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Abstract:

The nature of Al in high silica HZSM-5 and the influence of alumina binder were studied.
Non-statistical distribution of Al was found to precede Al concentration in defining the
overall observed acid strength. Heterogeneity of Al distribution resulted in the
preferential dealumination of Al in paired sites located at lower T-O-T angle after
hydrothermal treatment. The rapid decrease in acid sites concentration observed in early
stages of steaming was concluded to be a result of neutralization of acid sites by
neighboring Al. Intimate contact between alumina binder and zeolite crystals was found
to stabilize part of the framework Al against dealumination under hydrothermal

conditions.

Die Eigenschaften von Al in Silizium-reichem HZSM-5 sowie der Einflul
von Bindemitteln auf die Stabilitait des Zeolithen wurden in der vorliegenden
Dissertation untersucht. Dabei wurde festgestellt, dass die nicht-statistische
Verteilung des Al einen grésseren Einfluss auf die Saurestarke des Zeolithen hat als die
Konzentration. Unter hydrothermalen Bedingungen fihrt eine heterogene Al-Verteilung
zu einer bevorzugten dealuminierung in gepaarten Struktureinheiten mit kleinen T-O-T
Winkeln. Der schnelle Abbau von sauren Zentren in der frihen Phase der
Dampfbehandelung wurde darauf zurlickgefiihrt, dass benachbarte Al-Zentren zur
Neutralisation beitragen. Enger Kontakt zwischen dem Bindemittel und den Zeolith-
Kristallen fuhrt zu einer Stabilisierung des Gerliest-Al gegen dealuminierung unter
hydrothermalen Bedingungen.
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Chapter 1. Introduction

1.0. Zeolites development

The word “Zeolite” was first used by a Swedish mineralogist Axel Cronstadt. In
1756, he discovered the very first zeolite mineral “stilbite” and observed that the mineral
visibly lost water when heated. Accordingly, he named this class of mineral “zeolite” from
the classical Greek words “zeo”, meaning to boil, and “lithos”, meaning stone. At present
there are around 40 identified species of naturally occurring zeolite minerals (with Si/Al
ratio y/x = 1 to 5 depending on the structure) and at least 150 synthetic species with a
very wide range of aluminium content [1]. They vary in crystal structure, chemical

composition, and some physical properties.

Today, most natural zeolites have been successfully synthesized in laboratory or
in commercial plants. At the same time, scientists have synthesized many zeolites that
do not exist naturally or at least have not been discovered on the earth. Zeolite is
defined by J.V. Smith in 1963 as “an aluminosilicate with a framework structure
enclosing cavities occupied by large ions and water molecules, both of which have
considerable freedom of movement, permitting ion-exchange and reversible
dehydration” [2]. R. Szostak stated in 1989 that “structurally, zeolite is a crystalline
aluminosilicate with a framework based on an extensive three dimensional network of
oxygen ions.” [3].

The current definition of zeolites is specified by the Subcommittee on Zeolites of
the International Mineralogical Association as follows:

“A zeolite material is a crystal substance with a structure characterized by a
framework of linked tetrahedra, each consisting of four O atoms surrounding a cation.
This framework contains open cavities in the form of channels and cages. These are
usually occupied by H,O molecules and extra-framework cations that are commonly
exchangeable. The channels are large enough to allow the passage of guest species. In
the hydrated phases, dehydration occurs at temperatures mostly below 400C and is
largely reversible. The framework may be interrupted by (OH, F) groups; these occupy a
tetrahedron apex that is not shared with adjacent tetrahedra.” [4].

All the above definitions explicitly imply a zeolite to be an aluminosilicate
crystalline material with three dimensional framework structures consisting of SiO, and
AlO, tetrahedra. Because of the unique sizes of pore openings and the channels in
zeolites, zeolites are also called molecular sieves. Molecular sieves are materials that
can selectively adsorb molecules based on molecule shape and size. Molecular sieve
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Chapter 1. Introduction

materials involve a variety of micropore and mesopore materials, such as zeolites,
metalloaluminates, silicates, metallosilicates, aluminophosphates (AIPO),
silicoaluminophosphates (SAPO), carbon sieves, and MCM-41. By definition, any
material that can “screen” molecules based on the molecular size can be referred to as

molecular sieve.

