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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 2Xe 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. Pél-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 2*Xe
NMR (see also the fourth chapter). In this volume, however, Y. Traa, S. Sealy
and ]. 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 C;¢ 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 12Xe 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.

Thelast 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. Kénya, 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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AAS
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AS

a.u.

CP

CHN

CN
DTA
Erio T
EDTA
ED
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FTIR
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I

ICP
ICP-AES
IR
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M
MAS
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PVA
PTFE
Q

Qn
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Me-O
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TGA
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TPD
TPDA
TO4-tetr.

T-0-T bridge

u.c.
UPS
UV-Vis
Ve
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Atomic absorption spectroscopy

Atomic emission spectroscopy

Auger electron spectroscopy

Arbitrary units

Cross polarization

Simultaneous analysis of carbon, hydrogen, and nitrogen by combus-
tion

Coordination number

Differential thermoanalysis

Colored indicator

Ethylendiaminetetraacetic acid sodium salt-complexing agent
Energy disperse

Electron probe micro analysis

Electron spectroscopy for chemical analysis (synonym for XPS, UPS)
Extended X-ray absorption fine structure

Fourier transform infrared

High-pressure liquid chromatography

High-frequency generator

High temperature peak

Intensity

Inductive coupled plasma

Inductive coupled plasma (activated) atomic emission spectroscopy
Infrared

Ion scattering spectroscopy

Low temperature peak

Metal nucleus (NMR)

Magic angle spinning

Metal cation

Nuclear magnetic resonance

Polyvinyl alcohol

Polytetrafluorethylene

Radius ratio of atoms of two elements

n-fold connectivity of the metal nucleus Q giving rise to NMR reson-
ance (n=0-4)

Atomic radius

Metal-oxygen distance

Silicon atom (usually in tetrahedral oxygen coordination) connected to
four metal atoms via oxygen bridges

Thermogravimetry

Thermogravimetric analysis

Tetramethylsilane

Temperature-programmed desorption

Temperature-programmed desorption analysis

Metal (T)-oxygen tetrahedra

Metal-oxygen-metal bridge

Unit cell

Ultraviolet photoelectron spectroscopy

Ultraviolet visible

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

8 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 TO,4 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:

Me,*[(AlO3)x(Si0, )y]x_ -zH,0

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
NH,*-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 um. 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 HCI 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.

23
Weighing

A typical sample weight for complete wet chemical analysis (two parallel runs
for each sample) is 0.5-1g. 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.

24
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



Chemical Analysis of Molecular Sieves 7

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:

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

e acidic and basic fusion by heating in suitable crucibles and

e fusion under reductive conditions (normally, however, not necessary for
microporous materials).

Dissolution of samples occurs with various acids such as HF, H,SO4, HNO3,
HCI, HJ, H3POy4, and Br,. 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 Na,CO3, K,CO3, LiBO,,
NH4NO3, Na2B4O7, Li2B4O7, H3BO3, K25207, KHSO4, NH4HSO4 and KHFz.

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].
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3.1
Dissolution in Acids

Problems may also arise from the different volatility of compounds of elem-
ents, i.e., SiF4 1, BF3 1, 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/H;SO4. 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 1). 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/H;SOy4.
Residual carbon does not disturb the analysis.

Although more laborious than the HF treatment (Sect. 4.2), dissolution
in H3PO,4 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 —> H6P4013 and H4P4012 (1)
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This oligomeric phosporous acid has a very high complexing ability and also
forms stable silica compounds SiP,07 [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 H3PO, 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. H3POy 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 HCIOy4 (70% in water) and 3.5 mL H3POy 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
H, 0, is added before dilution.

Dissolution in HF/H,S04

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. HySO4. 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. HCI or conc. HNOj3. Dilute with demineralized
water and make to volume.

