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Introduction and Scope

1.1. General introduction to zeolites

A molecular sieve is a material that has selective adsorption properties and can
separate components of a mixture by differentiating in molecular size and
shape.! Molecular sieves include clays, porous glasses, microporous charcoals,
active carbons, etc, but one of the most used and studied groups of molecular

sieves are zeolites.

Zeolites are crystalline aluminosilicates with fully cross-linked open framework
structures made up of corner-sharing SiO4 and AlOy tetrahedra, named primary
structural units. The name "zeolite" comes from the Greek words ze0 (to boil)
and /ithos (stone); and was used for the first time in 1756 by the Swedish

mineralogist Cronstedt.?

In inorganic chemistry, aluminosilicates are materials composed of Si** and
AP*. They are formed when some of the Si** in silicates are replaced by Al**.
For each Si** ion replaced by an Al**, the charge is balanced by other positive

ions such as Na*, K+ or Ca2* ions.



The structural formula of a zeolite is based on the crystallographic unit cell,

represented by:

(M) y/n [(AlO2)x(SiO2),] WwH20

where M represents the exchangeable cation of valence n and M is generally a
Group I or II cation, although other metal, non-metal and organic cations can
also balance the negative charge created by the presence of Al in the structure.
The Si/Al ratio of the zeolite is indicated by y/x, and w represents the water

contained inside the discrete size cages and/or channels of zeolites.

In addition to Si** and APP*, other elements can also be present in the zeolitic
framework. They do not need to be isoelectronic with Si** or AP*, but must be

able to occupy framework sites.

Zeolites can be divided into natural zeolites like Chabazite, Faujasite or
Motdenite, and synthetic zeolites like zeolite A, X and Y or ZSM-5. Natural
zeolites have the advantatge of their low economic cost while the second group,
although they are more expensive, avoid the problem of impurities and changes
in chemical composition, and thus enable their properties to be controlled

bettet.

The structure of zeolites is based on an extensive three-dimensional framework
in which the tetrahedral sites are linked by oxygen atoms. The result is a
uniform microporous structure, which can be formed of channels and/or

cavities.

In the zeolite structure, primary individual structural units are assembled into
secondary building units called SBU's (Figure 1), by means of which the
topology of all known molecular sieve framework types can be described.? The
final framework structure consists of assemblages of secondary units in space,

the union of which gives rise to bigger pentasil (a) or sodalitic (b) like-structural
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units (Figure 1). Finally, the expansion of these units in the three space
directions generates the different zeolitic structures. Therefore, zeolites can be
classified according to the framework symmetry as ZSM, FAU, MFI, etc
following the rules described by the International Zeolite Association (IZA).

Figure 1. Structural genetics of zeolitic materials based in

tetahedra TO4 (T = Si o Al).



One of the fundamental characteristics of zeolites is the Si/Al ratio, because
several ~ properties  such  as  thermal  stability,  acidity, and
hydrophobic/hydrophilic character are telated to it. According to the so-called
Loewenstein rule,* Al-O-Al linkages in zeolitic frameworks are forbidden. As a
result, all aluminate tetrahedra must be linked to four silicate tetrahedra, but a
silicate tetrahedron may have five different possible environments: Si(0AL4Si),

Si(1A1,3Si), Si(2AL2Si), Si(3AL1Si) and Si(4ALOSi).

1.2. Properties and uses of zeolites

The properties of zeolites depend mainly on their cavity and/or channel-based
structure, and on their Si/Al ratio. Zeolites with low Si/Al ratios have strongly
polar anionic frameworks. Low Si/Al ratios are characteristic of sodalitic-type
zeolites, with a hydrophilic character, while high Si/Al ratios are more comon

in more hydrophobic structures, type pentasil.

The cavities and/or channels that are such a feature of the porous structure of
zeolites generate a high internal surface area. In some cases, this surface area

can be even higher than one thousand square meters per gram.