The development of synthetic zeolites have been fast paced since the first man-
made zeolite A and X were synthesized and commercially used as adsorbents by Union
Carbide Co. (UCC) in 1948 [5]. In 1972, Mobil Company (now merged with Exxon to
ExxonMobil) synthesized the so-called ZSM-n series, a medium pore, high silica content
zeolite. Before this invention, no synthetic or natural zeolites had never have a silica-to-
alumina ratio of more than 9. Since then, the synthesis of new zeolites or molecular
sieves has been a major research area, especially since 1982 when UCC synthesized
AIPO4-n and SAPO-n molecular sieves. The invention of AIPO4-n and SAPO-n
molecular sieves by the researchers at UCC enlightened and inspired many scientists to

make various new hybrid zeolites or molecular sieves.

Since then, many hybrid zeolites have been prepared but the channel openings
(apertures) of zeolites or molecular sieves, either natural or manmade, were mainly
composed of either 8-, 10-, or 12-member rings. In 1988, Davis et al. synthesized an
aluminophosphate molecular sieve (VPI-5) with a channel opening of 18-member ring
[6]. Three years later in 1991, Esterman et al. synthesized a gallophosphate (Cloverite)
with a bigger channel opening that is composed of 20- member rings [7]. One year later
in 1992, researchers at Mobil Research and Development Co. developed a series of
novel, mesoporous molecular sieves. One member of this series, MCM-41, possesses
uniformly sized mesopores of 1.5 - 10 nm [8]. In addition to zeolite or zeolite-type
crystalline materials with pore openings of 8-, 10-, 12-, 18, and 20-membered rings, a
14-membered ring zeolite-type material, AIPO4-8, was prepared in 1990 [9]. Currently,
research has been focusing on the catalysis and application of these new zeolites or

molecular sieves materials.

1.1. Properties of zeolites

The general oxide formula of a zeolite is Myn(AlO2)«(SiO2), - m H,O, where n* is
the charge of the cation M. It is invariably found that y = x. The simplest interpretation of

this, assuming that all silicate and aluminate tetrahedra are linked via oxygen bridges to

12



Chapter 1. Introduction

four other tetrahedra, is that two aluminate tetrahedra cannot neighbour each other in a
zeolite framework. This interpretation is assumed in the Loewenstein rule, which says Al-
O-Al bridges are forbidden in a zeolite framework structure [10]. Two adjacent Al
tetrathedra would cause a local electrostatic repulsion that would destabilize the zeolite
framework. The zeolitic framework is built up of identical repeating structural sub units,

so called secondary building units (SBU) (Figure 1.1) [11, 12].

Spiro-5  4-4 6-6 8-8

w4 O

4=1 42 4-4=1

(OO, g

541 E-2 e
Q ;ﬁ :"*e ﬁ
E=1 2-6-2 6-2

Figure 1.1. Secondary building units (SBUs) [13]

The combination of SBUs larger entities, containing 8, 10 or 12 linked tetrahedra

result in systems with well defined pores, channels and cavities. These building units are
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Chapter 1. Introduction

characteristic for each zeolite structure and create the typical three dimensional channel
systems. The number of linked tetrahedra determines the ring size of the opening and
therefore the diameter of the pores (Figure 1.2). For each type of zeolite, the pore

diameter of the channel is a characteristic parameter.

12-ring ‘ 10-ring ‘ 8-ring
Faujasite ZSM-5 Zeolite A
Zeolites X, Y ZSM-11

Mordenite

Figure 1.2. Pore openings of common zeolites

The most important advantages of this group of heterogeneous catalyst
compared with conventional solid catalysts or catalyst supports stems from the structural
properties of zeolites. Zeolites strictly form uniform pore diameters and the pore widths

are in the order of molecular dimensions (Figure 1.3).

CH

HO .. @ ... % (CHy,C
s —
Zeolites M41S
100 k KA Y VPI-5 i
®
- 15F Conventional 1
Porous Solids
=
=~ 50 T
Z Silica Gel Active
Charcoal
25 |
0 T T T
0.1 1 10 100 1000

PORE DIAMETER / nm

Figure 1.3. Typical pore diameter distributions of porous solids [14].
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The pore diameter of zeolites is in the range from 0.2 nm to 1.3 nm. According to

IUPAC classification, zeolites are typical microporous materials [15, 16]:

micropores di £2.0 nm
mesopores: 2.0nm £dy £50 nm
macropores: 50 nm < dy

with dy being the pore diameter. Other conventional porous solids as silica gel have pore
diameters from ca. 10 nm with a broad pore diameter distribution compared to zeolites.
Because the pore diameters of zeolites are in the range of chemical molecules and the
pore size distribution is very narrow, this class of solid materials has the unique ability of
being shape selective.

