhaustive ion exchange with am-
monium nitrate solution. The dried ammonium-exchanged zeolite was heated
in a vacuum to 425 ◦C. Then, 17 mg of the zeolite in the H-form were spread over
the flat sample pan of a microbalance to avoid bed effects in ad- and desorption.
The heating rate for the TPD-TGA experiments was maintained at 10 K min–1.
The TPD-TGA experiments were carried out simultaneously in a high-vacuum
chamber equipped with a microbalance and a mass spectrometer. The sample
was activated at 400 ◦C in vacuum, cooled down and exposed to 0.4 to 2 kPa
of the adsorbate of interest at 22 ◦C for 5 min. After exposure, the samples
were evacuated and TPD-TGA measurements were performed. The saturation
uptakes were 11–12 g per 100 g for 2-propanol and 6–11.5 g per 100 g for 2-
propanamine. Unreacted 2-propanamine desorbs in a separate desorption step
below 130 ◦C. 2-propanamine in excess was very difficult to remove by evac-
uation at room temperature and coverages higher than one/Ga were always
present at the beginning of the desorption run.

Adsorption of ammonia, 2-propanol, and 2-propanamine provide a conve-
nient way to identify framework Me(III) atoms in high-silicon zeolites. The
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adsorption of these molecules appears to be insensitive to gallium outside the
zeolite framework.

One difficulty in using TPD to determine site concentrations is that de-
sorption of weakly bound species may overlap with the decomposition of the
stoichiometric complex, as was found for ammonia and 2-propanol. The pres-
ence of the 1 : 1 complex was easiest to quantify with 2-propanamine in that
this complex desorbs at a considerable higher temperature (330–380 ◦C) than
is observed for physically adsorbed species (130 ◦C). Additionally, Brønsted
sites catalyze the decomposition of 2-propanol and 2-propanamine.

7.1.3
Lattice Expansion

Due to the different sizes of atoms and ions (Table 6), the isomorphous sub-
stitution of framework atoms by atoms of other elements leads to changes of
the mean T – O distances in the framework which affect the wavenumbers of
lattice vibrations and the unit cell parameters (see also Volume 2, Chapter 1
and Volume 4, Chapter 1 of the present series).

If the stress introduced by incorporated metal atoms is (in part) compen-
sated by changes of T – O – T angles and tetrahedra tilting, the mean change
in the T – O distances becomes smaller or even zero [57]. Resulting effects
on the wavenumber shift of vibration bands and lattice parameters become
smaller, if any change is observed. With ZSM-5 and MeAPOs, changes in unit

Table 6 Electronegativities, ionic radii, and radii ratios of substituting atoms after Allred
et al. a, Pauling b, Shannon et al. c, and Behrens et al. d

Element Electronegativity Radius c/Å Distance/Å Radius ratio
Allred Pauling rz+

Me r ∗
Me-O Q = rMe/r2–

O

Si4+ 1.74 1.90 0.26 1.62 0.2
B3+ 2.01 2.04 0.11 1.47 0.08
Al3+ 1.47 1.61 0.39 1.75 0.29
Ga3+ 1.82 1.81 0.47 1.83 0.35
Fe3+ 1.64 1.83 0.47 d 1.83 d 0.35
In3+ 1.49 1.78 0.62 1.98 0.46

∗ for r2–
O = 1.36 Å

a Allred AL, Rochow EG (1958) J Inorg Nucl Chem 5:264; E.J. Little, Jr EJ., Jones MM
(1960) J Chem Educ 37:231;
b Pauling L (1967) The Nature of the Chemical Bond, 3rd edn. Cornell Univ. Press, Ithaka,
New York;
c Shannon RD, Prewitt CT Acta Crystallogr B25:1046 and B26:925; Shannon RD Acta Crys-
tallogr A32:751;
d Behrens P, Kosslick H, Tuan VA, Fröba M, Neissendorfer F (1995) Microporous Mater 3:433
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cell parameters and wavenumbers of lattice vibrations are not unambiguously
related to the framework composition.

In conclusion, relationships found in some zeolites can hardly be applied
to other zeolite structures without detailed verifying that their validity is
maintained. Considering the variety of zeolite structures known today, there
is no general answer to the question of how to monitor quantitatively (and
also qualitatively) the framework atom substitution.

Relationships between composition, unit cell parameters and wavenum-
bers of lattice vibrations were preferentially established for sodium-exchanged
hydrated zeolites. It is worth mentioning that different cations and states of
hydration may cause considerable deviations from these relationships. Due
to electrostatic cation-framework interaction and hydrogen-bonding of wa-
ter with the framework oxygen atoms as well as of hydration of cations, the
framework is distorted in different ways [58].

IR Lattice Vibration Spectra

The IR lattice vibration spectra of crystalline microporous materials in the
spectral range of 1200–400 cm–1 consist of four main absorptions. The ab-
sorption bands in the range of 1200–900 cm–1 are assigned to anti-symmetric
T – O – T stretching vibrations (T = P, Si, Ge, Al, Ga, Mg etc.), the absorption
near 800 cm–1 to symmetric T – O – T vibrations. A band at 600–500 cm–1 is
assumed to correspond to a structural sensitive framework vibration (double-
ring bands). The absorption band of TO4 bending modes appears at ca.
450 cm–1. These bands shift with changes in the mean T – O distances after
substitution [59]. It could be shown that there exists a relationship between

Fig. 17 Dependence of the unit cell volume (Vu.c.) and the wavenumber of the asymmetric
T – O – T vibration band on the germanium content of calcined Ge-ZSM-5 [56]
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the wavenumber of a specific absorption band and the number of substituted
atoms for some zeolites [60]. This relationship allows the accurate determin-
ation of Si/Al framework ratios (Fig. 17). The best results were obtained for
the shift of the symmetric T – O – T vibration, because this band is relatively
narrow allowing a precise determination of the wavenumber. Of course, low
degrees of substitution cause only small band shifts. Therefore, the estima-
tion of high Si/Me ratios from lattice IR spectra is highly doubtful, especially,
if broad absorption bands complicate the accurate determination of the loca-
tion of the band maximum.

Quantitative evaluation is possible in the Si/Al range from 1 to 10–20.
However, most experience in the use of IR data for the determination of the
framework composition is based on results obtained for faujasite type zeo-
lites where substitution changes cause changes in the mean T – O distance.
The wavenumbers ν of the anti-symmetric (νas) and symmetric (νs) lattice vi-
brations depend on the number of aluminum framework atoms NAl the in the
following way [61]:

NAl = 0.766(1086 – νas) and (13)

NAl = 1007(838 – νs) . (14)

In contrast, quantitative substitution of Si by Ge in the framework of zeolite
ZSM-5 causes only comparatively low changes of IR data (Fig. 17). Instead of
a wavenumber shift, the appearance of decoupled Si – O – Ge vibrations was
observed.

Unit Cell Parameters (XRD)

The change of lattice parameters allows the accurate determination of the
framework composition of faujasites [60, 62, 63]. Recently, a similar relation-
ship was found for Ti-substituted silicalites [64]:

Vu.c. = 2110.4x + 5339 (15)

where Vu.c. is the unit cell volume and [xTiO2·(1 – x)SiO2] the framework
composition. It was based on the assumption that all titanium is incorporated
into the framework until the reflections of anatase appear in the XRD pat-
tern. Maximum lattice expansion is found for a Ti content of 2.5% (Vu.c. ca.
3396 Å3). However, a similar maximum expansion of 3400 Å3 was found for
a titanium content of only about 1% [65].

Although relationships such those as indicated above were reported
for high-silicon zeolites like substituted ZSM-5, a comparison of well-
characterized substituted Al-, Ga- and Ge-ZSM-5 [56, 66] showed that these
relationships cannot unambiguously be used for these types of zeolites. In
some cases, a decrease in the unit cell volume was observed for Ga-ZSM-5
with increasing framework gallium content.
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Using X-ray powder diffraction and EXAFS, the influence of the cation
loading and the ion exchange with Mg on the symmetry of the crystal lattice
and on the unit cell as well as on crystal structure parameters of a FER zeolite
has been studied [67]. It could be shown that after cation exchange the space
group changed from P21/n to Imnm in the as-synthesized form. A linear in-
crease of the unit cell parameters with growing extent of Mg exchange could
be proved by the authors.

7.1.4
Solid-State MAS NMR

At present, solid-state NMR measurements are possible of nuclei of the main
framework components of microporous materials, i.e., 29Si, 31P, 27Al, 71Ga,
11B, 17O together with a series of other elements, which are in part present
as cations [68]. Some of these nuclei, however, exhibit only a low relative
abundance (e.g., 17O). Others carry a quadrupole moment giving rise to large
line-broadening effects, which makes their evaluation difficult. Therefore, the
number of routinely studied nuclei is relatively small and most studies deal
with Si, P, B, Al, and, more recently, with Ga (compare, however, also Vol-
ume 4, Chapter 2 of the present series).

The application of magic angle spinning (MAS) technique allows to di-
minish line broadening caused mainly by chemical shift anisotropies of the
29Si nucleus. But also dipolar interactions between the Si-nucleus and other
framework atoms may contribute to line broadening. Highly resolved 29Si
NMR spectra with narrow Si-signals are obtained under the essential appli-
cation of magic angle spinning. The 29Si chemical shift values depend on the
effective charge of the considered Si-nucleus or on the electronegativity of
its ligands [68–71]. Therefore, the connectivity of the SiO4 tetrahedra in the
framework and the number and kind of T-atoms bound via oxygen-bridges
to the silicon atoms affect the chemical shift of silicon. As a result, separate
29Si-signals appear in the 29Si-NMR spectrum belonging to differently bound
framework silicon atoms (e.g., Si(nAl), n = 0–4) (Fig. 18). Similar shifts were
observed after Ga-substitution [74, 75]. In practice, a distribution of chem-
ical shift values of Si-nuclei of the same nearest neighbors are observed for
different types of zeolites because changes of the Si – O – T angles and Si – O
distances also modify the location of the Si-NMR signals. The electronega-
tivity of the bridging oxygen atoms increases with increasing Si – O – T angle
and decreasing Si – O distance.

From the intensity ratio of signals belonging to different types of silicon,
the Si/Al framework ratio of metal silicate zeolites can be determined:

Si/Al =
∑

In/
∑

0.25nIn , (16)

with



Chemical Analysis of Molecular Sieves 53

Fig. 18 Chemical shift range of 29Si-NMR in dependence on the second-neighbor environ-
ment of silicon [68]

In – intensities of the Si (nAl) peaks and summation from n = 0 to n = 4.
This relation is independent of the zeolite structure type. For the deter-

mination of the Si/Al ratio, spectra have to be decomposed to determine the
intensities of the different signals. Since, however, the spectra may be simu-
lated by different models (the summary of different lines and line intensities),
the determination of Me framework content of silicate zeolites becomes in-
creasingly more difficult for Si/Me ratios larger than 10, and the results may
contain a systematic error.

Signal broadening due to framework distortions or the existence of dif-
ferent crystallographic sites of identical environment and interference with
Q3 signals of (SiO)3SiOH groups, which appear at ca. – 103 ppm refer-
enced to TMS, may render the evaluation of the framework composition
of high-silicon zeolites difficult. For instance, the signal at – 106 ppm in
the Si-NMR spectrum of Ga-ZSM-5 did not change although the gallium
framework content was altered considerably [76]. The reason was the over-
lapping of the Si(1Ga) signal with the signal of the internal silanol groups
located at – 103 to – 105 ppm, which increases with decreasing gallium con-
tent (Fig. 19).

The 100% natural abundance of the 27Al nucleus makes Al-NMR very
sensitive to small amounts of framework and also non-framework alu-
minum [68, 71]. Even small concentrations are detectable. However, the nu-
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Fig. 19 a 29Si MAS NMR spectra of as-synthesized samples of Ga-ZSM-5 referenced to
TMS; 1, (Si : Ga = 100), 2, (Si : Ga = 50), 3, (Si : Ga = 25). (b) 1H-29SiCP/MAS NMR spectra
of as-synthesized samples of Ga-ZSM-5; 1, Si : Ga = 100, 2, (Si : Ga = 50) [76]

clear quadrupole moment of Al (spin = 5/2 system) leads to quadrupolar
interactions with the electric field gradient arising from the non-symmetric
charge distribution around the detected atom. They give rise to strong line
broadening and line shifts with respect to the corresponding isotropic chem-
ical shift value. These effects make the quantitative evaluation of 27Al- as well
as of 71Ga-NMR spectra difficult. But different chemical shifts of framework
(tetrahedral) and non-framework (octahedral) Al allow a simple differentia-
tion between these two types of species.

New insights in the local structure of protons or T atoms can be achieved
by the application of new two-dimensional NMR techniques like HETCOR
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(two-dimensional heteronuclear correlation NMR), which are attracting in-
creasing attention [77].

27Al- and 71Ga-NMR spectra of zeolites are relative simple, because the
Löwenstein rule allows only the existence of Al(OSi)4 and Ga(OSi)4 units in
the framework. The signal of framework Al appears at ca. 50 ppm and that
of non-framework Al at about 0 ppm (with respect to Al(NO3)3 in water). An
additional signal at 30 ppm corresponds to a third species, probably to penta-
coordinated Al. The intensity ratios of the different signals are related to the
content of the Al species.

The same happens with Ga, where the 71Ga-NMR lines of framework and
non-framework Ga appear at 160 and 0 ppm (with respect to Ga(NO3)3 so-
lution in water). Available 71Ga MAS NMR data are rare in comparison with
those of aluminum, which makes the interpretation of spectra difficult. Re-
cently, a correlation between 27Al and 71Ga NMR chemical shifts, δ, of struc-
turally analogous aluminum and gallium compounds having only oxygen in
the first coordination sphere was proposed [77]:

δ71Ga = 2.83(δ27Al) – 4.50 . (17)

This relationship allows the prediction of 71Ga chemical shifts from 27Al
chemical shifts of related Al compounds and, based on this comparison,

Fig. 20 Approximate 27Al and 71Ga NMR chemical shift ranges for aluminum and gallium
compounds having only oxygen in the first metal coordination spheres. In the case of
M-silicates (CN = 4), the term M(4Si) refers to tectosilicates and M(3Si) to phyllosilicates.
In the case of M-oxides, for CN = 6 this term also encompasses the metal hydroxides and
oxyhydroxides [77]
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a better understanding and interpretation of observed gallium NMR spectra
(Fig. 20).

Linear relations between the Ga-(Al-) framework content and Ga-(Al-)
MAS NMR signal intensities were found for Ga,Al-ZSM-5 zeolites [78]. How-
ever, the state of material (as-synthesized or calcined) as well as the pres-
ence of counter ions influence the signal intensities considerably. Thus, only
within one series of similarly pretreated samples containing the same counter
ions are linear relations really observed (Fig. 21). Therefore, predictions of
framework and non-framework species from Al- and Ga-NMR data are only
semiquantitative.

This is well illustrated by the evaluation of 29Si-, 27Al-, and 71Ga-NMR
spectra of Ga,Al-ZSM-20 [79] obtained for the as-synthesized, calcined, and
hydrogen form. Because of the low Si/Me range in ZSM-20, viz. 3.4–5, an
accurate determination of this ratio is possible by 29Si MAS NMR (Fig. 22).

Fig. 21 Correlation between the Ga concentrations (in Ga per unit cell of zeolite) in
various as-synthesized (Ga)-MFI zeolites, as determined by chemical analysis and the cor-
responding normalized 71Ga-NMR line intensities (in arbitrary units). Correlations A, B
and C are, respectively, derived for samples synthesized in the presence of F ions (O), Na+

ions (�) and TPA+ ions (open triangles ∆) for gallosilicates and filled triangles (�) for
gallo-aluminosilicates). Samples as described in Tables 15-1, 15-2 and 15-4 of [78]. Cor-
relation D is derived for calcined, NH4-exchanged and water-equilibrated samples (♦), as
described in Table 15-6 of [78]
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Fig. 22 Deconvoluted 29Si MAS NMR spectrum of H[Ga,Al]-ZSM-20 [79]

Above Si/Me=10 a quantitative evaluation of this ratio from intensity ratios
of signals becomes increasingly uncertain.

In contrast, 27Al- and 71Ga-NMR data deviate largely from the composi-
tion derived from 29Si-NMR data as well as from the analytically determined
chemical composition (Figs. 23 and 24, Table 7). These deviations cannot
be diminished by saturation of samples with water vapor, which makes the
surrounding of the Al- and Ga-nuclei more symmetric. Interestingly, great
deviations are also found for signals belonging to the non-framework atoms.

In conclusion, the evaluation of quantitative data from line intensities of
Al- and Ga-NMR spectra should be considered with caution and is of high
risk. A further drawback is the existence of tetrahedrally coordinated non-
framework gallium as was recently revealed by EXAFS studies for a series
of Ga-containing ZSM-5 samples with different amounts of framework and
non-framework gallium, which could not be differentiated in the 71Ga-NMR
spectra [80].

Substitution of Ge for Si in AST-type zeolites has been studied by 19F and
29Si MAS NMR combined with XRD studies [81]. The results indicate that flu-
oride ions are located in D4R sites with different composition of GeO4 and
SiO4 tetrahedra (4Ge, 4Si) and (2Ge, 6Si). An ordered distribution of Ge in the
framework is proposed from these results.

In a similar way, Vidal-Moya et al. [82] studied the distribution of fluorine
and germanium in the new zeolite structure ITQ-13.
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Fig. 23 27Al MAS NMR spectra of zeolite [Ga,Al]-ZSM-20 recorded in the absolute inten-
sity mode (from the bottom to the top: as-synth., calcined, and H-form) [79]

Fig. 24 71Ga MAS NMR spectra of zeolite [Ga,Al]-ZSM-20 recorded in the absolute inten-
sity mode (from the bottom to the top: as-synth., calcined, and H-form) [79]

Using 27Al MAS NMR, the reversibility of the dealumination-realumination
process has been studied by Oumi et al. in the case of zeolite beta [83]. The
authors could show that dissolved Al species were easily reinserted into the
framework of the zeolite at a pH value lower than 7.
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Table 7 Summary of NMR results of [Ga,Al]-ZSM-20 [79]

[Ga,Al]- from 29Si-NMR spectra relative signal intensities∗
ZSM-20 Si/(Al+Ga) number of (Al+Ga) 27Al NMR 71Ga NMR

per sodalit unit
Ch. A.∗∗ FAL FAL+EFAL tetrahedral

as-synth. 3.6 5.25 3.5 Al 100 100 100
1.75 Ga

calcined 4.2 4.6 74 83 67
H-form 5.2 3.9 3.0 Al∗∗∗ 59 74 29

0.9 Ga

FAL: framework aluminum
EFAL: extra-framework aluminum
∗ The NMR measurements were done in the absolute intensity mode (Al mode) in order
to get the relative intensities by comparison of their integrated NMR signals
∗∗ Determined by chemical analysis
∗∗∗ calculated under the assumption that 0.5 Al are released from the framework as
observed on [Al]-ZSM-20

In a more extensive investigation, the dealumination process in zeolites
beta, mordenite, ZSM-5 and ferrierite has been studied by Muller et al. using
1H, 27Al and 29Si NMR [84]. According to these results, the extent of dealumi-
nation is directly related to the concentration of Brønsted acid sites. However,
there are additional factors like the structure type, the Si/Al ratio, the crys-
tal size and the concentration of defect sites that influence the dealumination
process of the individual zeolite samples.

27Al-, 71Ga- and 11P MAS NMR spectra of microporous alumino- and gal-
lophosphates have been reported [85, 86]. Line broadening of Al-signals could
be reduced by recording double-rotation spectra. 11P NMR signals are nar-
row and well separated and might be interpreted quantitatively. However, the
low extent of substitution of Al by other elements such as Co, Ni, Mg and the
uncertainty of the real structural state connected with a lack of substituted
reference MAPOs strongly limits the number of available quantitative studies.
NMR data obtained from magnesium-substituted AlPO-20 (sodalite struc-
ture type) seem to prove, however, the principle potential of NMR studies for
the quantitative determination of the framework composition of substituted
AlPOs and GaPOs [87].
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7.2
Non-framework Species

7.2.1
Leaching

Exchanged ions, extra-framework species or deposited atoms of elements
are more labile than framework constituents. A simple extraction with di-
luted hydrochloric or nitric acid is used to remove extra-framework species
from the sample. The filtrate of extraction can be directly analyzed by AAS,
ICP-AES or other wet-chemical or volumetric methods of determination. In
principle, other acids or complexon can also be used for extraction.

Strong or complexing acids and agents may also dissolve framework con-
stituents. Dissolution of non-framework silica can be carried out by stirring
at elevated temperatures in 1–2 M solution of sodium hydroxide. In any case,
it has to be checked separately whether the leaching is accompanied by disso-
lution of the sample, extraction of framework constituents (dealumination),
or loss of crystallinity. Leaching conditions have to be optimized and differ
from zeolite to zeolite due to the different stability of structures.

Procedure

Treat ca. 100 mg of sample with 2 mL of a 0.2 molar solution of HCl in wa-
ter under magnetic stirring and keep for 1 h at 60 ◦C. Filtrate the solution and
wash the residue with small portions of deionized water. Dilute and make to
volume (50 mL).

Using this method, Monque et al. [88] have determined the non-framework
gallium content of ion-exchanged and Ga-impregnated MFI-type zeolites
(Table 8). Framework gallium and sample crystallinity was not affected by
this treatment. Also extra-framework aluminum can be removed from zeo-
lites by acid leaching [63]. A similar procedure is the following one.

Table 8 Chemical composition results obtained by the total digestion and extractive sam-
ple treatment [88]

Sample Total digestion HCl extraction
Ga(%) Si(%) Ga(%) Si(%)

4%Ga/SiO2 4.00 – 4.02 –
0.5%Ga/[Al]ZSM-5 0.49 – 0.48 –
[Ga]ZSM-5(38) 2.3 35.3 < 0.18 < 0.2
2%Ga/[Ga]ZSM-5(38) 4.35 35.2 2.05 < 0.2
[Ga]ZSM-5(38) HClextr 2.28 35.2 – –
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Procedure
Stir ca. 100 mg of sample with 50 mL of 0.05 M solution of HCl or HNO3 for 1 h
at 50 ◦C. Centrifuge and make to volume.

This treatment allows removal of non-framework titanium without affect-
ing framework titanium of Ti-silicalite [65].

7.2.2
X-ray Photoelectron Spectroscopy (XPS)

XPS is one of the spectroscopic methods that are limited to the analysis and
characterization of the surface region of a solid (compare also Volume 4,
Chapter 6 of the present series). In principle, XPS works as follows:

A solid sample is irradiated by an X-ray source, which causes low-lying
electrons to leave the surface. The energy spectrum of these electrons can be
measured and used for the determination of the binding energies of electrons.
The binding energies are characteristic of the elements and are influenced
by the surrounding of atoms from which the electrons are released. The
latter allows, in some cases, the differentiation between framework and non-
framework atoms. As the depth of penetration of the X-rays comprises only
few atom layers, XPS can give information about the qualitative and quan-
titative composition of these layers only. A depth profile, however, can be
obtained by sputtering the surface with an appropriate gas.

Relevant characteristic data are [89]

• detected elements: Z > 3
• analyzed surface (beam area): µm2 to mm2

• analyzed thickness (depth): 0.5 to 3 nm.

The application of XPS requires evacuation of the gas phase down to about
10–8 Pa. It is evident that this high-vacuum treatment may simultaneously
have an influence on some properties of the sample under investigation, i.e.,
on valency or rearrangement of the surface layer of the sample due to possible
partial desorption. This has to be taken into account, especially when binding
energies should be measured, but is less important when only the chemical
composition of the surface region is investigated.

One of the most serious problems that have to be taken into account for
zeolites is the charging of the insulating sample due to the escape of elec-
trons from the surface effected by X-rays (XPS) or ultraviolet radiation (UPS).
This leads to a loss of any sample-independent reference level. However, this
problem can be overcome (or at least minimized) by using the C(1s) binding
energy of carbon impurities [90] always present in the samples or by vari-
ous pretreatments (gold layer, ion irradiation, specimen bias, pulsed primary
beam etc.). The right choice will depend on the aim of the measurement.

Because the detection of electrons from the sample surface is not limited
to a special geometric shape of the surface, XPS, UPS and Auger spectroscopy
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(AES) can also be applied for the investigation of zeolite powders [90]. Usu-
ally, however, these methods are applied for the determination of the binding
energies of elements forming the zeolite lattice. The reason for their good
suitability for qualitative analysis is the high sensitivity of these methods.

Concerning the quantitative determination of the chemical composition of
the surface layers with or without sputtering, XPS can only be regarded as
a method which is able to give a rough estimation of the composition [91].
Of course, it is possible to calibrate the spectrometer by signal processing
(background corrections, signal deconvolution etc.) as is also possible with
other spectroscopic methods. Nevertheless, two points have to be taken into
consideration which limit the use of these methods,
a) the absolute concentration of the elements to be analyzed quantitatively

should not be lower than 3–5%,
b) the relative error of the determination of the concentration of elements is

estimated to be not better than 10%.
XPS spectra were used to differentiate between framework and non-
framework titanium in Ti silicalite [65]. The presence of non-framework
titanium is evidenced by the signal at 458 eV in the Ti 2p spectra (Fig. 25).
After leaching, this signal disappears, revealing removal of non-framework ti-
tanium. Because the bulk chemical composition determined by ICP-AES does

Fig. 25 Ti 2p photoelectron spectra of calcined (r23, r50) and acid-leached (r50a) Ti-
silicates [65]
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not change after leaching, evidence is given for a location of non-framework
Ti species near the crystal surface. On the other hand, framework Ti (signal
at 460.3 eV) is not affected by leaching. After leaching, the Si/Ti surface ratio
has increased, and correlates now with the unit cell volume (Table 9).

Gross et al. [92] have used XPS measurements for the investigation of the
surface composition of dealuminated Y zeolites. A series of NH4NaY zeolites
of varying ammonium content have been used as starting material for ther-
mochemical treatment and extraction with EDTA which resulted in different
degrees of dealumination. The Al/Si and Na/Si ratios were obtained from
Al2p/Si2p and NaKL2,3/ Si2p peak area ratios. The error was estimated to be
lower than 20%. Non-framework aluminum is enriched at the external crystal
surface leading to a Si/Al ratio< 1. After thermal treatment at 815 ◦C the Si/Al
an framework ratio is increased from 0.41 to 1.36.

Mohamed et al. [93] have shown by a combined XPS and catalytic investi-
gation of barium-loaded MFI zeolites that the Ba/Si ratio determined by XPS
as a function of the total barium loading shows a maximum at about 4. At
greater loadings, the surface Ba/Si ratio is lower than the bulk Ba/Si ratio.
They were able to correlate the olefin selectivity in the conversion of methanol
with the surface Ba/Si ratio.

In a combined XPS and ISS (ion-scattering spectroscopy) investigation of
different zeolite structures published by Grünert et al. [94], the authors derive
detailed conclusions on the differences between the surface and bulk com-
position of the H and Na forms of the zeolites and on the dealumination
processes within the crystal lattice.

The surface composition of various types of zeolites (NaA, HY, NH4-
erionite, Na-mordenite) was also studied by Kaushik et al. [95]. The composi-
tion of the bulk and surface (expressed as Si/Al ratio) of most of the zeolites
was nearly equal to what did not meet the results of 29Si MAS NMR.

Applying XPS spectroscopy, the dispersion and formation of bimetal-
lic Pt – Pd particles on PtPd/H-beta zeolites has been studied by Fiermans
et al. [96]. By careful analysis of the intensity changes of the Pd 3d and Pt
4d photolines, the authors come to the conclusion that segregation of Pd par-
ticles occurred towards the surface of zeolite beta.

Table 9 Si/Ti surface atomic ratios before and after acid leaching and unit cell volume of
silicalites with different amounts of lattice titanium [65]

Sample Unit cell volume/Å3 Si/Ti surface atomic ratio
leached unleached

silicalite 5322 – –
r100a 5337 167 91
r50a 5363 143 91
r63a 5400 100 56
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The dispersion of Ga on H-ZSM-5 and H-MOR has been investigated
by Garcia-Sanchez et al. by applying XPS in combination with ICP, NMR
and FTIR spectroscopy [97]. On the zeolite samples modified by CVD of
trimethylgallium, the dispersion depends on the kind of treatment and on
pore blocking effects.

Also in the case of K-L zeolites, XPS has been successfully applied to study
the dispersion of Pt species. In their investigation, Zheng et al. could demon-
strate that Fe has a stabilizing effect on the dispersion of Pt in Pt – Fe/KL
zeolites [98].
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1
Introduction

In general, thermal analysis can provide important information on the
temperature-dependent properties (heat capacity, thermal stability) of mate-
rials and on thermally induced processes (phase transition, decomposition,
etc.). Thermal analysis is advantageous in that it quickly gives a general view
of the thermal behavior of a material under various conditions and requires
a small amount of sample.

The fundamentals of the four most frequently applied methods—thermo-
gravimetry, differential thermal analysis, differential scanning calorimetry,
and dilatometry—are described and illustrated with examples of applications
in the field of preparative chemistry in [1]. As to zeolite investigations by
microcalorimetry, a comprehensive review with 69 references has been pub-
lished recently [2].

In the case of thermogravimetry (TG), the change in the weight of a sample
is measured as a function of temperature (or of time in the case of isothermal
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measurements). Measurements in inert or reactive gases, even in vacuum, are
possible over a wide temperature range with a constant heating rate or using
different non-linear temperature programs. The derivative thermogravimetry
(DTG) indicates the rate of the mass loss (dm/dt). Differential thermal an-
alysis (DTA) is based on the measurement of the temperature difference, ∆T,
between the sample and an inert material (reference) during a temperature
program. The temperature can be measured either near or directly inside
the sample and reference. At thermal equilibrium the oven, the sample, and
the inert material have the same temperature. When a thermal event occurs
in the sample during the heating process, the stationary state will be dis-
turbed. The temperature of the sample can be higher (exothermic reaction)
or lower (endothermic reaction) than the temperature of the inert material.
∆T is plotted against temperature or time. Differential scanning calorimetry
(DSC) monitors the change in enthalpy (dH/dt). In the technique of dilatom-
etry changes in the length of the sample are examined during the heating
process.

Thermoanalytical methods were often used simultaneously and combined
with complementary methods. In this field the main attention was paid to the
decomposition reactions of solids accompanied by gas evolution. Many ex-
perimental techniques combining the thermogravimetry with evolved gas an-
alysis [gas chromatography (GC), mass spectrometry (MS)] were developed.
These methods led to conclusions drawn about the reactions due to the ob-
served changes in weight. The widespread simultaneous application of TG
and DTA enabled a specific change in mass to be attributed to a thermal event.
Many papers on characterization of zeolites and clays were published, in
which emphasis was laid on the advantages of combining simultaneous ther-
moanalytical methods (TG-DTA) with other complementary techniques (e.g.
MS, GC, XRD, IR). Fundamentals and fields of application of temperature-
resolved X-ray and neutron diffraction methods were presented by Epple [3].

Gimzewski [4] proposed the application of high-pressure thermogravim-
etry for the measurement of gas sorption on solids and for the study of solids
(for instance catalysts) under industrially realistic conditions with respect to
temperature and pressure.

Langier-Kuzniarowa [5] has recently reviewed the application of thermal
methods for the study of clay minerals and rocks. From this comprehensive
work it turned out that a large number of papers dealt with sorption prop-
erties of minerals and with organo-clay complexes. Pillared and intercalated
clays were frequently subjected to thermal examinations. TG and DTA were
used to investigate kinetics and thermodynamic parameters of dehydration
and dehydroxylation of clay minerals.

Thermal analysis has also been shown to be a valuable technique for the
characterization of zeolites. Combined TG and DTA provided information
on the dehydration behavior and stability of zeolites. The decomposition of
organic molecules (ions) incorporated in the zeolitic channel system during
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the synthesis has been extensively studied since nitrogen-containing organic
compounds are being used in the synthesis of high-silica zeolites. The tem-
perature range in which the organics are removed from the cages and chan-
nels of zeolites is of great significance for the application of these materials in
industrial processes (catalysis, adsorption).

In a review of predominantly the author’s own papers, Gabelica et al. [6]
presented very illustrative examples of applications of thermoanalytical tech-
niques for the investigation of synthesis and properties of pentasil zeolites.
Weight losses (TG) and heat effects (DTA) due to the oxidative decompos-
ition of tetrapropylammonium ions filling the channel structure of the zeo-
lite were related to the amount of ZSM-5 formed during the crystallization.
Thermal analysis was shown to be a very accurate technique for discrimi-
nating between loosely bound TPA ions and those interacting strongly with
a zeolite-type framework. Thus, very small X-ray amorphous particles of
ZSM-5 zeolite could be detected in the early stages of the crystallization pro-
cess. Thermal analysis could be used to monitor slight changes in the free
pore volume of some modified zeolites by measuring the adsorption and de-
sorption of small hydrocarbon molecules. Furthermore, the technique made
it possible to monitor the formation and removal of coke deposits.

The present review covers literature of the last 15–20 years dealing with the
application of thermoanalytical methods in the field of zeolite chemistry. The
aim is to show that thermal analysis is an efficient tool for physical-chemical
characterization of zeolites.

2
Characterization of Zeolites by Thermal Analysis

Thermogravimetry was applied to measure the amounts of water adsorbed on
sodium, calcium, and potassium forms of faujasites with different Si/Al ra-
tios [7]. The number of water molecules per u.c. was found to increase with
decreasing Si/Al ratio.

Differential scanning calorimetry was used to study the thermal effects
during adsorption and desorption of water on zeolite NaA in the form of
powder or thin layers [8]. The amounts of water adsorbed after preceding ac-
tivation and at different temperatures were thermogravimetrically measured,
and the appropriate adsorption heats were determined by DSC. On the ba-
sis of the relation between both characteristics, the mass of the zeolite in thin
layers deposited on metals was obtained from the DSC results.

The dehydration of a new microporous cesium silicotitanate (SNL-B) mo-
lecular sieve and subsequent readsorption of water on it were measured by
TG [9]. An observed difference between the amount of desorbed and read-
sorbed water was attributed to the irreversible dehydration of a second phase
present as an impurity.
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Defect sites created during the dealumination of Na-Y with SiCl4 vapor and
subsequent acid washing were characterized by IR, 29Si (CP) MAS NMR spec-
troscopy, and TG [10]. A rapid weight loss up to 373 K revealed by the TG
curve of the dealuminated Y zeolite (see Fig. 1) was undoubtedly due to the
release of physisorbed water, while the slower weight loss between 573 and
973 K could be attributed to the loss of water formed as a result of the heal-
ing of defects through condensation of silanol groups. Steaming resulted in
a very low sorption capacity of dealuminated Y for water and in the heal-
ing of defects. Accordingly, the weight loss of the sample due to dehydration
and dehydroxylation of silanol groups was found to be very small. The zeolite
became hydrophobic.

An attempt was made to quantify the hydrophobicity (H) of zeolites by
thermogravimetric analysis [11]. The value of H was related to the amount of
the adsorbed water determined by TG and defined as the ratio of the weight
loss at 423 K to that at 673 K. Weitkamp et al. [12] pointed to the inade-
quacy of the H parameter, and they proposed for the characterization of the
hydrophobic properties of modified zeolites the use of the Hydrophobicity In-
dex (HI) which was based on competitive adsorption of toluene and water
from the gas phase. HI was defined as Xtoluene/XH2O, where X is the loading
i.e., the mass of adsorbed compound per mass of dry adsorbent.

High-siliceous zeolites of the ZSM-5 type show hydrophobic/organophilic
properties. TG/DTG/DTA was used for quick characterization of the affin-
ity of zeolites to organics [13]. A new concept concerning the affinity, AT,
of the perfect micropore surface in silicalite-1 to an adsorbed organic com-
pound was developed. This quantity was defined as AT = Td – Tb, where Td
is the temperature of the weight loss peak in the DTG curve and Tb the
boiling point of the organic compound. AT values were used to compare

Fig. 1 TG curves of zeolite Y a dealuminated with SiCl4 vapor at 673 K followed by acid
washing, b after subsequent steaming at 993 K (reproduced from [10])
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the affinity order of 27 organic compounds. In later papers, the interac-
tions between the framework of high-siliceous hydrophobic FAU [14] and
ferrierite type zeolite [15] and 25 adsorbed organic compounds were studied
in a similar way by TG/DTG/DTA. Hydrocarbons, alcohols, organic acids,
alkylamines, and esters were applied as adsorbates. The AT values of or-
ganics adsorbed on siliceous FAU and silicalite-1 were found to be similar
in their graduation. These zeolites, built up exclusively from SiO4 tetrahe-
dra, had a stronger affinity to saturated hydrocarbons than for unsatur-
ated ones and exhibited hydrophobic behavior towards alkylalcohols and
organic acids. Special sorbate/framework and sorbate/sorbate interactions
were found for amines. It was pointed out that the AT values might be use-
ful to estimate the feasibility and effectiveness of separation processes in
practice.

Usually, an exothermic peak in the high-temperature interval of the DTA
curve was found to hint at a loss of crystallinity [16–19]. The temperature
at which the exothermic peak associated with lattice collapse appeared in
the DTA curve was used to characterize the thermal stability of faujasites as
a function of the Si/Al ratio, cation type (La3+, Ca2+, Na+) and degree of ion
exchange [20].

The thermal stability of zeolite Y dealuminated hydrothermally (USY) and
by Al-extraction with (NH4)2SiF6 (SY) or EDTA (EY) was also studied by
DTA [21]. The onset temperature of the exothermic DTA peak was consid-
ered as the temperature of crystal collapse. Figure 2 shows that the thermal
stability of SY samples increased almost linearly with the decrease of their
Al/(Al + Si) ratios. The framework of NH4 – Y (Si/Al = 2.7) collapsed at about
1090 K while SY (Si/Al = 6.8) was stable up to 1387 K. Dealumination by
H4EDTA solution resulted in a smaller increase in the thermal stability of the
zeolite. From the point of view of framework stabilization, the substitution
of silicon for aluminum by (NH4)2SiF6 treatment proved to be more effective
than the extraction of aluminum with H4EDTA.

The exothermic lattice breakdown of zeolite Na-A, which leads to typical
doublet peaks in the DTA curve at around 1200 K, was employed to check the
success of crystallization of zeolite Na-A from synthesis mixtures at various
pH values [22]. The TG and DTA curves of a fully crystallized zeolite Na-A are
presented in Fig. 3.

Also, phase transition and destruction of the structure of natural heulan-
dites and clinoptilolites were investigated by differential thermal analy-
sis [23]. A relationship was found between the chemical composition (cation
form) and the thermal behavior of clinoptilolites. Differential scanning
calorimetric measurements of ethanolamine- and ethylenediamine-silica so-
dalite pointed to temperature-induced phase transitions in the temperature
range of 100–300 K [24].

Dilatometry and derivative dilatometry combined with DTA are good
methods for measuring and continuous recording of lattice deformations,
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Fig. 2 Crystal collapse temperatures determined by DTA as a function of Al/(Al + Si) ratio
of parent Y zeolite (NH4-Y) and varieties dealuminated hydrothermally (USY) and by
treatment with (NH4)2[SiF6] (SY) and H4EDTA (EY). The figures in parentheses indicate
the Si/Al ratio (reproduced from [21])

Fig. 3 TG and DTA curves of zeolite Na-A synthesized at pH = 13 (reproduced from [22])

metaphase formations, and phase transitions during the thermal dehydration
of zeolites, provided these transitions are accompanied by a pronounced ex-
pansion or contraction. Ullrich et al. [25] demonstrated that the dehydration
of minerals of the natrolite group is accompanied by an expansive process,
while that of stilbite and heulandite proceeds under contraction, depending
on the water bonding in the zeolite lattice.
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Catalyst deactivation is most frequently due to the formation of carbona-
ceous residues in acid-catalyzed hydrocarbon reactions. Techniques and ap-
paratus suitable for the investigation of coke formation and their application
illustrated with examples were reviewed by Karge [26]. It was shown that
thermogravimetric measurements and TGA combined with GS and MS could
provide useful data concerning the amount of coke deposits and their H/C ra-
tios. In the procedures presented in [26], the products of the coke combustion
(H2O, CO2) were trapped and analyzed by GS and the weight loss was meas-
ured simultaneously. The TG technique was not only used to determine the
H/C ratio of coke but also to trace the coke formation passing the gaseous re-
actant over the catalyst in situ in the microbalance. In this case, the amount
of carbonaceous deposits was monitored via the weight gain of the catalyst.
As an example, Fig. 4 shows the weight gain vs. time on stream due to in situ
coke formation during ethylene conversion on a ZSM-5-based catalyst at re-
action temperatures increasing from 425 to 675 K. Also, the H/C ratios after
6 h on stream are indicated.

Significant influence of reactant dilution and chemical nature of the carrier
gases on composition and concentration of coke residues deposited on zeo-
lite Beta during the catalytic disproportionation of cumene was found to be
reflected by the thermograms and 13C NMR spectra of the thus-deactivated
catalysts [27]. The nature of coke (so-called soft or hard coke) and the re-
moval of these deposits from the catalyst were found to be strongly influenced
by the reaction conditions (e.g. temperature, space velocity) during the arom-
atization of propane on MFI type H-gallosilicate [28]. The results of TA
supported that, in contrast to the high-temperature residues, the coke formed
at low temperature was volatile. A combined technique consisting of TG and

Fig. 4 Weight gain due to coke formation during ethylene conversion over H-ZSM-5 at
different reaction temperatures (reproduced from [26])
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continuous detection of evolved products by IR was applied to study the re-
moval of carbonaceous deposits previously formed during the conversion of
methanol to hydrocarbons on zeolite H-ZSM-5 [29]. In different gas streams
(e.g. helium, hydrogen, and propane) the effect of thermal treatments on the
removal of coke and the changes during these treatments in the nature of coke
were investigated.

The formation of carbonaceous deposits during the alkylation of isobutane
with 1-butene over La,M-Y (M = alkali or alkaline earth element) was studied
by TA in [30]. Two types of carbonaceous material could be distinguished:
(i) deposits at the pore mouth removable by desorption at temperatures below
573 K and (ii) olefinic oligomers located in the internal pore space resulting in
a decrease of the BET surface and in a deactivation of the catalyst.

In another study [31] coked Mo/H-ZSM-5 zeolite previously used as a cat-
alyst for the dehydro-aromatization of methane was subjected to different
temperature-programmed thermal treatments in reducing and oxidizing at-
mospheres. Then TG was applied to determine the amount of coke after the
respective treatments and to gain in this way information on the burning-off
process.

Until the mid-nineties conventional dynamic balances played a decisive
role as a central measuring instrument in thermoanalytical methods. How-
ever, the need for direct mass determination in weightless conditions (e.g.
in space vehicles) led to the development of a new type of so-called TEOM
(tapered element oscillating microbalance) systems. The mass of the sample
located at the tip of an oscillating quartz element is measured by the vi-
brational frequency of the system. This new instrumental technique became
commercialized in recent years and instantly utilized in thermoanalyzers.
In conventional microbalance reactors a large part of the feed bypasses the
catalyst sample which makes it difficult to confirm gradientless differential
operation. In contrast, in the TEOM reactor all the fed reactant (or adsorbate)
passes the catalyst (adsorbent) bed even at high flow rates of the carrier gas
similarly to the flow conditions in a catalytic fixed-bed reactor (or adsorp-
tion column). Thus, external mass and heat transfer limitations play a minor
role in model equations for the determination of kinetic data from mass
change patterns operated in the non-linear range. Chen et al. [32] highlighted
the advantages of this new measuring principle in a thermoanalytical study
of the deactivation process caused by coking during the oligomerization of
ethene over H-ZSM-5. Zhu et al. applied the TEOM technique in a series
of investigations concerning adsorption/desorption characteristics of light
alkanes [33–36] and unsaturated C4 hydrocarbons [37] on silicalite-1 and
DD3R zeolite, respectively, determined by both steady-state and transient up-
take and desorption measurements.

TG and DTG studies revealed the formation of weak bonds between extra-
framework aluminum species in dealuminated H-ZSM-5 and acetylacetone
applied for visualization of “NMR invisible” aluminum [38].
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It is known that cations play a fundamental role in zeolite crystallization.
Aiello et al. [39] used various thermoanalytical techniques to study the de-
hydration of aluminosilicate gel precursors containing Na+ or K+ ions. In
the case of K+-containing gels one-step low-temperature dehydration was ob-
served, while in the presence of Na+ ions a second peak appeared in the DTG
and DSC curves at a temperature close to the dehydration temperature of
the final zeolitic product. TG/DTG and DSC results confirmed the role of the
sodium ion as a “structure-forming” cation and revealed that the presence
of sodium ions in the synthesis mixtures induced, contrary to potassium, the
formation of structural subunits or even more complex structures.

3
Chemical Modification of Zeolites Traced by Thermal Analysis

In only a few papers thermoanalytical methods were used to study the chem-
ical modification of zeolites by gaseous reactants. The stoichiometry of the
reaction between mordenite and phosgene was established by thermogravim-
etry [40].

Thermogravimetry combined with titration of the evolved HCl was ap-
plied to measure the temperature range of the solid-state ion exchange be-
tween H-zeolites and metal-chlorides and to determine the ion-exchange
degree [41]. The simultaneous application of the two techniques made it
possible to distinguish between changes in weight caused by desorption of
physisorbed water and by solid-state reactions generating volatile product.

Besides the results of other techniques, TG/DTG data obtained dur-
ing temperature-programmed reduction (TPR) of mixtures consisting of
H-zeolite and Ga2O3 or In2O3 provided additional evidence for the replace-
ment of zeolitic protons by Ga+ or In+ ions in the so-called reductive solid-
state ion exchange process [42–45]. The thermal analysis of a mixture of
Ga2O3 and H-ZSM-5 carried out after pretreatment in vacuum in a hydro-
gen flow revealed a relatively fast process accompanied by a weight loss at
about 850 K [42]. In contrast, no change in the weight of the mixture was ob-
served in an inert gas atmosphere. In H2, the reduction of Ga2O3 resulted
in water, the evolution of which was monitored by TG. Results of XRD, XPS,
and IR spectroscopy suggested that in the reductive thermal treatment gal-
lium was transferred into the zeolite. Later, In2O3 instead of Ga2O3 was mixed
with the H-form of zeolites. These mixtures and simultaneously pure In2O3
were subjected to temperature-programmed reduction in a H2 atmosphere.
The temperatures at which weight losses and DTG peaks were observed due
to the evolution of water as a reaction product differed significantly for In2O3
in the pure form and for In2O3/H-zeolite (e.g., H-Y, H-ZSM-5) mixtures [43].
The same phenomenon was reported in [44]. DTG curves are demonstrated
in Fig. 5. The high-temperature DTG peak at about 730 K was attributed to the
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Fig. 5 DTG curves registered during TPR of NH4Na-Y/In2O3 mixtures (NH4/In cor-
responds to (a) 1, (b) 2 and (c) 3); (d) denotes In2O3 and (e) a NaY/In2O3 mixture
(Na/In = 1) (reproduced from [44])

reduction of In2O3 to metallic indium. In contrast, the reduction was found to
proceed in mixtures with H-zeolites at lower temperature (between 530 and
700 K) via In2O according to the overall transformation

In2O3 + 2H+Z– + 2H2 –→ 2In+Z– + 3H2O . (1)

The replacement of protons by In+ cations was evidenced by IR spec-
troscopy [44, 45]. It was shown that In+ cations once incorporated by RSSIE
(involving hydrogen or the template as reducing agents) can be oxidized to
InO+ and again reversibly reduced to In+, both species occupying cation sites
during the redox process.

4
Thermal Removal and Decomposition of Templates Occluded in Zeolites

Thermal analysis was widely applied for characterization of zeolites. Un-
doubtedly, however, the main objects of thermal studies were zeolites con-
taining organic compounds. Organic molecules may be chemisorbed on the
Brönsted and Lewis sites of zeolites, physisorbed in their pore system, or en-
trapped in their channels and cavities during the synthesis.
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Ohgushi et al. [46] investigated the ion exchange of Na+ for tetramethyl-
ammonium and benzyltrimethylammonium ions in ZSM-5. Thermal analy-
sis provided information on the amount and the state (counter cations or ion
pairs) of organic ammonium compounds.

Many organic agents promote the synthesis of high-siliceous zeolites.
These organic molecules may play a structure-directing role during the nu-
cleation and crystal growth or they can be considered as void fillers which,
accommodated in the micropore systems, stabilize the zeolite framework.
Thermal analysis is an indispensable tool to characterize the gel precursors
and the products obtained during the hydrothermal synthesis.

Thermal analysis of tetramethylammonium (TMA) and tetraethylammo-
nium (TEA) aluminosilicate gels and of the zeolite precursors obtained from
them by crystallization was carried out to obtain information on the en-
vironment of the organic components [47]. From TMA systems ZSM-5 or
ZSM-39 were formed depending on the TMA content. TG and DTG curves
of the products demonstrated that the TMA occluded in pure ZSM-5 de-
composed in one step at about 813 K, while the decomposition of organic
compounds entrapped in ZSM-39 zeolite showed three steps between 743
and 883 K. The different decomposition features made it possible to calcu-
late from TG and DTG curves the relative amount of ZSM-5 and ZSM-39 in
products containing both zeolites. From the TEA system the only product
was ZSM-5. Thermogravimetry combined with differential thermal analysis
supported the presence of TEA+ ions in two different environments in the
ZSM-5 framework. The low-temperature step (∼ 663 K) in the TG curve could
be attributed to the release of TEA+ ions compensating the charge of defect
sites (SiO–), whereas the high-temperature step (∼ 763 K) was associated with
the decomposition of TEA+ ions neutralizing the negative framework charges
(Si – O – Al–).

Zhao et al. [48] prepared large single crystals of ZSM-5 with n-tripropyl-
amine (TRIPA) and TEA in the presence of fluoride ions. TG analysis showed
that the numbers of TRIPA and TEA per u.c. are nearly identical (about
4/u.c.) and independent of the aluminum content.

Howden [49] used a thermobalance coupled to a titrator for examin-
ation of the thermal behavior of ZSM-5 synthesized with a small amount
of tetrapropylammonium cations (0.4 TPA/u.c.) and with different α,ω-
diaminoalkanes with alkane chains constituted of 3–8 carbon atoms. It was
observed that diaminopropane and diaminobutane could be removed at rela-
tively low temperatures (at around 520 K). The pentane-1,5-diamine proba-
bly cracked before leaving the zeolite, i.e. evolution of the nitrogen-bearing
(alkaline) fragment of the organic compound took place at a lower tempera-
ture than the removal of the bulk of the template molecule. When hexane-
1,6-diamine (HEXDA) was used as a template, the zeolite also released the
alkaline nitrogen fraction before the hydrocarbon fraction of the organic
molecule, but this process took place at significantly higher temperatures
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(above 673 K). The results indicated that diaminoalkanes with short hydro-
carbon chains are not strongly held in the ZSM-5 structure. HEXDA could
be regarded as a templating agent. The longer octane-1,8-diamine favored the
formation of the straight channels of ZSM-11. The channels were found to
be not completely filled. Carbon-to-nitrogen molar ratios determined from
TA data indicated that the organic template molecules had undergone partial
deamination during the synthesis.

Applying thermoanalytical techniques, Franklin et al. [50] found that
silicalite-1 synthesized in the presence of HEXDA contained about 8 HEXDA/

u.c. entrapped in the channel crossings of the silicalite-1 structure. This
amount seemed to be sufficient to fill almost all of the void space. A com-
parative TG study of the thermal behavior of HEXDA- and TPA-silicalite-1
showed that the thermal decomposition of HEXDA occurred in three steps
over a wide temperature range. In contrast, the weight loss due to removal of
tetrapropylamine from TPA-silicalite took place in a much narrower tempera-
ture interval.

A much smaller amount of hexane-1,6-diol was incorporated in zeolite
ZSM-5. Hexane-1,6-diol is believed to act as a hydrophobic void filler [51].

There are debates in the literature about the structure-directing activity
of alcohols and nitrogen- or oxygen-containing heterocycles though an effect
surpassing that of simple pore filling was attributed to p-dioxane applied in
the synthesis of omega zeolite [52, 53].

The amount and decomposition of ethyleneglycol, ethanolamine, and
ethylenediamine molecules enclathrated in silica sodalite were investigated by
TG coupled to MS [24]. All these organic compounds, notwithstanding their
different chemical properties, acted as structure-directing agents for silica so-
dalite synthesis. This study provided additional support to the thesis of Gies
et al. [54] that chemical properties of structure-directing molecules play only
a minor role in the crystallization of silica frameworks compared with their
size and shape.

Though a wide variety of organic molecules have been successfully ap-
plied for synthesis of ZSM-5, the tetrapropylammonium ion proved to be
the most powerful structure-directing species. Thermal methods combined
with other techniques provided unambiguous evidence for the incorpora-
tion of the different organic molecules into the structure of ZSM-5 during
the synthesis and gave useful information on the thermal reactivity of the
guest and host compounds. Nevertheless, most of the relevant thermoanalyt-
ical studies dealt with the investigation of TPA-ZSM-5. TPA fits the ZSM-5
channel structure especially well. The “as-synthesized” sample contains in
nearly every channel intersection one TPA species. Applying thermal analy-
sis, Crea et al. [55] found that in silicalite-l prepared with different amounts
of template the number of enclosed TPA species per u.c approached in most
of the samples, independently of the initial TPABr concentration in the gel,
the theoretical value of 4 TPA/u.c expected for full occupation of all channel
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crossings. The authors observed three characteristic endothermal peaks dur-
ing programmed heating of such a sample in an inert gas flow. On the basis
of the data obtained by thermal analysis and 13C-NMR spectroscopy, they as-
signed in another paper [56] the three DTA peaks to different TPA species.
The DTA peak at about 653 K was attributed to the release of “strained” TPA
ions located in the outer shell of the crystals. The peak at about 698 K was as-
cribed to the elimination of “inner-strained” TPA ions occluded in the zeolitic
channels. In both cases TPA ions may exist as counter-ions of SiO– defect
groups. Finally, the peak at ∼ 748 K was attributed to more relaxed TPA ions
compensating the charge of SiO– defect groups or, in aluminum-containing
samples, i.e. in ZSM-5 zeolites, the framework charges (Si – O – Al–) associ-
ated with tetrahedrally coordinated aluminum atoms. It was assumed that
the TPA+ ions retained in the solid after heating at about 673 K were in a
“relaxed” status contrary to the initial strained form.

Thermal analytical techniques were also applied for the characterization of
MFI-type zeolites and borosilicates prepared from TPA-OH and TPA-fluoride
containing gels with different Si/Al and Si/B ratios [57]. Besides the quanti-
tative overall estimation of TPA+, useful information could be obtained from
the position of the endothermic peaks recorded in the inert gas atmosphere
by DTA and DSC with respect to the chemical environment of different types
of TPA+ ions. Depending on the Si/M3+ ratio of the zeolite, the template
might have been present as an ion pair (TPA+OH– and TPA+F–) and/or as
TPA+ counter-ion compensating the negative charge of the framework gener-
ated by trivalent elements. Interactions between ≡ Si – O– groups and TPA+

might have also occurred. The ion pairs more loosely bonded to the frame-
work were suggested to decompose at lower temperature than the counter
cations. Occluded tetrapropylammonium fluoride proved to be more sta-
ble and to decompose at temperatures higher by 45 K than those observed
with hydroxide. In zeolites with high Si/Al ratios (> 1000) the observed ther-
mal effects shown in Figs. 6 and 7 (endothermic peaks between 653 and
803 K) arose from the decomposition of ion paired TPA+ and, if lattice defects
were present, of SiO–TPA+ species. A single peak at about 753 K in the DTA
curve is typical of aluminum-rich (Si/Al ∼ 11) samples prepared in alkaline-
or fluoride-containing media. Thus, this single peak was attributed to the
decomposition of TPA+ compensating framework charges. Samples with in-
termediate Si/Al ratios exhibited a continuous transition of the decompos-
ition peaks, corresponding to the concentration of the different types of TPA+

species.
In the sequel several papers were published on the decomposition of or-

ganic templates (tetra-, tri-, di- and mono-n-propylammonium cations) in-
corporated in MFI-type zeolites prepared in the presence of either OH– or
F– anions [58–61]. In these papers, thermal analytical methods combined
with other techniques (mass spectrometry (MS), gas chromatography (GS),
1H–13C CP MAS NMR, 1H–15N CP MAS NMR and IR spectroscopy) pro-
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Fig. 6 DTA curves of as-synthesized MFI type zeolites prepared in alkaline media (in the
presence of TPA-OH). R= Si/Al ratio; heating rate 10 K min–1; argon flow (reproduced
from [57])

vided more information about the mechanism of the thermal decomposition
of templates by identification of the volatile products. Sometimes earlier ex-
pectations were found to be inconsistent with newer results. Here, one of
these papers will be reviewed in detail.

In [61] the solids, remaining after partial thermal decomposition of
Pr4NF-MFI, Pr3NHF-MFI, and Pr4NOH –MFI precursors, were examined by
1H–13C CP MAS NMR and IR spectroscopy (in these cases the zeolites were
heated separately in an inert gas atmosphere in the thermoanalyzer to differ-
ent temperatures corresponding to characteristic points of the DTA and DSC
curves). As has been shown already, the decomposition of the organic cations
in a highly siliceous Pr4NF-MFI precursor took place in two temperature
ranges (see Fig. 7). After a small endothermic shoulder, both the DTA and
DSC curves exhibited a strong peak with a minimum at about 693 K followed
by a second broader one, displaying a shoulder at 768 K and a minimum at
793 K. It was proved by a 13C NMR study of the precursor heated previously
at 733 K that after the first decomposition step mainly Pr3NH+ remained in
the solid. That is in contradiction with an earlier suggestion [57] according to
which TPA ions decomposed at about 700 K into tri- and dipropylamine and
propene. Since, in the case of large-size zeolite crystals, the observed weight
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Fig. 7 DSC curves of (a) non-powdered (large crystals) and (b) finely ground siliceous
(TPA)-MFI precursor prepared in non-alkaline fluoride-containing medium; argon flow,
heating rate 6 K min–1 (reproduced from [61])

loss and DTA and DSC peak areas (Fig. 7, curve a) were greater than those
derived from the stoichiometry of the reaction

Pr4N+ –→ Pr3NH+ + C3H6 , (2)

it was suggested that the formation of propylene resulted in strong tensions
causing fissures inside large crystals from which also part of the template
escaped in the form of tripropylamine. In contrast, weight losses and heat
effects due to the first degradation step were found to correspond to the stoi-
chiometry of Eq. 2 when a finely ground sample was subjected to the same
heat treatment (Fig. 7, curve b). The authors, therefore, assumed that evolu-
tion of propene did not cause significant cracks in small crystals. The second
peak with a shoulder was ascribed to the overall degradation of tripropy-
lammonium ions. The decomposition of the Pr3NHF-MFI precursor resulted
in DTA and DSC peaks similar in shape and temperature range to the sec-
ond peak of ground Pr4NF-MFI. Among the volatile products, propene was
detected in significant amounts by GC and MS which pointed to an ini-
tial decomposition mechanism involving Hofmann-type elimination followed
by β-elimination. The 13C NMR spectra of the high-siliceous Pr4NOH-MFI
precursor proved to be different. In this material the template started to
decompose at lower temperatures than Pr4NF-MFI but part of the Pr4N+ re-
mained in the intracrystalline space (in a relaxed state) until completion of
the decomposition. In aluminum and gallosilicate precursors, the Pr4N+ ions
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were predominantly counter cations of the negative lattice charges. Thus, the
Pr4N+ was bonded to the framework by stronger interactions, and its degra-
dation started at higher temperatures and was characterized by a single peak.
Also in these cases, a four-stage Hofmann-type decomposition was suggested,
with the first stage as the rate-determining step.

Tavolaro et al. [62] reported on the application of thermal analysis to char-
acterize both the initial gel and the crystalline silicalite-1 obtained in TPA+

and fluoride-containing media. The effect of grinding of the large crystals was
shown by TG and DTA. The total weight loss (∼ 4 TPA/u.c.) was not affected
by grinding, however, changes in the DTA curve pointed to alterations in the
elimination of the template. According to the interpretation of the authors,
the first weight loss step involved, at least partly, also the elimination of the
second propylene molecule. In the ground sample the third elimination step
was shown to occur easily leading to better-resolved DTA and DTG peaks in
the temperature range 733–833 K.

Intense mechanical force (ball milling) exerted on as-synthesized ZSM-5
was found to cause amorphization of the zeolite [63]. The ball-milled sample
gradually lost weight upon heating.

Yi and Ihm [64] synthesized high-silica ZSM-5 (Si/Al ∼ 175) under atmo-
spheric pressure (at 363 K) in the presence of TPABr in an alkaline medium.
Thermogravimetric analysis and differential thermal analysis were carried
out (in air) to determine the binding state of TPA+ ions and to monitor the
crystallization in this way. As the crystallinity increased, the exothermic peak
(at ∼ 513 K) due to “free” TPA+ in the intermediate (amorphous) phase dis-
appeared and the intensity of peaks attributed to TPA ions trapped in the
channels of ZSM-5 increased.

Quaternary organic ammonium cations other than TPA (TMA+, TEA+,
etc.) were used for the synthesis of offretite-erionite type zeolites [65], zeo-
lite omega [16], EU-12 [66], Phi [67], ferrierite [68] and ZSM-20 [17]. In
each case, the thermal decomposition of the template was investigated. TG
and DTA data confirmed the presence of TMA cations in the gmelinite cages
of MAZ and in the sodalite cages of SOD and were used to calculate the
amount of these cation species and, in this way, the amount of the zeolitic
components in the prepared products [69]. In a more detailed work [70],
the incorporation of TMA cations and n-hexane derivatives into the pore
system of mazzite-type zeolite was studied by TG and DTA in an oxida-
tive atmosphere. The decomposition of TMA cations occluded in gmelinite
cages was found to occur in the temperature range from 770 K to 830 K de-
pending on the nature of the mazzite samples. The product prepared from
a sodium aluminosilicate hydrogel (Si/Al = 5) containing TMA+ as an or-
ganic template exhibited a sharp weight loss at 810 K assigned to the oxidative
decomposition of TMA cations incorporated in the gmelinite cages (Fig. 8A).
However, an additional exothermic peak attributed to the decomposition of
1,6-diaminohexane molecules occluded in the 12-MR channels appeared at
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about 610 K in the DTA curve of a pure mazzite sample crystallized in the
presence of TMA, 1,6-diaminohexane, and 18-crown-6 ether (Fig. 8B). Nei-
ther a weight loss step nor a DTA peak indicative of the decomposition of
18-crown-6 ether was observed. At lower aluminum content of the synthesis
gel, SOD was formed as a co-crystallized phase. The third high-temperature
weight-loss step observed at about 860 K was ascribed to the decomposition
of TMA cations located in sodalite cages of the impurity phase (Fig. 8C). The
TG and DTA curves of the zeolite synthesized in the presence of TMA and 1,6-
hexanediol reflected only a single exothermal process due to the decompos-
ition of TMA, since the DTA signal appeared at the same temperature as in the
case of mazzite prepared in the presence of only TMA. From the absence of

Fig. 8 TG/DTA profiles of mazzite prepared from sodium aluminosilicate hydrogel
A Si/Al = 5 containing TMA, B Si/Al = 8 and C Si/Al = 12.5 both containing TMA,
1,6-diaminohexane and 18-crown-6 ether; O2/He (25/75 vol %); heating rate 5 K min–1

(reproduced from [70])
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any additional exothermic DTA peak and TG step the conclusion was drawn
that 1,6-hexanediol was not occluded in the pore system. It was evidenced by
13C CP-MAS NMR spectroscopy that (i) TMA+ was present in the gmelinite
cages of all mazzite samples mentioned above; (ii) 1,6-diaminohexane in non-
protonated form was occluded in the 12-MR channels of the respective sam-
ple; and (iii) 1,6-hexanediol was not incorporated. TG data were used to quan-
tify the contents of the respective compounds occluded in the pore system.

Thangaraj et al. [71] demonstrated that 13C CP-MAS NMR spectroscopy
jointly used with thermal analysis may give valuable information on the lo-
cation and the possible configuration of dibenzyldimethylammonium ions
in zeolite EU-1. In cases where the organic compound acted as a template,
a geometrical fit between the configuration of the organic molecule and the
topology of the zeolite was anticipated.

Five quaternary ammonium salts were tested in the presence of piperazine
as templates for the synthesis of silica molecular sieves [72]. The amounts
of the quaternary ammonium cations in the products were calculated from
the weight losses between 573–873 K, and thermal analysis was also used to
determine the equilibrium water vapor uptakes of the calcined samples.

Different thermal decomposition features were found for silicalite-2 crys-
tals with needle-like and ovate-shaped morphology, prepared in the presence
of TBA [73].

Thermogravimetric analysis in combination with N2 adsorption measure-
ments gave information about the state of trimethyl-cetyl-ammonium hy-
droxide encapsulated in the ZSM-35 structure [74].

A comparative study [75] of the structural and thermal properties of
TMA-, calcined Na, H- and H-ferrierite using high-temperature X-ray diffrac-
tion and TG measurements showed a correlation between unit cell dimen-
sions and the degree of both the dehydration of the zeolite and the decompos-
ition of the template. The decomposition of TMA resulted in a decrease of all
orthorhombic unit cell parameters. In the case of ferrierite, changes (contrac-
tion) in the unit cell parameters thermally induced above 850 K were found to
be irreversible.

Schreyeck et al. [76] prepared a new highly siliceous layered precursor of
FER-type zeolite in a fluoride medium in the presence of 4-amino-2,2,6,6,-
tetramethylpiperidine as a template. The dehydration of the precursor and
the removal of organic cations compensating ≡ Si – O– groups in the frame-
work were monitored by TGA and DTA.

Ferrierites with different Si/Al ratios were prepared by recrystallization
of aluminum-containing kanemites intercalated with piperidine as a tem-
plate [77]. TG was applied to calculate the total amount of the occluded
piperidine and piperidinium ions compensating the negative lattice charges
in the products. It was found that the total of piperidine molecules and piperi-
dinium ions in the samples amounted to about 4/u.c., independently of the
Si/Al ratio.
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Zeolite Beta is usually crystallized in alkaline media in the presence of Na+

and TEA+ cations as structure-directing agents. Weight losses of the prod-
ucts registered in air at temperatures between 493 K and 623 K have been
attributed to the removal of TEA-OH, and those observed above 623 K, to the
decomposition of the TEA+ cations. Perez-Pariente et al. [78] found a linear
correlation between the content of TEA+ (weight loss above 623 K) and the
degree of crystallinity of samples prepared with various techniques. The TG
weight loss above 493 K, representing the sum of organics occluded in the
samples, proved to be a function of the molar SiO2/Al2O3 ratio of the zeolite.
The pores of crystals with high SiO2/Al2O3 ratios (66 and 86) were found to
be totally filled with organics (90% of which was TEA-OH). In zeolites with
higher aluminum content the amount of TEA+ increased, however, the nega-
tive lattice charge could be shown to be never exclusively compensated by
TEA+ but partly also neutralized by sodium ions.

Perez-Pariente et al. [79] found that in air the decomposition of TEA in the
Beta zeolite occurred in three exothermic steps associated with weight losses,
while Hedge et al. [80] observed in the DTA curve of an as-synthesized Beta
zeolite four distinct exothermic peaks. In [79] the authors also reported on
TA results obtained under nitrogen. The decomposition of the template took
place in two endothermic processes corresponding to the pyrolysis of TEAOH
and TEA+ cations.

Camblor et al. [81] reported that in the TG curve of as-synthesized [Al]-
BEA zeolite four weight loss steps (I–IV) could be clearly distinguished. The
endothermic process I was ascribed to the desorption of water and process II
proceeding between 423–573 K to the degradation and combustion of TEA+

cations associated with SiO– groups in defect sites. The exothermic high-
temperature processes III and IV were attributed to the decomposition and
combustion of TEA+ cations balancing the charge of framework Al(OSi)–

4
entities and deposited coke, respectively.

Vaudry et al. [82] studied the thermal behavior of as-synthesized Beta zeo-
lites with different Si/Al ratios, the DTG curves of which are shown in Fig. 9.
The contents of water, TEA-OH, and charge compensating TEA+ cations were
calculated from TG results. Weight loss data and DTG curves were interpreted
in the following way:

The amount of occluded tetraethylammonium hydroxide (revealed in
Fig. 9 by peak II of sample (a) containing 4.6 Al/u.c.) decreased with increas-
ing aluminum content and approached zero in the case of aluminum-rich
zeolites (sample (c) in Fig. 9, containing 8.3 Al/u.c.). The complete filling
of the channel space with TEA+ corresponded to six molecules per u.c. In
the case of sample (b) containing 5.8 Al/u.c., the amount of TEA+ counter-
ions approximated this value. When the aluminum content of the frame-
work exceeded 6 Al/u.c., hydrated sodium ions occupied a part of the cation
sites to preserve charge balance. Consequently, the water content (peak I) of
the zeolite increased and, because of the space requirement of the hydrated
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Fig. 9 DTG curves of as-synthesized (TEA)-Beta zeolites containing a 4.6, b 5.8 and
c 8.3 Al/u.c.; I, II, III, IV: see text (reproduced from [82])

sodium ions, the amount of the TEA+ ions decreased (peak III, IV). Above
723 K the aluminum-rich sample (c) retained a decreased amount of aminic
residues (IV), suggesting a lower strength of the acid sites liberated during the
calcination.

Recently, Beta zeolite containing 10.3 Al atoms per tetragonal unit cell has
been synthesized [83]. TG data showed that Beta zeolites with Si/Al < 7.5
(Al/u.c. > 7.5) contained only one type of TEA species but two types were
found in samples with Si/Al > 7.5.

Usually the interpretation of the various thermal events in as-synthesized
Beta zeolite was similar to that proposed by Parker for TEA-MFI [84]. It
was based on the hypothesis that tetraalkylammonium ions associated with
acid sites of a zeolite are more stable than the other species. Bourgeat-Lami
et al. [85] disagreed with such an interpretation of the TG/DTA decom-
position patterns of TEA-Beta. They proposed a decomposition mechanism
based on the identification of the volatile products by TG/DTA coupled to
mass spectrometry and their quantification by titration and on the character-
ization of the zeolitic product obtained at different decomposition tempera-
tures (13C NMR and IR spectroscopy). According to these authors, TEA ions
decomposed in the temperature range 473–623 K, regardless of their nature
(occluded ion pairs or counter-ions), in a single step to ethylene and triethyl-
amine. Part of the latter might have remained bound to the acidic sites of the
zeolite and decomposed at higher temperatures to lighter amines by sequen-
tial Hofmann elimination reactions. A fraction of ethylene might have reacted
on the acid sites yielding aliphatic and aromatic hydrocarbons. The desorp-
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tion of the so-called hydrocarbon residues required a temperature higher
than 773 K.

Kanazirev and Price [86] found that oxygen essentially influences the for-
mation of residues during the thermal decomposition of TEA in zeolite Beta
precursors. In a comparative study of this process monitored by thermoan-
alytical techniques, the experiments were carried out in both He and He/O2
atmospheres. Up to about 650 K, thermal effects were found to be not in-
fluenced by the gas atmosphere but at higher temperatures, significant dif-
ferences between thermoanalytical curves measured in inert and oxidative
atmosphere were observed (see Fig. 10). In Fig. 10 the weight losses are re-
lated to the sample weight at 403 K at which desorption of weakly bound
water was complete. Stable starting conditions were much better met by this
reference point than by the initial weight, since the materials lost adsorbed
water very rapidly when placed in a dry gas flow. The TG curves measured
in inert and oxidative atmosphere began to diverge near 730 K and the or-
ganic residue retained in the oxidative atmosphere at this temperature was
relatively stable up to about 800 K. At about 730 K, O2 was obviously involved
in processes which led to the formation of organic residues (the mechanism is
not yet clear). The amount of the residue was found to depend on the concen-
tration of oxygen in the atmosphere surrounding the sample and probably on
the Si/Al ratio. In the final stage of the thermal treatment the organic residues
burned off. Also, the thermal decomposition of 1-propylamine (1-PA) ad-
sorbed on calcined BEA exhibited similar features. In contrast, in the absence
of O2 the formation of residue was strongly suppressed. In He flow the weight
losses distinguished in the TG curves of as-synthesized (TEA)-Beta and 1-PA
on Beta zeolite were assigned to

Fig. 10 Thermogravimetric analysis of zeolite Beta synthesized in the presence of TEA-
OH from a gel with SiO2/Al2O3 ratio = 20. Heating rate 10 K min–1 in a flow of pure He
(—) and 25% O2 in He (- - -) (reproduced from [86])
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– desorption/decomposition of weakly bound TEA or desorption of amine
which is either occluded in channels or bound as a ligand in second level
solvation shells;

– decomposition of TEA cations or alkylammonium ions;
– decomposition of organic residues, a step which seems to be negligible

with regard to the above-mentioned relevant observations of the authors.

It should be noted that the interpretations, given by Kanazirev and Price [86]
and by Bourgeat-Lami et al. [85] to explain the decomposition feature of TEA-
Beta, are contradictory in some regards.

5
Characterization of Isomorphously Substituted Zeolites

A great number of papers deal with synthesis and physico-chemical prop-
erties of isomorphously substituted zeolites. The synthesis of such materials
generally requires the presence of organic compounds (templates) in the
reaction mixture. Thus, it is evident that thermoanalytical techniques of-
fer a variety of possibilities for the investigation of such materials. Kosslick
et al. [87] presented excellent examples of how to get reliable information
even on framework characteristics from thermoanalytical data. They car-
ried out TG and DTA measurements of [Ga]-ZSM-5 prepared in an alkaline
medium with TPA bromide and observed in the as-synthesized precursor ma-
terial during heating in air four thermal events which were assigned to the
following processes:

I. water desorption from zeolite pores at about 373 K;
II. decomposition (oxidation) of the embedded template between 633–723 K;
III. oxidation of coke resulting from the template above 773 K; and
IV. dehydroxylation.

Process II was found to proceed in [Ga]-ZSM-5 at somewhat higher tem-
peratures than in the pure silica analogue of ZSM-5, and this difference in
the maximum decomposition temperature proved to be correlated, at least
up to 4 Ga/u.c., with the gallium content of the sample. This temperature
shift illustrated by DTA data in Fig. 11 was regarded as an indication of incor-
poration of trivalent gallium into tetrahedral framework sites, since such an
isomorphous substitution of silicon by gallium must result in the creation of
negative lattice charges and, hence, in stronger ionic interactions between the
template and the zeolitic framework. Obviously, the formation of coke orig-
inating from the catalytic cracking of template decomposition products, e.g.,
propene, on strongly acidic Brönsted sites also evidences the incorporation of
gallium into framework positions. Furthermore, it was shown (as illustrated
in Fig. 12) that onset and course of the crystallization process of gallium-
varieties of ZSM-5 could be easily detected and monitored by the intensity of
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Fig. 11 DTA curves of as-synthesized (1) gallosilicate analogue of ZSM-5 (Si/Ga = 20) and
(2) silicalite-1 in air. Heating rate: 5 K min–1 (reproduced from [87])

Fig. 12 Differential thermal analysis of TPA-[Ga]-ZSM-5 after different time of crystalliza-
tion. Si/Ga = 25; heating rate: 5 K min–1; atmosphere: air (reproduced from [87])

the DTA peak at about 743 K associated with process II. For samples isolated
from alkaline crystallization mixtures at increasing crystallization times, this
intensity reflected the amount of embedded template which is a function of
the zeolite content (degree of crystallinity).
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Gabelica et al. [6] found also for ZSM-5 samples a good correlation be-
tween the weight loss due to decomposition of intracrystalline TPA and XRD
crystallinity.

The amount of the TPA+ ions, trapped in the crystals during the synthe-
sis of MFI-type zeolites prepared in fluorine-containing media with up to
3 Ga/u.c. in the framework, was measured by TG [88]. DTA results indicated
that under N2 in the gallium-rich sample the decomposition of TPA cations
occurred in one step at about 753 K. In contrast, two-step decomposition (at
693 and 753 K) was found in the case of samples containing less Ga. Similar to
the assignment of DTA peaks of Al-MFI [57], the high-temperature peak was
attributed to TPA+ (Si – O – Ga)– ion pairs and the low-temperature peak to
TPA+ ions linked to SiO– defect sites or TPA+ F– (or OH–) ion pairs. However,
the authors pointed out that decomposition of TPAF might contribute to the
high-temperature step, since plots of TPA involved in the high-temperature
decomposition step vs. the Ga content deviated at small Ga values somewhat
from the straight line towards higher amounts of TPA. A dependence of the
temperature of DTA peaks on the gallium content was not found.

Studying the thermal behavior of ferrisilicate analogues of ZSM-5, Bo-
rade [89] found a linear relationship between the X-ray crystallinity on the
one hand and the weight losses due to desorption of water (dehydration) and
decomposition of TPA ions on the other hand. With increasing crystallinity
of the sample the weight loss due to dehydration decreased, while that due to
decomposition of organic cations increased.

The amount and the decomposition of hexamethyleneimine as the tem-
plate in [Fe,Al]-MCM-22 were investigated by TA [90].

Thermoanalytical curves (DTA/TG) of pure Ga-substituted Nu-23 zeo-
lite prepared in the presence of cetyltrimethylammonium bromide indicated
that the template was occluded in the pores of [Ga]-Nu-23 and decomposed
around 973 K [91].

Crystalline gallosilicate (Si/Ga ≈ 10) [92] and iron-silicate (Si/Fe = 9) [93]
analogues of mordenite have been synthesized using tetraethylammonium
bromide as a template. Substitution of gallium or iron for aluminum resulted
in a shift of the exothermic weight changes, associated with the loss of oc-
cluded TEA-bromide and TEA+ lattice cations in air, to lower temperatures.
In line with these observations, the exothermic DTA peak was found [94] to
be slightly shifted towards lower temperatures upon substitution of iron for
aluminum in the ZSM-11 framework.

In DTA curves of [Ga]-ZSM-22 [95] and [Fe]-ZSM-22 [96], both prepared
in the presence of 1-ethyl-pyridinium bromide as the template, the peaks as-
sociated with the oxidative decomposition of the occluded organic material
and of organic ions strongly interacting with sites created by incorporation
of Ga3+ and Fe3+ ions were shifted to lower temperatures compared to their
position in the thermogram of the respective Al analogue, i.e. organic species
were held less strongly in the isomorphously substituted zeolite varieties. Ac-
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cordingly, IR spectroscopy and TPD of NH3 showed that Brönsted acid sites
present in the ferrisilicate analogue of ZSM-22 are weaker than those present
in the proper zeolite [97].

Also, in Ga- [98] and Fe-varieties [99] of zeolite Beta the interactions be-
tween TEA+ cations and the framework were found to be significantly weaker,
i.e. thermal effects due to TEA+ decomposition were observed at lower tem-
peratures than in the case of the Al-containing zeolite. Other kinds of TEA
species (TEA hydroxide occluded in the pore system or TEA+ associated
with defect sites) could not be distinguished by thermal analysis. The total
amounts of organic material, found to be between 5.5 and 6.5 TEA per u.c.,
were determined by thermogravimetry. The decomposition of TEA+ ions in
[Ga]-Beta in air and N2 were compared in [100].

Borade and Clearfield [101] described a modified synthesis route (crystal-
lization in methanolic medium) for ferrisilicate with the framework topology
of zeolite Beta and reported detailed results concerning the physical-chemical
properties of samples with various Si/Fe ratios (7.5–30). Valuable information
with respect to the incorporation of iron into the Beta framework could be
obtained from TGA experiments. The assignment of weight losses to different
TEA species was based on earlier findings [78, 80, 102]. The most important
observations were that the weight loss between 323–633 K related to desorp-
tion of occluded TEAOH species decreased and that due to the decomposition
of TEA+ species (in the temperature range 633–823 K) increased with in-
creasing Fe content in the solids. The DTG and TG curves obtained in the
presence of nitrogen clearly showed that the pyrolysis of TEA+ cations in-
teracting with the zeolite framework occurred at lower temperatures in the
case of [Fe]-Beta samples compared to [Al]-Beta. The shift (40 K) in the DTG
peak maximum towards lower temperatures points to the presence of neg-
atively charged FeO4 tetrahedra in the zeolite framework and is indicative
of weaker interaction of charge-compensating TEA+ cations with the frame-
work of [Fe]-Beta than with that of [Al]-Beta. The acidity of [Fe]-Beta and
[Al]-Beta zeolites was investigated by TGA of NH4

+-exchanged samples. In
[Fe]-Beta, NH4

+-ions are decomposed at lower temperatures than in [Al]-
Beta zeolite which points, in accordance with the electronegativity concept, to
a lower acid strength of the Brönsted sites in [Fe]-Beta.

Camblor et al. [103] concluded from the thermal behavior of zeolitic va-
rieties of the Beta-type containing various amounts of Ti that this element
occupied tetrahedral framework positions.

Tuel and Ben Taarit [104] compared the thermal behavior of a titanium-
silicalite with MEL (silicalite-2)-structure synthesized in the presence of
tetrabutylphosphonium (TBP) ions with that of silicalite-2 prepared with TBA-
hydroxide as the template. The numbers of TBA+ and TBP+ ions per u.c. were
estimated from thermoanalytical data. The TG and DTG curves clearly revealed
that the elimination of TBP requires higher temperatures than that of TBA. The
thermal decomposition of organic molecules occluded in titanium silicate with
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MFI structure prepared with mixtures of TBP-hydroxide and tetraethylphos-
phonium (TEP) hydroxide was found to occur in only one step [105]. Though,
as revealed by 13C and 31P NMR spectroscopy, both TBP+ and TEP+ cations
were incorporated in the zeolite structure during crystallization.

6
Characterization of Zeolites by Thermal Analysis
of Adsorbed Alkylamines and Alcohols

Parillo et al. [106] examined the adsorption features of various alkylamines
in H-ZSM-5 (Si/Al = 35) using thermal analysis combined with TPD and IR
spectroscopy. Simultaneous TPD (MS) and TG measurements (under vac-
uum) showed that ethylamine, 1- and 2-propylamine adsorbed on the zeo-
lite in excess of the aluminum content (expressed in molarities) desorbed
unreacted below 500 K (MS signals characteristic of alkylamines were de-
tected), while at higher temperatures alkenes and ammonia were formed
simultaneously as decomposition products. Their amounts corresponded to
the decomposition of one alkylamine molecule per bridged hydroxyl asso-
ciated with framework aluminum atoms. The absence of the IR band at
about 3605 cm–1 provided evidence for the protonation of the alkylamines.
The decomposition of the protonated species was found to occur, depend-
ing on the nature of the alkyl group, between 500–575 K for t-butylamine,
575–650 K for 2-propylamine, 650–700 K for 1-propylamine, and 650–725 K
for ethylamine.

A detailed study of adsorption and desorption processes in the 2-pro-
pylamine/zeolite and 2-propanol/zeolite systems using combined TPD-TGA
methods was published by Kofke et al. [107, 108]. It was established that
2-propanol and 2-propylamine formed well-defined 1 : 1 adsorption com-
plexes with acidic framework sites not only in H-ZSM-5 [107] but also in
H-ZSM-12 and H-mordenite [108]. Proton transfer was found to be the driv-
ing force for strong binding of the adsorbate.

Kofke et al. [109] examined the adsorption of 2-propanol and 2-propyl-
amine on H-[Ga]-ZSM-5 using simultaneous TPD(MS)-TGA in high vac-
uum. 1 : 1 adsorption complexes of adsorbates with the hydroxyl sites as-
sociated with tetrahedrally coordinated framework Ga ions were identified.
The TPD-TGA results concerning the thermal behavior of 2-propylamine
in H-[Ga]-ZSM-5 are shown in Figs. 13A and B. The weakly adsorbed
2-propylamine desorbed unreacted in a well separated low-temperature step.
The weight loss between 570–650 K corresponded to a coverage of one alky-
lamine molecule/Ga, and TPD provided evidence for the unimolecular acid-
catalyzed decomposition of the alkylamine on Brönsted sites under forma-
tion of propene and ammonia. No second thermal effect was observed for
2-propylamine on ZSM-5 with a SiO2/Al2O3 ratio of 880.
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Fig. 13 TG (A full line) and TPD-MS (B) curves of 2-propylamine on H-[Ga]-ZSM-5.
Adsorption of 2-PA at 295 K; heating rate: 10 K min–1 under vacuum. Signals m/e = 44,
m/e = 41 and m/e = 17 correspond to the fragments [CH2 – CH2 – NH2], [CH3 – CH=
CH], and NH3 indicative of 2-propylamine, propene, and ammonia, respectively. For com-
parison, the TG curve of 2-propylamine on high-siliceous ZSM-5 is also shown (A, dashed
line) (reproduced from [109])

Kanazirev et al. [110] applied other experimental conditions for thermal
analysis of adsorbed propylamines than Gorte et al. [106–109]. The experi-
ments were carried out not in high vacuum but under atmospheric pressure
in a He flow. Despite this alteration of the procedure similar TA features were
observed for both 1- and 2-propylamine in H-MFI zeolite. The weight losses
corresponding to the plateau of TG curves between 550–640 K were indica-
tive of the formation of stoichiometric 1 : 1 complexes of propylamines with
zeolitic protons. However, on comparison of the results with data published
earlier in [107, 108] it became evident that additional to the high-temperature
process not one but two thermal effects, reflected by weight loss steps and
DTA peaks, occurred at low temperatures below 550 K. It was suggested that
in high vacuum the very weakly bound propylamine was removed before
the TA measurement was started. In accordance with previous data reported
in [107] it was found that nearly two 1-propylamine (1-PA) molecules per
framework Al were retained in H-ZSM-5 (Si/Al = 20) at 400 K. To explain this
adsorption feature of 1-PA, Kanazirev et al. [110] assumed that a second 1-PA
molecule was attached to each propylammonium ion formed in the zeolite,
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constituting a primary “solvation shell”, the breakup of which gave rise to the
second low-temperature DTA peak.

Thermal analysis (TG, DTG) was applied in a detailed study of alkylamine
guests ordering in the H-form of zeolite hosts [111]. Thermoanalytical curves
showing typical features of 1-PA adsorbed in H-MFI samples with different
Si/Al ratios are presented in Fig. 14. The “plateau” region (575–625 K) in the
TG curves is interpreted as to be associated with primarily adsorbed species
(PAS), anchored directly to the active sites (protons) in the host. The two
effects at lower temperatures are attributed to the elimination of

– nearest neighbor species (NNS) attached to PAS; and
– weakly bound species (WBS).

Quantification of the three adsorbed 1-PA species by TG showed that for the
MFI materials with framework SiO2/Al2O3 ratios ≥ 40 roughly equal num-
bers of 1-PA molecules were bound as PAS and NNS, i.e. each PAS interacted
with another amine molecule to form a NNS. With increasing Al content in
the zeolite, the amount of both PAS and NNS rose at the expense of that of
WBS. When the SiO2/Al2O3 ratio was < 40, steric constraints in the pore sys-
tem evoked by high pore filling began to limit the number of NNS.

Biaglow et al. [112] used TGA and temperature-programmed desorption
(TPD) to compare the adsorption and desorption behavior of 2-propylamine
and 2-propanol on steamed and chemically dealuminated faujasites. The
2-propylamine adsorbed on Brönsted sites decomposed in the same tem-
perature range as observed in the case of H-ZSM-5. The quantity of amine
decomposed in the high-temperature region was regarded as a measure of

Fig. 14 TG and DTG curves of 1-propylamine (1-PA) adsorbed on H-ZSM-5 with SiO2/

Al2O3 ratios of 25.9 (—), 39.5 (- · -), 48.7 (· · · · ·), 127 (- - -), and 329 (-··-··). The SiO2/

Al2O3 ratios were obtained from the weight loss due to the decomposition of 1-PA above
625 K. Heating rate: 5 K min–1 in He flow. PAS: primarily adsorbed species, NNS: nearest
neighbor species, WBS: weakly bound species (reproduced from [111])
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the Brönsted acid site concentration. In the temperature range between 450
and 600 K, unreacted 2-propylamine was only desorbed from faujasite but not
from high-silica zeolites. It was supposed that this 2-propylamine interacted
with the less strongly acidic hydroxyls giving rise to the low-frequency band
at 3540 cm–1 in the IR spectrum [113].

Two different adsorption/desorption features of 1-propylamine on H-MFI
(Si/Al = 20) zeolite were observed by combined DTA/TG/MS depending on
the temperature (323 or 593 K) at which 1-PA was contacted with the zeo-
lite [114]. At 593 K, conversion of 1-PA to dipropylamine (DPA) occurred
which was retained in cationic form. Consequently, the major desorption
feature shifted to a higher temperature compared to the run following the
adsorption at 323 K. In addition, the sample weight in the plateau region (be-
tween 550 and 675 K) of the TG curve was found to correspond to 1.7 1-PA
molecules/framework Al instead of one 1-PA/Al as generally obtained. The
conversion of 1-PA to DPA was supported by the similarity of TA curves meas-
ured after contact of H-ZSM-5 with the mono-alkylamine at 593 K and with
DPA at 323 K.

Recently, the interaction of mono-alkylamines (C1–C5) with ETS-10,
a zeolite-like titanosilicate with Ti(IV) in an octahedral environment, was
studied by TG combined with other techniques [115].

These examples demonstrate that TGA alone gives information about the
temperature ranges in which different processes (reactions) take place in ze-
olitic samples, but additional “complementary” methods (MS, GC, IR, NMR)
are in general indispensable for the assignment of weight losses to particu-
lar desorbed molecules or decomposed organic constituents. Thus, TA offers
possibilities for the quantification of organic compounds weakly adsorbed in
zeolites or associated with acidic framework sites and, hence, of the Brönsted
acid sites themselves.

7
Thermal Analysis of Alkylamines Adsorbed on Metal Ions
Located in Cationic Positions of the Zeolite Framework

TPD/TGA measurements of 2-propylamine adsorbed on copper-exchanged
ZSM-5 (Si/Al = 35) and silicalite samples were performed by Parrillo
et al. [116]. (The H-form of the zeolite and the silicalite-1 were treated with
cupric acetate solutions.) The results were compared with those obtained on
H-ZSM-5. 2-propylamine adsorbed on H-ZSM-5 showed a two-step desorp-
tion feature. Below 500 K, only unreacted 2-propylamine desorbed from the
sample, between 575 and 650 K the protonated alkylamine decomposed to
propene and ammonia. In the TPD/TGA curves of 2-propylamine adsorbed
on a partially (Cu = 0.186 mmol g–1) and a highly (Cu = 0.743 mmol g–1) ion-
exchanged Cu-ZSM-5 new TPD peaks and weight-loss steps were obtained,
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one at 500–550 K due to desorption of unreacted 2-propylamine, the other
at 650–800 K. The high-temperature process was ascribed to the decom-
position of 2-propylamine strongly interacting with those copper cations
which compensated the negative framework charges of the zeolite associ-
ated with tetrahedrally coordinated aluminum. This process was not observed
when copper was introduced into silicalite-1 in a smaller (but not negligi-
ble) amount than in the case of H-ZSM-5 (Fig. 15). The release of unreacted
2-propylamine observed in the case of all Cu-exchanged samples between
500–550 K was suggested to be due to copper species not associated with
negative charges generated by framework aluminum. TPD/TGA proved to be
a useful combination of thermal analytical methods for the characterization
of the nature of copper in zeolites.

High-temperature treatment of a mechanical mixture of CuO and H-MFI
zeolite in the absence of oxygen resulted in the incorporation of copper ions
into cation positions of the zeolite. Thermal analysis (TG combined with MS)
of 1-propylamine adsorbed on mixtures of CuO/H-MFI previously treated
under different conditions was applied to determine the degree of consump-
tion of zeolitic protons during the ion exchange process [117]. CuO/H-ZSM-5
previously heated in helium up to only 848 K and kept at this tempera-
ture for 0.5 h showed a desorption feature for 1-propylamine very similar to

Fig. 15 TG (A) and TPD-MS (B) curves of 2-propylamine adsorbed (1) on highly copper-
exchanged ZSM-5 and (2) on Cu-silicalite-1. Heating rate: 20 K min–1 under vacuum. Sig-
nals m/e = 44, m/e = 41, and m/e = 17 correspond to the fragments [CH2 – CH2 – NH2],
[CH3 – CH= CH], and NH3 indicative of 2-propylamine, propene and ammonia, respec-
tively (reproduced from [116])
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that observed in the case of H-ZSM-5 [106]. At about 670 K ammonia and
propene were found to evolve simultaneously as decomposition products of
1-propylammonium cations. However, the thermal analysis of 1-propylamine
adsorbed on a mixture pretreated at 973 K for 16 h in He pointed to a differ-
ent behavior. Namely, the weight loss at about 670 K was much smaller than in
the case of the sample pretreated at 848 K. MS data revealed that most of the
ammonia eluted prior to propene. Nitriles (C3 and C6) and heavier residues
were formed. The data strongly pointed to the replacement of protons by cop-
per ions. Auto-reduction of CuO to Cu+ was suggested to be involved in this
solid-state ion-exchange process.

Kanazirev et al. [110, 118] reported on the influence of gallium cations
on the desorption-decomposition features of propylamines in ZSM-5 zeo-
lites. Mixtures of Ga2O3 and H-ZSM-5 prepared by the impregnation tech-
nique or by grinding of the solid components were subjected to reduc-
tive solid-state ion exchange. Thus, Ga+ ions were introduced into cationic
positions of the zeolite. TG results showed that, after adsorption of 1-
propylamine at 323 K, more than one sorbate molecule per gallium cation
was strongly held on reduced Ga-MFI at a temperature as high as 550 K.
Furthermore, MS data clearly revealed that ammonia was released at tem-
peratures about 160 K lower than those observed in the case of Ga-free
H-ZSM-5. Thus, the release of ammonia and propene occurred in two sep-
arated steps, which indicated the occurrence of bimolecular transalkylation
of 1-propylamine to dipropylamine. At higher temperatures, dehydrogena-
tion reactions led to nitrile products. At 673 K propionitrile and propene
were the main products. The decomposition of 2-propylamine in Ga-MFI was
found to be completely different. Steric constraints do not allow that more
than one 2-propylamine molecule is coordinatively bound to one gallium
cation. In the plateau region of the TG curves (550–600 K) less 2-propylamine
was measured than 1-propylamine. 2-PA may be converted to a limited de-
gree to DPA, since some ammonia evolved at somewhat lower temperatures
than propene. Nevertheless, the greater part of 2-PA decomposed simultan-
eously to ammonia and propene in a wide temperature range (between 550
and 750 K). At higher temperature, dehydrogenation, oligomerization, and
cracking occurred.

A detailed comparative study of the interaction of 1-propylamine with
H-, Ga-, In-, and Cu-MFI zeolites was also presented by Kanazirev et al.
in [114]. The results illustrated well the advantages of using simultaneous
TG-DTA-MS-GC techniques. Identification of the evolved products by MS/GC
essentially contributed to the understanding of the physical and chemical
processes giving rise to the observed weight losses and heat effects.
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8
Conclusions

Thermal analysis proved to be a highly effective tool for the characterization
of zeolites and the investigation of intracrystalline processes accompanied
by weight changes and/or heat effects (e.g. dehydration, dehydroxylation,
deammoniation, phase transitions, crystal collapse, oxidation, or reduction
of lattice constituents). In the case of thermal reactions associated with gas
evolution it may be appropriate to analyze the volatile products by combina-
tion of TG and DTA with complementary techniques, e.g., titration methods,
on-line MS, and/or on-line GC. Nature and consequences of thermochemical
processes in zeolites are generally better understood when thermoanalyti-
cal techniques are complemented by, e.g., XRD, FTIR- and/or MAS NMR
spectroscopy applied to investigate zeolite specimens, in which changes in
composition and structure may have occurred during previous thermoana-
lytical experiments. Also, TG and DTA may be successfully used, generally in
combination with complementary techniques, to get insight into (i) the for-
mation of coke during catalytic processes; (ii) the decomposition behavior
of organic guest molecules introduced by adsorption and template molecules
occluded during the synthesis in the channel system of zeolites; (iii) inter-
actions of alkylamines and alcohols with “bridging” hydroxyls; and (iv) the
hydrophobic and organophilic properties of high-siliceous zeolite varieties.
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Abstract This Chapter deals with the evaluation of the pore size of crystalline micro-
porous solids with molecular probes. Only methods where the dimensions of the probe
molecules and the pore width are similar are discussed. This means that the adsorption or
the selectivities and/or conversions of the reaction depend, in an unambiguous manner,
on the pore width. After the introduction, in Sect. 2, some general aspects are discussed
that are important for the detailed understanding of the methods covered, namely di-
mensions of probe molecules and intracrystalline cavities as well as molecular sieving.
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Section 3 is devoted to adsorption, i.e., the use of molecular probes without chemical
reactions. This includes mainly the characterization of various zeolites in comparison
with one another and the discussion of molecular probes for zeolites with different pore
sizes. Finally, in Sect. 4 shape-selective catalytic reactions are reviewed which have been
employed for characterizing the width of micropores. As an introduction, the basics of
shape-selective catalysis in microporous materials are discussed. The main test reactions
dealt with are, for monofunctional acidic molecular sieves, the competitive cracking of
n-hexane and 3-methylpentane (Constraint Index) as well as the isomerization and dis-
proportionation of m-xylene. For bifunctional molecular sieves, the isomerization and
hydrocracking of long-chain n-alkanes (Refined or Modified Constraint Index) as well as
the hydrocracking of C10 cycloalkanes such as butylcylohexane (Spaciousness Index) are
reviewed.