Dissolution in HF/HCIO4/HNO3

Transfer 50 to 100 mg of the sample into a platinum crucible. Add, little by lit-
tle, 1-2 mL of conc. HE, 2-3 mL of conc. HClO4 and 2-3 mL of conc. HNOs.
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 CO, or SO,, 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 (HNOs3, HCI) to ensure complete dissolution. The remaining non-soluble
residues will be dissolved in 1 mL of conc. HCI 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:

C03%” — CO, + 0% (2)
4B0O,” — B40;% + 0% (3)
0% + AL,O3 — 2A10;~ (4)

Pyrosulphates undergo an acidic reaction:

2KHSO4 — K3$8,07 + H,0 4 (5)
0% + 5,02 — 25042 (6)
AL O3 — 2A13* +30% (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 HCIL. Make the combined
solutions to volume.

3.2.1.2
Fusion in LiBOz/LizB407

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 1h, the dissolution is completed. Dissolve the cake in diluted HCI
or HNOs. If fusion is incomplete, decrease the meta-to-tetraborate ratio and
increase the amount of fusion mixture.

3.2.13
Fusion in K,5,07

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 HCI, 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, Bottger W, Feigl E, 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 Ci¢ (1974) Chemie Analytique Quantitative (I+II). Paris
Miiller 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 fiir 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.

41.1
Metal Silicates

4111
Course of Wet-chemical Analysis of Metal Silicates

Fuse the sample with a fusion mixture of Na,CO3;/H3BOy4 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 HCI 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 H3POy4 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/H,SOj4. 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 ZnCl, 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.

41.1.2
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 5wt % HCI, filtrate, and
wash the filter cake with hot water to dissolve the salts. Place the filter with the
residue (Si0;) into a weighed Pt crucible, heat and dry the residue with cau-
tion and char the filter paper at 1000 °C. The remaining SiO, is weighed after
cooling down in a desiccator to room temperature (ca. 1h).
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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. 600000 - BDH Chemicals-Ltd. Poole England, Union
Carbide "Polyox" resins).
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41.1.3
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 + 12HgMo070,4-4H,0 + 126H,0 — 7HgSi(Mo0,07)6-28H,0  (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)sMo07024 %x4H,0 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 pmol 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 10g of (NH4)sMo7024
4-H,0 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.

4114
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 2mL 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 Al,O3 - 10 mL; 30-65 mg Al,O3 - 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 NH,OH - 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(Ill)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

Mg?* jons 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 (13.5M in wa-
ter) and make to 25 mL volume by addition of water. Acidify with 0.5mL of
HCI (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 Fe?*, Fe3t, Ni2*, Cu*, Co?*, Ti** and ions of platinum
metals can be masked with KCN or triethanolamine.

Determination of Calcium

Procedure

Add 5mL of triethanolamine (1:1 diluted with water) to the acidified solu-
tion to mask aluminum. Add the indicator (Fluorexon, a fluoresceine complex,
1wt % 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

4.1.21
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. HySO4 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.

41.2.2
Determination of Silica

Fuse the sample in acid, i.e., HCI (10% in water), HNO3, H,SOy4 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 HySO4 and HNOs.

41.2.3
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 (5wt %
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 Fe,03 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 Ga;03.
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 0.1g Ga add 1g 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 1-2mL 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 2N H,SO04 until all of the chloride is removed, dry, and char. Determine
the gallium by weighing the formed Ga,0s.

Weighing of Ga;03

Char the precipitate in a porcelain crucible in oxidizing atmosphere. Heat
slowly to reduce loss by volatilization. Ga; O3 is not volatile until 2000 °C. How-
ever, Ga,0 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
GaCls 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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41.2.7
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. H,SO4 and conc. HNO3. Determination takes place either
spectrophotometrically or gravimetrically as NH4;MgPO, | 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 P,0s 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. HNOs3 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. HNOs.
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. HNOs. 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 2-3h. 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. NH4,OH 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 H,SOy4. Electrol-
ysis is carried out at a voltage of 2-2.5V and an electric current density of
0.2-0.6 A dm™ 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 HCI (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 Zn**, Mn?*, and Fe?* is possible in weak acetic
acid solution (dropwise addition of 2 M acetic acid in water) buffered with
Na/NHyAc (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*, AI>*, and
Cr®* 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 1L
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 0.5mL of 2M HCI and 100 mg of the indicator (1wt % of murexide in
NadCl, 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), 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 Ce** changes
the optical absorption [10].