In addition to the defined pore structure, zeolites show acidic character which
results from the imbalance of charges in the zeolite structure (SiO,*- and AlO,>-
tetrahedra). The nature of acid sites, the density or concentration of these sites, their
strength or strength distribution and the location of the acid sites influence the overall

acidity of the zeaolites.

Based on their nature, acid sites can be distinguished in Brgnsted acid sites and
Lewis acid sites. Brgnsted acid sites are bridging hydroxyl groups formed by protons
bound to bridging oxygen atoms of Si-O-Al bonds, whereas Lewis acid sites are related
to positively charged oxide clusters within the zeolite framework (Figure 1.4).

) H
N~ . )
si-0., O~gr97siT  Usiol |4 OsiT
2T AL P AT DA, T
Brgnsted acid site Lewis acid site

Figure 1.4. Structure of Brgnsted and Lewis acid sites.
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Chapter 1. Introduction

It has been found that most catalytic activities stem from the Brgnsted rather than
the Lewis acid sites. R. M. Lago found that under certain circumstances, Lewis acid sites
might enhance the strength of nearby Brgnsted sites, thereby exerting an indirect

influence on the catalytic activity [16].

The density of Brgnsted acid sites in a zeolite is related to the framework
aluminium concentration, which can be determined by 'H-NMR spectroscopy or IR

spectroscopy.

Less readily obtained is the strength distribution of acid sites in zeolites. The
most frequently used method is the temperature programmed desorption of bases.
Supported by quantum chemical calculations, it is well known that, due to the higher
electronegativity of silicon compared to aluminium, the strongest Brgnsted acid site in
zeolites will occur on completely isolated AlO,4-tetrahedra, i. e. those which lack AlO,-

tetrahedra as next nearest neighbours.

The location of acid sites in a lattice structure is another important characteristic of
zeolite. In terms of shape selectivity, it is important whether catalytically active sites
occur on the external surface of the crystals or inside the pores. In addition, the
presence of compositional gradients, namely, the enrichment or depletion of aluminium
in the core or in the outer rim of the individual zeolite crystals is a common phenomenon
first observed by Ballmoos et al. in HZSM-5 zeolites [17]. HZSM-5 crystals without
significant gradients can be obtained by crystallization from inorganic gels whereas all
types of gradients may occur when organic templates are used [18]. J. A. Rabo found
that the distribution of the acid sites over the crystals is important for catalytic
applications [19].

1.2.  Synthesis of zeolites

Natural zeolites are not available ubiquitary but only on special deposits where
they are contaminated. The reasons for this fact are the mechanism and the conditions
necessary for natural building of zeolites [20]. The age of natural zeolites can not be
determined exactly. Usually the geological era of the bedrock formation is declared as
the age of the concerning zeolite. Typical geological eras of the creation of bedrocks are

guaternary, miocene, pliocene, jurassic or carbon.

A large variety of synthesis routes has been developed for synthetic zeolites. The

most convenient method for synthesis of zeolites is the hydrothermal route [21]. A zeolite
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was synthesized under hydrothermal conditions by St. Claire Deville (1862) and De
Schulten (1882) for the first time [22]. A difficulty in these times was the lack of
analytical methods such as XRD to prove the purity of phases. This problem could only
be solved in the 1950s when the group of Barrer developed the basics for modern
zeolite synthesis by systematic studies [23]. For zeolite synthesis, five groups of

reactants are necessary:
« source for T-atoms (T-atoms means the central atom of each tetrahedron)
» templates

* mineralizer

solvent

(possibly) seed crystal

The most common T-atoms are silicon and aluminium. However, also other

cations can be used if they fulfil certain conditions [23]:
« R(T™)/R(0?%) is between 0.225 and 0.414 (Pauling law)
« electronegativity allows a balanced iono-covalent bonding with oxygen
* the oxidation state is between +2 and +5

e an improvement of the “screening” by polycondensation and “TO,” units

formation

« the resulting framework has a mean charge per tetrahedron between -1 and 0

The T-atoms are generally present in the reaction mixture as amorphous
hydroxides, hydrous oxides or related solids (e.g. precipitated gels). Most common
sources for silicon are soluble glass, volcanic ashes, colloidal suspensions or fumed
silicas. Possible aluminium sources are salts of mineralic acids, aluminium oxides or
hydroxides. Different T-atoms may also occur in the same source (e.g. calcined clays for
Al and Si).

For templates, inorganic cations (Sr**, K*) are often employed but also organic
cations are commonly used (tetramethylammonium cation). Templates possess
structure directing properties and stabilize the zeolite structure during the synthesis
procedure.