Abbreviations
a adsorbed in the pores
a/e adsorbed very slowly and in small amounts in the pores
AFI three-letter code of the International Zeolite Association for zeolite SSZ-24
AFR three-letter code of the International Zeolite Association for zeolite SAPO-40
BEA three-letter code of the International Zeolite Association for zeolite Beta
BET Brunauer Emmett Teller
CFI three-letter code of the International Zeolite Association for zeolite CIT-5
CHA three-letter code of the International Zeolite Association for zeolite chabazite
CI Constraint Index
CI∗ Refined or Modified Constraint Index
CIT California Institute of Technology
CON three-letter code of the International Zeolite Association for zeolite CIT-1
C8S.I. C8 Selectivity Index
CVD chemical vapor deposition
DDR three-letter code of the International Zeolite Association for zeolites decado-

decasil 3R, Sigma-1
DFT density functional theory
2,2-DM-Bu 2,2-dimethylbutane
DON three-letter code of the International Zeolite Association for zeolite UTD-1
e excluded from the pores
EMC Elf Mulhouse Chimie
EMT three-letter code of the International Zeolite Association for zeolite EMC-2
ERI three-letter code of the International Zeolite Association for zeolite erionite
EU Edinburgh University
EUO three-letter code of the International Zeolite Association for zeolites ZSM-50,

EU-1
FAU three-letter code of the International Zeolite Association for zeolites X and Y
FER three-letter code of the International Zeolite Association for zeolites ZSM-35,

ferrierite
FT-IR Fourier transform infrared
n-Hx n-hexane
HPLC high-pressure liquid chromatography
IFR three-letter code of the International Zeolite Association for zeolite ITQ-4
IR infrared
ITQ Instituto de Tecnologia Quimica Valencia
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IZA International Zeolite Association
k first-order rate constants
KFI three-letter code of the International Zeolite Association for zeolite ZK-5
LHSV liquid hourly space velocity
LTA three-letter code of the International Zeolite Association for zeolite A
LTL three-letter code of the International Zeolite Association for zeolite L
m mass
MAZ three-letter code of the International Zeolite Association for zeolite Omega
MCM Mobil composition of matter
M-CPn methylcyclopentane
MEA multiple-equilibrium analysis
MEL three-letter code of the International Zeolite Association for zeolite ZSM-11
MFI three-letter code of the International Zeolite Association for zeolite ZSM-5
MIN-1 minimum dimension through a molecule
MIN-2 second minimum dimension through the same molecule perpendicular to

MIN-1
3-M-Pn 3-methylpentane
2-M-Pr 2-methylpropane
MOR three-letter code of the International Zeolite Association for zeolite mordenite
MTG methanol to gasoline
MTH methanol to hydrocarbons
MTO methanol to olefins
MTT three-letter code of the International Zeolite Association for zeolite ZSM-23
MTW three-letter code of the International Zeolite Association for zeolite ZSM-12
MWW three-letter code of the International Zeolite Association for zeolites MCM-

22, SSZ-25, ITQ-1
n molar amount
ṅ molar flow
NES three-letter code of the International Zeolite Association for zeolite NU-87
NMR nuclear magnetic resonance
NU new (ICI)
pi partial pressure at the adsorber outlet
pi,0 partial pressure at the adsorber inlet
r distance
R ratio of rate constants observed experimentally for the formation of o- and

p-xylene from m-xylene under conditions of diffusional limitations
RCN index defined as the ratio of the adsorption capacity of cyclohexane to that

of n-hexane
S selectivity
SAPO silicoaluminophosphate
SI Spaciousness Index
SR Selectivity Ratio
SSI Shape Selectivity Index
SSZ Standard Oil synthetic zeolite
t0.3 time for o-xylene sorption of 30% of the p-xylene capacity
T temperature
TIPB 1,3,5-triisopropylbenzene
TON three-letter code of the International Zeolite Association for zeolite ZSM-22
TOS time on stream
TPD temperature-programmed desorption
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type A the classification of β-scissions of alkyl carbenium ions has been introduced
β-scission in [120]. The salient feature of type A β-scissions is that they start from

a tertiary and lead again to a tertiary carbenium ion
type B The classification of β-scissions of alkyl carbenium ions has been introduced
β-scission in [120]. The salient feature of type B β-scissions is that they start from

a tertiary and lead to a secondary carbenium ion or vice versa
UTD University of Texas at Dallas
UV/Vis ultraviolet/visible
V̇ volumetric flow rate
VFI three-letter code of the International Zeolite Association for zeolite VPI-5
VPI Virginia Polytechnic Institute
VROA relative o-xylene adsorption velocity
X conversion
Y yield
ZK zeolite Kerr
ZSM Zeolite Socony Mobil
φ zeolite Socony Mobil potential
σ “kinetic diameter”, which appears as a parameter in the Lennard-Jones poten-

tial

1
Introduction

With molecular probes, various properties of crystalline microporous solids
can be explored. One example is the determination of surface acidity/basicity
by adsorption and desorption of basic/acidic probe molecules (e.g., ammo-
nia, pyridine, carbon dioxide, chloroform or deuterochloroform) (cf. this
book series, vol 7, Chap. 1) and observing the sorption processes by IR
spectroscopy (vibrational spectroscopy) (cf. this book series, vol 4, Chap. 1),
NMR spectroscopy (cf. this book series, vol 4, Chap. 2), mass spectrome-
try or gas chromatography. Another possibility is the evaluation of surface
hydrophobicity/hydrophilicity by sorption of mixtures of non-polar and po-
lar substances. The assessment of micropore volume and pore size can be
accomplished by adsorption of xenon monitored by 129Xe NMR (cf. this book
series, vol 5, Chap. 4) spectroscopy, by adsorption of nitrogen and other small
molecules usually followed gravimetrically or volumetrically (cf. this book se-
ries, vol 6, Chap. 4) or by determining the heats of adsorption by means of
microcalorimetry (cf. this book series, vol 6, Chap. 5).

This chapter deals with the evaluation of the pore size of crystalline mi-
croporous solids with molecular probes, but only those methods that are
based on size effects will be discussed, i.e., where the dimensions of the
probe molecules (or of the transition states/product molecules formed from
them) and the pore width are similar. These methods include adsorption of
molecules of different sizes large enough to “feel” the presence of the micro-
pores and, therefore, allowing an assessment of the pore width [1], and test
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reactions in which the selectivities and/or conversions depend, in an unam-
biguous manner, on the pore width, i.e., shape-selective reactions. In the early
days of zeolite science, these two techniques were most popular tools for col-
lecting information on the approximate crystallographic pore size of zeolites
with unknown structures. With the advent of more sophisticated and highly
efficient crystallographic methods, a rapid determination even of complex
new structures became feasible. Hence, the initial incentive for the appli-
cation of methods using molecular probes has shifted [2]: Nowadays, these
techniques are primarily used as quick tests for probing the effective pore
width under catalytically relevant conditions and/or of molecular sieves ma-
nipulated and modified with post-synthesis methods such as chemical vapor
deposition (CVD), deliberate or unwanted coking, isomorphous substitution
of framework atoms and the like.

In Sect. 2, some general aspects will be discussed that are important for the
detailed understanding of the methods covered. Section 3 will be devoted to
adsorption, i.e., the use of molecular probes without chemical reactions. Fi-
nally, in Sect. 4 shape-selective catalytic reactions, which have been employed
for characterizing the width of micropores, will be reviewed.

2
General Aspects

2.1
Dimensions of Probe Molecules and Intracrystalline Cavities

For the discussion of size effects, it is vital that the dimensions be defined in
an appropriate way. This problem was tackled in an excellent paper by Cook
and Conner [3]. These authors stress that the hard-sphere picture underlies
the thinking about adsorption, i.e., adsorbate molecules and the adsorbent
are generally both considered to be rigid structures composed of hard-sphere
atoms or ions. However, in reality the molecules and the host matrix are
in continuous vibration and often quite flexible. Therefore, if results of ad-
sorption experiments are to be explained using the hard-sphere picture, the
dimensions of the probe molecules and of the intracrystalline cavities should
be brought in line with this simple picture. In other words, the model em-
ployed for interpreting the adsorption process should be consistent with the
type of dimensions used for the description of the probe molecules and
the intracrystalline cavities. By contrast, the “kinetic diameter” σ (from the
Lennard-Jones potential, cf. Fig. 1) of the adsorbate and the pore size based
on the ionic oxygen radius of 0.135 nm are generally used, and these di-
mensions do not satisfy this criterion of consistency [3]. In many instances,
molecules do diffuse into pores that are considered to possess a width lower
than the molecular diameter. An example is cyclohexane (σ = 0.60 nm, [4])
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Fig. 1 Dimensions of probe molecules and intracrystalline cavities (σ is the “kinetic
diameter” that appears as a parameter in the Lennard-Jones potential)

in zeolite ZSM-5 (0.53× 0.56 and 0.51 × 0.55 nm, [5], cf. Fig. 1) [6]. For this
reason, Cook and Conner [3] proposed a re-definition of framework atom
sizes, based on the average physical extension of electron density distribu-
tions in zeolite frameworks. With this modification, the maximum dimension
of the ZSM-5 pores would be 0.63 nm, now permitting cyclohexane to enter its
pores.

Another fact that should be taken into account is that, for cylindrical
pores, the consideration of just one molecular dimension is usually insuf-
ficient. Hardly any molecule has spherical symmetry. In this context, Web-
ster et al. [7] advanced the concept of effective minimum dimensions of
molecules. MIN-1, the minimum dimension through a molecule, and MIN-2,
the second minimum dimension through the same molecule perpendicular to
MIN-1, determine whether or not this molecule can enter the pores of a given
material. These dimensions can be calculated with molecular orbital theory
and allow a more sophisticated description of the molecular behavior inside
the pores.

Furthermore, one should consider the flexibility of molecules and how this
flexibility can affect the diffusion and adsorption inside the pores. Choudhary
and Akolekar [8] proposed the shuttlecock-shuttlebox model to account for the
fact that larger molecules than expected do diffuse into pores of a given width.
Their model envisages the compression of alkyl groups of branched molecules
similar to the compression of feathers of a shuttlecock in a shuttlebox.

In addition, one should keep in mind that the pore dimensions given in
the “Atlas of Zeolite Framework Types” [5] are coarse data and subject to
changes due to both the experimental conditions and the precise form of
the porous material. For example, the effective pore dimension varies with
temperature. The best way for probing this are catalytic tests performed at
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different temperatures [9]. This will be discussed in more detail in Sect. 4.
Another parameter that can affect the pore size is the aluminum content:
Framework aluminum tends to reduce the pore volume and to broaden the
pore size distribution. Steam treatment has been reported to reduce the ap-
parent pore size [10]. Furthermore, the shape of the pore aperture can change
during adsorption [4], and zeolites can undergo structural rearrangement,
which might alter the pore size [11]. Wu and Ma [12] showed that the ad-
sorption capacity for various hydrocarbons on zeolite ZSM-5 decreases as
the radius of the cation increases. Thus, certain parts of the channel system
can be blocked by cations, and the pore aperture can be contracted. In the
extreme case, molecules are excluded from the pore system. For example, un-
calcined offretite with large organic cations in its channels adsorbs neither
cyclohexane nor n-hexane, whereas the calcined zeolite does [13]. In the “At-
las of Zeolite Framework Types” [5], the pore size of the species examined
first is given. In zeolite minerals, different cations are often present, which
reduce the pore size, compared to the synthetic zeolites and the pure silica
analogues, which undergo no such reduction. Thus, the reader should pay at-
tention to the exact form of the species the pore size of which was determined.
Another possible reason for pore blockage is amorphous material in the in-
tracrystalline cavities [14]. Finally, preadsorption of polar molecules such as
water or ammonia often affects the subsequent adsorption of other molecules
by clustering around the cations, reducing the apparent pore size and adsorp-
tion capacity and eventually blocking the pores [15]. Therefore, particular
attention should always be paid to the hydration state of the zeolite.

In conclusion, one should be very careful when predicting whether or not
a given molecule has access to the pores of a given material merely from tab-
ulated sizes of molecules and cavities. Only if the dimensions of the probe
molecules and the dimensions of the intracrystalline cavities are chosen in
such a way that they are consistent with each other and the adsorption model,
meaningful predictions are possible [9].

2.2
Molecular Sieving

Molecular sieving is the selective adsorption of molecules into the intracrys-
talline void system of a molecular sieve and the exclusion of others due to
their dimensions being above the critical size. One example is illustrated in
Fig. 2: A gaseous mixture of n-pentane and 2-methylbutane was continuously
passed over a fixed bed of calcium-exchanged zeolite A (or zeolite “5A”) with
an effective pore diameter of ca. 0.5 nm (5 Å). This is large enough to al-
low for the diffusion of the n-alkane molecules through the 8-membered ring
windows of zeolite A, but too small for the uptake of the branched alkane.
Hence, 2-methylbutane breaks through at the adsorber outlet directly after
the onset of the experiment, while the smaller n-pentane is completely ad-
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Fig. 2 Breakthrough curves for the adsorption of an n-pentane/2-methylbutane mixture
over zeolite Ca-A in a fixed-bed flow-type adsorber

sorbed by the zeolite for about 2 h, whereupon its adsorption capacity is
exhausted.

The example displayed in Fig. 2 represents the extreme case in molecular
sieving, namely pore size exclusion, i.e., one molecular species is so bulky
that it is completely prevented from entering the intracrystalline cavities. In
many instances, however, molecules do enter the pores, but their diffusion
inside the pores is very slow. In such cases, very different results for the
adsorption capacity will be obtained depending on whether or not the sys-
tem was given enough time to reach adsorption equilibrium. Furthermore,
for the purpose of pore size characterization, one must keep in mind that
adsorptive separation on zeolites can be accomplished not only by molecu-
lar sieving, but also by selective cation-adsorbate interaction, by selective
sorption due to hydrophilic or hydrophobic surface properties or by selec-
tive sorption due to acidic/basic surface properties. The discussion in this
chapter will essentially be restricted to molecular sieving, however, a clear-
cut distinction between the different mechanisms of adsorptive separation is
sometimes difficult.

Obviously, if adsorption at the external surface of a molecular sieve occurs
to a significant extent, this will obscure the desired information on the pore
size. Masuda and Hashimoto [16] demonstrated that up to 50% of the total
amount adsorbed can be located on the external surface, if the zeolite crys-
tals are very small. One possibility to eliminate the undesired adsorption of
the probe molecule(s) on the external surface is to add another component
(e.g., as a solvent in liquid-phase adsorption), the molecules of which are so
bulky that they are completely hindered from entering the pores. These bulky
molecules will often cover the external surface exclusively, especially if their
concentration in the bulk fluid phase is high.
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Another complication arises when the size of the probe molecules closely
matches the size of the pore. Under these conditions, branched isomers can
be more strongly adsorbed than linear ones. For example, Santilli et al. [17]
reported that for zeolites of pore sizes between 0.6 and 0.7 nm, there was
an increased preference for branched versus linear hexane isomers, giving
rise to inverse shape selectivity. This phenomenon should be borne in mind
when adsorption over a range of pore sizes is being studied. Santilli et al. [17]
argued that attractive forces between the zeolite walls and hexane isomers
stabilize the branched isomers relative to n-hexane. Schenk et al. [18], on the
other hand, were of the opinion that n-hexane is excluded from the pores be-
cause its effective size is greater, i.e., adsorption of shorter, more compact
isohexanes is preferred to that of the longer n-hexane. This was demonstrated
using Grand Canonical Monte Carlo simulations and points to the value of
using molecular simulations in understanding adsorbate-absorbent interac-
tions, especially in relation to shape-selective effects.

Wu et al. [19] pointed out a few more pitfalls: They found that the amount
of cyclohexane sorbed in large crystals of zeolite ZSM-5 was much lower
after 2 h of equilibration than that sorbed in smaller crystals of the same
zeolite. This observation was explained by increasing time required to reach
adsorption equilibrium with increasing crystallite size [19]. Another fact that
could hinder the adsorption are imperfections of the large crystals, which
are invisible with conventional characterization techniques. Therefore, when
interpreting adsorption results, one should always take into account the crys-
tallite size of the samples. Another factor that can severely affect the results
are impurities in the adsorptives [19]. Even at low concentrations, impurities
in an adsorptive can lead to erroneous results due to selective adsorption of
the impurity, especially if its molecular dimensions are small.

3
Adsorption of Probe Molecules with Different Sizes

Probing the pore width of microporous materials by adsorptives of different
molecular size has been a popular method since the beginning of zeolite sci-
ence. Consequently, a vast amount of results are scattered in the scientific and
patent literature. No comprehensive discussion of these results is aimed at in
the present review. Rather, a few selected and instructive examples will be
presented.

3.1
Characterization of Various Zeolites in Comparison

Adsorption of an appropriate set of components with different molecular di-
mensions is a widely accepted procedure for characterizing the pore sizes of
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zeolites. A very thorough study on several 8-, 10- and 12-membered-ring zeo-
lites was made by Wu et al. [19], which can be looked upon as a basis for
a large part of the later work. During static adsorption at room temperature,
substantial amounts of n-hexane were sorbed by all zeolite samples, since
its critical dimensions are smaller than or equal to their crystallographic
pore openings. The largest adsorptive, mesitylene (1,3,5-trimethylbenzene),
was sorbed only in the pores of the 12-membered-ring zeolites. The authors
concluded that the ability to sorb benzene and cyclohexane classifies zeolite
ZSM-23 (MTT) (the structural code of the International Zeolite Association
is given in parentheses [5]) and ZSM-48 as medium-pore zeolites. How-
ever, having only one-dimensional channels, zeolites ZSM-23 and ZSM-48
adsorbed less benzene or cyclohexane than zeolites ZSM-5 (MFI) and ZSM-
11 (MEL), which have intersecting 10-membered-ring channels. The lower
adsorption capacity of the 12-membered-ring zeolite ZSM-12 (MTW) as com-
pared to zeolite Y (FAU) with its very spacious pore system was proposed
to be a consequence of its denser structure with one-dimensional channels
(like the large-pore zeolite mordenite (MOR); the 8-membered-ring pore
channels of mordenite do not adsorb the hydrocarbons used). The lesser
amount of mesitylene sorbed by ZSM-12 as compared to mordenite was
said to be consistent with its smaller crystallographic pore opening, imped-
ing the diffusion of the large mesitylene molecules into its intracrystalline
voids [19].

Wu et al. [19] also applied a dynamic adsorption method using a ther-
mogravimetric analyzer. These experiments were carried out at 373 K; equi-
librium was judged to have been achieved when the weight gain was less
than 17 ng/s. ZSM-23 and ZSM-48 exhibited a comparable capacity ratio of
3-methylpentane to n-hexane as ZSM-5 and ZSM-11, but a considerably lower
ratio of uptake rate for these two hydrocarbons, reflecting again the unidi-
mensionality of the channels in ZSM-23 and ZSM-48. However, the capacity
of cyclohexane sorbed by ZSM-48 was larger and the rate of uptake faster than
on ZSM-23, consistent with the greater eccentricity of the pore openings and
the channels of ZSM-23.

In a further evaluation of their experimental data, Wu et al. [19] deter-
mined effective pore sizes of the zeolites by using the smaller cycloalkanes
as a measure of the minor axis and the larger aromatics as a measure of the
major axis of the effective pore opening. Just one example is given here for
illustration: Since the uptake rate of cyclohexane (about 0.5×0.6 nm size) in
ZSM-23 was very low, the minor axis of the ZSM-23 channels was concluded
to be about 0.45 nm, approaching that of the smallest dimension of cyclo-
hexane. Its ability to sorb p-xylene (about 0.4 × 0.6 nm size) and o-xylene
less readily (about 0.4×0.7 nm size) indicates that its major axis appears to
be only 0.65 nm. Table 1 gives an overview of which molecules can enter the
pores of important zeolites. When using this table, the reader should always
be aware that the adsorption behavior is dependent on the experimental con-
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ditions and on changes in the pore size, which can be caused by ion exchange
and so forth (cf. Sect. 2.1).

Guil et al. [22] chose similar probe molecules, i.e., n-hexane, toluene,
m-xylene and mesitylene, for probing the pore size of the new zeolite ITQ-4
(IFR) and comparing it to several medium- and large-pore zeolites. These
authors defined so-called packing densities as the amount of adsorbate that
fills up the micropores during single-component adsorption per micropore
volume (as determined by nitrogen sorption). The micropore volume of zeo-
lite ITQ-4 was found to be nearly as large as the one of zeolite Beta (BEA),
suggesting the existence of wide channels and great cavities. However, its
n-hexane packing density, which is very sensitive to the presence of cavi-
ties, was between those of zeolites SSZ-24 (AFI) and ZSM-12 (MTW), both
of which possess unidirectional 12-membered-ring channels. Furthermore,
the packing density of m-xylene in ITQ-4 was 4.55 mmol g–1. From this, the
authors concluded that ITQ-4 possesses 12-membered-ring channels, since in
10-membered-ring channels, into which m-xylene can penetrate, the packing
density was much lower. Mesitylene did not have access to the micropores of
ITQ-4 [22].

Santilli et al. [17] studied the competitive, dynamic adsorption of n-hex-
ane, 3-methylpentane and 2,2-dimethylbutane at 130 ◦C on several small-,
medium-, large- and extra-large-pore zeolites. Except for zeolites erionite
(ERI) and ZSM-23 (MTT), the three hydrocarbons were sorbed on all zeo-
lites used. Zeolite erionite sorbed only n-hexane, ZSM-23 only n-hexane and
3-methylpentane.

Lourenço et al. [25] recorded adsorption isotherms of cyclohexane on
zeolites H-mordenite, H-ZSM-5, H-SAPO-40 (AFR) and H-Y (nSi/nAl = 4.5).
They proposed that the lowest rate of cyclohexane adsorption and the low
total amount adsorbed on H-mordenite were in line with the presence of the
unidirectional channel system in this zeolite. This contrasted with the high
adsorption rate on H-ZSM-5, which has a three-dimensional channel system
that facilitates the diffusion of cyclohexane, despite the pore diameter being
smaller than that of H-mordenite. On zeolite H-Y with its large cavities, cy-
clohexane was adsorbed fast and in large amounts. In H-SAPO-40, only the
main 12-membered-ring channels were accessible to cyclohexane. The high
sorption rate and capacity indicated that its structure involves a larger void
volume and less constraints than that of H-mordenite.

Lobo et al. [23] used adsorption experiments to characterize the new extra-
large-pore zeolite UTD-1 (DON): The adsorption capacities of n-hexane,
2,2-dimethylbutane and cyclohexane were similar for zeolites SSZ-24 (AFI),
L (LTL) and UTD-1, but considerably larger for zeolites Y and VPI-5 (VFI).
This was explained by the former having one-dimensional pore systems,
the latter having large cavities or very large 18-membered-ring channels
(VFI). The pore size of the different zeolites was assessed using 1,3,5-
triisopropylbenzene: This large molecule (kinetic diameter ≈ 0.85 nm) had
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no access to the channels of SSZ-24 (diameter 0.73 nm), adsorbed very slowly
in the pores of zeolite Y (diameter 0.74 nm), but had easy access to the pores
of the 14-membered-ring zeolite UTD-1 and to VPI-5. (Strangely enough
and uncommented by the authors, 1,3,5-triisopropylbenzene was adsorbed
on zeolite L, in which the diameter of the 12-membered-ring channels is
0.71 nm.)

Yuen et al. [26] employed linear dialkylazodicarboxylate chromophores
with different sizes of the alkyl groups as probes for pore size characteriza-
tion. The uptake of the azo compounds from an isooctane solution was easily
monitored using a UV/Vis spectrophotometer. The method demonstrated
no uptake of the chromophore-containing molecules for small-pore zeolites,
somewhat hindered uptake for medium-pore zeolites and variable uptake
rates for large-pore zeolites, because the solvent could compete with the
azo compound. For medium-pore zeolites, the uptake of the chromophore-
containing molecules was inversely related to the crystallite size. The tech-
nique allows for a quick probing of the pore system of novel zeolite materials.
In this study, the structure of zeolite SSZ-25 (MWW) was examined in com-
parison to the known structures of various zeolites, such as ZSM-5, ZSM-22,
ZSM-23, Y, Beta and other SSZ zeolites. Water was found to compete with the
azo compounds in the adsorption experiments, therefore, it should carefully
be excluded from the system. As expected, the presence of coke reduced the
uptake of the chromophore-containing molecules. Though a large amount of
adsorption isotherms and other useful data were collected in this study, the
authors themselves stressed that the analysis of the data is hardly foolproof
and that additional data is needed, for example concerning crystallite size,
zeolite composition and so on, before this method can possibly be used as
a standard test.

A vast amount of adsorption data was collected by Breck [27]: Adsorption
capacities of most of the common gases and hydrocarbon vapors on various
zeolites and zeolite minerals are listed in this book. Where a marked effect
of the cation on the sieving characteristic is evident (cf. Sect. 2.1), adsorption
capacities for different cation-exchanged forms of the zeolites are given. For
example, the potassium form of zeolite A (“3A”) has a smaller, the calcium
form (“5A”) a larger pore size than the sodium form of zeolite A (“4A”). It is
concluded that on zeolite Na-A, for example, molecules with a kinetic diam-
eter larger than 0.36 nm are not adsorbed (cf. Table 2). Breck’s book continues
to be very useful as a quick reference on whether a molecule can be adsorbed
on a specific zeolite or not, though it does not contain information on the
more recent zeolites.

For the characterization of small-, medium- and large-pore zeolites by ad-
sorption, Otake [21] proposed the so-called RCN index, defined as the ratio of
the adsorption capacity of cyclohexane to that of n-hexane, as a simple and
versatile tool. Whereas catalytic test reactions (cf. Sect. 4) are only applicable
to medium-pore or large-pore zeolites, but not to both at the same time, the
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Table 2 Adsorption properties of various zeolites [27]

Zeolite does not adsorb molecules with a kinetic diameter

Na-A (LTA) > 0.36 nm at 77 K, > 0.40 nm at 300 K
Ca-A (LTA) > 0.43 nm at 300 K, > 0.44 nm at 420 K
Erionite (ERI) (mineral) > 0.43 nm at 400 K

Chabazite (CHA) (mineral) > 0.43 nm at 400 K
Mordenite (MOR) (mineral) > 0.48 nm at 300 K
Ca-X (FAU) > 0.78 nm at 300 K
Na-X (FAU) > 0.80 nm at 298 K
Na,K-L (LTL) > 0.81 nm at 323 K

RCN index was claimed to be linearly dependent on the average diameter of the
largest pore over a wide range of pore sizes of zeolites with 8- to 12-membered
rings. A further advantage of this index is that the absolute amount of adsorbate
is immaterial. Only the selectivity of adsorption determines the index. It was
demonstrated that the RCN index could also detect subtle changes in the pore
size due to ion exchange: The RCN value decreased with increasing cation radius
of cation-exchanged Beta zeolites. However, Na-Beta and Ca-Beta had different
RCN values, even though the cation radii of Na and Ca are the same. Similar in-
consistencies appeared when comparing different zeolites. In summary, though
the proposed index is an interesting tool for characterizing zeolite pore sizes,
it is in an early stage of development. More data and a refinement are needed,
before one can judge upon its general applicability and usefulness.

3.2
Various Methods of Pore Size Characterization by Adsorption

Besides the relatively simple methods for pore size characterization by ad-
sorption, which were presented in Sect. 3.1, a wealth of other methods have
been proposed. Some of them will be described in this section.

First, methods similar to the determination of the RCN index (cf. Sect. 3.1,
last paragraph) were introduced, the difference being that the time depen-
dence of the adsorption process is taken into consideration: In a study on
ZSM-5 and ZSM-11 zeolites, Harrison et al. [28] defined the so-called Pore
Constraint Index as the ratio of the amount of n-hexane adsorbed after
15 min to the amount of 2,3-dimethylbutane (or cyclohexane) adsorbed after
15 min. This index is based on the fact that, under the experimental condi-
tions chosen, molecules with a kinetic diameter less than the dimensions of
the zeolite pore openings, such as n-hexane, were rapidly adsorbed and ap-
proached their sorption capacity within 15 min. In contrast, molecules such
as 2,3-dimethylbutane and cyclohexane, the diameters of which are close
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to the channel dimensions, were only slowly adsorbed. In such cases, the
amounts sorbed after 15 min are not true sorption capacities, but represent
relative rates of adsorption. Such data can, however, still yield valuable infor-
mation on the zeolite pore structure: A plot of sorbate uptake on ZSM-5 after
15 min versus the kinetic diameter of the sorbate molecule revealed a sharp
cut-off in sorbate uptake at a molecular diameter of approximately 0.58 to
0.60 nm, which agrees well with the pore dimensions of ZSM-5. By contrast,
on zeolite ZSM-11, even 2,3-dimethylbutane and cyclohexane approached
their adsorption capacities within 15 min. Thus, the decreasing value of the
Pore Constraint Index in going from silicalite-1 over ZSM-5 and ZSM-5/ZSM-
11 intermediates to ZSM-11 was accounted for in terms of decreasing channel
tortuosity, allowing for a more rapid rate of diffusion of larger molecules into
the zeolite pores. Therefore, this test facilitates an estimation of pore sizes
within a small range, which could also be useful for the assessment of pore
size changes by CVD. In addition, the method reveals an important advantage
of adsorption tests over catalytic test reactions namely, they can be used for
zeolites with different nSi/nAl ratios, in other words, the pure silica analogue
silicalite-1 can be tested as well.

A similar adsorption test was proposed in the patent literature [29]: Zeolites
selective for the production of p-dialkylbenzenes were characterized by deter-
mining relative rates of adsorption of p- and o-xylene. Highly selective zeolites,
such as ZSM-5, typically had an adsorption capacity of mp-xylene/mzeolite ≥ 0.01.
The equilibrium adsorption capacity was determined gravimetrically at
120 ◦C; p-xylene was preferentially chosen since it is the xylene isomer which
reaches equilibrium within the shortest time, but m- or o-xylene or isomer
mixtures can also be used. The time for o-xylene sorption of 30% of the p-
xylene capacity was larger than 10 min with selective zeolites. This sorption
time, the so-called t0.3, could be extended considerably by precoking of the cat-
alyst. Hence, this adsorption test is useful for characterizing pore size reduction
by coking and modification with oxides of antimony, phosphorus, boron or
magnesium or CVD. t0.3 was found to be a direct measure of the diffusivity [30]
and of the pore tortuosity [31]. A similar parameter, which was also claimed to
be a measure of the pore tortuosity, is the relative o-xylene adsorption velo-
city, VROA ≡ (mo-xylene, adsorbed at180 min)/(mp-xylene, adsorbed at infinite time) [31].
Baeck et al. [32] showed that the rate constant for n-hexane sorption on Mg-
ZSM-22 decreased strongly with increasing deposition time of silicon alkoxide.
Therefore, the rate constant is also a measure of the contraction of the pore
opening. However, the adsorption capacities of n-hexane were unchanged by
CVD, suggesting that only the pore opening at the external surface of the
crystallites was reduced, whereas the channel diameters in the interior of the
crystals were not.

Santilli [33] developed the so-called pore probe technique, which allows
for the measurement of the absolute steady-state concentrations of molecules
within the pores of zeolites even at temperatures near or at typical reaction
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conditions, i.e., the adsorption capacity during the reaction can be deter-
mined. To achieve this, the catalyst/adsorbent is exposed to the feed flow
till the product stream reaches steady state. One then switches to a nitrogen
flow, and the catalyst is cooled quickly in order to avoid further reaction. The
material desorbed is collected and analyzed by gas chromatography using
an external standard. Blank runs using adsorbents without pores are em-
ployed to measure the steady-state concentrations of all feed components in
the dead space and on the external surface. By comparing the amount of C6
hydrocarbons in the pores of H-ZSM-5 and Na-ZSM-5, the influence of an
acid-catalyzed reaction on the adsorption capacity could be determined [33].
In addition, the change of the adsorption capacity with the temperature can
be calculated.

Choudhary et al. [34] studied zeolite adsorption properties by injecting
different compounds into a gas chromatographic column packed with zeolite
particles at temperatures close to those employed in catalytic processes. The
flowing carrier gas eluted the adsorbate, and the peak was recorded. The re-
tention time data were corrected for the voids present in the zeolite column
and connecting tubes. A sharp decrease in the retention time (or sorption) of
the sorbate (during the passage of the sorbate pulse) on the zeolite was ob-
served with an increase in the steric hindrance due to chain branching. The
method appears to be useful for determining whether a molecule can enter
the channels or not. Thielmann et al. [35] used a similar technique that com-
bines thermal desorption with inverse gas chromatography. A peak during
thermodesorption indicates that the molecule concerned had access to the
pore system. In addition, this method seems to permit a discrimination be-
tween adsorption in micropores, mesopores and on the external surface [35].
Anunziata and Pierella [36] also performed desorption experiments, but they
used a conventional TPD (temperature-programmed desorption) equipment
with a flame ionization detector. During desorption of m-xylene or mesity-
lene from zeolite ZSM-11, they observed one peak at low temperature, mostly
due to the desorption of m-xylene and mesitylene adsorbed on the external
surface, and one peak at higher temperature, mostly due to molecules that
partially penetrated the pores of the zeolite. Naphthalene did not have access
to the channels and was desorbed from the external surface in one peak at
relatively low temperatures.

Denayer et al. [37] considered the fact that most industrial zeolite pro-
cesses are performed at elevated hydrocarbon pressures or in the liquid
phase, but adsorption of organic molecules is commonly studied at low par-
tial pressures in the gas phase. In the liquid phase, the adsorbent is saturated
with adsorbate molecules, which approaches the industrial conditions in
a much more realistic way than the zero coverage limit that is usually studied
in the gas phase. In the liquid phase, non-idealities, such as adsorbate-
adsorbate interactions and surface heterogeneity, become more important.
Therefore, the situation is complex, and liquid-phase adsorption properties
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cannot be extrapolated easily from gas-phase adsorption isotherms. However,
data on competitive adsorption of organic molecules with different polari-
ties and carbon numbers at temperatures relevant to catalysis and elevated
pressures are lacking in the literature. Denayer et al. [37] used a classical
HPLC (high-pressure liquid chromatography) setup with pellets or crystals
of the adsorbent in the HPLC column and a refractometer as detector, which
allowed work at temperatures exceeding boiling temperatures of the fluids
employed as mobile phases. The authors found that the competitive adsorp-
tion between n-alkanes strongly depends on the pore size of the zeolite. In
the large-pore zeolite Y, adsorption was governed by chain segment inter-
actions rather than interaction with complete molecules. Thus, whereas the
adsorption constants strongly depend on the carbon number of the n-alkanes
in the gas phase, short-chain and long-chain n-alkanes adsorb in a non-
selective way in the liquid phase, as they are built of the same carbon chain
segments. Selective adsorption occurred only in the presence of aromatics
or polar molecules. The molecular weight of the molecules had only a mi-
nor influence. However, when the amount of adsorbed molecules decreased,
long-chain n-alkanes started to be adsorbed preferentially over short-chain
n-alkanes as they then had more free space to align themselves with the zeo-
lite surface. In the smaller pore system of ZSM-5, n-alkanes were stretched
along the pore axis and had a stronger interaction with the zeolite. Sorbate-
sorbate interactions were reduced, and a stronger competitive adsorption
behavior between short-chain and long-chain n-alkanes was observed. How-
ever, short-chain n-alkanes (up to n-heptane) had access to the two channel
types of ZSM-5, whereas longer n-alkanes had only restricted access to the
pore system. In addition, it was observed that the polarity of the zeolite de-
termines to what extent long-chain n-alkanes are adsorbed preferentially over
shorter n-alkanes. The work of Denayer et al. [37] shows in an impressive way
the lack of realistic data on adsorption properties of porous materials and is
an appeal to perform competitive adsorption experiments in the liquid phase
and/or under elevated pressure.

An unusual method of pore size characterization was applied by Yoon
et al. [38]: A series of brightly colored charge-transfer complexes was as-
sembled in situ by intercalation of various aromatic donors with different
pyridinium acceptors in a number of large-pore zeolites. Upon the deliberate
introduction of water vapor into these variously colored zeolites, the dif-
fuse reflectance spectra underwent pronounced spectral shifts of the charge-
transfer bands, the magnitude of the shifts being uniquely dependent on the
molecular size/shape of the donors and acceptors as well as the dimensions
of the zeolite cavities. For example, the bathochromic shift of the charge-
transfer band of complexes of methylviologen with 1,4-dimethoxybenzene
decreased rapidly with increasing pore size from zeolite mordenite (MOR)
over zeolite L (LTL) to zeolite Omega (MAZ). In zeolite Y (FAU) with its
spacious supercavities, no shift at all was observed. Thus, intermolecular
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charge-transfer complexes provide a method for probing the pore width of
large-pore zeolites, which is especially useful because the other techniques
proposed up to now mostly employ molecular probes more appropriate for
the characterization of medium-pore zeolites. Another useful spectroscopic
method is FT-IR spectroscopy. With this technique, Trombetta et al. [39]
showed, for example, that o-xylene and pivalonitrile do not reach the in-
ternal zeolitic OH groups of zeolite ZSM-5. However, FT-IR spectroscopy is
more appropriate for the characterization of acidic and basic sites of zeo-
lites than for their pore size and will not further be dealt with in this review
article.

Another widely applied method for pore size characterization is mi-
crocalorimetry: Derouane et al. [40] found that the heats of adsorption of
methane increase considerably with decreasing pore size of the zeolitic adsor-
bents employed. These results were extended by many researchers, but are not
within the scope of this chapter.

An approach including much modelling work was adopted by Webster
et al. [41]: They used smaller probe molecules (O2, N2, CO, Ar, CH4) to char-
acterize the 8-membered-ring channels and larger probe molecules or atoms
(C2H6, C3H8, n-C4H10, i-C4H10, Xe, SF6) for the 12-membered-ring channels
of zeolite mordenite. All these molecular probes had access to the channel
system, but by using such a broad variety, the channels could be well assessed
by gradually increasing the size of the molecules. The authors defined three
different interaction types between the probe molecules and the pores: (i)
strong interaction with two opposing walls, (ii) strong interaction with one
wall and weak interaction with the opposite wall and (iii) interaction with one
wall only. Since the larger probes were excluded from the small channels, they
could provide information on the large channel and the aperture of the small
channels only, yielding no information on the small channels directly. By con-
trast, the smaller molecules could access regions that the larger molecules
could not. The data sets were analyzed using the new multiple-equilibrium
analysis (MEA) method, providing adsorption capacities, accessible surface
areas, pore volumes as well as enthalpies and entropies of adsorption. The
big advantage of this technique is its accuracy and the possibility to deter-
mine accessible surface areas (e.g., 265 m2 g–1 for Na-MOR and 346 m2 g–1 for
H-MOR), whereas with the BET model values of 458 (Na+ form) and 462 (H+

form) m2 g–1 were found.
A considerable amount of modeling work has been done regarding the ad-

sorption and diffusion of molecular probes in crystalline microporous solids.
Molecular modeling is a useful adjunct in gaining insight into adsorption
processes over molecular sieves and determining whether a given molecule
will enter the pores. It thus can also be used in understanding experimental
data. Deka and Vetrivel [42] demonstrated, for instance, the efficiency of the
force field energy minimization technique for the study of adsorption of large
molecules inside the micropores of zeolites. Molecular modeling will only be
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briefly mentioned here, and the reader is referred to Pikunic et al. [43], who
explain in detail the various types of modeling techniques currently available.

The main methods used at present are density functional theory (DFT)
and molecular simulation techniques such as Grand Canonical Monte Carlo
and Gibbs Ensemble Monte Carlo [43]. DFT belongs to the group of molecular
modeling techniques called statistical thermodynamic theories. DFT is best
suited to simple pore systems and spherical molecules, and for these systems
it is computationally faster and as accurate as the molecular simulation tech-
niques. However, it becomes unwieldy for more complex pore systems and
non-spherical molecules. In such cases the more rigorous approach of mo-
lecular simulation is preferred.

3.3
Molecular Probes for Zeolites with Different Pore Sizes

3.3.1
Small-Pore Zeolites

For the characterization of small-pore zeolites, most of the molecular probes
discussed so far cannot be employed because they are too large to enter the
pores. Kerr [44] used n-hexane, water and cyclohexane for characterizing
zeolite ZK-5 (KFI). Water and n-hexane were adsorbed in large amounts,
whereas only a very small amount of cyclohexane was adsorbed. Eder and
Lercher [45] reported that, whilst propane, n-butane, n-pentane and n-hexane
had access to the pores of ZK-5, the isoalkanes had none.

Den Exter et al. [46] studied the adsorption of several small molecules on
aluminum-free deca-dodecasil 3R (DDR) and also observed that linear alka-
nes and alkenes could enter the pores, whereas isobutane was only adsorbed
in mesopores or on the external surface. Stewart et al. [47] reported, however,
that even n-butane was excluded (at 273 K) from the pores of zeolite Sigma-1
(DDR), the aluminosilicate analogue of deca-dodecasil 3R. This could be due
to pore size narrowing caused by the cations balancing the negative frame-
work charges.

No doubt, the most thoroughly characterized small-pore zeolite is zeo-
lite A (LTA) [9, 14, 27, 48, 49]: This zeolite can be used for the separation of, for
instance, n-butanol from iso-butanol [48], n-butane from isobutane [14, 48]
and oxygen from nitrogen [27, 48, 49]. With nitrogen (σ = 0.364 nm) and oxy-
gen (σ = 0.346 nm), subtle changes of the pore size of zeolite A were probed:
On zeolite K-A with its small pore size (“3A”) neither oxygen nor nitrogen
were adsorbed at – 196 ◦C, whereas on Ca-A with its considerably larger pore
size (“5A”) both molecules were adsorbed at this low temperature [48]. The
pore size of Na-A (“4A”) lies in between the pore sizes of K-A and Ca-A,
and on this zeolite the sieving characteristics changed with temperature: At
– 196 ◦C, oxygen but no substantial amount of nitrogen was adsorbed. At
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– 75 ◦C or even higher temperatures, nitrogen was adsorbed in larger quan-
tities than oxygen [48]. This preferential adsorption is, however, not due to
the molecular size, because both molecules have access to the channel sys-
tem at this temperature, but due to chemical properties of the zeolite and the
probe molecules. If the pore size of zeolite Na-A was slightly decreased by
CVD, nitrogen was no longer adsorbed [49].

3.3.2
Medium-Pore Zeolites

As an excellent catalyst for the skeletal isomerization of butenes, zeolite
H-ferrierite (FER) has attracted significant interest. Adsorption was used
to characterize its pore system containing two perpendicularly intersect-
ing channel systems, one consisting of 10-membered rings, the other of
8-membered rings. Van Well et al. [50] found that the pore volumes oc-
cupied by n-heptane and n-hexane were significantly lower than the ones
occupied by n-pentane, n-butane and propane. From this, the authors
supposed that the complete pore structure of FER is not accessible to
n-heptane and n-hexane. By comparing 13C NMR spectra of molecules ad-
sorbed on H-ferrierite and Na-ZSM-22 (TON), a zeolite with one-dimensional
10-membered-ring channels, they concluded that n-hexane adsorbs exclu-
sively in the 10-membered-ring channels of H-ferrierite. Similar conclusions
were drawn by Eder and Lercher [45]: As detected by IR spectroscopy, only
about 90% of the acid sites of zeolite H-FER were accessible to n-hexane.
Isobutane and isopentane were adsorbed only slowly in small amounts. The
authors pointed out that there is an additional interaction between the acid
site and the sorbed hydrocarbon. A point to be borne in mind is that these
interactions can lead to synergistic and antagonistic effects, depending on
whether or not probe molecules are sited in positions different from those
preferred in the absence of acid sites.

The largest amount of work in this field was devoted to ZSM-5 (MFI), the
most important medium-pore zeolite. ZSM-5 is the cheapest medium-pore
zeolite and therefore with regard to proposed applications of this zeolite, it is
important to know whether certain molecules can access its pore system or
not. This subject was first broached in Table 1, and Table 3 is designed to ex-
tend the picture for zeolite ZSM-5. When using this table, the reader should
always be aware that it depends, inter alia, on the experimental conditions
whether or not molecules have access to the pores.

Multicomponent adsorption experiments on zeolite ZSM-5 in the gas
phase were performed by Klemm and Emig [61]: During adsorption of
the three xylene isomers on the zeolite in a recycle adsorber, an excess
of m-xylene and a lack of p-xylene were observed at the adsorber outlet
in the initial stage of the experiment. These effects disappeared when ap-
proaching steady state and were explained by a higher diffusion coefficient of
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Table 3 Adsorption properties of zeolite MFI [16, 19, 51–63]

Compound Adsorption in MFI zeolites Refs.

n-Hexane Yes [19, 53, 54, 57, 59, 62]
3-Methylpentane Yes [19, 53, 54, 62]
Benzene Yes [16, 19, 51, 53, 57, 58]

Toluene Yes [16, 54, 58]
p-Xylene Yes [16, 19, 51, 52, 54, 56–61]
Cyclohexane Yes [19, 53]
Ethylbenzene Yes [55, 57]
1-Methylbutylbenzene Yes [51]

Methylnonanes Yes [52]
1,4-Diisopropylbenzene Yes [56]
2,3-Dimethylbutane Yes [54]
1,2,4-Trimethylbenzene Yes [19, 59]
Cresol isomers Yes [56]

2-Methylnaphthalene Yes [63]

m-Xylene Yes 1 [52, 53, 55–57, 59]

Neopentane Yes 2/no 3 [51, 52]

2,2-Dimethylbutane Yes 4/no 5 [19, 53, 62]

o-Xylene Yes 2,4/no 3,6 [19, 51, 52, 57, 59, 60]

1,3-Diisopropylbenzene No [56]
1-Methylnaphthalene No [63]
cis-Decalin No [51]
trans-Decalin No [51]
Tetramethylsilane No [51]

Cyclooctane No [51]
1-Ethylpropylbenzene No [51]
Mesitylene No [16, 19, 51, 54]

1 Not adsorbed during competitive adsorption of all xylene isomers at 283 K in the liquid
phase [56]
2 Adsorption at room temperature in the liquid phase [51]
3 Adsorption at 333 K in the gas phase [52]
4 Adsorption at 373 K in the gas phase [19]
5 Adsorption at room temperature [53] or at 323 K [62] in the gas phase
6 Adsorption at 303 K in the liquid phase [60]

p-xylene. Namba et al. [56] performed competitive adsorption experiments of
xylene isomers in a batch adsorber in the liquid phase using as solvent 1,3,5-
triisopropylbenzene, the molecular dimension of which was too large to enter
the pores of the zeolite. This technique may eliminate the effect of the exter-
nal surface, because the solvent, the concentration of which is much higher
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than that of the adsorptives, covers the external zeolite surface. At 283 K, only
p-xylene was adsorbed on zeolite H-ZSM-5, whereas at higher temperatures
all three isomers were adsorbed, even though the p-xylene adsorption capac-
ities were much higher than those of o- and m-xylene. Dessau [51] obtained
similar results with xylenes at the same experimental conditions. During
competitive adsorption of n-alkanes and aromatics on ZSM-5, he observed
a marked preference for the n-alkanes, in distinct contrast to adsorption stud-
ies on faujasites. In counterdiffusion studies, in which p-xylene was adsorbed
initially, it was rapidly displaced upon addition of n-nonane, because this
hydrocarbon has a higher molecular weight. The author argued that this be-
havior of ZSM-5 might be due to the fact that, unlike A and Y zeolites, it
contains no large cavities in which n-alkanes can coil around themselves. The
coiling of high molecular weight alkanes inside A and Y zeolites should re-
sult in an additional entropy loss upon sorption, thereby reversing the normal
order of preferential adsorption of the higher molecular weight component.

Weitkamp et al. [62, 63] performed competitive adsorption experiments
in a flow-type fixed-bed adsorber in the gas phase. During adsorption of
an n-hexane/3-methylpentane/2,2-dimethylbutane mixture over Na-ZSM-5,
2,2-dimethylbutane broke through immediately (cf. Fig. 3), i.e., this hexane
isomer could not enter the zeolite pores. 3-Methylpentane and n-hexane had
access to the pore system, but n-hexane was adsorbed preferentially. There-
fore, 3-methylpentane reached partial pressures pi at the adsorber outlet,
which were higher than the partial pressure pi,0 at the adsorber inlet, because
it was displaced from the zeolite pores by n-hexane [62]. During adsorption
of a 2-methylnaphthalene/1-methylnaphthalene mixture on zeolite H-ZSM-5,
the bulkier 1-methylnaphthalene was not adsorbed at 100 ◦C, whereas

Fig. 3 Breakthrough curves for the adsorption of an n-hexane/3-methylpentane/2,2-
dimethylbutane mixture over zeolite Na-ZSM-5 (n-Hx = n-hexane, 3-M-Pn = 3-methyl-
pentane, 2,2-DM-Bu = 2,2-dimethylbutane)
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2-methylnaphthalene could enter the zeolite pores [63]. On zeolite H-ZSM-12,
both isomers were adsorbed, the larger isomer breaking through first. On
zeolite Na-Y, the interaction between the zeolite and 1-methylnaphthalene
was stronger than that with 2-methylnaphthalene. Therefore, the smaller
2-methylnaphthalene was displaced by 1-methylnaphthalene.

Another medium-pore zeolite that was characterized by adsorption
is zeolite MCM-22 (MWW) [20, 24] and its pure silica analogue ITQ-1
(MWW) [64]: Corma et al. [24] determined adsorption isotherms of different
probe molecules in the gas phase. The uptake of m-xylene was about half the
value for toluene. The value for o-xylene was much lower and approximately
equal to that of 1,2,4-trimethylbenzene. These results prompted the authors
to suggest the existence of micropores and cavities of two different sizes,
i.e., narrower micropores to which only toluene has access and wider micro-
pores or cavities which are penetrated by toluene as well as m-xylene. The
much lower uptake of o-xylene and 1,2,4-trimethylbenzene was ascribed to
adsorption at the entrances of the micropores and cavities. In another series
of experiments, toluene adsorption isotherms were recorded after preadsorp-
tion of other adsorptives and an intermittent outgassing. The toluene uptake
was lower when preadsorption had been performed, the effect being less im-
portant for preadsorbate molecules of larger size [24]. Ravishankar et al. [20]
found that the adsorption capacities of n-hexane, cyclohexane, m-xylene
and mesitylene of zeolite MCM-22 were virtually independent of the alu-
minum content. MCM-22 adsorbed moderate amounts of mesitylene, even
though this hydrocarbon should not be able to enter the 10-membered-ring
pore openings. Therefore, the authors suggested that some of the large 12-
membered-ring cavities should be accessible from the external surface, either
through defect centers or through the presence of some 12-membered-ring
cavities at the external surface [20].

3.3.3
Large-Pore and Extra-Large-Pore Zeolites

For large-pore zeolites, a suitable choice of probe molecules for pore size
characterization are tertiary alkylamines with alkyl groups of varying bulk-
iness or with perfluorinated alkyl groups [65]. Adsorption of the critically-
sized molecule perfluorotriethylamine, (C2F5)3N, showed that the effective
aperture of the dehydrated mineral faujasite is substantially smaller than that
of synthetic zeolite Y, since its adsorption capacity was much smaller. Perfluo-
rotriethylamine was not adsorbed at all on Ca-X and Ca-Y zeolite. Li-X, Na-X
and Cs-X adsorbed (C2F5)2NC3F7 (σ = 0.77 nm), (C3H7)3N (σ = 0.81 nm)
and (C4H9)3N (σ = 0.81 nm), but not (C4F9)3N (σ = 1.02 nm), whereas Ca-X
and Ba-X only adsorbed (C2F5)2NC3F7. From this, the authors concluded that
the effective pore diameter of Na-X is about 0.9 to 1.0 nm and that of Ba-X or
Ca-X 0.8 to 0.9 nm [65].
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Davis et al. [66] distinguished extra-large-pore zeolites from large-pore
zeolites by adsorption experiments with 1,3,5-triisopropylbenzene; this
molecule was too bulky to enter the pore system of faujasite with reasonable
uptake rates, but did have easy access to the channels of VPI-5.

4
Catalytic Test Reactions

Catalytic test reactions for probing the pore width of porous materials have
much in common with adsorption tests with the same objective. Adsorption,
of course, does occur during these catalytic tests as well, but in addition,
a chemical reaction takes place in a shape-selective manner. In order to
design and understand test reactions for probing pore dimensions, the fun-
damentals of shape-selective catalysis should be addressed.

4.1
Shape-Selective Catalysis in Microporous Materials

Various definitions have been used for shape-selective catalysis. Of these, the
most straightforward and useful one is as follows [2]: Shape-selective catal-
ysis encompasses all effects in which the selectivity of a catalytic reaction
depends, in an unambiguous manner, on the pore width or pore architec-
ture of the porous solid. A comprehensive review of the fundamentals of
shape-selective catalysis has been published recently [67]. The shape selec-
tivity effects observed experimentally are usually classified into three types,
namely reactant, product and restricted transition state shape selectivity [68].

Both reactant and product shape selectivity have their origins in mass
transfer limitations, i.e., in the hindered diffusion of reactant and product
molecules, respectively, in the pores of the zeolite catalyst. Therefore, we refer
to those two shape selectivity effects as mass transfer shape selectivity. One
example of the reactant type of mass transfer shape selectivity, the compet-
itive cracking of n-octane and 2,2,4-trimethylpentane, is depicted in Fig. 4.
This situation can be understood as molecular sieving combined with cata-
lytic conversion: 2,2,4-trimethylpentane is too bulky to enter the pores of the
zeolite and is, therefore, hindered from reaching the catalytically active sites
inside the pores of the zeolite. This molecule can only be converted at cata-
lytic sites located on the external surface of the zeolite crystallites, or it can
leave the reactor without being converted. By contrast, the slender n-octane
does have access to the pores of the zeolite, where it is readily converted. The
net effect, which can be detected at the reactor outlet, is the selective cracking
of n-octane into, e.g., an n-butene and n-butane, which are slender molecules
that do not experience diffusional hindrance on their way out of the zeolite
pores.
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Fig. 4 Selective cracking of n-octane in the presence of 2,2,4-trimethylpentane as an
example of reactant shape selectivity

As an example of the product type of mass transfer shape selectivity, the
acid-catalyzed ethylation of toluene has been chosen, and is shown in Fig. 5.
Product shape selectivity is the reverse of reactant shape selectivity: Both reac-
tants are small enough to enter the zeolite pores, but of the potential products
(o-, m- and p-ethyltoluene), only the slim p-ethyltoluene is small enough to
leave the pore system. The two bulkier ethyltoluene isomers, even though they
may form in relatively spacious intracrystalline cavities or at channel inter-
sections, are unable to escape from the pores and do not occur in the reactor
effluent. Ultimately, these entrapped product molecules may be catalytically
transformed into more slender ones (e.g., isomerized into p-ethyltoluene),
which are able to leave the pores, or into coke, which is deposited inside the
pores. Webster et al. [9] distinguished two types of product shape selectivity:
Preferential-diffusion product shape selectivity occurs, if two or more reaction

Fig. 5 Selective formation of p-ethyltoluene in the alkylation of toluene with ethylene as
an example of product shape selectivity
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products formed within the confines of the structure have effective diffusivities
that sufficiently differ from each other, thus allowing one product to prefer-
entially diffuse out of the structure. Often, the lower diffusivity of the bulkier
isomer allows for isomerization to the diffusion-preferred (smaller) product.
Size-exclusion product shape selectivity arises from an actual confinement of
a reaction product within the structure of the solid.

A typical example of restricted transition state shape selectivity is depicted
in Fig. 6. m-Xylene can undergo acid-catalyzed isomerization into p-xylene
(and o-xylene, which is omitted in Fig. 6 for clarity) and transalkylation into
toluene and one of the trimethylbenzene isomers. It is evident that transalky-
lation is a bimolecular reaction and as such it necessarily proceeds via bulkier
transition states and intermediates than the monomolecular isomerization.
In a zeolite with the appropriate pore width, there will be just enough space
for the accommodation of the transition states and intermediates for the
monomolecular reaction, but no room for the formation of the bulky transi-
tion states and intermediates of the bimolecular reaction, the net effect being
a complete suppression of the latter reaction. As opposed to mass transfer
shape selectivity, restricted transition state shape selectivity is due to intrinsic
chemical effects, which emerge from the limited space around the intracrys-
talline active sites.

As long as one assumes that there is no catalytic contribution from the ex-
ternal surface, the influence of the crystallite size is as follows: If mass transfer
shape selectivity is operative, the length of the intracrystalline diffusion path
and hence the measurable selectivity effects, will decrease with decreasing
crystallite size. If restricted transition state shape selectivity is operative, the
measurable selectivity will be independent of the crystallite size. If, on the
other hand, there is a significant contribution from the non-selective exter-
nal surface, the influence of the crystallite size on the measurable catalytic

Fig. 6 Suppression of trimethylbenzene plus toluene formation during m-xylene isomer-
ization as an example of restricted transition state shape selectivity
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selectivity will be more complex. The selectivity will decrease with decreas-
ing crystallite size irrespective of whether the reaction is controlled by mass
transfer or restricted transition state shape selectivity. There will only be
a gradual difference, which will be difficult to assess.

Several catalytic test reactions for the characterization of the effective pore
widths of zeolites have been proposed so far; the results of the best known test
reactions were expressed in terms of the quantitative criterions Constraint In-
dex (CI), Refined or Modified Constraint Index (CI∗) and Spaciousness Index
(SI). Extended review articles on these indices and other test reactions have
previously been published [2, 69–71].

4.2
Test Reactions for Monofunctional Acidic Molecular Sieves

4.2.1
Competitive Cracking of n-Hexane and 3-Methylpentane – The Constraint Index, CI

The method of characterizing the effective pore width of zeolites by catalytic
tests was first employed by researchers at Mobil Oil Corp. They introduced
the Constraint Index [72], which is based on the competitive cracking of an
equimolar mixture of n-hexane and 3-methylpentane on the monofunctional
acidic form of the zeolite. As long as the catalyst pores are sufficiently spa-
cious, branched alkanes are cracked at higher rates than their unbranched
isomers. The opposite holds for medium-pore zeolites, such as H-ZSM-5.
Based on this shape selectivity effect, the Constraint Index was defined at Mo-
bil as the ratio of first order rate constants (k) of the cracking of n-hexane and
3-methylpentane:

CI ≡ kn-Hx

k3-M-Pn
. (1)

The Constraint Index has been routinely used in Mobil’s patents for about two
decades. In the scientific literature, precise experimental conditions for its de-
termination were given (reaction temperature between 290 and 510 ◦C, liquid
hourly space velocity (LHSV) between 0.1 and 1 h–1, 10 vol.- % of each reac-
tant in helium as carrier gas, mass of catalyst around 1 g, overall conversion
10 to 60%, fixed-bed reactor at atmospheric pressure) [72]. The reactor ef-
fluent is to be analyzed after 20 min time on stream. With the performance
equation for integral fixed-bed reactors [73], Eq. 1 can be rewritten as

CI ≡ log(1 – Xn-Hx)
log(1 – X3-M-Pn)

(2)

(X = conversion) .

According to Frilette et al. [72], the Constraint Index allows for a classi-
fication of zeolites into large-pore (12-membered-ring), medium-pore (10-
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membered-ring) and small-pore (8-membered-ring) molecular sieves:

CI < 1 : large-pore materials;

1 ≤ CI ≤ 12 : medium-pore materials;

12 < CI : small-pore materials.

Constraint Indices taken from the literature are summarized in Table 4.
By and large, a correct classification of 8-, 10- and 12-membered-ring zeo-
lites can be achieved. Exceptions are zeolites ZSM-12 (MTW) and MCM-22
(MWW). ZSM-12 possesses 12-membered-ring pores which are, however,
strongly puckered and hence, narrowed, and on the basis of its Constraint In-
dex it would be classified as a material with 10-membered-ring pores. Zeolite
MCM-22 possesses large intracrystalline cavities, which are only accessible
via 10-membered-ring windows. In this case, the Constraint Index of 1.5 can
be looked upon as an averaged value characterizing the mean space available
in the 10-membered-ring pores and in the large cavities.

Values for the Constraint Indices of more recent zeolite structures are
given in [78], revealing even more shortcomings of the Constraint Index test.
One example is that zeolites with 14-membered rings and pore openings
greater than 0.8 nm cannot be distinguished from large-pore zeolites, simply
because the degree of absence of spatial constraints cannot vary. Another ex-
ample is that some zeolites with large internal cavities and pores composed
of 8- or 9-membered rings do not generate Constraint Indices higher than
zeolites with 10-membered-ring pores, probably again because the Constraint
Index test averages the space in the pores and the cavities.

Table 4 Constraint Indices for selected zeolites. Data from the patent literature [74, 75],
values in parentheses from the open literature [76, 77]. The dashed line is to indicate that
zeolite ZSM-12 belongs to medium-pore zeolites if classified after CI even though it is
defined as a large-pore zeolite by its ring size
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Other advantages and disadvantages of the Constraint Index have been
discussed in detail in [2]. The reaction can suffer from a relatively fast cat-
alyst deactivation, if large-pore zeolites are used, which makes a reliable
determination of the CI difficult, and a (sometimes pronounced) temperature
dependence for medium-pore zeolites. The reason for the latter has been in-
vestigated in much detail by Haag et al. [79, 80]. These authors showed, in
a convincing manner, that two basically different cracking mechanisms can
be operative, namely the classical bimolecular chain-type mechanism involv-
ing tri-coordinated alkylcarbenium ions and a monomolecular mechanism via
non-classical penta-coordinated alkylcarbonium ions. The latter has a higher
activation energy, hence its contribution increases with increasing reaction
temperature, and due to its requiring less space, the Constraint Index for a given
zeolitic material decreases with increasing temperature. However, Macedonia
and Maginn [81] recently used Monte Carlo integration methods employing
a classical molecular mechanics force field to predict values for the Constraint
Indices of 12 different zeolites. These authors concluded that it is not necessary
to invoke such a change in mechanism to explain decreasing Constraint Indices
with increasing temperature. Their calculations indicated that the impact of
confinement on the bimolecular transition state decreases with increasing tem-
perature, effecting a decrease of the Constraint Index. This was said to be caused
by a competition between energetic confinement effects that dominate at lower
temperatures and entropic effects that become dominant at high temperature.

As to the nature of the shape selectivity effects, Haag et al. [82] demon-
strated in a most impressive study with H-ZSM-5 samples of equal concen-
tration of acidic sites but different crystal sizes (0.05 to 2.7 µm) that nei-
ther the measurable rate of cracking of n-hexane nor that of the bulkier
3-methylpentane depend on the length of the intracrystalline diffusion paths.
From this finding, the selectivity effects encountered in the competitive
cracking of n-hexane and 3-methylpentane have to be interpreted in terms
of intrinsic chemical effects (i.e., restricted transition state shape selectiv-
ity) rather than by mass transport effects. Haag et al. [82] suggested that the
rate-controlling step in the chain-type mechanism of acid-catalyzed alkane
cracking via carbocations is the chain-propagating hydride transfer between
a cracked alkylcarbenium ion and a feed molecule, requiring significantly
more space for the transition state if the feed alkane is branched, the net effect
being a significant inhibition of cracking of 3-methylpentane. The simula-
tions performed by Macedonia and Maginn [81] indicated, however, that for
zeolites, the pores of which are too small to accommodate the bimolecular
transition state, such as ZSM-23 (MTT) and ferrierite (FER), the monomolec-
ular mechanism dominates, with the measured Constraint Index attributed
to reactant shape selectivity. Only for zeolites, the pores of which are large
enough for the bimolecular transition state but small enough for confinement
effects, the bimolecular reaction was predominant, and the selectivity was
based on restricted transition state shape selectivity.
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Recently, Baeck et al. [32] demonstrated that the Constraint Index is useful
for probing subtle changes of the pore size as effected by CVD. The Con-
straint Index determined on zeolite Mg-ZSM-22 (TON) increased from about
9.9 to about 13.3 after 3 h of deposition of tetraethyl orthosilicate, reflecting
the decrease of the pore opening by CVD.

In conclusion, with the Constraint Index, the idea of probing the pore
width by catalytic test reactions was introduced into zeolite science. It no
doubt fostered the search for alternative and improved catalytic test reactions.
In spite of its shortcomings enumerated above, the Constraint Index test has
been widely used, and ample data is available in the literature.

4.2.2
Isomerization and Disproportionation of m-Xylene

On acidic catalysts, m-xylene can undergo isomerization into o- and p-xylene
and disproportionation (or transalkylation) into toluene and 1,2,3-, 1,2,4- or
1,3,5-trimethylbenzene (cf. Fig. 7). While it is obvious that disproportiona-
tion is necessarily a reaction involving a bimolecular transition state, there
is some ambiguity as to whether the acid-catalyzed isomerization of xylenes
proceeds via a monomolecular or a bimolecular pathway [83, 84].

The use of m-xylene conversion for the characterization of the effective
pore width of zeolites was first proposed by Gnep et al. [85]. These authors
identified three selectivity criteria that may furnish valuable information on
the effective pore width: (i) the relative rates of formation of o- and p-xylene,
(ii) the ratio of rates of disproportionation and isomerization and (iii) the dis-
tribution of the trimethylbenzene isomers formed in the disproportionation
reaction.

Criterion (i) is based on the finding that, in the absence of shape selectivity,
o- and p-xylene are formed at virtually the same rate. With decreasing pore
width, however, the formation of p-xylene is increasingly favored over the for-
mation of the bulkier o-xylene [85]. This effect is best interpreted in terms
of product shape selectivity, i.e., progressively hindered diffusion of o-xylene
molecules, as the pores become narrower.

Fig. 7 Principal reaction pathways of m-xylene over acidic catalysts



Characterization of the Pore Size of Molecular Sieves 133

Criterion (ii) is a quantitative expression of the observation that, with de-
creasing pore width, isomerization of m-xylene is more and more favored
over its disproportionation. At 350 ◦C, the bimolecular disproportionation
is completely suppressed in the medium-pore zeolite ZSM-5, whereas iso-
merization (which is likely to proceed via the monomolecular mechanism
at these high temperatures) does not experience significant hindrance [85].
Later, Olson and Haag [30] demonstrated that, if zeolite catalysts with differ-
ent pore systems are used, a linear relationship results between the ratio of
rate constants of disproportionation and isomerization and the dimensions of
the largest zeolite cavities. One of the conclusions of this study was that the
suppression of disproportionation is due to restricted transition state shape
selectivity rather than to mass transfer effects.

Finally, criterion (iii) was deduced from the observation that the dispro-
portionation of m-xylene in the spacious cavities of zeolite Y and in the much
narrower channels of mordenite (MOR) resulted in significantly different dis-
tributions of the trimethylbenzene isomers: Of the product obtained from
H-mordenite, 94% of the trimethylbenzenes consisted of the 1,2,4-isomer. On
the other hand, 74% of the 1,2,4-isomer and 24% of the 1,3,5-isomer were
found in the product from H-Y. (On both zeolites, only negligible amounts
of 1,2,3-trimethylbenzene were formed, and this was attributed to its low
concentration in thermodynamic equilibrium [85]). To interpret the hin-
dered formation of 1,3,5-trimethylbenzene from m-xylene in mordenite, the
authors mainly invoked restricted transition state shape selectivity.

m-Xylene isomerization as a catalytic test reaction was later adopted by
a number of other groups [2, 67], and the criteria proposed by Gnep et al. [85]
were refined and applied to a broader structural variety of molecular sieves.
Dewing [86] introduced the so-called R value, defined as the ratio of rate con-
stants observed experimentally for the formation of o- and p-xylene from
m-xylene under conditions of diffusional limitations. Joensen et al. [87]
coined the term Shape Selectivity Index (SSI), which is defined as the yield
ratio of p- and o-xylene observed on a shape-selective zeolite and extrap-
olated to zero conversion minus the same ratio obtained under identical
experimental conditions on a catalyst with sufficiently large pores, i.e., in
the complete absence of shape selectivity in m-xylene isomerization. Neither
Dewing’s R value nor the Shape Selectivity Index by Joensen et al. received
much attention by others.

A critical evaluation of the published data revealed [2] that a comparison
of the rates of isomerization and disproportionation, if applied quantitatively
to a larger number of zeolites, does not allow for a reliable ranking of large-
pore molecular sieves. No correlation at all exists between criterion (ii) and the
window or pore size [2]. Therefore, criterion (ii) will not further be dealt with.

According to Martens et al. [88] there seems to be, however, very valuable
information on the pore architecture in the distribution of the trimethyl-
benzenes formed from m-xylene in large-pore zeolites. If disproportionation
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occurs at all in 10-membered-ring zeolites, it gives 1,2,4-trimethylbenzene
exclusively, probably because the diphenylmethane-type carbocation inter-
mediate leading to this particular isomer can be best accommodated in their
narrow pores. Exceptions are zeolites ZSM-50 (EUO) and NU-87 (NES) [89] in
which 1,2,3- and 1,3,5-trimethylbenzene are formed as well. This can be ratio-
nalized if one assumes that the disproportionation takes place, at least in part,
in the spacious side pockets running perpendicular to the 10-membered-ring
channels (EUO) or in the 12-membered-ring channels (NES). For the zeolites
with the largest pores or cavities, the distribution of the trimethylbenzenes is
close to equilibrium. Hence, mechanistic, i.e., kinetic conclusions from these
data should be drawn with great care, and therefore, criterion (iii) is not fur-
ther considered here.

With respect to criterion (i), it has been concluded [2] that it allows for
a safe discrimination between 10-(Sp-xylene/So-xylene ≥ 2, S = selectivity) and
12-membered-ring (Sp-xylene/So-xylene ≈ 1.0 to 1.5) zeolites. However, later
work revealed that the situation is more complex if the experimental condi-
tions for the test are not exactly defined and if one has non-uniform pore
systems, as in the case of zeolite MCM-22 (MWW) (cf. Table 5 and cited
references). This zeolite has two-dimensional sinusoidal channels (0.41 ×
0.51 nm), large supercavities (0.71 nm diameter, 1.82 nm height) accessible
through 10-membered ring openings (0.40 nm×0.55 nm) and large hemicav-
ities on the external surface (0.71 nm diameter, 0.70 nm depth).

As demonstrated by Laforge et al. [90], each of these pore systems affect
the Sp-xylene/So-xylene ratio entirely differently. These authors successively de-
activated or poisoned the acid sites within each pore system to examine the
role they played during m-xylene transformation. Using this method, it was
shown that the external hemicavities gave an Sp-xylene/So-xylene ratio of 1.1
and a low selectivity to disproportionation. The supercavities, on the other
hand, gave an Sp-xylene/So-xylene ratio of 3.5. Furthermore, 98.5% of the dis-
proportionation reactions and 35% of the isomerization reactions occurred
in the supercavities. In the sinusoidal pores, disproportionation was sterically
hindered and only isomerization resulted, giving an Sp-xylene/So-xylene ratio of
42.5. Of the m-xylene transformation that took place over MCM-22, 42% oc-
curred in the supercavities, 36% in the sinusoidal channels and 22% in the
external hemicavities. Thus, the final product distribution is a combination
of the contribution of all three pore systems, and one cannot speak of a single
pore size. In addition, the acid sites in the different pore locations deactivated
at different rates, altering the product distribution over time.

Thus, not surprisingly, the selectivity ratios Sp-xylene/So-xylene for zeolite
MCM-22 reported in the literature differ greatly (cf. Table 5). Whereas Corma
et al. [92–94] and Adair et al. [95] determined their experimental data de-
pendent on time on stream and extrapolated to zero time in order to account
for the deactivation of the catalysts due to coking and their different decay
rates, Ravishankar et al. [91] obtained the selectivity ratio after 2 h time on
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stream. However, since in the latter experiments hydrogen was present in the
feed (as opposed to the former), deactivation might still be absent after 2 h
time on stream. Possibly, the presence of hydrogen can account for the low
Sp-xylene/So-xylene ratio observed in [91].

Regarding the group of zeolites that provide access to the intrazeolitic pore
system only via 10-membered-ring channels, but have significant space in-
side the pores due to large cavities (MWW), large side pockets (EUO) or
12-membered-ring bridges (NES), MCM-22 (MWW) and EU-1 (EUO) have
selectivity ratios in the range of medium-pore zeolites (2.6 and 3.9, respec-
tively), but the ratio of NU-87 (NES) is considerably lower (1.3 to 1.6, typical
of large-pore zeolites) [89, 95] – which was explained by the high residence
time of the isomers in the 12-membered-ring channels [89]. Corma et al. [96]
also reported values typical of 12-membered-ring zeolites for zeolite NU-87.
However, zeolite CIT-1 (CON), having 10- and 12-membered-ring pore open-
ings, was classified as medium-pore zeolite by Corma et al. [96], but as
large-pore zeolite by Adair et al. [95]. More experimental data on the charac-
teristics of more recently discovered zeolites in the m-xylene test reaction can
be found in [25, 95–98].

The data discussed so far may lead one to conclude that the m-xylene test
reaction is of limited use for probing the pore width of zeolites. However,
Jones et al. [97] reported that the reactions of m-xylene could give, under
proper experimental conditions, information enabling the characterization of
medium-, large- and extra-large-pore zeolites with one and the same test re-
action, whereas all other test reactions proposed so far are only appropriate
for medium- or large-pore zeolites. These authors found that large- and extra-
large-pore zeolites with one-dimensional channel systems, such as CIT-5
(CFI), SSZ-24 (AFI), SSZ-31 and UTD-1 (DON), have an Sp-xylene/So-xylene
ratio < 1, whereas multidimensional zeolites such as zeolites Y (FAU) and
Beta (BEA) display ratios > 1 (note, however, that zeolite L (LTL) with unidi-
mensional pores has a selectivity ratio > 1 as well). In addition, the authors
stress that it is imperative that all zeolites be compared at exactly the same
experimental conditions, for example, similar conversion levels and even the
same flow rate (sufficiently high to ensure the absence of significant external
diffusion limitations on reaction selectivity) are important. In addition, all
zeolites should have roughly the same crystal size.

In conclusion, the m-xylene test reaction has found widespread applica-
tion for probing the pore width of zeolites, probably because it is easy to
handle (the number of products which have to be considered is small). How-
ever, this reaction cannot be applied blindly, especially if the zeolite possesses
a non-uniform pore system. Used intelligently, perhaps together with selec-
tive poisoning, this reaction can provide valuable information on the role of
various pore systems within a zeolite, played during a catalytic reaction. Fur-
thermore, this could open a new perspective for the application of catalytic
test reactions in modern catalysis research.
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If properly handled, the test reaction might also allow for a meaningful
classification of several classes of zeolite materials. However, a safe ranking
of zeolites with respect to their pore width within these classes is certainly
difficult and less safe.

4.2.3
Other Test Reactions

Csicsery [99, 100] recognized pronounced shape selectivity effects during the
reaction of ortho-ethyltoluene in acidic zeolites. A wealth of information on
the pore size of the catalyst can be deduced from the product distributions.
Of course, all three criteria advanced for m-xylene conversion (cf. previous
section) are applicable to Csicsery’s test as well. The latter furnishes, how-
ever, additional information, inter alia because two types of alkyl groups of
different bulkiness can be transferred. Because of the larger size of ortho-
ethyltoluene and the intermediates, transition states and products derived
from it, this test might be much more appropriate for probing the pores of
12-membered-ring zeolites than the m-xylene test.

The disproportionation of ethylbenzene into benzene and the isomeric di-
ethylbenzenes was originally proposed by Karge et al. [101] as a test reaction
to collect rapid information on the number of strong Brønsted acid sites in
zeolites. Later, the reaction was found suitable for probing the pore width as
well. From comparative catalytic experiments with a variety of 10- and 12-
membered-ring zeolites [102, 103], the following criteria were established: (i)
12-membered-ring zeolites exhibit an induction period whilst 10-membered-
ring zeolites do not; (ii) after the induction period, there is very little or no
deactivation in 12-membered-ring zeolites, whereas in all 10-membered-ring
zeolites, there is considerable deactivation from the very beginning of the
catalytic experiment; (iii) on 12-membered-ring zeolites, the distribution of
the diethylbenzenes is ca. 5 mol- % ortho-, 62 mol- % meta- and 33 mol- %
para-isomer; on 10-membered-ring zeolites, the ortho-isomer is often com-
pletely absent or it appears as a very minor product, especially at the onset of
the catalytic experiment. The combined application of the above criteria al-
lows for a safe discrimination between medium- and large-pore zeolites (for
the structures examined so far), but not yet for a ranking of the zeolites ac-
cording to their effective pore width. However, Das et al. [104] demonstrated
that the p-diethylbenzene selectivity increased from 33.4% on H-ZSM-5 to
99.4% on silylated H-ZSM-5 and attributed this effect to the pore size reg-
ulation achieved by vapor deposition of the bulky tetraethyl orthosilicate
followed by its calcination at 813 K. In a later study [105], the authors em-
ployed reaction mixtures containing 80% m-xylene and 20% ethylbenzene.
With this mixture, essentially two reactions occurred on ZSM-5 zeolites at
678 K, namely m-xylene isomerization and ethylbenzene dealkylation to ben-
zene and ethylene. With increasing silylation time, the m-xylene conversion
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decreased much more strongly than the ethylbenzene conversion. After a sily-
lation period of 210 min, the conversion of m-xylene was zero, whereas the
ethylbenzene conversion was still about 20%. This example shows that such
test reactions can be useful for probing subtle differences in the pore size.
However, they need to be designed, defined and refined for a small pore size
range.

Kim et al. [106] proposed a test reaction particularly suitable for probing
the effective pore width of large-pore zeolites. They chose a very bulky re-
actant, namely m-diisopropylbenzene, which has no access to 10-membered-
ring pores, for the conversion with propene. Under the reaction conditions
chosen, isomerization of m-diisopropylbenzene to its para-isomer and alky-
lation to the three isomeric triisopropylbenzenes occurred. It is the rationale
in the design of this catalytic test reaction that 1,3,5-triisopropylbenzene
is a bulkier product than its 1,2,4-isomer. A problem associated with this
test reaction is the deactivation of the catalyst due to its direct exposure
to an alkene under a substantial partial pressure. Nonetheless, with a so-
phisticated sampling strategy, from the selectivity ratio of the 1,3,5- to the
1,2,4-isomer, conclusions could be drawn on the effective pore width of the
investigated materials that are in general agreement with their Spaciousness
Indices (cf. Sect. 4.3.2). To minimize coke deposition in the catalyst pores,
Singh et al. [107] proposed a modification of the test, i.e., the use of iso-
propanol instead of propene as alkylating agent and of a large excess of
m-diisopropylbenzene and a solvent. Unfortunately, the authors restricted
their studies to zeolites Y, mordenite and Beta, so that the complete and criti-
cal evaluation of this test reaction for probing extra-large-pore zeolites is still
lacking.

The alkylation of biphenyl with propene has been suggested as a test re-
action for examining the pore size of pillared clays, large-pore zeolites and
related microporous materials [108]. The major selectivity criterion discussed
is the content of o-isopropylbiphenyl in the monoalkylated product fraction.
The reaction could have a much broader potential for characterizing large-
and even extra-large-pore molecular sieves, but more systematic work on the
influence of the pore size and geometry of the catalyst on the distribution of
the mono-, di- and, desirably, trialkylated products is needed.

An index analogous to the Constraint Index, yet designed for large-pore
zeolites, was proposed by Miller [109]. He introduced the C8 Selectivity Index
(C8S.I.), defined as

C8S.I. ≡ ln(1 – Xn-Oc)
ln(1 – X2,2,4-TM-Pn)

, (3)

as determined during competitive cracking of a 1 : 1 mixture of n-octane (n-
Oc) and 2,2,4-trimethylpentane (2,2,4-TM-Pn) [109]. The rationale of this test
is that n-octane can easily enter the pores, whereas 2,2,4-trimethylpentane
cannot. This test is also suitable for bifunctional zeolites, since the effect of
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the metal on the numerical value of the index has been demonstrated to be
small [109].

Doblin et al. [110] proposed a more general reaction constraint index,
namely the Selectivity Ratio (SR), defined as

SR ≡ log(1 – Xless branched isomer)
log(1 – Xmore highly branched isomer)

, (4)

as determined during competitive cracking of a 1 : 1 mixture of two alka-
nes with the same number of carbon atoms. With this definition, Mobil’s
Constraint Index (Sect. 4.2.1) becomes a special case of the Selectivity Ratio.
(Note that, in the original papers of Miller [109] and Doblin et al. [110],
the indices were formally defined in a slightly different manner which, from
a chemical reaction engineering viewpoint, needed some re-definition.) Com-
pared to the Constraint Index, the Selectivity Ratio is a more flexible index,
since probe molecules can be chosen from a variety of alkanes to more closely
match the catalyst pore size to be characterized. This is an interesting ap-
proach, but more experimental data collected on a much broader variety of
zeolites including extra-large-pore materials is needed, before the usefulness
of SR can be assessed.

Flego and Perego [111] recently proposed the aldol condensation of ace-
tone as a more unusual test for characterizing both the acid site density
and the pore dimension of small-, medium- and large-pore zeolites in their
acidic forms. The products can be readily analyzed by UV/Vis spectroscopy.
Medium-pore zeolites were shown to give phorone as the final product,
whereas large-pore zeolites tend to favor the formation of isophorone. How-
ever, no quantitative criterion was coined, hence this test reaction appears
to need more refinement, before it can be recommended for a more general
application.

The last test reaction for acidic zeolites that has to be discussed is the
“methanol conversion test”: The acid-catalyzed Methanol-to-Hydrocarbons
(MTH) reaction is known to proceed in a stepwise manner [112, 113]: With
increasing severity, dimethyl ether, olefins and a mixture of aromatics plus
alkanes are successively formed. By suitable adjustment of the reaction con-
ditions, either the yield of light olefins or that of aromatics plus alkanes
can be maximized, the corresponding process variants being referred to as
Methanol-to-Olefins (MTO) and Methanol-to-Gasoline (MTG), respectively.
Large amounts of water are necessarily formed in the MTH reaction, and the
risk exists that this brings about an undesired steaming of the zeolites with
a concomitant framework dealumination. To minimize these effects, the zeo-
lites to be tested are to be used in a form with a sufficiently high nSi/nAl ratio,
yet a minimum amount of aluminum must be present in the framework since
it generates the Brønsted acidity and, hence, the catalytic activity.

The “methanol conversion test” relies on the finding that the selectivity of
the MTH reaction is strongly influenced by the zeolite pore geometry. Zeo-
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lite structures with 8-membered-ring pore apertures, such as erionite (ERI)
or chabazite (CHA) are capable of converting methanol selectively to light
olefins. Aromatics, if formed at the catalytic sites, would be trapped inside
the large cavities existing in most of these small-pore zeolites. On medium-
pore zeolites, such as ZSM-5, aromatics do occur in the product, but due to
the space limitations inside the pores, the aromatics distribution terminates
at around C10 (durene is widely considered as the bulkiest aromatic hydro-
carbon occurring in an MTG product) with a maximum at around C8. In
zeolite mordenite (MOR), the bulky polymethylbenzenes tend to be the main
products, whereas in ZSM-12 (MTW) with its smaller effective pore diameter,
a broader aromatics distribution has been observed [112]. These and other
selectivity effects in the MTH reaction were exploited by Yuen et al. [114]
for the characterization of AFI and CHA molecular sieves. Webster et al. [9]
used the results from the test performed at different temperatures with zeolite
H-ZSM-5 to assess the change of the effective pore dimension with tempera-
ture. The authors concluded that the effective channel size of H-ZSM-5 is
between 0.662 and 0.727 nm at 300 ◦C, the MIN-2 (cf. Sect. 2.1) dimensions
of the reaction products p-xylene (which is formed) and o-xylene (which is
not formed), and at least 0.764 nm at 370 ◦C, the MIN-2 dimension of the re-
action product 1,2,3-trimethylbenzene. Upon increasing the temperature, the
dimensions of the channel intersections increase as well, namely from 0.817
by 0.888 nm to 0.908 by 0.909 nm [9].

Bendoraitis et al. [115] used a test reaction similar to methanol conversion
(i.e., based on mass transfer shape selectivity) but this focused on reactant
shape selectivity instead of product shape selectivity: These authors deter-
mined the catalytic pore sizes of ZSM-5, ZSM-23 (MTT) and mordenite on the
basis of the sizes of molecules converted during the dewaxing of waxy distil-
late feeds to 0.55 by 0.70, 0.45 by 0.65 and 0.90 by 1.0 nm, respectively. As these
examples show, this kind of test reaction can provide much useful informa-
tion. However, the evaluation of the data is troublesome, since many products
have to be considered and no criterion for an easy quantitative analysis has
been defined. In addition, the crystal size of the materials examined should
be kept constant, which is often difficult.

Mesoporous aluminosilicates assembled from microporous materials
present a special challenge to the researcher because they have not one but
two pore systems. How does one conduct catalytic test reactions on such
catalysts in order to unequivocally determine the pore size? One way is to in-
activate the acid sites in one of the pore systems, using an appropriate basic
molecule, before studying the pores in the remaining system.

Sun et al. [116] used this method to study the microporosity in a series of
ordered mesoporous aluminosilicates. First, the samples were treated using
a bulky, basic organic molecule, namely 5,7-dibromo-8-hydroxy-quinoline.
This molecule deactivated the acid sites in the mesopores but left those in the
micropores untouched. Once the mesopores have been deactivated, the pore
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size of the micropores can be established using shape-selective, catalytic test
reactions in much the same way as described in the foregoing sections. Using
carefully selected test reactions, Sun et al. [116] were able to demonstrate that
the micropores of the mesoporous aluminosilicates are distinguishable from
one another. Specifically, it was shown that the base-treated material Al-SBA-15
was catalytically active for 2-propanol dehydration but not for the cracking of
cumene and 1,3,5-triisopropylbenzene (TIPB); the treated MAS-9 (assembled
from ZSM-5 nanoclusters) was catalytically active for 2-propanol dehydration
and cumene cracking but not for TIPB cracking, and the treated MAS-7 (Beta
nanoclusters) was catalytically active for 2-propanol dehydration, cracking of
cumene and cracking of TIPB. Thus using this method, it could be established
that Al-SBA-15 contains micropores of 0.34 to 0.50 nm, MAS-9 micropores of
0.50 to 0.74 nm and MAS-7 micropores of 0.74 to 0.87 nm.

4.3
Test Reactions for Bifunctional Molecular Sieves

In typical bifunctional molecular sieves, the Brønsted acid form of a zeo-
lite is modified by a small amount, i.e., typically 0.1 to 1 wt.- %, of a hydro-
genation/dehydrogenation component, usually platinum or palladium. Since
the early 1980s, the potential of catalytic reactions occurring on bifunctional
forms of zeolites for characterizing the pore size and pore architecture of
zeolites has been explored. Particular emphasis was placed on the isomer-
ization and hydrocracking of long-chain n-alkanes, such as n-decane (cf.
Sect. 4.3.1), and to hydrocracking of cycloalkanes, for example, butylcyclo-
hexane (cf. Sect. 4.3.2). A factor these reactions have in common is that they
are conducted under hydrogen, which is activated by the metal component of
the catalyst. One very favorable repercussion of the presence of hydrogen is
that coke formation and the concomitant catalyst deactivation are absent or
very slow. This not only makes the experiments much easier (neither the con-
version nor the selectivities vary with time on stream), but also eliminates the
risk of progressively narrowing the pores by the deposition of carbonaceous
residues formed in the test reaction.

The mechanisms of hydrocarbon conversion over bifunctional zeolite cat-
alysts have been extensively discussed (cf., e.g., [2, 117–120]) and are be-
yond the scope of this chapter. In brief, the saturated hydrocarbon reac-
tant is first dehydrogenated on the noble metal to the corresponding olefins
which, in turn, are protonated at Brønsted acid sites. The resulting carbe-
nium ions, while adsorbed at acid sites, undergo skeletal rearrangements and
β-scissions. Finally, the product carbocations are desorbed from the acid
sites as alkenes, which are hydrogenated on the noble metal. At low conver-
sion, for example, monobranched cations, formed from n-alkanes in the first
rearrangement step, will usually be readily desorbed and hydrogenated to
isoalkanes, and these appear as the sole products. Upon raising the conver-
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sion, e.g., by increasing the residence time or the reaction temperature, the
monobranched alkylcarbenium ions undergo another rearrangement. The
resulting dibranched carbenium ions desorb and appear in the product as di-
branched isoalkanes. Upon further increasing the conversion, the dibranched
cations rearrange once more into tribranched ones. These can undergo the
very rapid type A β-scission [120]. Its salient feature is that β-scission starts
from a tertiary and leads again to a tertiary carbenium ion. Tertiary carbe-
nium ions are much more stable than secondary or primary carbenium ions.
Indeed, in the absence of shape selectivity, i.e., using a zeolite or any other
catalyst with sufficiently spacious pores, the mechanism of hydrocracking of
long-chain n-alkanes proceeds via this route: Several skeletal rearrangements
are followed by type A β-scission; besides, there is a smaller contribution of
type B β-scission [120] of dibranched carbenium ions, involving tertiary and
the less stable secondary carbenium ions.

4.3.1
Isomerization and Hydrocracking of Long-Chain n-Alkanes
and Light (C7) Cycloalkanes – The Refined or Modified Constraint Index, CI∗

Whereas hydrocracking of n-alkanes proceeds via highly branched and,
hence, relatively bulky alkylcarbenium ions in large- and extra-large-pore
zeolites, the tribranched precursor ions of the favorable type A β-scission
cannot form under the steric constraints imposed in medium-pore zeolites.
The system is then forced into alternative routes via less bulky intermediates,
i.e., the narrower the pores, the higher will be the contributions of β-scissions
involving less stable secondary or even primary carbenium ions. This shift
in the hydrocracking mechanism with decreasing pore width brings about
a large number of selectivity changes in the hydrocracked product.

Striking shape selectivity effects do not only occur in hydrocracking, but
also in skeletal isomerization, which precedes hydrocracking. If n-decane is
converted on a bifunctional catalyst with sufficiently spacious pores, such as
zeolite Pt/Ca-Y, the product mixture obtained at low conversion consists of
all possible isodecanes with one branch, i.e., 2-, 3-, 4- and 5-methylnonane,
3- and 4-ethyloctane as well as 4-propylheptane [121]. As the catalyst pores
become narrower, the bulkier isomers cannot be formed any more inside
the pores or cannot escape from there. On Pt/H-ZSM-5, for example, neither
4-propylheptane nor the two ethyloctane isomers are formed [120, 122].

An even more subtle shape selectivity effect concerns the formation of the
four isomeric methylnonanes. In the absence of shape selectivity and at low
conversions, i.e., in the kinetic regime, 2- and 5-methylnonane form about
half as fast as 3- and 4-methylnonane. This can be readily understood in
terms of the branching mechanism via protonated cyclopropanes, cf. [121].
2-Methylnonane is the kinetically preferred isomer in 10-membered-ring
zeolites. Based on the observation that, with decreasing pore width of the
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zeolite, the amount of 2-methylnonane formed from n-decane at low conver-
sions increases relative to the other methylnonanes, the Refined or Modified
Constraint Index, CI∗, was defined as

CI∗ ≡ Y2-methylnonane/Y5-methylnonane (atYisodecanes ≈ 5%) (5)

(Y = yield)

in the isomerization of n-decane [123]. It should be noted that the reaction
pathways, on which Mobil’s original Constraint Index (cf. Sect. 4.2.1) and the
Modified Constraint Index are based, are entirely different. The only feature
both indices have in common is that their numerical values increase with
decreasing pore size of the zeolite [67].

CI∗ values taken from the literature are presented in Fig. 8. It is evident that
the CI∗ values for 10-membered-ring zeolites extend over a relatively broad
range, namely from ca. 2.7 to 15; hence, this is the range where the Modified
Constraint Index is particularly useful. On the other hand, only a very narrow
range, namely from ca. 1 to 2.3, is available for 12-membered-ring zeolites. It
should, however, be kept in mind when using this or other indices, that the ac-
curacy of indices determined from catalytic tests is limited. For example, for
ZSM-5, CI∗ values of 4.5 and 7.0 have been determined [2].

While the Modified Constraint Index is now widely employed for charac-
terizing 10-membered-ring molecular sieves, the precise origin and nature of
the shape selectivity effects on which it is based have not yet been fully elu-
cidated. From the finding that the diffusion coefficients of the four isomeric
methylnonanes in H-ZSM-5 and H-ZSM-11 at 80 ◦C, i.e., at a sub-catalytic tem-
perature, were practically identical [122], the strongly preferred formation of
2-methylnonane was attributed to restricted transition state shape selectivity
rather than to mass transfer shape selectivity. Essentially the same conclusion
was drawn by Martens and Jacobs [126] from n-decane isomerization studies
with Pt/H-ZSM-5 of different crystal size. Increasing the crystal size from 1 to
ca. 15 µm brought about only a minor increase in CI∗ from 7.5 to 9.4, and this
was considered to be essentially consistent with the earlier interpretation of the
favored formation of 2-methylnonane in 10-membered-ring zeolites.

Fig. 8 Refined or Modified Constraint Indices for various zeolites. Data from [93, 123,
124]. The numbers above the arrow denote the numerical value of CI∗
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Webb III and Grest [127] recently used molecular dynamics simulations to
estimate the self-diffusion coefficients of n-decane and the methylnonane iso-
mers at what they considered a catalytically relevant temperature of 327 ◦C
(actually, catalytic studies on the isomerization of long-chain n-alkanes such
as n-decane are often performed at temperatures around 250 ◦C). These
authors arrived at the conclusion that the diffusion coefficients of the methyl-
nonane isomers were clearly different in all medium-pore zeolites studied.
The diffusion coefficients were minimal for different isomers in the various
zeolites. This was explained by effects related to the correspondence between
the molecular structure and the voids present at intersections of the main
channels. Molecular motion of the monobranched nonanes was regarded as
being dominated by competition amongst CH3 groups to place themselves at
energetically favorable positions along the channel, and diffusion down the
channel was accomplished by jumps between successive pocket mouths. This
means that molecules that are incommensurate with the void system diffuse
faster, because these molecules are less efficiently locked to intersection pos-
itions. The relevant result was that, for five of the seven zeolites included in
the study, the order of CI∗ values was the same as their order of the ratios
of diffusion coefficients for 2-methylnonane and 5-methylnonane. From this,
Webb III and Grest concluded that the shape selectivity effect underlying the
Modified Constraint Index CI∗ does have to do, at least in part, with different
mass transfer rates of the isomeric methylbranched isomers [127].

In summary, the literature on diffusion coefficients of isomeric alkanes in
zeolites is very scant. The available information on diffusion coefficients of
methylnonanes is contradictory. We expect a clarification in this respect by
future research work.

The Modified Constraint Index exploits the selectivity occurring in the first
step of the n-alkane reaction network. Numerous additional shape-selectivity
effects are encountered in the consecutive reactions, namely the formation of
dibranched isomers and hydrocracking. After a careful inspection of all these
effects, Martens et al. [123, 126] defined a total of eight quantitative criteria. For
a thorough discussion of these criteria and their usefulness for characterizing
the pore width of microporous materials, the reader is referred to the pertinent
literature [2, 123, 126]. While the Modified Constraint Index has been well ac-
cepted for characterizing the pore width of medium-pore zeolites, the seven
other criteria did not reach any significant popularity.

In certain cases, for instance, if zeolites with very large pore sizes or void
dimensions are to be characterized, it can be advantageous to use a probe
molecule with more than ten carbon atoms. For example, an attempt was un-
dertaken to detect differences between the pore systems of zeolite Y (FAU)
and zeolite ZSM-20 (FAU/EMT), which is an intergrowth of zeolites FAU and
EMT [127]. For this purpose, the isomerization of n-tetradecane was chosen
as a catalytic test reaction with the rationale that there are three isomers with
a propyl side chain (4-, 5- and 6-propylundecane) and even one with a butyl
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side chain (5-butyldecane) among the monobranched product isomers and
that such bulky isomers may be suitable for detecting subtle differences in the
pore systems. Indeed, such differences were found: 5-butyldecane was com-
pletely lacking in the product obtained on Pd/H-ZSM-20 at low conversion
(Xn-tetradecane ≈ 2%), while it did appear at the same conversion on zeolite
Pt/Ca-Y. Moreover, the three isomeric propylundecanes appeared in signifi-
cantly different distributions on both bifunctional catalysts [128].

Martens and co-workers [129, 130] went one step further and suggested the
use of n-heptadecane as probe molecule for the characterization of large-pore
zeolites. In this case, however, the information was acquired from the product
selectivity of hydrocracking, rather than from the distribution of isomeriza-
tion products of varying bulkiness, as in the test with n-tetradecane proposed
by Weitkamp et al. [128].

Very recently, the isomerization of methylcyclohexane was proposed as
a test reaction to simultaneously probe the acid site density, the acid site
strength and the pore size [131]. The reaction observed is the ring contraction
of methylcyclohexane to ethylcyclopentane and the five isomeric dimethylcy-
clopentanes. The authors claim that the selectivity ratio of the bulkier trans-
1,2-dimethylcyclopentane to the less bulky trans-1,3-dimethylcyclopentane is
a measure for the pore size due to product shape selectivity effects. The ratio
was found to vary in the range of 0.1 to 0.5 for medium-pore zeolites and from
1.2 to 2.4 for large-pore zeolites and amorphous solid acids, the equilibrium
value being 1.8 to 1.9.

At higher reaction temperatures, Raichle et al. [132] demonstrated that the
selectivity for ethane, propane and n-butane (the mixture of these alkanes is
a high-quality feedstock to steamcrackers for the manufacture of ethene and
propene) during the hydroconversion of methylcyclohexane on acidic zeolites
increases significantly with increasing spatial constraints inside the zeolite
pores and correlates well with the Modified Constraint Index. This example
shows that the Modified Constraint Index data are capable of providing valu-
able quantitative information concerning the shape-selective performance of
zeolites with 10-membered-ring pores in a completely different reaction. This
is particularly noteworthy in view of the fact that the CI∗ data have been
collected on bifunctional forms of the zeolites, whereas Raichle et al. [132]
employed their zeolite catalysts in their monofunctional acidic forms.

In conclusion, shape-selective test reactions based on the isomerization
and hydrocracking of long-chain n-alkanes are now well established for char-
acterizing the pore width of medium-pore zeolites. While a variety of quan-
titative criteria have been proposed, the most popular one by far is the
Modified Constraint Index CI∗, which is based on the selectivity of n-decane
isomerization at low conversion on a bifunctional form of the zeolite. Among
the features that render the determination of CI∗ so straightforward is the
lack of catalyst deactivation. Expectedly, CI∗ is particularly sensitive in a cer-
tain range of pore widths only, i.e., where the pore width strongly influences
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the selectivity of isomerization and hydrocracking. As clearly shown in Fig. 8,
this is the region of 10-membered-ring zeolites. By contrast, CI∗ is of little use
in the range of 12-membered-ring zeolites. Fortunately, there is another index
based on a different test reaction, which is ideally complementary to CI∗. This
is the Spaciousness Index, SI.

4.3.2
Hydrocracking of C10 Cycloalkanes such as Butylcyclohexane –
The Spaciousness Index, SI

Isomerization and hydrocracking of cycloalkanes follow essentially the same
mechanistic rules as the reactions of alkanes. The cycloalkane undergoes sev-
eral steps of skeletal isomerization until a structure is reached from which
the favorable type A β-scission can start. In comparison with alkanes, how-
ever, the carbon-carbon bond rupture inside the cycloalkane ring proceeds
more sluggishly, which is best interpreted in terms of an unfavorable or-
bital orientation in the transition state of β-scission of cyclic carbenium
ions [133, 134]. Therefore, hydrocracking of C10 cycloalkanes over bifunc-
tional catalysts gives entirely different carbon number distributions than
hydrocracking of a C10 alkane. The products are independent of the feed
hydrocarbon. Pentylcyclopentane, butylcyclohexane, diethylcyclohexanes or
tetramethylcyclohexanes can be used. Preferentially, butylcyclohexane is em-
ployed. Pentylcyclopentane is, from a chemical viewpoint, equally well or
even better suited, but it is usually not readily available.