Another important property is related to the compensating charge cations. The
exchangeable cations, which are necessary to compensate the negative charge of
the framework created by the isomorphous substitution of Si** for AI’*, origine
strong local electrostatic fields. These cations are largely responsible for most of
their properties. Thus, protonic exchanged zeolites are considered to be strong
acid catalysts>¢ while alkali and alkaline earth metal exchanged zeolites can act

as basic catalysts.”® These cations can also be largely responsible for the
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separation of some binary mixtures!” or resin cation exchange processes for

water softening.!!

In general, these materials present high thermal stabilities, which depend
basically on their Si/Al composition. Thus, the thermal stability increases from

about 700°C in low silica zeolites to 1300°C in silica molecular sieves.

Taking into account all these attractive properties, molecular sieves in general,
and zeolites in particular, have found widespread industrial applications as
highly selective adsorbents, ion exchangers and, most importantly, catalysts of
exceptionally high activity and selectivity in a wide range of reactions.'?
Separation processes are another of these applications, one example of which is
the separation of N2 and O» from air, by exploiting the different polarities of
the two molecules.!? The amount of adsorbed gas or liquid depends on the
pressure, the temperature and the nature of the adsorbate as well as on the kind
of molecular sieve, since variations in the chemical composition of the sieve

also affect adsorption.

However, in industry, the most important application of zeolites is as acid
catalysts. Zeolites combine high acidity with shape selectivity, high surface area
and high thermal stability and so they have been used to catalyse a variety of
hydrocarbon reactions, such as cracking, hydrocracking, alkylation and
isomerisation. In acid catalysis, the activity of zeolites is determined by the
Bronsted and Lewis sites, mainly brought about by the presence of aluminium

in the zeolite framework.



1.3. The N, and O, separation process

A separation process can be defined as a process in which a product mixture
can be separated into two or more streams that are richer in one of the
products.’? According to the second law of thermodynamics, this process is not

thermodynamically favourable, and consequently, requires an energetic cost.

There are a considerable number of separation processes on both the industrial

and the laboratory level.!3

In the case of gas mixtures, nowadays two industrial processes are applied as a
function of the nature of the gas mixture. The first is a cryogenic distillation
consisting of liquefaction followed by distillation. The second process is
separation by selective adsorption over an asdorbent of one or more
components of the mixture in order to give a gas stream that is richer in the

lesser adsorbed components.

The first process has the advantages of simplicity and scalability and it also
yields high-purity products. But its main drawback is that it is an energy-intesive
process. On the other hand, the adsorption processes have the advantages of
low energetic cost and the possibility of regenerating the adsorbent but they are

less scalable and the purity of the products obtained is lower.

For a long time, distillation played a dominant role in separation technology.
However, nowadays both processes are applied in industry and, in general, the
choice of whether to use adsorption processes will depend on the nature of the

mixture components, on technical considerations and on economic factors.'*

Gas separation by adsorption processes are based on the different strengths of

interaction on a given sorbent for the constituents in the mixture.

Table 1 lists some industrial processes based on adsorption and the adsorbents

used.
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Table 1. Some processes based on adsorption phenomena

Gas separation Adsorbent used

Norma} paraffins/iso-paraffins, 7 eolite

aromatics

N2/O; Zeolite

Ou/N, Carbon molecular
sieves

CO, CH4, CO2, Ny, Ar, NH3/ H» Zeolites, activated
carbon

Acetone/ vent streams
C,H,4/ vent streams

Activated carbon
Activated carbon

Gas purification

Adsorbent used

H>O/ olefin-containing cracked gas,
natural gas, air, synthesis gas, etc.
CO»/C,Hy, natural gas, etc.

Organics/ vent streams

Sulfur compounds/ natural gas,
hydrogen, liquified petroleum gas(LPG),
etc.