17
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OH’, the most common mineraliser for silica- and aluminosilica-based zeolites, is
often present in the source of the T-atoms. According to the pH required for the reaction,
fluoride salts or acids are added as sources of the F* mineraliser. The most important
task of mineralisers is the decomposition of the amorphous aluminosilicates during the
synthesis. An additional function is to increase the solubility of T-atoms containing

species in the reaction mixture.

The most commonly used solvent is water. Its properties are well suited for the
dissolution, with the help of the mineraliser, of all species needed for crystallization and

thermal conditions of the transformation.

Addition of seeds of the desired zeolite allows, through a reduction of the
crystallization time, the formation of a pure metastable phase in competition with more
stable phases (kinetic aspect). Furthermore, the crystal size may be adjusted by varying

the amount of added seeds.

Different modifications need to be applied to the as-synthesised zeolite product in
order to produce the material characteristics required for a given application. When an
organic structure directing agent is used for synthesis, it remains in the pores of the
precursor zeolite. Therefore, calcination at elevated temperatures is necessary for its
removal. lon exchange can be applied to introduce H* or metal cations into non
framework positions to balance charges. The H* form of a zeolite can also be reached
by using an ammonium salt for synthesis and removing ammonia afterwards by heating.
The impregnation method can also be used to load the zeolite with catalytically active
metal cations.

The Si to Al ratio can also be modified after the actual synthesis of the zeolite. By
different types of dealumination, this ratio can be increased to reduce the number of acid
sites. On the other hand, aluminium can be inserted into the zeolite framework by
treatment with aluminium halides. Furthermore, it has been reported that aluminium can
be added by extrusion of high-silica zeolites with aluminium oxide binders to adjust the
Si/Al ratio [23-27].

1.3. Overview of HZSM-5

An intensively studied zeolite framework type of enormous industrial importance
is the MFI type. The Si/Al ratio of this type of zeolite can be varied within a broad range

via synthesis or post synthesis treatment. Values from approximately 7 up to « can be

18



Chapter 1. Introduction

reached. The aluminium free form is referred as silicalite-1 [28] and the aluminium
containing form as ZSM-5. The great variability of the Si/Al ratio is accompanied by a
broad spectrum of zeolite properties such as hydrophilicity/hydrophobicity and catalytic

activity or inertness.

1.3.1. Structure of HZSM-5

ZSM-5, together with ZSM-11, is known as the end members of the family of
high-silica zeolites. The structure of ZSM-5 zeolite is presented in Figure 1.5. This type
of material of formula Na,[Al;Sigs.nO192]F16H,O (Where n < 27) crystallizes with
orthorhombic symmetry, space group Pnma, with a=20.1, b=19.9 and c=13.4 A. The
framework is built up from pentasil units resulting in a three dimensional pore channel

system [29].

0.56 nm

2\ : £ x0.53nm

> > O 3 ZSM-5 > 0.55 nm
‘—..'l—.' ]

Si0,, -or Silicalite-1 X 0.51 nm
AlO,," - Pentasil Unit
Tetrahedra

Figure 1.5. Structure of HZSM-5 zeolite and its micropore system and dimensions [14]

In the ZSM-5 framework structure, two kinds of pores occur. One kind of pores is
built up by ten membered rings of tetrahedra ending in nearly circular openings with the
dimensions of 0.53 x 0.56 nm. These parallel running pores are crossed perpendicular
by the second type of sinusoidal pores of 0.51 x 0.55 nm. E. M. Flaningen et al. and
Argauer et al. determined that by these two types of channels, intersections with

diameters of 0.89 nm are created [30, 31].

Because of the small pores of ZSM-5 zeolite and the absence of large cavities,
special properties of shape selective catalysis and coke resistance arise and make ZSM-
5 an interesting catalyst for industrial processes.
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1.3.2. Catalytic application of HZSM-5

The catalytically attractive properties of zeolite ZSM-5 are mainly due to its
unique channel system. The channel structure is intermediate between the large pores
of faujasite and the small pore of zeolites such as zeolite A and erionite. Additionally,
ZSM-5 can be synthesized in a broad range of acidity which corresponds to different
activities. Also the shape selective properties and the resistance to coke formation of
ZSM-5 play an important role in catalytic applications [32].

The most important and industrial attractive catalytic applications of ZSM-5
zeolite includes dewaxing of paraffins, conversion of methanol to gasoline (MTG),
production of light alkenes from methanol (MTO), alkylation of benzene, xylene

isomerization and toluene disproportionation.