It has been shown that, during hydrocracking of C10 cycloalkanes, almost
exclusively methylcyclopentane and isobutane are formed in the absence of
spatial constraints [135, 136]. This can be readily accounted for by the fol-
lowing sequence of steps: Starting from, for example, butylcyclohexane and
excluding endocyclic carbon-carbon bond rupture, several rearrangement,
ring contraction and ring enlargement steps take place until one of three
possible carbenium ions displayed in Fig. 9 is reached which can undergo ex-
ocyclic type A β-scission. Type A β-scission of all these three carbenium ions
happens to lead to methylcyclopentane and isobutane as hydrocracked prod-
ucts (Fig. 9). Small amounts of by-products (propane, n-butane, pentanes and
cycloalkanes other than methylcyclopentane) are in line with some contribu-
tion of exocyclic type B β-scissions [2].

Again, the tribranched intermediates for the type A β-scission are rather
bulky. Therefore, it has been predicted on the basis of carbocation chemistry
that, as the pores become narrower, hydrocracking of C10 cycloalkanes pro-
ceeds much less selectively and a broader variety of hydrocracked products
is formed, and this has indeed been found experimentally [137]. A thor-
ough investigation of all features of shape-selective hydrocracking of C10
cycloalkanes revealed that the yield ratio of isobutane and n-butane in the hy-
drocracked products is a most valuable indicator for the effective pore width
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Fig. 9 All possible exocyclic type A β-scissions of C10-cycloalkylcarbenium ions give
methylcyclopentane (M-CPn) and isobutane (2-methylpropane, 2-M-Pr)

of the zeolite. Since this ratio increases with increasing space inside the pores,
it was named the Spaciousness Index, SI [137, 138].

SI values for a number of microporous materials are given in Fig. 10. It is
evident that the Spaciousness Index is particularly valuable for ranking 12-
membered-ring molecular sieves for which it covers a wide range from ca. 3
(ZSM-12) to more than 20 (faujasite). By contrast, all 10-membered-ring zeo-
lites have essentially the same Spaciousness Index around 1. Thus, the index is
of little or no use in this range of pore widths, nor does it seem to be sensitive
for extra-large-pore zeolites, since the SI value for amorphous SiO2 – Al2O3,
which is probably mesoporous or even macroporous, has been found to be
essentially equal to that for zeolite Y [67].

In the routine application, the Spaciousness Index offers several advan-
tages: (i) As in all hydrocarbon reactions carried out on bifunctional catalysts,
there is no deactivation. (ii) The analysis for isobutane and n-butane is very
easy and can be done quickly. (iii) The SI value is in a very broad range
independent of the butylcyclohexane conversion, the yield of hydrocracked
products, the reaction temperature and other parameters. Hence, there is no
prescribed conversion or yield, and a tedious search for the appropriate ex-
perimental conditions is superfluous.

Evidence has been obtained [2] that the Spaciousness Index is based on re-
stricted transition state shape selectivity rather than on mass transfer effects,

Fig. 10 Spaciousness Indices for various zeolites. Data from [137]. The numbers above the
arrow denote the numerical value of SI
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at least for 12-membered-ring zeolites including ZSM-12 (MTW). By using
ball-shaped ZSM-12 crystallites with a diameter of ca. 0.5 µm and rod-like
crystallites of the same zeolite with 11 µm by 1.5 µm, no significant influence
on the SI could be detected [138]. Nor was there any significant influence on
the SI when the nSi/nAl ratio was varied from 70 to 300. The independence of
SI of the conversion implies that there is no interconversion of isobutane and
n-butane under the conditions applied. This was confirmed experimentally
for two zeolites, namely Pd/H-ZSM-5 (MFI) and Pd/H-L (LTL) [139]. It has
furthermore been demonstrated for zeolite EU-1 (EUO) that the amount of
noble metal introduced into the pores does not influence the selectivity of the
shape-selective hydrocracking of butylcyclohexane [139], at least not within
a reasonable range.

In conclusion, for the characterization of large-pore molecular sieves, the
Spaciousness Index is the method of choice. The carbocation intermediates,
which govern the selectivity of hydrocracking of C10 cycloalkanes, seem to
be ideally suited for exploring the space available in the whole range of
12-membered-ring materials [2].

4.4
Are Monofunctional or Bifunctional Forms
of Molecular Sieve Catalysts More Suitable?

To make a molecular sieve catalyst bifunctional, a strong hydrogenation/de-
hydrogenation component has to be incorporated into the pores of its acidic
form. In the vast majority of cases, either platinum or palladium have been
used for this purpose. The catalytic experiments have to be conducted in a hy-
drogen atmosphere. Obvious questions that have to be asked, are:

a) Does the noble metal under the conditions of the test reaction develop
an undesired catalytic activity of its own, viz. for metal-catalyzed skele-
tal isomerization and hydrogenolysis? Such side reactions could falsify the
selectivities of the reactions via carbocations described in Sect. 4.3.

b) Does the noble metal introduced into the pores influence their effective
width, i.e., are the zeolite pores slightly narrowed by the metal clusters
generated?

As a matter of experience, the answer to question a) is almost always fa-
vorable: Isomerization (cf. the Modified Constraint Index, Sect. 4.3.1) and
hydrocracking (cf. the Spaciousness Index, Sect. 4.3.2) via the bifunctional
route are usually significantly faster than the reactions on the noble metal.
This is particularly so for hydrocarbons with as many as ten carbon atoms
like n-decane (CI∗) and butylcyclohexane (SI). The typical temperature range
of their conversion on bifunctional zeolite catalysts is around 250 ◦C or below,
whereas their skeletal isomerization and hydrogenolysis on the noble metal
begin to occur at or even above ca. 300 ◦C. It is, hence, generally easy to de-



Characterization of the Pore Size of Molecular Sieves 149

termine CI∗ and SI without disturbances by reactions on the metal. Since the
risk of undesired reactions on the metal is lower for palladium than for plat-
inum (this holds especially for skeletal isomerization and to a lesser extent for
hydrogenolysis), the use of palladium, typically with a loading of 0.3 wt.- %
on the dry zeolite, as hydrogenation/dehydrogenation component inside the
pores has been recommended [2].

An answer to question b) can immediately be obtained from a quantita-
tive estimation of the metal cluster density inside the pores of zeolites, which
are typically used as catalysts, i.e., faujasite (FAU) and ZSM-5 (MFI). If intro-
duced into the pores via ion exchange with the tetraamine complex and after
an adequate activation of the ion-exchanged zeolite (see vol 3 of this book se-
ries, Chap. 4 “Preparation of Metal Clusters in Zeolites”), the metal will reside
in its zero-valent state in the form of small clusters located inside supercavi-
ties of faujasite or pore intersections of ZSM-5. An estimation for palladium
gives cluster sizes of ca. 60 Pd atoms and 25 Pd atoms inside a supercavity of
faujasite and a pore intersection of ZSM-5, respectively. For a typical palla-
dium loading of 0.3 wt.- % it is estimated that one out of ca. 1550 supercavities
in faujasite and one out of ca. 625 pore intersections in ZSM-5 are filled with
a palladium cluster. It is obvious from these figures that, in typical bifunc-
tional zeolites, with their low metal loadings, the vast majority of cavities and
pore intersections are totally unaltered and free from metal atoms. Hence the
risk of narrowing the zeolite pores by incorporating the noble metal can be
considered as negligible.

Among the important advantages of hydrocarbon reactions on bifunc-
tional catalysts in a hydrogen atmosphere is the lack of self-poisoning by coke
formation and the absence of catalyst deactivation. By contrast, the formation
of carbonaceous deposits is very frequently encountered during hydrocar-
bon conversion in monofunctional acidic zeolites. While the exact location of
these deposits (e.g., inside cavities, at intersections, inside pores, at the pore
mouths or on the external surface) is often difficult to determine and largely
unknown, it is common experience that the build-up of carbonaceous de-
posits brings about a gradual selectivity change in favor of the more slender
product molecules. This effect is generally referred to as “coke selectivation”.

The general conclusion is, therefore, that the risk of modifying the effective
pore width by test reactions using bifunctional zeolites is much lower than in
reactions catalyzed by monofunctional acidic zeolites.

5
Conclusions

Among the salient features of zeolites and zeolite analogues are their strictly
uniform pore shapes and pore widths in the same range as molecular di-
mensions. Obviously, these properties can be exploited for characterizing
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zeolitic pores, especially their effective widths, by means of molecular probes.
The available techniques rely on adsorption or shape-selective catalysis. In-
structive examples for both methods have been presented in this review with
emphasis on their respective advantages, drawbacks and pitfalls.
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Abstract Xenon is an inert gas with a very large electron environment that makes it sensi-
tive to any interaction, even physical. In the case of 129Xe isotope (spin 1/2), the resulting
electronic perturbation is directly transmitted to the nucleus and, therefore, affects the
nuclear magnetic resonance chemical shift. In this chapter, we report some applications
of this technique in both fundamental and applied research in the field of microporous
and mesoporous solids.
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Abbreviations
aXe Xe atom radius (0.22 nm)
A internal surface area
An preexponential factor of kn
b ka/kd ratio
C molecular constant characterizing the polarizability (Sect. 2.2.3), relative

water concentration in zeolite (Sect. 2.4.3)
d shortest distance from Xe to the shell wall in potential calculation

(Sect. 2.2)
D Xe atom diameter (0.44 nm), diffusion coefficient (Sect. 2.6)
D0 pre-exponential factor of diffusion coefficient
Ea(n) activation energy relative to kn
g magnetic-field gradient in pulsed-field gradient NMR
Ia, Ib, Ic intensity of line a, b, c, respectively
k Boltzmann constant
ka rate constant of adsorption
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kd rate constant of desorption
kn rate coefficient for a given Xe atom to leave a n-cage
� mean free path of a Xe atom adsorbed in a microporous solid
L pore width (Sect. 2.2.4)
M(ω(n), ω(m)) joint probability of finding a Xe atom in a n-cage before tmix and in a m-

cage afterwards
n-cage Na – A cavity containing n (m) atoms
na number of adsorption sites in a unit volume
nEM number of metal particles determined by electronic microscopy
nH2 number of chemisorbed H2 molecules
np number of metal particles
N number of adsorbed Xe atoms per gram of dehydrated solid
NA number of Xe atoms located on surface sites of the internal pore wall
NV number of Xe atoms situated in the internal pore volume
NS number of adsorbed Xe per cavity
tmix mixing time in 2D NMR experiment
T absolute temperature (Kelvin)
p probability of a xenon atom being at the cavity wall (Sect. 2.2), number of

differentiated particles (Sect. 4)
P gaseous pressure
P(Xe) equilibrium Xe pressure
P(n) probabilty of finding a n-cage among all of them
〈r2(∆)〉intra mean square displacement of molecules diffusing inside the crystallites
〈r2(∆)〉inter mean square displacement of molecules diffusing outside the crystallites
R radius of the spherical shell representing the cage wall (Sect. 2.2.4), radius

of adsorbent particle or gas constant
Rn,m overall rate of Xe atoms going from a n-cage to a m-cage
Si,j. . . surface of an i(j. . .)-type particle
Vi,j. . . part of the volume of zeolite containing i(j. . .)-type particles
W van der Waals interaction energy (Sect. 2.2.3), concentration of Na – Y or

ZSM-5 zeolite in a mixture with Na – A (Sect. 2.6.3)
αi probability of Xe – Si collision
αNa–Y probability of Xe – Na – Y zeolite wall collision
γ gyromagnetic ratio
γ ′(∆) relative amount of molecules diffusing in intercrystallite space
∆H NMR linewidth
δw solvent effects on chemical shift due to van der Waals interactions
δa chemical shift of a Xe atom located on surface sites of the internal pore

wall, chemical shift of line a (Sect. 2.2)
δb, δc chemical shift of line b and c, respectively (Sect. 2.5.2)
δi chemical shift of Xe atoms interacting with an i-type particle
δNa–Y chemical shift of Xe atoms interacting with the Na – Y pore wall
δV chemical shift of a Xe atom situated in the internal pore volume
〈δV〉 average value of δV
δS chemical shift of adsorbed Xe due solely to interactions with the internal

pore wall, δS is a weighted average of δa and δV
δXe contribution of Xe – Xe interactions to the chemical shift
δSAS contribution of Xe-strong adsorption site interactions to the chemical shift
δE contribution of electric field due to the cations to the chemical shift
δM contribution of cation paramagnetism to the chemical shift
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δN→0 chemical shift extrapolated to zero concentration
δ0 chemical shift of an isolated Xe atom
δref same meaning as δ0
δ1, δ2, δ3 characterize the Xe – Xe interactions in the virial expansion of the xenon

density
δ′ pulse width in pulsed-field gradient NMR
∆ time separation between two identical field-gradient pulses in pulsed-field

gradient NMR
ε energy coefficient in Lennard-Jones potential function
λ fitting parameter in δS empirical expression (Sect. 2.6), degree of cationic

exchange in faujasite (Sect. 3.3)
λi probability of Xe collisions with i-type particles in a volume Vi
µ fitting parameter in δS empirical expression
µi probability of Xe collisions with Na – Y in a volume Vi
θ average number of benzene molecules per cage
ρ xenon density
ρXe xenon density in binary mixture
ρA A-gas density in binary mixture (Xe-A)
ρa xenon density of atoms located on surface sites of the internal pore wall
ρV xenon density of atoms situated in the internal pore volume
ρg concentration of xenon located in the free volume of faujasite supercages,

similar to ρV (Cheung model)
σd diamagnetic contribution to the shielding constant
σp paramagnetic contribution to the shielding constant
τintra intracrystallite mean lifetime
τdiff

intra minimum intracrystallite mean lifetime
ξg analogous to δ1 in the Cheung model
ψ intensity of the spin-echo signal in pulsed-field gradient NMR

1
General Introduction

1.1
Introduction

The central idea of the pioneers [1] of this technique was to find a molecule
which was nonreactive and particularly sensitive to its environment, to phys-
ical interactions with other chemical species and to the nature of adsorption
sites, and which could, therefore, be used as a probe to determine in a new
way solid properties difficult to detect by classical physicochemical tech-
niques. In addition, this probe needed to be detectable by NMR, since this
technique is particularly suitable for investigating electron perturbations in
rapidly moving molecules.

The isotope 129Xe, which the authors proposed, is this ideal probe. It
has given rise in the last 25 years to a great number of applications both
in fundamental and applied research. Fragmentary reviews have already
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been published [2–7]. We present here some examples of the applications
of the Xe-NMR technique to the study of microporous and mesoporous
materials.

1.2
NMR Properties of Xenon

Xenon was discovered by Ramsay and Travers in 1898. The element has a Z
value of 54. Among the nine stable xenon isotopes, only two, 129Xe and 131Xe,
have nonzero spin and are therefore of interest for NMR studies. Table 1 gives
their natural abundance, their magnetic properties [8–10] and their sensitiv-
ity to detection (Table 1).

At a field of 2.3488 Tesla, the resonance frequencies of 1H, 13C and 129Xe
are 100, 25.144 and 27.600 MHz, respectively. The resonance of 129Xe occurs,
therefore, at a frequency about 10% higher than that of 13C at the same
magnetic field strength. This makes it possible to use a spectrometer de-
signed for 13C detection with a slight change of the circuit tuning. According
to the natural abundance of the various isotopes, the sensitivity of detec-
tion of 129Xe (the isotope most widely studied) with respect to 1H and 13C
is 5.60 × 10–3 and 31.8, respectively. Thus, 129Xe is easier to observe than
13C, neglecting differences in relaxation times. Of course, pure monoatomic
xenon is expected to have a long spin relaxation time T1, but relaxation is
enhanced by interaction with paramagnetic species, even with few impu-
rities. For example, 129Xe is easily detectable in xenon gas at 0.5 MPa and
at 27 MHz if 1% of O2 is added. We will see later that the T1 of 129Xe ad-
sorbed in microporous solids is rather short, typically in the range of 10 ms
to a few seconds, even at low temperature. By using optical polarization tech-
niques (see Sect. 6) [11–13] the sensitivity of detection can be increased by
several orders of magnitude, which widens the field of applications of this
technique. The use of a continuous flow approach [13–17] for the produc-
tion of hyperpolarized xenon (denoted HP Xe in this text) is particularly
beneficial for several applications (porous materials [15], flames [16], micro-
imaging [17], etc.).

Table 1 Natural abundance and magnetic properties of 129Xe and 131Xe

Isotope Natural Spin Magnetic Electric Sensitivity
abundance in quantum moment quadrupole to detection
xenon (%) number (µN) moment

(×10–28 m2)

129Xe 26.4 1/2 – 0.77247 5.60×10–3

131Xe 21.2 3/2 0.68697 – 0.12 5.61×10–4
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In theory, the nuclear relaxation time T1 of adsorbed xenon should provide
interesting information about local xenon structure and dynamics. Unfortu-
nately, this is only true for extremely pure solids. The importance of para-
magnetic impurities for relaxation is well known. Now, real catalysts, which
are the most studied of all microporous solids, always contain relatively high
concentrations of all sorts of impurities. For this reason we shall not discuss
relaxation very much in what follows. The most important NMR characteris-
tic of 129Xe is its chemical shift which ranges over 7500 ppm for all the xenon
compounds and over 1500 ppm if only adsorption is considered. This is a very
wide range compared to 1H (20 ppm) and 13C (300 ppm) for diamagnetic sys-
tems. The chemistry of xenon began in 1962 [18]. Since that time many xenon
compounds have been synthesized and 129Xe NMR has proved to be the best
technique for determining their structure [19, 20]. General information about
these xenon derivatives can be found in [21] and [22]. However, 129Xe NMR
appeared to be of general interest in many fields: in physics, to study the
interactions of xenon with solvents and with organic or bioorganic ligands,
etc. General information on these applications can be found in the review by
Reisse [23]. As discussed by Ramsey [24] the shielding constant consists of
two parts:

• a diamagnetic contribution, σd, which depends only on the fundamental
state of the electronic system and can be related to the charge on the atom
considered;

• a paramagnetic contribution, σp, which depends on the excited states and
above all on the symmetry of the valence orbitals. The shielding constant
of the isolated xenon atom (gas pressure extrapolated to zero) is due to σd
only. The paramagnetic contribution, which expresses the deviation from
spherical symmetry, is zero.

In most xenon compounds the electron distribution is not spherically sym-
metrical and the σp values show a large variation, which depends on the
nature of the atom to which the xenon is bonded, and the bond type. Except
in a very small number of cases the chemical shifts, δ, measured relative to the
isolated atom, are positive (downfield).

In this paper we will focus our attention on 129Xe NMR as a means of prob-
ing the properties of inorganic microporous materials such as zeolites.The
very large and extremely polarizable electron cloud of xenon makes this atom
particularly sensitive to its close environment. Small variations in the phys-
ical interactions with the latter cause marked perturbations of the electron
cloud which are transmitted directly to the xenon nucleus and greatly affect
the NMR chemical shift.

Results on liquid media amply demonstrate the sensitivity of the chemical
shift of xenon to physical interactions. Figure 1 shows that 129Xe gas to solu-
tion shifts are linearly related to the 13C gas to solution shifts of methane in
the same solvents. Since the shifts are attributed exclusively to van der Waals
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Fig. 1 Gas to solution shifts of 13C in 13CH4 in various solvents (corrected for suscep-
tibility) vs. gas to solution shifts of 129Xe in the same solvents. 1, C6F6; 2, CH3NO2;
3, cyclo-C5H10; 4, TMS; 5, cyclo-C6H12; 6, CH3CN; 7, CH3COCH3; 8, C6H5NO2; 9, C6H6;
10, C6H5Cl; 11, CHCl3; 12, CCl4; 13, CS2; 14, (CH3)2SO; 15, CH3I; 16, CH2I2. (From [25],
Copyright Wiley (1991). Reproduced with permission)

effects, this variation proves that 129Xe is 27.1 times more sensitive to these
effects than 13C [25]. Generally speaking, in the observed solvent effects on
chemical shifts the part due to van der Waals interactions, δw, is the most
important for heavy atoms. δw does not depend only on the solvent (Fig. 1)
but sometimes also on the nuclear site in a given solute molecule. The ef-
fect of δw on the observed chemical shifts in homogeneous media has been
the subject of much theoretical work which has been very well reviewed by
Rummens [26].

Finally, it should be remembered that for every chemical shift measure-
ment with an external reference a correction of the magnetic susceptibility
related to the volume should be made; this was first mentioned by Dickin-
son [27], then developed mainly by Bothner-By and Glick [28] for homo-
geneous media. Bonardet and Fraissard have described the means of per-
forming this correction in the measurement of shifts of phases adsorbed on
solids [29]. However, in the present study, given the very large shifts of ad-
sorbed xenon, this correction is negligible.
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1.3
129Xe-NMR Chemical Shift in Xenon Gas

Before reviewing the NMR spectroscopy of 129Xe adsorbed in microporous
structures, it seems necessary to summarize some results relative to the 129Xe
chemical shift in xenon gas or in mixtures of xenon and other gases.

After the first detection of gaseous xenon [30] the subsequent studies by
Carr et al. [31–33] and by Brinkmann [34] showed that over a wide range of
density the shift can be expressed quite well by a virial expansion of the xenon
density ρ:

δ(T, r) = δ0 + δ1(T)ρ + δ2(T)ρ2 + δ3(T)ρ3 (1)

where δ(T, ρ) is the resonance shift at a temperature T and a density ρ. δ0 is
the position of the isolated atom. Experimentally this corresponds to virtually
zero pressure (in what follows we shall always use this reference). δi(T) are the
virial coefficients of the shift as a function of density.

The most exact values were obtained by Jameson et al. [35]. At 298.15 K:1

δ1 = 0.548±0.004 ppm/amagat1 (2a)

δ2 = (0.169±0.02) 10–3 ppm/amagat2 (2b)

δ3 = (– 0.163±0.01) 10–5 ppm/amagat3 (2c)

For densities below about 100 amagat, terms of an order higher than one are
negligible. In this case, the linear variation yields a value of 0.55 ppm chem-
ical shift per amagat. δ1 results from binary collisions. Higher-order terms are
an indication that three or more body collisions become important at higher
density. Various authors have calculated the value of δ1 from the interaction
of two xenon atoms at the moment of collision [35, 36].

Adrian [36] has demonstrated that only the exchange interactions of the
wave functions of the colliding atoms make a significant contribution to the
chemical shift. In his opinion the van der Waals interactions were of negligi-
ble importance. Later, Jameson et al. showed that Adrian underestimated the
role played by repulsive interactions on the pressure dependence of δ; these
interactions must be taken into account [35].

The coefficients δi in Eq. 1 are temperature-dependent [37, 38]. Fitting
δ1(T) to a polynomial of degree 4, Jameson et al. give [38]:

δ1(T) = 0.536 – 0.135×10–2τ + 0.132×10–4τ2 (3)

– 0.598×10–7τ3 + 0.663×10–10τ4 ppm/amagat,

where τ = T – 300 K.

1 One amagat is the density (2.689×1019 atoms/cm3) of an ideal gas at standard temperature
(273.15 K) and pressure (1 atmosphere).
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Dybowski et al. [6] have proposed a strictly empirical function to describe
the temperature dependence of δ1:

δ1(T) = 0.467 + 19.29 exp(– 0.0187T). (4)

It must be remembered that the shift δ0 of an isolated xenon atom is strictly
temperature-independent [38].

Finally, the paper of Cowgill and Norberg [39] shows that the effect of
the xenon pressure on the chemical shift is of the same type for all three
phases, gas, liquid, and solid. This means that “the repulsive exchange forces
may also have a role in the liquid and solid states” [39]. This result is
particularly interesting for the interpretation of the δ values of adsorbed
xenon.

1.4
129Xe NMR Chemical Shift in Mixtures of Xenon and Other Gases

In a mixture of xenon with another gas A, the shift of xenon depends on
the nature of A and the collision frequency with the latter. When the xenon
density is so low that only terms for binary collisions need to be consid-
ered, one may generalize Eq. 1 to a multi-dimensional virial expansion of the
shift [35, 38, 40]:

δ(T) = δ0 + δ1,Xe(T).ρXe + δ1,A(T).ρA, (5)

where ρXe and ρA are the densities of Xe and A, respectively. Since δ1,Xe has
previously been determined, δ1,A(T) can be calculated from data (Table 2).

Table 2 Measured values of second virial coefficients δ1,A (T = 298 K) of the 129Xe NMR
shift for interactions with various gases A (from [35] and [40])

A δ1,A (ppm/mol cm–3) δ1,A (ppm/amagat)

Ar 3119±216 0.139±10×10–3

CO2 3823±151 0.171±7×10–3

CF4 4327±121 0.193±5×10–3

CHF2 4287±198 0.191±9×10–3

CH2F2 4965±239 0.222±10×10–3

CH3F 4314±170 0.192±9×10–3

CH4 6201±125 0.277±12×10–3

Kr 6070±375 0.271±12×10–3

HCl 7678±132 0.343±15×10–3

Xe 12283±90 0.548±24×10–3

NO 17769±256 0.793±11×10–3

O2 21037±216 0.939±10×10–3
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δ1,A(T) is also temperature-dependent. The effect on the xenon shift of xenon-
other gas interactions is smaller than that of interactions between xenon
atoms, except for O2 and NO. The large shift induced by gaseous O2 and NO
arises from a “contact overlap” mechanism. Overlap of the Xe (5s) and the
O2 (πg) or NO (π∗) orbitals is the major contributor to the spin density at
the Xe nucleus [41–43]. It should be remarked that this is the first example of
a contact shift of this type.

Previously, the contact-shift was only observed when the unpaired electron
was on the same molecule as the nucleus under observation. This result will
also be important in the case of xenon adsorbed on paramagnetic or metallic
solids.

Finally, for certain studies mentioned below, where the xenon is coad-
sorbed with another phase at high concentration, we felt it useful to recall the
studies of Stengle et al. [44, 45] and Muller [46] concerning xenon dissolved in
various hydrocarbon solvents, as well as the critical review already cited [23].
The former have shown that in the calculation of the shift of xenon, the re-
action field model is valid within a group of closely related solvents, but it
fails when extended to collections of randomly selected solvents. According
to Muller, in calculating the van der Waals interactions one must take into ac-
count what he calls “the solvent cohesive energy density”, which corresponds
to the idea of the “volume of mixing effect” [47].

2
Zeolites

2.1
129Xe-NMR of Adsorbed Xenon: Generalities

As in the gas phase the main information has been obtained from the analysis
of the variation of the chemical shift against the xenon concentration, gener-
ally at 300 K. The amount of adsorbed xenon is expressed as the number, N,
of atoms per gram of anhydrous zeolite or the number of atoms, Ns, per cage
(zeolites Y, A, erionite, etc.).

Fraissard et al. have shown that the chemical shift of adsorbed xenon is the
sum of several terms corresponding to the various perturbations it suffers [2–
4, 48].

δ = δref + δS + δXe + δSAS + δE + δM. (6)

δref is the reference (gaseous xenon at zero pressure). δS arises from inter-
actions between xenon and the surface of the zeolitic pores, provided that
the solid does not contain any electrical charges. In this case it depends
only on the dimensions of the cages or channels and on the ease of xenon
diffusion. δXe = δXe–Xe.ρXe corresponds to Xe – Xe interactions; it increases
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with the local density of adsorbed xenon and becomes predominant at high
xenon pressure. When the Xe – Xe collisions are isotropically distributed
(large spherical cage) the relationship δ = f (N) is a straight line (Fig. 2, line 1).
The slope, dδ/dN, is proportional to the local xenon density and, therefore,
inversely proportional to the “void volume”.

If the Xe – Xe collisions are anisotropically distributed (narrow channels)
the slope of this function increases with N (Fig. 2, line 2).

When there are strong adsorption sites (SAS) in the void space interact-
ing with xenon much more than the cage or channel walls, each xenon spends
a relatively long time on these SAS, particularly at low xenon concentra-
tions. The corresponding chemical shift δ will be greater than in the case of
a noncharged structure (influence of δSAS, Fig. 2, line 3). When N increases,
δ must decrease if there is a fast exchange of the atoms adsorbed on SAS
with those adsorbed on the other sites. When N is high enough, the effect
of Xe – Xe interactions again becomes the most important and the depen-
dence of δ on N is then similar to that of Fig. 2. In this case δN→0, which
is the chemical shift extrapolated to zero concentration, depends on the na-
ture and number of these strong adsorption sites. Often these SAS are more
or less charged, and sometimes paramagnetic cations. The theoretical curve,
is then displaced downfield (Fig. 2, line 3). The difference expresses the ef-
fect, δE, of the electrical field and, if it exists, δM due to the magnetic field
created by these cations. If strong adsorption sites of different types (for
example various highly charged cations or metal particles) are distributed
in solid pores (for example zeolite supercages), Xe interacts with them and
the chemical shift of xenon is different depending on the presence or ab-
sence of these targets and their surface. If the exchange between these various

Fig. 2 δ = f (N) variations (see text). (Reprinted from [48] with permission from Elsevier
Science)
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sites is fast with respect to the NMR time-scale, an average signal is ob-
served, while a multiple signal spectrum corresponds to a situation of slow
exchange [2–4].

Finally, there is nothing to prevent us from recording the Xe NMR spectra
of the previous samples in the presence of an active gas (for example, hydro-
gen on Pt-zeolite). In this complex case, too, the xenon NMR spectrum gives
information about the distribution of this active gas in the sample [2–4].

2.2
Models for the Interpretation of Chemical Shifts Due to the Porosity

2.2.1
Introduction

The δS term—Eq. 6—characterizing the Xe-surface interactions, has been re-
lated to the dimensions and the shape of the pores, or more precisely to the
mean free path, �, of a Xe atom inside the pore volume. The mean free path is
defined as the average distance travelled by a Xe atom between two successive
collisions against the pore walls.

To explain the hyperbolic relation obtained between δS and �, for various
zeolites, a simple model of fast site exchange has been used [49, 50]. Other
physisorption models have been proposed such as:

• the model described by Derouane et al. which is based on the calculation
of the van der Waals energy as a function of the surface curvature [51, 52].

• models based on Lennard-Jones potential curve calculations [53, 54].

2.2.2
Fast Site Exchange

For simplicity, exchange between adsorbed and gaseous phases is assumed to
be negligible, which is reasonable at room temperature at least for zeolites.
Chen and Fraissard have shown that the chemical shift varies by about 5%
between powder and highly compressed ZSM-5 and Na – Y samples [55].

At 300 K, which is the usual recording temperature, the experimental
chemical shift, δ, is the average value of the shift of xenon in rapid exchange
between a position A on the pore surface (defined by δa) and a position in the
volume V of the cavity or channel (defined by δv) (Fig. 3).

δ =
Naδa + NVδV

1
gNa + NV (7)

where Na and NV are the numbers of xenon atoms in each state. This equation
is valid whatever the xenon concentration; δ = δs for N = 0. In this case Na and
NV are the probabilities of there being a Xe atom at the surface (A) or in the
volume (V).
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Fig. 3 Scheme of fast site exchange. (Reprinted from [48], with permission from Elsevier
Science)

δa depends on Xe-surface interactions [56]. δV is a function of δa and the
distance �. In fact, δV = δa when the xenon atom leaves the surface; then δV de-
creases during the journey between sites 1 and 2, hence the need to determine
a mean value 〈δV〉 = f (δa, �) where � is the average value of � and is called the
mean free path imposed by the structure [49, 56].

Considering a random distribution of the Xe atoms in the pore, that means
there are not any preferential states, Na and NV can be expressed in terms of
the xenon diameter D, the surface area A, the void space V – AD and the dens-
ity of xenon either adsorbed on the surface (ρa) or in the void volume (ρV),
with ρa proportional to ρV at low concentration (ρa = kρV). When � is not too
small, 〈δV〉 ≈ 0.

δS =
ADρa

ADρa + (VAD)ρV
δa =

Dk

D(k – 1) + V
A

δa =
α

β + V
A

δa, (8)

with α = kD and β = D(k – 1). V
A is proportional to �. We shall see later the

application of � in Sect. 2.6.
More simply, Johnson and Griffiths wrote:

δS = δap + δV(1 – p), (9)

where the probability p of a xenon atom being at the cavity wall is propor-
tional to the surface area to volume ratio of the cavity. They found a fairly
good linear relationship between δS and A

V for a certain number of zeolite
structures [57].

Cheung et al. [50] also used the fast site exchange model, even at 144 K,
and expressed the chemical shift of xenon adsorbed in Y zeolites at tempera-



168 J.-L. Bonardet et al.

ture T and concentration ρ as:

δ(T, ρ) =
bnaδa + (1 + bρg)ξgρg

1 + bna + bρg
, (10)

where b = ka/kd is the ratio of the rate constants for adsorption and desorp-
tion of a xenon atom on a site; na is the number of adsorption sites in a unit
volume; ρg is the concentration of xenon located in the free volume of fauja-
site supercages and ξg corresponds to δ1 of Jamesons’ expression; δa has the
same meaning as above.

At zero concentration (ρg = 0), Eq. 10 reduces to:

δ(T, ρ) = δS =
bna

1 + bna
δa, (11)

which is similar to Eq. 8.
Cheung et al. then distinguished two cases:

• adsorption is weak, i.e. bρg � 1, even when ρg is large; Eq. 10 becomes

δ(T, ρ) = δS +
(ξg– bδS)

(1 + bna)2 ρ. (12)

Eq. 12 shows that δ is a linear function of ρ, the total Xe concentration
in the supercage, which is true for Y zeolites and in general for zeolite
structures with rather large pore volumes (A, beta zeolites ...) where the
distribution of Xe – Xe interactions is isotropic. One can notice that the
slope of this linear function is smaller than ξg (= δ1) which is consistent
with the experimental observation: 0.40 ppm/amagat for Y zeolite com-
pared to 0.548 for the gas phase.

• adsorption is strong, i.e. bρg � 1; Eq. 10 reduces to:

δ(T, ρ) =
naδa + ξgn2

a

ρ
– 2naξg + ρξg . (13)

It is evident that there is an initially rapid decrease of δ(T, ρ) with increas-
ing coverage (term 1/ρ) before the ρξg term becomes predominant. At
higher concentration, the gradient of chemical shift against density should
approach that of the free gas.
Eq. 13 accounts for the behavior of the 129Xe NMR chemical shift in the
presence of multivalent cations or supported metals [58].

2.2.3
Influence of Surface Curvature

This model factorizes and scales the physical interaction of a sorbed atom
or molecule with the curved surface environment of micropores, the atom or
molecule being represented by its polarizability and the solid (adsorbent) by
a frequency-dependent dielectric function [51, 59]. It can be shown that the
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van der Waals interaction between the trapped species and the curved wall of
a sphere can be factorized into the product of two terms accounting for the
intrinsic molecular property (polarizability) and extrinsic surface curvature
effects, respectively:

W = –
C

4d3

(
1 –

d
2a

)–3

, (14)

with C a molecular constant, d, the distance from the point molecule to the
pore wall (i.e. its van der Waals radius, rm, in the physisorbed state) and, a,
the pore radius. At temperatures such that kT < W, spherical molecules or
atoms stick and oscillate with respect to the pore wall and hop as a whole
over their barriers rather than collide with the wall and be reflected through
the cavity or pore as is generally assumed. The pore or cage center never
corresponds to an equilibrium position.

Therefore, these authors wrote that the chemical shift δS induced by inter-
action with the pore wall is directly proportional to the molecular interaction
energy with the surface, W (K being a molecular constant):

δS = KW. (15)

For xenon adsorbed in a certain number of zeolites a fairly linear correla-
tion between δS and W, the molecular interaction energy with the surface, has
been obtained [52] (Fig. 4).

Even if these two models, fast site exchange and surface curvature effect
are different, the relation between δS and W is not surprising since W corres-
ponds to the chemical shift δa, (Xe atom interacting with the surface) and δS
depends itself on δa.

Fig. 4 The surface-induced NMR chemical shift δ, as a function of the relative van der
Waals energy Wr for 129Xe trapped in a variety of zeolites. Wr is the ratio W/W(0), W(0)
corresponding to the flat surface (d/a = 0). Zeolite structures are designed by their three-
letter code. (Reprinted from [52], with permission from Elsevier Science)
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These two models are limiting cases. The real situation should depend on
the temperature and the adsorption energy which depends itself on the pore
size (assuming identical chemical nature of the surface).

In order to define exactly the influence of these factors, some other models
used a Lennard-Jones potential to describe the physical interaction between
a Xe atom and a surface consisting of oxygen atoms.

2.2.4
Lennard-Jones Potential Curves

Ripmeester and Ratcliffe considered the potential energy between a xenon
atom and a spherical shell representing the cage wall. Oxygen atoms are
smeared over this shell with a density similar to that of the zeolite A cage. The
Xe – O interaction is described by a Lennard-Jones potential function which
can be integrated over the whole sphere:

Utot(d) = 4ε
2ΠR
R – d

{
α12

10

(
1

d10 –
1

(2R – d)10

)
–

α6

4

(
1

d4 –
1

(2R – d)4

)}
,

(16)

where R is the spherical shell radius, d is the shortest distance from Xe to the
shell wall; α = 0.349 nm and ε = 0.8975 kJ/mol [53]. Plots of this function for
different values of R are shown in Fig. 5.

Several points appear:

• The potential energy goes through an absolute minimum for R = (2.5)1/6α,
i.e. in this case, R = 0.407 nm (which corresponds to � = 0.047 nm). There-
fore, the strength of the binding site is intimately linked to its ability to
make efficient contact with xenon atoms. For sphere radii both larger and
smaller than 0.407 nm, the Xe-surface interaction is weaker.

• On the other hand, when R ≈ 0.45 nm (� ≈ 0.09 nm), the potential profile
becomes quite flat and for larger R values a central hump appears. This
means that for R > 0.45 nm the Xe atom no longer samples the cage uni-
formly but spends more time near the cage wall than in the center of the
cage.

From these calculations, Ripmeester and Ratcliffe concluded that for small
cages, δS values can be expected to reflect the true void space. However, for
large cages, the δS value is a complicated function of sorption energy, void
space and temperature, the δS variations with temperature being a means
of distinguishing the two types of behavior, as Chen and Fraissard have
shown [60].

To determine the chemical shift of Xe adsorbed in such a cage, Ripmeester
and Ratcliffe chose a potential curve with a hump which they approximated
by a rectangular potential. In this simple picture Xe atoms are either in the
potential well (with the chemical shift δa) or in the central part of the cage
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Fig. 5 Calculated Lennard-Jones potential curves for a xenon atom in a spherical cage
shown as a function of cage radius. (Reprinted with permission from [53]. Copyright
(1990) American Chemical Society)

(with the chemical shift 〈δV〉). Writing the chemical shift as the average of δa
and 〈δV〉 weighted by the fractional population above (pa) and below (pb) the
energy barrier they obtained:

δ = [1 – pa(r3/R3)]δa + pa(r3/R3)〈δV〉, (17)

where R and r are the radius of the pore and the hump respectively.
If it is assumed that 〈δV〉 = 0 and at the zero concentration limit, Eq. 17

reduces to:

δS = {1 – [r3 exp(– ∆E/RT)]/(R3 – r3 + R3 exp(– ∆E/RT)}δa, (18)

∆E being the potential difference between the hump and the well.
When T tends to zero, δS tends to δa, i.e. the Xe atom sticks to the surface;

while when T tends to infinite, δS tends to 2/[1 + R3/(R3 – r3)]δa. Conse-
quently, only the limiting high-temperature δS value should reflect the true
void space, as it depends only on R/r and δa. At any T value, the chemical shift
takes an intermediate value which depends on the void space as well as the
adsorption energy of the Xe atom on the surface, hence the need to perform
variable temperature experiments.

Cheung made calculations similar to those of Ripmeester for a xenon atom
trapped between two infinite parallel layers, and obtained similar results:
the appearance of a central hump when the distance between the layers in-
creases [54]. He considered that the chemical shift of a xenon atom is directly
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proportional to the van der Waals interaction energy (Wr), being itself repre-
sented by the first term (attractive part) in the Lennard-Jones potential, U.

When U has a single minimum at the center (micropore of about the
same size as the xenon atom), and assuming that the potential near the mini-
mum can be described by a parabola, Cheung showed that the chemical shift
increases linearly with increasing temperature. Conversely, he obtained a de-
crease in the chemical shift with increasing temperature when the pore is
much larger than the xenon atom. This result is completely consistent with
experimental observations [60, 61].

Modelling the potential by a rectangular potential, Cheung also calculated
the chemical shift and obtained a general equation:

1
δS(T)

= A(T) + B(T)
(

L – 2aXe

m

)
, (19)

where A(T) and B(T) depend on the well width, the well depth and the tem-
perature; L and aXe are the pore width and the Xe atom radius, respectively; m
is equal to 1, 2 or 3 if the pore is layer-like (1), cylindrical (2) or spherical (3).
The expression, (L – 2aXe)/m, is exactly that used by Fraissard’s group to cal-
culate the mean free path, �, of a Xe atom in pores, which can be considered
to fit these simple pore models. Once again, Eq. 19 is quite consistent with the
empirical relationship obtained by Springuel-Huet et al. [49].

Molecular dynamics simulations, in which the interaction energy is calcu-
lated with a Lennard-Jones potential, was used to correlate the chemical shift
with the number of binary collisions [62].

2.2.5
Discussion

In fact, the first two models are the two limiting cases of the latter. Every-
thing depends on the calculated values of the xenon-surface interaction and
the temperature. In the opinion of Derouane et al. [51, 52], the xenon atom
sticks to the surface and never goes through the cage center, whereas Frais-
sard et al. [49] and Cheung et al. [50] consider that the xenon atom samples
the void space freely. The energy W, calculated by Derouane, corresponds to
the chemical shift, δa (Eq. 7), of the fast site exchange. It is, therefore, not sur-
prising to obtain a relationship between W and δS, since in Fraissard’s model
δS depends on δa and 〈δV〉, 〈δV〉 being itself a function of δa.

It must be noted that Cheung et al. have used the fast site exchange model
although they performed NMR experiments at 144 K and correlated the
chemical shifts with the pore size of zeolites and the type of cations [63, 64].
These authors were able to assume that the xenon atoms can sample the void
space more or less uniformly because very high xenon loadings were used.

Derouane et al. calculated the van der Waals energy for closed spheres
and used a correction coefficient for channels [51, 52]. Ripmeester et al. also
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chose closed spheres of different radii [53]. Vigné-Maeder used more realis-
tic structural models but the zeolites are still supposed to be cation free and
the frameworks rigid [62]. Their calculations are certainly worthwhile, but
in zeolite structures cages are almost never closed (except, for example, in
Na – A zeolite where, due to the small apertures, they can be considered as
closed), the framework is more or less flexible and more often cations are
present. Since all these approximations change the potential curves calculated
in these simple ideal cases, these calculations are not always easy to use for
determining the pore size. Nevertheless, these models are attempts, the only
ones to date, to interpret the chemical shift.

We would mention here that the xenon mobility is a very important pa-
rameter which must be taken into account when interpreting the data. Pulsed-
field gradient measurements give Xe diffusion rate constants in zeolites (A, Y
and ZSM-5) of the order of 10–8–10–9 m2 s–1 [65–67]. This means that, in
these materials, at room temperature the movement of the xenon averages
its interactions over a great number of zeolite cages and channels on the
NMR time scale. When intercrystallite exchange occurs, the number of lines,
chemical shifts, linewidths and relaxation times in the NMR spectra may be
dramatically changed. Intercrystallite exchange depends of course on the in-
terparticle diffusion barriers, hence on temperature, on the crystallite size
and the xenon concentration. Many studies have clearly shown the influ-
ence of these parameters [55, 60, 68–73]. We have seen above the influence of
xenon mobility on the different models.

The rapid movement of xenon atoms through large-pore zeolites at room
temperature usually limits resolvable structural details to macroscopic di-
mensions. Nevertheless, Chmelka et al. have measured macroscopic adsor-
bate distribution heterogeneities in Na – Y zeolite which, when coupled with
a crystallite size scaling analysis, make it possible to estimate diffusivities of
coadsorbed organic molecules [74]. In such cases, other complementary ex-
perimental methods are often needed to check interpretations of 129Xe NMR
results [75–78].

It is obvious that, when the temperature is decreased, xenon diffusion is
limited and information becomes more localized. The greater the mean free
path, �, the larger the influence of temperature. Chen and Fraissard have
studied the effect of temperature on the chemical shift of xenon adsorbed in
Na – Y zeolite [60]. Figure 6 shows the decrease of δ and the changes in the
slopes of the δ = f (N) curves for temperatures ranging from 173 to 373 K.
The variation of the slopes, due to Xe – Xe interactions, directly reflects the
diffusion. At low temperature and concentration (Ns < 0.5 Xe atom/cage) δ

is constant, which means there is no Xe – Xe interaction. The slope then
increases rapidly for 0.5 < Ns < 1 Xe atom/cage. For Ns > 1, the slope be-
comes constant with a maximum for Ns ≈ 1. The relative variation of the
slopes for Ns ≈ 1 with respect to temperature fits well the relative temperature
dependence of the second virial coefficient of chemical shielding of xenon
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Fig. 6 δ = f (N) variations for Y zeolite at temperatures T (K): 173; 193; 213; 233; 253; 273;
300; 323; 353; 373 (from the top to bottom). (Reprinted with permission from [60] Copy-
right (1992) American Chemical Society)

gas determined by Jameson et al. [79], showing that for this concentration
(Ns ≈ 1) xenon diffusion in Na – Y zeolite is similar to that in xenon gas. For
Ns > 1 the slope is constant and lower than for Ns < 1. This lower value of
the slope can be explained by the occurrence of three-body collisions whose
probability is no longer negligible.

It is possible to avoid intercrystalline diffusion by coating the external sur-
face. For example octamethylcyclotetrasiloxane has been used in the case of
faujasite structure [80, 81].

Na – A zeolite has received special attention because diffusion of xenon
between α-cavities is very slow due to the blockage of the apertures by Na
cations. In such systems, xenon can be introduced at elevated temperature
and pressure. The sensitivity of the 129Xe chemical shift to Xe – Xe inter-
actions means that signals corresponding to different Xe concentrations in
the α-cages can be resolved (Fig. 7) [82]. Under these conditions, studies
of xenon distribution statistics, assuming different models with binomial or
hypergeometric distribution, have been carried out [83, 84], sometimes in
the presence of other adsorbed molecules [85, 86]. Jameson et al. found ex-
perimental deviations from these statistical models, explained by attractive
Xe – Xe interactions which favor clustering at low to medium loadings [84].
The observed shifts and their temperature dependence are interpreted by
using the results of Grand Canonical Monte Carlo simulation [87].

Cheung has derived a cell theory of an interacting lattice gas from the ba-
sic principle of statistical mechanics that the equilibrium distribution of X
particles among Y cells (when X and Y are very large) is given by the most
probable distribution. He could calculate the probability distribution of the
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Fig. 7 Room-temperature spectrum of xenon adsorbed in Na – A zeolite at 523 K and
xenon pressure of 4 MPa. Each peak corresponds to a definite number of xenon atoms
(1, 2, 3, 4 and 5) in the α-cages. (Reprinted with permission from [82]. Copyright (1988)
American Chemical Society)

gas particles among the cells [88]. To describe 129Xe NMR data for xenon
trapped in the α-cages of the Na – A zeolite, it is necessary that, in addition
to the attractive interactions between the particles, the repulsive interactions
should also be included when the xenon atoms begin to fill the α-cages of the
zeolite.

With more sophisticated NMR experiments (multisite magnetization
transfer experiments or two-dimensional exchange NMR) and simulations,
the dynamics of xenon movement between α-cages can be investigated [86,
89]. Larsen et al. give an activation energy of about 60 kJ/mole for cage-to-
cage migration [86].

2.2.6
Porosity Studies

In order to obtain from δ(129Xe) precise data about the void space of a zeo-
lite of unknown structure or on the dimensions of structural defects, the term
δS has been related to the size and shape of the internal volume by means
of the mean free path � of adsorbed xenon imposed by the structure (Eq. 8
and Fig. 3). In the fast exchange model, for a sufficiently high temperature,
a xenon atom moves freely inside the void space. This random movement is
the basis of the determination of the mean free path, either calculated for
a closed sphere or an infinite channel, or using a computer in the general
case [56].

The computer is given the analytical expressions of the modeled struc-
tures of zeolites. A xenon atom is then randomly circulated within the space.
The distance, �, travelled between two successive collisions is calculated. The
mean free path, �, is obtained by averaging these distances (Table 3). The plot
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Table 3 Values of δS and mean free path � for various molecular sieves. The case of infinite
cylinder and sphere can be rigourously solved by calculation: infinite cylinder: � = DC –
DXe; sphere: � = 0.5(DS – DXe) where DC, DS and DXe are the diameters of the cylinder, the
sphere and the xenon atom, respectively. The values of pore size given above are from [90]

Molecular δS � Characteristics of the void spaces
sieves (ppm) (nm) accessible to xenon atom

A, ZK4 87 0.37 sphere, diameter 1.14 nm with six 8-ring
openings of 0.4–0.5 nm, depending on the cation

L 90 0.31 one dimensional barrel-shaped channels: 12-ring
openings of 0.71 nm, max. diameter 0.74 nm

Ferrierite 227 0.01 c-channel, 10-ring: 0.54×0.42 nm
157 0.04 b-channel, pseudo-sphere, diameter: ≈ 0.7 nm

with 2 8-ring openings: 0.48×0.35 nm
Mordenite 115 0.245 one dimensional channel 12-ring: 0.67×0.7 nm

250 0.005 side-pocket: 0.57×0.26×0.48 nm
Offretite 108 0.2 one dimensional channel 12-ring: 0.67×0.68 nm
ZSM-12 90 0.13 one dimensional channel, non planar

12-ring 0.55×0.59 nm
ZSM-20 58 0.56 intergrowth of cubic and hexagonal faujasite: normal

supercage with four 12-ring apertures of 0.74 nm
diameter, “maxi” supercage with five 12-ring
openings, 0.71×0.71 nm (for two) and
0.74×0.65 nm (for three) and “mini” supercage with
three 12-ring openings 0.74×0.65 nm

ZSM-23 114 0.045 one dimensional channel, 10-ring: 0.52×0.45 nm
ZSM-48 96 0.11 one dimensional channel, 10-ring: 0.53×0.56 nm
EU-1 94 0.17 one dimensional channel, 10-ring: 0.41×0.57 nm

“side pockets”: 0.68×0.58 nm, 0.81 nm deep
Ω 75 0.30 one dimensional channel, 12-ring, 0.74 nm
Theta-1, Nu-10, 130 0.05 one dimensional channel, 10-ring: 4.4×5.5 nm
ZSM-22
Erionite 99 0.17 cavity 0.63×0.63×1.51 nm with six openings:

0.36×0.52 nm
AlPO4-5, 56 0.29 one dimensional channel, 12-ring: 0.73 nm
SAPO-5
AlPO4-8 58 0.39 one dimensional channel, 14-ring: 0.79×0.87 nm
AlPO4-11, 120 0.056 one dimensional channel, 10-ring: 0.39×0.63 nm
SAPO11
AlPO4-17 72 0.17 erionite structure
SAPO-31 85 0.09 one dimensional channel, non planar 12-ring: 5.3 nm
SAPO-34 84 0.18 chabazite structure: cavity 0.67×0.67×1 nm with

six 8-ring openings 0.38 nm
MAPO-36 74 0.26 one dimensional channel, 12-ring: 0.65×0.75 nm
Y, SAPO-37 58 0.56 faujasite structure
SAPO-41 108 0.11 one dimensional channel, 10-ring: 0.70×0.43 nm
VPI-5 49 0.77 one dimensional channel, 18-ring: 1.21 nm
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of δS = f (�) for a few classical zeolites (A, Y, L, MOR, Rho ...), with usual Si/Al
ratios, has hyperbolic shape, curve I in Fig. 8, and Fraissard et al. first wrote:

δs =
1

λ + µ�
δa, (20)

which is consistent with Eq. 8, λ and µ are fitting parameters. This expression
has to be modified in the light of more recent work: δa cannot be constant for
all structures. It was said above that δa is related to the molecular interaction
energy (W) of Derouane’s model, which depends on the surface curvature,
hence on �. Moreover, 〈δV〉 has been assumed to be equal to zero; this is cer-
tainly true for large void volumes (compared to the xenon diameter), such
as in faujasite; but for zeolites whose channels are small compared to the
xenon diameter, 〈δV〉 is not zero and depends on δa and �, as we have seen in
Sect. 2.2.

On the other hand, Chen and Fraissard have shown that the fast site ex-
change hypothesis is valid in the case of Y zeolite for T > ca. 303 K, which is
not far from the experimental temperature [60]. This is certainly not true for
zeolites with smaller void volumes.

Fig. 8 δS = f (�). See Table 1 for the coordinates of all molecular sieves.
Curve I (classical zeolites): Rho (cavity and prism), Ferrierite: F (channels b and c), Mor-
denite: Z (main channel), L, A, Y.
Curve II (new molecular sieves): Theta-1: Θ-1, AlPO4-11: A-11, ZSM-5: Z-5, ZSM-48: Z-48,
EU-1, ZSM-12: Z-12, SAPO-34: S-34, AlPO4-17: A-17, AlPO4-5: A-5, SAPO-37: S-37, VPI-5.
(Reprinted from [2–4] with permission from Springer-Verlag)
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Another important point is the dependence of the chemical shift on the
chemical composition of the zeolite surface, in particular upon the number
of charges, i.e. on the Si/Al ratio. This dependence is more pronounced when
the temperature is low and the pore diameter is small. In the case of faujasite,
either in the Na+ form or decationized, the δS values decrease monotonically
by 4 ppm when Si/Al increases from 1.28 to 54 [2–4]. Such variations have
been also observed by Chao et al. [90]. These authors showed that the re-
duction of the δS value with decreasing Al content of faujasite type zeolites is
not linear and depends on the pore size and extra-framework species formed
by dealumination. For ZSM-5 and ZSM-11 (narrow channels) the dependence
of δS on the aluminum concentration is greater than for faujasite (large cav-
ities) [91–93]. For instance, δS increases linearly with the Al content of the
framework on ZSM-5 and ZSM-11 zeolites [93]. In addition, this variation
shows a break at about [Al] = 2 atoms per unit cell (Fig. 9) which demon-
strates that the xenon-wall interactions change at this concentration. This can
be explained by a change of the Al distribution in the framework. Finally,
we mention the difference between the δS = f (N) relationships for ZSM-5 and
ZSM-11 for [Al] ≥ 2 Al atoms per unit cell (Fig. 9). Despite the similarity of
the structure of these zeolites, the sensitivity of the 129Xe NMR technique is
sufficient to differentiate between them. The variation of the δS value with
framework composition has been also reported for SAPO-37 [94], AlPO4-5
and SAPO-5 [95] molecular sieves.

These various deviations from the simple model are responsible for the
fact that many newly studied structures, mainly structures with very low
cation content, do not fit the first δS = f (�) curve; they form a cloud of points
limited by a second curve for 0.05 < � < 0.4 nm, curve II in Fig. 8 [48].

Although the models are essentially qualitative this technique has been
widely used to study microporous solids.

Fig. 9 δS variation versus Al content of the framework: ◦ NaZSM-5; � NaZSM-11.
(Reprinted with permission from [93]. Copyright (1992) American Chemical Society)
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2.2.6.1
Zeolite with a Single Type of Void Volume

When the zeolite structure contains only one type of pore (more or less cylin-
drical channels or spherical cavities) accessible to xenon, the xenon spectrum
consists of a single line characteristic of the adsorption zone.

The main information is generally obtained by analyzing the dependence
of the chemical shift of this signal on the xenon concentration. The amount
of xenon adsorbed, e.g., at 300 K is expressed as the number, N, of atoms per
gram of anhydrous zeolite or the number, Ns, per cage or part of the chan-
nel. At 300 K, the δ = f (N) variation is a straight line when the distribution of
Xe – Xe collisions is isotropic, i.e. in the case of large cavities (Y, ZK4 ...). The
slope, dδ/dN, is proportional to the local Xe density and therefore inversely
proportional to the internal free volume. If the distribution of Xe – Xe colli-
sions is anisotropic (narrow channels, diameters between 4 and 7.5 Å), the
slope of this curve increases with N [48, 96] (Fig. 10).

The chemical shift, δS, at zero concentration is clearly related to the struc-
ture: the smaller the channels or the cavities, or the more restricted the
diffusion, the greater δS. For example, δS (ZK4) is greater than δS (Y) not only
because the α-cage diameter (1.14 nm) is slightly smaller than the supercage
one (1.3 nm) but, also and especially, because the diffusion of xenon in ZK4
zeolite is more difficult than in Y. The dimensions of the openings allow-
ing passage from one α-cage to another are similar to those of xenon atoms,
whereas those of the supercages are twice as big as Xe.

Fig. 10 δ = f (N) variations for different molecular sieves: � ZSM-23, + SAPO-41,
♦ silicalite-1, ◦ EU-1, � ZK-4, � MAPO-36, ♦ Beta, � LZY-52, (•) VPI-5. (Reprinted
from [2–4], with permission from Springer-Verlag)
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Many papers deal with studies of Y zeolites [97–100], where it is often
a question if structural changes arise after dealumination. Conclusions are
frequently based on variations of the internal volumes [90, 101, 102]. Some
other less common zeolites or related materials have been investigated, such
as ZSM [92, 93], L [103], Theta [104], VPI-5 [105, 106], SAPO-34 [107], SAPO-
37 [95, 108], SAPO and AlPO4 – 5 [95], SAPO and AlPO4 – 11 [109], etc.

The chemical shifts, δS, of Na – Y and SAPO-37, which is isostructural with
Na – Y, are very similar, showing that to a first approximation the fast ex-
change hypothesis is valid for such an open structure [94, 95]; the chemical
variation of the surface does neither modify the residence time of the ad-
sorbed xenon on the surface nor the δa value. Note that Davis et al. found
chemical shift differences for these two structures, but this was due to a par-
tial destruction of the SAPO-37 structure, which is fragile in the presence of
humidity [110].

For very small pore diameters, the Si/Al ratio is relatively more import-
ant and for a given mean free path, �, the chemical shift varies from curve
I (say Si/Al < 6 or 7) to curve II (higher Si/Al ratios), Fig. 8. The influence
of the chemical composition of the surface is highlighted by the existence of
these two curves. The main reason for this chemical shift variation is that the
residence time of a xenon atom on the surface, τa, is not negligible at room
temperature.

Nevertheless, the empirical and experimental relationship δS = f (�)—
Eq. 20—was used with success for the approximate determination of the
internal void volume space of beta zeolite when the structure was still un-
known [111].

2.2.6.2
Zeolites with Several Types of Void Volume

Except in the case of Na – A, already discussed, 129Xe-NMR spectra have as
many components as there are different types of void volume in the zeolites,
at least if exchange between xenon adsorbed in the different zones is slow on
the NMR time scale.

This is the case of ferrierite whose spectra have two lines corresponding to
the two types of channels [112]. This example is particularly interesting: the
diffusion from one channel to another is slow and into one type of channels only
one Xe atom can enter. Therefore, the corresponding signal is independent of
the xenon pressure. Only the line intensity increases with the filling degree.

It is also the case of Rho zeolite, but here the spectrum depends on the
nature of the cation and on the temperature. For H – Rho, there is a rapid
exchange between cavities and prisms. The two characteristic lines are then
obtained only at low temperature [113]. On the contrary, for Cs – Rho there
is only one line, since the Cs cations are located in the prisms and prevent
Xe atoms from being there. The 129Xe NMR study of this structure was later
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extended more thoroughly to a set of H – Cs Rho samples with variable Cs
content [114] and for Cd Rho [115]. It must be noted that in these two papers
the attributions of the lines have been changed: the high-frequency signal
previously attributed to xenon adsorbed in the prisms (or at least xenon
exchanging between cavity and prism, depending on the temperature) is as-
signed to the cavities, and the low-frequency signal previously attributed to
xenon adsorbed in the cavities is assigned to xenon adsorbed at the external
surface. The flexibility of this structure as a function of the temperature has
also been studied [116].

Mordenite, whose porous structure consists of one-dimensional channels
connected to side pockets in the perpendicular direction, has also been
studied by 129Xe NMR [61, 117]. The spectra have two signals corresponding
to channels and side-pockets, respectively, at least if the temperature is low
enough to prevent exchange between these two sites. The temperature of co-
alescence depends on the nature of the cations. It is about 273 K for H+ and
about 370 K for Na+. If the cation is Cs+, the side-pockets are no longer ac-
cessible to xenon, and there is only one line. Moudrakovski et al., using 2D
NMR could determine rate constants for xenon exchange between the main
channels and side pockets [118].

Cloverite is a zeolite with two types of void spaces for xenon adsorp-
tion. But in the only published paper, to our knowledge, its 129Xe-NMR
gives a single-line spectrum corresponding to the large supercages [119]. The
authors conclude that the apertures of the second type are blocked by residual
carbonaceous products arising from template decomposition.

When there are several signals corresponding to various types of void
volumes, the line intensities can be used to study the distribution of ad-
sorbed xenon in these different spaces for a given total xenon concentration
as a function of the temperature and the location of cations. In this way one
can obtain interesting information about the structures of zeolites, e.g. zeolite
intergrowths and crystallinity.

2.2.6.3
Zeolite Intergrowths and Crystallinity

In view of what has been said about intercrystallite diffusion, if there is a mix-
ture of zeolites or a structure intergrowth, each zeolite component will give
rise to its own NMR lines in the spectra, providing that the diffusion of Xe
between monocrystalline domains is not too fast and prevents the averaging
of Xe-zeolite interactions. If the latter condition is satisfied and since NMR
spectroscopy is quantitative, the measurement of peak areas allows the deter-
mination of the zeolite composition. Of course, the adsorption isotherms of
standard components must be known. This has been checked with a synthetic
mixture of Ca-A and Na – Y. The composition was easily and precisely (to ±
1%) found [120].
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In the same way, the composition of a ferrierite-mordenite intergrowth,
which was very poorly detected by X-ray diffraction, was determined [112].
It should be pointed out that the zeolite structures which give intergrowths
are usually very similar, which means that the void volumes and the corres-
ponding lines are very close. The case of ferrierite-mordenite is particularly
favorable, because mordenite gives a high-frequency line (about 250 ppm, due
to side-pockets) well separated from the others. Moreover, after line decom-
position, a signal coming from ferrierite can be used to obtain additional
information about the composition of the mixture. On the contrary, it has so
far been impossible to resolve offretite-erionite intergrowths [121].

Chen et al. obtained a line corresponding to the AlPO4 – 8 structure in
a VPI-5 sample; AlPO4 – 8 is the degradation product of VPI-5 [105]. A ZSM-
5-ZSM-11 intergrowth in a ZSM-8 sample could also be seen [121, 122].

The problem of crystallinity is of the same type; there are several ap-
proaches:

• At a given pressure, comparing the intensity of the “well crystallized” lines
with that of the standard zeolite gives a measure of crystallinity [120].

• It has been said that the slope of the δ = f (N) curve, expressed in Xe
atoms/g, depends on N. If the amount of xenon adsorbed by the amorph-
ous phase is negligible at room temperature, then the ratio of the slopes of
the two δ = f (N) curves for one sample and the standard is also a measure
of the crystallinity.

• Finally, in the most favorable case, treatment of the zeolite can create sec-
ondary porosity. This situation reduces to that of zeolites with several
zones and has been observed for Y zeolite (Fig. 11), mordenite, or with the
dealumination of ZSM5 during the methanol to gasoline conversion [121].

Fig. 11 Room temperature spectrum of xenon adsorbed in dealuminated Y zeolite at
a pressure of 0.2 MPa. The smaller signal corresponds to secondary porosity. (Reprinted
from [2–4], with permission from Springer-Verlag)



NMR of Physisorbed 120XE Used as a Probe to Investigate Molecular Sieves 183

2.3
Influence of Cations

2.3.1
Introduction

It has been explained in Sect. 2.1 that, when xenon adsorbs more strongly on
some adsorption sites (SAS), a term δSAS, characteristic of this interaction,
must be considered. Indeed, these sites can be saturated while the adsorp-
tion on the other sites continues to increase monotonically with [Xe]. At low
Xe pressure, the term δSAS predominates. Therefore, when the pressure in-
creases, adsorption occurs on the weaker sites. The result is a decrease of
the observed chemical shift which is a weighted average of δXe and δSAS.
Afterwards the chemical shift again increases due to important Xe – Xe in-
teractions at higher pressures. These characteristic δ = f (N) plots have been
observed for X and Y zeolites containing cations like Mg2+, Ca2+, Zn2+, Cd2+,
rare earth cations Y3+, La3+, Ce3+ and even paramagnetic cations Ni2+, Co2+,
Ru3+. Most of these studies have been carried out as a function of the cation
exchange degree or the temperature of thermal treatment (i.e. the extent of
dehydration of the zeolite). Since Xe atoms can only interact with cations lo-
cated in the supercages and not with those in the sodalite cages or prisms,
the location of cations can be deduced. The migration of cations inside the
crystals, between different sites, have been studied in terms of their hydration
state.

2.3.2
Case of H and Alkali-Metal Ions

It has been shown that for X and Y zeolites the influence of the H+ and
Na+ cations on the 129Xe NMR is negligible at room temperature [1–4, 97, 99,
123, 124]. The chemical shift is then given by the terms δS and δXe of Eq. 6
and is roughly independent of the value of the Si/Al ratio, and therefore, of
the number of H+ or Na+ ions (Fig. 12). These results prove that in X and
Y supercages, the time-averaged field 〈δE〉 due to these cations is negligible
at 300 K. At very low N, the motion of each atom is disturbed only by cage
walls. Consequently, the chemical shift, δS (58 ± 2 ppm) obtained by extrap-
olation of the line δ = f (N) to N = 0 can be considered as characteristic of
the zeolite structure. The increase of δ with N results from mutual interac-
tions between Xe atoms. However, for analogous zeolites containing other
monovalent cations, several 129Xe NMR studies have shown that the chemical
shifts vary linearly with xenon loading [99, 123, 124]. The plots δ = f (N) de-
pend on the type of cation; the heavier the cation, the greater the shift. For
example, Ito et al. [99] have shown that δN→0 is 78 and 99 ppm for KY and
RbY, respectively.
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Fig. 12 δ = f (N) variation for � HY, NaY with different Si/Al ratios: � 1.35, ♦ 2.42,
( ) 54.2, ◦ 1.28 and for MgY zeolite for various magnesium contents: � 47%, � 53%,
• 62%, � 71%

2.3.3
Influence of Divalent Cations: Diamagnetic and Paramagnetic Ions

Fraissard et al. [97–99] have studied xenon adsorption on Mgλ – Y zeolites,
under vacuum at 773 K, where λ denotes the degree of cation exchange with
Na+ (Fig. 12). When Mg2+ cations are in the sodalite cages or the hexagonal
prisms without any contact with xenon (λ < 53%), δ is a linear function of the
xenon concentration (as for Na – Y). When some Mg2+ cations are situated
within the supercages (λ > 53%), one observes values of δ (compared with
Na – Y) that are greatest when λ is high, especially at low xenon concentra-
tions. For each value of λ the curve of δ = f (N) passes through a minimum;
the higher λ is, the more pronounced and further shifted to higher concen-
tration is the minimum. According to Ito et al. [99], the experimental value of
δN→0 for N = 0 is roughly proportional to the square of the electric field at the
nuclei of xenon atoms adsorbed on Mg2+ cations.

The large positive shift and the parabolic behavior of the δ = f (N) curves
in the case of divalent cations was attributed first by Fraissard et al. [2–4] to
the high polarizability of xenon and the distortion of the xenon electron cloud
by the strong electric fields created by the 2+ cations. According to Cheung
et al. [50], the high value of δ is not solely due to that. They suggest the for-
mation of a partial bond between these two species formed by the donation
of a xenon 5p electron to the empty s orbital of the divalent cation. A similar
model concerning electron transfer from xenon to platinum was proposed by
Ito et al. to explain the large shift in δ for platinum supported on Na – Y (see
Sect. 2.5 [182]).
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The effect of the dehydration and rehydration of zeolites on the influence
of Ca2+ cations can also be studied by 129Xe NMR [99]. For example, the
chemical shift δ and the signal width ∆ω of xenon adsorbed on Mg70 – Y
increase with increasing dehydration of the solid. The values of δ and ∆ω

are greatest when dehydration is complete. Conversely, the spectra evolve
with rehydration: for a given xenon pressure, the line due to xenon in the
supercages containing only bare Mg2+ decreases in favor of the line corres-
ponding to Mg2+ surrounded by OH ligands and water molecules yielding
hydrated (MgOH)+. 129Xe NMR, therefore, makes it possible to follow the
diffusion of an adsorbate in a zeolite crystallite.

The problem is more difficult in the case of paramagnetic cations (Ni2+,
Co2+). One must consider the term δM which influences the chemical shift.
This term may be very large and leads to δ values of several thousand of parts
per million [125]. In this case, the location and the oxidation state of the
cations can be studied, in particular during reduction, oxidation or dehydra-
tion of such samples. For example, Scharpf et al. [126] have succeeded, using
this technique, in following the reduction and reoxidation of the Ni7.5Na – Y
zeolite dehydrated under vacuum at 623 K. When the sample was reduced at
lower temperatures (about 373 K), two types of environments for the xenon
atoms were evident: one corresponding to xenon in the nickel-exchanged
material, and the other corresponding to xenon in contact with Na – Y or
HY. Reduction at higher temperatures produced a low-frequency shift of the
first resonance, indicating that this environment becomes more like the en-
vironment of xenon in the Na – Y zeolite. At the highest temperature (643 K)
studied, only the line corresponding to xenon in Na – Y was detected. These
results prove that nickel ions are removed from the supercages upon reduc-
tion. Using this method, Scharpf et al. showed that reoxidation under 80 kPa
of oxygen at various temperatures does not reverse the process of reduction.
The distribution of the Ni2+ cations in the different sites of the zeolites has
been studied by Bansal et al. for zeolites containing a low extent of exchange-
cations [127] and by Gédéon et al. [128, 129] in the case of Ni – Na – Y zeolites
with a high Ni2+ concentration. By following the variation of the chemical
shift with the number of atoms adsorbed, the evolution of the environment
of these cations can be studied as a function of the pretreatment temperature,
for each level of exchange, and their migration from the supercages.

In the case of Co – Na – Y, with 15% of Na+ cations exchanged, Bonardet
et al. [130] have studied the dependence of the δM term on the pretreatment
temperature Tt (Fig. 13). For 300 ≤ Tt ≤ 423 K the chemical shift extrapolated
to zero pressure, δN→0, and the slopes of the δ = f (N) plots decrease. This
corresponds to the departure of water molecules freeing the pores. The small
shift difference compared to Na – Y is due to the presence of Co(H2O)2+

6 par-
tially blocking the pores. When Tt is higher than 423 K, the dramatic increase
in chemical shift and the change in the shape of the δ = f (N) plots arising
from paramagnetic Xe – Co2+ interactions prove that, despite the migration
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Fig. 13 δ = f (NS) variation for CoNaY (15% of Na exchanged): (a) Tt (K) � 300, • 323,
� 373, � 423; (b) Tt (K) � 373, • 423, � 523, � 573, � 623, � 773. Full line: δ = f (NS)
curves for pure NaY zeolites treated at the same Tt as CoNaY. (Reprinted from [130], with
permission from Elsevier Science)

of Co2+ out of supercages as shown by X-ray diffraction [131], Xe – Co2+

interactions are still detectable when water molecules are progressively elimi-
nated from the coordination sphere of Co2+ cations. It has been proposed that
Co2+ cations are located in SII′ sites of the sodalite cages.

2.3.4
Case of Trivalent Cations

The 129Xe NMR technique has also been used to study the dehydration pro-
cesses of La3+ and Ce3+ exchanged Y zeolites [132, 133]. In these studies, the
authors have confirmed that all the cations La3+ and Ce3+ migrate to the
hexagonal prisms and the sodalite cages when the zeolites are completely de-
hydrated. Later, Fraissard and coworkers [134] have extended the 129Xe NMR
investigation to other faujasite-type zeolites with trivalent cations, i.e., Y,
Na – Y, La, Na – Y, Ce, Na – X and Y, Na – X. The chemical shifts of adsorbed
xenon follow a concave plot against the adsorbed xenon concentration, very
similar to the previous 129Xe NMR study of Mg2+, Ca2+, Zn2+, Cd2+, Ni2+ ... in
X and Y zeolites. This result suggests strong adsorption of xenon on the Y3+

ions located inside the zeolite supercage. In contrast, the 129Xe NMR chem-
ical shift for Ce – X, La – X, Ce – Y and La – Y zeolites [132, 134] indicates that
Ce3+ and La3+ cations are located in hexagonal prisms or sodalite cages in-
accessible to xenon atoms. The example of Y3+ cations proves that not all
trivalent cations migrate out of the supercages during thermal treatment of
the solid.

The location of Ru3+ ions in Y zeolites and their redox behavior have been
studied by Shoemaker et al. [69]. The increase in shifts in the down-field
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direction was attributed to the interaction of xenon atoms with the param-
agnetic Ru3+ centers. From chemical shift and line-width variations, these
authors have shown that after reduction at room temperature, the ruthenium
particles are highly dispersed and located in the zeolite cages. However, mi-
gration of the metal occurs upon evacuation.

2.3.5
Effect of the Electronic Structure (nd10):
Ag+, Cu+, Zn2+, and Cd2+ Cations

A particularly interesting case is that of faujasite-type zeolites containing Ag+

or Cu+ cations, the external electron structure of which is nd10. In experi-
ments on silver-exchanged Na – Y and Na – X zeolites, Fraissard and cowor-
kers found an unusual and unexpected up-field (i.e. low-frequency) 129Xe
chemical shift of about – 40 to – 50 ppm (relative to xenon gas at zero pres-
sure) for fully silver-exchanged zeolites in the limit N → 0 [135–139]. This
is in contrast to all other 129Xe NMR studies on cation-exchanged X and Y
zeolites which all show high-frequency shifts. Figure 14 shows the 129Xe NMR
isotropic chemical shifts of xenon in Na – X and in the fully silver-exchanged
zeolite Ag – X. The shifts in dehydrated and oxidized Ag – X are distinctly
lower than that for Na – X over the range of concentration studied. Most
remarkably, the shifts decrease with Xe concentration, exhibiting negative
values in the range – 40 to – 50 ppm at low xenon concentration. In contrast
to these results, the samples reduced at 373 K, and 673 K show high-frequency
shifts with respect to Na – X. After reduction at 373 K, δ increases steadily
with the number of xenon atoms per supercage (Ns) from + 100 ppm to about

Fig. 14 δ = f (NS) variation for the zeolites: � Na – X, • Ag – X (dehydrated at 673 K),
� Ag – X (oxidized at 723 K), � Ag – X (reduced at 373 K); � Ag – X (reduced at 673 K).
(Reprinted from [135], with permission from Elsevier Science)
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+ 170 ppm for about 0.3 < Ns < 4, whereas after reduction at 673 K the shift
values are between + 140 and + 160 ppm for 0.1 < Ns < 1, with a shallow min-
imum at about Ns = 0.7. In the latter case, the plot of δ = f (N) has the classical
shape of zeolite-supported metals. This unusual low-frequency shift in the
dehydrated and oxidized samples has been attributed to specific Ag+ – Xe in-
teractions which are caused by the existence of a fully occupied d-shell in this
cation. In order to explain the up-field shift, the authors postulate a short-
lived Ag+ – Xe complex and a 4d10-5d0 donation from the transition metal
cation to xenon [135]. Similar phenomena have also been observed for the
77Se resonance in the presence of Ag+ cations [140].

Later experiments showed that fully exchanged CuY [141, 142] and
CuX [143] zeolites exhibit shifts which are much lower than expected. The
parabolic form of the δ = f (N) curves, which was expected because of the
presence of paramagnetic Cu2+ is not observed (Fig. 15). In order to explain
this behavior, Gédéon et al. [143] attributed this down-field shift to a 3d10-5d0

donation mechanism between Cu+ ion and Xe. Boddenberg et al. have at-
tributed this to the presence of sites bereft of cations in the supercages [144].
Indeed, during dehydration, there is at the same time migration of Cu2+

from the supercages and partial autoreduction of Cu2+ to Cu+inside the su-
percages. These easily accessible Cu+ cations are able to behave like Ag+ and
participate in 3dπ-5dπ electron donation. This behavior is not observed for
Zn2+ and Cd2+ in X-type zeolite and seems not general among cations of nd10

configuration. It has been proposed that, after dehydration, Zn2+ and Cd2+ in-
teract strongly with the matrix and are situated in SIIsites, a position which

Fig. 15 δ = f (N) variation for the zeolites: (�) NaX, (♦) AgX, (•) CdX, (�) ZnX, (o) CuX.
(Reprinted from [143], with permission from Elsevier Science)
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prevents such dπ donation. The higher charge of the cation, responsible for
a greater polarization of the electronic cloud leading to a high chemical shift,
can also be put forward and may compete with the electron donation.

Gédéon et al. [145] have also studied the oxidation state as well as the lo-
cation of copper in CuY zeolites at various levels of exchange and hydration,
and at different stages of redox treatment. Information about the nature of
Xe – Cu+ or Xe – Cu2+ interactions has been obtained by a combination of
ESR and 129Xe NMR. Similar studies have been done by Liu et al. [146]. The
combined ESR and 129Xe NMR studies enabled these authors to investigate
the reduction/oxidation processes of the copper ions.

More recently, quantum chemical ab-initio calculations have been per-
formed by Freitag et al. [147] for the interaction between xenon atoms and
the cations Li+, Na+, K+, Cu+ and Ag+. The 129Xe NMR chemical shifts have
been calculated. For the alkali ions a small down-field shift is obtained which
is attributed to the polarization of the Xe wave function by the charge of the
cation. For the Cu+ and Ag+ an additional up-field shift is found which is
caused by a mixing of the 5p, 4p, 3p orbitals at Xe with the 3d or 4d orbitals at
Cu+ or Ag+. This leads to an increased magnetic shielding and consequently
to low chemical shifts.

2.3.6
Location and Number of Cations: Quantitative 129Xe NMR

The concept of quantitative 129Xe NMR spectroscopy concerns the analysis
of experimentally detected isotropic chemical shifts in terms of site specific
shifts and of the concentrations of various cation sites as well as the explo-
ration of the information content of the widths of the resonance lines.

A systematic investigation of the effect of the cation on the chemical shift
of 129Xe adsorbed on zeolites has been carried out by Fraissard and cowor-
kers. We have seen that these authors suggested an explanation of the 129Xe
NMR shift in terms of different contributions from Xe – Xe interactions and
Xe-zeolite interactions. The magnetic and electric contribution has been eval-
uated in the case of nickel-exchanged Y zeolite [127, 128].

Cheung et al. has offered a quantitative interpretation by the use of a model
in which the xenon atoms adsorbed on the wall of the supercages are in rapid
exchange with those in the gaseous phase [50]. Later, Liu and coworkers [148]
have carried out a detailed investigation of the effect of ion exchange in
Na – Y zeolite on the adsorption strength toward xenon atoms and on the
change in the 129Xe NMR chemical shifts. They found that the dependence of
the 129Xe NMR chemical shift on the amount of adsorbed xenon can be fit-
ted with a second order polynomial in all cases. This is interpreted by treating
the adsorbed xenon as a two dimensional gas with a virial expansion model
similar to the case of xenon in the normal gaseous state. According to this
model, the major force for the adsorption and various kinds of interaction of
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xenon is the van der Waals force, but the coulombic force of the cations also
plays a role.

In a series of papers [137, 149–155], a model of xenon adsorption was in-
troduced that is capable of explaining quantitatively the dependence of the
chemical shift on the concentration of sorbed xenon in Y-zeolites exchanged
with transition metal ions such as silver, copper, zinc and cadmium. Ac-
cording to this model, the adsorption isotherms of Xe in transition metal
ion-exchanged zeolites can be quantitatively described by the isotherm equa-
tion:

NS = n1
k1P

1 + k1P
+ n2

k2P
1 + k2P

+ k3P, (21)

where NS is the concentration of Xe sorbed in the supercages at the pres-
sure P; n1 and n2 are the concentrations of the transition metal cation sites
which were identified with ions residing on the crystallographic SIII (index 1)
and SII (index 2) positions; k1 and k2 are the Langmuir adsorption constants
on the respective sites; k3 is a Henry adsorption constant which describes
the interaction of Xe with the residual supercage surface not occupied by the
transition metal cations. Figure 16 shows, as an example, the xenon adsorp-
tion isotherm for the oxidized AgY zeolite as well as its components. The
concentrations of the cations, ni, and their adsorption constants ki are ob-
tained from the curve fit.

Using this model with zeolites containing different levels of silver cations,
it is possible to monitor the number of the silver cations (species 1 and 2) in
the supercages as a function of the overall silver content (Fig. 17).

Fig. 16 Overall and composite adsorption isotherms of xenon in the zeolite AgY(ox) ac-
cording to the model discussed in the text. The composite isotherms belong to — type 1,
- - - type 2, and -·- type 3 sites in the supercages. (Reprinted from [137], with permission
from Elsevier Science)
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Fig. 17 Concentrations of supercage silver cations in dehydrated (673 K) and oxidized
(673 K) AgNaY zeolites as a function of the overall silver content. Type 1: Ag+ in (+) de-
hydrated and � oxidized zeolites. Type 2: Ag+ in × dehydrated and ◦ oxidized zeolites.
(Reprinted from [137], with permission from Elsevier Science)

The experimentally observed 129Xe NMR chemical shifts, δ = f (P), can be
quantitatively reproduced with the aid of the equation:

δ =
1

Ns

(
n1k1P

1 + k1P
δ1 +

n2k2P
1 + k2P

δ2 + k3Pδ3

)
+ FNS. (22)

The individual chemical shifts δi of xenon interacting with the metal cation
sites (i = 1, 2) and the residual surface (i = 3) can be determined. The term
FNS takes into account the mutual Xe – Xe interactions to a first-order ap-
proximation [38].

Boddenberg and coworkers [155] have demonstrated that the observed
values of the linewidths as well as their quite different dependence on pres-
sure can be explained on the basis of a theoretical approach which is capable
of explaining semi-quantitatively the 129Xe NMR line widths versus xenon
concentration curves for a series of zinc- and cadmium-exchanged Y zeolites.
This theoretical model traces the origin of line broadening back to inhomoge-
neous spatial distributions of transition metal cation sites interacting strongly
with the encaged xenon atoms. Using Eqs. 21 and 22, these authors deter-
mined the distribution of Zn2+ [156].

2.3.7
Cation Exchange Between Different Zeolites

129Xe NMR of adsorbed xenon can be used to follow the exchange of cations
in the zones accessible to xenon in a given crystallite, and to visualize the



192 J.-L. Bonardet et al.

exchange of cations between different zeolites. Chen et al. have studied the
cation exchange process between RbX and Na – Y zeolites. The two peaks
detected at 144 and 89 ppm correspond to xenon adsorbed in dehydrated
Rb – Na – X and Na – Y zeolites, respectively [73]. Upon mechanical mixing at
300 K, the intensities of the two signals decrease and a third broad signal at
about 141 ppm appears. After further treatment of the mixture at 673 K and
0.01 Pa, there is a further larger decrease in the intensities of the Rb – Na – X
and Na – Y signals, the peak at 141 ppm disappears and two additional broad
signals are seen at 128 and 109 ppm.

The two xenon resonance signals corresponding to the two pure zeolites
can be restored upon cooling the sample to 200 K, which proves that the
third signal at 141 ppm is a coalescence of two signals. The mixture obtained
directly in the tube by shaking is very inhomogeneous with regard to the dis-
tribution of the crystallites of the two zeolites. There are three types of zones:
pure Rb,Na – X, pure Na – Y, and a Rb,Na – X,Na – Y mixture. Because of slow
diffusion, the three corresponding lines can be distinguished at 300 K. Con-
sequently, the information obtained by 129Xe NMR at 300 K is characteristic
of macroscopic zones, i.e. zones containing several crystallites. The extent of
these zones depends on the mean lifetime of the xenon atom in the crystallites
compared with the NMR timescale. These zones can be reduced by lowering
the temperature of the NMR experiment in order to obtain more informa-
tion about localization. The rate of exchange of xenon atoms between one
crystallite and another must also depend on the crystallite size and, above
all, on the barrier for diffusion to the external surface; all other things be-
ing equal, this barrier is related to the size of the windows of the cavities and
channels.

The low-temperature 129Xe NMR spectra of xenon adsorbed on the zeo-
lite mixture show that, down to 200 K, there are still four well-resolved peaks,
two of them corresponding to the original Rb,Na – X and Na – Y zeolites. The
other two signals located between those of RbNa – X and Na – Y should cor-
respond to the Rb58–xNa23+x X and RbxNa56–xY zeolites, that result from ion
exchange between the two original solids.

However, in an investigation of a mixture of dehydrated Na – Y and Ca – Y,
Ryoo et al. [70] pointed out that the single 129Xe NMR peak observed after
thorough mixing of the samples could result from fast xenon exchange be-
tween the crystallites, rather than from ion exchange. This is supported by
the observation of two 129Xe NMR peaks on cooling the sample, when the
exchange rate of xenon between particles is reduced [71]. If solid-state ion ex-
change had occurred, the two signals would be seen if the temperature was
reduced sufficiently to retard the exchange of xenon between cages, which
would only be expected at much lower temperatures, while in fact two peaks
are observed at temperatures as high as 263 K.
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2.3.8
Effect of Nonframework Aluminum

It is well known that nonframework aluminum, AlNF, plays an important role
in the catalytic properties of zeolites. The presence of these species is usu-
ally checked by 27Al NMR spectroscopy but the nature of these species is
still unclear. Chen et al. [157, 158] have studied the nature of the AlNF in
MFI-type zeolite by 129Xe NMR and 27Al NMR. 27Al NMR showed that the
reference sample (R) did not contain any nonframework aluminum (Table 4).
Conversely, the samples prepared in fluoride medium, A, B and C always
contained some AlNF. The quantity of AlNF in the samples depends on the
synthesis conditions.

The four samples studied by 129Xe NMR have different chemical shift vari-
ations with N (Fig. 18). For sample R, δ increases monotonically with N. For
the samples synthesized in the fluoride medium, δ first decreases and then in-
creases with N. This indicates the presence of some strong adsorption sites
inside the channels of the samples. These sites can only be more or less

Table 4 Aluminum concentration per unit cell

Sample Total aluminum Framework Al Nonframework Al
(AlF) (AlNF)

R 4.0 4.0 0
A 8.0 4.0 4.0
B 3.4 2.9 0.5
C 2.2 1.6 0.6

Fig. 18 δ = f (N) variations: • A; � B; � C; � R. See Table 4. (Reprinted from [157], with
permission from Elsevier Science)
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charged AlNF species. Comparison of the number of AlNF and the δN→0 value
shows that the charge on AlNF increases in the order A < B < C. The aver-
age charge on each AlNF atom depends on the amount of AlNF and on the
AlNF/AlF ratio inside the zeolite.

Similar upward curvatures in xenon chemical shift plots have been re-
ported by Bonardet et al. [159] for xenon adsorbed in steam-treated ultra-
stable NH4Y zeolites, and attributed by these authors to specific interactions
of Xe with extra-framework aluminum species. Likewise, Bradley et al. [160]
observed highly curved chemical shift versus coverage plots for xenon in
aluminosilicate and gallosilicate MFI zeolites and proposed the existence
of charged extra-framework aluminum species. Theses authors showed that
129Xe NMR can be used to indicate changes in the nature of the extra-
framework Al during the steam treatment.

To detect the AlNF species in Y zeolites, it is necessary to decrease the ex-
periment temperature, i.e., the xenon mobility. This is justified by the fact that
in Y zeolites, where the pores are bigger than in ZSM-5, the influence of the
pore surface on the chemical shift is smaller at a given temperature.

2.4
Bulk and Distribution of Adsorbed Phases

2.4.1
Introduction

The use of NMR techniques such as relaxation time measurements, pulse-
field gradient or line-shape analyses to study the molecular dynamics and
consequently the location of adsorbed molecules (water, light hydrocarbons
...) in the micropores of zeolites does not allow us to easily obtain perti-
nent information about the adsorbate distribution. The simple 129Xe NMR
method, sometimes coupled with multiquantum NMR measurements, has
been successfully used to follow the encumbering or the blocking of the in-
ternal volume of molecular sieves during adsorption or coking.

2.4.2
Study of Adsorbed Organic Molecules

The first study of the bulk and distribution of organic molecules trapped
in a zeolite was performed by Pines and coworkers [161, 162]. They exam-
ined the distribution of hexamethylbenzene (HMB) in an Na – Y zeolite de-
hydrated at 673 K under vacuum (10–4 Pa). They observed two signals, the
relative intensities of which depended on the number of HMB molecules in
the supercages. When the loading corresponded to an average of 0.5 molecule
per supercage, the two signals had the same intensity (Fig. 19). When the
sample was heated to 573 K, the spectra displayed a single line, suggesting
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Fig. 19 129Xe NMR spectra of Xe (PXe = 40 kPa) adsorbed in NaY zeolite with an average
loading corresponding to 0.5 HMB molecule/supercage. A: before heating; B: after heat-
ing at 573 K for 2 h. (Reprinted with permission from [161]. Copyright (1987) American
Chemical Society)

Fig. 20 Possible dispersion of guest molecules among cavities of a zeolite particle when
the average coverage is less than one molecule per cavity. (Reprinted with permission
from [161]. Copyright (1987) American Chemical Society)

that the guest molecules were then homogeneously distributed among the
zeolite cavities.

This is consistent with the distributions shown in Fig. 20: 50% of su-
percages are occupied by one HMB molecule and 50% are free of HMB
(B) or there is a statistical distribution (C). Both are macroscopically uni-
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form in the zeolite, and both would yield only one average xenon NMR line.
Unfortunately, because of the high xenon mobility the resonance line is av-
eraged and the two distributions cannot be distinguished by the 129Xe NMR
technique alone. Nevertheless, with additional information from multiple-
quantum NMR spectroscopy, it is possible to conclude unambiguously that
the distribution inside the supercages is homogeneous.

The same authors [71, 163] extended their study to other molecules: n-
hexane, benzene and 1,3,5-trimethylbenzene (TMB). Table 5 presents values
of δ for PXe = 0 and the slope of the δ = f (N) curve when the xenon con-
centration is 0, 1 or 2 molecules per supercage. The samples with adsorbed
benzene and TMB show similar values of δ at all concentrations of guest
species and with n-hexane the largest values of the chemical shift. Certain
conclusions can be drawn regarding the location of the guest molecules in-
side the supercages. As suggested by Lechert et al. [164] and by de Mallmann
and Barthomeuf [165], benzene is probably “attached” to the walls of the su-
percages near cation sites. Since the geometry of TMB is similar to that of
benzene and has the same chemical shift at zero xenon pressure, it may be
attached in a similar manner. The much larger interaction between xenon
and n-hexane is attributed to the fact that the molecules have no preference
for being attached parallel or perpendicular to the supercage surface and,
therefore, protrude into the center of the cage allowing a greater interaction.
Figure 21 resumes the different situations allowed for adsorbed molecules.

The variation of the slope of the δ = f (N) variation is related either to the
void volume or to the channel blockage. For the three benzene samples, the
similarity of the slopes indicates that benzene does not interfere with xenon

Table 5 δN→0 and slope of the δ = f (N) variations for different guest molecules at various
loadings

Guest molecules Molecules/cage δ at N = 0 Slope δ = f (N)
(ppm) (ppm/1020 Xe g–1 of NaY)

2 89.7±0.1 3.8±0.1
benzene 1 75.1± 1.1 3.9±0.2

0.5 68.6±0.1 4.0±0.1

2 89.0±1.3 5.4±0.3
trimethylbenzene 1 75.9±0.4 4.5±0.1

0.5 71.2±0.7 3.6±0.1

2 1 07.7±1.2 4.4±0.3
n-hexane 1 86.7±0.8 3.4±0.2

0.5 74.7±0.5 3.5±0.1

none (this work) 58.9±0.5 4.4±0.1
none (ref. 1) 58±4 4.6±0.2
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Fig. 21 Schematic illustration of the various guest species adsorbed inside the NaY zeolite
supercages. Two n-hexane molecules adsorbed: normal to the supercage (A); parallel to
the supercage (B); two benzene molecules (C); two TMB molecules (D). (Reprinted with
permission from [163]. Copyright (1990) American Chemical Society)

by taking up volume in the middle of the supercages or by blocking the chan-
nels. For TMB, the situation is not so clear. If TMB adsorbs like benzene, it
would block the channels of the zeolite because of its larger kinetic diam-
eter (0.75 nm) and then interfere with xenon atoms. On the other hand, if it
did not attach to the supercage walls, it could occupy a large fraction (up to
40% for 2 molecules per supercage) of the void volume, but in both cases the
slope would increase with the xenon concentration. It is difficult to explain
the n-hexane data: one reason for the larger slope, observed only at a con-
centration of two n-hexane molecules, may be that the probability of having
the 2 molecules normal to the surface is greater than when the molecules
are attached like benzene and TMB, near the SII sites (Fig. 21A). In this case,
interaction with xenon is enhanced.

Liu and coworkers [166, 167] investigated in more detail the distribution of
benzene in Na – X and Na – Y zeolites. First of all, they showed that benzene
diffuses very slowly at room temperature in the zeolite crystallites. Even after
120 days, adsorption equilibrium is not reached and it is necessary to heat the
sample to 523 K for 10 h to obtain a homogeneous distribution.

Moreover, the variation of the 129Xe NMR linewidth, ∆H, with the average
number of benzene molecules per cage, θ, shows an unexpected marked in-
crease for 2.5 < θ < 3.5 (Fig. 22). The small linear increase in ∆H with θ (for
θ < 2.5) is in agreement with the decrease in the mean free path of xenon pro-
posed by Demarquay and Fraissard [56], and is due either to a decrease in
the void space available to the xenon atoms or to an increase in site-hopping
motion of the adsorbed benzene molecules. The fact that the linewidths are
nearly independent of the xenon concentration proves that xenon atoms can
move rapidly between supercages and that the effects of Xe – Xe interactions
are reduced. For 2.5 < θ < 3.5, the ∆H = f (θ) curves pass through a marked
maximum (θ = 3), whose position depends on the xenon loading.
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Fig. 22 The variation of 129Xe linewidth spectra with respect to benzene coverage,
θ (average number of benzene molecules per supercage); • PXe = 6.7 kPa; � PXe = 40 kPa;
� PXe = 90 kPa. (Reprinted from [166], with permission from Elsevier Science)

These results are interpreted by the authors as reflecting a mutual hin-
drance between xenon atoms and benzene molecules, which rearrange by
cooperative migration of benzene-Na+ complexes towards the center of the
supercages. These results seem to agree with those obtained by Lechert
et al. [164] from 1H NMR measurements, by Renouprez et al. [168, 169] from
neutron diffraction studies and by de Mallmann and Barthomeuf [165] from
IR results. These authors found that benzene molecules start to aggregate at
about θ = 2.5. For θ > 4, ∆H increases again with increasing θ, which is con-
sistent with a cooperative interaction of benzene within the limited void space
of the supercage. For θ > 4.5, benzene molecules are packed in the supercage
into which xenon can no longer enter.

2.4.3
Study of the H2O/Na–Y System

Gédéon et al. [170] have shown that it is possible, in a Na – Y zeolite, to dif-
ferentiate between water adsorbed in regions accessible or not to xenon, to
measure the volume of water in pores and to determine the blockage of win-
dows by water molecules.

Figure 23 shows the variations of δS (δ value for N = 0) and the slope
dδ/dN with the water concentration, C. The decrease in δS with C proves that
right from the beginning of dehydration, the number of water molecules per
supercage decreases. Furthermore, δS stops decreasing and remains constant
when C < 0.15.

This result shows that for 0 < C < 0.15 the mean free path (�) of xenon at
zero concentration is constant. It may be deduced that for C < 0.15 the su-
percages and the windows between supercages are completely dehydrated. In
other words, the water molecules are all in the sodalite cages and the prisms.
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Fig. 23 Effect of the water concentration C [upper (w/w of anhydrous solid); lower (rela-
tive concentration)] on shift δN→0 (•) and the slope of the δ = f (N) variations (�).
(Reprinted from [170], with permission from Elsevier Science)

This result is compatible with the fact that each sodalite cage can contain
a maximum of four water molecules corresponding to C = 0.15. As for the
slope, it remains constant for C < 0.4, whereas δS continues to decrease down
to C = 0.15. This means that the void space available to xenon atoms stays
about the same (dδ/dN constant) but that the mean free path increases (δS
decreases) because xenon atoms diffuse more easily between the supercages.
It is easy to understand from these results that for 0.15 < C < 0.4 the wa-
ter molecules are in the vicinity of the 8 Å apertures, which they obstruct
more or less depending on the value of C. Dehydration at these windows
does not change the pore volume of the zeolites very much but leads to an
easier diffusion of xenon between supercages and therefore greatly affects �

and δS.

2.4.4
Study of Coke Deposition in Zeolites

The deactivation of zeolites by carbonaceous deposits (coke) is a crucial prob-
lem in industrial cracking, and many studies have shown that deactivation
depends on the nature and the structure of the zeolites. 129Xe NMR spec-
troscopy has proved to be an efficient tool for locating coke inside the cage or
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on the external surface of the zeolite. This technique is also able to show the
role of extra-framework aluminum in the cracking activity of zeolites.

The study by Ito et al. [171] concerns coke deposition formed by n-hexane
or propylene cracking on HY zeolites. The single 129Xe NMR line is nar-
row and almost symmetrical for samples coked with n-hexane; it becomes
much broader and asymmetrical for samples coked with propylene, indicat-
ing that xenon atoms are much less mobile in the cages. For a sample highly
loaded with coke (33% w/w) formed from propylene cracking, the spectrum
consists of a broad asymmetrical highly shifted component (157 ppm) and
a narrow, almost symmetrical line at ca. 10 ppm. The first line is characteristic
of strongly adsorbed xenon atoms in the modified supercages, while the other
resonance line may be attributed to xenon atoms adsorbed in mesopores
or macrocavities formed by the coke between the crystallites. The δ = f (N)
variations show nearly identical slopes for noncoked and 5% coked samples,
whereas slopes are much larger for samples coked by propylene to 15 and 33%
w/w. These results suggest that the available free volume is slightly reduced
when the coke level is low but is seriously affected at high coke loading. By
comparing the remaining free volume obtained from the slope and that cal-
culated from the average density of the coke (with the assumption that all
the coke is deposited in supercages), the authors show that part of the coke
blocks the access to other supercages; in this case, the coke formed must be
essentially aromatic or polyaromatic.