Solvents/air

Odors/air

NO./N,

SO,/vent streams

Hg/chlor-alkali cell gas effluent

Silica, alumina,
zeolite

Zeolite
Activated carbon

Zeolite

Activated carbon
Activated carbon
Zeolite
Zeolite

Zeolite

The production of high purity N2 and Oz from air components is one of the

main separation processes applied in industry nowadays.

N2 and Oz separation from an air mixture has been applied since the beginnings
of the 20th century using cryogenic distillation.!> At the end of the 1970s
adsorption was first applied to this separation process. Distillation is still
dominant in the chemical and petrochemical industries in spite of its higher
economic cost, and separation by adsorption processes represents only 20% of

the total N2 and O; industrial separation processes at low and medium scale.



Because adsorption methods have developed quickly during the last three
decades, various methods have been implemented on the industrial level:
Vacuum Swing Adsorption (VSA),!¢ Fractionated Vacuum Swing Adsorption
(FVSA),"” Pressure Swing Adsorption (PSA)'® and Temperature Swing
Adsorption (TSA), although the PSA process with carbon molecular sieves as

adsorbent is the most frequently used.

Since then, the PSA process has been improved,'»? up to the point that it is
now more economic than cryogenic distillation for productions lower than 30
metric tonnes per day.!* It is expected that new PSA processes using new
adsorbents will continue to be developed in the near future. The trends are to
use rapid PSA cycles for bulk gas separation and to develop novel adsorbed

designs, like radial or rotatory beds.?!

Throughout the world, oxygen is mainly used for steel making, ethylene oxide
production and coal gasification. Substantial quantities of oxygen or oxygen-

enriched air are also used to treat municipal waste.

The use of Ny as an inert gas for blanketing started gaining ground in the 1950s
and it was given fresh impetus when it started to be used for purging the tanks
and vessels that store hydrocarbons and corrosive liquids in chemical industries.
Similarly, in metal industries nitrogen blanketing is used to prevent metal
oxidation during smelting. Another growing application for nitrogen is for

maintaining dust-free and inert atmospheres in the electronic industry.

Selecting the appropriate sorbent is a key factor in obtaining a good separation.
Some of the properties to be considered when choosing an adsorbent are: a) its
adsorptive capacity, b) the adsorption selectivity to the desired component c)
the heat of adsorption of the molecules on the adsorbent and d) the life of the
adsorbent.22 As can be seen in Table 1, zeolites and carbon molecular sieves
(CMS) can be used as adsorbents in the N2 and O separation process. The

basis of the separation is different in the two cases.
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For CMS, the separation is kinetic, governed by the different diffusion rates of
N and O, molecules inside the CMS, because O, molecules (3.46 A) are
smaller than N, molecules (3.64 A).23

The diffusion time constants expressed for oxygen and nitrogen in carbon
molecular sieves, as calculated from sorption uptake, are reported to be 1.7 104
stand 7.6 10¢ s, respectivelyfor. This difference explains why the adsorption
rate of oxygen is faster (Figure 2) even though both gases have similar

adsorption capacities on CMS (Figure 3).
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Several studies have described in detail hydrocarbon deposition in the mouth of
sieves, as a step for obtaining a mouth diameter of 5A. This enables the
difference in rate diffusion between nitrogen and oxygen molecules to be
increased, thus giving a good selectivity in the entrance of gases into the

sieve.24-26

On zeolitic adsorbents, however, N and O: separation is governed by the
different adsorption strengths of the two gas molecules at equilibrium with the

adsorbent.

With alkali and alkali earth zeolites, the interaction between the quadrupolar
moment of molecules and the extraframework zeolite cations is electrostatic.
Considering that the N, quadrupole moment (0.31 A3 is three times higher
than that of Oz (0.1 A3), the electrostatic interaction of N molecules with

cations will be stronger than with O, molecules.?"-28

The first patent was taken out in 1964 when McKee used X zeolite with Si/Al
ratios compressed between 1.25 and 1.5 to separate Nz and O2.2 Several studies
showed the influence of extraframework cations on the Nz and O, adsorptive
properties in zeolite X230 and they pointed out the importance of the cation

type on the adsorbent-adsorbate interaction (Table 2).