4.1.3
Nitrido-zeolites

In these microporous frameworks the SiO; tetrahedra are replaced by PN,™-
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 Zny[P1,N34]Cl, 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" isadded 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

(1) NH; + HOCI == NH,CI + H,0

OH

OH
CO0- €00~
(2) + NHClI ———»
NH

2
5-Aminosalicylate

OH o}
CO0- COOo-
(3) Oxidation
NH, NH
o-
o 0 CO0-
CO0- COO0-
(4) +
Oxidative N
coupling
NH
CO0-
[0}

Fig. 1 Reaction scheme of the Berthelot reaction [13]
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Table2 Reagents, final concentrations, and sensitivities (extinction e) of some methods
based on the Berthelot reaction [13]

Phenolic Final conc./ Hypo- Final conc./ Catalyst/ Optimum ¢ 10%/
compound gL’ chlorite gLl gLl pH Lmol'em™
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
0-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 NO,~ 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 3-5mL 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 1. Dissolve the residue in
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Wetting 500 mg of sample with 3 mL of water and addition of 4 mL conc. HCIO4 and
15 mL conc. HF

g

[ Evaporation in PTFE or Pt crucible to dryness, 3 times repetition ‘

8

r Evaporation with 23 mL conc. HCI j

3

[ Dissolution of the residue in 20 mL 6 N HCI ]

3

Heating to clear solution
= If not clear: Fusion of the residue with 0.5 g NaOH / Ag crucible/10 min.
and dissolution of the melt cake in 20 mL 6N HCI

3

r Making to 100 mL volume

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 NaBH,. 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-

L N

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 00010000 cm™!, where 8066.5 cm™ 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

Electron configuration

) (ns, nysh {n;s, sl (n,s, nyd) {ns, n,f)°
T \L {6sop)=0
IE B
= 5] {658p)'P, <5040
. =
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Fig.4 The energy level diagram for barium [19]
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Table 3 Detection limits of elements (mg L™!) in flame AAS in air/C,H, or N,O/C,H,

< 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=logl,/Ip=k-c-d, 9)

with I, - intensity of incoming light (constant wavenumber) and Ip - 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]
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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]



32 H. Kosslick - R. Fricke

Table4 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

Table5 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 v \Y% VI x* s/%**
Al, O3 15.0 14.8 - 13.7 13.8 13.1 14.1 5.7
Fe;03 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
Na,O 3.39 3.33 3.35 3.36 3.33 3.28 3.34 1.2
K,0 4.56 4.64 4.83 4.60 4.66 4.56 4.64 2.2
TiO, 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.

423
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-ra

region covers the part of the electromagnetic spectrum between 10 and 100 K
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.

ionisaton of an electron
\\ of the quantum orbit n=1

X ray spectra of ionisation } o{ ti:e emitting
the Cu atoms excitation electron
optical spectra

of the Cu atom

M
N
0

P

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 pA

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).

4.23.1
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 Li;B4O7 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. 3-5cm
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(IIl)sulphate acidified with
nitric acid as indicator:

AgNO; + NH,CNS — NH4NO; + 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 BaSOy, |.. 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, NO;, NO3, phos-
phate, sulphate, thiosulphate, rhodanide, chromate, borate, BF;~ 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 pg/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 0.1-1g 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 Co0304/Cr,03/Ag) and, thereafter,
a Cu reduction tube. The formed H,0 vapor, CO;, and N, 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
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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 Kmin!. Otherwise, a sample weight of
ca. 100 mg and a heating rate of 5Kmin™! is chosen. Normally, the meas-
urement is carried out in air. Problems may arise with extra-large crystals
of a size >20 um 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/AIPO-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 Brensted acid site. The same
happens by substitution of Al or Ga in frameworks of AIPOs 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.