Barrage et al. [172, 173] have studied in detail the coke distribution and
the influence of dealumination in dealuminated HY and HZSM-5 zeolites. The
variations of δ versus [Xe] for dealuminated HY zeolites, which have under-
gone various hydrothermal treatments, are similar to that described by Ito
and Fraissard [98] for Ca – Y or Mg – Y zeolites and by Gédéon et al. [129]
for NiY. In all cases, there are adsorption centers stronger than H+ or Na+.
The curvature, observed at low xenon concentration, is therefore attributed
to the electric field created by nonframework aluminum species equivalent
to more or less complexed Al3+ cations (see Sect. 2.3.8). In the case of coked
samples, even at low loading, this curvature vanishes (Fig. 24) and δ varies lin-
early over the entire concentration range. This linearity shows that the coke
is deposited firstly on the nonframework aluminum preventing the Al – Xe
interactions.

Examination of the δ = f (N) curves for 3 and 10.5% coked samples shows
that the slopes increase markedly (by a factor of 2.4) and δN→0 somewhat less.
These results mean that, after covering the strong adsorption sites (i.e. extra-
framework Al), coke forms more homogeneously, affecting both the windows
between the α-cages (δS increases) and the volume of the supercages (dδ/dN
increases). When the coke content reaches 15%, the slope is almost identical
to that of the 10.5% coked sample but the strong increase of δS shows that the
mean free path of xenon is very restricted. Moreover, a second Xe NMR sig-
nal appears (45 ppm) independent of the pressure; this is attributed to xenon
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Fig. 24 δ = f (N) variation at 300 K for: � HY-reference sample, • HY 3%-coked sam-
ple, � HY 10.5%-coked sample, � HY 15%-coked sample. (Reprinted from [172], with
permission from Baltzer Science)

adsorbed in micro- or meso-cavities of coke formed at the external surface of
the crystallites.

A variable-temperature NMR study of adsorption shows that, for the 3%
coked sample, δS and dδ/dN are temperature-dependent (Fig. 25). For each
temperature the slope of the δ = f (N) plot is close to that of the straight sec-
tion of the plot for the reference sample, while the value of δS is higher. The
free volume is, therefore, hardly affected but xenon diffusion is restricted. The
authors conclude that the coke is located initially at the windows between the
supercages. At higher coke content (10.5%), δS and dδ/dN become indepen-
dent of the adsorption temperature. This result is similar to that obtained for
zeolites with narrow channels. It must be assumed that the high coke content
considerably reduces the diameters of the cages and windows, and conse-
quently the mean free path of xenon. The size of the cavities still accessible
to the xenon becomes of the same order of magnitude as that of the xenon
atoms.

Similar studies have been performed by Tsiao et al. [174] and Liu
et al. [175]. The former studied HZSM-5 coking after exposure to 2-butene
at 823 K. They found a linear relationship between the chemical shift and
the xenon uptake whatever the coke loading. The values of δS are the same
for three different coked samples but the slope increases with the amount of
coke deposited. They concluded that deactivation results in channel block-
age by coke deposition at the openings or at channel intersections. The
latter authors investigated the formation of coke in the disproportionation of
n-propylbenzene on various zeolites. For HY zeolites their results agree with
ours [172]. In the case of HZSM-5 zeolites, they found δ variations analogous
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Fig. 25 δ = f (N) variation on dealuminated HY zeolites. A (3%-coked samples), B (10.5%
coked) at different adsorption temperatures: (τ) 273 K, (•) 300 K, (�) 319 K, (σ) 338 K.
(Adapted from [172], with permission from Baltzer Science)

to those observed previously by Bonardet et al. [176] after coking by ace-
tone conversion. At low coke loading, they observed two signals which they
attributed to two adsorption sites: one in the opening of the pores or mid-
channel positions, the other at the channel intersections. In our case we also
observed, at low coke content, two xenon NMR lines for adsorbed xenon, but
we attributed the second signal (which disappears when the coke level in-
creases) to extra-framework aluminum adsorption sites, in agreement with
the 27Al NMR spectrum, which shows the presence of octahedrally coordi-
nated aluminum.

It has been also possible to study the reoxidation of coked zeolites. For
example, Bonardet et al. [176, 177] have shown that total reoxidation of the
carbonaceous residues, even under mild conditions induces structure defects
(additional dealumination) and/or partial amorphization leading to a signifi-
cant loss of internal microporous volume of the catalyst. In the case of highly
dealuminated HZSM-5 zeolites (Si/Al > 80) [173] the values of δS obtained
are similar for fresh and samples coked during conversion of methanol. Thus,
at low concentrations xenon is mainly adsorbed in zones which are not in-
fluenced by coke deposits, i.e. which do not contain coke. This result shows
that the coke distribution is heterogeneous. A greater slope is observed for the
coked samples than for the fresh catalyst, but this slope is the same for both
coked samples (7 and 14% w/w). This proves that the available free volume is
seriously reduced either by blocking of channels or by deposits in the channel
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intersections. On the other hand, the identical curves for samples with 7 and
14% of coke show that a high proportion of the coke must be located outside
the crystallites (at least the part of coke above 7%).

Miller et al. [178] studied the coking of HY zeolites by propylene crack-
ing, but they combined 129Xe NMR with argon sorption measurements. They
found that the increase in xenon chemical shift (in comparison with a fresh
sample) depends on the aromaticity of the coke. Moreover, argon sorp-
tion showed a bimodal distribution in the pore apertures: one, free of coke
(0.72 nm) and the other greatly restricted by the coke deposits (0.58 nm).
129Xe NMR by itself cannot detect the two environments, because of the rapid
exchange of xenon atoms between the two sites.

Finally, comparison of 129Xe and 1H pulsed-field gradient NMR spec-
troscopy [179] made it possible to locate the carbonaceous residues on Na – A
zeolites and to distinguish unambiguously deposits in the intracrystalline
pore system and on the external surface of crystallites. The small decrease
in the intracrystalline diffusion coefficient of methane adsorbed in noncoked
and coked A zeolites (10–9 to 0.6×10–9 m2 s–1) and the marked effect ob-
served on the intracrystalline mean lifetimes (τintra goes from 3 ms to 100 ms)
showed that the carbonaceous compounds are mainly deposited as a layer on
the external surface, acting as a barrier to molecular mass transfer between
the crystallites.

2.5
Study of Supported Metals and Chemisorption Thereon

2.5.1
Introduction

In what follows we shall reason on the basis of faujasite structure zeolites, but
the results obtained are easily generalized to other types of solids.

Let us assume now that in various Na – Y zeolite supercages there are
distributed solid particles with chemically different surfaces Si. The index,
i, denotes a particle type of population ni, among the p types that exist
(0 < i < p). Corresponding to each of these populations, there is a shift δi char-
acteristic of the Xe – Si collisions, being the product of two terms:

δi =

⎛

⎝
Term for the

chemical nature
of Si

⎞

⎠

⎛

⎝
Term for the

frequency of Xe–Si
collisions

⎞

⎠ (23)

The spectrum depends on the lifetime of Xe on each adsorption site:

1. If the lifetime of xenon on each surface Si is long (from an NMR point
of view), the spectrum of the adsorbed xenon should theoretically con-
tain as many components δi as there are target types, the intensity of each
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being proportional to the number, ni, of targets i, of the same type, the
total being p + 1, since the component (shift δNa–Y) due to xenon striking
the supercage surfaces and the other Xe must also be taken into account.
This situation could be obtained by recording the spectrum at sufficiently
low temperature, but the components would be very broad and almost
undetectable by classical NMR methods.

2. In the opposite case, where the xenon has a very short lifetime at each ad-
sorption site and can, moreover, diffuse rapidly across several supercages
contained in the same crystallite of the zeolite, all the above signals co-
alesce. The spectrum consists of only one component whose position
depends on the values of δi, each weighted by the probability αi of Xe – Si
collision:

δ =
∑

αiδi + αNa–YδNa–Y with
∑

αi + αNa–Y = 1. (24)

In this case, it is, of course, very difficult to get much information about this
system from this single line. Fortunately, the spectrum depends also on the
distribution of the different particles i, j... inside the zeolite crystallites.

Among the different models considered [180, 181] we should note the
following case, which is fundamental in the study of chemisorption on metal-
loaded zeolites (Fig. 26). Let us suppose that in each zeolite crystallite the
particles i, j... (with surfaces Si, Sj...) are grouped according to their nature in
volumes Vi, Vj... Unless the concentration of one of the species is really very
small, the quantity of xenon exchanging between two adjacent zones Vi and
Vj is negligible compared to the quantities of xenon in each zone. The system
appears then as though there were several independent samples. The NMR
spectrum must therefore contain p components corresponding to each type
of target, with shift δi, such that:

δi = λiδi + µiδNa–Y. (25)

Fig. 26 Model of distribution of Si and Sj particles grouped according to their nature in
volumes Vi and Vj
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λi and µi are the probabilities of xenon collisions with Si and Na – Y, respec-
tively.

In general, such a situation can arise whenever there are, in the zeolite
crystallites, zones that are clearly differentiated either by the nature of the
particles or by the distribution of the particles that can, in this case, be of the
same type.

Let us consider now a catalyst Mx– βG – Na – Y containing n metal par-
ticles per gram of sample (each containing on average x atoms of metal M)
with a total amount β of adsorbed gas G. There is a distribution of atoms G
(or molecules) over the totality of the metal, the number, i, of G atoms (or
molecules) per particle being possibly different from one particle to another.
Now, the chemical nature of the surface of the metal particle will be indicated
by changes in the number, i, of G atoms (or molecules) per particle. For each
number, i, there is therefore a corresponding term δi = δMx+iG characteristic
of the collision between Xe and the particles Mx + iG.

As we have seen above, the form of the spectrum of xenon adsorbed on
such a sample will depend on the Xe–(Mx + iG) interaction, on the numbers
i, j... of atoms or molecules of G chemisorbed on the various particles and on
the distribution of Mx + iG, Mx + jG ... particles within a zeolite crystallite.

The main applications of this technique concern the study of the distribu-
tion of phases chemisorbed on supported metal particles and the determin-
ation of the particle size.

2.5.2
Chemisorption of Hydrogen

The spectrum of xenon adsorbed at 300 K on a Ptx– Na – Y sample consists
of a single line (denoted a) whose chemical shift δ(a) is always much greater
than δNa–Y whatever the xenon pressure [58] (Fig. 27). This signal is due to
the coalescence of the line of high chemical shift, δPt, due to xenon adsorbed
on the platinum particles, and that of shift δNa–Y corresponding to Xe atoms
colliding with the walls of the supercages or with other Xe atoms. δPt is very
high, about 1000 ppm, and practically independent of the particle size [182].
For the sake of simplicity, we shall say that line a is characteristic of Xe – Pt
collisions.

After chemisorption of a very small amount of hydrogen (the number, nH2,
of hydrogen molecules being much smaller than the number of metal par-
ticles determined by electron microscopy, nEM) a second signal (denoted b) is
detected; its shift, δ(b), is between that of δ(a) and δNa–Y, and it corresponds
to Xe atoms adsorbed on particles that have chemisorbed hydrogen.

The existence of these two signals proves that the distribution of H atoms
on the particles divides the zeolite crystallite into two zones. At ambient tem-
perature, hydrogen is chemisorbed by the first particles encountered when it
penetrates the zeolite crystallites, thus defining two zones: a central one (a)
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Fig. 27 Spectra of xenon adsorbed on Pt-βH-NaY at different numbers, nH2 , of
chemisorbed hydrogen molecules; 0 ≤ nH2 ≤ npart.; ◦◦◦ bare Pt particles; (•••) Pt par-
ticles with chemisorbed H2 (see text). (Reprinted from [2–4], with permission from
Elsevier Science)

Fig. 28 δ = f (N) variation for Pt – Y zeolites. a line a, b line b, c line c. See text. (Reprinted
from [180], with permission from P.A. Jacobs)

corresponding to bare particles and a peripheral one (b) containing particles
that have chemisorbed hydrogen (Fig. 28).
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Furthermore, when nH2 increases while remaining very small, line b in-
creases at the expense of a, but without any change in their NMR charac-
teristics (such as chemical shift and line width), showing that each particle
in b bears the same amount of hydrogen, or at least that the average distri-
bution of the chemisorbed hydrogen is constant in zone b, regardless of the
size of this zone. The intensity, Ia, of the signal falls to zero when that of b,
Ib, is a maximum. Considering the literature data concerning the variation
of the heat of chemisorption with the coverage and the evolution of δ with
the chemisorbed H2 concentration, the first authors [58] concluded that the
amount chemisorbed at the beginning was 2H per particle. In this case, Ib is
maximum when the total number of chemisorbed H2 molecules, nH2, is equal
to the real number of particles, np, which one can determine exactly from
nH2. One finds that np is always much greater than nEM determined by elec-
tron microscopy, confirming thus that, except in very rare cases, this latter
technique is unable to detect very small particles. When nH2 becomes greater
than np, a signal c appears (δ(c) < δ(b)), generally poorly resolved from b and
corresponding to particles that have more than 2H on their surface.

Boudart et al. have extended this study to various Pt/Na – Y samples. They
observed that the number of Pt atoms per metal particle determined by
129Xe NMR was always smaller than that obtained by other techniques: X-ray
diffraction, EXAFS, WAXS and TEM [183, 184], if it is assumed, as in [58], that
the clusters are sufficiently small for Xe colliding with them to “see” the first
two hydrogen atoms adsorbed on the clusters no matter where it strikes. They
propose a second explanation, namely, that the Pt clusters are large so that
they almost fill the supercages of Y-zeolite. Then Xe will interact only with Pt
atoms exposed in each of the four windows of the supercages. If, in addition,
the first two H atoms adsorbed on Pt facing a window stay at that window, the
endpoint indicates the point at which there is one H2 adsorbed per window of
the supercage. Accordingly, there are four times as many Pt atoms per clus-
ter as obtained by the first assumption. The second assumption gives results
which are compatible with the results given by other physical techniques.

In fact, 1H NMR has shown, at least in the case of Pt on Al2O3 [185] or
SiO2 [186] that H2 is chemisorbed at 300 K by the first particles encountered,
with a degree of coverage at equilibrium of about 0.5. It is only beyond this
coverage that H2 diffuses easily in the sample. Ib therefore reaches a max-
imum when the coverage of each particle is close to 0.5. Another solution
consists of chemisorbing H2 at high temperature or, which would be equiva-
lent, homogenizing the phase initially chemisorbed at 300 K over the whole
sample, by raising the temperature (if possible to 673 K in order to over-
come spillover, at least partially). As an example, Fig. 29, line 1 shows the
spectrum of a Pt,Na – Y sample which has adsorbed a small amount of H2
at 300 K [181]. When the sealed sample (therefore at constant total H2 con-
centration) is heated , there is a parallel decrease in Ia and δa of line a, and
an increase in Ib and δb of line b. This shows that zone b extends at the ex-
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pense of a, as a result of desorption from b-type particles and diffusion of
H2 throughout the entire sample. When the temperature and the heating time
are sufficient, the H2 is homogeneously distributed throughout the sample
and a single line is obtained (Fig. 29, line 4). If the total H2 concentration is
very low, the probability that there are more than 2H per particle is negligi-
ble. The sample consists then of particles which are either bare or carry 2H. In
this case δb is linearly dependent on the H2 concentration and goes through
a critical point where all the particles carry 2H, from which the number of
particles can be determined [181, 184, 187].

129Xe NMR is therefore an interesting technique for determining the aver-
age number of atoms per particle. Moreover, this technique gives detailed in-
formation about the cluster distribution within the zeolite crystallites. A nar-
row Lorentzian signal of xenon adsorbed on samples without H2 indicates
a homogeneous distribution of clusters in the Y crystallites. In the opposite
case, a broad peak and sometimes even a second peak is detected. Finally, if
the situation arises 129Xe NMR can be used to determine the concentrations
of Pt located inside and outside the crystallites [183].

Chmelka et al. have shown that 129Xe NMR can be used to monitor the
location of metal clusters and cluster precursors as a function of calcination
conditions for Na – Y zeolite-supported platinum catalysts [75, 188]. Their
results indicate that for the reduction conditions imposed, the formation
of highly dispersed platinum clusters within the Y-zeolite matrix is best
achieved by employing a calcination temperature close to 673 K. Incomplete

Fig. 29 Spectrum of xenon adsorbed on Ptx – βH-NaY after heat treatment at (1) 300 K,
(2) 368 K, (3) 393 K, (4) 448 K (nH2 < npart), (◦◦◦) bare Pt particles, (•••) Pt particles
with chemisorbed H2 (see text). (Reprinted from [2–4], with permission from Elsevier
Science)
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decomposition of the ion-exchanged Pt(NH3)2+
4 complex during calcination

at 473 K results in migration of nearly all platinum to the exterior surface
of the zeolite crystallite during reduction. Calcination temperatures signifi-
cantly above 673 K induce decomposition of the shielded precursor species
and subsequent migration of the metal into the sodalite cavities. A substantial
amount of the platinum confined within the sodalite cavities migrates back
into the supercages during reduction at 673 K [75, 188]. A similar study was
carried out by Yang et al. [189].

Studying the surface of platinum supported on alumina, Boudart et al.
have shown that metals supported on nonmicroporous materials can be
probed by Xe NMR as previously demonstrated for zeolites. In particular,
the amounts of adsorbed hydrogen and oxygen, as well as the reaction of
adsorbed hydrogen with dioxygen, can be followed by this technique [190].

2.5.3
Chemisorption of other Gases (G)

The distribution of the first molecules of a gas G chemisorbed on Pt particles
depends above all on the nature of this gas. For example, at 300 K, oxygen
behaves very similarly to hydrogen.

In the same way, at 300 K, carbon monoxide half saturates the first Pt
particles encountered when entering the zeolite crystallite (apparent stoichi-
ometry 1 CO/2 Pt) [191]. In contrast, at 673 K one can obtain at low coverage
a homogeneous distribution corresponding to one CO molecule per particle.

Thus, by means of this technique, it is possible in all cases to determine
quantitatively the distribution of gases chemisorbed on metal particles and
the distribution within the Y crystallites of Pt particles distinguished by the
amount chemisorbed.

Now, in fundamental research it is important to know the particle cov-
erage. For example, by means of the results obtained by 129Xe NMR spec-
troscopy for the local distribution of CO chemisorbed on the very small
platinum particles (six atoms on average) supported on Na – Y zeolite, it has
been possible to determine precisely the effects of back-donation from the
metal to CO and of dipole-dipole coupling between chemisorbed CO on the
variation of the stretching frequency, νCO , with surface coverage [192].

There is a further point of interest concerning the chemisorption of CO at
300 K. Under the experimental conditions employed, the xenon technique can
detect only changes occurring inside the supercages. It is, therefore, insensi-
tive to the chemisorption of CO on the Pt particles located on the external
surface of the Y crystallites. If very thin layers of the solid are used, the xenon
will detect only the first CO molecules chemisorbed on the internal metal par-
ticles when the outer particles are saturated. Assuming a stoichiometry of one
CO per 2 Pt atoms it is then possible to determine the number of Pt atoms
located on the surface of the external Pt particles [180].
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Finally, this technique can also be used to determine the distribution of
several gases chemisorbed on zeolite-supported metal particles [181].

2.5.4
Metals other than Platinum

129Xe NMR has been applied to the study of catalysts based on metals other
than Pt. For example, by means of this technique, Coddington et al. [193]
have shown that adsorption of Mo(CO)6 in zeolite Na – Y followed by decom-
position at 473 K produces uniformly dispersed Mo2 clusters in the zeolite
supercages; heating to 673 K causes sintering to an average cluster size of
three or four Mo atoms.

Finally, 129Xe NMR seems to be particularly useful for studying bimetal-
lic catalysts, amongst other things, to determine the size of the particles and
their distribution in the Y crystallites, as well as to estimate their electron de-
ficiency (metal-support interaction), as has been shown by Ichikawa et al. on
Rh6–xIrx/Na – Y bimetals with x = 0.6 [194].

2.6
Xenon Diffusion

2.6.1
Introduction

The study of the diffusion of xenon in a microporous system is particularly
interesting for the characterization of the solid itself and for the study of
the diffusion of other adsorbates. It can be performed by comparing chem-
ical shifts with various standards or by means of the now-classical pulse-field
gradient NMR (PFG NMR) technique.

We think it is worthwhile recalling first of all the characteristics of
pure xenon in order to better understand the effect of the adsorbent.
Reference [195] is the first systematic investigation of self-diffusion in
a monoatomic gas over a large density and temperature range. Within experi-
mental error the results are the same with 129Xe and 131Xe. For example, at
298 K and 25 amagat, D = 2.054 × 10–7 m2 s–1. D is inversely proportional to
the density and increases with the temperature.

2.6.2
Self-Diffusion of Xenon by the PFG NMR Technique

Pulse-field gradient NMR is a versatile tool for studying molecular trans-
fer in zeolitic adsorbent-adsorbate systems. In particular, it allows the dir-
ect measurement of the translational molecular mobility inside the crystal-
lites, represented by the self-diffusion coefficient D. This technique is based
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on the application of radio frequency pulse sequences for generating spin
echos [196, 197], where during two time intervals two inhomogeneous mag-
netic fields with the field gradient, of intensity g, are superimposed on the
constant magnetic field.

In general, under the influence of these field gradient pulses, the mag-
nitude of the NMR signal of adsorbed species (the spin-echo intensity) is
reduced by the factor

ψ(g, δ′, ∆) = [1 – γ ′(∆)] exp
[

– γ 2δ
′2g2 〈r2(∆)〉intra

6

]

+ γ ′(∆) exp
[

– γ 2δ
′2g2 〈r2(∆)〉inter

6

]
, (26)

with ∆ denoting the time separation between the two identical field gradient
pulses, chosen to be much larger than the pulse width δ′. γ is the gyromag-
netic ratio of the considered nuclei. 〈r2(∆)〉intra and 〈r2(∆)〉inter represent the
mean square displacements of the two following subgroups: those diffusants
that remain inside the individual crystallites over the whole observation time,
and those that may leave their crystallites and that are able, therefore, to cover
large diffusion paths through the intercrystalline space. γ ′(∆) denotes the
relative amount of the latter subgroup.

For Na – X and ZSM-5 zeolites the ψ(δ′, ∆) = f (δ′2) relationship is repre-
sented by the first term of Eq. 26 and all the information is contained in the
mean square displacement 〈r2(∆)〉intra (Fig. 30a and b) [198]. For the A zeo-
lite the observed echo attenuation is represented by the superposition of the
two terms of Eq. 26 which contains two types of information: 〈r2(∆)〉intra ob-
tained from the shape of the second more slowly decaying part of the Ln ψ vs.
δ

′2 plot and the quantity γ ′(∆) (Fig. 30c).
According to the Einstein relation

〈r2(∆)〉 = 6D∆, (27)

the self-diffusion coefficient may be determined from the slope of the mean
square displacement versus the observation time, provided that the root of
〈r2(∆)〉 is still smaller than the root of the mean square radius, 〈R2〉, of the
adsorbent particle.

Table 6 gives the coefficient D determined for sufficiently short observation
times. Also are included the intracrystalline mean lifetime τintra calculated
from γ ′(∆) and τdiff

intra defined by [199]:

τdiff
intra = 〈R2〉/15D, (28)

Direct information about the existence of surface barriers is provided by
comparing τintra and τdiff

intra which represent the minimum possible lifetime
calculated by Eq. 26 from the intracrystalline diffusivities. For methane these
two quantities are in reasonable agreement [198], proving that molecular ex-
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Fig. 30 Plots of the 129Xe NMR signal intensity (spin echo amplitude) versus the square
of the width of the gradient pulses for different observation times ∆, for zeolites NaX
(crystallite diameter = 50 µm), ZSM-5 (crystallite dimensions 100 × 30× 30 µm3), and
Na6.6Ca2.7A (crystallite diameter = 13 µm). (Reprinted from [198], with permission from
Elsevier Science)

change is controlled mainly by intracrystalline diffusion. On the contrary, in
all NaCa – A specimens as well as in the considered specimen with the smaller
crystallites, xenon desorption is significantly retarded by factors other than
intracrystalline diffusion, i.e. by additional transport resistances on the exter-
nal surface or in the surface layer of the crystallites. This result may be related
to the kinetic diameter of xenon atoms, which is greater than that of CH4,
making them suitable for probing the surface permeability of adsorbents with
limiting free diameter of this order of magnitude (0.4–0.5 nm for NaCa-A,
0.55 nm for ZSM-5).

For Na – X zeolite no surface resistance is observed, since the diameter of
xenon is much lower than that of the windows of supercages (∼ 0.75 nm).
This result has been confirmed by 129Xe PFG NMR tracer desorption meas-
urements [200].
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In Na – X and ZSM-5 zeolites the self-diffusion coefficients of xenon de-
crease with increasing concentration while for NaCa – A zeolites they are
essentially constant [65]. In the case of Na4.4Ca3.8A, the observed diffusivity
(1.5×10–9 m2 s–1) is several orders of magnitude larger than literature data
based on uptake experiments (1.2×10–11 and 1.10×10–14 in [201] and [202],
respectively) or computer simulation (3.3×10–12 in [203]). Computer simu-
lations of xenon diffusion in ZSM-5, however, are found to be in satisfactory
agreement [65].

Figure 31 shows the Arrhenius plots of the self-diffusion coefficients of Xe
in Na – X, silicalite and Na4.4Ca3.8A. The diffusivities follow the simple expo-
nential dependence [204]

D = D0 exp(– E/RT) (29)

with D0 and E denoting the preexponential factor and the activation energy
of D, respectively. E is a measure of the energetic barriers that the molecules
have to overcome on their diffusivity path in the intracrystalline space.

Table 6 indicates the influence of extra-framework cations on the magnitude
of E. D0 is the self-diffusivity that would be attained at infinitely high tempera-
tures, i.e. under conditions where energetic influences are not any longer of
importance and the diffusivity is entirely determined by the geometrical re-
striction of the adsorbed particles within the zeolite. Then D0 decreases with
the free diameter of the pores (X zeolites > silicalite ∼ A zeolite) (Table 6).

Fig. 31 Arrhenius plots of the intracrystalline self-diffusion coefficient D of xenon in:
• NaX; � silicalite; + Na4.4Ca3.8A.
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Table 6 (adapted from [198] and [204], with permission): Self-diffusion coefficients, D,
and intracrystallite mean lifetimes τ (see text) of adsorbed xenon. Activation energy, E,
and pre-exponential factor of D

Adsorbent Adsorbed Xenon
Limiting Mean

Zeolite free crystallite D τdiff
intra τintra D0 E

diameter diameter (10–9 m2 s–1) (ms) (ms) (10–8 m2 s–1) (kJ mol–1)
(nm) (µm)

NaCaA 0.4–0.5
Ca2+ %
45% 13 1±0.3 3±0.1 80±20
63% 20 1.5±0.4 4±1 45±10 0.9±0.3 8±3
80% 5 1.5±0.4 0.4±0.2 25±8
NaX 0.75 50 5±1.5 8±2 15±10 8±3 6±1.5

20 5±1.5 1.5±0.5 5±3
Silicalite 0.55 25 0.9±0.3 11±3 > 40
(a)
Silicalite " 100× 0.9±0.3 160±40 > 70 0.9±0.2 5±1
(b) 30×30∗

∗ mean crystallite dimensions (µm3)

In the case of silicalite, as a consequence of diffusion anisotropy [197],
the correct dependence of the spin-echo attenuation on the gradient intensity
deviates from the pattern provided by the first term of Eq. 26. However, be-
cause of the low signal/noise ratio the diffusivities, Dx, Dy and Dz, in the three
principal directions were not determined, whereas this had been possible for
hydrocarbons adsorbed in oriented crystallites [205]. The principal elements
of the diffusion tensor of xenon adsorbed in silicalite have been determined
by molecular dynamics simulation [206] (1.3, 4 and 0.28×10–9 m2 s–1 for Dx,
Dy and Dz, respectively).

Finally, in the case of xenon adsorbed in 5A zeolite there is a good agree-
ment between the limiting (zero concentration) transport diffusivities meas-
ured by the ZLC technique and by PFG NMR [207]. This agreement is suffi-
ciently rare to be worth pointing out.

2.6.3
Dynamics of Adsorbed Xenon and 129Xe Chemical Shift

2.6.3.1
Encumbering of Zeolite Pores: Location of Transport Resistance

The use of the 129Xe chemical shift generally gives qualitative information
about xenon diffusion and especially its dependence on various parameters.
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We have seen that the variation of δ with the water concentration can be used to
locate water molecules outside the supercages when the concentration is low (2
H2O molecules per 1/8 unit cell), then, at higher concentrations, at the windows
between the supercages, thus reducing the diffusion of xenon between the su-
percages [170]. Finally, the increase of δS and of the slope of the δ vs. [H2O] plots
indicate an increase in the frequency of molecular encounters of xenon atoms
between themselves or with water molecules, i.e. a perceptible reduction of the
intracrystalline free space and of course, again, a decrease in the diffusion.

With the help of a few examples it was also possible to show that there is
a correlation between the 129Xe shift of adsorbed xenon and 1H PFG NMR
diffusion of hydrocarbons used as probe molecules [179, 208].

The second parallel between 129Xe NMR and 1H PFG NMR concerns the
effect of coking. We have seen from [172] that the variation of the δ = f (N)
curve with the degree of coking makes it possible to locate the coke, to deduce
its distribution outside and inside the zeolite crystallites and, in the latter
case at the windows or the surface of the cages or channels, whether it is
homogeneous or not. The PFG NMR technique in combination with the NMR
tracer desorption technique gives the same conclusions ( [179] and [209] for
5A zeolite, [210] and [211] for ZSM-5 and HY zeolites).

2.6.3.2
Industrial Zeolite Catalysts

Zeolite + Binder
Although qualitative, such studies make it possible to demonstrate the ef-
fects of various factors such as the dilution of the zeolite by another solid,
the compression, the experiment temperature, etc. on the δ = f (N) curves (or
δ = f (PXe) and therefore on the diffusion of xenon from one crystallite to an-
other. The information obtained is vitally important from the point of view
of the application of the Xe technique to the study of industrial zeolite cata-
lysts. Chen et al. [60] have studied the effects of these factors on Na – Y and
ZSM-5 either pure or mixed or associated with Na – A, a zeolite which does
not adsorb xenon under normal conditions and which therefore serves sim-
ply as a diluent, the samples being in the form of powder or compressed at
pressures PC between 0 and 314 MPa.

For a pure zeolite, at a given xenon pressure, δ increases very little with
the compression. For example in the case of Na – Y (diameter of windows
∼ 7.5 Å), δN→0 increases from 57 to 60 ppm when PC goes from 0 to 314 MPa.
The variation decreases further with the pore diameter of solids.

In the case of a mixture with Na – A, where W is the concentration of the
Na – Y or ZSM-5 zeolite:

δN→0 =
W

W + C
δS, (30)
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Fig. 32 δP→0 variations with NaY concentration W, in :NaY-NaA mixture: (a) 314 MPa
compressed; (b) powder; (c) difference between line a and b. (Reprinted with permission
from [55] Copyright (1992) American Chemical Society)

C is a constant characteristic of the mixture. At low dilution, δN→0 does not
change much with dilution and compression (Fig. 32). Therefore, for routine
application of the xenon NMR technique to a pure zeolite or samples contain-
ing less than 50% of nonporous impurity the result should be acceptable. At
higher dilution, δN→0 decreases rapidly with dilution. This tells us that spe-
cial attention must be paid to the application of the technique to industrial
catalysts which sometimes contain more than 50% of binder. For a mixture,
the increase of linewidth with xenon pressure can be also a good indication
of the presence of a second phase in the sample.

Equation 30 can be written:

1/δN→0 = 1/δS + (C/δS)W–1. (31)

Hence the 1/δN→0 = f (1/W) plot should be a straight line whose intercept
gives the value of 1/δS. This allows us to check whether the zeolite has been
perturbed by its environment, either during the formation of the pellet or
during a catalytic reaction. It is, to the best of our knowledge, the only tech-
nique by which the zeolite component alone in a mixture can be studied. It
should be however noted that, when the binder is also porous, it is better
to record the spectra at low temperature. It is known that δS (corresponding
to the pure zeolite), decreases with a temperature increase. δN→0 shows the
same variation, but the influence of the temperature increases with the degree
of dilution.
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Finally, the form of the xenon NMR signal depends markedly on the homo-
geneity of mixtures. This can be used as a tool for checking the homogeneity
of industrial samples.

Zeolite-Supported Metals
The theoretical analysis of a spectrum containing several components due to
the inhomogeneity of the sample can also provide information about the mo-
bility of xenon. For example, we have seen in paragraph Sect. 2.5.2 that at the
beginning of hydrogen chemisorption on a Pt/Na – Y catalyst, two Xe-NMR
lines are observed; these are attributed to xenon atoms in contact either with
pure platinum particles or with particles bearing hydrogen. This interpreta-
tion clearly implies that as long as not all particles are in contact with H2,
the mean lifetime of the Xe atoms in these two regions must not be much
less than the inverse of the frequency difference between the two lines, since
otherwise the two lines should coalesce. By a rigorous determination of the
NMR line shape of a two-region system with finite exchange times, the mean
lifetime of the xenon atoms in the inner core of the Pt – H/Na – Y crystal-
lites proves to be τ = 1.25 ms, and the self-diffusion coefficient of xenon in the
uncovered Pt – Na – Y part is found to be equal to D ∼ 10–11 m2 s–1 [211].

2.6.3.3
Na–A/Xe system

There have been many experimental and theoretical studies on the distri-
bution, the calculation of the chemical shift and the dynamics of xenon
adsorbed in the α-cages of Na – A, essentially because Xe exchange between
α-cages is very slow and because one has also a good model of (Xe)n clusters
with a well-defined number of atoms, n, in the cages. Indeed, 129Xe NMR can
be used to determine the distribution of xenon atoms among the α-cages of
Na – A (Fig. 33a) [82–84].

The xenon is generally adsorbed at high temperature (523 K) and pres-
sure (0.5 to 20 MPa) because the window openings of the α-cages are roughly
4.2 Å and in addition are blocked by the presence of Na+. However, this
does not entirely rule out intercage movement of the xenon, since pore sizes
determined from adsorption studies have almost always turned out to be
greater than their crystallographically computed counterparts, for two rea-
sons [212, 213]:

1. Neither the guest molecule nor the host lattice is rigid, in that both the
molecule and the oxygen framework are polarizable (i.e. capable of distor-
tion);

2. Both guest and host are in a continuous state of vibration as the bonds
holding them together bend under the influence of temperature.
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Fig. 33 a 129Xe 1D NMR spectrum and b 129Xe 2D exchange NMR spectra of xenon ad-
sorbed on NaA zeolite at 523 K (PXe = 3 MPa). 2D spectra were recorded using mixing
times of 0.2, 0.5, and 2.0 s. The diagonal peaks correspond to 129Xe resonances from
xenon in α-cages containing different numbers of occluded atoms as indicated above by
the respective peaks of the 1D spectrum. The cross peaks are a result of intercage mo-
tion of xenon during the mixing time of the 2D experiment. (Reprinted from [86], with
permission from Elsevier Science)

Nivarthi and McCormick [214] were particularly interested in the movement
of xenon within the cage. They have demonstrated how 129Xe NMR relaxation
of adsorbed molecules can provide valuable information about sorbate loca-
tion and dynamics. The decoalescence of the 129Xe NMR peak observed with
a loading of 1 Xe/α-cage indicates the presence of distinct adsorption sites in
this cage (in front of the 4-oxygen ring windows) and a very rapid intracage
motion of the Xe atoms at room temperature. The magnitude of the longi-
tudinal relaxation time, T1, observed for the peak corresponding to the high
loading case suggests the existence of polyhedral configurations of the xenon
atoms inside the α-cage with enhanced stability.
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The frequency of the intracage exchange (hopping from one adsorption
site to another) is, at a maximum, of the order of 3450 Hz and the correspond-
ing activation energy, 32.0 kJ mol–1, of the same order as that observed for
intracrystalline diffusion. Nivarthi et al. [214] conclude that the rate-limiting
step for diffusion through a zeolite may not be configurational diffusion
through small windows but might be the hop between adsorption sites within
a single cage, especially at high loadings, since motion is in that case re-
stricted by a “molecular traffic jam”. This conclusion should apply generally
to all zeolite systems at high sorbate loadings.

Li et al. [215] extended the methods used for rare gas clusters in free space
to investigate the relation between the thermodynamic and dynamic prop-
erties of occluded clusters in terms of the adsorption site of a single (Xe)n
cluster inside the α-cavity. They reported how the sodium cations, primarily
the type III Na+, and the Xe – Xe interactions influence aspects of Xe adsorp-
tion, particularly the site occupancy, the site-to-site exchange rate, and the
way the number of Xe atoms inside the α-cavity influences the 129Xe chem-
ical shift. They have shown that there is a locally stable site for one adsorbed
xenon atom in each eight-membered and four-membered ring; the effective
number of potential energy minima is 11, the number of minima found by
Jameson et al. [216].

Even though the Xe-wall interaction is much larger than Xe – Xe interac-
tion, the energy differences between the adsorption sites are not much larger
than the Xe – Xe repulsions. Atoms in smaller clusters, which have low-energy
sites available for all the Xe atoms, can move around without encountering
the hindrance of large short-range Xe – Xe repulsive forces; but in larger clus-
ters either congestion forces Xe atoms to occupy higher-energy sites, which
makes them mobile, or some of the Xe atoms occupy the low-energy sites and
experience large Xe – Xe nearest neighbor interactions. Both cases bring the
Xe – Xe repulsive forces into play in the dynamics. Nonetheless, even though
the Xe – Xe interaction seems to play the dominant role in the dynamics of
a cluster of xenon atoms inside the Na – A α-cavity, it is the balance of this
interaction against the Xe-cavity interaction that governs the size and tem-
perature dependence of the chemical shift.

The other studies are mainly concerned with xenon diffusion from one
cage to another. The well-separated peaks of the one-dimensional spectra and
their relatively small line-widths indicate that intercage exchange frequency
is smaller than the frequency differences between the resolved peaks. How-
ever, intercage xenon exchange is inferred from the observation of changes in
the one-dimensional 129Xe spectra over the time as samples equilibrate [84].
Larsen et al. [86] demonstrated that this slow intercage motion can be moni-
tored directly by 129Xe 2D exchange NMR in which magnetization transport
during a time interval, tmix, is measured. In Fig. 33b the 129Xe frequencies
before and after the mixing time are correlated.
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Denoting the frequency of a n-cage (i.e. a cage containing n xenon atoms)
as ω(n), the normalized spectral intensity M(ω(n), ω(m)) is the joint probabil-
ity of finding a xenon in a n-cage before the mixing time and in a m-cage
afterwards. In the experimental spectra of Fig. 33b, for the shortest mixing
time (0.2 s), most of the spectral intensity is confined to the diagonal, indi-
cating negligible intercage motion during this mixing time. For tmix = 0.5 s,
one-off diagonal cross peaks M(ω(n), ω(n±1)), i.e. cross-peaks adjacent to the
diagonal, at frequencies corresponding to cages differing in occupancy by one
xenon, have significant intensity. This indicates that the dominant change in
xenon frequencies with time corresponds to an increase or decrease of the
cage occupancy by one xenon. When tmix = 2.0 s, exchange is observed be-
tween all but the least populated cages. This progression of spectral features
with mixing time is characteristic of mass transport in this system.

The overall rate, Rn,m, of xenon atoms going from any n-cage to any m-cage
is proportional to the probability P(n)×P(m) of finding a n-cage next to a m-
cage, and to the rate coefficient kn of a given xenon leaving a n-cage

Rn,m = nP(n)P(m)kn , (32)

where kn exhibits an Arrhenius form

kn = An exp(– Ea(n)/kT). (33)

From the simulation of 129Xe 2D spectra, Larsen et al. [86] have determined
kn as a function of cage occupancy n and the diffusivity D = 10–19 m2 s–1 at
ambient temperature, which is much smaller than the values accessible by
PFG NMR [198].

Another possibility for studying the chemical exchange by monitoring the
transfer of polarization is a one-dimensional experiment in which one selec-
tively inverts the magnetization at site A and monitors the recovery both of
this resonance and that at sites B, C, etc., with which it is exchanging [217].
The use of the DANTE (Delays Alternating with Nutations for Tailored Exci-
tation) sequences for selective inversion, has the advantage that the total flip
angle and selectivity may be controlled independently, without changing the
pulse power.

By using these techniques, Jameson et al. [217] proposed and confirmed
experimentally the relationships between the set of microscopic rate con-
stants kmn and the phenomenological rate constant Kmn. These relationships
are analogous to those proposed by Larsen et al. [86]. (It should be noted,
however, that the notations are different). kmn is associated with the rate
transfer of a single Xe atom from a cage containing the cluster (Xe)n into
a neighboring cage containing the cluster (Xe)m–1, thereby making the new
cluster (Xe)m. These authors have also shown that the rate constant associated
with a single Xe atom leaving a particular (Xe)n is relatively independent of
the destination, except when the destination cage is already highly populated.
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2.6.4
129Xe NMR as a Tool
for Probing Intracrystalline Concentration Profiles and Transport Diffusion

In opposition to the self-diffusion measurements (PFG NMR, quasi-elastic
neutron scattering) which allow the microscopic observation of molecular
mobilities, the measurement of transport diffusion can only be carried out
from a macroscopic point of view, i.e. by monitoring the time dependence of
the molecular concentration in the gas phase or the bulk phase of the bed of
zeolites. “Microscopic” observation of intracrystalline transport diffusion by
129Xe NMR spectrum evolution allows us to go back to the time dependence
of the intracrystalline concentration profile.

The principle depends on the influence of an adsorbate on the spectrum
of xenon coadsorbed as a probe. Bansal and Dybowski [218] have studied the
diffusivity of H2O at 373 K between two layers of NiNa – Y zeolite (3.4 wt %
nickel), one well dehydrated and the other very little (simply pumped at
298 K). According to these authors, if δ1 and δ2 correspond to the chemical
shift of xenon in the two regions of H2O concentrations, C1 and C2, to a first
approximation it holds:

δ1 – δ2 ∝ 〈C1〉 – 〈C2〉 (34)

The diffusion of H2O from one region to another changes the concentrations
and the δ values. The evolution of shifts with time can be used to measure the
diffusivity D. In particular, when the time is long, the following equation:

δ1(t) – δ2(t) ∼ K exp(– π2Dt/L2), (35)

where 2L is the height of the sample, makes it possible to estimate the diffu-
sivity of water: D(373 K) = (2±1)×10–10m2 s–1.

Kärger [219] expressed some doubts about the comparison of this coeffi-
cient with the constant for the self-diffusion of water in 13 X zeolite: (4±1)×
10–10 m2 s–1 [220]. He and his co-workers have looked at this type of study in
more detail. For this purpose, the adsorption/desorption process of benzene
in ZSM-5 zeolite has been followed under xenon atmosphere by intimately
mixing activated and loaded zeolite crystallites [221]. Figure 34 a (full line)
shows the evolution of the spectrum of xenon with time, for an initial con-
centration of 6 and 0 molecules of benzene per u.c. and an average xenon
concentration of 16 atoms/u.c. The signal of xenon situated in the supercages
containing benzene (high δ) is broader and weaker than that of xenon in the
benzene-free cages (small δ), because of the reduction of the adsorption cap-
acity of xenon in the presence of benzene.

Corresponding to the two cases of intracrystalline limitation (i.e. limita-
tion by intracrystalline diffusion) and extracrystalline limitation (i.e. limi-
tation by external resistance, e.g. surface barriers), two different time de-
pendences of the intracrystalline concentration profiles may be expected,
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Fig. 34 129Xe NMR spectra (full line) during the sorption of benzene on crystallites of
ZSM-5-type zeolite at 293 K with an initial concentration of 6 and 0 benzene molecules
per unit cell and a mean xenon concentration of 16 atoms per unit cell. Comparison
with the simulated spectra (dashed lines) for the limiting cases of diffusion (a) and
barrier-controlled sorption (b). (Reprinted with permission from [221]. Copyright (1992)
American Chemical Society)

corresponding to two distinctly different 129Xe spectra. Due to the fact that
for barrier-controlled adsorption/desorption the intracrystalline concentra-
tion may assume only two values, the distinction between the two lines
is preserved over nearly the whole process (Fig. 34b), while for diffusion-
controlled adsorption/desorption the wide range of intracrystalline concen-
trations leads to rapid coalescence of the two lines (Fig. 34a). These simula-
tions indicate that the adsorption/desorption process of benzene in ZSM-5
zeolite is controlled by intracrystalline diffusion. The intracrystalline trans-
port diffusivity deduced from these simulations is found to be (1.3 ± 0.3) ×
10–14 m2 s–1. This value is in satisfactory agreement with the results of pre-
vious uptake experiments [222–224]. However, by the present analysis it has
been shown unambiguously for the first time that the adsorption/desorption
process under such experimental conditions (intimately mixed activated and
loaded crystallites) is controlled by intracrystalline diffusion, so that the
values obtained are in fact real intracrystalline transport diffusivities.
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The proposed method is limited to slow adsorption/desorption processes,
since it is only applicable if the time constant of these processes is large in com-
parison with the time necessary for the measurement of the 129 Xe NMR spectra.
Moreover, the use of sufficiently large zeolite crystallites is inevitable so that the
displacement of the xenon atoms during the reciprocal of the difference of the
chemical shifts is still much smaller than the crystallite diameter.

Springuel-Huet et al. have also studied the diffusion of benzene in H-
ZSM-5 [225], varying the experimental conditions so as to approach those of
applications (fluidized or fixed bed reactors, gas phase chromatography, etc.):

1. Sorbate equilibrium between loaded and unloaded well-mixed crystal-
lites, as in the previous procedure. These authors verified that during this
experiment the adsorption/desorption process is controlled by intracrys-
talline diffusion. In this case 1.5 hour after the onset of the experiment, the
129Xe NMR spectrum has already attained its final shape.

2. Sorbate equilibrium between loaded and unloaded beds (each 5 mm deep)
of zeolite crystallites. The adsorption/desorption process is found to be sig-
nificantly slowed down in this procedure. In this case the rate of attaining
macroscopic equilibrium is controlled by the rate of molecular propagation
through the bed; the equilibrium is achieved in about 7.5 hours. The inter-
crystallite diffusivity, Dinter, and the diffusion coefficient through the bed,
D, are found to be 2×10–5 m2 s–1 and 1.3×10–9 m2 s–1, respectively.

3. Adsorption from the gas phase, corresponding to 6 C6H6 molecules/u.c. at
adsorption equilibrium. In this case, the retardation of uptake in compar-
ison with the previous procedure (about 30 minutes) is a consequence of
the spatial expansion of the gas volume over the bed of zeolite crystallites.

In conclusion, 129Xe NMR demonstrates the dramatic effect of the arrange-
ment of crystallites on the rate of intercrytalline exchange of guest molecules
in zeolite beds. The exchange rate of benzene molecules in a bed of well-
mixed crystallites of 129H-ZSM-5 is at least one order of magnitude larger
than the corresponding molecular exchange between two separate layers of
crystallites, even for bed depths as small as 10 mm.

We can mention a more recent application of 129Xe NMR spectroscopy to
study gaseous hydrocarbon diffusion in a fixed bed of ZSM5 zeolite [226].

3
Other Microporous Solids

3.1
Pillared Clays

Pillaring of clays by large cationic complexes (PILC) increases the thermal
stability of materials which may have a potential catalytic importance, and
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generates microporosity between the layers, allowing reactive molecules to
penetrate. The first study of PILC using 129Xe spectroscopy was undertaken
by Fetter et al. [227] in 1990. These authors observed practically no depen-
dence of the chemical shift of xenon adsorbed at room temperature on the
xenon pressure (7 ppm as PXe increases from 0 to 1.33×105 Pa). This sug-
gests there is a rapid exchange with the gas phase and no Xe – Xe interactions
or electric field effects. The value of the chemical shift extrapolated to zero
pressure is 85 ± 2 ppm. This value is intermediate between those of Na – A
(80 ppm) and L (90 ppm) zeolites. Assuming that xenon-lattice interactions
are the same in zeolites and PILC and using the Demarquay–Fraissard rela-
tionship (Table 3) they obtained an average interlayer space of 1 nm, in good
agreement with XRD and porosimetry measurements.

A more complete study was performed at variable temperature (110 < T <
298 K) by Barrie et al. [228]. The starting material was a gelwhite L containing
Ca2+ and Na+ cations. Pillaring by treatment with aluminum chlorohydrate at
353 K, followed by calcination in air at 773 K, leads to the insertion of poly-
meric [Al13O4(OH)24]7+ cations which decompose to form alumina pillars
after calcination. The interlayer spacing is 0.81 nm. Like Fetter, the authors
did not find, whatever the adsorption temperature, an initial decrease in the
chemical shift with xenon coverage, indicating that pillars do not act as strong
adsorption sites; the value of the chemical shift at zero pressure is 96±5 ppm.
The Demarquay–Fraissard equation leads to values of the average interlayer
space calculated for cylindrical or spherical pores (0.77 and 1.1 nm, respec-
tively) close to the d-spacing obtained by XRD measurements.

From a detailed study of the effect of xenon concentration and lowering
of the temperature, these authors concluded that in pillared clays xenon does
not condense onto other xenon atoms but spreads out over the surface. These
results show that the xenon NMR technique can be a useful tool to detect
phases both in the interlayed spaces generated by pillaring and on the outer
surface.

Yamanaka et al. [229] studied two kinds of SiO2 – TiO2 sol pillared clays;
one prepared by air-drying (AD samples), the other by drying with CO2
under supercritical conditions (SCD samples). At room temperature, as ob-
served by previous authors, the chemical shift does not depend on the xenon
pressure, suggesting that the pores in pillared clays are isolated with no ex-
change of xenon atoms between the pores, at least at the NMR timescale.
By extrapolation to zero xenon pressure, values of 98 and 103 ppm are ob-
tained for AD samples calcined at 473 K and 773 K, respectively. The average
pore diameters (for spherical cavities) extracted from � (Eq. 20 and Table 3)
were estimated to be 1.04 and 1 nm, respectively. In the case of SCD samples,
which have a dual mode of porosity (micro as well as mesopores), the authors
expected two distinct signals, but only one broad, slightly shifted (30 ppm)
resonance line was observed. The Xe atoms must exchange rapidly between
the two types of pores, because SCD samples have an open porous structure.
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3.2
Heteropolyoxometalate Salts (HPOM)

Another class of catalysts, heteropolyoxometalate salts (HPOM), which have
been much used in recent years as selective oxidation catalysts, has been also
investigated by 129Xe NMR spectroscopy. The first study on these compounds
was performed by Bonardet et al. [230]. Such compounds are ionic solids with
a discrete arrangement of anions and cations forming a variety of cage-like
structures similar to that of zeolites. The most common are those whose an-
ions have the Keggin structure: the basic unit consists of 12 MO6 octahedra
(M = W or Mo) which, by sharing edges, form four M3O13 groups assembled
through common oxygen atoms, leading to a tetrahedral cavity at the center
of which a nonmetallic atom (P, Si, As) is located. This anion has a charge of
3- or 4- compensated by cations. The general formulas can be written (X+)3 [P
(W or Mo)12 O40]3– or (X+)4 Si[W or MO)12 O40]4–with X+ = NH4

+, Cs+ or
K+ for the samples studied by the authors. Generally a nonpolar gas cannot
penetrate either into the Keggin anion or into the interionic region. Never-
theless, analysis of porosity by nitrogen adsorption-desorption isotherms by
Moffat [231] has shown that certain of the monovalent cation salts have rela-
tively high surface areas and a microporous structure. However, the average
pore sizes (1.9 < d < 2.9 nm) obtained by porosimetry seemed too large in
comparison with the lattice parameter of the salts (1.17 nm); for this reason
the 129Xe NMR technique was tested on these samples. Surprisingly and de-
spite the small amount of xenon adsorbed, the NMR signal is easy to detect
and the resonance lines are narrow (2 < ∆H < 7 ppm at a resonance frequency
of 24.9 MHz).

As found with zeolite Y, the δ = f (N) plots are linear over the entire range
of xenon concentrations studied (1019 < N < 1021 atoms/g) for all the sam-
ples. These results strongly support a narrow micropore size distribution
with micropores isotropically distributed in the solid. The similarities of the
xenon NMR results for zeolites and HPOM allowed the authors to apply the
Demarquay–Fraissard model. The δN→0 for three salts with the same cation
(Fig. 35) are identical (72±2 ppm) and lead to a mean free path of 0.46 nm.
Assuming that NH4

+ has no electrical effect, as in zeolites, and that the mi-
croporous structure consists of infinitely long cylindrical or spherical cavities,
the pore diameter is 0.9 or 1.36 nm, respectively. In comparison with the lat-
tice parameters of ammonium salts (1.1–1.3 nm), these pore sizes appear to
be more reasonable than those obtained from porosimetry measurements.
This microporosity could result from a translation and/or a rotation of the
Keggin anion in the crystal when the size of the cation increases. This motion
could create interconnections between the interstitial void volumes, with the
appearance of channels into which small molecules can enter.

Later, Terskikh et al. [232] studied the structure of 12-tungstophosphoric
heteropolyacids (HPA) (H3 PW12 O40) supported on silica. At low HPA load-
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Fig. 35 δ = f (N) curves at 300 K for NH4
+ salts: PW12O40 �; PMO12O40 �; SiW12O40 •;

dehydrated NaY zeolite �

Fig. 36 Schematic representation of the sorbed and interporous xenon atoms in the pore
structure of HPA/SiO2 catalysts

ing (< 20 wt %) the surface HPA species are mainly isolated molecules, de-
noted HPA-I (Fig. 36). The volume and pore distribution do not change
considerably compared to pure silica, therefore, the difference observed in
chemical shift (≈ 20 ppm) is due to interactions of xenon with a limited num-
ber of HPA-I species acting as strong adsorption sites.

Under conditions of fast exchange, the chemical shift can be written:

δ = δSiO2 pSiO2 + δHPA-IpHPA-I (36)

where pi represents the relative xenon population adsorbed on the surface i.
The contributions of the silica and HPA-I (measured at low xenon pres-

sure) are 69 and 95 ppm, respectively. At higher loading (40 wt %), c.a. 5 nm
HPA clusters appears (denoted HPA-II in Fig. 36). The chemical shift is then
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written:

δ = δSiO2 pSiO2 + δHPA-IIpHPA-II (37)

where δHPA-II denotes the chemical shift of xenon adsorbed in the open mi-
croporosity of the clusters. This microporosity has been confirmed by N2 ad-
sorption measurements. At the same time a broad downfield line of unknown
origin appears at about 140 ppm. At the highest HPA loading (60 wt %) the
spectrum consists of three overlapping lines at 106 (A), 117 (B) and 140 (C)
ppm. The chemical shift of line A decreases when xenon pressure P increases,
as for the 20 and 40% loaded samples, whereas the chemical shift of line B
increases with P, as in zeolites: it is assigned to xenon adsorbed in the more
closed porosity of larger (≈ 50 nm) HPA clusters.

This work shows that the high sensitivity of the 129Xe NMR technique
makes it possible to study silica-supported HPA and to follow the clustering
of HPA molecules “step-by-step”.

3.3
Activated Carbon

Porous carbons and activated charcoal are widely used both as catalysts and
in separation techniques. They have a microporous structure with more or
less extended graphitic zones. Whereas the adsorption of xenon on graph-
ite has been studied extensively, there has been little work with 129Xe NMR.
Generally the signals are very broad, as is shown in [233–236] (revue 1999).

Contrary to previous authors, Suh et al. [237] obtained better resolved and
relatively narrow signals for activated carbon at ambient temperature. For dif-
ferent samples with high specific area (500 < S < 1000 m2/g) they obtain at
relatively low xenon pressure (P < 1000 torrs) a linear relationship between
the chemical shift and the surface xenon density ρ, δ = δ0 + ρδ1, analogous
to that previously proposed by Ito and Fraissard [1]. Like these authors, they
attribute the δ0 term to the Xe-surface interaction which is sensitive to the
nature of the surface. After nitric acid treatment to introduce acid sites on
the surface of activated carbons, the values of δ0 are shifted 20 ppm downfield
without change in the slope (Fig. 37) despite significant variations in the spe-
cific area and the mean pore size. This could be due to the fact that the Xe – Xe
interactions in the gas phase inside the pores have little effect on the value of
δ1, as compared to those at the internal surface of the pores. The latest study
published on this subject was by Bansal et al. [238] in 1992. By combining mi-
croporosity measurements treated by the method of Horvath–Kawazoe [239]
and extrapolating Eq. 20 to activated carbons, they obtain the dimensions of
the graphitic microzones. The values (1–3 nm) are quite consistent with those
measured by small angle X-rays (1.5–6 nm).

There was a recent 129Xe NMR study of a series of catalytic filamentous
carbons (CFC) obtained from the gas-phase reaction on iron subgroup metal
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Fig. 37 Dependence of the 129Xe NMR chemical shift on the concentration of adsorbed
xenon for different amorphous carbons (SA0N and DA0N are samples SA and DA acti-
vated with nitric acid)

catalysts.A connection between 129Xe NMR and structural, textural and para-
magnetic properties of CFC was found [240]. The chemical shift δ was shown
to depend on the structure of the CFC surface formed by edge, basal or both
(edge and basal) graphite faces. This dependence follows a general trend of
the chemical shift to increase with adsorption potential of a surface. The term
describing Xe – Xe interaction (δ(Xe–Xe)) in confined space decreased with the
average pore size of CFC granule. For hollow multi-carbon nanotubes two
129Xe NMR signals were attributed to voids inside nanotubes and to inter-
stices between the interlaced nanotubes.

4
Mesoporous Solids

4.1
Amorphous Oxides

Amorphous solids such as silica, silica-alumina, etc. have not been studied ex-
tensively by the 129Xe NMR technique because their amorphous structure and
widely opened porosity lead generally to broad signals. Nevertheless, we can
report some studies of such materials. However, it is useful to consider first
some specifics of Xe NMR spectroscopy on mesoporous systems: Very large
and easily accessible pores, plus fast diffusion of xenon, cause exchange to
have pronounced effects on the observed spectra.
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The first study was performed in 1989 by Conner et al. [241] who studied
the pore structure created by compressing, at 17.5 tons/m2, nonporous
aerosil silica spheres 12 and 7 nm in diameter. Compression of these materi-
als created interparticle voids. Although nitrogen adsorption measurements
give no evidence for micro or small mesopores, the chemical shift of adsorbed
xenon, which depends on the compression (70–90 ppm) but which is not
pressure-dependent, was much higher than the authors expected (Fig. 38).
However, there appears to be a difference in the nature of the chemical shift of
xenon adsorbed in aerosils as compared to that in the micropores of zeolites.

The absence of xenon pressure dependence, the large increase in the chem-
ical shift with decreasing adsorption temperature and the narrowness of the
NMR signal must be interpreted as the result of a fast exchange between ad-
sorbed xenon atoms and free xenon located in the interporous space created
by compressing the silica spheres. In this case, adsorbed xenon can be lo-
cated in a defect of the silica surface or in small spaces at the point of contact
between particles, the dimension of which must be very small (i.e. < 1 nm).

The authors showed that the experimental chemical shift is given by the
equation:

δexp =
KPδads + (NVpP/RT)δpores

KP + NVpP/R
, (38)

where K is the Henry’s law coefficient for xenon adsorption, P and T are the
pressure and the temperature of the experiment, N is the Avogadro number,
Vp the pore volume of the silica and R the gas constant. If the concentration

Fig. 38 Effect of compression and Xe pressure on the chemical shift of xenon adsorbed on
aerosil samples
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of both the adsorbate and interporous xenon have first-order dependence on
the xenon pressure, the chemical shift is then not pressure dependent.

In 1990 Cheung [242] studied xenon adsorption at low temperature (144 K)
on a wide range of amorphous oxides. He found a nonlinear dependence on
xenon concentration; a parabolic-like curvature is observed for alumina and
silica-alumina, similar to that observed in Y zeolites with 2 + cations (Ca2+,
Mg2+, Ni2+, Co2+ etc.). His explanation is based on the distribution of micro-
pore sizes: at very low xenon concentration, the chemical shift is due to xenon
atoms adsorbed in the smallest micropores. As the loading increases, xenon is
adsorbed in larger micropores and the chemical shift, which is the exchange
average of the shifts in the large and small micropores, is therefore smaller.
At higher xenon pressure, Xe – Xe interactions become preponderant and the
chemical shift increases again. More recently, Terskikh et al. [243] character-
ized the porous structure of a number of silica gels by 129Xe NMR. On the
basis of experimental data for samples with well defined structure they pro-
posed an empirical correlation between the chemical shift and the parameters
of the pore structure.

δ =
δS

1 + D/ηKRT
=

115
1 + 0.0076D

, (39a)

where δS is the chemical shift extrapolated at zero pressure, η a factor de-
pending on the more or less interconnecting pore system and its geometry
(η = 4 for an interconnecting cylinder, 2 for slit-like non interconnecting
pores), K is Henry’s constant of the adsorption isotherm and D the mean pore
size. According to the authors this relationship should be valid in the range
2 < D < 40 nm. These authors proposed also this equation in another form:

δ = δS/(1 + Vg/KSRT), (39b)

where S is the specific surface area and Vg the free volume inside the ad-
sorbent. This equation shows that the observed shift is expected to be in-
dependent of xenon pressure, which is commonly observed, at least at low
pressures when Xe – Xe interactions are insignificant and the adsorption fol-
lows Henry’s law. Equation 39b shows that δ depends strongly on S/Vg, the
surface-to-volume ratio of the pores occupied by Xe atoms involved in fast
exchange. It is therefore expected that the spectra of materials with a distribu-
tion of S/Vg will reflect this feature either by the appearance of more than one
line, or by the presence of a broad line presenting a minimum in the variation
of δ against Xe concentration, as shown by Cheung [242].

The presence of small particles (less then about 10 µm) in the material
studied will also result in broad lines [244, 245]. Specifically, the effects of
xenon exchange and bulk properties of porous materials on the spectra have
been demonstrated and discussed in terms of xenon diffusion path length
using 40 Å Vycor controlled-pore glass of different particle sizes [245]. Ac-
cording to Eq. 39b the mean pore size D related to the Vg/S as D = ηVg/S
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Fig. 39 129Xe chemical shifts vs. mean pore diameters for porous silica-based materials:
• silica gels; ◦ Vycor/CPG; � and � porous organo-silicates of two different origins. The
solid curve is the nonlinear least-squares fit for samples 1–18, with prediction bands given
at a confidence level of 95% shown as the dotted curves. The dashed curve is the fit for all
samples. Inset: Fits for two subsets of porous organo-silicates

(η is a parameter dependent on the pore shape), can be found from the
NMR experiment provided that K is known from adsorption experiments.
The correlation of the observed chemical shift with D (Fig. 39) as obtained
by conventional adsorption methods has uncovered a general correlation be-
tween δ and D of the form δ = δS/(1 + D/b) [244, 246] that is similar to those
found for zeolites [56].

For 34 silica-based materials with pores in the range of 0.5–40 nm, the
parameters of the equation obtained from the fit are δS = 116 ± 3 ppm and
b = 117 ± 8 Å [246]. With some caution, the correlation can be used for the
characterization of silica samples with unknown pore structure. One needs to
note that even within this general correlation, subsets of materials of similar
origin display yet finer correlations that indicate an accurate sensitivity of the
method to details of the pore structure.

Temperature-dependent chemical shift data can be used to extract the
physical parameters related to the adsorption properties of materials. In the
fast exchange approximation with weak adsorption, as described by Henry’s
law, the temperature dependence of the observed xenon chemical shift δ for
arbitrary pores can be expressed as [244]:

δ = δs

(
1 +

Vg

K0SRT1/2 e–
∆Hads

RT

)–1

. (40)
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The heat of adsorption ∆Hads can be found by fitting the experimental
temperature dependence of the chemical shift and, for Xe physically ad-
sorbed on silica-based surfaces, can range from just a few kJ/mol to about
20 kJ/mol [244]. If the pre-exponent of the Henry’s constant is known from
independent adsorption measurements, then the Vg/S ratio can be found
as well. Application of Eq. 41 necessitates working at very low xenon con-
centrations to reduce the effects of Xe – Xe interactions and to prevent Xe
condensation in the pores at low temperature.

Supported V2O5 is used as a catalyst for the selective oxidation of hydro-
carbons. 129Xe NMR was used to investigate structural features of V2O5/TiO2
(anatase) and V2O5/TiO2 catalysts [247]. The chemical shift of xenon ad-
sorbed either on the support TiO2 or on the oxidation catalyst V2O5 varies
linearly with the xenon coverage, showing a lack of strong adsorption sites.
Extrapolated values at low adsorption temperature, characteristic of Xe-
surface interactions, are 109± 3 ppm for TiO2 and 93 ± 5 ppm for V2O5. On
the contrary, for V2O5/TiO2-supported catalysts and particularly for those
with a high proportion of monomeric vanadyl sites (low % of V2O5) a cur-
vature in the δ-plots appears at low coverage. The authors concluded that
monomeric vanadyl sites act as strong adsorption sites, excluding the ex-
istence of large vanadia domains; then, for low V2O5 loading, the vanadia
units are well dispersed on the support. As the V2O5 loading increases the
curvature becomes less pronounced, due to a decrease in the fraction of
monomeric species and an increase in the fraction of polymeric species; this
result can be compared to that for MFI zeolites with extra-framework alu-
mina species [183]. Two-dimensional 129Xe spectroscopy (Fig. 40) reveals that
xenon diffuses between two distinct environments: the exchange rate shows
that these environments are in close proximity.

In 1994 Mansfeld and Veeman [248] studied the sintering of Al2O3 and
Al2O3 – ZrO2 fibers using high xenon pressure (4 < P < 10 bar). For a non-
sintered sample, the spectrum at 200 K exhibits two peaks, one at 228 ppm
assigned to liquid xenon (considering the temperature and the pressure) and
the other, at 231 ppm, which disappears after sintering, corresponding to
xenon adsorbed in the pores of the fibers. Nearly the same observations can
be made for the Al2O3 – ZrO2 sample. To explain the temperature dependence
of the chemical shift the authors proposed a simple theoretical model: for
the low temperature region, xenon atoms can move in a potential well, as
already described by Ripmeester et al. [53] and Cheung [54], due to inter-
action with an oxygen atom of the surface; for the high temperature region,
the temperature and pressure dependence of δ are described by a Langmuir
model. Finally, Oepen and Gunther [249] studied the condensation of surface
hydroxyl groups of silica after high temperature treatment. For the samples
pretreated at 773 and 973 K, cross-peaks between signals of inter- and intra-
particle xenon are observed in 2D EXSY experiments, showing an increased
rate of exchange. This is not the case for silica with a high concentration of su-
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Fig. 40 129Xe 2D exchange NMR spectrum, at 11.7 T (138 MHz), of xenon adsorbed on
V2O5 at 290 K and at xenon pressure of approximately 2 atm. The spectrum was acquired
using a mixing time of 2 ms and a recycle delay of 300 ms. The contour lines represent
1–20% of the maximum intensity

perficial hydroxyl groups which increase the polarity of the silica surface and
hinder exchange.

Different types of aerogels represent an important class of open-pore
mesoporous materials with extremely low framework density, reaching values
as low as 0.05 g/cm3 and possessing great potential for various industrial
applications. A recent 129Xe NMR study of aerogels [250], performed as
a combination of spectroscopic and spatially resolved NMR spectroscopy,
has proved to be a powerful approach for characterizing the average pore
structure and steady-state spatial distribution of xenon atoms in different
physicochemical environments. The method offers unique information and
insights into the microscopic morphology of aerogels, the dynamical behav-
ior of adsorbates, and provides spatially resolved information on the nature
of the defect regions found in these materials [250]. The extremely low dens-
ity of aerogels, however, required very long accumulations. The problem of
long experimental data acquisition times was addressed in another study by
employing the Xe-131 isotope and a very high density of xenon [251].

A more practical approach to obtaining the Xe NMR spectra of aerogels
is to employ the high sensitivity of HP Xe. Application of NMR microimag-
ing using continuous flow HP Xe resulted in a visual picture of the dynamics



234 J.-L. Bonardet et al.

of gases inside the particles of aerogels [252]. The “polarization-weighted”
images of gas transport in aerogel fragments are correlated to the diffusion
coefficient of xenon obtained from NMR pulsed-field gradient experiments.
In another diffusion-related study [253] the ingression of HP Xe in Vycor
porous glass was followed by 1D NMR imaging and by observing the inten-
sity of the NMR signal. The resulting diffusion coefficients compared well
with the results obtained from the pulsed-field gradient measurements with
thermally polarized Xe.

We can also mention the study of some other mesoporous solids, such as
soils [254] or of wood cellular structures [255].

4.2
New Mesoporous Solids (MCM, SBA, etc.)

The development of a novel group of mesoporous materials, such as MCM-41,
MCM-48, SBA-15, etc., and related periodic porous oxides [256] has generated
a great deal of interest due to their highly uniform pore sizes. They have great
potential as catalysts, chromatographic supports, separation materials, pho-
tonic crystals, and in electronic devices [257]. The large pore size (diameter of
20–500 Å), surface area, and easy functionalization of the silica wall provide
further applications as supports for chemical and biological reactions [258].

Often such materials are also either amorphous or poorly crystalline,
which limits the applications of diffraction-based methods. After many suc-
cessful applications of Xe NMR to microporous materials (zeolites, pore
diameters ≤ 20 Å), as has been shown in previous paragraphs, naturally there
is a growing interest in the application of this technique to such porous mate-
rials, especially with the use of hyperpolarized xenon [259–267]. Indeed these
silica-based materials can be prepared with pores in a very broad range of
sizes and are a good testing-ground for the chemical shift-pore size correla-
tions.

The first studies demonstrated [259, 260], however, that the observed shifts
could fall well outside the range predicted by the general correlations ob-
tained for silicates [261, 262]. In most cases the chemical shift of adsorbed
xenon is practically independent of the xenon pressure, and the observed
values are almost always below those estimated from the empirical correla-
tions. Since the materials are prepared as very fine powders with the particle
size rarely exceeding 10 µm, the exchange between adsorbed and gas phases
is expected to contribute heavily to the observed shifts. Indeed, compression
of the samples [260] produced significant downfield shifts similar to those
in compressed aerosils [261] or in Vycor porous glass with different particle
sizes [262].

In a recent study [263] the NMR of continuously circulating hyperpo-
larized Xe has been used to characterize purely siliceous and ordered Al-
containing mesoporous MCM-41 and SBA-15. The effect of compression on
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the mesopore structure has also been studied. The NMR spectra obtained
can be interpreted in terms of exchange between adsorbed xenon in the
pores and gaseous Xe atoms in the interparticle spaces. The greatly increased
sensitivity arising from hyperpolarized Xe has also been used to detect the
spectra of xenon adsorbed on very small quantities of mesoporous silica thin
films [264].

Additional information about the internal surface of the pores can be
obtained from the data on co-adsorption of Xe with some other small
molecules [259–261, 265]. The co-adsorption studies can be particularly use-
ful for screening intra-wall micropores, surface defects and inhomogeneities
in porosity. In certain cases, using guest molecules of different sizes, it is pos-
sible to distinguish and estimate the sizes of micropores inside the mesopore
walls [265].

The assessment of the distribution and accessibility of moieties attached to
the walls of mesoporous silicates is another area of 129Xe NMR applications.

The effects of hydrocarbon chains attached to the silica walls has been the
subject of an extensive hyperpolarized 129Xe NMR study [266] The variable
temperature measurements revealed a nonuniform porosity and irregular
pore structure, and allowed one to follow the changes in the adsorption prop-
erties of xenon due to modification of the mesopore voids [266]]. In another
study [267] the presence of Pt in the ordered mesoporous silicates results in
a notable chemical shift of adsorbed xenon. It was concluded that the Pt clus-
ters are situated inside the pores of the mesoporous molecular sieve rather
than on the external surface, in a similar way as shown in paragraph 2.5 with
zeolites.

4.3
Xe NMR Cryoporometry

Although there are still few applications we will mention this technique.
Xenon porometry is a novel method for the determination of pore dimen-
sions. It has been developed on the basis of NMR cryoporometry [268]. In
this method, a porous material is immersed in an organic substance, and the
freezing and melting behaviors of the substance are explored by means of the
129Xe NMR spectroscopy of xenon dissolved in the sample [269]. An example
of the spectra measured at different temperatures is shown in Fig. 41. The
signals have been labeled in the figure.

The origins of the components are the following: Signal A arises from the
inner xenon thermometer, which is a capillary tube in the middle of a 10 mm
sample tube containing ethylbromide and xenon gas [270]. Signals B and C
originate from xenon dissolved in the liquid substance. Signal B arises from
bulk substance located in the spaces between particles of porous material and
on the top of porous material, and vanishes below the freezing temperature
of the substance (227 K in the case of acetonitrile), as the transition from li-
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Fig. 41 The 129Xe NMR spectra of the sample containing Silica gel 100, acetonitrile and
xenon at different temperatures. The measurement temperatures are shown beside the
spectra. The chemical shift range of the signals B and C at 230 K has been expanded in
the inset of the figure

quid to solid is accompanied by an abrupt reduction of gas solubility. Signal C
originates from liquid inside the pores, and gradually vanishes at lower tem-
peratures, as the confined substance freezes. If the density of the substance
increases substantially (as occurs in the case of acetonitrile), signal D appears
at lower temperatures. This signal arises from xenon in very small gas bub-
bles appearing inside the pores. The bubbles build up during the freezing of
confined substance, as this contracts. The signal vanishes, as the confined sub-
stance melts. As bulk substance freezes, bubbles also build up in between the
particles of porous materials due to the density change, and signal G originates
from xenon in this environment. Since the bubbles are much bigger than those
inside the pores the chemical shift of signal G is close to that of bulk gas.

The method provides three novel possibilities for determining pore sizes:

1. As, on one hand, the melting point of the bulk substance can be deduced
from the emergence of signal B and from the disappearance of signal G,
and, on the other hand, the disappearance of signal D and the changes of
the intensity of signal C reveal the lowered melting point of the confined
substance, the melting point depression can be determined by measuring
the NMR spectra at variable temperature, and the average pore size of the
material can be calculated by the Gibbs–Thompson equation in the same
way as in the usual NMR cryoporometry.

2. The chemical shift difference of signals C and B is dependent on pore
size. By determining the correlation for a certain substance at a certain
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temperature using known mesoporous materials, the pore size of an un-
known sample material can be measured. This is very easy to do, because
the signals can be recorded by a single scan measurement at any tempera-
ture above the bulk melting point. On the other hand, the correlation is
quite inaccurate because the line-width of the signals is large compared
to the distance between them. The correlation is best suited for pore size
determination of smaller pore sizes in the mesoporous range.

3. As the size of the gas bubbles formed inside the pores during the freezing
of the confined substance depends on the size of the pores, the chemical
shift of xenon atoms inside the bubbles also depends on the pore size.
These studies prove that the large majority of bubbles are isolated (i.e. they
are not connected with each other) giving resonance signals characteristic
of each pore size. As signal D is made up of these components, the shape
of the signal represents the pore size distribution. The correlation between
the chemical shift of signal D and the pore size can be determined using
known reference samples. After that, the pore size distribution of an un-
known material can be determined by measuring its NMR spectrum [269].

5
Conclusions

Since the first applications on Xe-NMR of adsorbed xenon used as a probe,
this technique has shown its interest in many applications.

In the case of zeolites it is possible:

• to determine the dimensions and the form of their internal free volumes
without knowing their structures;

• to reveal structure defects, produced for example by dealumination, and to
determine their characteristics;

• to calculate the short-range crystallinity, as opposed to that determined by
X-rays;

• to follow the mechanism of the synthesis and crystallization of zeolites
during their preparation;

• to locate cations in the zeolite structure and to follow their migration or
change in their environment depending on various factors;

• to locate any “encumbering” species. For example, adsorbed molecules,
extra-framework species, coke formed during catalytic cracking reactions,
etc.;

• to determine the dispersion of metals (particularly when the particles are
too small to be seen by electron microscopy) and the distribution of the
molecules adsorbed on the particles (as opposed to the mean coverage);

• to compare the diffusion of species as a function of the size of the zeolite
“windows”.
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The porosity of new mesoporous solids (MCM, SBA, etc) is relatively well
defined by means of nitrogen adsorption-desorption techniques. Xe-NMR is
however an excellent complement, in particular to demonstrate the roughness
of the pore surface or, more recently, to study systems with a zeolite mono-
layer on the surface. It is also useful for various applications similar to the
previous ones for zeolites. This list of applications is certainly not exhaus-
tive. This technique can also be applied to any microporous or mesoporous
solids such as clays, amorphous oxides, activated carbons, solid polymers,
etc. provided one work at low temperature.

This wide field of applications has been considerably extended by the
advent of xenon hyperpolarization which increases the sensitivity of NMR
detection by 3 or 4 orders of magnitude.

6
Appendix: Hyperpolarized Xenon

Optical pumping is a procedure whereby the population of the spin states
of the valence electron of an alkali metal atom can be changed. In this way
a population distribution very different from that of thermodynamic equilib-
rium is achieved [271]. By irradiating an alkali metal vapor with circularly
polarized monochromatic light whose frequency corresponds to an absorp-
tion line of the atom at the ground state, a given excited level can be populated
and the distribution between the Zeeman levels of the ground state changed.
This electronic polarization can be transmitted by contact with nuclear spins
of a monoatomic gas like xenon [8–10, 14–17]. One then speaks of “optical
pumping of xenon”, somewhat incorrectly, since it is the valence electron of
the alkali metal which is optically pumped and not the nuclear spin of the
xenon.

The optical pumping of rubidium is displayed schematically in Fig. 42.
The electronic ground state 52S1/2 is split into two states, spin-down and
spin-up. Only the spin-down state can absorb right circularly polarized light
σ+. Usually, the gas pressure applied in the experiments is so high that the
population of the substrates of the excited state 52P1/2 is randomized by colli-
sional mixing. Then, relaxation occurs to either of the ground states with the
same probability. Since only the spin-down state, can be depleted upon irradi-
ation, a net polarization builds up in the spin-up ground state. The radiative
decay of the excited state generates photons without preferential spin orienta-
tion. To avoid depumping of the rubidium by reabsorption of these photons,
a quenching gas such as nitrogen is often added.

In Fig. 43, the mechanism of spin exchange is illustrated schematically.
A rubidium and a xenon atom collide in the presence of a buffer gas molecule
(nitrogen) and form a van der Waals molecule, whose lifetime τ is limited by
collision with another buffer gas molecule. During the lifetime of the van der
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Fig. 42 Scheme of the optical pumping process, shown for σ+ polarized light. Photons
can only be absorbed by the – 1/2 ground state 52S1/2. Collisional mixing randomizes the
population of the excited states 52P1/2 so that relaxation occurs to either ground state
with the same probability. Due to depletion of only the – 1/2 state, a net polarization
results in the 1/2 state

Fig. 43 Spin exchange between optically polarized Rb and Xe during the lifetime τ of the
van der Waals pair

Waals pair, spin exchange occurs. The rubidium electronic spin �S flips down,
whereas the xenon nuclear spin �I flips only partly up.

The Hamiltonian to be considered is:

Ĥ = ĤHyperfin + γ N̂Ŝ + αĴŜ + ĤZeeman (41)

Ŝ = spin of the valence electron of the rubidium atom

N̂ = angular moment of rotation of the van der Waals complex

Ĵ = nuclear spin of the xenon atom.
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In the right hand side the first term represents the hyperfine coupling be-
tween the electron spin and that of the nucleus of the Rb atom. The second
term represents the spin-rotation interaction between the spin of the valence
electron of Rb and the rotational angular moment of the complex. This in-
teraction dominates the relaxation of rubidium and is, therefore, the main
reason for the loss of polarization. The Fermi contact term, αĴŜ, is responsible
for polarization transfer between Rb and Xe. By means of the optical pump-
ing of rubidium the polarization of 129Xe can reach values as high as 10–2 or
10–1, that is, a polarization 4 orders of magnitude higher than that obtained
at thermodynamic equilibrium.

The main applications of this technique to the study of solid surfaces are
by A. Pines et al. In [11] there is a description of the apparatus used and,
in the reviews of Raftery and Chmelka [7] and Pietras and Gaede [272], the
presentation of much work.
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Abbreviations
AES Auger electron spectroscopy
AlF framework aluminum
AlNF extra- or non-framework aluminum
BEA beta, zeolite structure ∗
BET Brunauer–Emmet–Teller (method)
CEELS core electron energy loss spectroscopy
CMK-n ordered mesoporous carbon, n = 1, 2, 3, . . .
CP cross polarization
Da atomic mass unit
Dd, Di diffusion coefficients
DME dimethyl ether
DRIFTS diffuse reflectance infrared Fourier transform spectroscopy
δ chemical shift [ppm]
EELS electron energy loss spectroscopy
ERI erionite, zeolite structure ∗
ESR electron spin resonance (spectroscopy)
FAU faujasite, zeolite structure ∗
FER ferrierite, zeolite structure ∗
FTIR Fourier transform infrared (spectroscopy)
GC gas chromatography
IR infrared (spectroscopy)
L zeolite structure ∗
MALDI-TOF matrix-assisted laser desorption/ionization time-of-flight
MAS magic angle spinning
MCM-n ordered mesoporous material, n = 41, 48
MFI ZSM-5, zeolite structure ∗
MOR mordenite, zeolite structure ∗
MRI 1H magnetic resonance imaging
MS mass spectrometry
MTG, MTO methanol-to-gasoline, methanol-to-olefins
M41S family of ordered mesoporous materials
NH3-TPD ammonia temperature-programmed desorption
NMR nuclear magnetic resonance spectroscopy
OFF offretite, zeolite structure ∗
PFG NMR pulsed-field gradient 1H NMR technique
RE rare earth metal (cation)
SAPO-n microporous silicoaluminophosphates, n = 11, 34
SCR selective catalytic reduction
SEM scanning electron microscopy
STEM scanning transmission electron microscope
T temperature [K]
TBPO tributylphosphine oxide
TEM transmission electron microscope
TEOM tapered element oscillating microbalance
TG thermogravimetry
TGA thermogravimetric analysis
TMP, TMPO trimethylphosphine, trimethylphosphine oxide
TON Theta-1, ZSM-22, zeolite structure ∗
TOS time on stream
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TPD temperature-programmed desorption
TPO temperature programmed oxidation
USY ultra-stable Y zeolite
UV-Vis ultraviolet-visible spectroscopy
V, Vo internal free volumes
Wc coke content [wt %]
X zeolite structure ∗
XPS X-ray excited photoelectron spectroscopy
XRD X-ray diffraction
Y zeolite structure ∗
ZSM-n zeolite structure, n = 5, 8, 11, 22, 34 ∗

∗ cf. Baerlocher C, Meier WM, Olson DH (2001) Atlas of zeolite framework types, 5th edn.
Elsevier, Amsterdam, p 302

1
Introduction

Industrial requirements for a good catalyst are high activity, excellent selec-
tivity and extended stability. Catalyst deactivation, which provokes loss of
activity and change in selectivity, is usually inevitable, and the time scale of
deactivation has profound consequences for process design. Catalyst deacti-
vation is highly relevant for economical reasons, and scientifically it has many
challenges [1–3]. In hydrocarbon processing, the undesired formation of car-
bonaceous materials produced by polymerization/dehydrogenation reactions
and deposited on the catalyst surface plays a major role in deactivation.
Therefore, a great number of studies have already been carried out on coke
formation on the classic cracking catalysts, i.e. amorphous silica/alumina
which was employed before the advent of zeolite catalysts [4]. In the particu-
lar case of acid-catalyzed hydrocarbon reactions on zeolite catalysts, the last
few years has seen an increasing interest in this topic [5], in view of both
industrial application and fundamental research on zeolite catalysis. Thus,
in the context of catalytic cracking of hydrocarbon feed stocks, coke forma-
tion on the large pore-sized H-Y and the effects of the pore structure on
the mode of coking has been widely studied [6]. The formation of coke on
zeolites has been shown to be a “shape-selective reaction” and its rate an in-
trinsic property of the zeolite pore structure [7]. With an emphasis on the
medium pore-size zeolite H-ZSM-5 and the methanol-to-gasoline (MTG) pro-
cess, there are numerous reports concerning the effects of acid-site strength
and concentration as well as the reaction conditions on the coking rate, the
location and the nature of coke species [8]. Recently, the most frequently used
techniques for the characterization of carbonaceous deposits on zeolite cata-
lysts have been comprehensively illustrated by appropriate examples [9, 10];
another review article focuses on the contribution of NMR spectroscopy to
the understanding of coke formation [11].



252 F. Bauer · H.G. Karge

The economic point of view of coke formation in industrial hydrocarbon
processing cannot be overestimated. Although the activity of a coked zeolite
catalyst may be recovered by coke combustion, regeneration is always time
consuming and, in any case, requires additional investment. Therefore, many
efforts have been made to reduce the deactivation rate by variation of the re-
action conditions and modification of the zeolite catalyst. The pathologic-like
analysis of spent catalysts may give some hints for both the optimization of
reaction conditions and the design of catalysts, because it reveals all of the
deactivating effects that occurred during the “life time” of the catalyst.

In former deactivation studies, the characterization of coke was limited of-
ten to the measurement of its atomic H/C ratio. This information, although
rather limited, may be used for a more general definition of coke: “Coke
consists of carbonaceous deposits which are mainly deficient in hydrogen com-
pared with the coke-forming reactant molecule(s) and which are responsible
for catalyst deactivation”. In this work the term “coke” will be used for all
hydrocarbon compounds, irrespective of their chemical nature and molecu-
lar weight, which are located in and/or on the zeolite crystallites and reduce
the catalytic activity. A more rigorous definition of “black” coke, generally
designated to heavy polynuclear aromatics, does not include the deactiva-
tion of catalysts by paraffinic and olefinic species formed under relatively
mild reaction conditions. Although the common use of the term coke may
be misleading for these retained and deactivating by-products, the authors
of this work do not regard it as necessary and helpful to introduce a spe-
cial term, e.g., encapsulate [12] or retardate [13], for them. In particular, such
low-molecular and hydrogen-rich coke molecules may participate in various
reactions as catalytic entities and active sites [14, 15].

However, not only the nature of the carbonaceous residues is a matter of
debate and the subject of many investigations. There are numerous problems
related to coke formation on acidic zeolites: very important questions concern
the effects of zeolite properties (such as structure, acidity and binder), the
influence of the nature and composition of the reactants and intermediates,
the effect of the operation conditions (temperature, pressure, carrier gas, time
on stream, etc.), the location of carbonaceous deposits and the deactivation
kinetics.

Although the formation and the nature of coke on zeolites have been
widely studied during the last 20 years, many questions are still open and
controversially discussed. Therefore, in this work particular attention will be
paid to the various techniques which were frequently employed to tackle the
problems related to coke on zeolite catalysts.

Thus, for the elucidation of the nature of coke a great variety of spectro-
scopic techniques is used which comprises, inter alia, infrared (IR), ultra-
violet and visible spectroscopy (UV-Vis), electron spin resonance (ESR),
nuclear magnetic resonance (NMR), and X-ray excited photoelectron spec-
troscopy (XPS). Adsorption measurements with various adsorbates on fresh
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and coked samples were employed, especially to determine the locus of coke
deposition, i.e., internal pore structure vs. external surface of the zeolite crys-
tallites. The deformations of the zeolitic lattice caused by the deposition of
carbonaceous materials within the crystallites have been observed by X-ray
diffraction (XRD). With a spatial resolution in the nm range, coke species can
even be made visible by a transmission electron microscope (TEM). However,
the number of methods that permit the investigation of coke formation under
reaction conditions is still limited [16]. Besides all of these methods, which
usually do not require the destruction of the coke/zeolite system, information
on coke is also available via the combustion or the pyrolysis of carbonaceous
residues, e.g., temperature-programmed oxidation (TPO), and via the libera-
tion of coke-constituting species by dissolving the zeolitic matrix. The latter
method allows us to obtain the distribution of the coke components which is
essential to specify the route of coke formation and the deactivation effect of
individual coke precursors.

This enumeration of tools for coke investigation is certainly not exhaus-
tive, and new methods, such as neutron scattering and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS),
have already been described or are likely to appear in the near future. In
the following paragraphs the above-mentioned techniques will be briefly pre-
sented, and their contributions to the understanding of the phenomenon
of coking will be illustrated by suitable examples and significant results. In
conclusion, an attempt will be made to summarize some aspects of coke for-
mation on acid zeolites which seem to be, at the present state of the art, of
general validity.

2
Methods of Coke Investigation and Results

2.1
Determination of Coke Content and H/C Ratio

Elementary analysis is the basis for the elucidation of the structure of an
unknown chemical substance. Likewise, the determination of the H/C ratio
of carbonaceous deposits on catalyst surfaces should be the first step in
characterizing coke residues, even though the composition of coke may be
complex and it usually comprises constituents with different hydrogen con-
tent. Moreover, the elementary analysis of coke on zeolite should include the
determination of nitrogen and sulfur content. Especially in industrial stud-
ies, small contents of organic bases and metal atoms in the feed (even in the
sub-ppm range) may completely change the deactivation behavior found with
pure substances.
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The determination of the H/C ratio via oxidation and analysis of the
formed H2O and CO2 by, e.g. gas chromatography or absorption into suit-
able materials is, in the case of coked zeolites, by no means trivial. The main
source of error results from H2O adsorption on the zeolite from the ambi-
ent atmosphere. But also desorption of low molecular or partially oxidized
carbonaceous deposits and the possible formation of CO may corrupt the
findings.

There are four unknown masses, viz. the masses of the right side of the
equation

mcoked zeolite = mzeol. + mH2O,zeol. + mC + mH , (1)

where mzeol. is the weight of the zeolitic material and mH2O,zeol. the weight
of structural and adsorbed water, mC and mH the masses of carbon and hy-
drogen, respectively, of the coke on the zeolite sample (see also below). Thus,
one needs four independent equations for a definite solution to determine the
H/C ratio. After combustion, mC can easily be obtained from the amount of
CO2 formed:

mC =
12
44

mCO2 . (2)

The weight of released water is composed of the weight of structural and ad-
sorbed water and increased by the amount of water which corresponds to the
hydrogen contained in the coke:

mH2O = mH2O,zeol. +
18
2

mH . (3)

To determine mH, Entermann and van Leuven [17] monitored the oxygen
consumption in a recirculation apparatus during coke combustion.

Weitkamp et al. [18] developed another procedure for the determination of
the H/C ratio. This method includes the following steps (Scheme 1):

(i) The coked zeolite is weighed, and the measured weight, M1, contains the
mass of the zeolite matrix, mzeol., the sum of the structural and adsorbed
water, mH2O,zeol. and the masses of hydrogen, mH, and carbon, mC (cf.
Eq. 1).

(ii) The coked zeolite is subject to combustion, and the increase in weight
of the absorption tubes (filled with sodium asbestos) for CO2 and (filled
with magnesium perchlorate) for H2O is measured. This provides mCO2
and therefrom mC (cf. Eq. 2) as well as mH2O (cf. Eq. 3).

(iii) Finally, the weight of the dry zeolite material, mzeol., is determined via
“back weighing”, generally after conversion into the amorphous state.
This step is, in fact, the crucial one. However, if readsorption of water is
carefully avoided, this step provides mzeol. = M2.
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Scheme 1 Determination of the H/C ratio in coked zeolite catalysts (after [18])

Substitution of mC and mH2O,zeol. into Eq. 1 via Eqs. 2 and 3, respectively,
gives

mcoked zeolite = mzeol. + mH2O – 9mH +
12
44

mC + mH , (4)

mH =
1
8

[
mzeol. – mcoked zeolite + mH2O +

12
44

mCO2

]
, (5)

and finally,

H/C =
mH
1

12 mC
=

12
8

[
mzeol. – mcoked zeolite + mH2O +

12
44

mCO2

]
/

12
44

mCO2 .

(6)

On the right side of Eq. 6 there are exclusively measurable data. The above
procedure to obtain the H/C ratio of coke deposited on zeolites via “back
weighing” of the burned sample was checked by the authors with several test
hydrocarbons. It seems generally applicable for the determination of the H/C
ratio of coke on zeolites and related materials.

More sophisticated experimental set-ups for the determination of the H/C
ratio are combinations of thermogravimetric analysis (TGA) with an on-
line detection of gas-phase products by GC, MS or IR. Darmstadt et al. [19]
described a TGA/GC method with an intermediate trapping at 100 K. This
procedure allows both the elucidation of coke combustion as well as the ther-
mal treatment of spent samples under different carrier gases. When oxidation
of carbonaceous deposits or desorption from the catalyst is completed, the
trap is rapidly heated to 500 K and the trapped compounds purged into the
GC for analysis. In this way, the H/C ratio of coke deposits was measured
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as a function of reaction temperature and time on stream. Table 1 demon-
strates the weight gain of a H-ZSM-5 catalyst due to coke deposition during
the reaction of ethylene at reaction temperatures increasing from 425 K to
675 K. Both the amount of coke deposited after a given time (e.g., 6 h) and the
H/C ratio of carbonaceous residues continuously decreases with increasing
reaction temperature.

Similar results concerning a decrease of the H/C ratio of coke as a function
of reaction temperature were obtained during the propane transformation
over ultrastable H-Y catalysts (H-USY) [20] and methanol conversion over
H-ZSM-5, RE-Y, and H-MOR [21].

By passing a feed stream over a microbalance, the set-up can be used
as a microreactor and the amount of deposited carbonaceous materials is
measured continuously via the weight gain as a function of time [22–25].
Instead of conventional dynamic microbalances, modern equipment uses an
oscillating tapered quartz element (TEOM: Tapered Element Oscillating Mi-
crobalance) for monitoring the change in mass via change in vibrational
frequency [26–28]. In combination with on-line gas chromatography, the cat-
alyst activity and selectivity can be determined. Gomm et al. [27] studied the
conversion of isopropanol on H-Y, H-ZSM-5, H-ZSM-22, and H-MOR in the
temperature range of 373–473 K and correlated catalyst deactivation by cok-
ing with mass changes of the catalyst. The catalytic experiments over zeolites
with different pore systems revealed that deactivation does not necessarily
occur with concomitant mass increase due to depositing carbonaceous ma-
terials. Among the zeolites, H-MOR having a unidimensional, 12-membered-
ring channel system was the subject of pronounced deactivation, although the
coke content was relatively constant at about 7 wt %. After raising the tem-
perature by 50 K on H-Y, an initial decrease of about 10% of the mass of
carbonaceous deposits is due to desorption and/or decomposition of coke
species, whereas on H-ZSM-5, H-ZSM-22, and H-MOR such an effect of mass

Table 1 Amount and H/C ratio of carbonaceous deposits on H-ZSM-5 upon reaction
of ethylene as a function of reaction temperature after 6 hours on stream (adapted
from [19])

Reaction Gain of weight by H/C ratio
temperature [K] coke deposition [wt %]

425 6.96 1.82
475 5.78 1.50
525 4.71 1.38

575 2.25 1.35
625 1.12 1.12
675 0.62 1.02
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changes by temperature increase was observed to a minor degree. It is worth
noting that such a rise of the reactor temperature by some tens of degrees over
a short period of time in combination with the feed being cut off and flushing
by recycle gases may partially restore the activity of spent catalysts without
burning the carbonaceous deposits (vide infra, Sects. 3.4 and 3.5).

Table 1 also reveals an interesting effect of the reaction temperature on the
amount of carbonaceous deposits. The yield of coke decreases with tempera-
ture in the range 400–600 K and reaches a relatively broad minimum between
600 and 700 K. As shown in [19], it increases at even higher temperatures. An
explanation of this dependence is based on thermal conversion of hydrogen-
rich coke species [29]. At lower temperatures these deposits are only accu-
mulated within and/or on the outer surface of the zeolite crystallites. With
increasing temperature isomerization and cracking of carbonaceous deposits
occur, from which smaller coke constituents can leave the zeolitic pore sys-
tem. The increase of coke content at temperatures higher than 700 K is caused
by carbonaceous residues highly hydrogen-deficient in nature.

As shown in Fig. 1 the H/C ratio decreases not only with increasing reac-
tion temperature but also with time on stream [9]. The zeolite material used
was an H-ZSM-5 zeolite with an overall Si/Al ratio of 22.6 and an average
diameter of the small crystallites of about 0.4 µm. The decline of the H/C
ratio with time on stream, the so-called “aging” of coke, was seen by several
authors [9, 21, 30, 31]. Whereas the total amount of coke may reach a cer-
tain plateau with respect to time (Fig. 2), its nature continuously undergoes
changes. Here, an H-ZSM-5 catalyst was employed, which possessed an over-

Fig. 1 H/C ratio of coke formed via reaction of methanol over H-ZSM-5 as a function of
time on stream (after [9])
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Fig. 2 TGA measurements of coke formation upon reaction of ethylene over H-ZSM-5 as
a function of temperature (after [9])

all Si/Al ratio of 33.5 and consisted of well-shaped large crystallites with sizes
of 8.8×5.2×3.2 µm [9]. The decrease of the H/C ratio with time on stream
supports the view that carbonaceous deposits are reaction partners within
a complex reaction network having a low, but measurable conversion rate.
Thus, the coke becomes more hydrogen deficient through hydrogen transfer
reactions. Groten and Wojciechowski [31] studied the conversion of 1-hexene
on H-USY zeolite at 582 K and found an initial H/C ratio of 1.85. Detailed
stoichiometry of the initial reaction mechanism revealed that an average ini-
tial “coke molecule” can be represented by the formula C5.1H9.4 which is very
close to that of the reactant [32, 33]. In the course of the reaction, the H/C
ratio decreased to values of about 1.0. A similar decline of the H/C ratio from
about 1.7 to 1.0 was observed during methanol conversion on H-ZSM-5 at
648 K, whereas on H-MOR and RE-Y the H/C ratio decreased from 1.0 to
about 0.5 with increasing time on stream [21]. At much higher temperatures
of about 953 K, Martin and Parlitz [30] observed a decrease from 0.34 to 0.24
during cracking of a methanol/n-butane mixture.