Table 2. Separation factor («) depending on the cation.

Adsorbent Exchange degree (%) Separation factor («)*
LiX 80 7.6
NaX 100 4.9
KX 100 2.2
RbX 56 3.5
CsX 50 1.5
Mg-X 56 2.4
Ca-X 96 3.5
Sr-X 96 3.6

* o= ([adsorbed N3]/ [adsotbed O3] x [O2 gas]/[N: gas])

10



Introduction and Scope

Therefore, the authors concluded that in the same periodic group and for a
given zeolitic structure, both adsorption selectivity and capacity follow the
tendency Lit = Nat = K+ = Rb* = Cs* (i. e. when the radius decreases, the

electrostatic interaction between the cation and the gas molecules increases).

Later, Coe et al. in studies also made on zeolite X showed how the exchange
degree influenced its Nz and Oz adsorption properties, in such a way that the
N2 and O adsorption selectivity increases exponentially when the cation

exchange degree increases in the most interacting cation.?!

Other publications of this period showed the same tendency for other zeolitic

structures like chabazite32 and zeolite A.33

As well as alkali and alkali-earth zeolites, a block of zeolite-based adsorbents
that contain silver cations as extraframework cations has emerged more
recently. In this case the interaction is a m-complexation bond between the
sorbent and the sorbate. Thus, authors such as Yang et al. used the principle
that silver-containing zeolites can separate olefins from paraffins to separate N
and O, since the electronic properties of this pair are similar to those of the
olefin/paraffin pair.3*3> This kind of interaction consists of two contributions:
a) the usual electron density donation from the antibonding m-orbitals of N
and Oz molecules to the empty s-orbitals of silver cation Ag® and b) a
backdonation electron density to the antibonding n-orbitals of the molecule to

be bonded (N2 and O»).

The second contribution basically determines the separation selectivity, since
the antibonding m-orbitals of the N2 molecules are empty whereas they are
partially occupied in the O, molecules, which does not favour the back-

donation interaction.

The total substitution of earth and alkaline earth cations for Ag* cations in type

X, LSX and Y zeolites leads to higher adsorption selectivites but also to higher

11



adsorption heats (parabolic isotherms), which are undesirable for the
desorption process (Figure 4). Therefore, the introduction of fewer Ag*
cations equilibrates the adsorption selectivity and the adsorption heat, and
means that the adsorption properties are better than those of the

corresponding zeolite without silver.3435

In this kind of silver zeolite adsorbents, a very important factor that must be
controlled is the activation temperature, since the formation of Agm"* clusters
is an autoreduction process that involves framework oxygens and silver cations.
The presence of these Agm"* clusters modifies the adsorption properties of
zeolites, and improves their adsorption properties when they are activated
under proper conditions.>> However, when the temperature is increased too
much, the size of these clusters also increases, which means that the number of
active centres decreases, and the N, adsorbed volume and the N./O:

adsorption selectivity also decrease.
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Parameters other than the nature of the extraframework cations can also
influence the Nz and O adsorption properties: for example, the cation location,

the charge on the cation and the presence of water molecules.

As far as the cation location in the zeolite structure is concerned,* for example,
zeolite X has several possible positions, known as sites 1, I, II, II” and III (see
Figure 5). Thus, for cations with a high charge density, the preferred positions
are sites I and I’. These positions are located in the six rings and hinder the
access of the gas molecules, while positions II and III are more accessible for
N3 and Oo. Thus, the N> and O adsorption properties will depend on where

the cations are located.

Figure 5. Cation location on an X zeolite

Several FTIR studies of low temperature N> adsorption®” and H» adsorption3®
on alkali zeolites show the different adsorption properties of cations located in

different positions on an X zeolite.