42 H. Kosslick - R. Fricke

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.

71
Framework Composition

7.1
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 Q> 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[(Si0)3Si0H] + M™ICl; — 3[(Si0)3Si0]M™! + 3HCI (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 NHy 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, 2°Si NMR data gave
an Si/Al ratio of 4.3 (3.14 mmolg™' 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
Bronsted) 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 Brgnsted sites:

Z-H+ NH; — Z_NH4+ (12)

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

NH;-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™!
and a gas flow of ca. 2.5 Lh™\. 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 2-3h
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 Kmin™'. 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 H,SOy4 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 Brensted 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 Brensted 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

503

703
503

673

493 T
633

TCD signal [a.u.]

Fe-ZSM-5

B-ZSM-5

I
273 473 673 873 TIK]

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 NHj; 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 Brensted 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~! for
H-ZSM-20 and HY, respectively (Fig. 15). The corresponding 2°Si NMR data
were 3.14 and 4.17 mmol g~! framework Al. The reason for these differences
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Fig.14 Correlation between the amount of NH3 desorbed during TPD and the normal-
ized integrated absorbance of the NH; bending modes in the region between 1300 and
1700 cm™ [46]. Samples: a US-Ex: NaY twofold exchanged, steamed and extracted with
HCI, b US-Ex(C): sample a additionally calcined at 800 °C in air, ¢ US-Ex(CE): sample
b EFAL species were additionally extracted by HCI, 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 Brgnsted 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 Brensted 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
(Si02/Al,03 = 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
inavacuumto 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~!.
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, Brensted
sites catalyze the decomposition of 2-propanol and 2-propanamine.

713
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.?, Paulingb, Shannon et al.¢, and Behrens et al.4

Element Electronegativity Radius /A Distance/A Radius ratio
Allred Pauling 7], aie-0 Q=rve/1y

Sitt 1.74 1.90 0.26 1.62 0.2

B3* 2.01 2.04 0.11 1.47 0.08

APt 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 0.474 1.834 0.35

In3* 1.49 1.78 0.62 1.98 0.46

*for ry = 1.36 A

2 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;

¢ 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, Froba 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™! consist of four main absorptions. The ab-
sorption bands in the range of 1200-900 cm™ are assigned to anti-symmetric
T — O — T stretching vibrations (T = P, Si, Ge, Al, Ga, Mg etc.), the absorption
near 800 cm™! to symmetric T — O — T vibrations. A band at 600-500 cm™ 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™!. These bands shift with changes in the mean T - O distances after
substitution [59]. It could be shown that there exists a relationship between

(¢] 41102

5390 | x 41100
— ° \ .
30, 5380} \ {1008 g
S L,
> 5370} — 41096 @
: T e %
5 5360f —_ 4109. @
3 Q
2 :
% 5350} 41092 ¢
o (5]
= ]
5 s3op” o 4109 =

0 5 10

Germanium content, Gelu.c.

Fig. 17 Dependence of the unit cell volume (V) 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 v of the anti-symmetric (v,5) and symmetric (vs) lattice vi-
brations depend on the number of aluminum framework atoms Ny the in the
following way [61]:

Ny = 0.766(1086 — v,5) and (13)
Ny = 1007(838 - vy) . (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]:

Ve = 2110.4x + 5339 (15)

where V. is the unit cell volume and [xTiO,-(1 - x)SiO;] 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% (V. ca.
3396 A3). However, a similar maximum expansion of 3400 A> 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 P2;/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.