Carbonaceous materials formed on different zeolites under identical con-
ditions are different in nature. Liu et al. [34] found an H/C ratio of 1.4 for
H-ZSM-5, 1.1 for H-T, and 0.6 for H-Y during methanol conversion at 773 K.
Because studies with different zeolites include a change in both acidity (num-
ber and strength) and pore structure, it is rather difficult to elucidate the
pure influence of the number of acidic sites (H-ZSM-5 < H-Y < H-T) on the
hydrogen content of coke (vide infra, Sect. 3.1).
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The above-mentioned results indicate the wide range of H/C ratios found
in coking studies and the need for further information on carbonaceous
residues. Nevertheless, the temperature dependence of the content and the
H/C ratio of coke denote different kinds of coke species:

(i) deposition of hydrogen-rich coke species or coke-type I (often called
“low-temperature coke”, “soft coke” or “white coke”) with H/C ratio
> 1.0 which are mainly formed at lower reaction temperatures (< 500 K)
and

(ii) formation of hydrogen-deficient residues or coke-type II (so-called
“high-temperature coke”, “hard coke” or “black coke”) with H/C ratio
< 0.8 typically formed at higher temperatures (> 550 K).

Finally, Fig. 2 shows that the rate of coke deposition can be particularly
high during the initial period of reactions followed by a period of much
slower coking. The data suggest that the lower the reaction temperature the
higher the initial coking rate and the shorter the time on stream after which
the coke amount levels off. This phenomenon may be caused by sites of dif-
ferent catalytic properties present on the zeolite. It seems probable that very
strong acidic sites or sites of enhanced activity, created by mild steaming,
are more rapidly deactivated than normal acid sites [35]. At very low tem-
peratures, particularly these sites catalyze oligomerization, cyclization and
hydrogen transfer steps which are known to play an important role in coke
formation on zeolites. Neuber et al. [32] found a rapid deactivation in a first
stage of the reaction during cracking of 1-methylnaphthalene over H-Y and
ZSM-20 at 573 K. However, Schulz et al. [21] observed a high initial de-
activation upon methanol conversion over RE-Y only for a high reaction
temperature (753 K).

2.2
Temperature-Programmed Oxidation

The knowledge of the coke content and H/C ratio is the starting point for
the characterization of carbonaceous residues. Unfortunately, due to the total
combustion of coke at temperatures > 1000 K both features are integral pa-
rameters, and the presence of two quite different coke species may yield
the same overall H/C ratio as a uniform deposit. Therefore, the conditions
for regeneration to eliminate the carbonaceous deposits should also require
special attention. For example, Barbier [36], who studied the conversion of
cyclopentane/cyclopentene mixtures on a bifunctional Pt/Al2O3 catalyst, ob-
served two oxidation peaks, a low-temperature one at about 600 K and a high-
temperature peak at about 800 K. Thus, temperature-programmed oxidation
allowed discriminating between coke laid down on the metal and coke located
on the support. Analogous investigations have been successfully applied to
coke characterization on the H-forms of several zeolites.
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It has been shown [37–39] that the oxidation of coke begins at tempera-
tures of about 530 K with hydrogen removal from hydrogen-rich coke species,
yielding water and oxygenated intermediates which subsequently decompose
into CO and CO2 (Fig. 3). Various oxygenated species such as ketonic, alde-
hydic, anhydride and phenolic compounds, have been identified in partially
oxidized samples of coked H-Y [37] and H-ZSM-5 [40] zeolites. Because of
the large variety of the components, the exact composition of partially ox-
idized coke is difficult to obtain. For the identification of gaseous oxidized
products, infrared or mass spectroscopy is typically combined with ther-
mogravimetric measurements, i.e., TG-MS [39] and TG-FTIR [41]. Pyrene
oxidation in Y zeolites was suggested as a model reaction for coke oxida-
tion [42]. To improve both sensitivity and resolution of TPO, all products
generated during coke combustion were completely converted to methane on
a nickel catalyst [43, 44]. The methane was then continuously analyzed by
a flame ionization detector.

The combustion temperature depended obviously on the coke content: the
higher the coke content, the more difficult the removal through oxidative
treatment. This was related to a change in the location of coke (external vs.
internal deposits) and/or in the coke composition (i.e., H/C ratio) with in-
creasing coke content. In detail, hydrogen-poor coke components are burned
at a higher temperature compared to hydrogen-rich residues. TPO profiles
for spent H-FER coked during n-butene isomerization show two well-defined
peaks (Fig. 4), one between 540 K and 600 K and the other at higher tempera-
tures of about 900 K [44, 46]. The high-temperature peak mainly stems from

Fig. 3 Evolution of water, carbon monoxide and carbon dioxide as a function of the
oxidation temperature applied on an H-Y zeolite sample with 8.5 wt % coke (after [45])
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Fig. 4 TPO profiles of H-FER coked under a 1-butene/nitrogen flow during 180 min at
623 K and 673 K (after [44]); these reaction temperatures are indicated in the figure

aromatic coke formed during the reaction and/or during TPO analysis when
heating is above the reaction temperature. As the reaction temperature in-
creased from 623 K to 673 K, the size of the high-temperature peak became
larger than the low-temperature one. The carbon content after 3 h on stream
was 7.9 wt % and 8.4 wt % at temperatures of 623 K and 673 K, respectively.
Despite a similar amount of carbonaceous deposits, the chemical nature of
coke was significantly determined by the reaction temperature. This was also
found on H-FER after n-butene isomerization by Xu et al. [47]. The H/C ratio
of carbonaceous deposits, determined by measuring the total amount of wa-
ter and CO2 released during TPO, varied from as high as 4.1 via 1.4 to as low
as 0.0 at 573 K, 673 K, and 873 K, respectively. Especially the finding at 573 K
represents a maximum value of the H/C ratio (methane) and points, thereby,
to uncertainties in the determination of H/C ratios of coke by TPO.

Figure 5 shows the thermogravimetric TPO profiles for H-ZSM-5 samples
used in skeletal isomerization of n-butene at 548 K after 20 min and 100 h on
stream (Bauer F, 2005, personal communication). The effect of the reaction
temperature on the nature of coke is similar to that of the time of coking. Ob-
viously, the rapid initial weight loss up to 450 K is characteristic of the release
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Fig. 5 TPO profiles of a silylated H-ZSM-5 coked under a 1-butene/nitrogen flow at 548 K
after 20 min and 100 h TOS (after Bauer F, 2005, unpublished results)

of physisorbed water (vide supra, Sect. 2.1). The amount of low-temperature
coke burning between 520 K and 570 K is significantly larger at shorter re-
action times, i.e., with increasing time on stream hydrogen-rich coke species
formed during the initial stage of a process are converted to more aromatic
carbonaceous residues. This “aging” of coke indicated by a decrease of the
H/C ratio with TOS was reported in several reactions [21, 46]. In addition,
Fig. 5 visualizes a typical behavior of zeolite catalysts: the rate of coke forma-
tion is particularly high during the initial period of a process. In summary,
temperature-programmed combustion of coke has been, inter alia, success-
fully applied to coke investigation on the H-forms of several zeolites and
proved to be a suitable tool for discrimination between different types of
coke:

(i) hydrogen-rich carbonaceous residues (coke-type I, low-temperature
coke) which are burned at temperatures around 600 K, and;

(ii) highly condensed, polyaromatic residues (coke-type II, high-temperature
coke) the oxidation of which starts at temperatures of about 700 K.

Similar to the effect of the aging of coke, the combustion of carbonaceous
residues starts at higher temperatures after thermal treatment of spent cata-
lysts under pyrolytic [39] or hydrogenolytic [48, 49] conditions. Both proced-
ures result in catalyst reactivation due to splitting of some low-temperature
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coke components indicated by reduced coke content and a shift of the TPO
profile to higher temperatures. An example is reported in [41]: after treatment
of a spent H-ZSM-5 catalyst (deactivated during MTG reaction at 693 K) with
propane at 693 K for 24 h, carbon dioxide evolution peaked at about 890 K
compared with 830 K for the untreated sample (Fig. 6).

Furthermore, the pore structure of zeolites plays a significant role in the
oxidation of coke. As oxidation of coke was more rapid for H-Y and H-
MOR than for H-ZSM-5, it has been concluded that coke oxidation is, like
coking, a shape-selective process [37]. The effect of the zeolite structure pre-
vails over the role of the nature of the coke. In spite of their less condensed
nature, carbonaceous deposits on H-ZSM-5 are oxidized at higher tempera-
tures than those on H-Y. Higher burning temperatures may lead to different
oxidation products. Thus, the zeolite structure is reflected not only in the ox-
idation temperature but also in the composition of the oxidation products,
mainly in the CO/CO2 ratio [39]. Even on the same zeolite type, regenera-
tion requirements can significantly depend on coke location and deactivation
conditions [50]. For example, Andy et al. [51] reported that carbonaceous de-
posits formed on H-FER during n-butene isomerization can completely be
removed by burning at 773 K, while Xu et al. [47] needed 873 K for an oxida-
tive treatment.

From the heterogeneous burning pattern of H-ZSM-5 coked upon alky-
lation of toluene by methanol and from sorption measurements of CO2,
benzene and p-diisopropylbenzene sorbed into partially regenerated samples,
it was claimed that coke burning first occurred preferentially in the straight
pores. Subsequently, coke was oxidized in the zig-zag pores of ZSM-5 [50].
Such subtle discrimination of the sites of coke formation from TPO data has

Fig. 6 TPO profile of a coked H-ZSM-5 sample before and after treatment with propane
at 693 K (after [48])
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to presume that the burning reaction occurs without any resistance to inter-
and intracrystalline mass transfer.

While extra-framework aluminum species have no determining effect on
the burning rate, coke is more easily oxidized with zeolites having a high
density of acid sites [45]. According to isotopic studies with 16O2 and 18O2 on
H-ZSM-5 [39], the activation of molecular oxygen on zeolites is apparently of
minor importance at temperatures below 873 K. In order to explain the differ-
ences in coke oxidation over the different zeolites, a mechanism based on the
activation of the hydrocarbon species must therefore be considered. A reac-
tion scheme was proposed involving the formation of radical cations through
reaction of molecular oxygen with protonated coke molecules [45].

For selective catalytic reduction (SCR) of NOx by hydrocarbons on dif-
ferent zeolites at 673 K, TPO was applied to explore the SCR mechanism,
especially the effect of carbon deposits on NO reduction [52]. When NO and
O2 were added to the hydrocarbon stream, the structure of the deposit did
not appear to change but the deposition rate was strongly increased. This
suggests that an SCR reaction may be involved in carbon deposition. Cu-
ZSM-5 and H-MOR catalysts induced more coke formation than H-ZSM-5
and H-Y. Since N2 was detected during TPO on Cu-ZSM-5 exposed to propene
+ NO + O2, nitrogen compounds were either part of carbonaceous residues
or they may adsorb on the deposit or zeolite. In general, the nitrogen peak
(on H-ZSM-5 at 572 K for propene exposure and at about 673 K for toluene
exposure) precedes the CO2 peak (which appears at 723 K for propene and
at 873 K for toluene). For the different zeolites, the CO2 peaks appeared at
different temperatures suggesting a difference in the nature of carbonaceous
deposits. Cu-ZSM-5 and H-Y catalysts seem to be less active for combustion
than H-ZSM-5 and H-MOR. On Cu-ZSM-5, coke entrapped in the channels
was suggested to maintain the oxidation state of Cu at + 1 during SCR [53].

In addition to the conventional regeneration in oxygen, nitrous oxide and
ozone [54] have been used to burn carbonaceous residues on zeolites. It is
noteworthy that N2O regenerates spent zeolites H-Y [55] and H-ZSM-5 [56]
under milder conditions than oxygen. According to Ivanov et al. [56], the dif-
ference in activities between nitrous oxide and oxygen in the reaction with
coke depends on the zeolite nature rather than on the chemical nature of coke.
Moreover, in the case of nitrous oxide a complete restoration of catalytic ac-
tivity for benzene hydroxylation requires the removal of only 30–35% coke
compared to 60–65% using oxygen.

2.3
Infrared and Raman Spectroscopy

IR spectroscopy was one of the first techniques employed for the detailed
elucidation of the mechanisms of catalyzed reactions. Information on the
change of active centers, on the formation of adsorbed intermediates as well
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as on the building up of carbonaceous deposits during hydrocarbon reac-
tions can be obtained. IR spectroscopy has not only the advantage of allowing
the investigation of coke formation without destruction of the zeolite matrix
containing the residues (vide infra, Sect. 2.9), but it can also be successfully
employed for studying coke formation in situ, i.e. observing the deposition
of carbonaceous materials on the working catalysts. This requires the use of
a suitable IR flow reactor cell which may be connected to complementary
equipment (MS, GC) for analysis of the product stream. Several types of cells
and some of the experimental difficulties are described in the literature, see
for instance [57–59]. Unfortunately, due to the difficulty to assign unambigu-
ously an IR band to particular coke species the IR technique leads to limited
information on the nature of carbonaceous deposits.

Compared with the traditional transmission technique, infrared spectro-
scopic studies using the diffuse reflectance Fourier transform infrared spec-
troscopy (DRIFTS) have the advantages of a simple preparation of samples
and a flow-through reactor-like design of IR cells with temperature control
within the catalyst bed. Nevertheless, there are only a few papers [60–62] con-
cerning in-situ DRIFT investigation of zeolites mainly due to difficulties of
quantitative analysis related with the conversion of the data by the Schuster–
Kubelka–Munk relation [63, 64].

Carbonaceous deposits laid down on zeolite catalysts are investigated in
the following spectra regions:

(i) 3000–3800 cm–1 (stretching modes of free acidic and nonacidic OH
groups or those interacting with adsorbates);

(ii) 3000–3200 cm–1 (CH stretching modes of aromatics);
(iii) 2800–3000 cm–1 (CH stretching modes of paraffinic species) and;
(iv) 1300–1700 cm–1 (CC stretching modes of unsaturated hydrocarbons

and CH bending modes of paraffinic species).

The contribution of each of the IR regions to the understanding of coking,
especially as far as the dependence on the reaction temperature is regarded,
will be given in the following sections.

2.3.1
Region between 3000 and 3800 cm–1

For acidic zeolites, the decrease in the number of active acidic sites caused by
the deposition of nonvolatile carbonaceous species is the main reason for cat-
alyst deactivation in hydrocarbon processing. Although there are numerous
reports concerning the effects of the pore structure of the zeolites, the alu-
minum content, crystallite size and the reaction conditions on the coking rate,
the location and the nature of coke species, the influence of coke on the state
and properties of zeolitic hydroxyls has not yet been sufficiently clarified.
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The acidic bridging hydroxyls (Brønsted sites) of H-ZSM-5 zeolites ab-
sorb near 3610 cm–1 (Fig. 7). The band around 3725 cm–1 (usually observed at
somewhat higher wave-numbers), indicates silanol groups on structural de-
fects, amorphous impurities or the outer surface of zeolite crystallites, and
a broad peak near 3500 cm–1 is attributed to hydrogen bonding between ad-
jacent hydroxyl groups. Adsorption of benzene [65] and propene [66] on
H-ZSM-5 at room temperature resulted in a reduction of the intensity of
the band at 3610 cm–1 and in the formation of broad bands at 3300 cm–1

and 3460 cm–1. Moreover, carbonaceous deposits derived from acetone de-
creased the intensity of the free bridging hydroxyls. Concomitantly, a weak
broad band appeared between 3200–3300 cm–1, i.e., in a region similar to
that for benzene absorption. Analogously, upon contact with ethylene at low
temperatures (300–450 K) the intensity of the band at 3605 cm–1 due to the
acidic OH groups of H-MOR decreased [67]. Simultaneously a broad band
around 3500 cm–1 appeared indicating a shift of a part of the 3605 cm–1 band
to lower wavenumbers due to the formation of hydrogen-bonded adsorbate
complexes. The situation changed significantly when the reaction tempera-
ture was increased above about 550 K: the bands arising from hydrogen-
bonded complexes vanished, and the band indicative of acidic hydroxyls was
essentially regenerated.

Fig. 7 IR spectra of carbonaceous deposits formed by reaction of ethylene over H-MOR at
increasing temperatures (gas mixture: 5% ethylene in helium; flow rate: 16 ml min–1; time
on stream: 0.5 h; gas phase pumped off prior to scanning each spectrum; reactant flow
renewed prior to each subsequent heating step. Insert: extended time on stream (18 h);
lower spectrum: absorbance scale expanded by a factor of 5 (after [67])
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Therefore, from the very beginning of the catalytic run a minor portion of
acid sites is nondestructively covered by coke species via hydrogen bonding.
Such reversible poisoning was claimed for coke derived from methanol con-
version on H-ZSM-5 [68], where it was found that the acidic OH groups (band
at 3610 cm–1) were almost completely eliminated with increasing build-up
of carbonaceous deposits up to about 5 wt % coverage. Subsequently, a rein-
forced intensity of the 3610 cm–1 band was observed at ca. 7.5 wt % followed
by another fall at 10 wt %.

Karge and Boldingh [69] investigated the conversion of ethylbenzene on
a working H-MOR catalyst. Inspection of the OH stretching region revealed
that there was no substantial poisoning or consumption of active OH groups
even though the activity decreased. Having confirmed this by studies with
ethylene on spent catalysts the authors concluded that deactivation of the
mordenite catalyst during the reaction of ethylbenzene was caused by depo-
sition of coke blocking the active sites for the relatively large ethylbenzene
molecules, whereas the smaller molecules still had access to the active centers.

Similar observations were made with H-ZSM-5 catalysts during acetone
conversion at 623 K. Kubelková and Nováková [65] demonstrated that the
initial steep decrease in the number of the acid OH groups is accompanied
by a much slower diminution of the void volume. Below 9 wt % of carbona-
ceous deposits a direct poisoning of active sites can be assumed. Above this
concentration the void volume becomes negligible, while an appreciable con-
centration of hydroxyl groups is indicated by the band at 3610 cm–1. Even on
the completely deactivated zeolite some acid OH groups (less than 20% of
the original number) remain free but inaccessible for reactants due to pore
blocking.

By contrast, the OH groups of H-Y and Pt/Ca-Y were irreversibly con-
sumed by coke deposition upon olefin reaction [70] and during n-hexane
conversion [71]. Okado et al. [62] tested ZSM-5 zeolites containing alka-
line earth metal cations during methanol conversion at 873 K and observed
for Ca-ZSM-5 much more coke resistance due to modification of the strong
acid sites. The comparison of a regenerated catalyst with the fresh one re-
vealed, however, that the band at 3605 cm–1 increased as a consequence of
use and regeneration. Moreover, XPS data showed an increase in the Ca/Si
ratio at the external crystallite surface of the regenerated sample. This implies
that some of the calcium ions are released from their sites during methanol
conversion.
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2.3.2
Region between 2800 and 3000 cm–1

Upon adsorption of olefins on acidic mordenite catalysts [72], in the
region of the CH stretching modes the bands of paraffinic species de-
veloped (νas[CH3] = 2958 cm–1; νas[CH2] = 2926 cm–1; νs[CH3] = 2872 cm–1;
νs[CH2] = 2856 cm–1). Therefore, the predominance of the IR bands of satu-
rated hydrocarbons even at low reaction temperatures (about 350 K to 375 K)
points to instantaneous polymerization of the olefin on contact with the zeo-
lites (Fig. 7). However, no CH bands at wavenumbers higher than 3000 cm–1,
which would be indicative of olefins and/or aromatics, were observed. When
the temperature was increased to 500 K, the intensities of the CH bands were
generally weakened, whereby the proportion of the CH3 bands increased.
Obviously, at elevated temperatures cracking, isomerization and aromatiza-
tion of the paraffinic carbonaceous residues occur to form more branched
molecules and aromatics.

2.3.3
Region between 1300 and 1700 cm–1

For the investigation of reactive adsorbates and, in particular, for the forma-
tion of coke, the IR range between 1300 and 1700 cm–1 is especially suited
(Table 2). Using in-situ infrared spectroscopy, Karge et al. [67, 70] observed

Table 2 Assignment of IR bands due to formation of carbonaceous deposits (adapted
from [38] and references therein)

IR band [cm–1] Assignments

1360–1390, 1420–1490 CH bending modes of paraffinic species
1440–1480, 1580–1620 carboxylate surface species
1490–1515 C= C of neutral and cationic polyene, non-condensed

aromatics
1500–1530 alkyl, alkenyl and cycloolefinic carbocations
1510–1540 alkylnaphthalenes

1550–1580 allylic species
1570–1620 highly unsaturated polyenes and condensed aromatics
2850–2970 CH stretching modes of paraffinic species
3000–3200 aromatic CH stretching modes
3200–3500 hydrogen bonded surface species

3550–3680 SiOHAl Brønsted acid sites
3650 OH groups attached to non-framework Al species
3745 terminal Si – OH groups
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an influence of the reaction temperature on the composition of carbonaceous
deposits formed during the conversion of ethylene on H-MOR. Upon con-
tact with the olefin at low temperatures (300–450 K), the region between 1300
and 1700 cm–1 exhibited CH deformation bands, viz. δas[CH3] = 1485 cm–1;
δas[CH2] = 1468 cm–1; δs[CH3] = 1382 cm–1 and δs[CH2] = 1359 cm–1 (Fig. 8).

At around 450 K two bands developed near 1485 and 1510 cm–1, these
bands then disappeared at higher temperatures of about 550 K. As far as
the assignment of bands in the 1505–1530 cm–1 range to surface species is
concerned, a great variety of olefins and alcohols leads to the emergence of
this band. The attribution to aromatic compounds may be questioned for
several reasons [73]. Supported by 13C MAS NMR [74] and UV-Vis meas-
urements [75], a more accurate assignment to various carbocations (alkyl,
allyl and cycloolefinic carbocations) can be given. The appearance of carbo-
cations can occur even at lower reaction temperatures (in some cases as low
as room temperature) as has been shown in the course of the isomerization
of cyclopropane on H-MOR at 370 K [73]. The observed bands at 1505 cm–1

and 1535 cm–1 were ascribed to dienyl and monoenyl carbocations, respec-
tively. Vedrine et al. [76] proposed a reaction scheme for the generation of
di- and trienylic carbocations and their further transformation as precur-
sors of aromatic compounds which are formed at higher temperatures. With
respect to the IR spectroscopic detection of carbocations, deuterated acetoni-
trile CD3CN has been reported to indicate secondary and tertiary carbenium
ions by a band in the 2387–2377 cm–1 region besides its ability to probe Brøn-

Fig. 8 IR difference spectra of carbonaceous deposits formed by reaction of ethylene over
H-MOR (after [67]); conditions of the procedure as indicated in the legend of Fig. 7; time
on stream 0.5 h, except for T = 650 K
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sted and Lewis acid sites [77, 78]. This makes it a highly interesting probe
molecule for studying the nature of active sites for selective isobutene for-
mation on aged H-FER catalysts, i.e. to distinguish between Brønsted acidic
sites and carbenium ions of catalytically active carbonaceous deposits (vide
infra, Sect. 3.4). Van Donk et al. [79] demonstrated that on H-FER loaded with
about 6 wt % coke no carbenium ions are present which excludes carboca-
tions as active centers for butene skeletal isomerization over aged H-FER.

When the reaction temperature was raised above 550 K, the composi-
tion of the carbonaceous deposits changed significantly. The CH bands were
generally weakened, indicating substantial cracking and branching of the
carbonaceous residues on the surface. Finally, at reaction temperatures of
about 550 K and/or extended times on stream, bands around 1600 cm–1 and
1540 cm–1 were observed. While the 1600 cm–1 band (“coke” band) can be
ascribed to polyalkenes and/or aromatic species, the band at 1540 cm–1 has
been assigned to alkylnaphthalenes. However, it may be also typical of CH
stretching modes of polyphenylene structures [80]. Bands between 1500 cm–1

and 1540 cm–1 were also found by Fetting et al. [81], Rozwadowski et al. [82],
and Schnabel et al. [83] under similar conditions. Aromatics represented by
the band near 1500 cm–1 and formed during the conversion of methanol on
H-ZSM-5 at 540 K can be removed from the zeolite surface by flushing the
zeolite with nitrogen at 670 K [83].

At temperatures higher than 650 K, both bands at around 1600 and
1540 cm–1 collapse into one broad band with its center at about 1580 cm–1.
The assignment of the so-called “coke” band reflects the rather complex
nature of coke. Eberly [84] ascribed it to highly unsaturated carbonaceous
residues, most likely polyolefins. Eisenbach and Gallei [85] attributed the coke
band to graphite-like deposits. In this context it is worth noting that the pos-
ition of the band in all in-situ IR experiments of coke formation shifted from
around 1600 cm–1 to lower wavenumbers when the time on stream was ex-
tended. This may indicate that the structure of the main components of the
coke change with time on stream, corresponding to the aging of the coke
(compare Sects. 2.1, 2.2, and 2.5). The literature is, however, contradictory
concerning the formation of more or less unsaturated “graphitic” compounds
at longer times on stream [84, 86, 87].

Remarkably, the bands in the region of 1310–1350 cm–1 and
1360–1390 cm–1 became prominent at higher reaction temperatures, the lat-
ter are usually attributed to δs[CH3] of isopropyl or tertiary butyl groups.
Such groups may be attached to the aromatic coke species and are probably
removed during the thermal treatment of coke.

The characterization of the adsorbed species and deposits formed over
H-FER during skeletal isomerization of n-butene brought about new as-
pects concerning the role of carbonaceous residues during catalyzed re-
actions. The proposal that the carbonaceous deposits could act as cata-
lytic entities [14] required spectroscopic evidence. Adsorbed butenes, butene



Characterization of Coke on Zeolites 271

oligomers, polyenes, unsaturated carbocationic chains, and various aromatic
species were reported [44, 51, 88–90]. The in-situ IR spectra [90] obtained
over H-FER in the presence of n-butene at various temperatures and after
5 min on stream are shown in Fig. 9. The major bands observed at 423 K were
at 1380, 1462, 1576, and 1641 cm–1. The broad band around 1641 cm–1 can
be assigned to C= C stretching modes of weakly adsorbed butenes, whereas
the strong band at 1576 cm–1 is associated with C4 allylic species [91].
The bands around 1462 and 1380 cm–1 can be assigned to typical CH3
and CH2 deformation modes of butenes and/or butene oligomers. At 523 K
the band at 1576 cm–1 disappeared and a new band was formed at about
1500 cm–1 which is assigned to neutral and/or cationic polyenes resulting
from butene oligomerization. At higher temperatures, the 1500 cm–1 band
shifted to 1505–1510 cm–1 indicating further dehydrogenation. Therefore,
Pazé et al. [91] and Wichterlova et al. [92] proposed that the carbonaceous
species associated with the 1510 cm–1 band changed the nature to mono- and
bicyclic aromatics. At temperatures higher than 700 K and with longer times
on stream [90], new bands at 1588 cm–1 and 1540 cm–1 appeared (not yet vis-
ible in Fig. 9, i.e. after 5 min on stream), but the band at 1515 cm–1 was still

Fig. 9 In-situ IR spectra obtained from H-FER in the presence of n-butene at various
temperatures and after 5 min on stream (after [90])
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observed, i.e., all bands can be assigned to condensed aromatic coke species
characteristic of zeolites deactivated under severe conditions [93].

In infrared spectroscopy, symmetrical vibrations tend to be weak. On the
other hand, symmetric modes of weakly polar bonds such as C= C ap-
pear to be intense in the Raman spectrum. Therefore, Raman spectroscopy
might be predestined for the characterization of polyolefinic coke. Two ex-
tra points of Raman spectroscopy for in-situ studies are that the spectra of
adsorbed species interfere weakly with the signals from gas-phase molecules
and that typical supports such as silica and alumina are weak Raman scatter-
ers. However, surface fluorescence of the zeolite sample may seriously limit
the detectability of the signals, in particular when the catalyst is contaminated
with carbonaceous deposits. Recently, it was found that by using an ultravio-
let wavelength below 260 nm the intensity of the Raman signals is enhanced
and the background fluorescence is also avoided. Hence, UV Raman spec-
troscopy facilitates the identification of coke species formed during methanol
conversion on H-ZSM-5, H-USY, and SAPO-34 [94–96].

Figure 10 shows the UV Raman spectra of the reaction of methanol on
H-ZSM-5 at different temperatures. At 473 K, the 805 cm–1 band originat-
ing from the zeolite is only slightly attenuated, which is consistent with
a small accumulation of carbonaceous residues at this temperature. To dis-
tinguish which of the observed bands are due to CH deformations and which
are due to carbon-carbon stretching vibrations, experiments with deuter-
ated methanol were also conducted. No significant isotope shift was observed
for the bands between 1300 and 1700 cm–1, indicating that all bands were
associated with CC or ring stretching vibrations (Table 3). At 543 K, the
1550 cm–1 band intensity decreased and an additional band was observed
at 1483 cm–1, which was no longer detectable at the higher temperature of
733 K. While a plausible assignment for the band at 1545–1550 cm–1 refers to
the C= C double bond stretching vibration of conjugated olefins or polyenes
having six to eight double bonds [97], the behavior of the 1483 cm–1 band
related to the reaction temperature is not consistent with an assignment to
a polyene. Because the five-membered aromatic ring structure of cyclopenta-
diene has a strong Raman band in this spectral region (at about 1500 cm–1)
the 1483 cm–1 band, observed on H-ZSM-5 only in the temperature range
between 450 K and about 600 K, is assigned to the in-phase stretch of the
conjugated C= C bonds in an alkylated cyclopentadienyl species [97]. It is in-
teresting that the cyclopentenyl cation, which is very prominent in the NMR
measurements reported by several authors [98–100], was not detected in the
Raman spectra during methanol conversion on H-ZSM-5 (Si/Al=90) at 543 K.
Recently, the dimethylcyclopentenyl cation has been convincingly shown in
the Raman spectrum of H-ZSM-5 (Si/Al = 14) after ethylene conversion at
623 K on the basis of prominent peaks at 1185, 1375, and 1440 cm–1 [101].

The Raman spectra of carbonaceous residues formed during methanol
conversion on H-ZSM-5 exhibited an intensity pattern in which the intensity
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Fig. 10 UV Raman spectra of the reaction of methanol on H-ZSM-5. (a) Calcined
H-ZSM-5 prior to reaction. (b) After dosing 720 molecules of CH3OH per unit cell at
430 K. (c) After dosing 30 molecules of CH3OH per unit cell at 543 K. (d) After dosing
1.5 molecules of CH3OH per unit cell at 633 K (after [97])

Table 3 Assignment of Raman bands due to formation of carbonaceous residues (adapted
from [96, 97])

Raman shift [cm–1] Raman band assignments

1200–1210 CC stretches of polyaromatic species
1360–1410 Ring stretches of polyaromatic species
1390–1470 CH deformation modes of paraffinic species
1483 In-phase C= C stretch of cyclopentadienyl species
1545–1550 C= C stretches of conjugated olefins

1600–1635 Polyolefinic and/or polyaromatic species

in the spectral region from 1300 to 1450 cm–1 is nearly equal to that in the re-
gion 1600 to 1650 cm–1 (Fig. 10). By contrast, the intensities are significantly
different for the polyaromatic compounds with a two-dimensional, sheet-like
topology such as pyrene and coronene. On H-ZSM-5, Chua and Stair [97] pro-
posed chain-like topologies for the aromatic carbonaceous residues such as
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phenanthrene, anthracene, and pentacene. Such a chain-like structure would
be expected for coke species deposited in the H-ZSM-5 pores, where the pore
diameter is too small to accommodate the sheet-like topology. For H-USY, the
polyolefinic and aromatic coke species gradually aggregate with increasing
temperature into pregraphite species indicated by a band near the character-
istic vibration of graphite at 1575 cm–1 [94].

The in-situ IR and Raman results described above suggest discrimination
between at least two kinds of coke, viz.

(i) coke-type I constituted mainly of paraffinic (bands at 1380 cm–1 and
1460 cm–1) and, to a lesser extent, aromatic, olefinic or polyolefinic
species (bands around 1500 cm–1 and 1600 cm–1) and

(ii) coke-type II which consists of polyalkenes, but predominantly of alkyl
aromatics and polyaromatics (intense band below 1600 cm–1).

The intensity of the coke band around 1600 cm–1 proved to be a suitable
measure for the amount of coke deposited, even though the nature of the coke
might be rather complex. A plot of the integrated absorbance of this band vs.
the amount of coke deposited, measured for instance by a balance, usually
provides straight lines [81, 90]. A slow change in the slope of such plots is ob-
served at longer time on stream, which indicates a marked alteration in the
nature of the coke due to aging.

The band near 1580 cm–1 (vide supra) is usually attributed to carbon-
carbon stretching in hydrogen-deficient ring structures. Figure 11 shows
bands at 1580 and 1460 cm–1 in the spectrum of coke produced by the expo-
sure of alumina or Pt/alumina to acetylene at 523 K [102]. The bands grew
at the same rate, as would be expected for a pair of bands from a single
species. Both of the bands showed a shift of about 20 cm–1 when oxygen-
16 in alumina was replaced by oxygen-18 [103]. This shift proved that these
bands originate from vibrations where oxygen is involved, e.g., in the case of
carboxylates. The production of the carboxylate bands reached a maximum
at about 2 wt % coke, which suggests that these species are surface-bound.
Above this value the total coke level increased, but the carboxylate band inten-
sity did not. A calibration, based on comparison of bands with those obtained
by addition of acetic acid, indicated that 15% of the total carbon was present
as carboxylate.

The existence of carboxylate or acetate-like complexes was also assumed
on dealuminated H-Y [86] and on Pt/Al2O3 [104]. Bands observed at 1450
and 1580 cm–1 on Pt/Al2O3 during cyclohexane dehydrogenation at 683 K
and n-heptane dehydrocyclization at 748 K, remained after partial oxidation
of the coked sample at 653 K [104]. This result was explained by the loca-
tion of coke deposits on Al2O3 and not on Pt sites. Carbonaceous residues
from acetone conversion on H-Y containing extra-framework aluminum ex-
hibited a band at 1480 cm–1 which is absent if the zeolite does not contain
non-framework Al species. Therefore, Novakova et al. [86] concluded that
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Fig. 11 Carboxylate IR bands on alumina (after [102])

dealuminated H-Y could contain a carboxylate-like complex bound to non-
framework Al. In contrast to H-Y zeolites, H-ZSM-5 samples have a distin-
guishable band at 1645 cm–1 probably corresponding to residues of the coke
precursors firmly bound to the zeolitic oxygen.

On the other hand, the observation of carboxylate species is not con-
firmed in infrared studies of coke on several zeolites [32, 70, 105]. For ex-
ample, Bauer et al. [106] observed bands at 1585, 1455 and 1380 cm–1 of coke
on H-ZSM-5 formed upon the methanol conversion at 693 K (Fig. 12). The
intense band near 1585 cm–1 has been ascribed, in agreement with the lit-
erature, to the carbon-carbon stretching vibration in aromatic rings (vide
supra). The coke bands with overlapping maxima at 1440–1455 cm–1 and
1380 cm–1 are of moderate intensity and attributed to carbon-hydrogen de-
formation vibrations. Blackmond and Goodwin [33] observed a small, hardly
detectable band near 1460 cm–1 after exposure of H-Y zeolite to hexene at
573 K, contradictory to Rozwadowski et al. [82], who found a very intense
band at 1455–1460 cm–1 during methanol conversion on H-Y at reaction tem-
peratures between 523 K and 623 K. The quite different band intensity at
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Fig. 12 IR spectra of carbonaceous deposits upon methanol conversion on H-ZSM-5
(after [106])

1460 cm–1 may be due to differences in the nature of coke, e.g., the H/C ratio.
This conclusion is confirmed by the results of Mirth and Lercher [107], who
observed, during the methylation of toluene with methanol on H-ZSM-5 at
573 K, in addition to bands of CH stretching vibrations at 2856–3086 cm–1

overlapping bands with absorption maxima at 1620 and 1485 cm–1. By
switching to pure helium, all these bands decreased in intensity, while the
band of the acidic hydroxyl groups (3610 cm–1) increased and the band of
the silanol groups at 3745 cm–1 remained at reduced intensity. After this
treatment the most intense bands were found at 2925 cm–1, 1585 cm–1 and
1460 cm–1, and the authors claimed that the mainly linear coke precursors
were strongly adsorbed on terminal SiOH groups.

Regarding the discussion of the assignment of the coke bands, two import-
ant questions have to be answered. The first question concerns the difference
between carboxylate bands particularly observed on alumina catalysts and
bands of conventional coke, and the other has to do with the bonding of car-
bonaceous species on the surface of zeolites. According to Datka et al. [108],
the observation of carboxylate is not attributable to differences in experimen-
tal procedures. Rather, it is due to differences in the surface properties be-
tween alumina and zeolites. The authors ascribed the absence of carboxylates
during coke formation on zeolites under equivalent experimental conditions
to the absence of basic hydroxyls on zeolites. However, it cannot be excluded
that the differences are due to other reasons than differences in the Al – O – Al
structure of alumina and the Si – O – Al structure of zeolites.

Concerning the interaction between the carbonaceous deposits and the
zeolite surface, infrared studies on 18O-labeled H-ZSM-5 were carried
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out [41, 109]. Chemical bonds involving an oxygen atom should yield a fre-
quency shift of the corresponding bands to lower wavenumbers after 18O-
substitution. For example, the framework combination bands at 1980 cm–1

and 1880 cm–1 are shifted by more than 40 cm–1 on 18O-exchanged H-ZSM-
5 [41] indicating the substitution of 16O by 18O within the zeolite framework.
After loading with 4 wt % carbonaceous deposits formed during n-hexene
conversion at 693 K, typical coke bands at 1580 cm–1, 1460–1420 cm–1 and
1390 cm–1 were observed (Fig. 13). Neither the positions nor the shape of
these bands were influenced by 18O isotope exchange which should occur
if oxygen-containing bonds between the zeolite surface and carbonaceous
residues existed. In addition, the IR spectrum of deuterated carbonaceous
residues formed from deuterated n-hexene confirms the assignment of the
bands between 1460–1420 cm–1 to CH vibration modes [41]. Hence, 2H and
18O isotopic studies on H-ZSM-5 give no indication of oxygen-containing
bonds between the zeolite surface and coke. Moreover, the evidence of car-
bocations by IR, 13C MAS NMR and UV-Vis spectroscopy clearly shows that
hydrocarbon species are not strongly covalently bonded but rather weakly
ionically bound on the zeolite surface.

Another interesting field of in-situ IR experiments concerning the char-
acterization of coked zeolites is the investigation of the fragmentation and
destruction of carbonaceous deposits by pyrolysis and oxidation. Demidov
et al. [110] studied the effect of oxygen treatment on coke which had been
formed on an (H,Na)-Y zeolite after methanol conversion at 573 K. The ox-
idation of coke begins already at 473 K, indicated by the reduced intensities
of the methyl and methylene absorption bands. Bands at 1750 and 1780 cm–1

Fig. 13 DRIFT spectra of 18O-exchanged H-ZSM-5 and parent H-ZSM-5 both coked dur-
ing n-hexene conversion at 693 K (after [41])



278 F. Bauer · H.G. Karge

typical of carbonyl groups appeared. The substantial reduction of the band at
1550 cm–1 indicated that the transformation of condensed aromatics was also
occurring at these low temperatures. Increasing the temperature up to 673 K
intensified the formation of carbonyl and carboxylate compounds (bands at
1440 and 1620 cm–1) as well as ether linkages (band at 1280 cm–1). Above
773 K the deep oxidation of coke began and only residual compounds with
carboxylate or carbonate structure were observed.

Novakova et al. [86] investigated the effect of partial oxidation and pyroly-
sis on coke deposited on H-ZSM-5 and H-Y zeolites upon acetone conversion.
The observed spectra reveal that the coke residues on H-ZSM-5 contain bands
characteristic of lighter aromatic compounds, e.g., alkyl-substituted naph-
thalenes (1510–1540 cm–1) together with more condensed aromatic rings and
polyenes (1570–1620 cm–1) that dominate in the H-Y zeolites. The bands at
1379 cm–1 and in the 2870–2970 cm–1 region corresponding to the CH3 and
CH2 vibrations indicate the presence of aliphatic chains longer on H-Y than
on H-ZSM-5 zeolites. Heating of coked zeolites in vacuum or in an inert
atmosphere above 623 K leads to a release of volatile products on both zeolites
connected with a disappearance of the bands at 2870, 2926 and 2970 cm–1 of
aliphatic species, whereas the band at 1379 cm–1 (δs[CH3]) remained nearly
unchanged. On heated H-ZSM-5, the bands at 1512 and 1541 cm–1 of the sub-
stituted aromatic compounds were missing. In the IR spectra of the partially
oxidized coked zeolites new bands appeared at 1720–1760 cm–1 and were as-
signed to the presence of aldehydes or ketones. The same type of compounds
were observed by Magnoux and Guisnet [37], who analyzed the methylene
chloride extract of a partially oxidized coke after dissolving the H-Y zeolite
in hydrofluoric acid.

For the 1300–1700 cm–1 region, strong bases like ammonia and pyridine
(which are protonated by acid zeolites) can be used as titrants of the con-
centration of Brønsted and Lewis acid sites [111, 112] (cf. also Volume 4,
Chapter 1 of the present series). For example, after pyridine adsorption the
IR band at 1545 cm–1 assigned to pyridinium ions is often taken as a refer-
ence to characterize the evolution of Brønsted acidity, whereas the IR signal
at 1450 cm–1 is attributed to Lewis acid sites. The relative strength of acid sites
is compared with the maximum temperature to eliminate the 1545 cm–1 band
on pumping off the pyridine. Note, that a substantial fraction of weakly ba-
sic carbonaceous residues can be replaced by more basic molecules such as
ammonia and pyridine [113, 114].

2.4
Ultraviolet-Visible Spectroscopy

Compared with the number of IR studies, UV-Vis spectroscopy has been
less frequently applied in zeolite research, although it is also able to provide
valuable contributions to the detection and identification of surface interme-
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diates formed during the reaction of hydrocarbons on catalysts (cf., Volume 4,
Chapter 4 of the present series). UV spectroscopy has two advantages when
dealing with double bond systems: (i) the π – π∗ transitions of different sys-
tems generally absorb in quite distinguishable ranges and (ii) the absorption
coefficients of electronic transitions of unsaturated organic compounds in the
visible and near UV are usually at least one order of magnitude higher than
those associated with vibrational transitions. Therefore, UV-Vis spectroscopy
can easily detect olefinic coke species. Moreover, it has turned out that UV-
Vis spectroscopy is rather sensitive, particularly in the case of the positively
charged compounds (Table 4). Hence, debates of some controversial assign-
ments of bands to quite different surface species can only be settled by the
combination of UV-Vis results with IR and 13C NMR data [73, 91].

Even though the samples usually exhibit low transparency and, more-
over, the transmittance is strongly reduced upon coke deposition, the for-
mation of coke precursors on zeolites and the final coke structures have
been studied by this technique in reflection mode [76] and in transmittance
mode [115–119]. As an example, sets of difference spectra are depicted in
Figs. 14 and 15. These spectra were obtained under static conditions with
two different zeolite samples, H-ZSM-5(1) with Si/Al = 22.6 and H-ZSM-5(2)
with Si/Al = 33.5, after loading with methanol and reacting at increasing
temperatures [115]. The samples, characterized thoroughly by several tech-
niques differed mainly in acidity and crystallite size. The density of acidic
OH groups of H-ZSM-5(1), measured by the absorbance of acidic Brøn-
sted sites at 3610 cm–1, was higher than for H-ZSM-5(2). For the strength of
Brønsted acidity temperature-programmed desorption of ammonia indicated
the opposite order, i.e. H-ZSM-5(1) had more, but weaker acidic sites than
H-ZSM-5(2).

Immediately upon adsorption of methanol (not shown in the figures)
a small band at 308 nm appeared. Absorbance in this range (around 310 nm)
was usually observed after interaction of olefins with acidic zeolites at am-

Table 4 Assignment of UV-Vis bands due to formation of carbonaceous deposits (adapted
from [38, 91] and references therein)

Band [nm] Assignment

200–1000 aromatics
250–290 neutral di- and trienes
290–330 monoenyl cations, cyclopentenyl and cyclohexenyl cations
350–390 dienyl and aromatic cations

400–430 diphenyl and aromatic cations, polyalkylaromatics
440–470 tri- or polyphenyl cations, alkylaromatic cations
500–575 polyphenyl and polyaromatic cations, condensed aromatics
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Fig. 14 UV-Vis spectra of carbonaceous deposits after reaction of methanol on H-ZSM-
5(1) with Si/Al ratio of 22.6 and crystallite size of 8.8×5.2×3.2 µm (after [115, 130])

Fig. 15 UV-Vis spectra of carbonaceous deposits after reaction of methanol on H-ZSM-
5(2) with Si/Al ratio of 33.5 and crystallite size of about 0.4 µm (after [115, 130])

bient temperature and proved the creation of unsaturated carbocations [118,
120–122]. The bands were assigned to the π – π∗ transitions of alkenyl car-
bocations. Kiricsi et al. [119] obtained a good correlation between the ap-
pearance of the UV-Vis absorption near 310 nm (observed in both superacids
and zeolites and assigned to monoenyl carbocations), and the IR band around
1530 cm–1 (cf. Table 2).
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Subsequent stepwise heating developed bands typical of positively charged
intermediates. At low temperature, e.g., 525 K, the most prominent band is
that around 360 nm. UV-Vis bands in the range 350–390 nm are ascribable to
di- or polyenylic cations [120, 123–126]. While 13C MAS NMR is unable to de-
tect any polyenylic cations, only a small fraction of the polyalkenes needs to
be present as carbocations in order to be identified by UV-Vis spectroscopy.
The weak band around 310 nm may still contain some contributions of al-
lylic cations, but at reaction temperatures of about 550 K mainly arises from
cyclohexenyl cations (315 nm), since such cyclization products of olefin inter-
action on acidic catalysts are indeed indicated by UV-Vis bands in the range
of 275–330 nm [76, 122].

The alkenyl carbocations with chain and cyclic structures absorb in al-
most the same UV-Vis region. Therefore, it is difficult to assign the observed
bands, which are usually rather broad and overlapping, to well-defined struc-
tures. The shoulder at 420–430 nm is most probably due to bulkier species
such as diphenylcarbenium ion [127] or polyalkylaromatics and condensed
aromatic compounds [76, 120] which, to a small extent, may form even at low
temperatures.

Similar results were observed during the reaction of 1-hexene on H-Y zeo-
lites with different framework Si/Al ratios [128]. After olefin adsorption at
room temperature, allyl carbocations were immediately formed in the zeo-
lite cavities. At 373 K polyenic carbocations and low-condensed aromatics
could be detected. Further elevation of the temperature up to 423 K resulted
in bands at 225 nm, 265 nm and 425 nm which may be ascribed to dienes,
cylohexadiene and/or benzene and cations of low-condensed aromatics as
important precursors of further coking. The absorption bands related to coke
were weaker for increased framework Si/Al ratios.

The UV-Vis spectra of coke products formed during conversion of propy-
lene on H-Y and dealuminated mordenite at 420 K showed intense bands at
300 nm and 370 nm. Kustov et al. [129] assigned these bands to the presence
of conjugated carbocations formed from polyenes. The assignment of bands
at 420–460 nm and 540–590 nm to acenes or polyphenylenes is more ques-
tionable. The comparison with amorphous aluminosilicate catalysts showed
that the Lewis acid sites were responsible for dehydrogenation of olefinic
oligomers which resulted in the formation of aromatic hydrocarbons.

Signals of such species, however, become predominant at higher reac-
tion temperatures at the expense of the polyenic species which are weakened
and, finally, vanish upon the transformation of “low-temperature coke” into
“high-temperature coke”. Pertinent assignments of the bands, which appear
at higher reaction temperatures, are as follows: a pair of bands (325 and,
more intense, 410–420 nm) is indicative of bulky aromatic species (diphenyl
or polyphenyl carbocations, polyalkylaromatics, and condensed aromatic
ring systems). Evidence of formation of such species at high temperatures
(600–700 K) is also provided by bands at 520 and 570 nm [76, 127]. Bands ob-
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served at 270 and 470 nm may be ascribed to cyclohexadiene and/or benzene
and cations of substituted benzenes, respectively.

In agreement with the preceding considerations of the IR results, the UV-
Vis investigations illustrate again that two kinds of coke should be distin-
guished:

(i) coke-type I with bands of olefinic/polyolefinic constituents, viz. mo-
noenyl and dienyl carbocations around 300 nm and 360–370 nm, respec-
tively, were mainly observed in a low-temperature range (< 550 K) and

(ii) spectra of coke-type II with signals of predominantly small aromatic
carbocations and bulky polyaromatics, viz. around 420 nm and above
500 nm, respectively, were obtained at higher reaction temperature
(> 550 K).

The nature of the coke residues, as identified by UV-Vis spectroscopy did
not depend significantly on whether methanol or olefins were used as the
feed (Karge HG, 1991, personal communication). This is particularly true for
relatively high reaction temperatures. Here, however a significant difference
between the two H-ZSM-5 samples was observed. From Fig. 15 it can be seen
that on H-ZSM-5(2) the intense bands of monoenylic and dienylic carboca-
tions (around 300 nm and 370 nm) persisted at temperatures as high as 675 K.
This suggests that the formation of coke-type I is favored on an H-ZSM-5
sample with a lower density but higher strength of Brønsted sites even at
a relatively high reaction temperature.

In this context it is worth noting that the preferential occurrence of one
coke type or the other depends not only on the reaction temperature but on
properties of the catalysts as well. As mentioned above, on H-ZSM-5(2) with
fewer but more strongly acidic sites than those on H-ZSM-5(1) the dealky-
lation of alkyl aromatics and the formation of volatile species via cracking
of high-molecular coke are facilitated at higher temperatures. Thus, the ef-
fect of strongly acidic sites during coking may be twofold: (i) easier formation
of coke precursors at lower temperatures and (ii) cracking of these at higher
temperatures. This feature may explain why H-ZSM-5(2) had a much lower
deactivation rate than H-ZSM-5(1) in the reaction of methanol at 650 K [130].
However, the samples had quite different crystallite sizes, viz. H-ZSM-5(1)
showed large crystallites of 8.8×5.2×3.2 µm and H-ZSM-5(2) small crystal-
lites of an average diameter of about 0.4 µm. Therefore, it cannot be excluded
that the large crystallite size in the case of H-ZSM-5(1) additionally leads to
a higher coking rate.

The debate on the role of coke during isomerization of n-butene to
isobutene on H-FER (vide infra, Sect. 3.4) favored the identification of coke
species using UV-Vis spectroscopy [91]. The UV spectra obtained after inter-
action of butene at increasing temperatures are shown in Fig. 16. At 423 K,
the band centered at 310 nm can be assigned to monoenic allyl carbocation
species [131]. In the temperature range 473–573 K several clearly distinct
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Fig. 16 UV-Vis spectra of interaction of 1-butene with H-FER at increasing temperatures
(after [91])

components are evident. Bands present in the 250–330 nm and 330–500 nm
range can be summarized in two main groups. Their assignment can be
confidently made to neutral and carbocationic alkenes [132]. Absorptions in
the range 250–330 nm (which consist of a band centered at about 285 nm)
are assigned to neutral conjugated double bond oligomers having a different
number of conjugated double bonds [133]. Bands present in the 330–500 nm
range are assigned to absorption by carbocationic conjugated double-bond
oligomers having a different number of conjugated double bonds. In par-
ticular, the band around 370 nm (present at 473 and 523 K) is assigned to
dienic ions, while that at about 435 nm (present at 523 and 573 K) is as-
signed to trienic ions. The carbocationic nature is confirmed by the dosage
of NH3 on the coked zeolites: all bands are then subjected to a partial de-
crease of intensity due to a displacement by a more basic molecule (vide infra,
Sect. 2.10).

UV spectra obtained at 623 and 673 K (Fig. 16) are mainly character-
ized by three groups of absorptions, at 200–240, 240–370, and 370–1000 nm.
It is noteworthy, that the well-defined strong component observable in the
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250–330 nm range at lower temperatures is no longer evident. The complex-
ity of the spectra reveals, as in the case of the IR spectra, a considerable
number of hydrocarbon species, both neutral and carbocationic, having aro-
matic character. Absorptions at highest energies (200–240 nm) can be easily
assigned to neutral molecules having a single aromatic ring (alkylated ben-
zenes), absorptions in the region between 250 and 500 nm can be assigned to
carbocationic and neutral species (aromatics but also linear) having an exten-
sive conjugated double bond system. Prolonged heating at 673 K (24 h) leads
to an increase of the intensities in the region between 285 nm and 1000 nm,
which indicates the formation of highly polycyclic, graphitic-like carbona-
ceous deposits [91].

Finally, the visual inspection of spent catalysts within a fixed-bed microre-
actor made of Pyrex glass may be helpful, e.g., with respect to the coking
kinetics. For example, depending on the content and the nature of coke the
color of spent zeolites may change from gray-white or yellow-brown at the
reactor inlet to black at the outlet or vice versa. Interesting to note, coke
with a green and green-brown color has been observed on H-Y [134] and on
SAPO-34 [135].

2.5
Nuclear Magnetic Resonance Spectroscopy

Among the many techniques that have been employed to study coking, NMR
occupies a particularly important place because of the many nuclei that can
be involved and the development of high-resolution solid-state NMR. Catalyst
deactivation may be investigated by NMR via the detection of coke-forming
nuclei (1H, 13C, 15N), via zeolite modification due to coke deposition (1H,
17O, 27Al, 29Si) and via probe molecules (1H, 13C, 31P, 129Xe). Recently, in
a comprehensive review article by Bonardet et al. [11] a special effort has been
made to demonstrate the contribution of each of the nuclei to the understand-
ing of the phenomenon of coking.

The development of sophisticated techniques such as magic angle spin-
ning (MAS) and cross polarization (CP) as well as in some cases the use of
strong magnetic fields compensates for the low natural abundance of some
nuclei, e.g., 13C with 1.1%, and makes NMR studies possible even with zeo-
lite catalysts used in the chemical industry. In-situ MAS NMR experiments
have been performed by cyclic heating of samples sealed in glass ampoules
between ambient and higher temperatures (outside of the spectrometer), by
measurements with high-temperature spinning modules up to 673 K [98], by
short-time heating up to 800 K using a laser beam [136] and, more recently,
under continuous-flow conditions within an MAS rotor up to 423 K [137].
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2.5.1
13C MAS NMR

The nucleus that is best suited for the elucidation of the nature of the car-
bonaceous deposits is of course carbon-13 (spin 1/2). The natural abundance
of only 1.108% possibly demands the usage of 13C-enriched substances for
mechanistic studies. For decades, 13C MAS NMR has turned out to be a pow-
erful tool for the investigation of coke and coke precursors [138]. This method
was elegantly applied, for instance by Neuber et al. [32], Derouane et al. [139],
van den Berg et al. [140], and Maixner et al. [141] when investigating coke
formation during methanol conversion. It was similarly used in studies of
coke formation upon reaction of alkenes over H-mordenite or H-ZSM-5 and
conversion of polynuclear aromatics.

The nature of the coke residues characterized by chemical shifts, δ, be-
tween 0 and 300 ppm (Table 5) depends on several parameters, such as the
type of zeolite, the reactants (including intermediates and products) and the
operation conditions. Thus, a wide distribution of aliphatic compounds (δ =
10–40 ppm), olefinic/aromatic compounds (δ = 125–145 ppm), polyalkylated
aromatics (δ = 140–150 ppm), straight-chain and branched olefins (δ about
150 ppm) and traces of oxygen-containing hydrocarbon species (δ ≤ 50 ppm)
and carbocations (δ = 150–180, > 200 ppm) can be observed on different
samples. Unfortunately, 13C NMR spectroscopy cannot distinguish between
olefinic and aromatic carbons since their signals appear in the same region
of the spectra. This discrimination can be made by UV-Vis spectroscopy
(vide supra, Sect. 2.4). Moreover, polyaromatic coke species having very long

Table 5 Assignment of 13C MAS NMR signals due to formation of carbonaceous deposits
(adapted from [115] and references therein)

Signal ∗ [ppm] Assignment

12–15 methyl groups
25–30 methylene groups (short chains)
30–40 methylene groups (long chains)
35–50 tertiary CH groups and quaternary aliphatic carbon
45–50 carbocations (C atoms close to positive C atoms)
55–90 alkoxy groups

130–135 neutral C atoms in alkenes and/or aromatics
140–150 polyalkylated aromatics
140–250 enylic, cyclic and aromatic carbocations
160 carbons near O atoms
280–340 alkyl carbocations

∗ referenced to TMS
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relaxation times and graphite-like carbonaceous residues interacting with
conducting electrons are not always completely detected by 13C NMR spec-
troscopy.

The 13C MAS NMR results obtained by Karge et al. [67, 115] with
13C-enriched hydrocarbons demonstrate that the reaction temperature has
a dominant effect on the nature of coke. In Fig. 17 sets of spectra are dis-
played which show the formation of coke during the conversion of methanol
and ethylene on H-ZSM-5 catalysts. The series of experiments started with
samples contacted with methanol or ethylene at 300 K. The most interesting
difference between the interaction of methanol and ethylene with H-ZSM-5
is related to the formation of alkoxy groups. There were in the spectra of
ethylene weak signals at about 51 and 63–69 ppm which might be due to
alkoxy groups, but no sharp signal at 81–83 ppm appeared as was the case
upon methanol interaction. Instead, prominent signals were observed around
55 ppm originating probably from rapid interchange between two adsorption
structures of ethoxy groups.

Fig. 17 13C-MAS NMR spectra of H-ZSM-5 after coking through reaction of 13CH3OH
and 13C2H4 (after [115])
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Upon increasing the temperature, significant changes in the 13C MAS NMR
spectra occurred. At low temperatures, i.e. up to 500 K, signals were observed
which gave evidence for the formation of branched and possibly also linear
alkanes. The carbons of paraffinic chains may contribute to the NMR lines
observed at 12–15, 25–27, and 30 to 40 ppm. A large fraction of branched
chains was indeed indicated by the signal around 40 ppm. Most importantly,
signals at 31 and 39 ppm started to appear, resulting from alkyl chains which
must have been rather long, since the signal of terminating methyl groups
(15–25 ppm) was not observed. The signal at 45–47 ppm is most likely due to
carbon atoms which are adjacent to positively charged carbon rather than to
tertiary or quaternary carbon atoms. The oligomeric deposit remained nearly
unchanged upon heating to 450 K.

Raising the temperature from 500 to 575 K resulted in a decrease and, fi-
nally, in the disappearance of the alkoxy groups. The carbonaceous species
isomerized and subsequently cracked whereby smaller molecules were
formed. This is derived from the change in the spectra between 0 and 40 ppm,
where the lines significantly decreased. At higher reaction temperatures the
amount of aliphatic structures in the coke is much lower than observed under
less severe conditions.

At 525–575 K, the presence of various carbocations is indicated in Fig. 17
by signals at about 152, 161, 169, 180 and > 200 ppm, in agreement with
UV-visible spectroscopic results (vide supra, Sect. 2.4). Oliver et al. [98] ob-
served signals at 250, 148, and 48 ppm in the spectra at 523 and 573 K during
cracking of ethylene-oligomers on H-ZSM-5. These signals were assigned
to methyl-substituted cyclopentenyl carbocations which have been proposed
as intermediates in the formation of aromatic hydrocarbons. Similar NMR
results were obtained for the conversion of n-butene on H-FER [100]. Char-
acteristic signals at 152 and 252 ppm point to the appearance of alkyl-
substituted cyclopentenyl cations in the temperature range between 500 K
and 600 K (Fig. 18). After 1 h reaction at 623 K, the signals from the cy-
clopentyl cation as well as from fluorenic and/or biphenylic compounds (sig-
nal at 144 ppm) disappeared, whereas the signals of butene oligomers (signals
at 13, 25, and 33 ppm) and condensed aromatics (130 ppm) can be still ob-
served at this temperature.

At temperatures above 600 K, enylic and aromatic carbocations (lines be-
tween 150 and 180 ppm) and alkyl carbocations (250–280 ppm) disappear.
The existence of polyenic carbocations is not clearly supported by the results
presented in Fig. 17, since this would require not only the appearance of the
line at about 133 ppm but also the presence of a line in the range between 80
and 100 ppm [142]. The occurrence of uncharged polyenes, however, is not
excluded.

At temperatures of about 650 K the signal of neutral, aromatic species
(130 ppm) largely predominated. For instance, Anderson and Klinowski [143]
observed during methanol conversion on H-ZSM-5 at 643 K penta- and even
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Fig. 18 13C CP/MAS NMR spectra of n-butene(1-13C) on H-FER after successive heating
of the zeolite sample for 1 h at 523 K, 623 K, and 823 K (after [100]); asterisks denote spin-
ning side bands

hexamethylbenzenes adsorbed within the zeolite crystallite, whereas only
very low concentrations of pentamethylbenzene and no hexamethylbenzene
were found in the gas phase. Stepanov et al. [100] reported that polycyclic
aromatic coke species formed during n-butene isomerization on H-FER were
converted at higher temperatures to simple methyl-substituted aromatics, ex-
hibiting a signal centered at 128 ppm (Fig. 18), with methane and ethane
evolution. All these NMR results confirm the discrimination of carbonaceous
deposits into two types

(i) hydrogen-rich coke (10 ppm < δ < 40 ppm) is formed at low reaction
temperatures (T ≤ 550 K) and;

(ii) polyaromatic coke (δ ≈ 130 ppm) is built up at higher temperatures
(T ≥ 550 K).

While the NMR results clearly indicate that beyond a certain reaction tem-
perature the carbonaceous residues are mainly (poly)aromatic regardless of
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the type of zeolite and the reactant, the effect of the time on stream or the
amount of coke on the composition of the coke, i.e. the aging of coke, is con-
troversially discussed. For the conversion of acetone on H-ZSM-5, Novakova
et al. [86] found that the fraction of condensed aromatics is higher at low cok-
ing levels. On the other hand, spectra of coke taken at various times on stream
on an ultrastabilized H-Y (H-USY) indicate that the structure of the carbona-
ceous residues reaches a steady state within a very short time and does not
change subsequently [144].

The decrease of the H/C ratio with time on stream (vide supra, Sect. 2.1)
is mainly due to hydrogen transfer reactions from coke species to unsat-
urated intermediates. Bauer et al. [48] and Aguayo et al. [49] showed that
hydrogen transfer can also take place from hydrogen or light alkanes (used as
carrier gases) to carbonaceous deposits. For example, H-ZSM-5 samples de-
activated during the methanol conversion at 693 K were treated with propane
or n-hexane at the same reaction temperature. The 13C CP MAS NMR spec-
tra revealed that the nature of coke has changed into a more aromatic one by
this treatment (Fig. 19). Moreover, the alkane treatment resulted, via dealky-
lation of bulky coke species, in a partial reactivation of spent samples [48].
Similar results of catalyst rejuvenating were obtained by a hydrogen sweep-
ing treatment at 823 K on H-ZSM-5 deactivated by 6 wt % coke during ace-
tone transformation at 673 K [49]. The thermal treatment in a hydrogenating
medium avoided further dehydrogenation reactions of carbonaceous residues
indicated by a nearly constant H/C ratio throughout the sweeping. Helium

Fig. 19 13C CP MAS NMR spectra of coke formed upon methanol conversion at 693 K
on H-ZSM-5 (a) and after treatment of the spent zeolite with propane at 693 K (b)
(after [48]); asterisks denote spinning side bands
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was also efficient in decreasing the coke content but the remaining deposits
with an H/C ratio of about 0.7 yielded rapid deactivation after the sweeping.

During acetone conversion at 623 K on H-ZSM-5 and H-Y, the poorly re-
solved band with a maximum at 130 ppm is present on both zeolites and is even
broader on H-Y than on H-ZSM-5, which indicates the presence of more con-
densed coke components [86]. A peak at about 154 ppm is clearly separated
from that at 130 ppm on H-ZSM-5 and could correspond to olefins. Because
of the resistance of this peak to bromine vapor, the assignment to olefins is
less probable, and the signal at 154 ppm was considered to be characteristic
of phenolic compounds or aromatic ethers. The coke on H-Y exhibits a poorly
resolved signal at 140 ppm. This signal also appears in the case of coke on
H-ZSM-5 and could be assigned to polyacetylenes or oxygen-containing aro-
matic compounds. Moreover, in this case a signal at 180 ppm was assigned to
acetate-like complexes on non-skeletal Al species (vide supra, Sect. 2.3).

The use of the cross polarization technique enhances the sensitivity of
13C MAS NMR. It must be noted, however, that it makes quantitative an-
alysis more difficult. Meinhold and Bibby [87] showed that the amount of
carbon observed by NMR increased much more slowly than expected from
the buildup of coke. Whereas all the coke has been detected below a coke
content of 0.85 wt %, only one third of the coke was “NMR visible” for
the highest amount of coke (23.6 wt %). The loss of carbon signal intensity
could be due to probe detuning by the presence of organic free radicals, low
values of the transversal relaxation time of the proton and/or the forma-
tion of hydrogen-deficient regions. Measurements of samples with different
coke contents showed that as coking proceeded, the proportion of aromatic
methyl groups increased initially, followed by condensation to form poly-
cyclic aromatics with more ring junction carbons and fewer methyl groups.
The authors concluded that the formation of highly condensed, hydrogen-
deficient polycyclic aromatic hydrocarbons on the surface is the reason for
low 13C signal areas. At very high coke levels, caused mainly by the buildup of
“graphitic” coke on the external surface of zeolite crystallites, the samples be-
came partially conducting, resulting in an additional loss of signal intensity.

This result has been confirmed by Richardson and Haw [145], whose ex-
periments with butadiene on H-Y revealed that the 13C CP MAS NMR spectra
of coke residues can be analyzed quantitatively only at very low reaction
temperatures. At higher temperatures the aromatic carbon fraction is under-
estimated. Already at 423 K only 78% of the carbon is detected by NMR.

2.5.2
1H MAS NMR and 1H NMR Imaging

Despite the low range of chemical shift, δ, between 0 and 10 ppm, different hy-
droxyl groups in zeolites can be separated by 1H MAS NMR lines: (a) lines
between ca. 1.8 and 2.3 ppm are caused by non-acidic silanol groups at the
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outer surface of zeolite crystallites and at framework defects; (b) lines at 2.5
to 3.6 ppm represent OH groups associated with extra-framework aluminum
species; (c) peaks at 3.8 to 4.4 ppm are ascribed to Brønsted acid sites, known
to be of bridging SiOHAl type; (d) lines at 4.8 to 5.6 ppm are from acidic OH
groups under the influence of an additional electrostatic interaction, e.g., in
the case of formation of hydrogen bonds to neighboring oxygen atoms [146].

In addition to the number of Brønsted acid sites still active after coking,
1H MAS NMR spectra of spent samples provide information about the nature
of coke and the location of the carbonaceous deposits on coked zeolites (vide
infra, Sect. 3.3). Typically, proton magnetic resonance spectroscopy discrim-
inates among aliphatic, alkylaromatic, and aromatic protons (Table 6). Also,
high-resolution liquid 1H NMR has been successfully employed for chemical
analysis of hydrocarbon extracts from coked zeolites (vide infra, Sect. 2.9).

Compared to 13C MAS NMR there are only few studies using 1H NMR an-
alysis for the characterization of fresh and coked zeolites, maybe due to the
problems of remaining water as well as the overlap of signals from zeolitic
and carbonaceous protons [147–149]. In Fig. 20, peak (a) at 2 ppm corres-
ponds to non-acidic silanol groups, whereas peak (b) at 4.2 ppm is due to
the protons of Brønsted sites on dealuminated H-ZSM-5. Ernst et al. [147]
showed that the intensity of the peak at 4.2 ppm decreased after coking with
n-hexane. The broad signal (represented by a broken line) in the spectrum of
the coked sample is not affected by MAS and must be caused by the protons of
the coke or by the protons of acidic hydroxyl groups having a strong homonu-
clear dipolar interaction due to the weak mobility of carbonaceous residues.
Moreover, the authors deduced from the decreased intensity of the 27Al MAS
NMR peak that the carbonaceous deposits have poisoned the Brønsted acid
sites inside the zeolite crystallites.

Table 6 Assignment of 1H MAS NMR signals on zeolites and due to formation of carbona-
ceous deposits

Signal ∗ [ppm] Assignment

0.8–2.2 aliphatic protons
1.3–2.2 non-acidic Si – OH groups
2.2–2.8 alkylaromatic protons
2.6–3.6 OH groups attached to non-framework Al species

3.3–5.2 protons attached to C near O atoms
3.8–4.3 SiOHAl Brønsted acid sites
4.6–7.0 acidic OH groups with electrostatic interaction
6.5–8.5 aromatic protons

∗ referenced to TMS
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Fig. 20 1H MAS NMR spectra of a non-steamed H-ZSM-5 zeolite: (A) before coking; (B)
after coking (after [147]); asterisks denote spinning side bands

An excellent method to study molecular migration in zeolites is the pulsed
field gradient 1H NMR (PFG NMR) technique [150]. The signal intensity is
expected to follow the equation

ln(I/I0) = – γ 2G2δ2D/(∆ – δ/3) , (7)

where I is the observed intensity, I0 is the intensity in the absence of gra-
dient pulses, γ is the gyromagnetic ratio of hydrogen, G is the applied field
gradient amplitude, δ is the length of the gradient pulses, ∆ is the interval
between the gradient pulses, and D is the diffusivity. Due to the presence
of both inter- and intracrystalline diffusion, it is necessary to analyze the
experimental data assuming two distinct diffusion components. Kärger and
co-workers [151–154] measured the intracrystalline self-diffusion coefficient
Di and the effective diffusion coefficient Dd of methane in H-ZSM-5 before
and after coking with n-hexane (at 773 K) or mesitylene (at 803 K). Whereas
in the initial reaction period Di and Dd decreased in parallel, at longer re-
action times the intracrystalline self-diffusion coefficient ceased to decrease
and remained nearly constant. In this case, the molecular passage through
the crystallites was reduced in addition to intracrystalline mass transport by
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a surface diffusion barrier which has been taken as proof of external coke de-
posits. For coking with mesitylene, such deposits on the outer crystal surface
were present from the very beginning of the reaction.

Self-diffusion measurement using PFG NMR has the advantage that the
measurement is performed under equilibrium conditions and that the in-
tracrystalline diffusivity can normally be obtained. However, PFG NMR re-
sults for methane on deactivated H-USY [155] showed that interparticle
effects had the major influence on the measured diffusivity as the mean dis-
placement during the measurement was larger than the crystallite size of the
sample (0.5–1 µm), which meant that an average of inter- and intraparticle
effects was observed. For highly spent samples with more than 10 wt % coke,
most of the methane is in the interparticle region, thus a fast diffusion com-
ponent was observed. The intracrystalline diffusivity of methane was found
to be in the range of 0.9–2.0×10–7 m2/s for the coked samples compared
with 8.5×10–7 m2/s for fresh H-USY. This is still a rapid diffusion of methane
through the zeolite loaded with carbonaceous residues. Hence, n-butane as
a larger adsorbate was used as a probe molecule (Fig. 21). Even on the fresh
zeolite, both inter- and intraparticle effects are apparent. The curves could
in principle be affected by coke deposition within the pore channels, car-
bonaceous residues at the crystallite surface as well as coke formation in the
interparticle space. The fast interparticle diffusion component was found to
be 1×10–8 m2/s for the fresh and spent catalysts. The slower intracrystalline

Fig. 21 PFG NMR intensity results for adsorbed n-butane after different time on stream
in ethylene conversion at 773 K on H-USY (after [155])
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diffusivity decreased by one order of magnitude (from 23.0×10–10 m2/s to
2.0×10–10 m2/s at a coke content of about 13 wt % after 60 min on stream).
Nevertheless, diffusion of methane and n-butane is rapid in this spent H-USY
sample, and fairly homogeneous coking throughout the internal pore struc-
ture can be assumed. At about 18 wt % coke, the diffusivity of n-butane
became very slow (< 8×10–12 m2/s) indicating that pore blockage was now
significant.

1H magnetic resonance imaging (MRI) has been successfully applied to vi-
sualize internal structures and to monitor dynamic processes in a wide range
of medical systems. Coke deposits can be made visible by MRI in two differ-
ent ways. In the direct way, the small amount of hydrogen present in the coke
species might be detected in a dehydrated sample. However, short spin-spin
relaxation times and low spin density of hydrogen within the carbonaceous
residues are major obstacles to the direct visualization of coke species [156].
In the indirect way, the dehydrated zeolite is preloaded with a hydrogen-
containing adsorbate, e.g., hydrocarbons or water. By taking advantage of the
difference in the relaxation times of the adsorbed molecules as well as the
different adsorption affinities of fresh and coked zeolite surfaces, the dis-
tribution of coke within a zeolite pellet (Fig. 22) and catalyst bed can been
obtained [157–159]. A spatial resolution less than 1 mm is an important ar-
gument for the assessment of MRI as a non-destructive method for axial and
radial concentration profiling at both the milli- and micrometer scale. Fur-
thermore, due to the spectrometric background it is even possible to trace
different signals, e.g., aliphatic or aromatic hydrogen, and to visualize differ-
ent coke species. From the industrial point of view, the potential of MRI can
be applied to optimize the effectiveness factor of different shapes of catalyst
pellets.

For reason of completeness, positron emission tomography (PET) using
11C-labeled compounds has been applied to adsorption studies and axial

Fig. 22 2D image of a 2.5 wt % coked H-Y pellet (12×6 mm; darker zones correspond to
the more coked regions) (after [158])
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concentration profiling within chemical reactors [160]. In principal, PET
is capable of generating in-situ 3D images of carbonaceous deposits with
a resolution of about 3 mm. However this method is relatively expensive, be-
cause a cyclotron is required to generate the short-lived isotope 11C (t1/2 =
20.4 min) (cf. also Volume 7, Chapter 7 of the present series). The use of such
short-lived isotopes limits applications to rapid processes, whereas deactiva-
tion due to coke deposition is generally slow.

2.5.3
27Al MAS NMR and 29Si MAS NMR

27Al (spin 5/2, natural abundance 100%) and 29Si (spin 1/2, natural abun-
dance 4.7%) belong to the zeolite framework-building atoms. Both nuclei can
be used to determine the effect of coking on the zeolite lattice. 17O (spin 5/2),
which is intimately involved in adsorption and catalysis, has the drawbacks of
low natural abundance of 0.037% and strong anisotropic line broadening due
to quadrupole interactions. Therefore, relatively few 17O NMR studies have
been performed on zeolites [109, 161–163].

Framework Al species (AlF) in tetrahedral environments are character-
ized by a signal at about 60 ppm (referenced to Al(NO3)3 solution). Filling
the channels with carbonaceous deposits shifted the 27Al signal up-field, in-
creased the width of the signal and decreased the signal intensity [164, 165].
These modifications are probably due to the effect of an increase in the elec-
tric field gradient, which induces quadrupolar shifts and an increase in the
transversal relaxation time. For example, H-ZSM-5 loaded with 23.6 wt %

Fig. 23 27Al MAS NMR spectrum of H-ZSM-5 with 23.6 wt % coke (after [165])



296 F. Bauer · H.G. Karge

coke formed during the MTG process revealed a splitting of the peak into
components at 48 ppm and 38 ppm (Fig. 23). Rehydration of the sample
yielded a symmetric peak at 50 ppm.

27Al MAS NMR is particularly suitable for the elucidation of the role of
extra- or non-framework Al species (AlNF) in the formation of coke. Echevskii
et al. [166] demonstrated that most of the AlNF species in an octahedral en-
vironment, indicated by a signal at 0 ppm, are not involved in the formation
of coke. The authors found no direct relationship between the AlNF/AlF ratio
and the deactivation rate in the methanol conversion on H-ZSM-5. Contrary
to this result, Bonardet et al. [167] observed changes of intensity of the signal
at 0 ppm depending on the degree of coking or partial regeneration of a dea-
luminated H-ZSM-5 coked during acetone conversion. Hence, they concluded
that the extra-framework species are involved in the formation of coke.

Besides the 27Al MAS NMR signals of Al in an octahedral and a tetrahedral
environment at 0 and 60 ppm, respectively, the 27Al NMR spectrum of a dea-
luminated H-Y sample coked by n-hexane cracking showed a third signal at
30 ppm [167]. Its relative intensity increased with the coke content. Because
the 30 ppm signal has been attributed to Al species of a strongly deformed lat-

Fig. 24 Broadening of 29Si MAS NMR signals with increasing time on stream (in s) during
conversion of n-hexene on H-USY zeolite. Spectra are not magnified (after [144])
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tice it can be assumed that coke formation causes the displacement of some
lattice Al atoms [168].

The amount and structure of an adsorbate have been found to affect the
29Si MAS NMR spectra of zeolites [169]. Analogously, carbonaceous deposits
influence the electron distribution around framework silicon atoms in some
fashion. The peak broadening observed in the 29Si MAS NMR spectra (see
Fig. 24) is interpreted as being due to the presence of free radicals in the coke,
a redistribution of initially highly localized coke [144] and, at coke contents
higher than 16 wt %, to a slight distortion of the zeolite channels [165] as
a result of the formation of more rigid coke molecules.

Meinhold and Bibby [165] demonstrated that 29Si CP MAS NMR allows the
in-situ measurement of the hydrogen content of coke and the H/C ratio on
H-ZSM-5. For this purpose an empirical relationship between the intensity
of the 29Si NMR signal and the hydrogen concentration of adsorbed ben-
zene was set up [164]. Under the assumption that this relationship holds for
coke and the cross-polarization signal of silanol groups is weak, the number
of protons per unit cell provided by the coke is equivalent to the number of
29Si/u.c. obtained by 29Si CP MAS NMR and increases linearly with the coke
content up to at least 9.6 wt %. From the level of coke, which corresponds to
carbon atoms/u.c., and from the 29Si signal, which implies the protons/u.c.,
the H/C ratio of the sample can be calculated. H-ZSM-5 samples of 0.85 wt %
and 9.6 wt % coke gave H/C ratios of 0.9 and 0.5, respectively, consistent with
ratios found by chemical analysis. For a highly coked sample (23.6 wt %) the
total number of cross-polarizing protons is considerably reduced, giving an
H/C ratio of 0.1, indicating a large “graphitic” component on the zeolite sur-
face. In fact, it should be taken into account that the reliability of quantitative
measurements by cross-polarization techniques is questionable.

Ernst and Pfeifer [170] have shown for slightly dealuminated H-ZSM-5 that
n-hexane cracking does not modify the 29Si MAS NMR spectra, whereas the
intensity of the 27Al signal of the lattice aluminum (δAlF = 60 ppm) decreases
when the amount of coke increases. The carbonaceous deposits reduce the
number of NMR-visible framework Al atoms, which is probably due to the
effect of an increase in the electric field gradient and/or due to some pertur-
bation of the tetrahedral symmetry of the Al atoms.

2.5.4
31P MAS NMR and 129Xe NMR

The sensitivity of 31P (spin 1/2, natural abundance 100%) is much greater
than that of 13C, and the 31P nucleus has a large chemical shift range be-
ing suitable for the detection of subtle varieties of the chemical environment.
For 129Xe NMR studies, an enrichment of 129Xe (spin 1/2, natural abundance
26.44%) is required.
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Methods for the characterization and quantification of acid sites in zeolites
involve the loading of a basic probe molecule, such as ammonia and pyridine,
followed by spectroscopic detection and/or by temperature-programmed de-
sorption (cf. Volumes 4 and 6 of this series). Similar investigations using
solid-state 13C and 15N NMR methods have been applied to the study of solid
acids [171]. However, these studies are hampered by low sensitivity and/or
limited chemical shift ranges. The use of phosphorus-containing bases in
conjunction with solid-state 31P MAS NMR [172–175] overcomes the experi-
mental limitations associated with 13C and 15N studies.

Comparable in basicity to ammonia, trimethylphosphine (TMP) having
an effective diameter of 0.55 nm is sufficiently small to fit into the pores or
channel apertures of several zeolites, including ZSM-5. Being an effective
probe molecule for unambiguously identifying both Brønsted and Lewis acid
sites [172], TMP is a highly flammable air-sensitive liquid at room tempera-
ture and requires great care in handling. The use of solid trialkylphosphine
oxides [173, 174] offers the advantage of being not susceptible to oxidation,
while their basicity is of the same order of magnitude as that of TMP. Similar
to TMP, adsorbed trialkylphosphine oxides are capable of identifying differ-
ent strengths of acid sites on zeolites [175, 176].

Recently, Zhao et al. [177, 178] proposed a method for qualitative and
quantitative characterization of internal and external acid sites in solid acid
catalysts using 31P MAS NMR of adsorbed trimethylphosphine oxide (TMPO)
and tributylphosphine oxide (TBPO) probe molecules. The size of TMPO (ki-
netic diameter of about 0.55 nm) is in the range of the pore aperture of zeolite
ZSM-5; therefore it can diffuse into the intracrystalline channels, thus allow-
ing the simultaneous detection of both the internal and external acid sites. On
the other hand, TBPO (ca. 0.82 nm) is too large to penetrate into the channels
and hence can merely detect acid sites located on the external surface of the
zeolite crystallites. Thus, by combining the 31P NMR results obtained from
these two different molecules together with elemental analysis data, detailed
information of acid sites (namely nature, location, strength and concentra-
tion) present in the sample can be obtained.

To improve the selectivity in hydrocarbon processing over zeolite catalysts
normally requires the inactivation of nonselective external active sites [179].
Surface modifications by chemical vapor/liquid deposition of organosilicon
compounds or the pre-coking treatment are the most common and effect-
ive ways to passivate acid sites present on the external surface of zeolite
crystallites (vide infra, Sect. 3.5). 31P MAS NMR spectra obtained from the
parent H-ZSM-5 and modified samples after loading with TBPO are shown in
Fig. 25. The dashed curves represent results of simulation by Gaussian decon-
volution method. Three characteristic resonance peaks at 90, 72 and 55 ppm
were observed which strictly represent adsorption sites located on the exter-
nal surface. Whereas the peak at 55 ppm can be unambiguously assigned to
physisorbed TBPO, the other peaks observed at lower field are ascribed to
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Fig. 25 31P MAS NMR spectra of TBPO adsorbed on (a) parent H-ZSM-5, (b) pre-coked
and (c) silylated samples (after [181]); asterisks denote spinning sidebands

complexes between TBPO and Brønsted acid sites. A higher observed chem-
ical shift would represent acid sites with the higher acidic strength, i.e., only
two types of acid sites (90 and 72 ppm) can be identified on the external sur-
face of H-ZSM-5 by 31P MAS NMR spectroscopy. In comparison, at least four
different acid sites (85, 77, 66 and 56 ppm) have been identified by adsorbed
TMPO [175, 180].

The spectra of TBPO adsorbed on parent H-ZSM-5 and modified samples
reveal a significant decrease in the amount of strongest acid sites, i.e. of the
resonance peak at 90 ppm, after pre-coking treatment. The integrated area
(which reflects acid site concentration) of the strong acid sites decreases from
26% for the parent H-ZSM-5 to 3% for the pre-coked sample, whereas only
marginal reduction to 21% was found for the sample treated with organosi-
lanes. This implies that the majority of carbonaceous residues are selectively
deposited at the strongest acid sites located on the external surface of the zeo-
lite, while chemical liquid deposition of hydrolyzed TEOS is less effective in
inactivating the external acidity [181].

The technique of 129Xe NMR of xenon adsorbed in zeolites, developed by
Fraissard and Ito [182, 183] (cf. J.-L. Bonardet, A. Gedeon, M.-A. Springuel-
Huet, 2005, in this Volume, Chapter 4), has been successfully employed to
gain insight into the free intra-crystalline volume of coked zeolites. Unlike
other techniques, 129Xe NMR can be used to probe the local environments in-
side porous materials and thereby define the location of coke [31, 184–189].
This indispensable information is obtained by the variation of the 129Xe
chemical shift, δ, as a function of the xenon atoms adsorbed. The ob-
served 129Xe NMR chemical shift, δ(ρ), of adsorbed xenon can be expressed
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by [175, 190]:

δ(ρ) = δo + δs(ρ = 0) + σXeρ , (8)

where δo = 0 is the chemical shift reference and ρ represents the xenon load-
ing density. The term δs(ρ = 0) is the chemical shift at zero Xe loading and can
be divided into the sum of two contributions: namely Xe-wall and Xe-guest
interactions. The value of δs(ρ = 0) for each sample can readily be obtained by
extrapolating the chemical shift curve to ρ = 0 (i.e. the vertical axis). The last
term, which is proportional to ρ, arises from the chemical shift contribution
due to Xe – Xe interactions. The slope of the δs(ρ) vs. ρ therefore yields σXe,
which is inversely proportional to the effective free volume of the sample, that
is:

V/Vo = (σXe)parent/(σXe)coked , (9)

where V and Vo are the internal free volumes of the modified and the parent
samples, respectively. Hence, the inspection of the δ(ρ) curve gives two pa-
rameters: (i) δs, the chemical shift extrapolated to zero coverage, which can
be interpreted in terms of a mean free path of xenon molecules characteriz-
ing the size of the zeolitic cavities and/or channels; and (ii) the slope, dδ/dρ,
which is inversely proportional to the free volume of intra-crystalline cavities
accessible to the xenon atoms. Furthermore, the mean-free-path (∆, in nm) of
Xe adsorbed in intra-crystalline channels of zeolites can be estimated by the

Fig. 26 129Xe NMR chemical shift as a function of sorbed xenon atoms (after [185])
•, fresh H-ZSM-5 catalyst; �, coked in nitrogen (7 wt % coke); �, coked in hydrogen
(14 wt % coke)
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empirical equation [190]:

δ(ρ) = 243× [2.054/(2.054 + ∆)] . (10)

For example, Barrage et al. [185] showed for H-ZSM-5 samples coked in
methanol conversion at 670 K under the carrier gases nitrogen (7 wt % coke)
or hydrogen (14 wt % coke) that the δ(ρ) curves are rectilinear and parallel,
whereas for the initial sample this plot presents a break (Fig. 26), generally
attributed to the possibility of multiple collisions between xenon atoms at
the channel intersections. From the observation that the break is absent after
coking, the authors concluded that the carbonaceous deposits are probably
located near the channel intersections. A minimum of the δ(ρ) plot at low
xenon loading, which was found for an initial H-Y sample, has been explained
by strong adsorption sites, e.g., extra-framework aluminum species [184].

On the other hand, the nearly identical values of the slopes dδ/dρ for sam-
ples with quite different amounts of coke (Fig. 26) imply that the internal
microporous volume is the same. This was confirmed by the evolution of the
adsorption isotherms which were identical at higher xenon pressure. How-
ever, the slopes were greater than that of the initial sample by a factor of 1.35
which corresponds to a 27% loss of internal volume. This decrease of void
volume was independent of the coke content of the samples. The authors de-
duced from this that, when there is more than 7 wt % coke, the coke is mainly
deposited on the outside of the ZSM-5 crystallites.

The 129Xe data were used for a very precise estimation of coke locations.
Tsiao et al. [186] claimed for H-ZSM-5 that the deposition of coke occurs
mainly in the channels or at intersections blocking a large part of the inter-
nal volume even at low coking levels, whereas surface coking still permits
access to most of the internal volume. Liu et al. [188] and Pradhan et al. [191]
investigated the formation of coke during disproportionation of ethylben-
zene and n-propylbenzene on H-ZSM-5 and H-USY and concluded that the
coke on H-ZSM-5 tends to be deposited at the midchannel position instead of
channel intersections. For zeolite USY, the broadening of the 129Xe line and
the increase in the chemical shift of the coked samples vs. uncoked parent
USY indicate the presence of coke within the USY supercage. Moreover, the
broadening of the 129Xe line with increasing temperature was attributed to
a rearrangement of coke. Such an assumption of redistribution of coke on the
catalyst surface was supported by 29Si NMR results which also show an effect
of reaction time on line shape [144].

2.6
Electron Spin Resonance Spectroscopy

Upon coke formation, radicals are generated on the surface of zeolites. The
transformation of intermediates into radicals occurs through an electron
transfer to (or from) the zeolite or a hydrogen abstraction at suitable acceptor
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sites such as aluminum atoms at framework distortions or extra-framework
aluminum. As a consequence of this radical formation, electron spin reson-
ance spectroscopy allows us to draw conclusions on the structure of adsorbed
hydrocarbon molecules and carbonaceous residues. Experimental setups are
described for static ESR cells of fused silica [192] and for in-situ measure-
ments [193, 194].

The adsorption of ethylene or propylene on H-mordenite at ambient tem-
perature gives rise to the appearance of an ESR spectrum with a well-resolved
15-line signal with a hyperfine splitting constant of a = 0.8 mT and a g-value
of 2.0028 [195–197]. The multiplicity of lines proved that the olefins must
have oligomerized even at 195 K [198]. In similar experiments by Lange
et al. [192] the multi-line signal of oligomeric radicals was well reproduced
(Fig. 27). The obtained spectrum can be attributed to a mixture of var-
iously substituted olefinic or allylic intermediates, e.g., [> C ... C <]•+ or
[> C ... C ... C <]•+, resulting in an overlap of several spectra characterized
by a = 1.6 mT. Upon heating a decrease in hyperfine splitting was observed.
Under static conditions but with renewed ethylene atmosphere prior to each
heating step, a spectrum developed with seven hyperfine lines (a = 1.6 mT)
and a g-value of 2.0025 at reaction temperatures between 350 K and 450 K.

When temperatures higher than 500 K were reached, the hyperfine struc-
ture vanished completely and the signals collapsed into a single line with
a g-value close to that of free electrons, indicating species with a highly de-
localized π-electron system. The spin concentration of these coke residues

Fig. 27 ESR spectra recorded after coke formation via reaction of ethylene over
H-MOR under an atmosphere of 20 kPa ethylene, renewed after each heating step;
a low-temperature coke; b high-temperature coke; note: different settings for the sensi-
tivity of detection and the scale of the magnetic field (after [192])
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steeply increased with temperature combined with a sharpening of the struc-
tureless signal.

For carbonaceous deposits on zeolites it is reasonable to assume that

(i) multiple line ESR spectra and broad signals with linewidth ∆H ≥ 0.8 mT
which appear from oligomeric olefinic/allylic and hydrogen-rich coke-
type I species, formed at reaction temperatures below 550 K, whereas

(ii) a narrow single line spectrum (∆H ≤ 0.5 mT, g = 2.002) is due to highly
condensed aromatics (coke-type II) formed at temperatures above 550 K.

The suggested discrimination between types of coke by the ESR linewidth
is supported by studies with coals and chars, where a linear correlation be-
tween linewidth and hydrogen content due to unresolved electron-proton hy-
perfine interactions has been found [199]. For highly coked samples it cannot
be excluded that the main part of the high-temperature coke has a multilayer
graphite-like structure which would be indicated by very broad lines due to
interaction with conduction electrons.

Even though only a small fraction of the carbon atoms of the coke deposits
correspond to radicals (about 0.1 to 1%; cf. Table 7) and the composition of
the deposits is likely to be heterogeneous, the ESR results can be regarded as
representative of the formation of carbonaceous residues on the zeolite cata-
lyst. A close correlation was found between the concentration of radicals of
high-temperature coke (determined via ESR) and the total amount of coke
formed on hydrogen mordenite at 573 K (determined via TGA) [192].

As demonstrated by Karge et al. [194], the number of radicals typical
of coke-type I decreased with a decreasing number of acid sites. The ef-
fect of the zeolite acidity (Lewis and Brønsted type, number and strength
of the acidic sites) on the formation of coke-type II is much more com-
plex. Thus, for instance, Bauer [200] studied the conversion of methanol

Table 7 Characterization of carbonaceous deposits on several H-ZSM-5 samples coked
during methanol conversion at 693 K and 1.5 gmethanol/(gcat h) (adapted from [200])

Zeolite samples H-ZSM-5(A) H-ZSM-5(B) H-ZSM-5(C) H-ZSM-5(D)

Si/Al ratio 56 56 80 120

Time on stream [h] 267 433 60 55
Acid site density [µg NH3/m2] 2.0 2.7 3.6 3.3
Strong acid sites [% TPD area] 68 74 54 59
Coke content [wt%] 5.0 16.3 4.6 4.5
H/C ratio of coke 0.50 0.59 0.91 1.4

Spin/gcatalyst ×1018 1.8 8.1 1.0 1.1
C atoms/spin 1400 1000 2500 1700
Linewidth [mT] 0.41 0.29 0.74 0.53
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at 693 K on several H-ZSM-5 samples prepared with γ -Al2O3 as a binder
(Table 7). At reaction temperatures of about 650 K the preferential occurrence
of coke-type II was expected. The H/C ratios of the carbonaceous deposits
on the samples H-ZSM-5(C) and H-ZSM-5(D) indicated, however, substantial
amounts of non-aromatic coke species. Moreover, the samples H-ZSM-5(A)
and H-ZSM-5(B), both having according to NH3-TPD a lower total amount
of acid centers, but more acid sites with higher strength than H-ZSM-5(C)
and H-ZSM-5(D), showed higher spin densities and sharper ESR signals. This
means that at temperatures of about 600 K first the strength of acid sites, and
secondly the Si/Al ratio, determine whether the reaction temperature is high
enough to generate coke-type II. The author concluded that the higher num-
ber of strong acid sites of the former samples would facilitate dealkylation
and cracking of coke precursors resulting in a weaker propensity to deactiva-
tion. This feature also explains that highly condensed aromatic coke remains
on H-ZSM-5(A) and H-ZSM-5(B).

Similar studies of coke formation on H-ZSM-5 zeolite catalysts for
methanol conversion at 653–693 K were done by Echevskii et al. [201]. The
lifetime of catalysts until the appearance of 3% methanol in the products
strongly depended on the Si/Al ratio. Samples with low Si/Al ratios (15–25)
survived only short times on stream (24–100 h). The carbonaceous de-
posits were characterized by broad signals (∆H = 1.0 mT). For zeolites with
Si/Al = 30–100, which were on stream for 130–260 h, linewidths from 1.05
to 0.85 mT were observed. Narrow signals (∆H = 0.5 mT) and lifetimes up to
460 h were found for samples with Si/Al ratios greater than 100. These results

Fig. 28 Width of the high-temperature coke signal in ESR spectra as a function of time on
stream, during reaction of ethylene over H-MOR at various temperatures (after [194])
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suggest that, when the density of active sites is high, a fast condensation of
coke precursors takes place. At lower site densities coke species cannot con-
dense into polyaromatic structures, and the observed narrow ESR signals on
high-silica zeolites can be ascribed largely to polycondensed deposits on the
outer surface of the crystallites. The authors conclude that zeolite deactiva-
tion by coke deposits can be decelerated either by an increase in the external
surface area or by a decrease in the number of framework Al atoms on the
external surface of the crystals.

During the reaction of ethylene on H-MOR at higher reaction tempera-
tures, Karge et al. [194] observed that the linewidth first increased to a max-
imum of about 1.3 mT with time on stream, but was reduced at longer times
on stream (Fig. 28). During the entire process the g value of the line remained
at 2.0024. Similar results were observed by Meinhold and Bibby [87] for the
conversion of methanol on H-ZSM-5. The linewidth reached a maximum of
about 0.95 mT at 3 wt % coke on the zeolite and decreased to a value of about
0.1 mT in a sample with 23.6 wt % coke. Moreover, a correlation between sig-
nal linewidth, ∆H, and percentage hydrogen in carbonaceous residues on
zeolites has been established, i.e., the smaller the line the more deficient
in hydrogen is the coke [199]. Related ESR studies of coke formation on
H-ZSM-5 during methanol conversion at 693 K are shown in Fig. 29 [202].
Structureless signals with small linewidths of about 0.22 mT and 0.37 mT
were obtained for the heavily (21.5 wt %) and weakly (0.5 wt %) coked sam-
ple, respectively. Although both spectra show the presence of polyaromatic
carbonaceous residues, i.e., ∆H ≤ 0.5 mT, the spectral linewidth of the weakly

Fig. 29 ESR spectra of weakly and heavily coked H-ZSM-5 after methanol conversion at
693 K. Insert: scale down of spectrum showing the overall lineshape (after [203])
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coked sample is broader indicating a higher hydrogen content and/or small
aromatic areas. For a coke content of 21.5 wt %, it cannot be excluded that
the main part of the coke has a multilayer graphite-like structure which is
indicated by a very broad line of about 150 mT due to interaction with con-
duction electrons. The g-values of both ESR signals are the same (2.0026).
The significant narrowing of the signal with time on stream or coke con-
tent may indicate that the so-called aging of coke during the reaction period
corresponds to a change in the composition of carbonaceous deposits in the
direction to more aromatic compounds.

Similar to the problem of “ NMR visible” carbon atoms in cross-polariza-
tion MAS NMR experiments, ESR studies may suffer from the fact that only
a small fraction of the carbon atoms of the coke residues yields radicals.
The radical density of coke formed at higher temperatures corresponds ap-
proximately to one radical per 500–10 000 carbon atoms. Karge et al. [194]
observed, however, a close (linear) correlation between the concentration of
radicals of high-temperature coke and the total amount of coke formed on
H-MOR at 573 K (determined via TGA). Therefore, the ESR results were re-
garded as representative of the formation of carbonaceous residues on zeolite
catalysts.

Furthermore, ESR investigations allow some insight into the nature of
paramagnetic centers of zeolites formed by impurities of Fe, Ti, V and Zr. Be-
cause commercial zeolite samples contain iron impurities up to the 100 ppm
range their role in coke formation needs elucidation. Lange et al. [192] ob-
served two lines of iron cations on H-MOR, a sharp one with a g-value of 4.34
and a broad one with g = 2.05. They were ascribed to tetrahedrally and octa-
hedrally coordinated Fe3+ ions, respectively. While at lower temperature both
lines remained unchanged after adsorption of ethylene, at reaction tempera-
tures above 500 K both iron lines vanished. Simultaneously a broad line with
approximately g = 3.0 appeared which could be attributed to amorphous iron
oxide. The authors concluded that the paramagnetic centers of H-MOR do not
react with olefins and are not responsible for the formation of coke radicals.

2.7
Electron Microscopy and Electron Spectroscopy

Advanced microscopic techniques such as transmission and scanning trans-
mission electron microscopy (TEM, STEM), electron and core electron en-
ergy loss spectroscopy (EELS, CEELS), X-ray photoelectron spectroscopy
(XPS) and Auger electron spectroscopy (AES) have been applied in catalyst
characterization. The spatial resolution of the analysis can be as small as
1 nm2, i.e., it is possible to detect the location of coke. The benefits of these
sophisticated techniques for surface science are obvious, but some complica-
tions may question their suitability for the characterization of carbonaceous
deposits. The use of an ultra-high vacuum may result in a migration of some
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coke species from the interior catalyst pore system to the external surface.
Electron beam damage may appear and the assignments of signals might be
erroneous because of severe conductivity problems or the presence of car-
bon contamination in the spectrometer [204]. For example, the disturbance of
XPS spectra of coked zeolite caused by charging effects depends on the degree
and topology of the surface coverage with coke. Nevertheless, photoelectron
spectroscopy is a promising and attractive method for coking studies. Par-
ticularly modern spectrometer devices are equipped with several of these
techniques and permit essentially in-situ measurements by the combination
with a reaction chamber [205].