13



Theoretical studies have also been made using DFT (Density Functional
Theory) calculations and they reveal the shielding effect that the framework
oxygen atoms have on the zeolitic extraframework cations. The results show a
decrease in the net cation charge, which therefore disfavours the interaction

cation-adsorbate.39-41

The last parameter found in the literature that influences the adsorption
properties detives from the fact that zeolites with low Si/Al ratios have high
affinity for polar molecules (for example, water molecules). The presence of
water molecules inside the zeolite cavities seriously affects the adsorption

properties as can be seen in the figure below (Figure 6).42
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Figure 6. Theoretical and experimental amounts of adsorbed N2z and O; on

LiX at 100KPa and 298 K with respect to the amount of residual water

The presence of water is also a drawback in the sense that it favours the
hydroxylation of cations (scheme 1), especially those with a higher positive

charge3!. This hydrolisis quickly deactivates the sites for the adsorption

14
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process because, for example, Ca(OH)* species are inactive for nitrogen

adsorption.

Mo+ + xH,O - M(OH) -9+ (Scheme 1)

So far, then, all the examples have shown the use of zeolites as nitrogen
adsorbents. However, the literature describes some cases in which zeolites are
used as oxygen adsorbents like the CMS adsorbents described above. In some
cases, depending on the cations used, zeolites are transformed in size
discriminators. Several examples of this are zeolite A with Fe>" cations,*> Na-
K-A zeolite,*** and more recently, Na-Ce-A zeolite.#¢ The separation is based
on the different diffusion rates of the adsorbates on the molecular sieve, since
the presence of cations in certain positions can convert zeolites into molecular

sieves that can discriminate between the N, and O; size.

Another new, but more unusual, class of oxygen selective adsorbents are those
based on inorganic metal complexes, which are able to reversibly bind oxygen

in solution or solid state (see scheme 2).47:48

n M(L) + Oz < [M(L)]. (02) (Scheme 2)

wheren =1 or 2

There are several metal complexes of such transition metals as Co'l, Fell, Mnll,
Ctl' and Cull, which are able to reversibly bind oxygen. However Col!
complexes are the ones that have been investigated most, because they can

have an oxidation potential in a range that makes possible to donate some

15



electrons to oxygen molecules but not to such an extent that the metal is

irreversibly oxidised.*

The reversible uptake of oxygen by cobalt complexes in solution has been
extensively studied.’%>! However, the synthesis of these complexes in the
porous cavities of microporous solids of a zeolite and their use for air
separation is an area of more recent interest.>? Therefore, further efforts are
needed in order to improve the thermal stability of Co!! complexes in a zeolite

matrix.

1.4. Acid catalysis

Nowadays acid catalysis is one of the most important fields in catalysis on both
the industrial and the laboratory scale. In fact a wide variety of solid-acid

catalysts are available.>3

Acidity in heterogeneous catalysis can be of two types: Bronsted acidity and
Lewis acidity. For aluminosilicates, Bronsted acid sites are generated when the
negative charge in the lattice is compensated by a proton. In general terms, a
Bronsted acid site is considered to be able to protonate reactant molecules X

according to the following scheme:

M-OH + X o MO-+ XH* (Scheme 3)

16
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In aluminosilicates, OH groups can be divided into: a) structural or bridging
groups [SIO(H)Al], b) terminal silanol groups [SiOH] and c¢) aluminium
hydroxy groups (AIOH). The first group are considered the strongest Bronsted
acid sites, whereas the second group are usually generated on the external
surface or by the presence of structural defects, and the last group are basically
generated by the presence of an aluminium extraframework phase. The main
factors that affect acid strength are the Si/Al ratio and the nature of other M3*
species that can be present instead of AP*. Thus, the acidity increases in the
same way as the sequence APt > Ga’t > Fe3* >> B3t There are several
methods for achieving stronger acid sites in zeolites or more stable acid zeolites:
steam procedures with mineral acids, which can extract M3* atoms from the
surface;*57 the preparation of organic-functionalized zeolites$; or the addition

of cations such as La3* easily hydrolizable to form [Lax(OH)2]*" or La(OH)32+.5

On the other hand, Lewis acid sites are generated by the presence of cationic
species, which are deficient in the number of electrons. In the case of zeolites,
the Lewis acidity is associated to the extraframework cations and to the

aluminum species dislodged from the framework.