71.4
Solid-State MAS NMR

At present, solid-state NMR measurements are possible of nuclei of the main
framework components of microporous materials, i.e., 2°Si, 3P, 27 Al, 7! Ga,
1B, 170 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., I’0). 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
298i nucleus. But also dipolar interactions between the Si-nucleus and other
framework atoms may contribute to line broadening. Highly resolved #Si
NMR spectra with narrow Si-signals are obtained under the essential appli-
cation of magic angle spinning. The 2°Si 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 2°Si-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= "I,/ _0.25n,, (16)

with
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Fig. 18 Chemical shift range of 2°Si-NMR in dependence on the second-neighbor environ-
ment of silicon [68]

I, - 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
Q® signals of (Si0);SiOH 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 ?’Al nucleus makes AI-NMR very
sensitive to small amounts of framework and also non-framework alu-
minum [68,71]. Even small concentrations are detectable. However, the nu-



54 H. Kosslick - R. Fricke

Si(0Ga) (@)

chemical shift 8§ [ppm]

(b)

1 1 1 1 1 1
-60 -80 -100 -120 -140 -160
chemical shift 8 [ppm]

Fig.19 a 2°Si 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) 'H-2°SiCP/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 2 Al- 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 "!Ga-NMR spectra of zeolites are relative simple, because the
Lowenstein rule allows only the existence of Al(OSi); 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 AI(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 ! Ga-NMR lines of framework and
non-framework Ga appear at 160 and 0 ppm (with respect to Ga(NO3); so-
lution in water). Available !Ga MAS NMR data are rare in comparison with
those of aluminum, which makes the interpretation of spectra difficult. Re-
cently, a correlation between 2’ Al and 7!Ga NMR chemical shifts, 8, of struc-
turally analogous aluminum and gallium compounds having only oxygen in
the first coordination sphere was proposed [77]:

871Ga = 2.83(8371) - 4.50 . (17)

This relationship allows the prediction of 7!Ga chemical shifts from 27Al
chemical shifts of related Al compounds and, based on this comparison,

Ga Chemical Shift (ppm)
200 100 0 -100
A 1 1 1 i i L 1 1 A 1 L 1 i 1 A 1 1
................. oo
: Imoasif sy J
: M-Silicates

M-Oxides | [ M-Phosphates ]

1Al Chemical Shift (ppm)

Fig.20 Approximate 2’ Al and 7! Ga 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 2°Si-, 2’Al-, and 7!Ga-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 2Si MAS NMR (Fig. 22).

Ga/u.c.

50 100 150 I[a.u]

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 7!Ga-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 (J) and TPA* ions (open triangles A) for gallosilicates and filled triangles (V) 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 2°Si 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, 2 Al- and 7!Ga-NMR data deviate largely from the composi-
tion derived from 2?Si-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 7'Ga-NMR
spectra [80].

Substitution of Ge for Si in AST-type zeolites has been studied by °F and
2981 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
Si04 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]
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Fig.24 7!Ga 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 2’ Al 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 2°Si-NMR spectra relative signal intensities*
ZSM-20 Si/(Al+Ga) number of (Al+Ga) 27 A1 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

sk

In a more extensive investigation, the dealumination process in zeolites
beta, mordenite, ZSM-5 and ferrierite has been studied by Muller et al. using
'H, 27 Al and #Si NMR [84]. According to these results, the extent of dealumi-
nation is directly related to the concentration of Brgnsted 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-, "'Ga- and !'P 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. !'P 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 AIPO-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 HCI 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 HCI extraction
Ga(%) Si(%) Ga(%) Si(%)
4%Ga/SiO, 4.00 - 4.02 -
0.5%Ga/[Al]ZSM-5 0.49 - 0.48 -
[Ga]ZSM-5(38) 2.3 35.3 <0.18 <02
2%Ga/[Ga]ZSM-5(38) 4.35 35.2 2.05 <02

[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]

o detected elements: Z > 3
e analyzed surface (beam area): pwm? to mm
e analyzed thickness (depth): 0.5 to 3 nm.

2

The application of XPS requires evacuation of the gas phase down to about
1078 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 éV 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
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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 NaKL, 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 Griinert 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, NHy-
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 2°Si 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/A? 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, AT,
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.
AT 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
Characterizatio