Applying TEM, Gallezot et al. [206] were able to show that external coke
deposits formed upon n-hexane cracking over H-OFF (13 wt % coke) and
H-ZSM-5 (7 wt % coke) are like a shell or cocoon which is sufficiently rigid
to stand even if the zeolite crystallite has been dissolved by hydrofluoric acid
treatment [207]. Carbonaceous residues on H-USY (16 wt % coke) exhibit
a more heterogeneous morphology. Even filaments of coke species, about
1–2 nm thick, were observed suggesting that some coke is produced inside
the zeolite micropores and then emerges from the zeolite like an extrudate.
Further examinations with TEM by Behrsing et al. [208] revealed that coke on
the external surface of H-ZSM-5 crystals became noticeable at about 6 wt %
coke. At contents of more than 10 wt %, coke was present as a continuous
layer thicker than 10 nm on the zeolite crystallites. One of the samples with
21 wt % coke was still active in the methanol conversion showing that the
carbonaceous deposits on the external surface might be transmittant for the
passage of reactants to and from the channels. TEM images of H-FER ob-
tained after 1-butene skeletal isomerization [15] showed for a sample contain-
ing about 9 wt % coke that the surface of the FER crystallites was covered by
a layer of amorphous material. Due to XPS data was this probably amorphous
coke [209].

Surface analysis by XPS is limited to the first few atomic layers and predis-
posed both to elucidate surface framework dealumination and to distinguish
between carbonaceous deposition in the interior pore system and on the ex-
ternal surface of the zeolite crystallites (vide infra, Sect. 3.3). Peaks at 285 eV
(C 1s), 530 eV (O 1s), 153 or 103 eV (Si 2s/2p), and 120 or 75 eV (Al 2s/2p)
can be taken to represent the coke and the surface of zeolitic crystallites. Sex-
ton et al. [210] determined the C/Si ratio as a function of the coke content
of H-ZSM-5. This ratio increases linearly at a low rate with the coke con-
tent up to 8 wt % coke, and above about 15 wt % coke exponentially. Since
methanol conversion into hydrocarbons ceased at the latter coke content, the
authors suggested that the external coke was probably formed by the ther-
mal cracking of methanol. The C 1s binding energy obtained from samples
with high external coke content was 284.3 eV, whereas that from low-coke
samples with predominantly internal coke was 284.5 to 284.7 eV. Although
there is little variation in the C 1s binding energy levels of paraffinic and
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aromatic hydrocarbons, the authors concluded that this systematic difference
provides some support for an overall chemical difference between internal
and external coke. Mooiweer et al. [211] investigated n-butene isomeriza-
tion on the medium-pore zeolite FER. XPS and TEM studies indicated that
up to a carbon level of about 7.5 wt % the majority of the carbonaceous
residue is located in the pores. At higher carbon levels surface coking be-
comes dominant.

XPS spectra of spent H-ZSM-5 samples showed reduced peak areas com-
pared to the corresponding ones of fresh catalysts but still exhibited Si and Al
signals (Schlögl R, 1991, personal communication). While the Si intensity of
H-Y in CEELS measurements was only a little affected by coking, the decrease
in the Al intensity has been attributed to coke deposits preferentially on Al
sites and to electronic interactions of these mainly aromatic carbon species
with the Al ions [212]. This assignment of coke to Al sites due to CEELS re-
sults in a contradiction to XPS studies of partially coked H-ZSM-5 catalysts
in which a decrease of the Si(2s) and O(1s) binding energies by 1.0 eV was
found to be due to electron charge transfer from the coke to the framework
atoms [213]. The latter results suggested that the coke was deposited on SiO4
tetrahedra. Since the depth of observation of both techniques is, however, re-
stricted to a few monolayers, the coverage of the external surface of the zeolite
grains with a thick homogeneous layer of coke would result in a complete sup-
pression of the Si, Al, and O signals. Therefore, one has to conclude that the
external zeolite surface was not completely covered by a homogeneous coke
layer; rather a topologically heterogeneous coverage is suggested.

Fig. 30 Carbon Auger spectrum of an H-ZSM-5 catalyst after coking in an ethylene stream
at 475 K (after Schlögl, personal communication)
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The carbon AES spectrum of a coked H-ZSM-5 sample is shown in Fig. 30.
The spectrum exhibits two broad peaks, viz. at 995 eV and around 1010 eV.
The former peak is ascribable to highly aromatic carbonaceous deposits. The
high energy peak around 1010 eV is indicative of deposits richer in hydrogen
and aliphatic or olefinic in nature.

In qualitative agreement with the spectroscopic results described above,
surface analysis of coked zeolites by CEELS, XPS, and AES shows the appear-
ance of both

(i) paraffinic or olefinic, hydrogen-rich coke-type I (with lower C binding
energies) and

(ii) carbon residues with dominating aromatic species and higher C binding
energies but still non-graphite species (corresponding to coke-type II).

Electron microscopy and spectroscopy will certainly allow for further valu-
able and very detailed in-situ investigations of the nature of coke and the
mechanism of its formation.

2.8
X-Ray Diffraction

The molecular and crystalline structure of zeolites has been elucidated with
single-crystal and powder diffractometry (cf. Volume 1, Chapter 1 of this se-
ries). For example, zeolite ZSM-5 is classified as orthorhombic with several
variations in structural parameters according to the Si/Al ratio. A change in
framework symmetry between orthorhombic and monoclinic depends on the
temperature and is reversible. It has further been shown that the adsorption
of bulky molecules results in changes in the diffraction pattern [214]. There-
fore, XRD should be capable of detecting coke deposited inside the zeolitic
crystallite.

The presence of internal coke has been demonstrated by Bibby et al. [215]
from diffraction patterns of H-ZSM-5 coked during the conversion of
methanol. Changes in the relative positions and intensities of the peaks in

Table 8 Displacement of XRD lines of H-ZSM-5 in the region of 2Θ = 23◦–24◦ due to coke
deposition (from [200])

H-ZSM-5 Observed 2Θ [◦]

Fresh sample 23.10 23.76 23.94 24.40
Sample with 7.4 wt % coke 23.06 23.59 23.84 24.29

(H/C ratio = 0.80)
Sample with 13.4 wt % coke 23.10 23.63 23.88 24.31
(H/C ratio = 0.67)
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the XRD spectra of the coked samples were found and attributed to a dis-
tortion of the ZSM-5 structure. These findings agree with the observations
of Bauer et al. [106, 200]. The diffraction patterns of H-ZSM-5 after coking
by methanol showed peak shifts in the region of 2Θ = 23◦ and 2Θ = 24◦.
The poorly resolved doublet at 2Θ = 23.1◦ and 23.3◦ of the fresh sample van-
ished with coking. Table 8 reveals the considerable displacement of the line
2Θ = 23.76◦ to smaller angles and shows how coke causes lattice distortions
in the zeolite.

Supported by structural calculations, Alvarez et al. [216] showed that
a phase change was caused by the deposition of carbonaceous materials
within the zeolitic pores, and the crystalline structure of coked ZSM-5 be-
came tetragonal. In Fig. 31 obvious changes in the diffraction pattern can be
seen in the region between 2Θ = 23◦ and 2Θ = 24◦. The doublet correspond-
ing to the lines 2Θ = 23.08◦ and 23.32◦ appears after coking as a single line
at 2Θ = 23.207◦. The displacement of the line 2Θ = 23.720◦ to 2Θ = 23.635◦
is evident. The final cell constants were calculated as a = 1.9965 nm and
c = 1.3380 nm, which are close to those reported by Pollack et al. [217] with
a = 2.003 nm, b = 1.999 nm, and c = 1.341 nm. Regeneration processes reverse
this structural change.

Similar results were obtained by Uguina et al. [218] for the conversion of
toluene and i-butene on H-ZSM-5. During the conversion of mesitylene, how-
ever, both the doublet at 2Θ = 23.1◦ and 23.3◦ and the position of the peak at
2Θ = 23.7◦ remained nearly unchanged. Coke built from mesitylene did not
seem to change the cell dimensions of ZSM-5, which also suggests its loca-

Fig. 31 Comparison of the diffraction pattern of ZSM-5 in fresh, orthorhombic (dashed
line) and coked, tetragonal (solid line) forms (after [216])
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tion on the outer surface of the crystallites (compare [152]). Okkel et al. [219]
observed this doublet in the X-ray pattern of ZSM-5 during conversion of
ethylene up to coke contents of about 5 wt %, i.e. at low coke coverage no
distortion of the zeolite lattice was detected.

The deformation of the ZSM-5 framework caused by the deposition of car-
bonaceous material in channels and intersections may depend not only on the
amount but also on the nature of coke (indicated by the H/C ratio in Table 6).
Rozwadowski et al. [82] investigated the methanol conversion on H-Y and
observed for temperatures up to 473 K that the unit cell parameter remains
close to that of the non-treated zeolite, viz. a = 2.460 nm. For the tempera-
ture range of 523–593 K the unit cell parameter is higher by about 0.01 nm
and, above 593 K, it increases with the reaction temperature. The authors con-
cluded that coke formed at temperatures below 593 K influences the zeolite
lattice in a different way than that built above 593 K, i.e. different kinds of
carbonaceous residues are present in the two temperature ranges. For the de-
tection of such subtle effects further XRD investigations have to be carried
out using the Rietveld procedure.

After coking H-Y and H-MOR during n-hexane cracking and dissolution of
the zeolite matrix with hydrofluoric acid, Mori et al. [220] used XRD for the
characterization of the liberated coke. The diffraction peak at 2Θ = 26.37◦ as-
signed to ordered graphite was found to be higher in H-Y than in H-MOR and
related to the difference in the pore structure of both zeolites.

2.9
Extraction of Coked Zeolite Catalysts

Spectroscopic techniques as described in the preceding sections have the ad-
vantage of not modifying the spent catalyst samples and of allowing an in-situ
characterization of carbonaceous deposits. These methods give valuable in-
formation on the chemical identity of pure substances; unfortunately, none
of them is able to give the detailed composition of a mixture of coke species.
However, the knowledge of the composition of carbonaceous residues is es-
sential to specify the route of coke formation and the deactivation effect of
individual coke precursors. Unfortunately, only a small part of the carbona-
ceous residues can be recovered by direct soxhlet treatment of coked zeolites
with organic solvents.

Holmes et al. [207] used CCl4, a bulky molecule, too large to enter the
pores of H-ZSM-5, for removing external carbonaceous residues formed dur-
ing hexadecane conversion at 623 K. A second extraction of the coked zeolite
with CH2Cl2, which can in principle enter the channels, was expected to re-
move tiny coke species formed within the pore system.

Comparable with solvent extraction, a headspace and high-temperature
GC-MS method for analyzing the volatile components of carbonaceous
residues was described [221]. The coked zeolite was heated to 773 K under
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Fig. 32 Percentage of coke soluble and insoluble in CH2Cl2 as a function of the percentage
of coke formed during n-heptane cracking at 723 K on H-USY (after [227])

a flow of helium, and an open-tubular trap with a thick liquid film was em-
ployed as a preconcentration trap in on-line dynamic headspace sampling.
The on-line purge and trap system with thermal desorption allowed coke
components of low volatility to be transferred to the GC column, and the
high temperature capillary GC-MS permitted these high-molecular weight
components to be detected. The proposed method can identify polynuclear
aromatics with up to nine rings. However, changes in the nature of coke
during thermal evaporation at about 773 K cannot be excluded (vide supra,
Sect. 2.1).

To determine the genuine distribution of bulky coke species, the car-
bonaceous deposits must be released from the zeolite framework, e.g., by
dissolving the zeolite in acid solutions or by destroying the zeolitic structure
with ball-milling. Soluble coke components can then be extracted by different
solvents, separated by chromatographic methods (GC, HPLC), and identified
through appropriate techniques such as IR, UV-Vis, NMR and MS. It should
be kept in mind, however, that the identification of coke species for a given
reaction temperature and time on stream is not necessarily related to the de-
activation process, which in many cases is initiated by feed impurities.

Venuto and Hamilton [222] were the first to dissolve coked zeolite cata-
lysts and analyze the extracts of the solution by GC. Since they used RE-X
catalysts, a relatively mild acid treatment was sufficient to destroy the zeo-
lite matrix. The method of acid treatment and extraction of coked zeolite
catalysts was further developed and extensively used by Guisnet and co-
workers in a series of systematic studies on coke formation [6, 51, 223–230].
The carbonaceous deposits were liberated by dissolution of the aluminosil-
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icate matrix in hydrofluoric acid (40%) at room temperature. Subsequently,
the soluble components were extracted by CH2Cl2 as a solvent; in some cases
“insoluble coke” remained in the form of black particles. Figure 32 shows the
percentage of soluble and insoluble coke as a function of the percentage of
coke formed during n-heptane cracking at 723 K on H-USY [227].

2.9.1
Composition of Soluble Coke

A serious problem related to the dissolution/extraction method, however, is
whether or not changes in the original chemical nature of the coke occur
upon the rigorous treatment with mineral acids. Magnoux et al. [20] have car-
ried out a series of tests which seem to confirm that the procedure employed
does not modify the coke or generate any artifact. It is, however, questionable
whether this is true in every situation. Ball-milling of spent zeolite catalyst
has shown to be insufficient for a total release of retained carbonaceous ma-
terials [200].

Fig. 33 1H NMR spectra of released deposits after La,H-X zeolite dissolution recovered
after isobutene/butene alkylation at different temperatures (after [114])
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Fig. 34 Total ion chromatogram of volatile components of coke after aromatics trans-
formation on zeolite catalyst (after [221]) 1, acenaphthylene; 2, acenaphthene; 3, fluore-
ne; 4, phenanthrene; 5, anthracene; 6, 2-/3-methylphenanthrene; 7, 1-/2-methylanthrace-
ne; 8, fluoranthene; 9, pyrene; 10, 2.3-/3.4-benzofluorene; 11, 3.4-benzophenanthrene;
12, benzo(b)fluoranthene; 13, benzo(a)pyrene; 14, indeno(1.2.3-cd)pyrene; 15, benzo(ghi)
perylene; 16, coronene; 17, benzo(a)coronene and 18, ovalcene

The composition of coke depends, among other parameters, on the pore
structure of the zeolites used. This has been demonstrated by many studies
with large-pore size zeolites, e.g., H-Y and H-MOR, with intermediate-pore
size pentasil zeolites, e.g., H-ZSM-5, H-ZSM-8 and H-ZSM-11, and with zeo-
lites of small pore apertures, e.g., H-ERI or H-ZSM-34. Naturally, these zeo-
lites have not the same acidity. Certain differences in coking could be due
to differences in acidity. Therefore, Guisnet’s group studied n-heptane crack-
ing on zeolites having similar initial activity. This was achieved by different
percentages of protonic exchange of the zeolites.

As shown in Fig. 33, the composition of the soluble coke was found to be
rather complex in view of 1H NMR spectroscopic characterization [37, 114,
231]. However, GC-MS provides useful information on both the mass and
the structure [221]. Depending on the coke loading, however, a number of
families of polynuclear aromatic compounds constituting the carbonaceous
deposits were deduced from the GC-MS experiments (Fig. 34). The main
components found at low and at high coke contents as well as their size and
the approximate value of their boiling point under normal pressure are indi-
cated in Table 9.

For all zeolites, the H/C ratio of the carbonaceous deposits decreases with
increasing time on stream. The general trend of aging of coke towards higher
aromaticity is also indicated by the composition of soluble coke. On the other
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Table 9 Main components of the soluble coke for low and high coke contents; size and
boiling point (adapted from [6])

Zeolite Coke content

hand, C5 – C16 alkanes have been found even at reaction temperatures above
500 K [200, 232, 233]. This finding confirms the existence of paraffinic coke
species.
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Fig. 35 13C CP MAS NMR spectra of coke on H-ZSM-5 formed during methanol con-
version (A) and extracted coke after dissolution of the zeolite catalyst (B) (after [185]);
asterisks denote spinning sidebands

2.9.2
Composition of Nonsoluble Coke

Only about 30 wt % of the carbonaceous residues formed during methanol
conversion on H-ZSM-5 at 723 K were soluble in methylene chloride indi-
cating, thereby, the polyaromatic nature of the carbonaceous residues [185].
The characterization of this insoluble coke can be carried out by the afore-
mentioned techniques. For example, 13C MAS NMR confirms the hydrogen-
deficient nature of the insoluble coke particles (Fig. 35). Compared with the
coke on the spent zeolite before zeolite dissolution, the shape of the signal
in the aromatic region is not changed, whereas a significant reduction of
aliphatic carbon atoms was observed for the insoluble coke [185].

To estimate the number of coke molecules, Cerqueira et al. [234] assumed
a value of 600 g mol–1 for the molecular weight of insoluble coke formed dur-
ing m-xylene transformation on H-USY. In this context, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)
proved to be an efficient tool. This technique has provided valuable informa-
tion in the field of polymer analysis [235]. It utilizes the energy of a laser
beam for desorbing and ionizing sample molecules, which are subsequently
analyzed in a time-of-flight mass spectrometer. In MALDI-TOF MS, a ma-
trix absorbs the laser power and minimizes thereby fragmentation reactions.
Thus, the obtained mass spectrum directly points to the molecular weight of
individual species as well as the molecular weight distribution of the analyzed
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mixture. Moreover, MALDI-TOF MS yields qualitative information about re-
peat units and end groups of polymeric species [236].

In the case of carbonaceous deposits formed during isobutane/butene
alkylation on La,H-X between 303 and 403 K, Feller et al. [114] applied
MALDI-TOF MS to analyze the deactivated catalysts and carbonaceous
residues after zeolite dissolution. Peaks in the mass range from 150 Da to
450 Da (carbon number distribution in the range of C12 – C35) and a repeti-
tive pattern of 14 Da (CH2 group) were obtained. The main peaks were related
to series such as CnH2n–14 and CnH2n–18, which was in good agreement with
the distribution measured by GC-MS. After zeolite dissolution, mass spectra
of the free carbonaceous deposits resembled the spectrum of the deactivated
catalyst with masses of the formula CnH2n–22 and CnH2n–24. However, the as-
signment of individual masses to certain types of compounds was ambiguous,
and the interpretation of MALDI TOF mass spectra of catalysts with purely
aromatic coke was assumed to be of lesser complexity.

The MALDI-TOF mass spectrum of such hydrogen-deficient, polyaromatic
carbonaceous residues formed at 723 K on H-ZSM-5, which were insoluble
in CH2Cl2 after HF treatment of the coked zeolite, revealed a broad molecu-
lar weight distribution (Fig. 36). When the laser beam (without any matrix)
was used for desorption and ionization of the released deposits, MS signals
appeared which may have originated from radical cations (Bauer F, 2005, per-
sonal communication). Starting with a signal at 202 Da assigned to pyrene

Fig. 36 MALDI-TOF mass spectrum of nonsoluble coke obtained from H-ZSM-5 after pre-
coking treatment at 723 K (after Bauer F, unpublished results)
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Fig. 37 C29H16 (MS signal at 363 Da) as an example for schematic build-up of poly-
aromatic coke on H-ZSM-5 via C2 (24 Da), C3H2 (37 + 1 Da), and C4H2 (50 Da) building
units

(C16H10), the mass distribution had a sharp maximum at 363 Da and a sec-
ond broad maximum at about 750 Da. Molecular ion peaks up to 1300 Da
corresponding to species with nC < 100 were detected. The complex pattern
of the MS signals with repeating mass increments of 24 Da, 37(+1) Da, and
50 Da is quite different from that observed for carbonaceous residues formed
at temperatures T < 400 K with CH2 increments [114]. These building units
can be assigned to increments of two, three, and four carbon atom entities
(marked in bold lines in Fig. 37) attached at different positions to a parent
polyaromatic structure. The appearance of odd mass signals from condensed
aromatics can be explained by splitting off of one hydrogen (similar to what
can be observed with phenalene, C13H10). Hence, the prevailing MS signal
at 363 Da can be assigned to C29H16 with the possible structure shown in
Fig. 37. This two-dimensional, belt-like topology of polyaromatic deposits
can be formed inside the channels of ZSM-5, and yet a migration of slightly
polyaromatic molecules towards the crystallite surface may be assumed. Ob-
viously, large carbon entities of nC > 100 are preferentially deposited on the
external surface and/or in the pore-mouth region (Bauer F, 2005, personal
communication).

The method of coke extraction confirms the discrimination of carbona-
ceous species into

(i) low-molecular aliphatic residues (coke-type I) which are totally soluble
in organic solvents and the aromaticity of which increases with the coke
content and the reaction temperature, and

(ii) highly polyaromatic deposits (coke-type II) which are partly insoluble
and the amount of which increases with reaction temperature and time
on stream.

Upon n-heptane cracking on H-ZSM-5 at 723 K, insoluble coke can form
an external envelope around the zeolite crystal which remains after zeolite
dissolution [206]. EELS showed that its structure is similar to that of coronene
(pre-graphitic). For the non-soluble part of coke on H-USY, which appeared
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in filaments protruding from the zeolite pores, a more pentacene-like struc-
ture (linear polyaromatic) was found under identical reaction conditions. At
even higher reaction temperatures (1073–1173 K), carbonaceous materials
formed on zeolite Y during thermal decomposition of different organic sub-
strates and released by shaking in concentrated hydrofluoric acid, exhibited
remarkably high specific surface areas of about 1300–2000 m2/g [237–239].
Although the shape of particles was often retained after dissolution of the
zeolite framework, X-ray diffraction patterns showed that the long-range
order of the zeolite was not preserved by the carbon polymers. However, on
mesoporous MCM-48, Ryoo et al. [240] obtained a three-dimensional regular
carbon structure (denoted CMK-1) having uniform pores 3 nm in diameter
after conversion of sucrose at 1073–1373 K under vacuum and dissolution
of the silica framework by an aqueous/ethanol solution of NaOH. Elemen-
tary analysis gave the empirical formula of C16H1O1 for CMK-1 materials
obtained after heating at 1373 K. Using the mesoporous structure of SBA-15
as a template, the formed mesoporous carbon material CMK-3 consisted of
uniformly sized carbon rods arranged in a hexagonal pattern and maintained
by interconnecting micropores [241]. Obviously, carbonization reactions at
temperatures above 1000 K yield a structure replica of the templating zeolitic
material. After template removal, the resulting carbon materials with high
surface areas and uniform pores promise to be suitable as adsorbents and cat-
alyst supports [241, 242]. It is interesting to point to the possibility of using
the mesoporous carbons themselves as templates for mesoporous inorganic
materials such as alumina, titania, zirconia, etc. because the carbons have
well-ordered mesostructures and rigidity [243].

Only a few papers describe the formation of coke during hydrocarbon re-
actions on microporous molecular sieves other than aluminosilicates, e.g.,
on silicoaluminophoshates (SAPOs). Similar to chabazite, the pore struc-
ture of H-SAPO-34 consists of elongated cages (1.0 nm ×0.66 nm) linked via
relatively small eight-ring intercage windows (free diameter of 0.43 nm). An-
derson et al. [232] treated H-SAPO-34 with 1-hexene at 513 K and applied the
method of extraction in their study on retained carbonaceous products. The
cage size is large enough for rather bulky coke molecules. In fact, a striking
result after dissolution of the zeolite framework was a substantial proportion
of adamantane and alkyladamantane in the soluble coke. At 673 K only trace
amounts of adamantanes could be detected, whereas alkylnaphthalenes and
anthracenes/phenanthrenes dominated. At a lower reaction temperature of
453 K, the main product classes were (cyclo)alkanes/olefins, alkylbenzenes,
and alkylcyclopentadienes. Since alkylcyclopentadienes have been identified
as a substantial product class during the reaction of 1-hexene on H-USY and
H-ZSM-5 [244], in agreement with earlier interpretations [76] the authors
proposed a generalized pathway of coke formation with cyclopentadienes as
important intermediates. Furthermore, no adamantanes were observed in the
coke on H-USY and H-ZSM-5. As demonstrated by Schnabel et al. [135], the
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IR spectra of carbonaceous residues from methanol conversion on H-SAPO-34
and H-SAPO-11 differed significantly from that of adamantane.

Finally, the in-situ regeneration of deactivated zeolites by dissolving
coke or coke precursors with supercritical fluids has been proposed. Niu
et al. [245] studied the disproportionation of ethylbenzene on H-Y under
supercritical conditions (573–673 K, 60–80 bar) with butane as an inert com-
ponent and observed longer times on stream compared with normal pressure.
However, a complete coke removal from zeolite catalysts by supercritical fluid
extraction with benzene or ethylbenzene did not occur [246].

2.10
Adsorption Measurements

Notwithstanding all of the sophisticated spectroscopic and hyphenated tech-
niques (e.g., such as TG-FTIR and GC-MS), simple sorption measurements
belong to the most important methods for studying fresh and spent zeolites.
On the basis of theoretical models, sorption isotherms can yield information
about the surface area and the pore radius distribution which is of great im-
portance for the development of catalysts as well as for the elucidation of cata-
lyst deactivation. The applicability of the theories of Brunauer–Emmet–Teller
(BET) and Polanyi–Dubinin to sorption studies on microporous materials has
been critically examined [247, 248] (cf. also volume 7 of this series).

Adsorption measurements are suitable to clarify whether the coke is pre-
dominantly laid down in the zeolite pores or on the outer surface. Using
small adsorbate species such as nitrogen, water, ammonia, trimethylamine,
pyridine, and small paraffins, the inter- and intra-crystalline surface of zeo-
lites can be investigated. Bulkier probe molecules such as methyldiisopropy-
lamine, substituted benzenes, and methylene blue, which have no access to
the particular internal volume, were used to estimate the external surface of
the zeolite crystallites.

As an example, Bibby and Pope [249] used trimethylamine for monitoring
the change in the total number of acid sites on H-ZSM-5 caused by coke depo-
sition. Ethyldiisopropylamine, which is too large to penetrate into the zeolite
channels, gave independent information about the exterior surface sites. In
the initial stages of coking, some empty regions of the crystals were sealed off,
but thereafter most of the decrease in sorption capacity resulted from simple
pore filling. Only a little coke was deposited externally. The authors’ proposal
for catalyst design with respect to long times on stream in the methanol con-
version is an H-ZSM-5 catalyst with a relatively low density of active sites and
small crystallite size (vide infra, Sect. 3.2).

Strong basic adsorbates such as ammonia and pyridine, however, cannot
only interact with acid sites but also replace some adsorbed coke species [113,
114]. This conclusion has to be drawn from IR studies aimed at the esti-
mation of acid site concentration. The concentration of both Brønsted and
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Lewis sites is commonly determined from the interaction of pyridine with
OH groups, i.e., the formation of pyridinium ions (band at 1545 cm–1) and
pyridine bonded to Lewis acid sites (band at 1450 cm–1, cf. also volume 4
of this series). Whereas carbonaceous deposits on H-USY affected neither
the concentration nor the strength of Lewis sites, coke formation is prefer-
entially associated with the strongest Brønsted sites. However, weakly basic
coke molecules can be displaced by more basic molecules such as pyridine.
Since a substantial fraction of carbonaceous residues could be replaced by
pyridine [113], some of them obviously were not too bulky and therefore eas-
ily desorbed from the zeolite pores. As demonstrated by Feller et al. [114],
pyridine with its high proton affinity of 930 kJ/mol can replace almost all
carbenium ions (vide supra, Sect. 2.5.1).

Nitrogen, argon, krypton, and xenon as nonpolar and non-basic molecules
fulfill the requirements of non-specific physical adsorption. For most pur-
poses, nitrogen is probably the best choice for surface area measurements.
For example, Bauer et al. [106] compared H-ZSM-5 samples which had spent
quite different times on stream in the methanol conversion. The void volumes
and the BET analogous surface areas of the fresh and coked catalysts were
probed by nitrogen adsorption. Results are presented in Table 10. From these
data the authors concluded that coke deposition proceeded preferentially in-
side the crystals, and in the case of sample C and D (both having higher acid
site density, see Table 7) blocking of channel entrances occurred which sealed
off some intra-crystalline regions.

Post and van Hooff [250] compared different zeolite structures (H-Y,
H-MOR, H-ZSM-5) with respect to pore filling by n-butane before and after
cracking of n-hexane at 573 K. In the case of H-Y and H-MOR with 2.59
and 4.75 wt % coke, respectively, carbonaceous residues were located inside
the pore structure, whereas coke deposition occurred only to a minor ex-

Table 10 Time on stream, coke deposition and decrease of surface area and pore volume
after methanol conversion at 693 K for different H-ZSM-5 samples (cf. Table 6), adapted
from [200]

Sample A Sample B Sample C Sample D

Time on stream [h] 267 433 60 57

Coke deposition [wt%] 5.0 16.3 4.6 4.5
Initial surface area [m2/g] 260 270 190 180
Final surface area [m2/g] 230 160 140 100
Initial pore volume [ml/g] 0.296 0.269 0.207 0.178
Final pore volume [ml/g] 0.235 0.123 0.176 0.155
Loss of pore volume [%] 1.8 1.1 3.3 2.9
per Coke deposition [wt%]
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tent in the channels of H-ZSM-5 (about 2 wt % coke). Okkel et al. [251] and
Soni et al. [252] confirmed the occurrence of these external and internal coke
residues on H-ZSM-5 by sorption measurements with argon and nitrogen. In
contrast, Bibby and Pope [249] and Bauer et al. [106] claimed preferentially
intra-crystalline coke deposition up to 5–10 wt % coke content.

The n-butane adsorption measurements of Uguina et al. [218] clearly
showed that the location of the carbonaceous residues strongly depended
on the hydrocarbon used as the coke-forming agent. Whereas coking with
isobutene led to deposits located within the internal pore structure, coke from
toluene is deposited both on the external and the internal zeolite surface, and
the reaction of mesitylene on H-ZSM-5 yielded coke on the external zeolite
surface partially closing the entrance to the channel system.

H-Y and La,H-Y catalysts used in the alkylation of benzene with ethanol
and propylene, respectively, were characterized by low-pressure N2 and di-
isopropylbenzene adsorption. While on coked H-Y blocking of the pores was
revealed [252], the deactivation of La,H-Y under nearly the same conditions
was suggested to be due to coverage of the active sites by carbonaceous de-
posits [253]. Lechert et al. [254] compared the sorption capacities and the
nuclear relaxation times of n-butane and benzene in fresh and coked H-Y
samples. The almost unchanged sorption capacity for n-butane and the small
effect on the mobility of benzene supported the conclusion that the coke de-
posits on H-Y were large entities of relatively high density accommodated in
adjacent cavities, leaving an appreciable amount of zeolitic voids free.

Mignard et al. [255] used molecules with different effective molecular
diameters (n-hexane, 3-methylpentane) in order to determine not only the
change in adsorption capacity as a function of coke deposition but also to
discriminate elegantly between the various locations of the deposited coke
components in, for instance, the different cavities of hydrogen offretite. Mori
et al. [220] compared the adsorption capacities of nitrogen, ammonia and
n-hexane on fresh and coked H-MOR, H-Y and H-ZSM-5. The adsorption
of n-hexane abruptly declined on the spent H-MOR after n-hexane cracking
at temperatures above 773 K, whereas only a low decrease of the adsorbed
amount of nitrogen and ammonia was observed. Therefore, the carbonaceous
deposits on H-MOR prevent n-hexane molecules from entering the channels,
but most of the acid sites remain intact and accessible for smaller molecules
such as ammonia. This meets exactly the observations made by Karge and
Boldingh [69] during the conversion of ethylbenzene on H-MOR. Whereas
carbonaceous deposits blocked the active sites for the relatively bulky ethyl-
benzene molecules, the smaller ethylene molecules still had access to the
active centers on the spent catalyst.

Xenon adsorption isotherms and 129Xe NMR of adsorbed xenon (vide
supra, Sect. 2.5.4) are a striking combination of techniques to probe the
local environments inside porous materials. Room temperature xenon ad-
sorption isotherms of fresh H-ZSM-5, deactivated by 21.5 wt % coke formed
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Fig. 38 Room temperature xenon adsorption isotherms (a) and variations of 129Xe NMR
chemical shifts (b) with xenon loading of fresh, spent, and reactivated H-ZSM-5 catalysts
(after [203])

Table 11 NMR parameters of H-ZSM-5 samples used in methanol conversion, before and
after the additional propane rejuvenation treatment a (adapted from [203])

H-ZSM-5 sample Fresh Spent Reactivated

Coke content [wt %] – 21.5 19.2

δs [ppm] 83.1 91.8 86.6
σxe 11.2 13.6 13.2
V/Vo [%] 100 82.4 84.8

a done at 693 K for 24 h

during methanol conversion at 693 K as well as the spent sample after re-
activation by propane at 693 K are displayed in Fig. 38a [203]. In general,
all isotherms show the presence of Langmuir-type adsorption within the
pressure range covered. Notable decreases in both adsorption capacity and
adsorption strength were found for the heavily coked sample and the reac-
tivated one compared to the parent catalyst [256]. Moreover, the propane
treated sample exhibited a slight increase in adsorption capacity and adsorp-
tion strength compared to the spent sample. Therefore, the post-treatment by
propane was effective in removing carbonaceous deposits from the channels
of the zeolite (vide infra, Sects. 3.4 and 3.5).
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Figure 38b displays the variations of 129Xe NMR chemical shifts with
xenon loading for the various samples. The NMR parameters obtained from
various samples are listed in Table 11. The variations in δs for the coked
samples are consistent with the corresponding changes in coke content; an
increase in δs indicates the presence of a larger amount of coke in the intra-
crystalline channels of the catalyst and vice versa. After methanol conversion,
V/Vo decreased from 100 to 82.4 indicating that substantial amounts of coke
are located within the intra-crystalline channels of the zeolite. Furthermore,
a slight increase in V/Vo reveals the removal of intra-crystalline carbona-
ceous deposits by the reactivation treatment with propane.

3
Particular Phenomena Related to Coke Formation

In the following sections some aspects of coke on zeolites will be discussed
with particular emphasis on the various relations between them. For example,
the effect of pore structure on the deactivation of zeolites ought to be in-
vestigated on zeolite samples having the same acidity (number and strength
of acidic sites). Otherwise, a clear distinction between both effects is not
possible. Moreover, coke formation depends not only on the feed composi-
tion but also on the nature of reaction intermediates which may vary due to
different acid sites, pore systems and reaction conditions. Therefore, any con-
clusion on coking in zeolite catalysis requires a complex consideration of this
phenomenon and needs more information than supplied by only one of the
above-mentioned techniques.

3.1
Selectivity of Coke Formation

The idea that in zeolite catalysis both desired reactions and undesired
coke formation are influenced by the steric constraints imposed by the
zeolite framework was first advanced by Rollmann [7] and Rollmann and
Walsh [257]. In general the formation of bulky coke species will be minimized
in the case of zeolites with small apertures of a tridimensional pore system in
which there are no large cavities.

Reactant selectivity in coke formation involves the influence of both the
pore geometry of zeolites and the molecular size of substances. Thus, in the
conversion of complex feedstocks, small pore-sized zeolites (ferrierite, erion-
ite), which exhibit high shape selectivity, were also characterized by low de-
activation rates [7]. By contrast, large-pore zeolites (mordenite, faujasite) did
not selectively convert the feed mixture and, correspondingly, suffered from
severe coking. On the contrary, narrow-pore zeolites (e.g., such as chabazite
and ZSM-34) are effective for the conversion of methanol to olefins but have
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short catalyst life due to rapid coke deposition, whereas a pentasil-type H-
Fe-silicate yielded almost exclusively ethylene and propylene [258]. Uguina
et al. [218] investigated coking on H-ZSM-5 with mesitylene, toluene and i-
butene as coke-forming reactants. XRD results clearly indicated that i-butene
and toluene lead to carbonaceous residues located within the pore structure,
whereas coke formed from mesitylene, which cannot enter the channel sys-
tem, is deposited on the external zeolite surface.

The concept of restricted transition-state shape selectivity in zeolite catal-
ysis claims that the steric constraints around the active sites inhibit the for-
mation of spacious transition states [259]. The remarkably low propensity of
H-ZSM-5 to deactivate is often mentioned to confirm this view of shape selec-
tivity in coke formation [257]. H-ZSM-5 with a medium size of pore openings
and channel intersections, possessing no large cavities, is thought to exclude
bimolecular coking reactions. Magnoux et al. [224] investigated the influ-
ence of the nature of reactants on the formation of coke on H-ZSM-5 at low
and high reaction temperatures. At 393 K coking occurred very rapidly from
propene and a propene/toluene mixture, slowly from toluene transformation.
The coke, in all cases located inside the pores and released by HF treat-
ment, consisted mainly of: (i) C12 – C35 aliphatic hydrocarbons from propene
conversion; (ii) diisopropyltoluenes from the transformation of the mixture,
and; (iii) methyldiphenyl- and triphenylmethane from toluene conversion.
The appearance of the diphenyl and triphenyl compounds in the channels of
H-ZSM-5 showed the formation of bulky intermediates and confirms that the
coking tendency of reactants depends on both the steric constraints and the
activation energy of coking which may be low for condensation and oligomer-
ization reactions. At higher temperatures cyclization and hydrogen transfer
reactions were involved and, consequently, at 723 K the rate of coking did not
significantly depend on the nature of the reactants. Methylpyrenes were the
main coke components.

To estimate the coking tendency of a single compound is not an easy task
because under reaction conditions products and intermediates will be present
and influence the results. This problem may be solved by using 14C-labeled
compounds. Walsh and Rollmann [260, 261] investigated the conversion of
14C-n-hexane/benzene mixtures on H-MOR, H-Y and H-ZSM-5 at 633 K. The
amount of 14C atoms deposited on the zeolites was determined via com-
bustion of coke and monitoring the radioactivity of CO2. For the mordenite
structure an increase in the aromatic contribution to coke was observed with
increasing aluminum content (Table 12), whereas coke on H-ZSM-5 derived
from aromatics decreased with increasing aluminum content. Although the
coke contents on the zeolites differed significantly, the nearly equal partic-
ipation of both paraffins and aromatics in coking led the authors to the
conclusion that the formation of alkylaromatics is an intermediate step in the
pathway to coke. Similar radiotracer studies on the methylation of toluene
with 14C-labeled methanol on H-ZSM-5 confirmed that, at reaction tempera-
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Table 12 Yield and origin of coke during conversion of 14C-labeled n-hexane/benzene
mixtures at 633 K (adapted from [260, 261])

Zeolite Si/Al Coke yield Coke from
[g/100 g conversion] aromatics [%]

H-ZSM-5 12.5 0.22 30
36 0.23 49

H-Y 2.65 37 78
6.6 33 76

H-MOR 9 16.9 63
54 6.6 47

tures of about 700 K, the origin of carbon atoms forming internal carbona-
ceous deposits was almost equally distributed among the reactants [200].

Coke produces variations in the shape selectivity and might consequently
itself modify the mechanism of coking [69]. For example, the selective forma-
tion of para-isomers exhibited by medium pore-sized zeolites changes with
time on stream. The para-selectivity was increased by coking with mesitylene
due to the deposition of the coke species on the external surface of H-ZSM-5,
whereas internal coke from i-butene caused a decrease of conversion almost
without changing the para-selectivity [218]. Sotelo et al. [262] found that
changes in the para-selectivity and in the nature and composition of the coke
simultaneously occurred. Pore filling arising at longer times on stream was
suggested to lead to a decrease of the diffusional pathway length, which can
explain the observed decline in para-selectivity. In fact, a reduced length of
diffusional pathways would require that coke deposition preferentially starts
to occur in the center or at least in some depth of the pores.

Coke formation, however, reduces also the acid strength of the catalyst and
suppresses the isomerization of the primarily produced para-isomers. Bhat
et al. [263] observed that special coking procedures were allowed to attack
only the very strongly acidic sites and are able to stabilize the para-selectivity
and the catalytic activity over long times on stream. Additionally, the deac-
tivation of the non-shape-selective sites on the external surface by modifier
agents or carbonaceous deposits may enhance the para-selectivity.

The effect of shape selectivity with respect to coke formation seems to be
primarily connected with the phenomenon of reactant selectivity. If the re-
actants are able to enter the zeolitic pore system, then the deactivation rate
and composition of coke are characteristic of the reactants in the case of coke-
type I, formed mainly at low temperatures. In the case of coke-type II, formed
under severe reaction conditions, the coking tendency of the substances does
not vary significantly.
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On mesoporous materials (e.g., of the M41S family) containing a nar-
row pore size distribution, but within the dimensions of about 1.5–10 nm,
a minor effect of shape selectivity on deactivation and the formation of vo-
luminous polyaromatic coke species may be expected. Thus, the group of
Rozwadowski and co-workers published a series of interesting papers on
coke formation on aluminum-containing mesoporous molecular sieves, in
particular on Al-MCM-41 [264–271]. Their methods of investigation were
TGA, DRIFT, UV-Vis, EPR, 13C solid state NMR and a sorption technique.
As a coke-forming reaction, the authors used the conversion of cyclohexene.
Rozwadowski et al. showed that the nature of coke formed on mesoporous
molecular sieves of the MCM-41 type upon cyclohexene conversion at various
temperatures is comparable with that of coke on zeolites. The aluminum con-
tent did not significantly affect the chemical composition of the carbonaceous
deposits. Rather, the composition depended on the reaction temperature and
the time on stream [266] (cf. also Sect. 2.1). Thus, the authors discriminated
low-temperature coke (T < 500 K) and high-temperature coke (T > 500 K),
similar to the results which were obtained with microporous aluminosilicates
(cf. Sect. 2.1). At lower reaction temperatures of about 483 K, a large quan-
tity of coke (ca. 50 wt %), containing both aliphatic and aromatic species, was
formed within the pores. Part of the deposits was weakly bound to the surface
and could be removed by purging with helium. However, the higher the reac-
tion temperatures, the higher the content of aromatic species that could not
be removed upon heating. At higher reaction temperatures of about 633 K,
only about 14 wt % carbonaceous residues were obtained and a fraction of
the coke migrated out of the pores. Both the coke remaining at higher tem-
peratures in the pores and the coke detected on the external surface formed
multilayered polyaromatic structures, which were strongly bound to the
Al-MCM-41 materials [266]. The coke formation decreased with increasing
reaction temperature [264, 269]. However, EPR showed that the spin density
increased when the temperature was raised [270]. The amount of carbona-
ceous deposits increased with increasing aluminum content [264, 268, 269].
Simultaneously, the aromaticity of the coke deposits decreased [271]. Coke
was preferentially formed in the Al-rich pores and, in fact, coke formation
started in the vicinity of the acid centers [264, 268]. Deposition of carbona-
ceous materials lowered the density of Brønsted and Lewis acid sites [268,
269], reduced both the surface area and pore volume [270] and lowered the
sorption capacity for benzene, nitrogen and water [265, 267]. But even sub-
stantial coking, i.e. to about 50 wt %, did not lead to the development of
microporosity.

Furthermore, during isopropylation of pyrene inside the mesopores of
Al-MCM-41 and Al-MCM-48 coke formation caused catalyst deactivation and
changes of the product distribution indicating that shape selectivity occurs
inside the regular mesopores of these M41S types [272].
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Finally, the presence of extra-framework aluminum, tortuosity of the pore
structure and possible differences in crystal size can also contribute to some
diffusional hindrance on zeolites, resulting in changes in selectivity and re-
tention of coke-forming molecules.

3.2
Effect of Acidity

The formation of coke on acid zeolites is considered by most of the authors
as an acid-catalyzed reaction. A simple relationship, however, between the na-
ture, the number and the strength of acidic sites and the deactivation rate of
zeolites is far from being evident, although the activity of many other reac-
tions correlates directly with the initial acid site concentration. For instance,
in n-hexane cracking on H-ZSM-5 a linear correlation over four orders of
magnitude between the aluminum content of the framework and the first-
order rate constant has been established [273]. To characterize the acid prop-
erties of spent zeolite samples, temperature-programmed desorption (TPD)
of basic molecules and calorimetric measurements have been used. One of
the inherent problems in TPD studies is of course the thermal decompos-
ition of carbonaceous deposits. Moreover, the remaining sodium level after
preparing the H-forms of zeolites may particularly decrease the number of
strongly acidic sites and influence clearly the catalytic and deactivation be-
havior [274, 275].

The low concentration of acid sites has been considered to explain the high
resistance of H-ZSM-5 to deactivation [276]. For example, Bibby et al. [215]
reported that the deposition of coke during methanol conversion over
H-ZSM-5 was the higher the lower the Si/Al ratio was. Moreover, TPD of am-
monia from fresh and coked H-ZSM-5 samples showed a reduced intensity
of the TPD peak due to coking but no measurable shift in the peak pos-
ition or variation of the peak width [277]. Similar results of Bauer et al. [106]
and Topsøe et al. [278] suggest that carbonaceous residues deposited during
methanol conversion deactivate the acid sites of H-ZSM-5 in a non-selective
way, i.e. with no change in the strength and/or distribution of the remaining
acid sites. However, not only the total number of acid sites and the distri-
bution of acid strength remaining on the coked zeolite samples are essential
features for the elucidation of the effect of acidity on coke formation, but
also changes in the nature of acid sites (Brønsted or Lewis centers, hydroxyl
groups associated with extra-framework aluminum species) and their distri-
bution within the zeolite crystallite produced during catalyst pretreatment
or on stream. Thus, Bauer [200] observed minimal coking during methanol
conversion on H-ZSM-5 samples with Si/Al ratios between 50 and 80, as-
sociated with the dealumination of the framework during time on stream.
Lukyanov [279] observed nearly the same deactivation rate on two quite dif-
ferent H-ZSM-5 samples (Si/Al = 17 and 120). Enhanced activity sites, which
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may be generated in H-ZSM-5 by mild steaming and attributed to an asso-
ciation of Brønsted acid sites with non-framework aluminum species [280],
were shown to be the reason for a remarkably high aromatization and coking
activity. Moreover, non-uniformity of aluminum distribution within ZSM-5
crystallites may disguise the original effect of acidity on the coking rate [210].
These findings with H-ZSM-5 under nearly identical conditions may reveal
the difficulties encountered in the comparison of deactivation properties of
different zeolite types.

Choudhary and Akolekar [281] compared low-silica zeolites (viz., H-Y,
Ce,Na-Y, Ce,Na-X, and H-L) and high-silica zeolites (viz., H-MOR, H-ZSM-5,
H-ZSM-8, and H-ZSM-11) with respect to their catalytic activity/selectivity
and deactivation in the cracking of cumene at 600 K. These zeolites differ
widely in the number of acid sites and in the distribution of acid strength.
The involvement of strong acid sites in cracking has been investigated by se-
lective poisoning of acid sites with pyridine at 623 K. While the conversion
decreased in the order H-Y > Ce,Na-X > Ce,Na-Y > H-MOR > H-ZSM-8>
H-L > H-ZSM-5 > H-ZSM-11, the deactivation of the zeolites was found to
occur in the order H-MOR > H-L > H-Y > Ce,Na-Y > Ce,Na-X > H-ZSM-8>
H-ZSM-11 > H-ZSM-5. The authors showed that the catalytic activities per
framework Al were not the same and depended strongly on both the struc-
ture and the topology of the zeolite and the chemical environment of the
framework Al. Moreover, the location of carbonaceous deposits on the zeo-
lites was quite different. The deactivation of H-Y, Ce,Na-Y, and Ce,Na-X was
due to both coke deposition in the zeolite channels and pore blockage, and
that of H-MOR and H-L was mostly due to pore-mouth blockage. In the case
of the pentasil zeolites, their deactivation was attributed to the blockage of
some of the zeolite channels and to the deposition of coke on the external
surface of the zeolite crystallites. Similar observations were made by Karge
and Boldingh [69], who found via in-situ IR measurements that the number
of acidic OH groups in H-MOR and H-ZSM-5 remained essentially unaffected
in spite of severe coking. This was explained by deactivation through blocking
of pores rather than poisoning of sites.

The aluminosilicate framework of zeolites is more or less unstable in the
presence of steam. Non-framework aluminum species (AlNF), produced dur-
ing synthesis or catalyst treatment to generate a catalytically active form, may
account for many of the reported effects in zeolite reactivity behavior. Ad-
dison et al. [282] and Corma et al. [283] tested H-USY samples in gas oil
cracking. The amounts of AlNF in the zeolite catalyst were varied by acid ex-
traction. The catalyst activity and the selective conversion of the gas oil feed
were the higher the higher the AlNF content. The removal of AlNF produced
an increase in the gas and coke formation. By contrast, according to Machado
et al. [284] AlNF species increased the initial rate of coking during propene
conversion on dealuminated H-Y. The authors claimed that this is due to both
the generation of superacid sites and the reduction of pore openings. Simi-
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lar studies on the formation of coke from propene at 823 K on a series of
H-Y samples differing by the number of acid sites, i.e. framework aluminum
(AlF) and AlNF atoms, were reported by Moljord et al. [45]. While the deac-
tivation rate and the maximum amount of carbonaceous deposits increased
with the number of acid sites, a very limited participation of the AlNF in the
formation of coke has been observed. This agrees with the results of Echevskii
et al. [166] on the methanol conversion on H-ZSM-5, who found no direct re-
lationship between the AlNF/AlF ratio and the coking rate. In addition, upon
formation of non-framework aluminum a mesopore system is simultaneously
formed which may have some effect on the selectivity [282], and positively
charged AlNF may act, like Fe cations, as electron acceptor sites and promote
coke formation [285, 286].

As shown above, it is difficult to separate clearly the effect of acidity from
other factors of deactivation. However, it is generally accepted that

(i) In the case of coke-type I, the yield of coke increases with the number
of acid sites and the stronger the acid site the easier the formation of
carbonaceous residues.

In the intermediate region between the two coke-types, i.e. at moderate
temperatures, cracking of oligomeric coke species into smaller fragments may
occur which reduces consequently the coke content.

(ii) At higher reaction temperatures, even on weakly acidic sites cyclization
and dehydrogenation results in carbonaceous deposits of coke-type II.

Strongly acidic sites seem to be able to crack alkylaromatic coke species
and cause hydrogen transfer from reactants to less condensed aromatic coke
at higher temperatures which may lead to lower deactivation rates [115, 287].

At this point it is, however, appropriate to emphasize that there still exist
serious contradictions between the results with respect to the effect of the
Si/Al ratio and the role of AlNF in coke formation. In the case of zeolites
used in the MTG process some discrepancies in findings may be explained by
an extensive dealumination caused by the product water during extended re-
action periods [48, 185, 288]. The non-framework aluminum species thereby
formed are claimed to differ from those produced by calcination or mild
hydrothermal treatment [288]. Changes in the structure and properties of
zeolites have been observed during prolonged MTG cycling, i.e. the methanol
conversion itself may be visualized as an alternative modification step in the
catalyst preparation.

3.3
Localization of Coke Deposition

The localization of the coke deposits is not only an interesting scientific prob-
lem but has also some consequences for the design of zeolite catalysts. If,
for example, the carbonaceous residues were preferentially formed on the ex-
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ternal surface of a zeolite it would appear possible to improve the catalyst
stability. For example, the crystallite size may be changed and the acid sites
on the external crystallite surface may be removed by dealuminating agents
or covered by inert silica.

Early observations of coke formation on the medium pore-sized pen-
tasil zeolites were interpreted with respect to the small coke loadings of
about 2 wt % on deactivated samples in terms of coke deposition entirely
on the external surface [289]. Meanwhile, working H-ZSM-5 samples with
about 15–20 wt % coke have been reported for the methanol-to-gasoline pro-
cess [48, 130, 215]. In such an event it is obvious that not all of the coke on
H-ZSM-5 can be deposited in the internal channel system. Rather, a great
part of the coke must be located on the external surface and fill the intercrys-
talline void volume. On the basis of the information of the various techniques
used in the characterization of carbonaceous deposits on zeolites, a descrip-
tion more detailed than the two extreme assumptions on the location of coke
formation is possible.

One effect of the presence of internal coke is to modify the framework of
zeolites. Changes in the XRD pattern of H-ZSM-5 after coking were found
by several authors [106, 215, 218, 219] and attributed to a distortion of the
ZSM-5 structure. More detailed structural calculations showed that the crys-
talline structure of coked ZSM-5 became tetragonal [216] and that both the
circular and the oval pores significantly changed their shape. Carbonaceous
residues from the conversion of bulky mesitylene molecules on H-ZSM-5 did
not change the cell dimensions of ZSM-5 suggesting their location to be on
the outer surface of the crystallites [218].

Surface analysis of spent samples by XPS showed that coking on the exter-
nal crystallite surface occurred predominantly at higher coke loadings which
was indicated by an increase of the C/Si ratio (Fig. 39). For n-butene cok-
ing on the medium pore-sized H-FER, Mooiweer et al. [211] derived from the
C/Si ratios that up to a carbon level of about 7.5 wt % the majority of the
carbonaceous residues is located in the pores. This agrees with the result of
Sexton et al. [210] for methanol conversion on H-ZSM-5 at 643 K which indi-
cated that up to 8 wt % coke the filling of the pores predominated. The C/Si
ratio showed, however, some external deposits even at low coke contents. By
application of XPS, AES, and CEELS, the nature of the external carbonaceous
materials on zeolites was found to be highly polyaromatic, but not graphite-
like [206, 210].

Applying the PFG NMR technique with methane and propane as probe
molecules, Kärger et al. [151, 152, 290] measured the intracrystalline self-
diffusion coefficient Di and the effective diffusion coefficient Dd in H-ZSM-5
before and after coking with n-hexane or mesitylene. While Di is affected
only by carbonaceous deposits inside the pore system and not by external
coke layers, Dd is sensitive to both types of coke location. Carbonaceous de-
posits from mesitylene had very little effect on intracrystalline molecular
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Fig. 39 C/Si ratio of coke formed from butene at 623 K on H-FER and determined via XPS
(after [211]); boundaries for channel filling by coke and surface coking are indicated by
dashed lines, in agreement with [210]

self-diffusion, showing that the coke was formed only on the external crys-
tallite surface. During cracking of n-hexane, which can penetrate the pore
structure of zeolite ZSM-5, initial coke formation occurred within the channel
of H-ZSM-5, indicated by a continuous decrease in the intracrystalline self-
diffusion coefficient Di. At longer coking times, the build-up of external coke
deposits exclusively led to a decrease of the effective diffusion coefficient. The
curve Di/Dd vs. coke content indicated that for n-hexane cracking at coke
contents above 1.5 wt % further coke residues are preferentially deposited
on the outer surface. Moreover, the molecular mobility of propane in poly-
crystalline grains, which was higher than in polyhedral twins and explained
by additional diffusion paths in secondary pores, decreased with increasing
observation time. The authors concluded from this, that coke, which forms
outside the crystals, is deposited preferentially in the intercrystalline void vol-
ume of H-ZSM-5 catalysts [291].

The 129Xe NMR technique has also provided evidence for coke formation
occurring within the pore system of H-ZSM-5. Barrage et al. [185] observed
that samples with quite different amounts of coke formed during methanol
conversion showed nearly identical slopes dδs/dn implying that their inter-
nal microporous volume was the same (vide supra, Sect. 2.5.4). The authors
deduced from this that for samples with more than 7 wt % coke, the coke is
mainly deposited on the outside of the ZSM-5 crystallites. Tsiao et al. [186]
showed that H-ZSM-5 loses after coking with n-butene up to 50% of its in-
ternal pore volume. A Na,H-ZSM-5 sample, prepared by heating Na-ZSM-5
with the sterically hindered salt (n-butyl)3N·HCl and having acid sites only



Characterization of Coke on Zeolites 333

on the external crystallite surface, showed even at coke levels of 12 wt % only
negligible loss of internal pore volume on coking—consistent with external
coke formation in this case. In addition, the channels of such a strongly coked
Na,H-ZSM-5 sample remained effectively accessible to xenon, i.e. only a mi-
nor amount of coke on the external surface led to pore mouth blocking.

The technique of zeolite dissolution and solvent extraction of coke has
been extensively used by Guisnet and co-workers [6, 24, 45, 51, 223–230] (vide
supra, Sect. 2.9). While all the coke components formed at low temperatures,
i.e., coke-type I species, were soluble in methylene chloride after dissolu-
tion of the zeolitic framework in hydrofluoric solution, only a small part of
this coke could be removed by direct Soxhlet treatment of the undissolved
spent sample. This showed that carbonaceous residues were blocked within
the pore system. At longer TOS, however, some coke species formed on or
very close to the outer surface of the crystallites and on the surface of meso-
pores were extractable by Soxhlet treatment. Pater et al. [292] found that there
was practically no difference in composition between the extractable and the
non-extractable part of coke.

After dissolution of the zeolite framework, the major components of solu-
ble coke observed on H-ZSM-5, H-ERI and H-MOR have boiling points below
the reaction temperature. A comparison between the size of the soluble coke
species and the pore structure of the various zeolites suggests that these coke
molecules are located in the cavities (H-USY and H-ERI), at the channel in-
tersections (H-ZSM-5) or in the channels (H-MOR). Insoluble coke-type II
molecules may result from coupling reactions of soluble coke species trapped
at adjacent locations [45]. Therefore, at least some part of the insoluble coke
is deposited in the micropores of the zeolites.

Anderson et al. [244] also applied the method of coke extraction and
showed that on H-ZSM-5, which had been SiCl4-treated to deacidify the ex-
ternal surface, the carbonaceous species formed upon reaction of 1-hexene at
513 K were the same as without SiCl4 treatment. At higher reaction tempera-
tures of about 593 K, surface deacidification resulted in a large decrease in the
proportion of higher aromatics (naphthalenes, phenanthrenes, anthracenes)
in the carbonaceous residues and in an increase in the proportion of alkyl-
naphthalenes. Hence, in the case of the non-modified H-ZSM-5 those bulky
aromatic species seem to form preferentially outside the pore system. More-
over, alkylnaphthalenes formed and accumulated within the pore system may
migrate at higher temperatures to the external zeolite surface to undergo fur-
ther condensation reactions to polyaromatics.

Finally, sorption studies with quite different probe molecules indicate
that, where the size of the reactants made it possible, internal coking took
place [7, 68, 218, 251, 252]. For H-ZSM-5, the amount of carbonaceous residues
up to which coke formation occurred preferentially inside the channel system
differ between about 2 wt % (Karge HG, 1991, personal communication) and
5–10 wt % coke [69, 106, 249].
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Thanks to the sophisticated techniques it seems to be well established that,
when there are no steric constraints of shape selectivity, coke formation oc-
curs both on the outer surface of crystallites and within the zeolitic pore
system. While coke-type I is mainly located inside the crystals, coke-type II is
initially deposited within the cavities and channels. Under more severe con-
ditions coke formation occurs preferentially on the external surface. Studying
the location of coke involves, however, not only the question concerning inter-
nal or external coke deposition. When various types of cavities are possible
loci of carbonaceous residues adsorption experiments, employing adsorbates
with suitably selected sizes, shapes and adsorptive properties, promise to pro-
vide more detailed information [255, 293].

Martin and Guisnet [294] developed a molecular modeling method to
estimate and visualize the location of coke molecules and to follow their
growth inside zeolite pores. For toluene transformation on H-ZSM-5 at low
temperature, coke molecules, such as methyldiphenylmethane or methyl-
triphenylmethane, were preferentially located at the intersections between the
straight channels and the zigzag channels. At higher temperatures of about
723 K, pyrene molecules, which were the main components of the coke com-
position [224], were shown to be only located at the intersection between
a straight channel and a zigzag channel. Furthermore, it was shown that due
to steric hindrance, pyrene molecules can bear three methyl groups at the
maximum, two being located in the straight channel direction and the third
one being located in one of the zigzag channels.

3.4
Mechanism and Kinetics

Thanks to the knowledge of coke composition obtained by the zeolite
dissolution/solvent extraction technique it is possible to discuss the mode
of coke formation in a more detailed way [24, 45, 223, 245]. Although the
very complex network of coking reactions depends on the specific situation
(zeolite, feed, temperature etc.), some general conclusions may be drawn.
For coke-type I generally formed at lower temperatures, the main coke con-
stituents result from condensation, oligomerization and alkylation reactions
of reactants and/or intermediates. The mode and the rate of deactivation are
more or less specific for the zeolite and the reaction under study. At higher
temperatures leading to coke-type II, reaction steps having higher activa-
tion energies such as cyclization, cracking and hydrogen transfer are involved
in coke formation. Under these more severe conditions similar coke species
occur, regardless of whether the feed contains paraffins, olefins or aromat-
ics. The current view of the pathways of coke formation is presented in the
scheme of Fig. 40.

Besides the fact that the hydrogen content of coke decreases with time on
stream (aging of coke), carbonaceous species have been more or less consid-
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Fig. 40 Current view about coke formation on zeolites

ered as inert final products of a complex reaction scheme. Less attention has
been paid to the reactivity of carbonaceous deposits. Novakova et al. [295]
showed that all (or most) of the hydrogen atoms of coke on H-ZSM-5 can be
exchanged for deuterium of deuterated olefins and aromatics at the relatively
mild temperature of 573 K. The authors proposed that the isotope exchange
proceeds on hydroxyl groups located on the surface and in near-surface layers
of the zeolite crystallites. The limited migration of hydrogen through the coke
is assumed to explain the observed deviations from first-order law kinetics.
A very fast isotope exchange was found between the hydroxyl groups of the
fresh H-ZSM-5 and deuterated compounds, even when their dimensions did
not allow entering the pores of H-ZSM-5. This was explained by a rapid jump-
ing of the hydrogen of hydroxyl groups throughout the zeolite framework.

Rhodes and Rudham [296] observed after some hours on stream a clear
maximum in activity for toluene disproportionation on H-Y at 673 K
(Fig. 41). The sigmoid curve of coke deposition shows that total poisoning oc-
curred at more than 10 wt % coke, whilst the maximum activity appeared at
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Fig. 41 Catalytic activity of toluene disproportionation and carbonaceous residue forma-
tion on H-Y as a function of time on stream at 673 K; ◦, formation rate of benzene and
xylenes; •, coke content. rB+DMB is the rate of formation of benzene (B) and dimethylben-
zenes (DMB) (after [296])

about half of that carbon content. Therefore, the authors claimed that the re-
action is associated with “catalytically active coke”. The time to achieve this
maximum rate depended on the extent of extra-framework aluminum and
the carrier gas (He or H2) and occurred after considerable coke formation.
The use of hydrogen almost doubled the time required to attain the maximum
activity that was observed with the He carrier.

Such an effect of hydrogen-containing stream gases on the coking rate of
acid zeolites, that are free of any hydrogenating metal, is confirmed by the re-
sults of Bauer et al. [297] obtained during methanol conversion on H-ZSM-5.
Using hydrogen-containing recycle gases resulted in longer times on stream
compared with the use of nitrogen (see Table 13).

Moreover, spent zeolite catalysts were partially reactivated by a treatment
with hydrogen or alkanes at the same reaction temperature as used during
the MTG process [48, 287] (vide supra). Typical of MTG, deactivation takes
place in a small reaction zone moving through the catalyst bed [8]. Corres-
ponding to the movement of the reaction zone, the olefin content of the MTG
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Table 13 Effect of different recycle gases on time on stream during the methanol conver-
sion on H-ZSM-5 at 690 K and 1.5 gmethanol/(gcat h); adapted from [282]

Recycle gas
Nitrogen Hydrogen Propane/i-butane

Time on stream ∗[h] 127 267 290

Coke content [wt %] 7.4 14.3 13.4
Loss of BET surface area [%] 30 45 25
H/C ratio 0.80 0.82 0.67

∗ end of run when the gas phase concentration of dimethyl ether exceeded 5%

products increases with TOS [48]; both findings can be taken as a measure of
deactivation. After stopping the methanol feed at the end of the MTG cycle,
the reactor was held at the reaction temperature of 693 K and the recycle gas
containing a mixture of hydrogen, propane, and i-butane was circulated over
the catalyst bed for about 12 hours. After restarting the methanol feed, the
position of the maximum temperature in the catalyst bed was shifted towards
the reactor inlet and the olefin content, determined by the amount of bromine
(in g) which can be added to 100 g hydrocarbons, was reduced indicating an
increase of catalyst activity (Fig. 42). Although the removal of coke was far

Fig. 42 Dependence of the position of maximum bed temperature (�) and the olefin index
(�), determined by the amount of bromine (in g) which can be added to 100 g hydrocar-
bons, on time on stream during methanol conversion on H-ZSM-5; alkane reactivation
procedure at 13 and 33 days on stream (after [48])
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from being complete, the reactivation procedure could be repeated several
times [256]. After two reactivation steps with alkane-containing recycle gas,
more than 1500 gmethanol/gcat had been converted on H-ZSM-5 without an ox-
idative regeneration step. The finally spent zeolite was covered with 21.5 wt %
coke. A similar rejuvenation process of deactivated zeolite catalysts by hydro-
gen treatment was observed by Aguayo et al. [49], Haag et al. [298], and Fang
et al. [299]. Also, it was carried out in the commercial New Zealand MTG
plant, where the temperature of the partially coked H-ZSM-5 bed was raised
and a hydrogen-containing light-gas re-circulated [8]. To explain the rejuve-
nation effect, dissociative adsorption of hydrogen and alkanes was assumed
to take place on a few very strong acid sites, even present on spent H-ZSM-5,
according to:

H2 + [zeolite] –→ (2H+)[zeolite]2–

R-coke + (2H+)[zeolite]2– –→ R-H + H-coke + zeolite ,

where R = aliphatic groups.
These species should be responsible for the retardation of coke formation

by hydrocracking of carbonaceous residues and desorption of volatile cracked
products [48]. A migration of positively charged or radical-like hydrogen-rich
species through the voids of the crystallite may explain such reactivation steps
in coked areas located far away from the sites of dissociative adsorption. How-
ever, a direct interaction between the carbonaceous deposits and hydrogen
molecules might also explain the results as indicated by IR studies of H/D
exchange on coked zeolites (vide supra, Sect. 2.3.3).

As opposed to deactivation, beneficial effects of coke include an im-
proved selectivity towards desired products. During skeletal isomerization of
n-butenes into isobutene on H-FER a partial deactivation by carbonaceous
deposits has been reported to achieve higher isobutene selectivity [51, 300].
There are, however, different opinions regarding the mechanism by which
coke deposits might promote the selective formation of isobutene. Coke may
reduce the number of non-selective acid sites of higher strength or those
located on the external surface resulting in a lower extent of undesired re-
actions [301], such as olefin dimerization and cracking, which lead to by-
product formation. Consequently, lowering the strength and density of acid
sites has been reported to give better initial selectivities and lower deacti-
vation rates. This can be achieved by replacing framework Al3+ for another
trivalent element (such as B, Ga, and Fe), by partial ion exchange with alka-
line and alkaline earth cations and by increasing the Si/Al ratio [302–304].

However, in all these cases the formation of carbonaceous deposits has
been claimed to be a necessary prerequisite for obtaining the highly selective
and stable behavior characteristic of H-FER. On the other hand, carbona-
ceous deposits increase the diffusion barriers at the pore openings and within
the channels and/or reduce the free space around the acid sites limiting the
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competitive bimolecular reaction via bulky C8 intermediates [305–307]. To
handle the crucial problem of the monomolecular isomerization reaction of
C4 olefins, i.e. avoiding the formation of primary carbenium ions, Guisnet
et al. [51, 226, 228] proposed a pseudo-monomolecular isomerization mech-
anism involving, as catalytically active sites, carbonaceous carbenium ions
formed from coke molecules located in the zeolite pores. Thus, isomerization
of the formed C5+ intermediates (Fig. 43) could occur via transformation of
secondary and tertiary carbenium ions which have already been detected by
13C MAS NMR during n-butene conversion [100, 308]. On the contrary, van
Donk et al. [79] used CD3CN as an IR spectroscopic probe molecule for sec-
ondary and tertiary carbenium ions and did not observe any carbenium ions
present on H-FER loaded with about 6 wt % coke.

To explain an increase of isobutene yield observed on H-FER at short
times on stream, Guisnet et al. [229] have proposed a reaction scheme in-
volving a tert-butyl cation (formed from isobutene) and cracking of the
resulting trimethylpentyl cation. On the other hand, Meunier et al. [90]
detected various unsaturated coke species by IR spectroscopy which were
readily formed upon contacting fresh H-FER with n-butene, while a poor
selectivity to isobutene was observed. It is noteworthy that a change in re-
action mechanism with increasing TOS was confirmed by experiments with
13C-labeled butenes [209, 306, 309, 310]. Whereas on fresh H-FER intense 13C
scrambling was observed, on aged samples the original labeling position of
n-butene remained in the reaction product isobutene, which is characteristic

Fig. 43 Pseudo-monomolecular mechanism of n-butene isomerization into isobutene on
coked H-FER (after [228])
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of a monomolecular mechanism. All these data suggest that initially formed
hydrogen-rich polyenic coke species and/or unsaturated aliphatic carbenium
ions are involved in unselective isobutene formation and are gradually con-
verted into more inert aromatic deposits at longer TOS [90]. Guisnet [14]
and van Donk et al. [15] have assessed the pros and cons of active coke
species during n-butene isomerization. The remarkable discussion about the
nature of the active sites responsible for the selective isobutene formation on
H-FER [311, 312] has initiated further studies on the implication of coke in
reaction mechanisms [313].

With respect to the technique of pre-coking (vide infra, Sect. 3.5), Finelli
et al. [44] observed that the presence of residual carbonaceous deposits
(about 0.9 wt %) after coke combustion at 933 K improved catalytic activity,
isobutene yield and catalyst stability after some minutes on stream. More-
over, van Donk et al. [28, 314] revealed that short TOS reactive carbonaceous
residues [47] largely contributed to the non-selective, overall isobutene pro-
duction on H-FER. With prolonged TOS, the deposits became non-reactive
and on the aged catalyst no carbenium ions, but some remaining accessi-
ble Brønsted acid sites were observed. Hence, the occurrence of a pseudo-
monomolecular pathway was excluded and those few remaining acid sites
were held responsible for the selective formation of isobutene [28]. Never-
theless, all these findings about the “truly” active sites on H-FER during
n-butene isomerization illustrate the above-mentioned close relationship be-
tween selectivity and reactant diffusivity [307].

The incorporation of deactivation kinetics into reaction simulation is an
essential step for global comprehension of a catalytic process. The aim of the
study of deactivation kinetics is to gain a relationship for the activity decay
which includes fundamental interrelations of physical, chemical and trans-
port processes leading to catalyst deactivation. Since coke on catalysts is the
main source of activity loss, activity decay is frequently described by the ki-
netics of coke deposition, e.g., the empirical equation

Wc = kc · tnc (11)

of Voorhies [315], who observed that the weight percent of coke, Wc, laid
down on the catalyst can be satisfactorily correlated with the time on stream
(t) by means of a simple power-law function where kc and nc are appro-
priately fitted constants. This simple deactivation behavior has also been
reported for zeolite catalysts [69, 194]. Some deviations from Voorhies’ cor-
relation may be attributed to the dependence of coke formation on space
velocities through the reactor and to a multi-step deactivation process. For
example, Benito et al. [316, 317] observed that the coke content during the
MTG reaction decreased with increasing contact time using an isothermal
fixed-bed reactor. Therefore, the deposition of coke was assumed to be higher
at the entrance of the reactor and should decrease with longitudinal position,
i.e., deactivation occurs in parallel to the main reaction. The evolution of coke
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content with time on stream has been well fitted with time on stream (t) and
exponentially with reaction temperature (T) to

Wc = kc · tnc · exp(– k′
c/T) . (12)

Often it is necessary to introduce different deactivation functions, for the
reaction and the coke formation [23] or for reversible and permanent deac-
tivation of the zeolite [318]. However, the activity decay should be expressed
in terms of true deactivation variables, which are the concentrations of the
reactants, the coke amount, the structure of the zeolite, and the operation
conditions and not only the time on stream. Semi-empirical decay functions,
which allow simulating such phenomena as site coverage, pore blockage and
internal/external coking, have been used to describe the deactivation of zeo-
lite catalysts [275, 319–322]. For example, Lopes et al. [275] compared the
cracking activity, selectivity and coking rate of H-ZSM-20 and H-USY during
the transformation of n-heptane at 723 K. Although there was no significant
difference in the coke composition on both zeolites, the deactivating effect of
carbonaceous residues on the cracking process was lower for H-ZSM-20. As
can be seen in Fig. 44, the time-on-stream dependence of the cracking activ-
ity was well described by an empirical two-stage decay. A simplified model
of the cracking kinetics with parameters for diffusion limitations and pore-
blocking effects was proposed which fits well both experimental results for
the coke content vs. time on stream (Fig. 45) and for cracking activity vs. coke
content. The obtained model parameters express the different cracking and
coking behavior of both zeolites.

Fig. 44 Cracking activity for n-heptane conversion (in mmol h–1 g–1) on H-ZSM-20 (�)
and H-USY (•) at 723 K; experimental values and model fit (after [275])
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Fig. 45 Level of coke deposition (wt %) during n-heptane transformation at 723 K on H-
ZSM-20 (�) and H-USY (•) as a function of time on stream; experimental values and
kinetic model fit (after [275])

Benito et al. [317] and Pinheiro et al. [323] investigated simplified three-
parameter models for the interpretation of the kinetic data of coke formation
during transformation of light olefins on H-USY and methanol on H-ZSM-5.

Catalyst activity (a) is proposed to depend on the concentration of three
lumps (oxygenates (Ox), light olefins (Ol), and aromatics (A)):

–
da
dt

= (kOxXOx + kOlXOl + kA XA)a . (13)

In the temperature range between 573 K and 673 K, the order kOx > kA > kOl
revealed that olefins are the least active components in coke formation during
the MTG process [317]. Moreover, Pinheiro et al. [323] proposed an autocat-
alytic growth of coke for the conversion of ethene, propene, and n-butene on
H-USY:

dWc

dt
= (kOlXOl + kCXOlWc) ·

(
1 –

Wc

Wmax

)
. (14)

The rate of coke formation was a maximum at the beginning of reaction and
decreased with time on stream going to zero as the zeolite surface reached
coke saturation. The maximum amount of coke Wmax increased with the
number of carbon atoms of the olefins. This fact may be related to a different
composition of carbonaceous residues.
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Finally, the present knowledge of coke formation on zeolites is charac-
terized by the precision of the mathematical description of the deactivation
process. Computer modeling and the application of percolation theory in zeo-
lite coking promise to be a fruitful “experimental” technique with respect to
a better understanding of zeolite catalyst deactivation.

3.5
Coke as Catalytically Active Species in Hydrocarbon Conversion

In homogeneous catalysis, it is generally accepted that the working catalyst
is not the as-synthesized one. Similar statements are seldom true in het-
erogeneous catalysis, and the formation of high molecular hydrocarbons is
regularly seen with respect to catalyst deactivation; but as just mentioned,
carbonaceous deposits do not always have a detrimental effect on the cata-
lytic behavior of zeolite catalysts. A well-known example is the pre-coking
technique applied in toluene disproportionation on H-ZSM-5 which yields
a very high para-xylene selectivity [324, 325]. The enhancement in selectivity
is based on poisoning the non-shape selective acid sites present on the outer
surface and improving the sieving properties of the zeolite due to changes in
product diffusivity. However, carbonaceous residues in zeolites are not inert
deposits, i.e., coke molecules maintain reactivity and can participate in reac-
tions with sometimes a positive effect on selectivity. A comprehensive review
by Guisnet [14] disclosed as examples of active coke species:

(i) isopropylation of naphthalene and alkylation of toluene with long chain
n-alkenes over H-FAU and H-BEA;

(ii) selective skeletal isomerization of n-butene over H-FER;
(iii) selective hydroisomerization of long chain n-alkanes over Pt/H-TON;
(iv) selective methanol conversion into light alkenes over SAPO-34 and

H-ZSM-5.

Two liquid-phase alkylation reactions (naphthalene by isopropanol [326,
327] and toluene with 1-heptene [328, 329]) carried out at 623 K over large
pore H-FAU and H-BEA were considered to include carbonaceous species
in transalkylation reactions. For isopropylation of naphthalene, the activity
of both zeolites increased with TOS although the micropore volume accessi-
ble to nitrogen was practically zero after 1 h of reaction. Therefore, it could
be concluded that isopropylnaphthalenes were not formed in the micropores
but on active sites located on the outer surface of the zeolite crystallites or
at the entrance of the pores (pore mouth catalysis). Moreover, only a small
amount of coke was recovered by direct soxhlet treatment of the spent sam-
ples, whereas a large part was soluble in methylene chloride after dissolution
of the zeolites in hydrofluoric acid. This soluble coke was mainly consti-
tuted of polyisopropyl naphthalenes (two to four isopropyl groups) as well
as polyisopropyl pyrenic and indenopyrenic compounds. Hence, transalky-
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lation reactions between polyalkylaromatic carbonaceous residues adsorbed
on Brønsted acid sites near the entrance of the micropores and aromatic
molecules may be assumed (Fig. 46). On the other hand, the initial increase
in activity could not be explained if the active sites were pure acid sites
on the external surface. Furthermore, the loss of the isopropyl group could
be rapidly compensated by realkylation of the entrapped carbonaceous de-
posits with isopropanol. Similar transalkylation reactions with participation
of polyalkylated carbonaceous species may play a significant role in alkyla-
tion of toluene by n-dodecenes [328], ethylbenzene disproportionation on
La,Na-Y, H-L and H-BEA [330, 331] as well as in the reactivation of spent
alkylation catalysts to remove the side-chains from alkylaromatic coke species
resulting in dealkylated residues which might desorb easily from the zeolite
pores [329]. Curiously, for the disproportionation of toluene and xylene on
zeolite catalysts (both reactions have received much interest, not only from
an industrial point of view but also scientifically) methyl group transfer by
carbonaceous deposits has up to now not been described.

For hydroisomerization of n-decane, the maximum yield on Pt/H-ZSM-
5 was about 20%, whereas over Pt/H-TON an exceptionally high yield of
isodecanes (75%) could be obtained [332]. To explain the high selectivity
of Pt/H-TON towards isodecanes, pore mouth catalysis was proposed. This
assumption was based on the GC-MS analysis of carbonaceous compounds
released from the zeolite pores by HF dissolution, which showed that the car-
bonaceous compounds were mainly constituted of linear and monobranched
C12–C20 alkanes. Traces of alkenes were also detected. Furthermore, the pore
volume occupied by the carbonaceous deposits was much lower than the pore

Fig. 46 Scheme of transalkylation reactions involving coke species during isopropylation
of naphthalene and alkylation of toluene with long chain n-alcohols or n-alkenes over
H-FAU and H-BEA
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volume made inaccessible to nitrogen, which suggested a preferential location
of coke species near the pore mouth yielding pore blocking. A simple isomer-
ization mechanism involving as active sites tertiary carbenium ions formed
at the pore mouth by adsorption of methyl alkenes and trapped in the zeo-
lite pores during the first minutes of reaction [332, 333] was proposed. This
would be similar to the mechanism in the skeletal isomerization of n-butene
over H-FER (Fig. 43). However, recent investigations dispute this mechanistic
proposal [334, 335].

Similar to skeletal isomerization of n-butene on H-FER, an induction
period was observed during methanol conversion to gasoline or to olefins
on H-ZSM-5 and SAPO-34 catalysts indicating a modification of the fresh
into the working catalyst [13, 336–338]. Moreover, there was evidence for
a reaction scheme based on a pool of olefinic intermediates which react
with methanol (Fig. 47). The resulting products split after rearrangement into
various olefins (carbon pool mechanism [200, 339–341]). Hydrogen-rich car-
bonaceous residues (coke-type I) with low temperature combustion (vide
supra, Sect. 2.2.) were proposed as pool components [342]. Paraffinic/olefinic
coke species formed by olefin oligomerization and acting as co-catalysts via
an oligomerization/cracking mechanism for the transformation of methanol
into light alkenes did not require extensive rearrangement reactions. By con-
trast, methylarenes or polymethylbenzenes trapped in the zeolite channels
could only have a significant effect on the rate of methanol conversion via
side-chain methylation of alkylbenzenes [338] and/or carbon scrambling re-
actions of aromatics and naphthenic compounds [13, 338, 341, 343, 344] fol-
lowed by olefin elimination. For example, the transformation of hexamethyl-
benzene into ethyltetramethylbenzene, i.e., 6,5-ring contraction followed by
5,6-ring expansion, is most likely the limiting reaction step [345].

Fig. 47 Scheme of reaction mechanism involving coke species during the MTG/MTO
process over SAPO-34 and H-ZSM-5
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3.6
Coke-Induced Selectivation

The change in selectivity due to coke formation can be explained by changes
in the diffusivity of the reactants or in the zeolite pore volume [346–348].
Unfortunately, changes in selectivity are normally coupled with a decrease
in conversion and the various shape selective effects cannot be distinguished
by kinetic analysis only. Froment and Bischoff [349] discussed the selectiv-
ity problem for deactivation using rate constants which were dependent on
the amount of coke on the catalyst. For zeolite catalysts, a selectivity change
caused by a change in conversion, acid site density, or acid site strength
distribution can be classified as an intrinsic selectivity change, while a selec-
tivity change caused by a change in zeolite pore structure can be classified
as a (transition-state) shape selectivity change [350]. Three possible cases
have to be considered as reasons for selective deactivation: (i) role of reac-
tion steps requiring a different number or different strength of active sites;
(ii) domination of product selectivity with different product diffusivities; (iii)
domination of transition-state shape selectivity with different sizes of the in-
termediates. The transition-state shape selectivity is normally considered to
be important for the medium pore size zeolite ZSM-5 [351]. Moreover, it
is reasonable to assume that coke is mostly deposited at strong acid sites,
whereas the deactivation rate for a reaction on weak acid sites might be lower,
and a higher selectivity will result from coke formation. One example is the
higher selectivity to dimethyl ether (DME) at high coke content during the
MTG/MTO process on SAPO-34 [352]. Another example is the decrease of the
yield of DME on SAPO-34 with coke content as a result of the stronger effect
of carbonaceous deposits on DME diffusion than on methanol diffusion due
to the larger diameter of the DME molecule [353].

However, the effect of the external surface on selectivity has also to be con-
sidered. The intrinsic selectivity of a zeolite catalyst might be totally changed
by undesired secondary reactions on the surface of its crystallites. By pre-
treating the external surface these acid sites can be eliminated; but it was
found that the modified samples frequently reacted in a way very similar to
the unmodified sample, and only a slightly longer lifetime was found for the
modified samples [354]. These observations show that reactions at the exter-
nal surface are often not significant.

In situations where reactants are subject to substantial intracrystalline dif-
fusion limitations, the discovery of synthesis methods that produced very
small crystals in the range of 100 nm brought about an increase of overall
activity. While reducing the effective diffusion path length, small crystallites
increase the impact of the external surface on catalytic activity. Even more
dramatic are the effects on catalytic selectivity. Reactant and product shape
selectivity can markedly change as a result of a small number of non-selective
active sites on the external surface. Hence, various surface modification tech-
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niques have been developed to fine-tune acidity and selectivity of zeolite
catalysts [179]. Among them, chemical vapor deposition of organosilicon
compounds [355, 356], the pre-coking treatment [357, 358], and the modifica-
tion by (non)metal oxides [359, 360] are particularly relevant. Recent studies
by Chen et al. [175], Bauer et al. [181], Jones and Davis [361], Niwa et al. [362],
and Zheng et al. [363] have attempted to address the impact of non-shape-
selective reactions occurring on the crystal surface on xylene isomerization
and toluene disproportionation.

By means of economic and technical feasibility studies [364], the pre-
coking technique has been demonstrated as a viable zeolite selectivation pro-
cedure and has been applied in Mobil’s Selective Toluene Disproportionation
Process (MSTDPSM) producing para-xylene far in excess of xylene equilib-
rium distribution. Pre-coking can be done preferentially on the external sur-
face by using voluminous coke-forming agents the molecular sizes of which
are greater than the pore aperture of the zeolite. From the industrial point of
view, pre-coking is typically performed by contacting the catalyst with aro-
matic feedstocks under high severity conditions during the initial time on
stream [357, 365]. Besides covering any surface acidity, which would rapidly
isomerize the desired product para-xylene back to an equilibrium mixture of
xylenes, carbonaceous residues are also deposited close to the pores, thereby
increasing both the length of the crystal diffusion path and its tortuosity. Be-
cause the diffusivity of para-xylene in H-ZSM-5 is significantly larger than
that of ortho- or meta-xylene, the result is a reduction of the effectiveness
factor for ortho- and meta-xylene formation. However, the predominantly
uncontrolled coke deposition during pre-coking treatment has the drawback
of affecting pore entrance and internal active sites that, in turn, reduces the
activity of the catalyst. Nevertheless, MSTDP is an excellent example of the
application of shape selectivity to preferred products by playing off diffusion
rates against reaction rates.

Although pre-coking is a rather straightforward procedure, the detailed
features of the carbonaceous deposits, e.g., nature, location and the mech-
anism of their formation, are rather complicated. Haag and Olson [357]
disclosed that controlled pre-coking might be achieved by exposing the cat-
alysts to organic compounds at elevated temperature (813 K). For H-ZSM-5
catalysts, coke is assumed to be uniformly deposited by decomposition of
monocyclic aromatic compounds. Moreover, it was concluded that a coke
content exceeding ca. 2 wt % is sufficient for enhancement of para-xylene
selectivity during toluene disproportionation. Low et al. [365] revealed a pre-
treatment method for the isomerization of C8 aromatics, in which the zeolite
catalyst was during the initial time on stream contacted with the aromatic
feedstock under high severity conditions, e.g., at 677 K compared with the
normal mode of an operation temperature of 655 K. In addition to aromat-
ics, other feedstocks such as olefins, paraffins and alcohols have also been
used for the selectivity enhancement through pre-coking [357, 366]. How-
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ever, the amount of carbonaceous deposits claimed for desirable selectivity
enhancement on various catalysts spanned over a wide range from 0.1 to
60 wt % [357, 365].

The use of smaller molecules as coke-forming agents has the drawback of
forming an excessive amount of internal coke that, in turn, reduces the activ-
ity of the catalyst. Moreover, the coke lay-down may also involve rearrange-
ment and/or migration of the carbonaceous compounds. Haag et al. [298,
367] and Bauer et al. [48, 256] showed that the catalytic activity of the spent
H-ZSM-5 catalysts can be partially restored by additional thermal treatment
with hydrogen or alkanes (vide supra, Sect. 3.4). In terms of efficiency in
coke removal [41, 368], different gases follow the order: argon < nitrogen <
hydrogen < propane (Fig. 48). It was found that both the activation of molecu-
lar hydrogen and alkanes by the strong acid sites and partial hydrocracking
of carbonaceous deposits were responsible for the preferential reactivation
of internal acidity. Liu and co-workers [299, 369, 370] further demonstrated
that selective coking could be manipulated either by regeneration treatment
under a hydrogen environment or by incorporating hydrogen into the feed-
stock as a carrier gas. Such hydrogen treatment of coked catalysts tends
to provoke partial hydrocracking, rearrangement and/or migration of car-
bonaceous deposits. Consequently, the intracrystalline aliphatic coke (coke-
type I) was effectively removed, while the bulkier aromatic or polyaromatic
coke (coke-type II) remained on the external surface, as a result of which
the catalyst activity was improved while maintaining a desirable selectiv-
ity (Fig. 49). Hence, a passivation of surface acid sites is achieved by even

Fig. 48 Rejuvenation effect of different gases for spent H-ZSM-5 deactivated during MTG
process at 693 K (after [203])
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Fig. 49 Schematic depiction of location of coke � in spent H-ZSM-5 zeolite before and
after modification treatments with hydrogen or alkanes. Acid sites are denoted by the ⊕
symbol (after [203])

low coke contents of about 0.5 wt % while sustaining a reasonable catalyst
activity [203].

In terms of xylene isomerization on H-ZSM-5, it was anticipated that
inactivation of external acid sites serves the purpose of suppressing un-
desirable bimolecular disproportionation reactions which would result in
loss of xylenes, i.e., in the formation of toluene and trimethylbenzenes
(TMBs). However, a few strong acid sites are desirable for dealkylation
reactions to remove during xylene isomerization as much ethylbenzene
(about 10 wt % of the industrial C8 aromatics feed) as possible. This should
avoid an ethylbenzene accumulation during the recycle loop. For example,
modern xylene isomerization technologies normally require ethylbenzene
conversion in the range of 50–70% [371]. Figure 50 shows a compari-
son between the conventional pre-coking procedure of H-ZSM-5 catalysts
(performed at 723 K using industrial xylene feed) and the combined pre-
coking/post-modification propane treatment [202, 203]. Obviously, conven-
tional in-situ pre-coking during initial time on stream was characterized by
both high ethylbenzene conversion and xylene loss, whereas the combined
pre-coking/post-modification treatment of the sample was performed ex-situ
resulting in a coke content of about 0.5 wt %. While sustaining a desirable
activity for ethylbenzene conversion (> 55%), the pre-coked H-ZSM-5 sam-
ple modified by propane treatment yielded a xylene loss of only about 1.1%
even after more than 120 h on stream as compared to 2.5% using the sample
pre-coked by the conventional procedure. An excellent criterion for com-
paring the performance of xylene isomerization catalysts is the ratio (ε) of
ethylbenzene conversion vs. xylene loss. At 55% ethylbenzene conversion,
the combined pre-coking/hydrogen treatment resulted in an ε value of about
50/1, whereas samples pre-coked by the conventional (high severity) method
led to typical ε values of about 25/1 [367]. For comparison, the current xy-
lene isomerization technology yields xylene losses of about 2% and a ratio
ε of about 35/1 [371]. Thus, modifying the nature and the location of car-
bonaceous deposits under hydrocracking conditions improves common pre-
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Fig. 50 Effects of conventional pre-coking (•,◦) and combined pre-coking/propane treat-
ment (�,�) methods on ethylbenzene conversion (closed symbols) and xylene loss (open
symbols) over H-ZSM-5 (Si/Al = 20) zeolites during xylene isomerization (after [202])

coking procedures and facilitates selective passivation of the external active
sites responsible for the undesired transalkylation and secondary isomeriza-
tion reactions.

4
Summary and Concluding Remarks

To develop zeolite catalysts with higher tolerance in coking, the understand-
ing of different phenomena related to coke, such as nature, location, and
formation mechanism, is needed. Various analytical techniques and their
manifold combinations are the prerequisite to gain an insight into these top-
ics. The principal information that each technique can provide and some
relevant references are summarized in Table 14.

Thanks to these methods and several examples of a multitechnique ap-
proach used in deactivation studies on zeolites the following features seem to
be well established:

(i) At least two classes of carbonaceous residues may be distinguished, viz.
hydrogen-rich coke-type I (“low-temperature”, “white” or “soft” coke)
and hydrogen-poor coke-type II (“high-temperature”, “black” or “hard”
coke), even though the borderline between the two types of coke may
not always be very clear.
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(ii) Coke-type I consists of a variety of less bulky paraffinic, olefinic, naph-
thenic and alkylaromatic species preferentially formed under mild reac-
tion conditions, e.g., low temperature.

(iii) Coke-type II occurs at severe reaction conditions and is constituted
mainly of bulky polyaromatics, frequently of condensed ring systems.

(iv) Coke formation is a shape-selective process and is significantly influ-
enced by the architecture of the particular zeolite catalyst.

(v) Carbonaceous deposits, especially coke-type I species, are not inert
molecules and completely grafted within the zeolite pores and on
the external surface of its crystallites, but exhibit some reactivity
and mobility.

Table 14 Characterization of coke on zeolites by different techniques

Technique Information Refs.