There are many more solid acid catalysts than basic and acid-basic catalysts
because they have played an important role in the progress of the petroleum

and petrochemical industry in the last 40 years.

Of the 127 industrial catalytic processes described by Tanabe, 15 are catalogued

as industrial isomerization processes.®

One of the aims of catalysis nowadays is to find zeolite-based catalysts with
very strong acid sites that enable some processes to be carried out at lower

reaction temperatures or with smaller catalyst amounts.

17



1.4.1. Isomerisation of styrene oxide to phenylacetaldehyde

An extremely valuable method for introducing an aldehyde or ketone group
into organic fine chemicals is to epoxidize olefins and subsequently to rearrange
the oxiranes in the presence of acidic catalysts. Epoxide reactivity has been
widely studied, because they are versatile intermediates in organic chemistry.61.62
Homogeneous catalysts such as phosphoric acid, BFs, FeCls;, ZnBr, and SnCl,,
as well as heterogeneous catalysts such as SiO2, ALO3, ZnO, WOs3, supported
metals and various precipitated phosphates have been applied as isomerisation

catalysts.

The isomerisation of styrene oxide to B-phenylacetaldehyde (scheme 4) is an
acid catalysed reaction, which is used at industrial scale in fine chemistry to
produce fragrances (this aldehide gives a narcissus-like smell in floral perfumes),
pharmaceuticals, insecticides, fungicides and herbicides.®> Furthermore,
phenylacetaldehyde is a valuable intermediate for producing more stable acetals
with a honey aroma (glycolacetate), a sweet leaf odour (diethylacetate) or a

tangy aroma (diphenylacetate).5*

Scheme 4. Isomerisation of styrene oxide to phenylacetaldehyde

Several solid catalysts have been used to study the rearrangement of various

styrene oxides under gas and liquid conditions.>%¢ The main products of the

18
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styrene oxide isomerisation are the corresponding aldehyde and ketone
depending on the properties of the catalyst.®” This reaction can be catalysed by
Bronsted acids (addition of a proton to the epoxide oxygen), by Lewis acids
(coordination of the epoxide oxygen to a multivalent cation) and by bases,*
although the first are much more active (see scheme 5).% On the whole,
increasing the acidity increases the transformation of these oxides and favours

the formation of the aldehyde.®®

A A
(|)+ o/ H
RA . >_+< Lewis acidic
R K R \
7 H "
o (L* o/ H P

RA—» RA . v , R/—'{ Bronsted acidic
R R R R

Basic

Scheme 5. Acid/base catalysed epoxide rearrangement to carbonyl compounds

In the styrene oxide isomerisation reaction to phenylacetaldehyde, conventional
catalysts often result in the formation of a mixture of ketones and aldehydes,
and also by-products such as aldol condensation products, diols and dioethers.
The high-weight molecules formed by aldol condensation are the first step in
the formation of 1,3,5-triphenylbenzene and coke, which causes a fast