Elementary analysis Coke content, H/C ratio [17, 18, 21]

N,S-containing deposits
TGA Volatile coke species, [19, 34]
(+ IR or MS) Coke decomposition
TPO Coke nature, location [37, 44]
Microbalance (TEOM) Deactivation kinetics [26–28]

IR, DRIFTS, Raman Coke nature (aliphatic, aromatic) [70, 96, 107]
Acid site deactivation

UV-Vis Coke nature (olefinic, carbenium ions) [91, 115]
1H NMR Coke nature (aliphatic, aromatic) [37, 147]
1H PFG NMR Coke location (intracrystalline diffusion) [152–154]
1H NMR Imaging Coke location (macroscopic) [157, 158]
13C (CP) MAS NMR Coke nature (aliphatic, aromatic) [11, 32]
27Al, 29Si MAS NMR Coke nature, location [144, 165, 166]
129Xe NMR Coke location (intracrystalline) [188, 191]
ESR Coke nature, radical formation [192, 194]
TEM Coke location, distribution [15, 206]
XPS Coke location (surface), nature [209–211]

AES, CEELS Coke nature [205]
XRD Coke location (intracrystalline) [215, 216, 218]
Solvent extraction + Composition of soluble coke fraction [37, 207]
GC/MS
Zeolite dissolution + Coke composition and structure [37, 227, 230]

GC/MS, MALDI-TOF MS
Sorption measurements + Coke location (pore mouth or site [220, 250, 255]
Pore volume analysis blocking)
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Nevertheless, the present knowledge of deactivation of acid zeolites is far
from being satisfactory. The most important phenomena, where controversial
findings are still encountered, are the effect of Si/Al, effect of acidity, effect
of Lewis sites, and the location of coke. The coke formation upon a process
under consideration depends on a large variety of specific factors. Therefore,
investigation under nearly identical conditions may lead to contradictory
results. Such aspects of catalyst deactivation, as the effects of acidity and se-
lectivity, the location of coke deposition, kinetics and mechanism of coke
formation, are highly correlated and small differences between zeolite sam-
ples and/or reaction conditions may result in quite different findings. There-
fore, studies on deactivation require the comprehensive characterization of
fresh and spent samples to obtain a consistent and satisfying description
of these phenomena. Due to the relevant contribution of catalyst deactiva-
tion to an improvement of the overall industrial process, the formation of
carbonaceous deposits will further receive considerable attention in zeolite
catalysis.
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Abbreviations1

1D NMR One-dimensional nuclear magnetic resonance (spectroscopy)
2D 3QMAS NMR Two-dimensional three quantum magic angle spinning nuclear

magnetic resonance (spectroscopy)
3QMAS NMR Three quantum magic angle spinning nuclear magnetic resonance

(spectroscopy)
A|| Electron-nucleus coupling constant for the component parallel to

the symmetry axis
AAS Atomic absorption spectroscopy
27Al MAS NMR Aluminum magic angle spinning nuclear magnetic resonance

(spectroscopy)
AlO Octahedrally coordinated framework aluminum atom
AlT Tetrahedrally coordinated framework aluminum atom
AlPO4-11 Microporous aluminophosphate zeolite-like structure (cf. [70])
[Al]-ZSM-5 Zeolite structure (MFI, cf. [70]) containing aluminum in the

framework2

Amp Peak-to-peak amplitude
AS As synthesized
AST Page 86 zeolite structure (cf. [70])
AV-1 Sodium yttrium silicate structure (cf. [156])
9Be NMR Beryllium nuclear magnetic resonance (spectroscopy)
BET Brunauer-Emmett-Teller specific surface measurement
BEA Zeolite structure, acronym for zeolite Beta (cf. [70])
[B]-BEA Zeolite structure (BEA, cf. [70]) containing boron in the framework
[B]-EUO Zeolite structure (EUO, cf. [70]) containing boron in the framework
[B]-FER Zeolite structure (FER, cf. [70]) containing boron in the framework
[B]-LEV Zeolite structure (LEV, cf. [70]) containing boron in the framework
[B]-MEL Zeolite structure (MEL, cf. [70]) containing boron in the framework
[B]-MFI Zeolite structure (MFI, cf. [70]) containing boron in the framework

(cf. [181–183]; Testa F, Chiappetta R, Crea F, Aiello R, Fonseca A,
Bertrand JC, Demortier G, Guth JL, Delmotte L, B.Nagy J, submitted
for publication)

[B]-SSZ24 Zeolite structure (SSZ24, cf. [70]) containing boron in the frame-
work

1 Unfortunately, many of the above-indicated abbreviations have various meanings (vide supra); in
view of the current conventions in the literature, this is hardly avoidable. However, the correct
meaning of the abbreviations should follow from the respective context.
2 Presenting an element symbol in square brackets should indicate that the respective element is
supposed to be incorporated into the framework of the material designated by the subsequent
acronym or abbreviation. For instance, “[B]-ZSM-5” is indicating that boron is incorporated into
the framework of ZSM-5.
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[B]-ZSM-5 Zeolite structure (MFI, cf. [70]) containing boron in the framework
BU Chemical identity of the Fe(III) species
13C MAS NMR Carbon magic angle spinning nuclear magnetic resonance (spec-

troscopy)
Cs-[Fe]-silicalite-1 Zeolite structure (cf. [70]) containing iron in the framework and

charge-compensating cesium ion in extra-framework position
Cs-[Fe]-ZSM-5 Zeolite structure (cf. [70]) containing iron in the framework and

charge-compensating cesium ion in extra-framework position
CIT-6 Zeolite structure (BEA structure, cf. [70])
[Co]-MFI Zeolite structure (MFI, cf. [70]) containing Co in the framework

(cf. [196, 197])
Cu-TON Zeolite structure (TON, cf. [70]) containing Cu in charge-compen-

sating extra-framework position (cf. [203])
CVD Chemical vapor deposition
CCVD Catalytic chemical vapor deposition
CQ Quadrupole coupling constant
DAS Dynamic angle spinning (spectroscopy)
deferrization Removal of iron
DR Diffuse reflectance (spectroscopy)
DSC Differential scanning calorimetry
DTA Differential thermal analysis
DTG Differential thermogravimetry
EFW Extra framework
EG Ethylene glycol
EMT Zeolite structure; hexagonal faujasite (cf. [70])
EPR Electron paramagnetic resonance (spectroscopy) (acronym for

ESR)
EPMA Electron probe micro-analysis
ESEM Environmental scanning electron microscopy
ESCA Electron spectroscopy for chemical analysis (acronym for XPS)
ESR Electron spin resonance (spectroscopy) (acronym for EPR)
ETS-10 Zeolite structure (cf. [70])
EUO Zeolite structure (cf. [70])
EXAFS Extended X-ray absorption fine structure
FAAS Flame atomic absorption spectroscopy
FAU Zeolite structure; acronym for faujasite (cf. [70])
[Fe]-BEA Zeolite structure (BEA, cf. [70]) containing iron in the framework

(cf. [194])
[Fe,Al]-BEA Zeolite structure (BEA, cf. [70]) containing iron and aluminum in

the framework
[Fe,Al]-MOR Zeolite structure (MOR, cf. [70]) containing iron and aluminum in

the framework
[Fe]-MCM-22 Zeolite structure (acronym or IZA structure code is MWW; cf. [70])

containing iron in the pore walls
[Fe,Al]-MCM-22 Zeolite structure (acronym or IZA structure code is MWW; cf. [70])

containing iron and aluminum in the pore walls
[Fe]-MCM-41 Mesoporous MCM-41 material containing iron in the pore walls
[Fe]-MFI Zeolite structure (MFI, cf. [70]) containing iron in the framework

(cf. [185, 186])
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[Fe]-MTW Zeolite structure (MTW, cf. [70]) containing iron in the framework
(cf. [189])

[Fe]-TON Zeolite structure (TON, cf. [70]) containing iron in the framework
(cf. [189])

FER Zeolite structure; acronym for ferrierite (cf. [70])
FID Flame ionization detector (GC)
FTIR Fourier transform infrared (spectroscopy)
FW Framework
FWHM Full line width at half-maximum (of a band)
g g factor
g|| g factor for the component parallel to the symmetry axis
g⊥ g factor for the component perpendicular to the symmetry axis
71Ga NMR Ga nuclear magnetic resonance (spectroscopy)
[Ga]-BEA Zeolite with Beta (BEA) structure containing gallium in the frame-

work, (cf. [146])
[Ga]-MCM-22 Zeolite structure (acronym or IZA structure code is MWW; cf. [70])

containing boron in the pore walls
[Ga]-MFI Zeolite with MFI structure containing gallium in the framework,

(cf. [183, 184])
[Ga]-ZSM-5 Zeolite with MFI structure containing gallium in the framework,

(cf. [183, 184])
GC Gas chromatography
H Magnetic field (in Tesla)
1H MAS NMR Proton magic angle spinning nuclear magnetic resonance (spec-

troscopy)
HMI Hexamethylene imine
HT High temperature
I Intensity
Irel Relative intensity
ICP-AES Inductively coupled plasma atomic emission spectroscopy
IR Infrared (spectroscopy)
IS Isomer shift (Mössbauer spectroscopy)
K-[Fe]-silicalite-1 Zeolite structure (cf. [70]) containing iron in the framework and

charge-compensating potassium ion in extra-framework position
L Length
L Liter
L/W Aspect ratio
LEV Zeolite structure (acronym of levyne; cf. [70])
LT Low temperature
LTL Linde-type L zeolite (cf. [70])
M Metal or metal cation
MAS NMR Magic angle spinning nuclear magnetic resonance (spectroscopy)
MFI Zeolite structure (of, e.g., ZSM-5 or silicalite, cf. [70])
MCM-22 Zeolite structure (acronym or IZA structure code is MWW; cf. [70])
MCM-41 Mesoporous material with hexagonal arrangement of the uniform

mesopores (cf. Volume 1, Chapter 4 of this series)
MCM-48 Mesoporous material with cubic arrangement of the uniform meso-

pores (cf. Volume 1, Chapter 4 of this series)
MCM-58 Zeolite structure (acronym or IZA structure code is IFR, cf. [70])
MEL Zeolite structure (cf. [70])
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MeQ+ Methyl quinuclidinium cation
MOR Zeolite structure; acronym for mordenite (cf. [70])
MQMAS Multiquantum magic angle spinning (NMR)
MTT Zeolite structure (cf. [70])
MTW Zeolite structure (cf. [70])
Na-[Fe]-silicalite-1 Zeolite structure (cf. [70]) containing iron in the framework and

charge-compensating sodium ion in extra-framework position
NCL-1 High-silica (nSi/nAl = 20 to infinity) zeolite (cf. [70])
NH4-[Fe]-silicalite-1 Zeolite structure (cf. [70]) containing iron in the framework and

charge-compensating ammonium ion in extra-framework position
NMR Nuclear magnetic resonance
Oh Octahedrally coordinated species
OFF Zeolite structure, acronym for offretite (cf. [70])
PIGE Proton induced γ -ray emission
PIXE Proton induced X-ray emission
PQ Quadrupole-quadrupole interaction
PTFE Polytetrafluorethylene
PULSAR NMR simulation program (cf. [284])
Qcc Quadrupole coupling constant
QS Quadrupole shift (Mössbauer spectroscopy)
R Crystallization rate
REDOR Rotational-echo double-resonance NMR experiments (cf. [87])
RI Spectral contribution (Mössbauer spectroscopy)
SAM Scanning Auger microscopy
SEM Scanning electron microscopy
29Si MAS NMR Silicon magic angle spinning nuclear magnetic resonance (spec-

troscopy)
Si(1Ga) Si with 1 Ga in the neighborhood
Sil-1 Zeolite structure (acronym of SIL-1, cf. [70])
Silicalite-1 Zeolite structure (cf. [70])
119Sn NMR Tin nuclear magnetic resonance (spectroscopy)
SiOM Defect group (M= NH4, Na, K, Cs)
SiOTPA Defect group
SiOX Defect group (X= NH4, Na, K, Cs, H, TPA, . . .)
SOD Zeolite structure, acronym for sodalite (cf. [70])
SSIMS Static secondary ion mass spectroscopy
SSR Solid-state reaction
SSZ-n Series of zeolite structures; aluminosilicates, e.g., SSZ-24 and SSZ-

13, isostructural with corresponding aluminophosphates, AlPO4
(AFI) and AlPO4-34 (CHA structure) (cf. [70])

T Tetrahedrally coordinated framework atom (cation) such as Si, Al,
Ti, Fe, V, B

T Absolute temperature, in Kelvin (K)
TIII Tetrahedrally coordinated trivalent framework atom (cation) such

as Al, B, Ga
Th Tetrahedrally coordinated species
t1 Longitudinal relaxation time
tind Reaction induction time
tpulse Pulse length
TA Thermal analysis
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TCD Thermal conductivity detector (GC)
TEAOH Tetraethylammonium hydroxide
TEOS Tetraethyl orthosilicate
TEM Transmission electron microscopy
TG Thermogravimetry
TMA Tetramethyl ammonium
TON Zeolite structure; acronym for theta-1 (cf. [70])
TPA Tetrapropyl ammonium
TPABr Tetrapropyl ammonium bromide
TPD Temperature-programmed desorption
TPR Temperature-programmed reduction
TS-1 ZSM-5 (MFI) structure containing small amounts of titanium be-

sides silicon in the framework
TsG-1 Zeolite structure (BEA, cf. [70])
VS-1 Zeolite structure (MFI, cf. [70]) containing vanadium besides sili-

con in the framework
W Width
UV Ultraviolet (spectroscopy)
UV Res Raman Ultraviolet resonance Raman (spectroscopy)
UV-Vis Ultraviolet-visible (spectroscopy)
X Zeolite structure (faujasite type structure with nSi/nAl ≤ 2.5,

cf. [70])
XANES X-ray absorption near edge spectroscopy
XRD X-ray diffraction
XRF X-ray fluorescence spectroscopy
XPS X-ray photoelectron spectroscopy
Y Zeolite structure (faujasite-type structure with nSi/nAl ≥ 2.5,

cf. [70])
YAG Yttrium aluminum garnet (laser)
[Zn]-MFI Zeolite structure (MFI, cf. [70]) containing Zn in the framework

(cf. [198–200])
ZSM-5 Zeolite structure (MFI, cf. [70])
ZSM-12 Zeolite structure (cf. [70])
α Indicates the large cage in the structure of zeolite A (cf. [70])
α The main channel of ZSM-5 zeolite
β Indicates the sodalite cage in, e.g., A-type or faujasite-type struc-

ture (cf. [70])
β Mid positions in the six-membered rings of ZSM-5 zeolite
γ Mid positions in the five-membered rings of ZSM-5 zeolite
δ Chemical shift (NMR)
δCS Chemical shift (NMR)
2Θ Degree
Θ Pulse angle
λ Wavelength (in µm)
ν Resonance frequency
∆H Full line width at half-maximum (of a band)
νL Larmor frequency
νQ Quadrupole frequency
νrot Rotation frequency
νRF Radio frequency
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1
Introduction

The isomorphous substitution of Si by other tetrahedrally coordinated het-
eroatoms such as BIII [1, 2], AlIII (ZSM-5) [3], TiIV(TS-1) [4–9], GaIII [10–14]
and FeIII [15–18] in small amounts (up to 2–3 wt %) provides with new ma-
terials showing specific catalytic properties in oxidation and hydroxylation
reactions related to the coordination state of the heteroatom [19]. More-
over, MFI-type materials with trivalent metal present in tetrahedral (T) sites
have had tremendous impact as new shape-selective industrial catalysts hav-
ing tunable acidic strength. In fact, the acidic strength of the protons in the
bridged Si(OH)TIII (T = B, Al, Fe, Ga) groups depends on the nature of the
trivalent heteroatom. Indeed, the choice of TIII critically affects this property
according to the sequence of Al > Fe = Ga � B [20–23]. The recent discov-
ery of an Al-containing natural zeolite (mutinaite) with the MFI topology [24]
also makes this structure relevant to the mineralogy.

[Ga]-ZSM-5 zeolites are interesting materials as selective catalysts in
the transformation of low molecular weight alkanes to aromatics [25–27].
These catalysts were mostly synthesized in alkaline media, however, sev-
eral fluorine-containing media (adding either HF or NH4F to the initial gel)
have already been used [28, 29]. Note that the incorporation of gallium into
the ZSM-5 structure is less effective than the incorporation of aluminum
in the same reaction media [30]. The fluorine-containing reaction medium
is generally made using either HF or NH4F as a source of F– ions [28, 29,
31]. Guth et al. have published a series of very interesting papers in which
TIII elements (T = B, Al, Fe, Ga) were partially substituted for silicon in
the MFI framework [32]. We have previously initiated a series of studies
where the role of alkali cations was systematically explored. These studies in-
clude the synthesis of silicalite-1 [33–35], silicalite-2 [36], borosilicalite-1 [37,
38], ferrisilicalite-1 [39], ZSM-5 [40] and zeolite Beta [40, 41]. The differ-
ences in the catalytic activity of iron-containing and iron-supported zeolites
are also very interesting, and several methods of preparation have been
developed [42–44]. [Fe]-silicates with MFI [45, 46], MOR [47], BEA [48],
MTT [49], TON [50] and MWW [51] structures have been synthesized in al-
kaline media. However, despite the fact that isomorphous substitution seems
to be easier in fluoride-containing media [52], only [Fe]-ZSM-5 has been syn-
thesized so far in the presence of NH4F as a mineralizing agent [53]. Although
the introduction of boron, gallium, or iron is relatively easy and well docu-
mented [19], few studies are devoted to the introduction of Co(II) into the
framework of zeolites [54]. As both the framework and the extra-framework
Co-species seem to be active in catalysis [55], it is of paramount impor-
tance to synthesize and thoroughly characterize Co-containing zeolites [56].
Zinc has been reported as a component of various molecular sieves such
as zincophosphates, zincoarsenates [57–60], zincoalumino-silicates [61–63],
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zincosilicates [64–68], and zincoaluminonophosphates [19]. In some cases
crystalline analogs of zeolite structures have been obtained under unusu-
ally mild conditions and crystallization occurred almost spontaneously on
mixing the substrate solutions [57] or even on grinding the substrates [69].
The resulting zincophosphates and zincoarsenates, however, were unstable
and usually decomposed above 200 ◦C. The reported zincosilicates were more
stable, although most novel structures showed a narrow pore system [54, 64–
68], not suitable for catalysis and adsorption. The MFI structure (zeolites
ZSM-5) [70] has been very often used as a catalyst. Besides the efficiency of
active sites (mainly strong acid sites), the medium-sized channels provide
shape selective effects for the reactions of commercial importance. Therefore,
the preparation of the zincosilicalite structure is also of interest. Due to the
double negative charge of the tetrahedral lattice zinc, it could be modified
with various cations including protons and might be considered as catalysts
for various reactions. Moreover, some redox activity could result from the
presence of zinc in the lattice. The zinc-modified MFI zeolites have been ap-
plied as active catalysts in the Cyclar process [62, 63, 71], which consists in the
formation of aromatics from light paraffins. The catalysts used in methanol
synthesis contain mostly zinc and copper oxides [72]; it is conceivable that
MFI zincosilicate modified with copper cations could be efficient for this re-
action. The well-ordered crystalline structure as well as the uniform pore
system could be advantageous for the catalyst performance. Attempts to syn-
thesize MFI aluminosilicate with some admixture of zinc [62, 73–75] as well
as zincosilicate [68, 76] have been reported.

Due to environmental problems in the last years great attention has been
devoted to air pollution. The automotive air pollutants (NOX, CO and hydro-
carbons) give large contribution to the total air pollutants. In order to reduce
emission of pollutants, the trend in the automotive industry is to substi-
tute traditional engines with engines operating under lean burn conditions.
However, under these conditions the traditional three-way catalysts are not
effective. With this new kind of engines, interesting results were obtained
by using Cu- or Co-zeolite catalysts at the engine exhaust [77–79]. Unfor-
tunately, one of the most active and selective catalysts (i.e., [Cu]-MFI-type),
exhibits very rapid deactivation in the presence of water that is, of course,
present in the automotive exhaust [80]. In a large number of papers on Cu
zeolites, the introduction of Cu is carried out by ionic exchange from the Na
form to obtain the Cu form. On the other hand, literature indicates that the
solid-state reaction is a very good method for metal incorporation into the
zeolites [81–83]. It is also indicated that during the zeolite synthesis with al-
cohols, the presence of sodium can occlude the zeolitic channels [84] and
that the ionic exchange to the ammonium form followed by calcination opens
the zeolitic channels. As an example the Na+-TON presents a micropore vol-
ume equal to 0.05 ml g–1, on the contrary the H+-TON shows a value equal to
0.91 ml g–1.
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Isomorphous substitution was essentially performed with the MFI struc-
ture. Table 1 gives an overview of additional references to be used for entering
into the subject. It can be seen that boron, gallium, vanadium and iron are the
most commonly used elements. It is worthwhile to mention that the introduc-
tion of other elements such as Ti, In, Be, Mn, Sn, Cr, Mo, Ge and Zn, was also
successful.

The second most studied zeolite for isomorphous substitution is the zeolite
BEA [70] (Table 2). However, the number of publications remains far smaller
than that dealing with ZSM-5. The most studied elements are still B, Ga, and
Fe, but some reports also concern Zn, Sn, Ge and Ti.

Finally, Table 3 illustrates the isomorphous substitution of various elem-
ents into the remaining zeolitic structures.

In this review we shall focus on our works published on [B]-MFI, [Ga]-
MFI, [Fe]-MFI, [Fe]-BEA, [Fe]-MCM-22, Zn-zeolite, and Cu-containing zeo-
lites. Essentially, the various synthesis methods together with characteriza-
tion techniques will be reviewed. The catalytic part will only be included,
where it is considered essential.

2
Experimental

2.1
Synthesis Procedures

2.1.1
[B]-MFI

The gels were prepared by dissolving H3BO3 (Carlo Erba) in distilled wa-
ter, adding the fluoride source (NH4F, NaF, KF Carlo Erba; CsF, Aldrich) and
tetrapropylammonium bromide, Fluka (TPABr) to the H3BO3 aqueous solu-
tion and then adding this solution to fumed silica (Serva) [181–183] (Testa
F, Chiappetta R, Crea F, Aiello R, Fonseca A, Bertrand JC, Demortier G,
Guth JL, Delmotte L, B.Nagy J, submitted for publication). The composition
of the as-prepared gels was 9MF – xH3BO3 – 10SiO2 – 1.25TPABr – 330H2O
with M = NH4, Na, K and Cs and x = 0.1 and 10. Syntheses were carried out
in Morey-type PTFE-lined 20 cm3 autoclaves at 170 ± 2 ◦C, without stirring,
under autogenous pressure. After being heated for various times required by
the crystallization kinetics, the autoclaves were quenched in tap water, and
the products were filtered, washed with distilled water until pH = 7 and dried
overnight at 105 ◦C.
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2.1.2
[Ga]-MFI

The initial gels have a general composition of 10SiO2 – xMF – yGa(NO3)3 –
1.25TPABr – 330H2O where M = NH4, Na, K or Cs with x = 9, 18 and
y = 0.1 and 0.3. The reactants were mixed in the following order: MF (M
= NH4, Na, K, Carlo Erba and M = Cs, Sigma), distilled water, Ga(NO3)3
(Aldrich), tetrapropylammonium bromide (TPABr, Fluka) and fumed silica
(Sigma) [183, 184].

2.1.3
[Fe]-MFI

2.1.3.1
Fluoride Route

The reactants were ammonium fluoride (Carlo Erba, RPE), sodium fluoride
(Carlo Erba, RPE), potassium fluoride (Carlo Erba, RPE), cesium fluoride
(Aldrich, purum), tetrapropyl ammonium bromide (TPABr, Fluka, purum),
iron nitrate (Fe(NO3)3 ·9H2O, Merck, purum), fumed silica (Sigma) and dis-
tilled water [185, 186]. The molar composition of the starting mixture was:

10SiO2 – xFe(NO3)3 ·9H2O – yMF – 1.25TPABr – 300H2O

where 0.1 ≤ x ≤ 0.3, y = 3 – 24 and M = NH4, Na, K or Cs.
The starting mixtures were prepared by adding the fluoride salt, iron ni-

trate, TPABr and the fumed silica to the distilled water in this order. After
complete homogenization the resulting gels were placed in PTFE-lined 25 cm3

stainless-steel autoclaves. The samples were obtained by hydrothermal syn-
thesis at 170 ◦C for predetermined times. After quenching the autoclaves, the
products were recovered, filtered, washed with distilled water and dried at
80 ◦C overnight. The crystallization time was ca. 7 days for the sample with
the smallest crystallization rate.

2.1.3.2
Alkaline Route

Batch composition: 1.0SiO2 – (xAl2O3 + yFe2O3) – 0.13Na2O – 52.0H2O –
0.125 template for [Fe,Al]-ZSM-5: x = 0.0025; y = 0.0025, 0.005, 0.01 and
0.002, for [Al]-ZSM-5: x = 0.01; y = 0, for [Fe]-ZSM-5: x = 0; y = 0.01 and
0.01333 [187–192].

Source materials: distilled water; waterglass (Aldrich, vide supra); col-
loidal silica (Aldrich, Ludox 40); iron(III) oxide (Aldrich, 99.98%); iron(III)
oxide enriched in 57Fe to 80%; iron(III) nitrate nonahydrate (Aldrich > 98%);
aluminum powder (Aldrich, 20 micron, > 99%); aluminum oxide trihydrate
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(Hungarian origin); sodium hydroxide (Reanal, reagent grade); TPA bromide
as template (Aldrich, 98%); perchloric acid, 70% (Aldrich, reagent grade);
sodium perchlorate (Aldrich, 99%); hydrochloric acid 37% (Reanal, reagent
grade); sulphuric acid 97% (Reanal, reagent grade).

Batch preparation recipe (for about 12–14 g volatile-free zeolite): Prepare
stock-solutions of iron (dissolve known amount of iron (III) oxide, or iron
tracer in concentrated HCl at 120 ◦C in a closed Teflon autoclave; or dissolve
iron(III) nitrate in acidified water) and aluminum (dissolve aluminum pow-
der in HCl diluted to 1 : 1). Save the Fe- and Al-contents, respectively, per
gram of solution.

In order to simplify the description of recipes the exact amounts for the
variable components will be summarized in Table 4 for various Si/Fe, etc.,
ratios.

Sixteen grams Aldrich-type waterglass (see Aldrich catalogue) + 140.9 g
distilled water; stir and keep it in refrigerator overnight (solution 2). Blend
appropriate amounts of stock-solution for iron (or aluminum, or iron and
aluminum) with 5.8 g of 70% perchloric acid; keep in refrigerator overnight
(solution 3). Under vigorous mixing add to (solution 3) so much of (solu-
tion 2) to reach pH = 4.5 (use pH paper). Admix to remaining (solution 2)
19.2 g cool Ludox 40 and continue the neutralization of (solution 3) while
maintaining agitation. The meanwhile solidified gel should be broken up. Add
6.7 g TPA bromide, 2 g sodium chloride as solid and 0.2 g ZSM-5 seed (the
best choice is silicalite-1 in the as-synthesized (AS) state, ground carefully in
a porcelain mortar using a few drops of water).

The pH of the slurry should be between 10.5 and 11.0. Adjust the pH by
either a few drops of perchloric acid or 50% sodium hydroxide. In a stainless-
steel shaker, mill the slurry for at least 5 h using similar balls. Check (and
adjust if necessary) the pH.

Crystallization vessel: Teflon-lined autoclave(s); temperature: 160 ◦C; time:
depending on the degree of substitution 6–12 h, without agitation. Product
recovery: after cooling, filter and wash with warm water (to pH = 10.5). Dry

Table 4 Amounts (g) of Al and/or Fe per batch at various slurry compositions

Sample Fe [g] Al [g]
Si/Fe = 200 Si/Fe = 100 Si/Fe = 50 Si/Fe = 37.5 Si/Al = 200 Si/Al = 50

[Fe,Al]-ZSM-5 0.057 — — — 0.027 —
— 0.114 — — 0.027 —
— — 0.228 — 0.027 —

[Fe]-ZSM-5 — — 0.228 — — —
— — — 0.342 — —

[Al]-ZSM-5 — — — — — 0.108
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in air thermostat at 110 ◦C. Save the zeolite product as such or apply “caring
calcination” [193]. Besides the zeolitic crystals, the cool mother liquor con-
tains 2–3 cm-long needle-like crystals of sparingly soluble TPA perchlorate. It
is easy to separate them by a tea-strainer. Another method of preparation was
used in the alkaline route [188].

Two different hydrogel systems were studies. The first system was prepared
from the following initial reaction mixture:

(A) xNa2O–yTPABr–zAl2O3–SiO2–qFe2O3–pHA–20H2O,

where x = 0.1 – 0.32; y = 0.02 – 0.08; z = 0 – 0.05; q = 0.005 – 0.025; the ratio
p/q = 3 and HA stands for H2C2O4 or H3PO4.

The second system was prepared from the following initial reaction mix-
ture:

(B) 0.16Na2O–xTPABr–yEG–zAl2O3 –SiO2–qFe2O3 –pHA–10H2O,

where x = 0 – 0.08, y = 0 – 6.0; z = 0 – 0.05; q = 0.005 – 0.1; the ratio p/q = 3
and HA stays for H2C2O4 or H3PO4.

2.1.4
[Fe]-BEA

The following reagents were used: 20% tetraethylammonium hydroxide
(TEAOH), in H2O (Aldrich), 25% TEAOH, in methanol (Aldrich), tetraethyl
orthosilicate (TEOS, Aldrich) as silicon source, Fe(NO3)3 ·9H2O (Merck),
Al(OH)3 (Pfaltz & Bauer), NaOH (Carlo Erba) and ultradistilled water [194].
The following general composition was used for [Fe]-BEA:

40SiO2 – xFe(NO3)3 ·9H2O – yTEAOH – 4NaOH – 676H2O, with x = 0.38,
0.40, 0.44, 0.45, 0.49, 0.51, 0.60, 1.02, and y = 10.88, 13.6, 16.3 and 19.04.

The experimental procedure was carried out as follows: solution A was
prepared by adding TEOS to aqueous solution of 20% TEAOH under mag-
netic stirring during 1 h. Solution B was prepared by adding NaOH to 20%
aqueous TEAOH solution under magnetic stirring: Solution C was obtained
by introducing Fe(NO3)3 ·9H2O into ultradistilled water under magnetic stir-
ring during 10 min.

Solution A is added dropwise to solution C. It is important to fully dissolve
solution A in solution C. The obtained solution is solution D. Finally, solution
D is added slowly to solution B under magnetic stirring leading to a light yel-
low gel: The system is stirred for 24 h. This allowed the ethanol formed during
the hydrolysis of TEOS to evaporate.
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2.1.5
[Fe]-MOR

The zeolite samples [Al]-BEA and [Fe,Al]-BEA were also prepared starting
from the following molar composition [195]:

(B) xNa2O–0.2TEAOH–yAl2O3–zFe2O3–wC2H2O4–SiO2–20H2O,

where TEAOH stands for tetraethylammonium hydroxide, C2H2O4 is oxalic
acid; 0.1 ≤ x ≤ 0.15; 0.015 ≤ y ≤ 0.02; 0 ≤ z ≤ 0.015, w/z was constantly equal
to 3.

The zeolite samples of [Al]-MOR and [Fe,Al]-MOR were prepared starting
from the following molar composition:

(A) xNa2O–0.2TEABr–yAl2O3–zFe2O3–wC2H2O4–SiO2–20H2O,

where TEABr stands for tetraethylammonium bromide, C2H2OO4 is oxalic
acid; 0.1 ≤ x ≤ 0.27; 0.015 ≤ y ≤ 0.025; 0 ≤ z ≤ 0.025, w/z was constantly equal
to 3.

The hydrogels were obtained by adding precipitated silica (BDH) to a pre-
viously prepared homogeneous solution consisting of the organic compound
(Fluka), sodium hydroxide (Carlo Erba), sodium aluminate (Carlo Erba) and
distilled water. In another beaker, a solution of an iron complex with oxalic
acid was prepared, starting from iron nitrate (Carlo Erba) and oxalic acid
(Carlo Erba). This solution was slowly added to the hydrogel, which, after 1 h
of homogenization, was transferred into autoclaves.

2.1.6
[Co]-MFI

Two different gels were prepared [196, 197]. For the first series of gels
(A), sodium silicate was used and the final batch compositions were:
35SiO2 – xNa2O – yCo(CH3COO)2 · 4H2O – 3.4TPABr – 8.4H2OSO4 – 808H2O
with x = 11, 12.9 and 15 and y = 0.5, 1, 1.5 and 2. The second type of
gels (B) was prepared using colloidal silica with a global composition:
35SiO2 – xNa2O – Co(CH3COO)2 – 3.4TPABr – 808H2O with x = 0, 3, 6, 9 and
12. The gels, after complete homogenization, were placed in PTFE-lined
25 cm3 stainless-steel autoclaves. The Co-containing samples were obtained
by hydrothermal synthesis at 170 ◦C after 2 days. After quenching the auto-
claves, the products were recovered, filtered, washed with distilled water and
finally dried at 80 ◦C overnight. The samples were characterized by various
physico-chemical techniques such as XRD, chemical and thermal analysis,
XPS and diffuse reflectance UV-visible spectroscopy.
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2.1.7
[Zn]-MFI

The zincosilicate of MFI structure has been synthesized according to conven-
tional recipes [198–201]. The main differences consisted in using Zn(NO3)2
instead of aluminum compounds. Another modification comprised the use of
phosphoric acid as crystallization promoter [202]. The initial gel was formed
by mixing NaOH (Carlo Erba) solution with tetrapropylammonium bromide
(TPABr) (98%, FLUKA) and precipitated silica gel (BDH, Laboratory reagent)
followed by adding solutions of Zn(NO3)2 6H2O (Carlo Erba) and H3PO4 (85%,
Fluka). The pH of the initial gel was always ca. 11, and was adjusted using
H3PO4. The Zn/Si ratio of the initial mixtures varied in the 0.01–0.1 range. The
gel was crystallized at 170 ◦C in a Teflon-lined autoclave for various periods of
time (23–140 h). The synthesis was quenched every day and small samples were
taken for XRD analysis to follow the progress in crystallization. The hydrother-
mal syntheses were stopped when the intensity of the XRD reflections of the
products attained the maximum and did not increase any longer. The inten-
sities of the respective XRD reflections were compared with those of zinc-free
silicalite. The resulting products were washed with water, dried and eventually
calcined in air at 450 ◦C in order to remove the organic template.

2.1.8
Cu-TON

The zeolite syntheses were carried out starting from the following reaction
mixtures:

xNa2O – yAl2O3 – 15CH3OH – SiO2 – 10H2O

where x = 0.04 or 0.05 and y ranges from 0.00038 to 0.03 [203]. The syntheses
were performed in a magnetically stirred stainless-steel reactor, while the re-
action temperature range was 140 to 160 ◦C under autogenous pressure. The
crystallization time varied mainly as a function of Al content in the hydrogel.
The products were cooled to room temperature, washed and dried at 105 ◦C
overnight. Three different procedures of copper introduction were applied:

1. direct ionic exchange of Na-TON with a 0.1 M copper (II) acetate solution
(stirred for 2 h at 50 ◦C, followed by calcination at 600 ◦C),

2. calcination of Na-TON at 600 ◦C overnight, preliminary exchange with
a 1 M NH4Cl solution (twice at 60 ◦C) in order to obtain the NH4

+ – TON
form followed by calcination at 600 ◦C, and finally,

3. exchange with copper (II) acetate solution and calcination, as mentioned
in point 1. Solid-state exchange reaction was performed by mixing CuCl2
(5 wt %) with H-TON and treating the mechanical mixture for 8 h at 600 ◦C.
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2.2
Characterization

2.2.1
General Characterization

Products were identified, and their crystallinities were determined by pow-
der X-ray diffraction, using CuKα radiation (Philips Model PW 1730/10 X-ray
generator equipped with a PW 1050/70 vertical goniometer). For the calcu-
lation of the crystallinity of the intermediate samples, the intensity of the
main peak at d = 3.85 Å (or 23.10◦2Θ) for, e.g., MFI zeolite was compared
with the intensity of a reference sample, which was obtained by ultrasonic
treatment (Soniprep 150) of the most crystalline sample for each reaction
investigated. Crystal morphology and size were determined by a scanning
electron microscope (SEM), Jeol JSTM 330A. The amount of gallium and
alkali cations in the crystals was determined by atomic absorption spec-
troscopy (Shimadzu AA-660). Each sample was first treated with ultrasound
in order to eliminate the remaining amorphous phase, and then calcined in
air at 550 ◦C for 3 h in order to eliminate the organic ions. Some 250 mg of
each sample were then dissolved in 5 ml of HF (for analysis) and 2 ml of
H2OSO4 (for analysis). The hydrofluoric acid was eliminated by heating the
solution at 50 ◦C. The remaining solution was then diluted with distilled wa-
ter for a precise volume. The F-content of the samples was analyzed using
a specific F–-electrode, Orion model 94-09. The samples were prepared as
follows. Some 0.1 g of a sample was mixed with ten times more Na2CO3 in
a platinum crucible, and the mixture was heated with a Bunsen burner un-
til complete fusion or the appearance of a transparent solution. The content
of the crucible was then cooled to room temperature and diluted with dis-
tilled water. If a solid residue still remained in the crucible, it was dissolved
by adding several drops of hydrochloric acid. The final solution was filtered
and adjusted to a precise volume. Before analysis, this solution (50 vol %)
was mixed with a solution TISAB (Orion application solution with CDTA-
trans-1,2-diaminocyclohexane-N,N,N,N-tetraacetic acid) in order to decom-
plex the fluoride ions. The amount of TPA+ ions trapped in the crystals was
obtained by TG analysis. DSC curves were used to evaluate the decompos-
ition path of the organic molecules. TG and DSC analyses were carried out
with a Netzsch STA 409 instrument in N2 atmosphere from 20 to 650 ◦C with
a heating rate of 10 ◦C min–1 and a flow rate of 10 ml min–1.

The amount of iron in the crystals was determined by atomic absorption
spectrometry (Shimadzu AA-660). The amounts of the various elements (Fe,
Si, F, Na, K and Cs) were determined by PIXE (Proton Induced X-ray Emis-
sion) and PIGE (Proton Induced γ -ray Emission) methods [204]. Mössbauer
spectra were recorded at room temperature. The template was removed in
a separate equipment by “caring” calcination prior to the measurements, i.e.,
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heating to 450 ◦C in Ar at a ramp of 2 K s–1, calcination in 5% O2/He mixture
at 500 ◦C, 1 h. Evacuation was performed down to a pressure of 4×10–1 Pa
at 350 ◦C for 2.5 h (spectra were recorded afterwards under vacuum). Reduc-
ing treatments were carried out in a CO flow at 350 ◦C for 1.5 h (spectra were
obtained in CO atmosphere). The spectra were fitted by assuming Lorentzian
line-shape; no positional parameters were constrained. The estimated accu-
racy of data is ±0.03 mm s–1.

2.2.2
The Cu-TON Obtained by Ion Exchange

The samples after calcination were modified with Cu2+ and NH4
+ cations.

The ion-exchange procedure was conducted at 50 ◦C. Aqueous solutions
(0.5 M) of NH4Cl and of CuCl2, were added (15 ml per 1 g of the sample),
and the mixture was magnetically stirred for 16 h. The procedure was re-
peated three times with fresh aliquots of solutions, and then the samples
were washed and dried. The samples modified with copper were blue. The
ammonium-exchanged samples were calcined at 450 ◦C to obtain the H-form.
The samples were characterized by standard methods such as XRD (Philips
1730/70), FTIR (KBr, Bruker Vector 22), Raman spectroscopy (FTIR Raman
Nicolet 760 with Nd YAG beam). Considering a possible reduction of in-
corporated zinc in hydrogen atmosphere or with another reducing agent,
TPR data for selected samples were also measured. The TPR curves were
recorded with an Asap Chemsorb 2705 apparatus. The flow rate of hydrogen
(10%)/argon mixture was 108 cm3 min–1. The temperature ramp (20–900 ◦C)
was 10 ◦C min–1. A TPR measurement (Fig. 48) was performed for zincosil-
icate (Zn/Si = 0.05) after template removal as well for its copper cation-
modified version. The Cu content was ∼ 0.6 wt %. The samples were calcined
at 400 ◦C in a helium stream before measurement. The catalytic activity of the
samples was examined in propan-2-ol decomposition and in cumene crack-
ing. The tests were conducted in a pulse microreactor combined with a gas
chromatograph. The catalyst powder samples (15 mg) were activated in a he-

Table 5 NMR parameters

Nucleus ν [MHz] tpulse [µs] Θ [◦] Recycling time [s] NMR Reference

11B 128.3 1.0 π/12 0.2 BF3 ·OEt2
27Al 104.3 1.0 π/12 0.1 Al(H2O)6

3+

71Ga 121.99 1.0 π/12 0.1 Ga(H2O)6
3+

29Si 39.7 6.0 π/2 6.0 Si(CH3)4
19F 282.4 3.4 π/2 5.0 NaF
13C 50.3 4.5 π/2 4.0 Si(CH3)4
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lium stream at 400 ◦C for 30 min prior to the catalytic tests. Cumene cracking
was carried out at 350 ◦C; decomposition of propan-2-ol at 200 ◦C with H-
forms and at 250 ◦C with Cu-forms, respectively. The volume of injected
substrate was 1 µl. For the multinuclear NMR analysis the NMR parameters
are reported in Table 5.

3
Results and General Discussion

3.1
[B]-MFI

Borosilicalites of MFI or ZSM-5 structure were obtained with all the differ-
ent cations used and over the whole range of concentrations. Table 6 shows
the physico-chemical characterization data and Table 7 the 11B NMR data for
the different borosilicalite samples obtained with different amounts of H3BO3
and different alkali cations. Figure 1 shows typical 11B NMR spectra of a pre-
cursor and the corresponding calcined samples. The framework tetrahedral
boron (T) is characterized by a chemical shift of c.a. – 3.9 ppm with respect
to BF3-OEt2 [205]. In the presence of Cs and 10 moles of H3BO3 in the initial
gel, up to 9.4 tetrahedral B/u.c. can be incorporated in the structure.

However, during calcination a large amount of boron is eliminated from
the structure (Table 7) and the relative amount of boron in the tetrahe-
dral configuration decreases. The extra-framework boron is in a tetrahedral
configuration in most cases, characterized by chemical shift of – 2.0 ppm.

Table 6 Physicochemical characterization of precursor samples of borosilicalites synthe-
sized from MF – xH3BO3 – 10SiO2 – 1.25TPABr – 330 H2O at 170 ◦C

x M B/u.c. a M/u.c. b TPA/u.c. c

0.1 NH4 0.8 — 3.8
Na 1.2 0.5 3.7
K 1.0 0.7 3.4
Cs 1.2 0.1 3.8

10 NH4 4.4 — 3.5
Na 6.3 2.0 3.7
K 8.4 3.2 2.8
Cs 9.4 3.7 2.4

a NMR values;
b Atomic absorption values;
c Thermal analysis values
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Table 7 11B NMR data of borosilicalites synthesized from 9 MF – xH3BO3 – 10 SiO2 – 1.25
TPABr – 330 H2O at 170 ◦C

x M Sample a δ [ppm] I [%] Btet/u.c. b δ [ppm] I [%] B trigonal
δ [ppm] I [%]

0.1 NH4 pr – 4.2 100 0.8
c – 4.0 27 0.2 – 2.0 18 5.6–17 55

Na pr – 4.1 100 1.2
c – 3.7 20 0.4 – 2.0 22 5.2–17 45

K pr – 4.2 100 1.0
c – 3.7 63 0.5 – 2.0 37

Cs pr – 3.3 100 1.2
c – 4.0 12 0.24 – 2.0 47 5.2–17 34

10 NH4 pr – 4.1 80 3.5 – 2.0 20
c — —

Na pr – 4.0 73 4.6 – 2.0 22 5.5–17 5
c – 3.6 53 3.3 – 2.0 6 5.5–17 41

K pr – 3.9 70 5.9 – 2.0 30
c – 3.9 17 1.0 – 2.0 34 1.0–17 49

Cs pr – 3.9 32 2.9 – 2.0 68 5.5–17 11
c – 3.8 54 5.1 – 2.0 26 5.5–17 20

a pr: precursor; c: calcined;
b Corresponding to the amount of boron at ca. – 4 ppm

Fig. 1 11B MAS NMR spectra of a K-borosilicalite precursor and b calcined samples
obtained with 10 moles of H3BO3
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Sometimes, some of the extra-framework boron can also assume trigonal
configuration as in the various borates. In this case, a broad NMR line is sit-
uated between 5.5 and 17 ppm. Quantitative determination of the trigonal
boron was made by considering an average value of the quadrupole coupling
constant of ∼2.5 MHz [206] and using the corrections for the line intensities
depending on the value of ν2

Q/νL · νrot with νQ = 1.25 MHz, νL = 128.3 MHz
and νrot = 9 kHz [207, 208]. The measured intensities were corrected by a fac-
tor of 1/0.83 = 1.2. No correction was made for the intensities of the lines of
the tetrahedral boron (Qcc = 0.2 MHz [206]). The total amount of TPA/u.c.
is equal to 3.4–3.8 for samples synthesized with 0.1 moles of H3BO3. For the
K- and Cs-borosilicalite samples, the amount of TPA/u.c. decreases to 3.2
and 2.7 for samples synthesized with 4 moles of H3BO3 and to 2.8 and 2.4
for samples obtained with 10 moles of H3BO3. The decrease of TPA/u.c. is
also indicative of boron incorporation into the MFI structure. Indeed, it was
previously observed that the increase of Al in the zeolitic framework was ac-
companied by a decrease of TPA/u.c. [209]. The M/u.c. value remains quite
low for low B-containing samples (Table 6). It varies from 0.1 to 0.7. As more
boron is incorporated into the structure, this amount increases to 3.7 for the
Cs-borosilicalite. If boron is incorporated in the zeolitic framework, its pres-
ence leads to a contraction of the unit cell because the atomic radius of the
B atom (0.98 Å) is smaller than that of the Si atom (1.32 Å). The cell pa-
rameters and the unit cell volume decrease monotonously as a function of
B/u.c. [210]. The decrease is largest for the K- and Cs-borosilicalites. From
a correlation between the unit cell volume and B/u.c. reported in the litera-
ture [211], it can be predicted that some 5–6 boron atoms can be incorporated
into the MFI structure using K+ ions. As was already mentioned above, Cs+ at
high H3BO3 concentrations behaves quite peculiarly. For example, the B/u.c.
in the framework increases during calcination with x = 10 moles (Table 7
and Fig. 2).

During calcination, the NMR line at – 3.9 ppm increases, while the one
at – 2.0 ppm decreases. There is also some increase in the 5.5–17 ppm line.
It seems as if the – 2.0 ppm line, which was attributed to extra-framework
tetrahedral boron is transformed predominantly to the – 3.9 ppm line, i.e.,
the boron in the structure is in tetrahedral configuration, and partially it is
in non-framework trigonal boron at 5.5–17 ppm. Hence we have to modify
the attribution of the – 2.0 ppm line. It is possible that the “extra-framework”
tetrahedral boron in the precursor is really not an extra-framework boron,
but characterizes a tetrahedral boron, which is still partially linked to the
structure. If this is the case, a rather high amount of SiOH defect groups
should be present in these samples. This is confirmed by the 29Si NMR spec-
tra, where a high concentration of SiOX groups (where X = Na, K, Cs, NH4,
H) at – 103 ppm is detected (Fig. 3), indeed. Interestingly, the K-borosilicate
samples do not show any anomaly (Table 7 and Fig. 4). No SiOX defect groups
were detected in the precursor samples at a high boron concentration.
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The attribution of the – 2.0 ppm line in the 11B NMR spectra to partially
deformed framework tetrahedral boron such as [(SiO)3BOH]– (i.e., having
non-bridging oxygen in the structure) was also suggested for reedmergner-
ite [206]. From this study it can be concluded that more than four B/u.c.
can be introduced into silicalite-1 using a fluoride-containing medium in the
presence of either K+ or Cs+ ions. We can see now that the maximum of four
B/u.c. observed in previous studies carried out in both alkaline [212] and flu-
oride [213] media is essentially linked to Na+, which was the inorganic cation

Fig. 2 11B MAS NMR spectra of a precursor and b calcined Cs-borosilicalites synthesized
with 10 moles of H3BO3

Fig. 3 29Si MAS NMR spectra of a precursor and b calcined Cs-borosilicalites synthesized
with 10 moles of H3BO3
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used. It was shown, indeed, in [212] that Na+ preferentially accompanied Al
in the structure, while B preferred TPA+. It was also demonstrated that the
boron species incorporated into the zeolite structure were in a trigonal form,
i.e., B(OH)3 in the alkaline medium. As only a maximum of 4 TPA+/u.c. can
be included in the channel, the maximum B/u.c. also equals four. The pref-
erential interaction between [SiOAl]– and Na+ on the one hand and between
[SiOB–] and TPA+ on the other can be understood on the basis of the hard
and soft acid-base interaction. It is well known that hard acids accompany
better hard bases and soft acids link preferentially to soft bases. As Na+ is
a harder acid than TPA+, [SiOAl]– is also a harder base than [SiOB]–. The
preferential interactions lead then to the TPA+-[SiOB]– pairs, as was demon-
strated previously [212]. If, however, the Na+ ions are replaced by either K+

or Cs+, which are softer acids than Na+, the presence of these ions could also
favor the introduction of boron into the zeolite structure, since preferential
[SiOB]–K+ or [SiOB]–Cs+ pairs can be formed. The presence of either K+ or
Cs+ in the channels lowers the possibility of introducing four TPA/u.c. In-
deed, it is found for samples having more than four B/u.c. that the value of
TPA/u.c. decreases. The thus-created available free space can then be occu-
pied by the other “soft” counter-cations (K+ or Cs+), and no defect groups
have to be created in the structure. Hence K+ or Cs+ are behaving towards
[SiOB]– as Na+ does towards [SiOAl]–. In the latter case, it is possible to intro-
duce up to 8–10 Al/u.c. [209, 212]. Hence, in the presence of K+ or Cs+ more
than four B/u.c. can be obtained.

3.2
[Ga]-MFI

Highly crystalline [Ga]-ZSM-5 samples were obtained from gels with an ini-
tial composition of 10SiO2 – xMF – yGa(NO3)3 – 1.25TPABr – 330H2O with
x = 9, 18 and y = 0.1 and 0.3. Table 8 shows the results of the chemical analysis
for various [Ga]-ZSM-5 samples where Ga/u.c. and M/u.c. were determined
by atomic absorption, TPA/u.c. from thermogravimetric analysis, and F/u.c.
from the use of the specific F-selective electrode. Gallium can be introduced
quite efficiently in the presence of NH4

+ ions as noted previously [28, 29, 32].
Indeed, the Si/Ga ratios of the initial gels and those of the final zeolitic sam-
ples are very close. Ga/u.c. values increase with increasing Ga(NO3)3 in the
initial gels. K+ ions are somewhat less effective to introduce gallium in tetra-
hedral positions of the lattice, the Na+ ions are even less effective, and finally,
the Cs+ ions are the least effective. The amount of alkali cations used does not
seem to have a large influence on the incorporation of gallium, meaning that
saturation is already reached with nine MF moles in the reaction mixture.

This behavior is quite different from the influence of alkali cations on
the incorporation of aluminum into the framework position of ZSM-5 in
fluorine-containing media [30]. Indeed, it was found that K+ ions were the
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Table 8 Physicochemical characterization of [Ga]-ZSM-5 samples obtained from 10 SiO2
– x MF – y Ga(NO3)3 – 1.25 TPABr – 330 H2O at 170 ◦C

MF Ga(NO3)3 Ga/u.c. M/u.c. F/u.c. TPA/u.c. TPA/u.c. TPA/u.c.
initial tot ∼ 420 ◦C ∼ 470 ◦C

9 NH4F 0.1 1.0 — 1.1 3.8 2.0 1.8
0.3 2.9 — 0.5 3.3 1.3 2.0

18 NH4F 0.1 1.1 — 1.5 3.9 2.2 1.7
0.3 3.2 — 0.4 3.4 0.4 3.0

9 NaF 0.1 0.9 0.03 3.2 3.8 1.4 2.4
0.3 1.9 0.07 1.2 3.8 1.8 2.0

18 NaF 0.1 0.5 0.08 2.7 3.8 2.0 1.8
0.3 1.8 0.2 1.5 3.8 1.4 2.4

9 KF 0.1 0.9 0.05 1.5 3.8 2.3 1.5
0.3 2.5 0.4 0.9 3.4 0.9 2.5

18 KF 0.1 0.7 0.5 1.3 3.8 2.0 1.8
0.3 2.5 0.8 1.2 3.8 1.0 (0.3) a 2.5

9 CsF 0.1 1.0 0.9 4.3 3.8 2.0 1.8
0.3 1.3 1.6 3.9 3.8 2.0 1.4 (0.4) b

18 Cs 0.1 0.9 1.5 4.6 3.8 2.0 1.2 (0.6) b

0.3 1.7 1.6 4.8 3.8 1.9 1.4 (0.5) b

a Estimated amount stemming from a DTA peak at ca. 448 ◦C
b Stemming from a DTA peak at ca. 530 ◦C

most effective, followed by Na+ and Cs+ ions and the NH4
+ ions were the least

effective. In addition, while the influence of the alkali cation concentration
was positive for NH4

+, K+ and Cs+ ions, increasing concentration of NH4
+ led

to lower incorporation of aluminum into the MFI frame work [41].
The TPA/u.c. values are equal to ca. 3.8 (Table 8), and are close to the

maximum possible 4 TPA/u.c., where the TPA+ ions occupy the channel in-
tersections, and the four propyl chains extend both the linear and zigzag
channels. The amount of H2O/u.c. is close to zero for all the samples studied.
This value is in agreement with the results of the [Al]-ZSM-5 samples, where,
with the 3.8 TPA/u.c. samples, no water was detected either [30].

The F/u.c. content generally decreases with increasing Ga/u.c. (Table 8). Its
value is less than 2 for the samples synthesized in the presence of either NH4F
or KF. Higher values can be found in samples synthesized with NaF. For the
CsF samples, values greater than 4 are found, suggesting the presence of CsF
in the MFI channels, as shown previously for the borosilicalite samples syn-
thesized in fluorine-containing media (Testa F, Chiappetta R, Crea F, Aiello R,
Fonseca A, Bertrand JC, Demortier G, Guth JL, Delmotte L, B.Nagy J, submitted
for publication). The total negative charges of the framework (tetrahedral Ga
+ F–+ defect SiO– groups) will be compared with the totally available positive
charges (TPA+ + M+ + H+) in the MFI channels. The 71Ga NMR spectra are all
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Fig. 4 29Si MAS NMR spectra of K-borosilicalite samples of a precursor and b calcined
form obtained with 10 moles of H3BO3

characterized by a single NMR line at ca. 152 ppm vs. an aqueous 1 M Ga(NO3)3
solution, used as an external reference (Fig. 5a).

The apparent chemical shift shows that gallium is in the tetrahedral form
in the MFI framework, and no octahedral gallium is detected at ca. 0 ppm [4,
5, 17, 18]. The NMR linewidths are all similar, and they only vary from 3850
to 4350 Hz. The average value is 4000 Hz. All the 29Si NMR spectra of the
as-made samples are characteristic of an MFI structure in an orthorhom-
bic form [214] (Fig. 5b). The spectra were decomposed using 50% Gaussian
and 50% Lorentzian lines in three contributions: one at – 103 ppm, and two
lines at – 112 and – 116 ppm. The latter two stem from Si(0Ga) configurations,
whereas the first one includes both the Si(1Ga) configuration and the SiOX
defect groups (X= NH4, Na, K or Cs, TPA and H): I–103 ppm = ISiOX + ISi(1Ga).
As Loewenstein’s rule is also obeyed for gallium incorporation, the ISi(1Ga) was
computed from chemical analysis data, Ga being only in tetrahedral frame-
work position: ISi(1Ga) = 100/0.25 Si/Ga. The computed SiOX/u.c. values are
listed in Table 9. If the framework negative charges (Ga + F)/u.c. are com-
pared with the possible counterions (TPA + M)/u.c. (M= NH4, Na, K and
Cs), one can see that some of the data (almost one half) fit quite well. In
most cases (more than half), the (TPA + M)/u.c. values are higher than the
(Ga + F)/u.c. values, suggesting the presence of SiO– defect groups to neutral-
ize the excess positive charges.

The 29Si NMR data show that the amount of defect groups is higher
than that required by charge neutralization. This means that a rather high
amount of SiOH/u.c. is also present in the structure. The latter was com-
puted as the difference between the total amount of defect groups SiOX/u.c.
and the contribution of SiOTPA (the amount of TPA decomposed at low
[420 ◦C] temperatures) and of SiOM (M= NH4, Na, K, Cs) (Table 9). In-
deed, the SiOH/u.c. values are rather high, but their contribution decreases
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Fig. 5 a A typical 71Ga MAS NMR spectrum of [Ga]-ZSM-5 sample synthesized from
10SiO2 – 18CsF – 0.3Ga(NO3)3 –1.25TPABr–330H2O at 170 ◦C (Ga/u.c. = 1.7). b A typ-
ical 29Si NMR spectrum of a [Ga]-ZSM-5 sample synthesized from 10SiO2 – 18CsF –
0.1Ga(NO3)3 – 1.25TPABr – 330H2O at 170 ◦C (Ga/u.c. = 0.9)

with increasing Ga/u.c. (Fig. 6). The SiOH/u.c. values are higher for the
K-containing samples than for the Na- and Cs-containing ones. The TPA+

ions are incorporated intact into the zeolitic channels. The 13C NMR spectra
are characteristic of TPA+ in a well-crystallized ZSM-5 zeolite synthesized ei-
ther in F-containing media [215, 216] or in alkaline media [217]. The chemical
shifts and linewidths are as follows: N–CH2O–: δ = 62.7 ppm (∆H = 298 Hz)
with a shoulder at 65 ppm; –CH2O–: δ = 16.4 ppm (∆H = 215 Hz) and CH3–:
δ = 11.4 ppm (∆H = 100 Hz) and δ = 10.2 ppm (∆H = 100 Hz). The decom-
position of the TPA+ cations occurs either in one or two steps, similarly
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Table 9 SiOX/u.c. (X = H, M and TPA), SiOTPA/u.c., SiOH/u.c., sum of positive charges
(TPA+M)/u.c. (M = NH4, Na, K and Cs), and sum of negative charges (Ga+F)/u.c. of
[Ga]-ZSM-5 samples

MF Ga(NO3)3 Si/Ga SiOX a SiOTPA b SiOH c (TPA + M) (Ga + F)
/u.c /u.c /u.c /u.c /u.c

9NH4F 0.1 95.0 7.3 2.0 — — 2.1
0.3 32.1 2.4 1.3 — — 3.3

18NH4F 0.1 86.3 5.9 2.1 — — 2.6
0.3 29.0 2.0 0.4 — — 3.7

9NaF 0.1 105.7 6.5 1.4 5.1 3.8 4.1
0.3 49.5 3.6 1.8 1.8 3.9 3.1

18NaF 0.1 2.0 3.9 3.2
0.3 52.3 1.5 1.4 0 4.0 3.3

9KF 0.1 105.7 14.8 2.3 12.5 3.8 2.4
0.3 37.4 7.8 0.9 6.5 3.8 3.4

18KF 0.1 136.1 15.3 2.0 13.3 4.3 2.0
0.3 1.2 4.5 3.7

9CsF 0.1 95.0 11.3 2.0 8.4 4.7 5.3
0.3 72.8 7.4 2.0 3.8 5.4 5.2

18CsF 0.1 105.7 10.4 2.0 6.9 5.3 5.5
0.3 55.5 7.7 1.9 4.2 5.4 6.5

a X = H, M and TPA, where M = NH4, Na, K, Cs
b SiOTPA/u.c. = TPA/u.c. decomposed at low temperature (420 ◦C)
c SiOH/u.c. = SiOX/u.c. – (SiOTPA/u.c. + SiOM/u.c.)

to that of the [Al]-ZSM-5 samples (Fig. 7) [213, 216]. In one sample synthe-
sized in the presence of 18 NH4F and 0.3 Ga(NO3)3, essentially one high-
temperature peak at ca. 480 ◦C is observed, characteristic of the decompos-
ition of TPA+ (SiOGa)-ion pairs. In this case, the value of Ga/u.c. (3.2) is
close to that of TPA/u.c. (3.0) decomposed at 480 ◦C (Table 8). At lower Ga
content, two decomposition peaks are observed at ca. 420 and 480 ◦C. The
low-temperature peak can be attributed, as in the case of [Al]-ZSM-5 sam-
ples, to TPA+ ions linked to SiO– defect groups or to TPA+ F– (or OH–) ion
pairs [213, 216, 217]. This interpretation has nevertheless to be taken with
some caution. Indeed, when the TPA/u.c. decomposed at higher temperature
and is plotted as a function of Ga/u.c., the experimental points are rather
scattered, and the difference between TPA/u.c. and Ga/u.c. becomes greater
for low Ga/u.c. values. This suggests, that the high-temperature decompos-
ition peak is related not only to the decomposition of TPA+ ... (SiOGa)–

species but also to the decomposition of the products that were formed dur-
ing the decomposition of the TPA+ F– ion pairs. Several peculiarities have also
been observed in the presence of 18 KF and 18 CsF (Fig. 7). An intermediate
DTA peak was also observed at ∼450 ◦C in the presence of 18 KF. With 18 CsF



Isomorphous Substitution in Zeolites 397

Fig. 6 Variation of SiOH/u.c. as a function of Ga/u.c. for the various [Ga]-ZSM-5 samples
synthesized with NaF, KF and CsF

Fig. 7 DTG and DTA of [Ga]-ZSM-5 samples synthesized from 10SiO2-xMF-y Ga(NO3)3-
1.25TPABr -330 H2O at 170 ◦C: a x = 9NH4F, y = 0.3; b x = 18NH4F, y = 0.3; c x = 18 KF,
y = 0.1; d x = 18 CsF, y = 0.1

(and also with 9 CsF) (Fig. 7), a new DTA peak also appeared at ∼530 ◦C.
This peak is characteristic of silicalite-1 and is due to the decomposition of
the products occurring in the temperature range of the first DTA peak. The
presence of this peak suggests that the crystallites are not homogeneous and
contain highly siliceous regions, as it was shown already in [223].
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3.3
Influence of Alkali Cations on the Incorporation of Al, B and Ga
Into the MFI Framework

The T atoms are essentially incorporated in the zeolite framework as it is
clearly shown by 11B, 27Al and 71Ga NMR measurements [181, 184, 219]. In-
deed, the position of the maxima are at – 4.0 ppm vs. Et2O·BF3 for 11B NMR,
+ 52 ppm vs. Al(H2O)5+

6 for 27Al NMR spectra and + 152 ppm vs. Ga(H2O)3+
6

for 71Ga NMR spectra. Table 10 shows the composition of the final [T]-MFI
phases synthesized from 10SiO2 – 9MF – yT – 1.25TPABr – 330H2O at 170 ◦C,
with M = NH4, Na, K or Cs; T = 0.1 H3BO3, 0.16 Al(OH)3 and 0.1 Ga(NO3)3.
At such a low initial T atom content of the gels, the introduction of the TIII

atoms is quite efficient. Indeed, the Si/T ratio of the initial gels is equal to 100
for B and Ga, and 62.5 for Al, while the Si/T ratios in the final samples vary
between 119 and 73.

The fluorine contents are similar in all samples and vary between 1.1 and
4.8 F/u.c. The M/u.c. values are rather low showing that the tetrapropylam-
monium (TPA+) ions neutralize the framework negative charges associated
with the presence of TIII atoms in the framework. The TPA/u.c. values are
equal to 3.8, which is close to the maximum theoretical value of 4. In this
case all the channel intersections are occupied by TPA+ ions. The amount of
T/u.c. in the structure increases with increasing amount of T atoms in the ini-
tial gels. Up to 8 B/u.c. can be introduced into the framework starting from
gel compositions of 10SiO2 – 6H3BO3 – 9KF – 1.25TPABr – 330H2O, up to 6.5

Table 10 Comparison of the final zeolitic [T]-ZSM-5 phases (T = B, Al, Ga) synthesized
from gels 10 SiO2 – y T – 9 MF – 1.25 TPABr – 330 H2O at 170 ◦C (X = H, M and/or TPA,
and M = NH4, Na, K, Cs)

9MF-0.1H3BO3 Si/B B/u.c. M/u.c. F/u.c. SiOX/u.c.
NH4 119 0.8 — 3.0 5
Na 79 1.2 0.5 2.7 4
K 95 1.0 0.7 2.9 0
Cs 79 1.2 0.1 2.8 6

9MF-0.16Al(OH)3 Si/Al Al/u.c. M/u.c. F/u.c. SiOX/u.c.
NH4 73 1.3 — 2.5 5.2
Na 86 1.1 0.8 3.0 24.6
K 480 0.2 0.2 3.7 15.4
Cs 86 1.1 0.5 2.7 11.9

9MF-0.1Ga(NO3)3 Si/Ga Ga/u.c. M/u.c. F/u.c. SiOX/u.c.
NH4 95 1.0 — 1.1 7.3
Na 106 0.9 0.03 3.2 6.5
K 106 0.9 0.05 1.5 14.8
Cs 95 1.0 0.9 4.8 11.3
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Al/u.c. starting from 10SiO2 – 15KF – 6Al(OH)3 – 1.25TPABr – 330H2O, up
to 3.2 Ga/u.c. starting from 10SiO2 – 18NH4F – 0.3Ga(NO3)3 – 1.25TPABr –
330H2O. As it can be seen from these results, K+ ions are the preferred
cations for the introduction of boron and aluminum, while NH4

+ ions are
more efficient in the case of Ga. (This sequence is not followed at low
TIII/u.c. and these values are generally close to 1.) From the comparison of
the initial and final Si/T ratios (Si/Bgel = 1.7 and Si/B of the zeolite is equal
to 1.1; Si/Algel = 10 and Si/Alzeolite = 14; Si/Gagel = 33 and Si/Gazeolite = 29)
the following conclusion can be drawn. Ga is introduced with the high-
est yield, followed by Al and the introduction of B is the less effective one
for these maximal conditions. The amount of the SiOX defect groups (X
= H, M and/or TPA) was determined from 29Si NMR measurements. It is
much higher for [Al]- and [Ga]-ZSM-5 samples, while only a small amount
of SiOX is found in [B]-ZSM-5 zeolites. Moreover, the NH4-[T]-ZSM-5 zeo-
lites show generally the smallest value of SiOX/u.c. The relative SiOX/u.c.
values do not seem to be linked to the initial and final pH values being in
the range of 8–9 for most cases. It is also interesting to compare both the
relative amount and the temperature of decomposition of the two differ-
ent TPA+ species, whether the counter-cations balanced the negative charges
of the TOSi– (high-temperature DTA peak) or the SiO– defect groups (low-
temperature DTA peak). While the relative amount depends on the T/u.c.
values, the decomposition temperature is greatly influenced by the M/u.c.
values of the counter-cations. When the temperatures of the extrema of the
two peaks and of the single peak are plotted as a function of the Al/u.c., in-
teresting variations can be noted (Fig. 8). At low Al content two peaks were
observed merging into a single peak at high Al content (around 7–8 Al/u.c.
curves a and b). A similar behavior was observed previously for samples syn-
thesized in the presence of NH4F. This relationship only holds, however, for
samples prepared in the presence of NH4F and for those prepared with a low
amount of aluminum and hence containing only a low amount of M/u.c. If
the samples contain more than 1.5 M/u.c. (there is only one exception), the
two DTA peaks are merging much faster as a function of Al/u.c. (curve c in
Fig. 8). Indeed, if the data for NaF, KF and CsF are plotted as a function of
M/u.c., a clear-cut variation can be observed (Fig. 9). At low M/u.c. values
two peaks are well detected (the only exception is that obtained with CsF,
Al/u.c. = 2.5 and Cs/u.c. = 0.5). These two peaks merge into one for M/u.c.
≥ 1.5. This means that the alkali cations neutralize more preferentially the
F– ions and/or the defect SiO– groups, while the remaining TPA+ ions inter-
act better with the negative charges (SiOAl)– of the framework. Hence, with
a high M/u.c. content no TPA+ ions are directly interacting with either F–

or SiO– defect groups. The decomposition of TPA+ cations in Ga-containing
samples occurs either in one or two steps, similarly to that of the [Al]-ZSM-5
samples [213, 216] (Fig. 10).
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Fig. 8 Variation of the temperature of the DTA peaks as a function of Al/u.c. of the [Al]-
ZSM-5 samples

Fig. 9 Variation of temperature of the DTA peaks as a function of M/u.c. of the
[Al]-ZSM-5 samples

Fig. 10 Variation of the temperature of the DTA peaks as a function of Ga/u.c. of the [Ga]-
ZSM-5 samples
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When the temperature of the extrema of the two peaks are plotted as
a function of Ga/u.c., no variation can be found, but the experimental points
are rather scattered (Fig. 10). The variation of the same extrema as a function
of M/u.c. is more informative (Fig. 11). Indeed, a slight increase is observed
in the temperature of both decomposition peaks with increasing M/u.c. It is
generally observed that the temperature of decomposition increases with in-
creasing stability of the TPA+ ions occluded in the MFI channels [217]. One
could suggest that the increase of M/u.c. is accompanied by a decrease in de-
fect groups SiOM/u.c. This is, however, not the case. It is also possible that
both TPA+ and M+ ions compete for the same sites carrying negative charges,
such as (SiOGa)–, SiO– and F–. The SiOTPA/u.c. values do not seem to vary
with M/u.c. either. Finally, the presence of MF in the MFI channels could
also modify the decomposition temperature of the TPA+ ions. Further work is
necessary for a clear-cut picture of the various specific interactions between
the available cations and anions. The synthesis in fluoride media leads to
high crystallinity and regular morphology of the crystals. The crystal dimen-
sions depend more on the nature of the T atoms than on the nature of the M
ions. Large prismatic crystals of an average dimension of 150 µm ×50 µm ×
40 µm are obtained for [B]-ZSM-5, while smaller prisms of average dimen-
sions 50 µm × 25 µm × 15 (or 20) µm characterize the crystals of [Al]- and
[Ga]-ZSM-5. The variation of both log 1/tind (tind being the induction time in
hours) and log R (R being the crystallization rate in % per hour) as a function
of the inverse of the radius of bare M nuclei (1/r) shows a complex behavior
with a minimum for NH4

+ ions and a maximum for K+ ions (Fig. 12). Ana-
lyzing in more detail the crystallization rate only, the following observations
can be made for the syntheses. The sequence Al > B > Ga is observed in the
presence of Cs+ and NH4

+ ions, Ga > B > Al for K+ ions and B > Al > Ga for

Fig. 11 Variation of the temperature of the DTA peaks as a function of M/u.c. of the [Ga]-
ZSM-5 samples
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Fig. 12 Variation of the induction rate (1/tind) and of the crystallization rate (R) as a func-
tion of 1/r (r: radius of the bare cation) for the [B]-ZSM-5, [Al]-ZSM-5 and [Ga]-ZSM-5
zeolites synthesized in fluoride-containing media

Na+ ions. Note that the sequence found for K+ ions follows the sequence of
Sanderson electronegativities, i.e., Ga > B > Al [224]. On the other hand, the
solubility of MF fluorides gives the sequence NaF < KF < NH4F < CsF. Only
the crystallization rate of [Al]-ZSM-5 follows this sequence. For the majority
of the other cases (both induction and crystallization rates), KF influences the
reaction rates the most. The effect of both the amount of T and the amount
of MF was systematically explored on both the induction and crystallization
rates. It can be concluded that the M+ ions not only exert their coulom-
bic stabilization effect (which is inversely proportional to r), but they also
interact specifically with the various anionic species at the solid-liquid in-
terface, where both nucleation and crystallization take place. Alkali cations
deeply influence the incorporation of trivalent (T) atoms in metallosilicalite
crystals. In particular K+ ions are preferential cations for the introduction
of boron and aluminum, while NH4

+ ions are more efficient for Ga. The
physico-chemical properties of metallosilicalites are also markedly influenced
by alkali cations.

3.4
[Fe]-MFI

3.4.1
Fluoride Route

The gels with the composition 10SiO2–xFe(NO3)3 · 9H2O–yMF–1.25TPABr–
300H2O, where x = 0.1, 0.2 and 0.3, y = 3, 6, 9, 12, 15, 18, 21 and 24 and M
= NH4, Na, K and Cs all led to crystalline MFI structures at 170 ◦C except
for x = 0.1, y = 3 and M = Cs, where the gels remained amorphous. All the
prepared gels were white before heating, because the iron species were not
precipitated as hydroxides, but they formed soluble complexes with fluoride
ions. Note that this is not the case for gels prepared in alkaline media, which
were generally pale yellow or even “rusty” [225]. The as-synthesized prod-
ucts were all white powders, with a light greenish hue; only in some cases
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could brownish crystals be detected. In most cases, Fe/u.c. increases steadily
as the amount of Fe(NO3)3 in the gel increases. The increase of Fe/u.c. in
the final samples could be due to the ease of solubilization of FeF(3–x)+

x com-
plexes and their transport to the nucleation and crystal growth sites. Also
note that the Fe/u.c. values do not depend on the amount of CsF used in
the gel. For NH4F and KF, either independence or a slight increase is ob-
served as a function of increasing F, while for NaF, a slight decrease was
registered. NH4F and CsF are the most efficient salts for the introduction of
Fe into the tetrahedral positions of the structure. Indeed, the Si/Fe ratios
of the final crystalline samples are always lower than or equal to the Si/Fe
ratios of the corresponding gels. KF is less effective, as, in most cases, the
Si/Fe ratios of the final crystalline samples are higher than those of the cor-
responding gels. Finally, NaF is the least effective salt, leading sometimes to
three times higher Si/Fe values in the final samples than in the initial gels.
The TPA/u.c. values determined by TG are close to 4, when the amount of
Fe/u.c. is low (Fig. 13). As the amount of tetrahedrally incorporated Fe in-
creases, TPA/u.c. decreases starting from approximately 2.5 Fe/u.c. for NH4-
[Fe]-silicalite-1 and 1.5 Fe/u.c. for (Cs, Fe)-silicalite-1. A similar decrease of
TPA/u.c. values as a function of increasing tetrahedrally incorporated atoms
has already been observed for [Al,TPA]-ZSM-5 [226, 227], [B,TPA]-silica-
lite-1 (Testa F, Chiappetta R, Crea F, Aiello R, Fonseca A, Bertrand JC, De-
mortier G, Guth JL, Delmotte L, B.Nagy J, submitted for publication) and
[Ga,TPA]-silicalite-1 [184]. The DSC curves of Cs-[Fe]-silicalite-1 samples are
similar to those obtained for the other M-[Fe]-silicalite-1 samples [228]. At
low Fe/u.c. content, two endothermic peaks are observed at ∼ 400 – 420 ◦C
and at 440–460 ◦C (Fig. 14). Note that the high-temperature peak is located
at lower temperature than it was reported for [Al]-ZSM-5 [226, 227, 229], [B]-
silicalite-1 (Testa F, Chiappetta R, Crea F, Aiello R, Fonseca A, Bertrand JC,

Fig. 13 Variation of TPA/u.c. as a function of Fe/u.c.
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Fig. 14 DSC curves of Cs-[Fe]-silicalite-1 samples prepared with various amounts of CsF
from the gel 10SiO2 – xFe(NO3)3 ·9H2O – yCsF – 1.25TPABr – 300H2O at 170 ◦C with y = 6,
12, 18 and 24

Fig. 15 Variation of the temperatures of the peaks in the DSC curves as a function of
Fe/u.c.

Demortier G, Guth JL, Delmotte L, B.Nagy J, submitted for publication) or
[Ga]-silicalite-1 [184]. The variation of the temperature of both the high- and
low-temperature DSC peaks as a function of Fe/u.c. leads to interesting ob-
servations (Fig. 15). For the NH4-[Fe]-silicalite-1 samples both the high-and
low-temperature peaks decrease slightly with increasing Fe/u.c. On the other
hand, for the (Na, Fe)-silicalite-1 samples both the low-temperature and the
high- temperature peaks remain quasi-constant with increasing Fe/u.c. For
NH4

+ and Na+ cations the interaction of TPA+ with the framework is con-
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stant and is not much influenced by the presence of cations. This suggests that
the M/u.c. is low for both NH4

+ and Na+ cations. Indeed, some 1.5 Na/u.c.
were determined by the PIGE technique and by wet chemical analysis. The
low-temperature peak was previously explained as being due to TPA+ cations
neutralizing the SiO– defect groups in the structure [217, 226, 227, 231]. The
behavior of the high-temperature peak is more controversial. It might be
due to the decomposition of TPA+ ions neutralizing the negative framework
charges introduced by the presence of tetrahedral Fe(III) or other trivalent
atoms. This is the case for the [Al]-ZSM-5 samples [226, 229, 231]. How-
ever, for silicalite-1 or for boro- and gallosilicalite-1, this peak also includes
the products of decomposition stemming from the low-temperature peak
(tripropylamine, dipropylamine, etc.) [184, 217, 226, 227, 231] (Testa F, Chi-
appetta R, Crea F, Aiello R, Fonseca A, Bertrand JC, Demortier G, Guth JL,
Delmotte L, B.Nagy J, submitted for publication). The K-[Fe]-and Cs-[Fe]-
silicalite-1 samples exhibit a different behavior (Fig. 15). At low Fe/u.c. values
both the high-temperature peak and the low-temperature peak remain quasi-
constant as Fe/u.c. increases. At higher Fe/u.c. values, however, only a single
peak at an intermediate temperature is detected (Fig. 15). As there is some
overlap between the Fe/u.c. values for the two DSC peaks and the single DSC
peak due to decomposition of TPA, this suggests that not only the Fe/u.c.
values are important, but the M/u.c. values as well, which greatly influence
the decomposition temperature. The influence of the cations has already been
shown for the [Al]-ZSM-5 [228, 229] and the borosilicalite-1 [226, 231] sam-
ples. In the case of the large K+ and Cs+ cations, due also to their higher
amount in the samples, their influence can clearly be detected (Fig. 15). Their
amount rises to ∼ 3.0/u.c. The specific influence of the cations can also be
observed, if the amounts of TPA/u.c., which have decomposed at high (HT)
and low (LT) temperatures, are plotted as a function of Fe/u.c. (Fig. 16). For
the NH4-[Fe]-silicalite-1 samples, TPA/u.c. of the HT peak is always larger
than that corresponding to the LT peak. They both decrease with increasing
Fe/u.c. values, the TPA/u.c. values of the single peak are also decreasing with
increasing Fe/u.c. as they represent the total amount of TPA/u.c. For the Na-
[Fe]-silicalite-1 samples, the TPA/u.c. values of the LT peaks are always higher
than those of the HT peaks and remain approximately constant as a function
of Fe/u.c. On the other hand, for the K-[Fe]-silicalite-1 samples, at low Fe/u.c.
values, the HT peak is larger than the LT peak and their TPA/u.c. values
do not depend much on the Fe/u.c. values. Finally, for Cs-[Fe]-silicalite-1,
the HT peak decreases, while the LT peak increases with increasing Fe/u.c.
Of course, the TPA/u.c. values are decreasing with increasing Fe/u.c. for
the single peak. Note that for [Al]-ZSM-5 [228], borosilicalite-1 [228] (Testa
F, Chiappetta R, Crea F, Aiello R, Fonseca A, Bertrand JC, Demortier G,
Guth JL, Delmotte L, B.Nagy J, submitted for publication) and gallosilica-
lite-1 [184], the specific influence of the cations M+ could not be distin-
guished; the alkali cation only influenced the behavior of the TPA+ ions



406 J. B.Nagy et al.

Fig. 16 Variation of TPA/u.c. decomposed at high (HT) and low (LT) temperatures as a
function of Fe/u.c.

through their relative quantities. At present, no clear-cut explanation can be
given for this specific behavior of the various cations. In order to better un-
derstand their role in the fluorine-route synthesis of zeolites a study is in
progress to identify the various Fe-species, before and after calcination of the
samples, together with the identification of the various intermediates pro-
duced during the partial decomposition of the TPA+ ions.

All the 29Si NMR spectra are characteristic of ZSM-5 in its orthorhom-
bic form, the corresponding lines are, however, broader due to the presence
of paramagnetic Fe(III)ions in the framework. All the experimental spectra
were decomposed by using four NMR lines centered at approximately – 102,
– 107, – 113 and – 117 ppm. (In one half of the samples a fifth line was added
at approximately 110 ppm) The first two lines include the contribution of the
SiOM (M = TPA and H) defect groups and that of Si(OFe)(OSi)3 groups. The
latter two lines stem directly from the MFI framework as Si(OSi)4 groups.
The amount of SiOM/u.c. was computed from both the – 102 and – 107 ppm
lines. As these include both SiOM and Si(1Fe) groups: I–102,–107 ppm = ISiOM +
ISiOM(1Fe). ISi(1Fe) is computed from the Si/Fe ratio: ISi(1Fe) = 100/0.25 Si/Fe.
The values computed this way are reported in Table 11. Contrary to what has
been reported for [Al]-ZSM-5 [227] and [Ga]-ZSM-5 samples [184], no cor-
relation could be found between the Fe/u.c. and the SiOM/u.c. values. The
amount of defect groups is rather high, i.e., much higher than in the Al- and
Ga-containing MFI structures. Only the Cs-[Fe]-ZSM-5 sample does not show
any defect groups with 3.4 Fe/u.c. An extension of this work is necessary to
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Table 11 Tetrahedral framework Fe and defect groups per unit cell in [Fe]-ZSM-5 samples
obtained from the system 10SiO2 – x Fe(NO3)3 · 9H2O – 15 MF – 1.25TPABr – 300H2O at
170 ◦C for 7 days

x M Fe/u.c. SiOM/u.c. a

0.1 NH4 1.2 10.8
Na 0.7 21.2
K 0.7 9.5
Cs 1.3 13.1

0.2 NH4 1.9 10.1
Na 0.7 10.5
K 1.6 24.1
Cs 1.8 31.1

0.3 NH4 3.9 11.9
Na 1.6 12.1
K 1.5 12.1
Cs 3.4 0

a SiOM defect groups, where M = alkali cations, NH4, H or TPA

Fig. 17 SEM pictures of some final [Fe]-silicalite-1 samples for Si/Fe ratio of 33 in the
presence of various cations

get more details on both the as-made and the calcined [Fe]-ZSM-5 samples.
Figure 17 shows SEM pictures of some of the final crystalline samples ob-
tained at an Si/Fe ratio of 33 in the slurry in the presence of various cations.
The morphology of the crystals depends highly on both the amount of Fe/u.c.
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in the structure and its nature and amount in the gel. The Na-[Fe]-silicalite-1
samples contain essentially prismatic crystals, the length of which can reach
130 µm. The Fe/u.c. is below 1 for most of the samples. Even at high Fe/u.c.
values, the morphology remains prismatic.

For the NH4-[Fe]-silicalite-1 samples, the morphology is prismatic at low
Fe/u.c. (up to 1.3), but it becomes ovoidal for higher Fe/u.c. values (equal
to or higher than 2). Note again that the morphology remains ovoidal for
more than 3 Fe/u.c., too. When the framework Fe/u.c. increases further,
the morphology becomes spherical. These spheres are, in fact, agglomerates
of small crystals. This habit can be observed for the K-[Fe]- and Cs-[Fe]-
silicalite-1 samples as well. For these samples, the change in the morphology
from prismatic to ovoidal, then to spherical occurs at lower Fe/u.c. values,
showing that the nature and probably the amount of M+ cations in the sam-
ples also influence the crystal morphology. The aspect (length to width) ratio
decreases with increasing Fe-content in the initial gels. A rather complex be-
havior is detected if the aspect ratios are plotted as a function of 1/r, where
r is the radius of the bare exchanged cation M. The 1/r function is thus pro-
portional to the electrostatic energy of gel stabilization by the various alkali
counter-cations.

This will be discussed in more detail in connection with the study of the
crystallization rate (see below). The specific effects of the alkali cations are
also clearly visible, if the variation of lengths (L), widths (W) and aspect ra-
tios (L/W) are plotted as a function of log R, where R is the crystallization
rate in % h–1 (Fig. 18). Both L and W are decreasing very rapidly and almost
linearly as log R increases (Fig. 18a and b). NH4-[Fe]- and Na-[Fe]-silicalite-1
samples show different variations, although the slopes of the lines are simi-
lar. On the other hand, K-[Fe]-and Cs-[Fe]-silicalite-1 samples show a large
similarity. Interestingly, the aspect ratios, L/W, are increasing with increasing
log R values. The pairs (NH4, Fe)-(Na, Fe) and (K, Fe)-(Cs, Fe) silicalite-1 show
similar behavior (Fig. 18c). All these results show convincingly that one of
the most characteristic features in the physical appearance of zeolitic crystals,
namely the aspect ratio, does not only depend on the rate of crystallization,
but also on the specific interactions of the exchange cations with the various
crystal faces. The crystallization curves representing the percentage of crys-
tallinity as a function of time are shown in Fig. 19. The peak at 2θ = 23.3◦
in the X-ray diffractogram was used as a measure of crystallinity, taking an
ultrasonically treated final crystalline sample as standard for the 100% crys-
talline sample. When log(1/tind) is plotted as a function of log R (tind being the
induction time, i.e., the time necessary for the appearance of 4% crystallinity),
a general tendency can be observed: the rate of induction increases with the
increasing rate of crystallization. The points are rather scattered, suggesting
that the possible influence of the various factors (pH, Fe(NO3)3-content and
MF-content of the gels) is not exactly the same on the rates of induction and
crystallization. In the following, general trends will only be indicated for the
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Fig. 18 Variation of the length L (a), the width W (b), and the L/W ratio (c) of the crystals
as a function of log R (R is the crystallization rate in % h–1)

variation of the induction and crystallization rates. Due to the roughly parallel
variation of log(1/tind) and log R, only the variation of log R will be analyzed
in more detail. From the observation that the pH values of the mother liquor
of the initial slurry (pHi) are always higher than the final pH (pHf) it fol-
lows that OH– ions are consumed during the dissolution of the solid phase
and the final condensation of the building units (BUs) to form the crystalline
[Fe]-silicalite-1. log R increases with increasing pH, although the experimen-
tal points are scattered, here too. A slope of 0.4 can be proposed for the general
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Fig. 19 Crystallization curves of [Fe]-silicalite-1 samples obtained from the mixture
10SiO2 – 0.2Fe(NO3)3 ·9H2O – 15MF – 1.25TPABr – 300H2O at 170 ◦C

trend showing the positive influence of the OH– ions on the crystallization
rate. A similar slope was determined (0.3) for the synthesis of silicalite-1 in
fluoride-containing media (1 mol NaF in a given slurry) within the pH range
of 2.5–6.5 [232] and for the synthesis of gallosilicalite-1 within the pH range
of 7.5–10 [184]. However, increasing the NaF content (to 10 mol, under other-
wise identical conditions) a steeper slope was obtained for silicalite-1 within
the pH range of 6–7.5 [233] and for borosilicalite-1 within the pH range of
7–9.5 (Testa F, Chiappetta R, Crea F, Aiello R, Fonseca A, Bertrand JC, De-
mortier G, Guth JL, Delmotte L, B.Nagy J, submitted for publication). The
positive role played by the OH– ions emphasizes the fact that even in fluoride-
containing media the OH– ions play an important mineralizing role. log R
slightly decreases with increasing Fe(NO3)3-content in the gel. Sometimes,
a minimum appears as in the case of NH4-[Fe]-silicalite-1. A similar decrease
in the crystallization rates with trivalent substituting elements (like Al, B, Ga)
has previously been observed showing the difficulty of the replacement of sili-
con by foreign substituents in tetrahedral framework positions [184, 227, 234]
(Testa F, Chiappetta R, Crea F, Aiello R, Fonseca A, Bertrand JC, Demortier G,
Guth JL, Delmotte L, B.Nagy J, submitted for publication).

The variation of the crystallization rate as a function of the amount of
MF salts in the slurry shows an interesting behavior. log R decreases with
increasing MF content for NH4-[Fe]-silicalite-1 samples. As the F– ions are
mineralizing agents in these syntheses, the decrease might be attributed to
a particular behavior of the NH4

+ ions. Indeed, for the other two cations, Na+

and K+, log R increases with increasing MF content. For the KF:0.1Fe(NO3)3
system even a minimum is found for 15 KF in the gel. The specific influence
of the various alkali cations on the crystallization rate can also be recognized,
if log R is plotted as a function of 1/r for 15 moles MF in the slurry. A similar
variation is found for the system 24MF:0.3Fe(NO3)3. Cs+ is the most effect-
ive cation for accelerating crystallization, followed by K+ and Na+. NH4

+ is
the least effective cation. As mentioned above, the function 1/r is propor-
tional to the electrostatic stabilization energy of a negatively charged surface
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by the positive cations. As no variation in parallel is found, this means that the
electrostatic stabilization energy is not the main factor influencing the crys-
tallization rate for various exchange cations. Note that as a rough increase is
observed for log R as a function of pHi, the pHi values show a similar variation
as in the function of 1/r (not shown). This shows once again that the cations
act more through their chemical characteristics than by solely physical (elec-
trostatic) interaction in the fluoride-containing media. It is worth mentioning
that the pHi values are the lowest in the presence of NH4F. As both NH4

+ and
F– ions stem from a weak base and a weak acid, respectively, in dilute aque-
ous solutions the approximate pH is given by pH = (pKNH4 + pKHF)/2 = 5.6.
This value is equal to 5.6 because pKNH4 = 9.25 and pKHF = 2.0. The ob-
served values are between 6.5 and 7.0. If, instead of Fe(NO3)3, Ga(NO3)3 is
used in similar synthesis slurries, the initial pHi is markedly higher, reach-
ing 6.7–8.5. Thus, specific characteristics of the substituting ions (like their
propensity to hydrolysis of the respective F–-containing ions, or their spe-
cific adsorption/reaction on the silica component) and not least the resulting
ionic strength in the fairly concentrated slurries, all influence greatly, and
in a fairly complex way, the initial pHi of the slurry and with it the induc-
tion and crystallization rates as well. These results emphasize the need for
further investigation of the “solution chemistry” of the initial crystallization
slurry. Whereas in the fluoride route, using slightly acidic or neutral media,
the complex stability of various soluble Fe(III) fluoro-complexes determine
the (near-)equilibrium concentrations of various iron species in the slurry,
their chemical identification is currently hampered, because the temperature
of synthesis and the resulting ionic strength are too high. Nevertheless, one
point seems to be important and worth noting. Irrespective of the chemical
identity of the Fe(III)species (subsequently referred to as BU), it is certain
that this BU is a mononuclear iron species, because the products are ab-
solutely free of extra-framework (EFW) iron oxide/hydroxide which, when
present even in trace amounts, imparts rusty coloration of various grades
(from buff to a bright orange-red rusty color). The mononuclearity of the
BU is strongly supported by Mössbauer spectroscopy studies carried out on
zeolite samples synthesized within the frame of this research work (vide
infra). This behavior is in contrast with synthesis routes carried out in al-
kaline media. In these methods, gelation of iron silicate is always preceded
by the preparation of a strongly acidic Fe(III) salt solution (using sulphuric
or rather perchloric acid). After cooling, the iron silicate zeolite-precursor
gel is formed by the addition of cool waterglass solution, rich in monomeric
silica species. However, earlier magnetic [235], spectroscopic [236] and po-
tentiometric [237] measurements showed that a number of complex ions (like
[Fe(OH)(H2O)5]2+, [(H2O]5Fe-O-Fe(H2O)5]4+, [Fe2(OH)2(H2O)8]4+ where
the two Fe(III)-ions of octahedral, Oh, coordination share common edge, etc.)
are formed when the pH is changed. Whilst at lower pH (< 0.5) the whole
iron appears to be monomeric, above pH = 2 at least 90% of the Fe(III)ions
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form dimeric species. It must not be forgotten that, in order to attain gelation,
the pH has to be raised at least to 4.2–4.4. In previous publications [41, 225],
using XP and Mössbauer spectroscopies, we showed that these binuclear iron
species cannot be separated into monomeric ones; they are present in the iron
silicate gel too, and because only one of them can be built into the zeolitic
framework, a relatively high percentage (using sulphuric acid at the onset,
about 30%) of iron is present in EFW positions from the very beginning. In
other words, these samples, depending on the total iron content, are more
or less rust-colored. It is surprising, indeed, that we find hints in the litera-
ture [238] that in strongly alkaline media, at or above 180 ◦C, these colored
gels (in the presence of TMA cations) crystallize into white sodalite (SOD)
specimens. This seems to be possible only if the binuclear iron species get
separated from each other (probably via forming ferrate anions) during the
arduous conditions of the (sodalite) synthesis. We believe that this mechan-
ism cannot be operative in the synthesis of ZSM-5 (MFI) zeolites. From the
point of view of catalytic activity both the fluoride-and alkaline routes might
result in excellent catalysts; nonetheless, for scientific (e.g., spectroscopic)
studies the fluoride-route should be preferred, because it leads to products
with framework (FW) iron in unique tetrahedral, Th coordination.

Table 12 The synthesized MFI products through the variation of the starting hydrogel
composition, in the type-A and type-B systems

Sample Si/Fegel Si/Algel TPABr EG Time [days] Si/Alcryst Si/Fecryst

1A 100 ∞ 0.08 0.0 1 — 85.5
2A 10 ∞ 0.08 0.0 3 — 15.4
3A 100 100 0.08 0.0 1 97.7 73.8
4A 10 ∞ 0.02 0.0 3 — —
6A 10 10 0.02 0.0 4 25.0 307
7A ∞ 25 0.02 0.0 2 16.5 —
8B 20 ∞ 0.08 3 1 — 258
9B 6.67 ∞ 0.04 3 2 — 252

10B 6.67 ∞ 0.04 3 5 — —
11B 20 10 0.04 3 2 23.5 418
12B 10 10 0.04 3 2 23.0 459
13B 6.67 10 0.04 3 6 24.1 442
14B 20 ∞ 0.02 3 2 — 504
17B 20 20 0.02 3 2 — —
18B 20 10 0.02 3 5 — —
19B 10 10 0.02 3 5 29.1 403
21B ∞ 20 0.0 3 3 13.7 —
22B 20 20 0.0 3 2 35.0 423
23B 20 10 0.0 3 5 18.1 369

EG: ethylene glycol; A: without EG; B: with EG
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3.4.2
Alkaline Route

In Table 12 the products obtained for both systems A and B in the presence of
oxalic acid or phosphoric acid are reported.

3.4.2.1
[Fe]-MFI Synthesized by the Alkaline Route

[Fe]-MFI products were obtained in alkaline media using either oxalic or
phosphoric acid as complexing agents [35]. In addition, the initial gels were
prepared either without ethylene glycol (system A) or in the presence of ethy-
lene glycol (system B) (Table 12).

The general compositions of the gels were: xNa2O – yTPABr – zAl2O3 –
SiO2 – qFe2O3 – pHA – 20H2O where x = 0.1 – 0.32; y = 0.02 – 0.08; z = 0 –
0.05; q = 0.005 – 0.025; the ratio p/q = 3 and HA stands for H2C2O4 or
H3PO4. The second system was prepared from the following initial reaction
mixture: 0.16Na2O – xTPABr – yEG – zAl2O3 – SiO2 – qFe2O3 – pHA – 10H2O
where x = 0.08; y = 0 – 6.0; z = 0 – 0.05; q = 0.005 – 0.1; the ratio p/q = 3 and
HA stands for H2C2O4 or H3PO4 and EG for ethylene glycol.

First, it can be observed that, if only TPABr is present in the initial gel
(system A), [Fe]-MFI zeolite can be obtained in a large Si/Fe range and
reaction time of 1–4 days (samples 1A–7A in Table 12). The obtained [Fe]-
MFI products are thermally stable. Indeed, if the reaction time is increased,
the transformation of the MFI structure into more stable phases is not ob-
served. Even after a thermal treatment up to 850 ◦C, the MFI is the sole phase
detected. The crystallization time increases with increasing iron and/or alu-
minum content of the starting hydrogel (compare samples 1A and 2A, and
samples 4A and 6A, respectively).

In system B, the formation of [Al]-MFI is very easy in the presence of ethy-
lene glycol (EG) only (sample 21B). This result confirms the data reported
in [239]. In the presence of EG, only Al-rich hydrogels were studied, because
no pure MFI zeolite could be synthesized in a silica-rich system [213]. EG is
also able to direct the formation of the MFI structure in the presence of both
Al and Fe (samples 22B and 23B). If TPABr is also present in the initial gel,
the reaction time decreases (see samples 11B and 18B, and 12B and 19B). In
addition, the stability of the final MFI products also increases with increas-
ing TPABr content of the gel. Indeed, a pure [Fe]-MFI sample is obtained
with 0.08 TPABr (sample 8B) even after 6 days of crystallization, while sample
14B synthesized in the presence of 0.02 TPABr shows the co-crystallization of
MFI with quartz and cristobalite after 4 days of crystallization. The increasing
TPABr content in the initial hydrogel results in decreasing reaction time (see
samples 14B and 8B). On the other hand, the increase in the initial Al or Fe
content in the hydrogels leads to the increase in reaction time: compare sam-
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ples 9B and 13B for the Al-content and samples 11B and 13B for the influence
of Fe-content.

For both systems, the pH value plays an important role in the crystalliza-
tion process. As a matter of fact, pure MFI zeolite is formed, when the pH
value of the initial hydrogel is between 9 and 12.5.

The chemical analyses data are also reported in Table 12 for both systems
A and B. It can be noticed that for type-A synthesis system the amount of iron
incorporated into the zeolitic structure is related to its content in the TPABr-
rich hydrogels (see samples 1A and 2A). For these TPABr-rich hydrogels,
when both iron and aluminum are present (sample 3A), iron is incorpo-
rated preferentially compared to aluminum. However, if the TPABr content
decreases to 0.02, iron cannot be incorporated so efficiently (sample 6A) and
aluminum is preferentially incorporated.

This behavior can be explained by the different interactions between soft
and hard acids with iron and aluminum atoms. It is known that hard acids
accompany better hard bases and soft acids prefer soft bases. Since the Na+

is a harder acid than the TPA+, they interact well with [Si – O – Al]– and
[Si – O – Fe]– groups, respectively, since [Si – O – Al]– is a harder base than
the [Si – O – Fe]–. These kinds of interactions have been demonstrated by dif-
ferent authors for B-MFI-type zeolite (see above). For system type-B (with
EG) we always detect low amounts of iron in the MFI samples, even in the
presence of high TPABr contents (see sample 8B, Table 12). In contrast, the
amount of aluminum in the zeolitic framework is related to its content in
the starting hydrogel, and it is almost always a high amount. This confirms
that the hydrogel systems that contain both sodium and alcohol, such as EG,

Fig. 20 Scanning electron micrograph of [Fe]-MFI sample 1A (see Table 12)
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Fig. 21 Scanning electron micrograph of [Fe]-MFI sample 2A (see Table 12)

show a high amount of sodium in the crystals [84, 212] and, consequently,
they prefer the interaction with the [Si – O – Al]– groups and favor Al incor-
poration. Probably the EG molecules compete with the TPA+ cations and they
fill the zeolitic channels as detected by thermal analysis; in fact, we found EG
molecules intact in the MFI channels.

The size of the crystals obtained from system A decreases when the amount
of iron incorporated in the zeolite increases, and it changes from 10 µm (sam-
ples 1A, Table 12) to 2.3 µm (sample 2A, Table 12). The morphology for the
samples also changes from brick-like to spheres (see Figs. 20 and 21).

These observations give indirect confirmation of the iron incorporation
into the MFI framework. The presence of aluminum in the zeolite allows re-
duction in the crystal size compared to that of the Al-free samples. In fact,
sample 3A shows a spherical habitus with a diameter of 5 µm, whereas sam-
ple 2A evidences the same morphology with smaller size (2.7 µm) due to the
high amount of aluminum and iron incorporated into the zeolitic framework.
The morphology of the samples obtained from system B shows a brick-like
shape for both iron and iron-aluminum systems. The crystal size also de-
creases when the amount of Al incorporated into the zeolite increases and
changes from 12 to 1 µm.

3.4.2.2
Fe-Content in ZSM-5 Zeolites

The synthesis methods of Fe-containing ZSM-5 zeolites in alkaline media are
characterized by complexing the Fe(III) with monomeric, short-chain sili-
cic acids in strongly acidic solutions (like sulphuric or perchloric acid, at the
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value – 4 to – 3 of the Hammett constant) in order to avoid formation of iron
hydroxides/oxides. By adding sodium aluminate and/or sodium hydroxide,
the gelation of the seemingly homogeneous, colorless colloid solution begins
at pH 4.0–4.5. In the literature there are hints (see, e.g., [241]) that once the
ferrisilicates are formed the pH of the synthesis slurry can be safely increased
to values of the gelation limit or even further without formation of rust-red
iron hydroxides. In a previous paper, it was argued that by increasing the
pH part of the Fe(III) might be released from the silicate bonding leading to
yellow or even rust-red coloration of the gel [242]. The color is due to (mag-
netically interacting) bi-, ter- or polynuclear hydroxo- or oxo-complexes of
iron exhibiting mainly octahedral (Oh) co-ordination. In the alkaline solu-
tion of the synthesis slurry (pH 10.5–11.0) at the temperature of the synthesis
(about 160 ◦C), the silicic acid component goes into solution and, because
this solution is always supersaturated with respect to the crystalline phase,
enters the crystals. The Fe(III) ions thus released temporarily from the sili-
cate bonding will be or will not be incorporated into the lattice, depending
on reasons not clearly understood yet. The incorporation of the substitut-
ing (transition metal or other) ions seems to follow interesting preferences:
at very low concentrations in the gel (using the nomenclature of Wichterlova
et al. [243]), e.g., the Co2+ ions are incorporated in γ positions first (mid-
positions in the five-membered rings), followed by the occupation of the β

(in the six-rings) and finally the α sites (in the main channels). (It would
not be surprising to find that the γ and β sites in orthorhombic ZSM-5 zeo-
lites are identical with the T4 and T12 sites according to the site notation of
van Koningsveld et al. [244].) Concerning Fe(III) ions as substituents, a simi-
lar preference can be imagined even when the necessary experimental details
are currently lacking. Those Fe(III) ions which could not be incorporated
form (at low concentrations) mainly mononuclear, non-interacting, there-
fore colorless extra-framework Fe(III) components, present already in the
as-synthesized material. Calcination and/or heat-treatment, especially in the
presence of water vapor, result in agglomeration of the so far well-separated
EFW Fe(III) components and development of the characteristic rusty color,
indicative of little, interacting Fe – O – Fe-clusters. This “mechanism” of iso-
morphous substitution seems to be valid primarily for Fe(III) as substituting
ions, but it is believed, its validity is wider. The increased probability of
Fe(III)–Fe(III) interactions leading to hydroxide/oxide formation during the
gel dissolution can be made responsible for the decreasing percentage of iron
incorporation as the Fe(III)-content in the gel increases. Till even today it was
deemed that the “fluoride-route” of the synthesis produces a higher degree
of Fe(III) incorporation, with less EFW iron dispersed in the voids and pores
of the zeolitic crystals. This belief was based on the fact that, in the synthe-
sis slurry-containing F– ions, the iron is present mainly as a mononuclear
Fe(III)—fluoride complex, whereby the immediate Fe(III)—Fe(III) interac-
tions leading eventually to rust formation will be hindered. As will be seen
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later, this view turned out to be a fully erroneous assumption. In a previous
publication [185] we dealt with the synthesis of Fe-containing ZSM-5 zeolites
in fluoride-containing media. The samples crystallized from the slurries

(A) 10SiO2 – 0.2Fe(NO3)3 ·9H2O – 15NH4F – 1.25TPABr – 300H2O,

and

(B) 10SiO2 – 0.2Fe(NO3)3 ·9H2O – 18CsF – 1.25TPABr – 300H2O

exhibited white color with a weak green hue. The Mössbauer spectra revealed
participation for the Th coordinated Fe(III) species in excess of 94% in both
samples (IS < 0.3 mm s–1, and after calcination QS < 1.2 mm s–1). The Fe-
content of the sample prepared with NH4F addition was 1.81 wt % (using
AAS) and that synthesized with CsF had a 1.66 wt % Fe-content. The conclu-
sion is unequivocal: the EFW iron component is either missing or present
only in trace amounts. We could not believe that in spite of white color
and Mössbauer parameters characteristic of tetrahedral Fe(III), these sam-
ples contained surprisingly high amounts (sometimes exceeding even 30%)
of EFW iron. Fe(III) has five unpaired electrons in weak ligand-field, high-
spin state (6S5/2). In perfect Th or Oh, i.e., “cubic” fields only one signal
appears close to the g = 2.0023 value (H = 0.3308 T) of the free electron in
the X-band EPR spectrum. If the symmetry of the field is lower, say axial, the
powder spectrum becomes anisotropic and may have signals in the 2 < g ≤ 6
(0.1104 ≤ H < 0.3312 T) interval. If the symmetry is reduced further, to fully
rhombic, this results in a seemingly “isotropic” signal at g = 4.29. In very fine
powders, the occurrence of axial- or lower-symmetry sites are inevitably due
to the increased influence of solid surface tension (as concerns consequences,
vide infra). In Fig. 22 two EPR X-band spectra are shown. In Fig. 23 the EPR
spectra of the ZSM-5 sample F11 (ZSM-5 synthesized in NH4F medium; Uni-
versity of Calabria; spectrum (a)) and Z4 (synthesis in alkaline medium as

Fig. 22 X-band EPR spectra of [Fe]-MFI samples; (a) Fe content is 1.25 wt %, (b) Fe
content is 1.42 wt %; both synthesized in slurries containing F– ions
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Fig. 23 X-band EPR spectra of ZSM-5 samples (a) synthesized in NH4F-content slurry
(sample F11, Fe: 3.58 wt %) and (b) prepared in alkaline slurry (sample Z4, Fe: 3.81 wt %)

described previously; Szeged University; spectrum (b)) are compared. Fe-
contents: F11: 3.58 wt %, Z4: 3.81 wt %. These spectra, too, show perfect over-
lapping in the whole 0.1 ≤ H/T ≤ 0.8 interval, moreover, as in the case of the
previous pair, even the intensities of the EPR signals are comparable.

Maybe it is not surprising that two samples, synthesized in fluoride me-
dia and having comparable solid phase compositions, produce identical EPR
spectra. However, for samples F11 and Z4 only the solid phase compositions
are nearly identical, the pH-values of the slurries deviate considerably from
each other (slightly acidic for F11 and fairly alkaline for Z4).

Identical EPR spectra mean nearly equal FW and EFW iron contents.
Surprisingly, after “caring calcination” the deferrization of sample Z4 by hy-
drochloric acid + hydroxylamine hydrochloride resulted in about 33% EFW
iron. Also, instead of the original u.c. composition (Na∼4.08Fe4.08Si91.92O196,
Si/Fe = 22.5) corresponding to 3.81 wt % (total) iron content, the fitting
u.c. formula is Na∼2.70Fe2.70Si93.30O196(0.665 Fe2O3), (Si/Fe = 36.4, i.e., Fe:
2.51 wt % in FW and 1.30 wt % in EFW position expressed as oxide (given
in parenthesis). The amount of Na is a computed value. Due to imperfect
washing after synthesis this composition is always liable to distortions. In
other words, the [Fe]-ZSM-5 samples synthesized in F– ion-containing slur-
ries contain comparable amounts of EFW iron as those prepared in alkaline
media and this statement can be corroborated by direct deferrization experi-
ments carried out on the respective sample. All of the Fe EPR spectra (even
in the AS state) have a common feature: they exhibit a more or less expressed
“hump” at about g = 2.5–2.7 (corresponding to H = 0.265–0.245 T magnetic
fields) which, as generally believed, is characteristic of EFW iron hydrox-
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ide/oxide in the zeolitic voids. It would be important to reconcile the findings
of EPR spectrometry with the Mössbauer data. First of all, how is it possible
that, while the “hump” can clearly be seen in the EPR spectra, at the same
time this highly dispersed EFW iron is fairly Mössbauer-silent in the AS sam-
ple? In Table 13 the abridged Mössbauer parameters of the ZSM-5 sample
crystallized from the previous F– ion-containing slurry (A) are compiled, in
the AS state, after calcination at 500 ◦C and reduction by CO at 350 ◦C (i.e.,
“350/CO”) [185].

The isomer shift, IS, of 0.26 mm s–1 is well below the IS = 0.30 mm s–1

value, the upper limit of Th coordinated Fe(III) at ambient temperature. Yet,
it can be surmised that the IS = 0.26 mm s–1 value hides mixed Th and Oh co-
ordinations, since in all those cases where the separation of a resultant spec-
trum into sub-spectra is not possible (and this is valid for Mössbauer studies
applying AS zeolite samples), the computed parameters are necessarily aver-
ages [245]. Thus, there are surroundings for Fe(III) ions in Th co-ordination
characterized by IS < 0.30, as are others exhibiting Oh co-ordination with IS
> 0.30. Unfortunately, the real FW/EFW ratio cannot be clearly seen, because
various ligands (like water, TPA+ cations, etc.) located in the immediate sur-
roundings of tetrahedrally coordinated Fe(III) may let this appear octahedral

Table 13 Mössbauer parameters of an NH4-[Fe]-ZSM-5 sample (synthesized from slurry
(A), Fe: 1.81 wt %) derived from 25 ◦C in-situ spectra

Treatment Component NH4-[Fe]-ZSM-5
IS QS FWHM RI

As synthesized FeTh
3+ 0.26 — 1.80 94

Fe2+ 1.02 1.93 0.47 6

500/calcined c (FeOh/Th)3+ 0.33 0.81 0.90 a 50
1.07 a 50

350/evacuated d FeTh
3+ 0.23 1.66 0.80 89

Fe2+ 1.09 2.31 0.57 11

350/CO e FeTh
3+ 0.24 1.89 0.38 38

Fe2+ 1.02 1.76 0.82 30

(Fe Cx) b – 0.59 0.67 2.38 32

IS: isomer shift (mm s–1), related to α-iron; QS: quadrupole splitting (mm s–1); FWHM:
full line-width at half maximum (mm s–1); RI: relative intensity (spectral area, %)
a During the decomposition different line-widths were allowed, while the same intensity
was constrained
b Probably fraction of non-resolved iron carbide
c Calcined at 500 ◦C
d Evacuated at 350 ◦C
e Treated with CO at 350 ◦C
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(from the point of view of co-ordination). The RI values obtained after evacu-
ation at 350 ◦C (i.e., 350/evacuated) treatment (see Table 13.) reveal only 11%
EFW iron, provided only this iron component has a tendency to autoreduc-
tion and the probabilities of Mössbauer effect for the various Fe species are
nearly equal (see later). The iron carbide formation after “350/CO” treatment
is a disturbing effect, nevertheless, the RI = 38 value for Fe3+

Th
indicates be-

yond doubt: these samples should have contained fairly large amounts of EFW
iron before the calcination. The burning off of the organics and the concomi-
tant steaming contributed to the agglomeration of the “single ion” Fe(III)
component, and thereby the oxidic clusters produced became “visible” for
Mössbauer spectroscopy, too. The immense literature on EPR spectroscopy of
Fe(III) ions produced huge collection of both senseless and acceptable sug-
gestions for explaining the extremely complex set of overlapping EPR signals.
Let us see, what assignments are proposed by Ratnasamy [264]:
g ≈ 2.0 Th and Oh coordinated Fe(III) ions (“single ions”) in per-

fectly cubic environments; (overlapping, seemingly) isotropic
signals;

2.0 ≤ g ≤ 6.0 Th and Oh coordinated Fe(III) ions in slightly distorted cubic
(i.e., “axial”) environments, provided powder spectra are reg-
istered; in this case g is a tensor;

g ≤ 4.30 Th and Oh coordinated Fe(III) ions and/or their clusters in
(strongly distorted) “fully rhombic” environments; the signal
is (seemingly) isotropic.

From this compilation, the EPR signal of Fe-oxide/hydroxide clusters built up
from a few ions (pairs, trimers, tetramers and agglomerations of higher de-
gree) are obviously missing. Such little clusters, even though their sizes are
far from being “infinite”, can be well seen in EPR spectroscopy. According
to Korteweg and van Reijen [241] even trimers and tetramers produce in-
creasingly broad resonance signals due to Heisenberg-type exchange within
clusters, but no interaction should be assumed between clusters far away from
each other. On the basis of experimental observations (intensity change of
the respective EPR line caused by hydrogenation, hydration, treatment by
acids, etc.), it is generally believed that such EFW iron generates signals at
about g = 2.4–2.6 (this is the “hump” mentioned previously) and at g = 4.30
mentioned by Ratnasamy as well. The trouble is that the assignment of the
g = 2.4–2.6 EPR signal to EFW iron oxide clusters is very doubtful. If there
are no axial Fe(III) environments (and by analyzing the spectra one gets
the impression that they appear at higher (> 3 wt %) Fe(III) concentrations),
the clusters produce a more or less smeared out signal at g ≈ 2.0, but the
superposition of (at least) two EPR lines of slightly different g-values, in-
tensities and widths might result in lower magnetic fields in the “hump” at
g = 2.4–2.6 strengthening the belief that the “center of gravity” of the EFW
iron EPR signal is located there. In order to avoid such mistakes we uti-
lized and implemented an idea of spectrum decomposition proposed by Lin
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et al. [246] to see the individual component parts of Fe(III) EPR spectra. For
spectrum decomposition, a sophisticated computer program for non-linear
least squares curve fitting and parameter-estimation was used. The EPR spec-
tra were regarded as composites of individual (derivative) Gaussian lines of
unknown number. In order to start with the program and avoid local minima
of the object function the initial estimates for the number of sub-spectra and
the respective parameters (location, intensity and width) have been deter-
mined by applying a random drawing method combined with a few steepest
descent steps. The double integral of each sub-spectrum EPR line thus ob-
tained has been computed by the exact formula

I = 1/8
√

2πe Amp(Width)2 = 0.5166 Amp(Width)2 (1)

where Amp is the peak-to-peak amplitude (in arbitrary units) of the EPR
line, and Width is the peak-to-peak width, measured in Gauss. The result
of such decomposition is shown in Fig. 24 for the [Fe]-ZSM-5 sample syn-
thesized in alkaline medium as described in the respective section. An op-
timum in the fit could be reached assuming three sub-spectra: dF1c, dF2c
and dF3c (see Fig. 24a); their sum, dFc, and the measured spectrum, dF, are
compared in Fig. 24b. Its total Fe-content was 3.27 wt %, of which less than
60.9% was in FW and more than 39.1% in EFW state. These data were meas-
ured by XRF on the AS sample and on another, which underwent “caring
calcination” followed by “exhaustive” (yet not for 100% effective) deferriza-
tion using hydrochloric acid and hydroxylamine. Thus, the u.c. composition
is Na∼2.09Fe2.09Si93.91O192 (Si/Fe = 44.9). (The amount of Na is a computed
value, and the 3.27×0.391 = 1.28 wt % Fe in the EFW state equals to 0.671 mol
Fe2O3 per u.c.) The FW/EFW ratio of the sample is comparable with that
of samples prepared earlier in our laboratory (cf. [225]). For dF1c, which is
supposed to be an FW component (see later), one found g1 = 1.94 and the
width W1 = 422.79 G. Similarly, for dF2c, being supposedly the oxidic, EFW

Fig. 24 Decomposition of the X-band spectrum of an [Fe]-ZSM-5 sample a dF1c: FW iron
component (g1 = 1.94); dF2c: main EFW iron component (g2 = 2.01); dF3c: fully rhom-
bic EFW iron component (g = 4.29). b Comparison of the measured (dF) and computed
spectrum (dFc)
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component, g2 = 2.01 and W2 = 1392.51 G were observed. The intensities
computed by the ad-hoc formula are: IFW = 2036.3 in a.u. and IEFW = 17976.4
also in a.u. The ratio “R” of the intensities was R = IEFW/IFW = 8.828, thus
considering the measured FW and EFW concentrations as well, the ratio of
the “transition probabilities” EFW to FW, “r”, was r = R× (1.99/1.28) = 13.72.
In other words, EPR spectra (under ambient conditions) are 13.72-times more
sensitive for the EFW transitions than for the FW transitions. Unfortunately,
this value is dependent on the temperature, the iron content and even on the
dispersity of the oxide. Nevertheless, if the requirements are not too severe,
this value can be used to make estimates for the respective amounts on the
basis of EPR spectra alone, provided the total amount of iron is known. (We
can immediately make a check: the corrected intensities for the FW and EFW
components are: 2036.3/1 (60.9%), 17 976.4/13.72 = 1309.3 (39.1%), i.e., the
principle works, indeed.) Inspecting Fig. 24 one gets the impression that the
contribution of the dF3c component to the resultant EPR spectrum with its
intensity I3 = 447.1 is not negligible. However, this Fe(III) is an EFW species
in fully rhombic environment, thus increasing IEFW by 447.1/13.73, the cor-
responding percentage of Fe(III) producing this dF3c line is 1.0%, which
equals to 0.03 wt % iron, i.e., it is well within the cumulated experimental
error and can be neglected.

3.4.2.3
The Nature of the Iron Species

Mössbauer spectra of the [Fe]-MFI sample (at 77 K) and the related param-
eters after decomposition are reported in Fig. 25 and Table 14, respectively.
The spectrum of the as-synthesized sample exhibits a broad Fe3+ singlet, with
a comparatively low isomer shift (IS) value. The singlet (lack of quadrupole
splitting, QS) indicates a symmetric environment, whereas the low isomer
shift (IS77 K < 0.4 mm s–1) is indicative of tetrahedral coordination. Thus, this
spectrum is a typical one characteristic for the isomorphously substituted
ferric ions in the as-synthesized sample, prior to the removal of template
molecules used in the synthesis. The activation of the sample results in
partial removal of iron from the framework. Combined (Fe, Al)framework–O–
(Fe, Al)extra-framework pairs may be formed as reflected in the appearance of
quadrupole splitting. (The symmetry is extended to a distorted octahedral
one, as shown by the increase of the IS and QS values as well.)

During long-term catalytic tests in benzene hydroxylation and repeated
activation-reaction cycles, change in the iron species is noted which can be
interpreted as a migration of iron from the initial positions in the zeolite
framework to more stable locations (framework to extra-framework migra-
tion). This change is indicated by a decrease of line width (FWHM). Presence
of an Fe2+ component detected in minor amount (RI ∼ 4%) in the sample
after exposure to the reaction mixture attests that a reversible Fe2+ ↔ Fe3+
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Fig. 25 77 K Mössbauer spectra of as-synthesized [Fe]-MFI sample (bottom); after three
cycles of activation/reaction (middle); and exposed for 3 h of reaction (top)

Table 14 Mössbauer parameters extracted from – 196 ◦C spectra

Sample Component IS QS FWHM RI

7 as-made Fe3+
tetr 0.33 — 2.10 100

7 after 3 h Fe3+
oct 0.45 1.08 0.68 96

of reaction Fe2+ 1.10 3.04 0.34 4

7 after three cycles of Fe3+
oct 0.42 0.92 0.87 100

reaction/regeneration

IS = isomer shift, related to α-iron, mm s–1;
QS = quadrupole splitting, mm s–1;
FWHM = full line width at half maximum, mm s–1;
RI = relative spectral contribution, %

cycle is involved in the reaction. It may be noted that the samples were ex-
posed to air after being removed from the catalytic reactor and, therefore,
partial reoxidation of Fe2+ probably occurred. More complete information is
expected from in-situ Mössbauer measurements, but the detection of Fe2+

suggests that iron ions are reduced during the catalytic reaction.
A further aspect worth to be noted is the absence of magnetically split

components in the spectra. This indicates that there is no superparamagnetic
relaxation at 77 K, i.e., neither presence of extended oxidic (antiferromag-
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netic) Fe – O – Fe clusters, nor carbidic (ferromagnetic) Fe – C – Fe chains are
detected. It may be noted that the threshold size of particles sufficient to ex-
hibit a magnetic component is a few nanometers. Thus, high dispersion of
iron ions, most probably close to ionic ones, is additionally proven.

3.4.3
Catalysis

Details concerning the method of preparation of the [Fe,Al]-MFI samples
have been previously reported [247, 248]. Fe was introduced both during hy-
drothermal synthesis of the zeolite, or by different post-synthesis methods.
The characteristics of the samples and the code used for indicating them
throughout the text are summarized in Table 15. In the code, the subscript
after the Fe symbol indicates the wt% iron content of the zeolite and the
subscript after the formula indicates the method used to introduce the iron
into the zeolite structure: I.E. stands for “ion exchange”, CVD for “Chem-
ical Vapor Deposition” (often indicated as sublimation of FeCl3), and S.S.R.

Table 15 Characteristics of the [Fe,Al]-MFI catalysts used for the tests of benzene hydrox-
ylation

Sample code # Method of Si/Al Al/Fe Fe Note
addition of Fe (wt%)

H-ZSM-5-C — 13 ≈ 200 < 0.05 Commercial samples from
Alsi Penta (SN27)

H-MFI-S — > 1000 — — Pure Fe-free
H-silicalite-1

Fe1.1MFIH.T.-S hydrothermal > 1000 — 1.1 Pure Al-free
synthesis [Fe]-silicalite-1

Fe1.1MFIH.T.-A55 hydrothermal 55 1.48 1.1 [Fe,Al]-ZSM-5
synthesis sample

Fe2.2MFIH.T.-A54 hydrothermal 54 0.75 2.2 [Fe,Al]-ZSM-5
synthesis sample

Fe2.3MFIH.T.-A90 hydrothermal 90 0.91 2.2 [Fe,Al]-ZSM-5
synthesis sample

Fe1.8MFII.E.-A13 ion exchange 13 3.71 1.8 Parent zeolite is
Fe3.6MFII.E.-A13 ion exchange 13 1.85 3.6 commercial Alsi

Fe0.4MFICVD-A13 CVD ∗ 13 16.7 0.4 Penta (SN27)
Fe0.8MFIS.S.R.-A62 solid-state 62 1.97 0.8 FeCl3 is mixed with

reaction the zeolite and heated in air

∗ FeCl3 sublimation
# C indicates commercial sample; S silicalite and A indicates the Si/Al ratio



Isomorphous Substitution in Zeolites 425

for “solid-state reaction”, while H.T. indicates that iron was directly intro-
duced during hydrothermal synthesis. Post-synthesis introduction of iron
was made, using as parent zeolite a commercial NH4

+-MFI zeolite (from Alsi-
Penta) with a SiO2/Al2O3 ratio of 25. H-ZSM-5 was obtained from the same
parent zeolite by calcination. The iron content in these samples is around
250 ppm. Usual practice was to calcine the dried catalysts at 550 ◦C in air.

Prior to the catalytic tests, the [Fe,Al]-MFI samples were activated in-situ
at temperatures ranging from 600 to 700 ◦C in the presence or absence of
steam. The catalytic tests were made in a fixed-bed reactor at a tempera-
ture typically of 400 ◦C feeding a mixture containing (i) 3 mol % benzene and
6 mol % N2O in helium or (ii) 20 mol % benzene and 3 mol % N2O in he-
lium. Sometimes steam (up to about 3 mol %) was also added to the feed. The
total flow rate was 3 L h–1 and the amount of catalyst 0.5 g (contact time of
0.6 s g ml–1). The feed was prepared using a calibrated mixture of N2O in he-
lium and adding benzene using an infusion pump and a vaporizer chamber.
The feed could be sent either to the reactor or to a bypass for its analysis.
The feed coming out of the reactor or from the bypass could be sent to vent
or to one of two parallel absorbers containing pure toluene as the solvent
(plus calibrated amounts of tetrahydrofuran as the internal standard) cooled
at about – 15 ◦C in order to condense all organic products. The line to the
absorbers was heated at about 200 ◦C in order to prevent condensation of
the products. The vent, after condensation of the organic products, was sent
to a sampling valve for analysis of the residual gas composition. The reactor
outlet stream was sent alternatively to the two parallel absorbers for a given
time (typically 3 or 5 min), in order to monitor the change in the catalytic
activity averaged over this time. N2O, O2, N2 and total oxidation products
(CO and CO2) were analyzed using TCD-gas chromatography and a 60/80
Carboxen-1000 column, whereas benzene and phenol (as well as other minor
aromatic by-products) were determined by FID-gas chromatography using
a ECONO-CAP SE-30 “wide bore” column or a Mass-GC equipped with a cap-
illary Chrompack CP-Sil 5CB-MS fused silica column.

3.4.4
Role of the Catalyst Composition

Reported in Fig. 26 is the catalytic behavior (productivity and selectivity to
phenol in benzene hydroxylation with N2O) as a function of time on stream
over a series of [Fe,Al]-MFI-type catalysts prepared by hydrothermal syn-
thesis. The characteristics and composition of these samples are reported
in Table 15. The samples were selected in order to summarize the influence
of catalyst composition on the activity and rate of deactivation. A commer-
cial H-ZSM-5 sample (H-ZSM-5-C) showed good activity in agreement with
literature data. However, it deactivated very quickly, and in about 1 h the
productivity decreased by a factor of about 50. The selectivity to phenol pro-
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gressively decreased from an initial value of around 65–70% to less than 10%.
It should be noted that similar to most commercial samples, H-ZSM-5-C con-
tains traces of iron (see Table 15) due to contamination during the industrial
preparation. When a pure Fe-free silicalite-1 catalyst (H-MFI-S) was tested,
no formation of phenol could be observed at all (Fig. 26). Silicalite-1 has
the same MFI structure as ZSM-5 but is Al-free. The synthesis of silicalite
leads to the presence of structural defects (hydroxyl nests), as confirmed by
the presence of silanol groups evidenced by FTIR spectroscopy. Pretreatment
of the sample at 700 ◦C in helium before the catalytic tests results in dehy-
droxylation of these hydroxyl nests forming oxygen vacancies, which may

Fig. 26 Behavior of the catalysts as a function of the time on stream (TOS) with respect to
the productivity and selectivity to phenol by benzene hydroxylation with N2O. Catalysts
pretreated at 700 ◦C in helium for 2 h. Reaction conditions: T = 400 ◦C, 3 vol % benzene,
6 vol % N2O, balance He
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activate N2O, because they behave as F-centers. In agreement, the catalyst
shows an initial activity in N2O decomposition (around 22% N2O conversion
after 5–10 min of time on stream). This suggests that defects in the zeolite
can activate N2O, but are unable to either form active oxygen species in ben-
zene hydroxylation and/or to activate the organic substrate (benzene) for this
reaction.

When an Al-free [Fe]-silicalite (Fe1.1MFIH.T.-S) is used, the productivity to
phenol is low but quite stable. No change in the productivity was observed
up to about 20 h of time on stream. The selectivity to phenol is initially low
and progressively increases up to final constant values of about 50%. The con-
version of N2O is low (about 5%) and nearly constant with increasing time
on stream. Therefore, in the absence of Al the activity of the catalyst towards
phenol synthesis is low, but remarkably stable, suggesting that Al sites may
play a role in the synthesis of phenol, but also in the side-reactions lead-
ing to catalyst deactivation. When both Fe and Al are present in the zeolite
(Fe1.1MFIH.T.-A55 and Fe2.2MFIH.T.-A54) the productivity to phenol increases
by a factor of about 10 or 20, and the selectivity to phenol also markedly
increases reaching values higher than 90% for Fe1.1MFIH.T.-A55. The produc-
tivity to phenol is approximately proportional to the amount of iron (compare
phenol productivities for Fe1.1MFIH.T.-A55 and Fe2.2MFIH.T.-A54; the latter
has twice the iron content and initially twice the productivity than that of
the former, while the Si/Al content is the same). The selectivity to phenol,
on the contrary, is higher in the case of the sample having lower iron con-
tent. The trend with time on stream is quite similar for the two catalysts. The
productivity to phenol decreases, although much less dramatically than in
the case of H-ZSM-5-C, while the selectivity to phenol increases. The con-
version of N2O is initially around 40% and then decreases to about 10–15%
for Fe1.1MFIH.T.-A55. When this result is compared with that of the sample
having a comparable iron content, but no aluminum ions (Fe1.1MFIH.T.-S),
it is evident that the presence of Al ions (or probably better sites related
to Al, such as Al-OH Brønsted acid) together with iron ions is a condition
necessary for efficient activation of N2O. However, sites for the decompos-
ition of N2O are also present which progressively become inactivated by the
carbonaceous-type species formed on the catalyst, causing its deactivation. In
fact, the rate of N2O conversion in Fe1.1MFIH.T.-A55 decreased by a factor of
about 6–8 during the 2.5 h of the experiments (Fig. 26), while the productiv-
ity to phenol decreased by a factor of about 2. The side decomposition of N2O
produces O2 (which is also detected at the reactor outlet), and probably O2 de-
termines the total combustion of benzene, phenol or reaction intermediates
and thus the formation of CO2 (CO is usually observed only in traces). This
explains why in parallel to the decrease in N2O conversion, an increase in the
selectivity to phenol is observed. With increasing iron content (Fe2.2MFIH.T.-
A54) the initial conversion of N2O is about 65% and then decreases to about
20–25% after 2.5 h of time on stream. This indicates that the increase in iron
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content increases the number of active sites for phenol synthesis (the pro-
ductivity is almost doubled), but probably also increases the formation of
a second type of iron species. These species are probably small iron-oxide
particles within the zeolite cavities formed in the process of partial migra-
tion of iron from framework to non-framework positions during the initial
catalyst pretreatment. The increased amount of iron favors the aggregation
of these iron species and thus, a higher amount of aggregated iron oxide is
thought to be responsible for the decomposition of N2O to N2 + O2 instead
of N2 + α-O. As a consequence, the productivity of phenol in Fe2.2MFIH.T.-
A54 is higher than in Fe1.1MFIH.T.-A55, but the selectivity to phenol is lower.
Decreasing the amount of Al, while maintaining the amount of iron (com-
pare Fe2.3MFIH.T.-A90 with Fe2.2MFIH.T.-A54) constant leads to an increase
in both the productivity and selectivity, although the general trend remains
again similar. This indicates that probably an Al/Fe ratio close to 1 is the op-
timal compromise to maximize both productivity and selectivity to phenol,
suggesting that the active sites for phenol synthesis comprise both Al and Fe.

3.4.5
Role of Methodology in Iron Introduction in [Fe]-MFI Catalysts

In order to analyze in a concise way the effect of different methods of add-
ition of iron into [Al]-MFI samples on the catalytic performances (activity
and deactivation), catalytic data have been summarized in Table 16. The
following parameters are reported: (i) the maximum observed phenol pro-
ductivity, which is generally obtained at the beginning of the reaction or
after about 20 min of time on stream (see Fig. 26), (ii) phenol productivity
after 2 h, indicating catalyst stability, and (iii) the selectivity in correspon-
dence with the maximum phenol productivity and after 2 h time on stream.
Table 16 compares the behavior of some selected samples in which Fe was in-
troduced post-synthetically by (i) an ion-exchange method (Fe1.8MFII.E.-A13
and Fe3.6MFII.E.-A13) using an aqueous solution of iron-ammonium-sulfate,
(ii) CVD (contacting the dehydrated zeolite at 300 ◦C with a flow of FeCl3
in N2) and (iii) solid-state reaction (FeCl3 and the zeolite are mixed ho-
mogeneously and heated to 400 ◦C). For better comparison, data for two
samples prepared by the hydrothermal method and containing both Fe and Al
(Fe1.1MFIH.T.-A55 and Fe2.2MFIH.T.-A54) as well as data for the parent zeolite
used for ion exchange and CVD (H-ZSM-5-C) are also reported.

The post-synthetic introduction of iron in the Fe-[Al]-MFI catalysts gen-
erally leads to lower selectivities and productivities to phenol, although in
some cases (e.g., Fe3.6MFII.E.-A13) good initial behavior is obtained. With
respect to the behavior of the parent zeolite (H-ZSM-5-C), the productivity
to phenol increases more than twice, and an increase in the selectivity to
phenol could also be noted. However, similarly to H-ZSM-5-C, after 1 h the
productivity to phenol becomes negligible. When the iron content is lower,
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Table 16 Phenol productivity and selectivity for [Fe,Al]-MFI samples in which iron was
introduced using different methods. Before benzene oxidation the catalysts were pre-
treated at 700 ◦C in helium for two hours. Reaction conditions as described in the text

Sample Phenol productivity Selectivity 3

Max 1 2 h 2 Max 3 2 h 3

Fe1.1MFIH.T.-A54 0.38 0.18 81 92
Fe2.2MFIH.T.-A55 0.81 0.62 56 69
H-ZSM-5-C 0.44 0.02 61 11
Fe1.8MFII.E.-A13 0.21 0.01 28 12
Fe3.6MFII.E.-A13 1.03 0 a 78 17 a

Fe0.4MFICVD-A13 0.29 0.13 b 38 12
Fe0.8MFIS.S.R.-A62 0.04 0 a 7 1

1 Maximum phenol productivity (mmol h–1 g–1) at 400 ◦C
2 Phenol productivity (mmol h–1 g–1) at 400 ◦C after 2 h of reaction
3 Phenol selectivity (%) at 400 ◦C expressed on the total product basis in correspondence
to the maximum productivity and after 2 h of reaction.
a The catalyst is completely deactivated just after 1 h of reaction. The selectivity corres-
ponds therefore to a reaction time of 50 min
b The productivity to phenol does not further decrease in tests up to 20 h of time on stream

much poorer performances were observed, because of the higher rate of side
decomposition of N2O. Therefore, the addition of iron by ion exchange could
lead to catalysts with an initial activity better than that of the parent zeo-
lite, but the effect of fast deactivation discussed before did not change. The
addition of iron by CVD leads to not very selective catalysts due to a high
rate of N2O decomposition, but stable activity was noted after an initial de-
crease in phenol productivity. According to the previous characterization, the
CVD (sublimation) method leads to the formation of isolated or binuclear
iron species [249], probably with characteristics similar to those of the active
species responsible for the generation of the selective α-O species during the
interaction with N2O. However, especially when the feed or the zeolite is not
fully dehydrated, nanoparticles of iron oxides also form [250] being responsi-
ble for the decomposition of N2O and lowering selectivity. In agreement, the
sample prepared by solid-state reaction—in which the formation of the lat-
ter species is enhanced—leads to very selective and active catalysts in phenol
formation.

3.5
[Fe]-BEA

Using the reagents shown in the experimental part the synthesis of [Fe]-BEA
proposed in [158] could not be reproduced. Indeed, starting from a gel com-
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position of 40SiO2 – 1.02Fe(NO3)3 ·9H2O – 19.04TEAOH – 4NaOH – 676H2O
using 24 h ageing time only an amorphous phase was obtained at 120 ◦C after
12 days. Similarly unsuccessful was the attempt when the ageing was done
at 273 ◦C for 3 h. The reaction temperature of 150 ◦C did not lead to any
[Fe]-BEA zeolite. Finally, even if a solution of 25% TEAOH in methanol was
used, no [Fe]-BEA zeolite could be obtained following the method proposed
in [159]. In order to find a well-reproducible method using our reagents,
we have systematically varied the amount of iron source, the amount of
TEAOH, the ageing time of the gel, the reaction time and the temperature
of the reaction [194]. The general composition of the gel was the follow-
ing: 40SiO2 – xFe(NO3)3 ·9H2O – yTEAOH – 4NaOH – 676H2O with x = 0.38,
0.49, 0.51, y = 19.04, ageing time = 2, 18, or 24 h, reaction time = 7, 9, 10, 20,
21, 22, 26, 28, or 30 days. Only one synthesis led to [Fe]-Beta, with x = 0.49,
y = 19.04, 24 h ageing and 20 days of synthesis time at 120 ◦C. Even this syn-
thesis was not reproducible. Note that using fumed silica instead of TEOS
as silica source, some unidentified layered compounds were obtained. For
x = 0.45, 0.49 and 0.60 and y = 10.88, 13.6 and 16.3, ageing time = 2 or 24 h,
reaction time = 16, 18, 20, 21, 22, 25, 29 or 40 days, T = 120 ◦C, [Fe]-BEA co-
crystallized in most cases with an unknown phase having a diffraction peak at
2θ = 5.6◦. Note that a similar peak was obtained during the synthesis of Beta
zeolite with low Al-content [251]. This peak disappears during calcination
at 450 ◦C. As the reaction temperature of 120 ◦C was not adequate to obtain
pure [Fe]-BEA in a reproducible way, the reaction temperature was raised
to 150 ◦C. At this temperature the amounts of Fe(NO3)3 ·9H2O and TEAOH
were also varied in order to optimize the synthesis conditions. The data are
reported in Table 17.

It is clearly seen from Table 17 that under certain conditions pure [Fe]-BEA
can be obtained in a reproducible manner at 150 ◦C. The conditions are 0.45
or 0.60 Fe(NO3)3 ·9H2O, 13.6 or 16.3 TEAOH, 24-h ageing time and 4–8 days
reaction time. The narrow crystallization fields are reported in Fig. 27, where
the crystallization field of [Fe]-BEA is surrounded at higher Fe content by
a phase where [Fe]-BEA coexists with an unknown phase U. Note that at low

Table 17 Synthesis conditions for the [Fe]-BEA obtained from gels of composition 40 SiO2
– xFe(NO3)3 · 9H2O – yTEAOH – 4NaOH – 676H2O at 150 ◦C a

Sample x y Reaction time [days] Product

7 0.60 16.3 4, 5, 6, 7, 8 [Fe]-BEA
8 0.45 16.3 8 [Fe]-BEA

10 0.45 13.6 8 [Fe]-BEA

a Ageing time: 24 h;
b Unidentified phase
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Fig. 27 Crystallization fields of [Fe]-BEA (β = BEA) zeolite from gels of composition
40SiO2 – xFe(NO3)3 ·9H2O – yTEAOH – 4NaOH – 676H2O at 150 ◦C, aging time 24 h

ageing time of the gels (2 h), only an amorphous phase was obtained in all
cases. The white color of all the final crystalline [Fe]-BEA zeolite samples sug-
gests that Fe(III) occupies tetrahedral framework sites in the structure. In
the zone of crystallization of [Fe]-BEA—i.e., 0.60 Fe(NO3)3 · 9H2O and 16.3
TEAOH—[Fe,Al]-BEA and [Al]-BEA were also synthesized maintaining the
sum of moles of iron and aluminum source equal to 0.6. The data are reported
in Table 18. It is seen that only the crystalline phases [Fe,Al]-BEA or [Al]-BEA
were obtained in all synthetic runs already at 3 or 4 days of crystallization
time. These results reinforce the existence of the zone where pure [Fe]-BEA
zeolite samples could be obtained.

The [Fe]-BEA zeolite was also obtained in the presence of oxalic acid (see
experimental part). In Table 19 the results on the synthesis of BEA zeolite-
type are reported. First, when the reaction temperature increases from 140
to 170 ◦C, the crystallization time is shortened, but the thermal stability of
the product is decreased. As a matter of fact, from the reaction system B2
the BEA-type zeolite was obtained after 7 days at 140 ◦C and after 4 days at
170 ◦C, but if the reaction time was prolonged to 8 days at 170 ◦C, the prod-
ucts were BEA and quartz. On the contrary, at 140 ◦C only the BEA phase was

Table 18 Synthesis conditions for [Fe,Al]- and [Al]-BEA obtained from gels of composi-
tion 40SiO2 – xFe(NO3)3 ·9H2O – zAl(OH)3 – 16.3TEAOH – 4NaOH – 676H2O at 150 ◦C a

Sample x y Reaction time [days] Product

13 0.30 0.30 4 [Fe,Al]-BEA
14 0.18 0.42 4, 5, 6 [Fe,Al]-BEA
15 0.06 0.54 3, 4, 5 [Fe,Al]-BEA
16 0 0.60 4, 5, 6 [Al]-BEA

a Aging time: 24 h
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Table 19 Products obtained from the starting hydrogel B (see experimental) ∗

Sample x y z Time [days] Products Si/Alzeo Si/Fezeo

B2 0.10 0.02 — 7 BEA 23.7 —
B3 0.10 0.02 0.005 10 BEA 28.1 59.4
B4 0.10 0.02 0.010 18 BEA 28.5 38.9

∗ Moles of reactants per mol of SiO2

formed even after 18 days. The BEA-type zeolite is also obtained in the pres-
ence of a mixture of TEAOH and TEABr, but the preliminary experiments
carried out with this mixture showed that for a complete crystallization it is
necessary to double the crystallization time.

As in the case of the MOR-type zeolite (see below), it was not possible
to obtain the Al-free (or [Fe]-BEA) starting from the studied hydrogel sys-
tem. Consequently, the experiments for the iron introduction were carried
out at the lowest Al content in the hydrogel (equal to 0.02). First, it must be
noted that the pH values play an important role in the formation of BEA-type
zeolite. As in the case of the MOR-type zeolite, the pH value of the starting
hydrogel must be higher than 13. The crystallization field of Fe, [Al]-BEA is
more limited than that of the corresponding form of the MOR zeolite. In fact,
the iron-containing [Al]-BEA zeolite crystallizes from the hydrogels having
a Si/Fe ratio ranging from 100 to 50. Higher amounts of iron in the initial re-
action mixture (Si/Fe = 33.3) did not lead to crystallization of BEA, in fact,
after long reaction times the only detected crystalline phase was the morden-
ite. The crystallization time is a function of the iron content in the starting
hydrogel. As a matter of fact, it increases with the iron content, e.g., the reac-
tion time was 7 days in absence of iron, (sample B2) and 18 days with (Si/Fe
= 50, sample B4).

3.6
[Fe]-MOR

At the beginning it is useful to underline that an unsuccessful attempt to ob-
tain a pure iron form of BEA- and MOR-type zeolites was undertaken, but
evidently the absence of aluminum in the initial hydrogel does not allow the
formation of crystalline phases even after long reaction times.

In Table 20 the results of the synthesis of the [Al]-MOR and [Al,Fe]-MOR
zeolites are shown [195]. As expected, the amount of Al in the starting hy-
drogel is the crucial parameter during the crystallization process. Indeed, the
zeolite MOR was obtained from the mixtures with a Si/Al ratio lower than
33.3. The alkali content influences the nature of the products. Starting from
low Al content, the dense phase (quartz) co-crystallizes with a zeolitic phase
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Table 20 Products obtained starting from the hydrogel A (see experimental)∗

Sample Na2O Al2O3 Fe2O3 Time [days] Products Si/Alzeo Si/Fezeo

M4 0.15 0.02 — 2.5 MOR 24.1 —
M5 0.27 0.02 — 2.5 MOR — —
M6 0.15 0.025 — 4 MOR — —
M7 0.15 0.02 0.005 5 MOR 24.7 59.1
M8 0.15 0.02 0.010 8 MOR 24.9 37.5
M9 0.17 0.02 0.015 11 MOR 23.9 26.6

∗ Moles of reactants per mol of SiO2

changing into zeolite BEA when the amount of sodium hydroxide in the start-
ing hydrogel decreased, and a layered phase appeared when the lowest alkali
content was tested. This confirms that a large amount of sodium hydroxide
is necessary for the synthesis of MOR-type zeolite [252]. In any case, for the
formation of [Al]- or [Fe,Al]-MOR zeolite the pH value of the starting hydro-
gel must be higher than 13. In the presence of iron only, this reaction system
leads to the formation of quartz and in the presence of aluminum (Al2O3)
ranging from 0.005 to 0.015 no crystalline phases were detected even after
long reaction times. Since with this hydrogel system it was impossible to ob-
tain mordenite in the absence of aluminum, the iron incorporation was tested
in the system containing the lowest amount of Al2O3 (equal to 0.02). The max-
imum amount of iron that could be introduced into the zeolite was equal to
0.015 Fe2O3 (Si/Fe = 26.6). The crystallization time became longer when the
iron content in the starting hydrogel increased. In the system without iron
(sample M4), MOR crystallized in 2.5 days, on the contrary for a higher Si/Fe
ratio (equal to 26.6, sample M9) 11 days were required. Only for the highest
iron loading it was necessary to increase the amount of sodium hydroxide in
order to maintain the pH of the hydrogel higher than 13, the value which was
previously found to be essential to obtain pure MOR-type zeolite.

3.7
[Fe]-TON, [Fe]-MTW

[Fe]-MTW and [Fe]-TON zeolites were also synthesized [189]. For [Fe]-MTW
the initial hydrogel composition was: xNa2O – 0.2MTEABr – SiO2 – qFe2O3 –
pC2H2O4 – 20H2O where x = 0.1–0.16; q = 0.005–0.02 and the ratio p/q = 3.
MTEABr stands for methyltriethylammonium bromide. [Fe]-TON was ob-
tained from gels: xNa2O – 15CH3OH – SiO2 – qFe2O3 – pC2H2O4.

The effects of Si/Fe ratio, pH values and crystallization time on the nature
of the products are reported in Table 21. The results show that it is possible
to obtain Fe-zeolites in a wide range of OH–/SiO2 and Si/Fe ratios using the
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iron-oxalate complex. The various types of zeolite show different behavior
regarding the crystallization process.

Due to the observation that the nature of iron complex does not affect the
nature of the crystalline products and the reaction time, for the syntheses
of the [Fe]-MTW and [Fe]-TON zeolites only oxalic acid is used. In the case
of the [Fe]-MTW zeolite it can be observed that it crystallizes in a narrower
range of Si/Fe ratios, compared to the [Fe]-MFI zeolite. The lower limit of the
Si/Fe ratio is about 30, as a matter of fact for a lower ratio (25) no crystalline
products are found after a very long reaction time (32 days). Another obser-
vation is that in this kind of synthesis the pH value plays an important role.
The [Fe]-MTW crystallizes in this system in a very narrow range of the pH
value. For pH value greater than 12 the MTW-type zeolite co-crystallizes with
other crystalline phases such as magadiite. For a pH value smaller than 11.5
(sample C4 in Table 21) no crystalline product is found after a long reaction
time (27 days). The [Fe]-TON-type zeolite crystallizes in a range of the Si/Fe
ratio larger than the range of [Fe]-MTW zeolite but more restricted than for
the [Fe]-MFI zeolite. In fact, it is possible to obtain [Fe]-TON for a ratio of
Si/Fe = 25, for lower ratio the formation of the [Fe]-TON zeolite is not com-
pleted even after a long synthesis time (20 days). Similar to [Fe]-MTW zeolite
crystallization, the pH values play an important role in the formation of [Fe]-
TON. As a matter of fact, higher pH values—higher than 12—lead to the
co-crystallization of TON with a dense phase such as cristobalite. Lower pH
values, smaller than 11, do not lead to the formation of any crystalline phases
even after long reaction times (22 days). All the samples of iron zeolites, MFI-,
MTW- and TON-type, show white color even after overnight calcination at
600 ◦C. This is an indication that no extra-framework iron is present in the

Table 21 Influence of Si/Fe ratio, sodium hydroxide content and pH value of the initial
reaction mixture on the nature of the final products

Sample Si/Fegel Na2O pHgel Time [days] Product

C1 100 0.10 11.8 6 MTW
C2 50 0.15 12.2 6 MTW+magadiite
C3 50 0.11 11.7 9 MTW
C4 33.3 0.13 11.3 27 amorphous
C5 33.3 0.15 11.6 21 MTW
C6 25 0.16 11.7 32 amorphous

D1 100 0.07 12.2 8 TON+cristobalite
D2 100 0.06 11.5 8 TON
D3 66.6 0.08 11.8 8 TON
D4 33.3 0.14 11.5 11 TON
D5 25 0.18 11.6 11 TON
D6 20 0.21 11.5 20 TON+amorphous
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Table 22 Chemical analysis, morphology and crystal dimensions of MFI, MTW and TON
zeolites

Sample Zeolite Si/Fegel Si/Fezeolite

C7 MTW 200 210.7
C1 MTW 100 102.5
C3 MTW 50 47.4
C5 MTW 33.3 31.5

D2 TON 100 132.0
D3 TON 66.6 67.6
D4 TON 33.3 35.4
D5 TON 25 27.2

zeolite samples. The results of the sample characterizations are reported in
Table 22. It can be observed that for the two zeolite types the incorporation of
iron is related to its content in the starting hydrogel. Hence, with this prepar-
ation procedure it is possible to incorporate different amounts of iron related
to the initial reaction mixture. The only limitation in the incorporation is the
range of the Si/Fe ratio that each type of zeolite is able to accommodate in
its framework as described in the comments of Table 21. The differences be-
tween the three zeolite types are also in the morphology and in the crystal
size. The [Fe]-MFI crystals show spherical morphology with inhomogeneous
crystal size distribution varying from 2 to 20 µm. The [Fe]-MTW samples
present rice-like shape morphology with a length of about 1.6 µm and a width
of about 1 µm, and finally, the [Fe]-TON-type crystals show needle agglomer-
ates with a linear dimension smaller than 1 µm. In all cases the iron zeolites
present morphologies similar to those of the corresponding Al forms.

3.8
[Fe,Al]-MCM-22

The X-ray powder diffraction shows clearly that the as-synthesized solid has
the structure of MCM-22 zeolite (Fig. 28). Tables 23 and 24 show the com-
parison between the line positions and the relative intensities for the sample
[Fe,Al]-MCM-22 and the literature data [253]. Before calcination most lines
are broad and overlap. The calcined [Fe,Al]-MCM-22 sample also shows the
characteristics of calcined MCM-22 [256] (Fig. 28 and Tables 23 and 24).

SEM photographs of the as-synthesized [Fe,Al]-MCM-22 samples 2, 3
and 5 are shown in Fig. 29. They are very similar to those reported for the
MCM-22 samples [254, 255]. The thin platelets of ca. 1–2 µm diameter fre-
quently form spherical aggregates of ca. 10–15 µm, and the morphology does
not depend on the Fe content. Calcination of the samples did not affect the
morphology of the crystals.
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Fig. 28 XRD patterns of the as-made [Fe,Al]-MCM-22 sample 3 and of the calcined [Fe]-
MCM-22 sample 5

Table 23 Comparison between X-ray powder diffraction patterns of as-made sample 3 and
precursor MCM-22

As-made MCM-22 a

d(hkl) Irel d(hkl) Irel

13.63 57.6 13.53 36
12.51 70.9 12.38 100
11.30 51.9 11.13 34

9.17 48.4 9.14 20
6.94 34.7 6.89 6
6.76 29.7 6.68 4
6.08 28.3 6.02 5
4.44 53.5 4.47 22
4.08 57.4 4.05 19
3.95 58.8 3.95 21
3.79 48.0 3.77 13
3.58 48.2 3.57 20
3.44 100 3.43 55
3.39 53.8 3.36 23
3.07 31.2 3.06 4
2.69 29.8 2.68 5
2.38 29.7 2.38 5
2.34 27.3 — —

a From [160]
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Table 24 Comparison between X-ray powder diffraction patterns of calcined sample 5 and
calcined MCM-22

Calcined MCM-22 calcined a

d(hkl) Irel d(hkl) Irel

12.34 71.0 12.34 100
11.07 50.3 11.02 51

8.85 58.5 8.90 46
6.16 55.8 6.17 35
5.54 37.7 5.55 13
4.38 36.5 4.38 10
4.10 39.9 4.11 10
4.05 47.6 4.06 20
3.91 61.3 3.82 29
3.75 45.9 3.75 15
3.56 40.4 3.56 14
3.42 100 3.42 61
3.30 43.6 3.30 13
3.21 40.5 3.21 9
3.06 28.2 3.12 6
2.68 28.4 2.68 6
2.37 26.4 2.37 4
2.34 25.2 — —

a From [160]

Fig. 29 Scanning electron micrographs of [Fe, Al]-MCM-22 samples 2 (a) and 3 (b) and of
[Fe]-MCM-22 sample 5 (c)

The iron content, aluminum and sodium determined by atomic absorp-
tion and the content of the organic molecule trapped in the zeolite channels
determined by thermogravimetric analysis are reported in Table 25.

The values are expressed in moles per 100 g of activated samples, i.e., the
sample from which the water and the organic molecules were removed. The
sum of iron and aluminum incorporated into the MCM-22 structure is quite
constant and the Fe/Al ratio is always larger than in the reaction mixture
(4.6, 1.3 and 0.5 for samples 2, 3 and 4, respectively). The sodium content is
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very low compared to the trivalent atom content. The amount of HMI is equal
to 0.20 mol % and is not dependent on the trivalent atoms in the structure.
As the amount of (Fe + Al) is equal to ca. 0.09 mol % and the Na amount is
much smaller than this value (it varies from 0.003 to 0.009 mol %) (Table 25),
some 0.081 mol % of protonated HMI has to neutralize the framework nega-
tive charges linked to both Al and Fe (see below).

The two different HMI species cannot be shown by the 13C NMR spec-
trum, because it is not well resolved due to the presence of the paramagnetic
Fe(III) in the framework. Note that only the 13C NMR spectrum of sam-
ple 4 containing a low amount of Fe could be measured. The Al atoms are
well introduced into the structure in a tetrahedral form. Indeed, the chemical
shift of ∼ 54 ppm characterizes tetrahedral species of Al(OSi)4 configuration
(Table 26). It is not possible to detect different Al species in the structure, as
was the case for MCM-22 zeolite [256, 257], because of the line broadening
due to the Fe(III) species, although some asymmetry can be recognized in the
spectra.

The 27Al NMR linewidth increases with increasing Fe(III) content in the
samples (Fig. 30). The linewidths do not differ very much for the calcined
samples (Table 26). However, for samples 2 and 3 with higher Fe contents
a new broad NMR line appears at ca. 30 ppm, which could be either due to
extra-framework Al species (very much broadened due to extra-framework
Fe species), or due to deformed Al species in the structure. Work is in
progress to identify the various Al species in the [Fe]-MCM-22 samples.
While the Fe/u.c. value increases from 1.7 to 4.5, that of Al/u.c. decreases
from 3.0 to 0.8 and their sum remains constant for the different samples. This
means that the Fe species and the Al species are in competition and the in-
troduction of a total of 4.3 = (Fe + Al)/u.c. is favored under our reaction
conditions.

Fig. 30 Variation of the 27Al and 29Si NMR linewidths as a function of Fe content of the
[Fe,Al]-MCM-22 samples
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Table 26 27Al NMR data of precursor [Fe]-MCM-22 samples (a) and calcined [Fe]-MCM-
22 samples (b)

(a) (b)
Sample δ [ppm] ∆H [Hz] δ [ppm] ∆H [Hz]

1 — — — —
2 54 2930 55.6 (∼ 30) 2800 (7000)
3 53.4 2000 55.6 (∼ 30) 1600 (7000)
4 55.0 1520 55.0 1550
5 — — — —

EPR results were used to characterize the Fe species in the zeolite sam-
ples. One typical spectrum (sample 3) is recorded in Fig. 31, and Table 27
shows the g values of the various Fe-containing species. Despite the great im-
portance of the EPR technique in characterizing the various paramagnetic
species, no clear-cut interpretation has been given until now. For example,
species characterized by a g factor of 2.0 are considered octahedral [258, 259],
while such species are described as tetrahedral framework species in [260].
The signal at g = 2.3 is considered as the g|| contribution of the octahedral
species [258, 259]. Finally, at g = 4.3 can be found the tetrahedral frame-
work species, the intensity of which is higher at low temperatures [259]. This

Fig. 31 Room temperature EPR spectrum of as-made [Fe,Al]-MCM-22 sample 3

Table 27 EPR results of as-made [Fe,Al]-MCM-22 zeolite samples taken at room tempera-
ture

Sample g values

1 4.263 2.307 1.985
2 4.559 2.440 2.017
3 4.497 2.449 2.011
4 4.381 2.437 2.012
5 4.446 2.451 2.169
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species can be included in the EPR signal observed at low magnetic field,
where only the middle of the spectrum was computed to be between 4.23
and 4.56. The latter species are considered as deformed tetrahedral species.
However, the correct interpretation is the one given above for the [Fe]-MFI
samples. That way, the iron species with g ≈ 2.0 is attributed to tetrahedral
framework iron, and the g ≈ 4.3 value is characteristic of iron in rhombic
configuration. The Mössbauer spectra of the as-made [Fe]-MCM-22 samples
confirm the presence of tetrahedral Fe(III) ions. The spectra of samples 1 and
5 were decomposed by attempting to use two doublets, one for the tetrahedral
configuration of Fe and one for the octahedral configuration. The isomer shift
of tetrahedrally coordinated Fe(III) is equal to 0.18 mm s–1 for both samples.
Octahedrally coordinated Fe(III) is detected in sample 5 and is characterized
by higher isomer shift (0.32 mm s–1) and quadrupolar splitting (0.93 mm s–1).
These values are in good agreement with those reported in the first genuine
publication by Meagher et al. [261] and later confirmed by others [262, 263]. It
is interesting to note that despite the brownish color of sample 5, the amount
of tetrahedral Fe(III) is still high (some 87%).

3.9
[Co]-MFI

Figure 32 illustrates the XRD patterns of three samples (see Table 28) [196,
197]. It can be seen that sample 1 shows a well-crystallized MFI structure

Fig. 32 XRD patterns of samples Nos. 1, 8 and 17 (see Table 28)
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Table 28 Chemical composition of the as-made Co-containing MFI samples. a) Sam-
ples obtained from gels A of composition 35SiO2 – xNa2O – yCo(CH3COO)2 – 3.4TPABr –
8.4H2OSO4 – 808H2O at 170 ◦C after two days of synthesis. b) Samples obtained from
gels B of composition: 35SiO2 – Co(CH3COO)2 – xNa2O – 3.4TPABr – 808H2O at 170 ◦C
after two days of synthesis

No x y Co/u.c. Na/u.c. H2O/u.c. TPA/u.c. TPA/u.c. – T [◦C]
LT a HT b

a)
1 11 0.5 2.7 8.3 0 3.6 1.8–402 1.8–456
3 11 1.5 5.0 18.7 3.5 3.7 2.0–398 1.7–468
5 12.9 0.5 6.3 12.9 3.5 4.0 2.1–407 1.9–456
8 12.9 2 12.7 16.5 7.0 3.4 1.8–398 1.6–456
9 15 0.5 7.0 18.3 3.0 3.7 3.7–406 (450 c)

12 15 2 10 15.6 8.3 3.1 3.1–406 (450 c)
b)
14 3 2.7 4.3 5 4.2 1.9–404 2.3–438
15 6 5.6 10 10.8 3.8 1.8–406 2.0–459
16 9 7.2 8.4 11.2 4.0 1.7–410 2.3–459
17 12 6.7 8.4 11.4 3.6 3.6–451

a LT: low temperature peak;
b HT: high temperature peak;
c shoulder

of orthorhombic symmetry, while sample 8 shows the presence of some
amorphous phase as well. In the first series A, where the [Co]-MFI samples
were obtained from a sodium silicate source, the crystallinity of the samples
decreases both with the increase of alkalinity (x) and the Co-content (y) in the
gel. The decrease in crystallinity with increasing alkalinity is also observed in
series B, where colloidal silica was used as a silica source.

Note that high alkalinity is required for the [Co]-ZSM-5 synthesis. Indeed,
when no NaOH was added to the reaction mixture, no crystalline mate-
rial was obtained after 2 days of synthesis. In addition, the initial gel was
pink showing the presence of octahedrally coordinated Co, while for the gels
prepared with high Na2O content, the gels were all blue having the charac-
teristic color of Co(OH)–

4 ions. The chemical analysis by atomic absorption
spectroscopy (AAS) yielded the values of Co/u.c. and Na/u.c., while ther-
mal analysis led to the TPA/u.c. and H2O/u.c. values (Table 28). The Co/u.c.
values are rather high and suggest that the larger part of the cobalt is in extra-
framework positions. These values increase with increasing Co-content of the
gel, and they also increase with increasing alkalinity (Table 28a and b). The
Na/u.c. values are also rather high and suggest that most of the Co(II) ions
are in extra-framework species. The H2O/u.c. varies in a random manner
and does not seem to be linked to any Co/u.c. or Na/u.c. variation. The DSC
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Fig. 33 DSC curves of samples Nos. 1, 8, and 17 (see Table 28)

results are very revealing with respect to the possible incorporation of Co
into the tetrahedral framework. Figure 33 illustrates the DSC curves of three
samples. When the framework Co content is low (sample 1), two peaks char-
acterize the decomposition of the occluded TPA+ ions: the low temperature
peak (LT) at ca. 400 ◦C and the high temperature peak (HT) at ca. 455 ◦C.
The temperature of decomposition is not influenced by the formal Co/u.c.
values. The TPA/u.c. does not vary much as a function of Co/u.c. and is close
to an average value of 3.7/u.c. Approximately half of it is decomposed at low
temperature and the other half at high temperature. Only at high Co content
(samples No. 8 and 12), there is some decrease in the TPA/u.c. values suggest-
ing the incorporation of some of Co into the samples. At high alkalinities of
the samples of series B (No. 17), only the high temperature peak is detected,
suggesting again that some of the Co could be incorporated into the structure.
Indeed, this behavior of the TPA+ ions was observed previously in the [Al]-
ZSM-5 [226, 265], B-ZSM-5 (Testa F, Chiappetta R, Crea F, Aiello R, Fonseca A,
Bertrand JC, Demortier G, Guth JL, Delmotte L, B.Nagy J, submitted for publi-
cation) and [Fe]-ZSM-5 [266] samples. Diffuse reflectance (DR) spectroscopy
of Co2+ permits the observation of d–d transitions in the near infrared and
visible region and charge transfer (CT) transitions in the ultraviolet region.
Co2+ is the only common d7 ion, and because of its stereochemistry the re-
spective spectra have been extensively studied [267]. The two representative
cases: Co2+ ion in octahedral (Oh) and tetrahedral (Th) [267] crystal field can
be interpreted in the same way as the octahedral d2 ion (e.g., V3+) and octahe-
dral d3 ion (e.g., Cr3+), respectively. (The corresponding Tanabe-Sugano dia-
grams can be seen in [267]). As all d–d transitions for octahedral complexes
possessing a symmetry center are symmetry-forbidden, these bands are ex-
ceptionally weak in the spectra. Thus, the DR spectra of zeolites, in particular
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ZSM-5 zeolites, with framework (FW) and extra-framework (EFW) Co2+

content are dominated by intense O2– → Co2+ charge transfer transitions,
characteristic essentially of Co2+ in Th coordination around 200–230 nm; the
most intense Th transition, ν3 [corresponding to 4A2(e4t3

2) → 4T1(P)], ap-
pears around 590–630 nm and a weaker one, ν2, already in the near infrared
(1400–1500 nm).

(The third d–d transition, ν1, is also in the infrared region [2000–3300 nm],
but its examination is hindered due to overlapping vibrational bands). Even
though the Th d–d transitions are symmetry- and spin-allowed (no center of
symmetry and ∆S = 0), the most intense ν3 band in the visible region always
appears as a broad band split into three components due to symmetry per-
turbations, spin-orbit coupling and other reasons. Figure 34 exhibits in the
460–700 nm visible region (from blue to red) at least four poorly resolved
bands (at 486, 530, 584 and 643 nm), of which the last three are Th d–d transi-
tions. This triplet is indicative of high-spin (d7) Co2+ in a tetrahedral crystal
field. The weak 486 nm band is caused by the most intense ν3 transition of
high-spin Co2+ in octahedral coordination. The nearly invisible 357 nm band
is supposed to be due to high-spin Co3+ in unknown coordination [268].

Fig. 34 Diffuse reflectance UV-Vis spectra of samples Nos. 1 (a), 5 (b) and 9 (c) recorded
at a resolution of 2 nm (see Table 28)

Table 29 Visible diffuse reflectance spectra of selected as-made [Co]-ZSM-5 samples

Band intensities [a.u.]
Sample 480 nm 530 + 590 + 640 nm 340 nm

Co octahedral Co tetrahedral Co(III)

1 11 21 25
5 12 35 16
9 13 22 17
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Table 29 compares the relative intensities of the 480 nm band (octahedral
Co(III)), the sum of 530, 590 and 640 nm bands (tetrahedral Co(II)) and the
340 nm band (Co(III)). The values are in arbitrary units, and only their vari-
ations are meaningful for the state of Co ions in the ZSM-5 samples. The
octahedral Co(II) ions should be extra-framework ions, the tetrahedral Co(II)
ions could be due to both framework and extra-framework species and the
Co(III) ions are considered to be essentially extra-framework species. It can
be seen that tetrahedral Co(II) ions are present in all studied samples in
roughly similar amounts. Only sample 5 shows a higher amount of tetrahe-
dral Co(II) ions. The amount of extra-framework Co(II) ions are similar in
samples 1, 5, and 9. The amount of extra-framework Co(III) ions are similar
in samples 5 and 9. No systematic variations could be detected as a func-
tion of the formal Co/u.c. content (Table 28). XPS or electron spectroscopy
for chemical analysis (ESCA) is used for characterizing surface species. For
Co2+, the 2p electron transitions are observed which, after ionization, become
separated into two levels: 2p3/2 and 2p1/2. The 2p1/2 peak is shifted upwards
in energy by about 15.7 eV. Each peak has one, more or less intense, shoul-
der, a so-called satellite. Thus, we do not see two, but rather four peaks (three
peaks and one strong shoulder) in the XP spectrum.

The appearance of these “excess” peaks is due to multiplet splitting of the
respective electron orbitals. It would have been very informative to take the
XP spectra of each sample, however, the well-known general trend of such
syntheses in alkaline media (resulting only in partial substitution), and the
registered UV-Vis spectra (see above) revealed unequivocally that it is im-
possible to attain complete incorporation of Co2+, thus, only three samples
(1, 8 and 12) have been chosen for closer examination. In a previous study
we succeeded in detecting a slight, but unmistakable 1.9 eV difference in the
locations of 2p3/2 XP signals of FW and EFW Fe3+ ions in heat-treated [Fe]-
ZSM-5 samples [225]. Even though the topic was not treated in the literature
so far, it was deemed to be interesting to try finding a small shift for FW and
EFW Co2+, too. This would have been indicative of mixed coordination, i.e.,
the presence of both tetrahedral and octahedral Co ions. The XP spectra of
the Co2+ photoelectron region for the [Co]-ZSM-5 samples 1, 8, and 12 are
given in Fig. 35. Table 30 provides information on the binding energies of the
Co(2p3/2) and Co(2p1/2) core levels (with respect to Si(2p)) and on the loca-
tion of the satellites. If we add a fourth [Co]-ZSM-5 sample to the selected
ones (synthesized from magadiite in the presence of Co-pyrocatecholate by
P. Fejes) (in Table 30 marked as reference), it is perhaps not an overstatement
that the increase of the Co2+ content (cf. Table 29) brings about a little up-
ward shift in the location of the 2p3/2 peaks, which do not attain 781.5 eV,
typical of free Co2+, even for sample 8, having the largest Co2+ content (12
Co2+/u.c., corresponding to Si/Co = 6.56). It is believed that the binding en-
ergies of core level electrons for Co2+ in tetrahedral coordination (similar to
the respective Fe3+ levels) are smaller than those in octahedral symmetry and
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Fig. 35 XPS spectra of Co(2p3/2) and Co(2p1/2) of samples Nos. 1, 8 and 12 (see Table 30)

Table 30 XPS data of selected [Co]-ZSM-5 samples

Sample Binding energies [eV] Satellites [eV]
Co (2p3/2) Co (2p1/2)

Reference [Co]-ZSM-5 ∗ 780.90 796.80 785.90 802.85
1 780.95 796.95 785.95 803.05
8 781.40 797.25 786.75 803.35

12 781.05 797.10 786.60 803.35
21 781.05 797.10 786.00 803.20

∗ provided by P. Fejes, see text

in mixed coordination. The spectrometer—not able to resolve the two peaks
(separated by a few tenths of eV)—registers only one peak at the weighted
average of the two binding energies. This manifests itself as an upward en-
ergy shift when the percentage of octahedral Co2+ increases with the cobalt
content.

3.10
Calcination Using Ozone: Preservation of Framework Elements

The [Co]-ZSM-5, [Co,Al]-ZSM-5 and [Ga]-MCM-22 samples were synthe-
sized in alkaline media, while the B- and [Ga]-ZSM-5 samples were obtained
in fluorine-containing media [269]. The ozone treatment was carried out as
follows. The sample dried at room temperature was placed in a glass boat in
thin layer and placed into a glass tube and heated up to 373 K for dehydra-
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tion. After 1 h of treatment in oxygen, the oxygen flow was changed for an
ozone-containing stream. Ozone in an oxygen stream was produced using an
Ozmatic Modular 2 ozone generator. The flow rate of the ozone/oxygen mix-
ture was 2 dm3 h–1. The temperature was adjusted to 483 K. Burning off the
template was completed after 3 h. The oxygen treatment was performed in
the usual way. The samples were placed into ceramic jars in layers not ex-
ceeding a height of 4 mm and heated up in an O2-rinsed electric furnace to
373 K for 1 h for dehydration. After that, the temperature was raised to 820 K
at a rate of 3 K min–1, while maintaining a steady 2 d m3 h–1 flow of O2. After
3 h at 820 K burning off the template was completed, and the samples were
let to cool in air. Finally, IR spectroscopy was used to check the samples for
complete removal of the template. The as-prepared, the oxygen-treated and
the ozone-treated [Co]-ZSM-5 samples were characterized by XRD measure-
ments, multinuclear NMR and UV-visible diffuse reflectance spectroscopies.
The XRD spectra show that no significant alteration occurred either during
the oxygen or the ozone treatment. The diffuse reflectance spectra of the as-
made [Co]-ZSM-5 (sample 1), the oxygen and the ozone treated samples are
reported in Fig. 36. Table 31 shows all the results of the diffuse reflectance
spectra.

The more intense band at ca. 200–230 nm is due to O2– → Co2+ charge
transfer transitions. The poorly resolved triplet at 530, 590 and 640 nm stems
from d–d transitions of tetrahedral Co(II). The weak 480 nm band resulted
from the d–d transition of high-spin Co(II) in octahedral coordination.

Finally, the 340 nm band is due to high-spin Co(III) in unknown coordina-
tion. Table 31 shows the relative intensities of the various bands in arbitrary
units. It can be seen that the smallest changes occur during the O3 treatment.
Indeed, the extra-framework octahedral Co(II) species are transferred into
extra-framework Co(III) species (Table 31a and c, and Fig. 36a and c). The
relative intensities of the tetrahedral Co(II) species, although somewhat de-

Fig. 36 Diffuse reflectance UV-Vis spectra of samples No. 1 (see Table 31) as-made (a),
calcined in O2 (b) and calcined in O3 (c), [Co]-ZSM-5 and [Co,Al]-ZSM-5 samples
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Table 31 Visible diffuse reflectance spectra of as-made (a), oxygen- (b) and ozone-treated
(c) [Co]-ZSM-5 and [Co,Al]-ZSM-5 samples

Band intensities [a.u.]
480 nm 530 + 590 + 640 nm 340 nm

No. Co/u.c. Al/u.c. Co(II) octahedral Co(II) tetrahedral Co(III)

a) as-made samples
1 2.7 — 11 21 25
5 6.3 — 12 35 16
9 7.0 — 13 22 17

18 2.0 2.4 8 17 13
20 1.8 3.2 0 19 46
21 1.6 4.2 17 20 26

b) O2-treated samples
1 2.7 — 1 41 46
5 6.3 — 0 54 24
9 7.0 — 0 51 12

18 2.0 2.4 18 8 41
20 1.8 3.2 7 26 36
21 1.6 4.2 13 31 32

c) O3-treated samples
1 2.7 — 2 15 65
5 6.3 — 0 18 60
9 7.0 — 0 17 64

18 2.0 2.4 0 10 58
20 1.8 3.2 0 10 70
21 1.6 4.2 0 18 63

creasing, do not change much, suggesting that possible framework species
remain essentially in the framework. We would like to emphasize that these
measurements are not quantitative and only some trends of band intensities
can be shown. Note also that a definite proof for tetrahedral Co(II) species
in the zeolite framework is still missing, although XPS, XRD and diffuse
reflectance spectra suggest that part of the Co(II) ions occupy tetrahedral
positions [197]. The diffuse reflectance spectra of the O2-treated samples
are more controversial. Indeed, the intensities of the Co(II) tetrahedral lines
are increasing in almost all samples but sample 18. Note also that the in-
crease is much higher when aluminum is not present in the structure (Fig. 36a
and b).

More quantitative data are necessary to understand these phenomena.
The 27Al NMR spectra show the presence of both tetrahedral framework (in
large amount) and octahedral extra-framework (in small amount) aluminum
species (Table 32). Oppositely to the changes observed, in the Co visible dif-
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fuse reflectance spectra, the relative amounts of tetrahedral and octahedral
species do not change during either O2 or O3 treatment. Only the highest
Al-content sample shows some decrease in the framework tetrahedral alu-
minum species. The 29Si NMR data are reported in Table 33, and Fig. 37

Table 32 27Al NMR data of as-made, oxygen- and ozone-treated [Co,Al]-ZSM-5 samples

As-made O2-treated O3-treated
No. Co/u.c. Al/u.c. AlT AlO AlT AlO AlT AlO

18 2.0 2.4 78 22 79 21 — —
20 1.8 3.2 87 13 86 14 85 15
21 1.6 4.2 91 9 84 16 86 14

AlT: Al in tetrahedral coordination
AlO: Al in octahedral coordination

Table 33 29Si NMR data of as-made, O2-treated and O3-treated [Co]-ZSM-5 samples

Line intensities [%]
No. SiOM + SiOCo + SiOAl Si(OSi)4

(– 102 ppm) + (– 106 ppm) (– 112 ppm) + (– 115 ppm)

a) as-made samples
1 21 79
5 25 75
9 24 76

18 20 80
20 32 68
21 27 73

b) O2-treated samples
1 0 100
5 0 100
9 0 100

18 13 87
20 21 79
21 15 85

c) O3-treated samples
1 10 90
5 16 84
9 10 90

18 18 82
20 24 76
21 16 84
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Fig. 37 29Si NMR spectra of [Co]-ZSM-5 sample No. 1 (see Table 31) as-made (a), O2-
treated (b), O3-treated (c) and of [Co,Al]-ZSM-5 sample No. 21 as-made (d), O2-treated
(e), O3-treated (f)

illustrates the spectra of samples 1 ([Co]-ZSM-5) and 21 ([Co,Al]-ZSM-5) in
the as-made (a), O2-treated (b), O3-treated (c) forms. The O2-treated sam-
ples show completely different spectra with respect to the as-made samples
when no aluminum is present in the samples (samples 1, 5 and 9). Indeed, in
these cases, the – 102 ppm line is absent in the O2-treated samples, and the
spectrum shows high resolution (Fig. 37b). The latter is characteristic of com-
pletely siliceous materials, that means no Co is found in the calcined samples.
In addition, due to the presence of extra-framework cobalt oxide species, no
cross-polarized spectra could be taken. The O3-treated samples always show
the presence of the – 102 ppm line even in the absence of aluminum. In the
Al-containing samples (18, 20 and 21) the presence of tetrahedral aluminum
is always detected confirming the 27Al NMR results (Fig. 37c).

The 71Ga NMR of the [Ga]-MCM-22 samples shows clearly the advantage
of the ozone treatment over the calcinations in oxygen. Indeed, in the O3-
treated samples, only the tetrahedral framework gallium is detected at ca.
150 ppm as in the as-made sample (Fig. 38).

Oppositely, during the O2 treatment some 22% of the gallium is found as
octahedral extra-framework species at ca – 10 ppm. The 29Si NMR spectra
are illustrated in Fig. 39. The spectrum of the as-made [Ga]-MCM-22 (Si/Ga
= 16) is quite similar to the previously published spectrum of aluminosilicate
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Fig. 38 71Ga NMR spectra of as-made (a), O2-treated (b), O3-treated (c) [Ga]-MCM-22
sample

MCM-22 [270]. The lines at – 94 ppm and at – 100 ppm are due to =Si(OM)2
and =Si(OM) defect groups, respectively (M = H, Na and hexamethylendi-
amine). The number of the other NMR lines is eight if the decomposition is
made following a P6/mmm model of the structure, or thirteen if it is made
following the C/mmm model [270]. It is clearly seen that the as-made and
the O3-treated samples are similar and the O3 treatment leaves the struc-
ture quasi intact (Fig. 39a and b). In contrast, the sample calcined in air
shows a very different 29Si NMR spectrum (Fig. 39c), where the = Si(OM)2
and ≡ SiOM groups are drastically reduced. Work is in progress to interpret
more deeply the decomposed 29Si NMR spectra.

The 11B NMR results are also very clear concerning the state of boron in
the various samples. In the as-made samples, boron is essentially at tetra-
hedral framework positions characterized by an NMR line at – 3.7 ppm.
The O3-treated samples basically preserve the tetrahedral framework boron.
Sometimes a supplementary NMR line is also found at – 2 ppm what we in-
terpret as stemming from deformed tetrahedral boron species, where one
B–O–Si bond is broken: (SiO)3BOH–. When the samples are calcined in air,
some 50% of the boron is found as trigonal extra-framework species (δ = ca.
6 ppm, quite a broad line). Fig. 40 illustrates the 11B NMR spectra of (NH4,
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Fig. 39 29Si NMR spectra of [Ga]-MCM-22 (Si/Ga = 16) of as-made (a), O3-treated (b),
and O2-treated (c) samples

Fig. 40 11B NMR spectra of (NH4 – TPA)-[B]-ZSM-5 samples (Si/B = 20.8)
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TPA)-[B]-ZSM-5 samples (Si/B = 20.8). The as-made and O3-treated sam-
ples only show the tetrahedral framework boron at – 3.7 ppm. Oppositely,
the sample calcined in air shows the presence of a large amount of trigonal
extra-framework boron at ca. 6 ppm.

3.11
Cu-TON

The main characteristics of the Cu-TON samples, chemical analysis and EPR
results are reported in Table 34. It can be observed that the amount of cop-
per introduced into the zeolite depends on the exchange procedure. A small
content of Cu is introduced during double ionic exchange (Na-TON →
NH4

+ – TON → H+ – TON → Cu-TON). Following Wichterlova et al. [271]
and due to the low Al-content of the samples, the Cu2+ ions occupy essen-
tially cation exchange sites close to individual (Al – O – Si)– negative charges.
These Cu species were readily reduced as it was shown elsewhere [272]. On
the contrary, higher amount of copper is detected when the exchange process
is carried out by the solid-state reaction method. In both cases, i.e., in the
direct exchange and the solid-state reaction, we observed “over-exchange”.
Moreover, by applying the direct exchange procedure not all sodium ions
were removed, thus, they block the openings of the TON pore system. This
is confirmed by nitrogen adsorption measurements of the micropore volume:
Na-TON = 0.06 ml g–1, H+ – TON = 0.91 ml g–1. The presence of sodium is
also proved by 23Na NMR spectroscopy. Data of Table 34 show that the solid-
state reaction is one of the best techniques for introducing the transition
metals. The EPR results indicate that the Cu2+ ions have octahedral symme-
try in the Cu-TON zeolite (g|| = 2.34, g⊥ = 2.09 and A|| = 12.7 mT) according
to the interpretation of the data found by Kucherov et al. [273].

The spectrum of the as-made sample is shown in Fig. 41. It can be seen
that it is composed of three lines: the – 111.5 ppm is attributed to T1 sites
(eight sites per u.c.), the – 113.2 ppm line to T2 sites (eight sites per u.c.) and

Table 34 Chemical analysis of the Cu-TON samples (Si/Al = 50) prepared in three differ-
ent ways (Cu = direct exchange, NH4

+ – Cu = double exchange and CuCl2 = solid-state
reaction) and results of EPR (A|| is given in mT)

Sample Al [wt%] Na [wt%] Cu [wt%] g⊥ g|| A||

As-made 0.83 0.85 — — — —
Calcined 0.75 0.80 — — — —
Cu 0.76 0.35 4.82 2.082 2.345 12.7
NH4

+-Cu 0.71 not detec. 0.52 2.098 2.345 12.9
CuCl2 0.74 not detec. 6.13 2.091 2.348 12.7
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Fig. 41 29Si NMR spectrum of the as-made Cu-TON sample

the – 114.3 ppm to T3 and T4 sites (four sites per u.c. for each type). The
amount of defect SiOH groups at – 105 ppm is quite small. The spectra do
not change for the differently treated samples. Only the solid-state exchanged
sample, containing a high amount of copper, shows quite broad NMR lines. As
after the thermal treatment all the aluminum is in tetrahedral coordination,
this is an indirect evidence of the high thermal stability of TON-type zeolite

Fig. 42 27Al MAS NMR spectra of three different TON zeolite samples. a as-made form;
b calcined form and c Cu-TON obtained by the solid-state reaction
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Scheme 1 Schematic representation of the deformed aluminum site

synthesized by the methanol procedure. Figure 42 shows the 27Al MAS NMR
spectra of the three different samples of TON zeolite confirming the absence
of aluminum in octahedral coordination. A very low amount of octahedral
aluminum is detected for the Cu-TON prepared by the solid-state reaction.
We suppose that this small quantity of aluminum is due to the procedure of
copper introduction.

There is a correlation between the amount of the copper introduced into
the zeolite framework and the deformation of Al tetrahedral sites. This is also
confirmed by chemical analysis. When Cu is over-exchanged by the solid-
state reaction procedure, the low intensity NMR line at 0 ppm assigned to
extra-framework aluminum is observed. In the case of the two solution-
mediated ionic-exchange procedures, only slight deformation of the AlT sites
is observed.

The nature of the deformed tetrahedral aluminum site is still a question of
controversy. In many dealumination processes, this line (at ca. 30 ppm) has
been attributed to the tetrahedral framework atoms where at least one Al–O–
Si bond is broken. The 2D 3QMAS NMR data unambiguously show a chemical
shift at ca. 70 ppm confirming its attribution. In the present case, we can
hypothesize that one Al–O–Si bond is broken, which leads to the deformed
tetrahedral aluminum sites (see Scheme 1).

3.12
[Zn]-MFI

As indicated in Fig. 43, zincosilicate samples with zinc contents show high
crystallinity up to a Zn/Si ratio of 0.07. There are no reflections that could
be attributed to a ZnO admixture. The higher zinc loading results in a no-
ticeable contribution of quartz and amorphous phase in the products. The
scanning electron microscopic photographs (Fig. 44) show regular crystallites
of the samples. The particle size depends on zinc loading decreasing with
growing Zn content (3–10 µm). The IR spectra show two bands in the range
1000–1100 cm–1 for the samples with low zinc loading, whereas the zinc-rich
sample exhibits only one band at 1050 cm–1 (Fig. 45a). The reported spec-
tra of other metallosilicates [19] indicate bands attributed to the Si – O – Me
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Fig. 43 XRD patterns of selected zincosilicate samples (Zn/Si indicated)

Fig. 44 Scanning electron micrograph of the samples with: a Zn/Si = 0.01 and b Zn/Si
= 0.07

Fig. 45 IR spectra (KBr pellets) of the indicated samples (a), and of the sample with Zn/Si
= 0.05 (b) (upper spectrum) and its ammonium modification (lower spectrum)

bonds. The bands are always observed at ∼ 900 cm–1. If the stretching bands
of lower wavenumbers (∼ 1020 cm–1) were assigned to Zn – O it would be dif-
ficult to explain their absence in the Zn-rich samples (Fig. 45a). The spectrum
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of the sample modified with NH4 cations (Fig. 45b) clearly indicates the pres-
ence of N – H band (1400 cm–1), which proves the ion-exchange properties of
the prepared zincosilicates.

The ion-exchange ability results from the negative lattice charge caused
by the introduced tetrahedral zinc. Our attempts to employ Raman spec-
troscopy [274] indicated the presence of the band at ca. 300 cm–1 assigned to
tetrahedral Zn [275]. Its intensity decreased on heating (Fig. 46), which in-
dicates removal of some zinc from the tetrahedral lattice position. The band
at ca. 380 cm–1 attributed to octahedral Zn became predominant after calci-
nation. The solid-state 29Si MAS NMR data [199] indicate the predominant
signal at ca. – 114 ppm, corresponding to a silicon tetrahedron surrounded by
four adjacent Si tetrahedra.

Another smaller signal at ca. – 103 ppm results from silicon connected
with three Si tetrahedra. The fourth adjacent neighbor is most likely the ZnO4
unit. The intensity of the latter signal decreases markedly after calcination
of the sample indicating that part of the zinc is released from the lattice
position. However, the ability of the calcined samples to undergo cation-
exchange modification (Fig. 45) clearly indicates the presence of some zinc in
the lattice.

The correlation between the zinc content and the temperature of DTG
peaks (Fig. 47) shows that the temperature of template removal is remarkably
affected by the presence of zinc introduced into the MFI structure.

An increase in the DTG temperature is particularly significant for the sam-
ples with the lowest zinc content. The increased temperature of template
removal for the zincosilicates can result from stronger bonding of the TPA
cations to the negatively charged lattice. Deeper interpretation of thermal
analysis results requires further study. So far we can observe a distinctive
difference in thermal behavior of the samples of low (up to Zn/Si = 0.03)
and high zinc contents. This corroborates the observed differences in prop-
erties of the samples with low and high zinc content (catalytic activity, ion-

Fig. 46 Raman spectra of the indicated samples



458 J. B.Nagy et al.

Fig. 47 Correlation between the Zn/Si ratio of the samples and temperature of the DTG
peaks

exchange capacity). The latter are probably less ordered and contain more
structure defects. The measurement of temperature-programmed reduction
(TPR) in hydrogen indicates (Fig. 48) relatively high resistance of the zin-
cosilicate in the MFI structure to reduction, regardless of the relatively high
zinc loading (Zn/Si = 0.05). Some consumption of hydrogen starts after ex-
ceeding the temperature of 500 ◦C. A small peak is noticeable at ca. 580 ◦C
and two distinct large reduction peaks are observed at temperatures of 730
and 850 ◦C. The TPR profiles of the samples with lower Zn content do not
differ very much from that indicated in Fig. 48. The peak at 580 ◦C can be
assigned to Zn cations [276], and we noticed that it is more pronounced for
the sample modified with Zn cations. The other larger peaks result from the
reduction of the lattice zinc. The modification of zincosilicate MFI with cop-
per cations (0.6 wt %) significantly affects the reducibility of the sample. The
Cu2+ cations undergo reduction already at ca. 200 ◦C. The distinctive and
large peak attains the maximum at ca. 320 ◦C.

Fig. 48 TPR profiles for the sample with Zn/Si = 0.05 after template removal (lower curve)
and for its Cu modification (upper curve)
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Further temperature rise does not result in very distinct peaks, although
the consumption of hydrogen is considerable. This indicates that lattice Zn is
involved in the reduction. The peak attributed to the Zn cations is still no-
ticeable, although shifted above 600 ◦C. The TPR curve declines above 900 ◦C,
which can suggest that the zinc reduction is complete at this temperature. The
shape of TPR profiles differs very much from those for silicalite impregnated
with ZnO described by Wan [277], where the reduction of zinc oxide already
started at 200 ◦C, as well as from zeolite MFI modified with Zn cations (in-
troduced either by ion-exchange or impregnation), where the main TPR peak
appeared at 550 ◦C [276].

Zinc can be introduced into the MFI structure by conventional hydrother-
mal synthesis. The presence of phosphate anions in the initial mixtures is
advantageous. The resulting MFI zincosilicates show high crystallinity for
Zn/Si ratios below 0.07. Further increase in the Zn content results in forma-
tion of amorphous products or non-porous crystalline phases (quartz). The
crystallization time depends on the zinc content. Higher Zn loading requires
longer crystallization. The properties of the resulting samples are distinctively
affected by the introduced “heteroatoms”. There are considerable differences
in properties of the samples with low zinc contents (up to Zn/Si = 0.03)
and those exceeding this ratio. Thermal analyses of the as-synthesized prod-
ucts show similar curves for the samples with low Zn contents (up to Zn/Si
= 0.03). The introduction of Zn into the lattice results in enhanced tempera-
ture of template removal, compared with zinc-free silicalite. The negative
lattice charge of zincosilicates results in stronger interaction with the TPA
cations and increases the thermal stability of the latter. Thermal analyses do
not indicate structure degradation up to 600 ◦C, which is consistent with XRD
data.

The 29Si MAS NMR spectra of zincosilicates under study exhibit a signal
at ca. – 102 ppm, which results from silicon surrounded by three Si and one
Zn tetrahedra. The intensity of the above signal declines on heating because
of the removal of some Zn from the lattice. The Raman spectra also exhibit
a band at ca. 300 cm–1, which could be assigned to tetrahedral lattice Zn. The
intensity of this band decreases after thermal treatment, because some of the
Zn atoms are released from the lattice. Regardless of that, the calcined sam-
ples can be modified with various cations. TPR measurements indicate quite
high resistance of zincosilicate to reduction with hydrogen (up to ca. 600 ◦C).
The possibility of modifying the obtained zincosilicates by ion exchange and
their noticeable catalytic activity (contrary to the zinc-free silicalite-1) in
cumene cracking and in propan-2-ol decomposition strongly supports the
localization of the introduced zinc in the lattice. The acid-site strength in
H-modifications of zincosilicates is much lower than that in H-ZSM-5, but the
modification of these materials with transition metal cations (e.g., Cu) could
be promising in the red-ox reactions.
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3.13
Dealumination of Levyne –
Characterization of Framework and Extra-Framework Species

For the synthesis of levyne, the global composition of the initial gel
was 4Na2O – 2K2O – 6MeQI – Al2O3 – 30SiO2 – 500H2O where MeQ is the
methylquinuclidinium ion. The reaction gel was prepared by mixing of
30 wt % aqueous solution of NaOH (pellets EPR, Carlo Erba), MeQI, Al(OH)3
(dry gel, Pfaltz and Bauer), distilled water and SiO2 (fumed silica, Serva).
MeQI was prepared by mixing quinuclidine (1-azabicyclo[2,2,2]octane,
Aldrich) and iodomethane. The reaction mixture was heated at 150 ◦C under
autogenous pressure in static conditions for programmed times, using modi-
fied Morey-type autoclaves (8 cm3). The calcination of the sample was carried
out in air, heating the sample from 30 to 700 ◦C at a rate of 10 ◦C min–1

under a 15 ml min–1 air flow. The 1D NMR spectra were recorded either on
a Bruker MSL-400 or a Bruker CXP-200 spectrometer. For 29Si (39.7 MHz),
a 6.0 µs (θ = π/2) pulse was used with a repetition time of 6.0 s. For 27Al
(104.3 MHz), a 1.0 µs (θ = π/12) was used with a repetition time of 0.2 s.
The 3QMAS experiments at 9.4 T were performed on a Bruker ASX-400
using a recently developed 4 mm MQMAS probehead (Bruker) spinning at
15 kHz, with a radio-frequency field, νRF, estimated at ca. 280 kHz. The
pulse sequence was composed of three pulses corresponding to the Z-filter
MQMAS method [278], which yields pure absorption spectra. The pulse
lengths were experimentally adjusted to 1.75 µs, 0.6 µs (νRF = 280 kHz) and
8 µs (νRF = 10 kHz). The recycle delay was the same as for 1D 27Al MAS ex-
periments. The delay, t1, between the first and second pulse was regularly in-
cremented by 67 µs, according to the method of rotor synchronization [279].
This allows the removal of the spinning sidebands, generally appearing along
the isotropic axis, and to reduce significantly the acquisition time. A total of
576 and 2304 scans per increment were used for the as-made and calcined
levyne samples, respectively.

The MQMAS method has been previously described [280–283]. We may
recall that in addition to the total elimination of the second-order quadrupo-
lar interactions, this technique yields a separation of the different species by
both their isotropic chemical shift, δCS, and their second-order quadrupolar
interaction PQ = CQ(1 + η2/3)1/2. Nevertheless, it remains difficult to de-
duce quantitative information from the MQMAS spectra, since the efficiency
for the excitation of multiple quantum transitions strongly depends on the
quadrupolar coupling constant of each species [283]. Indeed, it is shown that
the intensity detected in MQMAS is likely to be underestimated for sites
experiencing very weak and very strong quadrupolar interactions, whereas
for sites with similar quadrupolar parameters, the direct comparison of the
isotropic projection may give a good approximation of their relative popula-
tion. However, using PULSAR [284], a home made simulation software, which
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calculates the response of a nucleus to a series of pulses, taking into account
both the quadrupolar parameter and the experimental radio-frequency field,
one can predict the actual spectral intensity for each site. Thus, a method to
recover the correct population of aluminum on each site is to compare the
experimental MQMAS spectra with the theoretically calculated data. This is
easy to perform when each site is well-characterized by a pure quadrupolar
lineshape and, thus, a unique set of (PQ, δCS) parameters [282]. But in the
case of a distribution of parameters, such a comparison becomes extremely
difficult and inaccurate, and it is advantageous to use the method recently
developed by Zwanziger [285] for the analysis of DAS spectra. A detailed
description of the inverse theory and regularization method used for this an-
alysis and their effective application to MQMAS is outside the scope of this
paper. This method has already been successfully applied to provide precise
knowledge of the relative population of aluminum on five sites in a well-
crystallized AlPO-11 aluminophosphate [286].

The Si/Al ratio of the as-synthesized sample is close to 15, the ratio of
the initial gel [180]. This equality means that the incorporation of aluminum
into the levyne structure is quite effective [180, 220]. Indeed, the 27Al MAS
NMR spectrum of the as-made sample clearly shows that only one NMR line
at 53.8 ppm is detected, which is characteristic of tetrahedral coordination
(Fig. 49a). During the calcination at 700 ◦C, some of the tetrahedral frame-
work aluminum leaves the structure, and this extra-framework aluminum
becomes octahedral, giving rise to a signal at ca. 0 ppm (Fig. 49b).

Previous 13C NMR measurements of the occluded MeQ+ ions have shown
that they are incorporated intact in the levyne channels [220]. However, the
thermal analysis of the precursor samples still containing the MeQ+ ions
has demonstrated that two different MeQ+ ions were present in the chan-
nels [220]. The ones that are decomposed at lower temperature (460 ◦C) are
neutralizing some of the SiO– defect groups (2.7/u.c.), while the ones decom-
posed at higher temperature (590 ◦C) are neutralizing the negative charges
linked to the presence of the tetrahedral aluminum in the structure, the
(SiOAl)– groups (3.4/u.c.). The high-resolution solid-state 29Si NMR spec-
tra of the as-made and calcined levyne samples are shown in Fig. 50. As the
levyne structure contains two crystallographically different tetrahedral sites,
36 T1 and 18 T2 sites [221], care has to be taken in interpreting the NMR spec-
tra. The relative intensities of the various lines of both the as-made and the
calcined samples are reported in Table 35. The NMR line at – 115 ppm is as-
signed to a Si(0Al) configuration of the T2 sites [218, 220]. The other NMR
lines are tentatively assigned as follows. The – 108 ppm line could stem from
a Si(1Al) configuration on T2 sites and Si(0Al) configuration of T1 sites. The
– 103 ppm line could correspond to the sum of Si(2Al)T2 and Si(1Al)T1 con-
figurations. Finally, the – 97 ppm line could stem from the sum of Si(3Al)T2
and Si(2Al)T1 configurations [220]. However, this hypothesis cannot lead to
a quantitative interpretation of the NMR spectra.
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Fig. 49 27Al MAS NMR spectra of the as-made levyne sample (a) and of the sample cal-
cined at 700 ◦C (b)

Table 35 29Si MAS NMR data of the as-made and levyne samples calcined at 700 ◦C

Sample δ [ppm] I [%] δ [ppm] I [%] δ [ppm] I [%] δ [ppm] I [%]

as-made – 98.4 14 – 103.1 26 – 108.3 40 – 114.9 20
calcined – 96.1 8 – 102.8 21 – 109.0 46 – 115.6 25

The discrepancy very probably stems from the presence of a high amount
of defect groups SiOM (M = Na, K, H and/or MeQ). It can be seen from
Fig. 50 that the intensity of the – 103 ppm line decreases during calcination
and that the intensity of the – 97 ppm line is drastically reduced. It is rather
well known that the former could include the -SiOM defect groups, while the
latter includes either = Si(OM)2 or = Si(OAl)(OM) defect groups [214].

The presence of two crystallographically different sites raises interesting
questions concerning the siting of aluminum on the T1 and T2 sites. Is the
distribution of aluminum random or specific [230, 240]? Is the dealumination
random or specific? The high-resolution 27Al NMR spectra give valuable in-
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Fig. 50 29Si MAS NMR spectra of the as-made levyne sample (a) and of the sample cal-
cined at 700 ◦C (b)

Fig. 51 27Al 3QMAS NMR spectrum of the as-made levyne sample (tetrahedral region)

formation and helps in answering the above-mentioned questions. The 1D
27Al MAS NMR spectra (Fig. 49) already suggest the presence of two different
tetrahedral aluminum atoms in the structure. In order to better character-
ize the levyne samples, 2D multiple-quantum 27Al NMR experiments have
been carried out. Indeed, it has already been shown that the use of three-
quantum transitions greatly increases the resolution. The 3QMAS 27Al NMR
spectra of the as-made and calcined samples are shown in Figs. 51 and 52,
respectively.
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Fig. 52 27Al 3QMAS NMR spectrum of the levyne sample calcined at 700 ◦C: a tetrahedral
region; b octahedral region

Table 36 3QMAS 27Al NMR data of the as-made and levyne samples calcined at 700 ◦C

Sample Tetrahedral region Octahedral region
Al1 Al2 Al3 O

δ PQ I δ PQ I δ PQ I δ PQ I
[ppm] [MHz][%] [ppm] [MHz][%] [ppm] [MHz][%] [ppm] [MHz][%]

as-made 62 2.7 69 56 1.9 31 — — — — — —
calcined 62 2.6 53 57 1.8 31 64 4.8 12 4 3.5 4

The 3QMAS NMR spectrum of the as-made sample clearly shows two dif-
ferent species at δ = 62 ppm (Al1) and δ = 56 ppm (Al2) (Fig. 51, and Table 36).
Moreover, the relative intensities of the two lines are, respectively 2 : 1, sug-
gesting that the aluminum distribution is random in the structure. Indeed,
this ratio corresponds to the ratio of the crystallographically different tetra-
hedral sites in the levyne structure, T1/T2= 2. The attribution of the two dif-
ferent tetrahedral aluminum species is hence obvious. The 62 ppm line (Al1)
characterizes the tetrahedral atoms on sites T1, while the 56 ppm line (Al2)
stems from the tetrahedral A1 atoms on sites T2. The determined quadrupo-
lar coupling constants PQ being similar (1.9 MHz and 2.7 MHz, respectively),
the relative intensities on the isotropic projection are regarded as correct.
This assumption is confirmed by the computation of the 3QMAS spectrum
(Fig. 53), which gives an accurate result for the relative populations (Table 36).

During calcination, a small amount of octahedral extra-framework alu-
minum species (O site) appears around 4 ppm (Fig. 52). In addition, a new
tetrahedral species (Al3) is also detected at δ = 64 ppm, which could be due
to deformed tetrahedral aluminum atoms. The PQ of the Al species is much
larger than for the other two tetrahedral sites and is equal to 4.8 MHz.

The qualitative analysis of the 3QMAS spectrum (Fig. 52) yields a better
understanding of the dealumination process. Table 36 reports all the data for
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Fig. 53 Simulated spectrum of the as-made levyne sample using the inversion method

Fig. 54 Simulated spectrum of the calcined levyne sample using the inversion method

the three tetrahedral species at 57, 62 and 64 ppm, and the octahedral species
at around 4 ppm (Fig. 54).

As the relative population of Al2 remains constant throughout calcination,
it seems clear that the third tetrahedral species Al3 and the octahedral species
appearing during calcination are generated from the Al1 species. Moreover,
Al1 and Al3 species have close isotropic chemical shifts and differ only in their
PQ. This is an indication that the Al1 atoms, which occupy the T1 site in the
structure, undergo distortion to yield the Al3 species. Hence, one can con-
clude that the tetrahedral Al atoms on sites T1 with signals at 62 ppm (Al1)
are partially transformed into deformed tetrahedral species with signals at
64 ppm (Al3).

On the other hand, the 4% octahedral species formed during calcination
seem to stem also from Al1 species. These results strongly suggest that the
dealumination occurring during calcination is highly specific, involving only
the crystallographic tetrahedral T1 sites. A more systematic work on dealu-
mination should be carried out in order to check the specific dealumination
from the T1 sites. This represents a very interesting result and its importance
could be checked in catalytic reactions. Specific dealumination could also
be suggested from the framework of offretite (OFF) [70] using the changes
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in the 27Al MAS NMR and the 29Si MAS NMR spectra during dealumina-
tion [222].

It is shown that the 27Al NMR studies of levyne-type zeolites can be im-
proved using the 3QMAS NMR experiment. This technique appears to be
complementary to 29Si MAS NMR experiments as it totally removes the am-
biguity on the distribution of Al on the crystallographically different sites.
Quantitative analysis of the MQMAS spectra has been performed using an
appropriate method of spectral inversion and has allowed the determination
of the relative populations of the different species. It is concluded that the
distribution of Al is random in the as-made sample. Dealumination yield-
ing octahedral aluminum species seems to affect only the Al1 species, which
occupy the T1 sites. In addition, some of the original tetrahedral Al atoms
on site T1 are transformed into deformed tetrahedral species and to extra-
framework octahedral species.

4
Conclusions

The isomorphous substitution of silicon in tetrahedral coordination in zeolite
framework for other elements results in metal silicates of peculiar behavior
dissimilar to the parent material. Insertion of ions with three positive oxida-
tion states, such as Fe3+, B3+, Ga3+, etc., leads to metal silicates having acidic
character of lower or higher strengths than the aluminum-containing struc-
tures. In this way, new compositions with zeolite structures can be obtained.
These modified zeolites find their applications in chemical industry mainly
for the production of fine chemicals. Those derivatives which have tetrava-
lent elements, such as Ti4+, Ge4+ exhibit interesting catalytic properties, too.
Isomorphous substitution plays an indispensable role in the preparation of
catalytic materials with zeolite structure, which may thus preserve the shape
selectivity as the most intrinsic phenomenon observed for molecular sieve
catalysts.

Several synthesis procedures have been elaborated in various laboratories
working in the field of zeolite chemistry. Both the alkaline and the fluorine
route are used in the synthesis of isomorphously substituted materials. In
some cases, both result in well-organized crystal structures, and the selection
between the options depends on the decision of the experimenter. The syn-
thesis options have been discussed and offered for application to the readers.

Characterization of the structures is always the most intriguing part of
the post-synthetic work. Almost all instrumental analytical techniques are
applied for this purpose for newly prepared matters. Comparing the meas-
ured XRD profile with those simulated by various computer programs gives
the most useful data of structures. This technique provides data also on the
positions of substituting elements in the framework. For those nuclei, where
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transition of the nuclei spins is expected, the NMR technique gives basic in-
formation on the coordination of framework constituents. IR and Raman
spectroscopy and ESR measurements also supply information on the pos-
ition of substituted elements. Nevertheless, even with the availability of these
techniques, the coordination of the substituting elements is a matter of deep
discussion even nowadays. We showed an example to this point discussing the
position and the stability of Fe3+ ions in different zeolite structures.

The thermal and hydrothermal behavior of substituting elements in frame-
work positions is a crucial problem as it concerns the industrial application
of isomorphously substituted materials. The stability problems start already
in the template removal step, which is necessary to open the pore structure
of microporous matter. The general method is to burn the organic template
compounds off above 800 K, using air or oxygen stream, for several hours.
The solvent extraction is regarded as a less severe treatment, preserving the
constituents in tetrahedral coordination. The efficiency of this treatment is
not complete in some cases. Research work led to the use of ozone as oxidant.
For this method much lower temperature is required to burn the template off,
while preserving the tetrahedral coordination of the substituting elements.
When a framework element is removed from the original tetrahedral position
it may deposited in the channel system resulting in an additional adsorp-
tion and catalytic center. The dealumination leads to this sort of modification
of the acidity of zeolites. The stability of the framework of isomorphously
substituted zeolites has been reported in the review on the basis of our own
experimental data.
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