deactivation of the catalysts, and limits their lifetime.8

The homogeneous catalysts described above are used in industry although they

are not as a rule regenerable, and generate voluminous and often corrosive

19



waste streams. On the other hand, heterogeneous catalysts like TiO»,
P205/Si0,, y-alumina, B,O3/SiO; and bentonite have been used for this
reaction. One of their advantages is that they can be used in gas-phase reactions
and therefore continuous processes can be created with relatively little technical
effort. However, they do have some drawbacks: incomplete conversion,
formation of mixtures of ketones and aldehydes and the formation of aldol
condensation products. The formation of these condensation products is the
first step in the formation of coke and therefore limits the lifetime of these
catalysts. Styrene oxide can also be rearranged in liquid-phase reactions using a
titanium-silicalite ~ catalyst (TS-1) with high conversion and high
phenylacetaldehyde selectivity.” More recently, zeolites have been used in their
H-form for this reaction. This use is of increasing interest because they can
stabilize the a-carbocation intermedium and therefore suppress the formation
of by-products.* Zeolites favour the selectivity to the aldehyde because of their
shape selectivity, and they supress reactions that form bulkier molecules (e.g.
furans or aldol condensation products).®? Therefore, zeolites such as ZSM-5
hinder the formation of this aldol condensation because of the steric
constraints of the framework. MFI zeolites, which have mild acidity, have also

been considered to be good catalysts for this reaction.”

Nevertheless, these catalytic results depend on the solvent used. Smith et al.72
pointed out that, in the liquid-phase, rearranging styrene oxides over zeolites in
their H-form gives poor results with protic solvents such methanol, but yields

to phenylacetaldehyde are higher when chlorinated aprotic solvents are used.

Therefore, the efficient supression of side-products makes the zeolite-based
catalytic system environmentally benign and economically superior when the

appropriated conditions are used.

20
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1.5. Scope of this thesis

One of the main objectives of this thesis is to design new zeolite-based

adsorbents with properties favouring N> and O, separation. Once we had

reviewed the bibliographic section, we saw that for a good separation,

adsorbents needed to have a high number of cations, high accessibility to the

adsorbates and minimum shielding of the cations. We also saw that in the

presence Agt cations and Agm"" clusters, the Nz and O separation can

improve. Therefore, we propose to use systems that allow us to improve the

adsorption process from the point of view of the adsorbent. Our proposals are:

>

to use Mordenite as the main material to achieve this first objective.
Mordenite was chosen because of its high framework robustness, relatively
high number of cations (low Si/Al ratio), its apatrently high accessibility to
the active sites and poor gas diffusion problems. These characteristics mean
that it is likely to improve the adsorption properties and therefore lead to a
better nitrogen and oxygen separation than the systems found in the
literature. Also, other faujasite and sodalite type zeolites have been used

through the thesis for comparison.

to study the adsorption properties of several alkali-cation exchanged

mortdenites, with such cations as Li* and Na*, which have a low q/r ratio.

to introduce a certain number of fluorine atoms into the mordenite
structure framework in order to achive adsorbent systems in which cations

are less shielded.

to obtain systems with Agn"* clusters inside mordenite channels and to

study their nitrogen and oxygen adsorption properties.
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to characterize all these materials with appropriate and commonly used
characterization techniques, in an attempt to relate the characterization
results to their adsorption behaviour, to understand this process better

and, therefore, to make improvements.

The second main objective of this thesis is to apply some of these mordenite-

based systems as catalysts in acid-catalysed isomerisation reactions. The

synthesis and/or modification of zeolites with stronger acid sites is one of the

goals of catalysis at the moment.” Specifically, we propose:

>

to test the catalytic activity of NaMOR, HMOR and those mordenites
modified with fluorine in an acid catalysed styrene oxide isomeration
reaction, since the presence of highly electronegative atoms, like fluorine
atoms, in the structure should favour the obtention of stronger Bronsted

acid sites.

to use microwave heating instead of conventional heating for this reaction.
The main advantages of this technique are that reaction rates can be
accelerated, yields can be improved, and reaction pathways can be

selectively activated or suppressed.

Finally, in order to better understand the behaviour and nature of active sites of

our adsorption and/or catalytic systems, we propose to use FTIR spectroscopy

through the adsorption/desorption behaviour of several molecules with

different electronic properties and sizes (e. g. various nitriles and CO).
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