The principle of the process of dewaxing of paraffins is a shape-selective
conversion of wax (long-chain linear and slightly branched alkanes) to branched isomers

in order to improve the octane quality in refinery process.

Methanol, produced from synthesis gas (CO +H,), can be converted into
synthetic gasoline over ZSM-5 zeolite. However, not only gasoline can be produced from
methanol but also olefins, which are an important feedstock for the production of other

chemicals.

The conversion of benzene and ethylene to ethylbenzene over a ZSM-5 catalyst
is another example of industrial application of ZSM-5. This high-temperature reaction
route offers an alternative to the common liquid phase process. The advantages of the
zeolite based route are primarily the high energy efficiency and the elimination of

corrosive materials (AlCl; used in the liquid process).

Industrially, the most important xylene isomers are p- and o-xylene. These can
be produced by isomerization of a mixture of xylene isomers by using the shape-
selective properties of ZSM-5 zeolite combined with hydrogenation/ dehydrogenation
properties of metals in bifunctional catalyst. A further reaction for which the selectivity
properties of ZSM-5 are suitable is the disproportionation of toluene to xylene isomers

and benzene.

1.4. Bound HZSM-5 and effect of binder

A zeolite or zeolite-type material is in fine powder form when it is synthesized.

Therefore, it has to be incorporated into a matrix, namely a binder, in order to obtain a
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large and rigid catalyst of some physical forms. This can avoid a high pressure drop in a
fixed-bed reactor or attrition in a moving-bed or fluidized-bed reactor at the industrial
level. The most commonly used binders includes refractory oxides such as alumina and
silica, and clay such as kaolin and montmorillonite. Being thermally stable, they are also

fairly easy to extrude and provide extrudates of good physical strength.

The acidic and physical properties of a zeolite can be influenced by the presence
of a binder and thence, the catalytic performance of the final catalysts in terms of
activity, selectivity and deactivation. The change in the catalyst performance may be a
result of the changes in alkaline metal contents of zeolite, blockage of zeolite channels,
decrease in surface area, and trapping of coke precursors on binders. Yet, the influence
of binder on the physicochemical and catalytic properties of a zeolite catalyst has been
rarely studied in comparison to the non bound zeolites.

It has been claimed that low acidity oxide binders such as SiO,, TiO,, and ZrO,
do not interact with zeolite to increase the acid catalytic activity [33]. More particularly,
the binders may reduce the intrinsic acid catalytic activity of zeolites such as ZSM-5, Y,
beta of SiO,/Al,O, ratio of 70 or less. The authors stated in the patents that the oxides
may replace alumina in the zeolite, resulting in higher silica content in the framework,
smaller ion-exchange capacity, lower hexane cracking rate, and lower a (alpha) value.
Unlike the low acidity oxide binders, an alumina binder gives a zeolite a higher intrinsic
acid catalytic activity, which is indicated by a higher hexane cracking rate and a higher a
value. These patents did not disclose how acidity changes due to the different binders in

terms of acid nature, number of acid sites, and strength of acid sites.

Cao et al. [34] studied y-alumina made by different manufactures as a binder for
mordenite. They found that both the strong and medium Lewis acid site densities
increased significantly with all three y-alumina samples, while for Bregnsted acid site
density, two samples of y-alumina showed a reduction and only one sample showed a
slight increase. Unfortunately, no report on alkaline metal contents for the alumina

binders and the zeolite powder was given.

The effects of silica, alumina and kaolin binders on the acidity and activity of H-
gallosilicate was investigated by Choudhary et al. [35] and Devadas et al. [36]. Dry-
binding method was used instead of the wet-binding method used by the previous
authors in the above mentioned works. The catalysts were prepared by physically mixing

the binder powder and the zeolite powder, followed by pressing, crushing and finally
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calcining at 600 C under nitrogen for 1 hour. Using two model reactions, iso-octane
cracking and toluene disproportionation, to check the external acidity and intra-
crystalline acidity, respectively, of the bound catalysts, they concluded that the alumina
binder had no significant effect on the intra-crystalline acidity but caused an appreciate
increase in external acidity. The increase in external acidity was believed to be due to
the creation of new zeolitic acid sites at the external surface of the zeolite crystals by
substitution of framework Si with Al from the binder. However, external surface of a
zeolite is only a very small portion of the total surface. Hence, the increase in external
acidity would not make a significant contribution to the total acidity. This result does not
seem consistent with Shihabi et al.'s [26] and Cao et al.’s [34] results. That is because
Choudary et al. [35] used a dry-mixing method while Shihabi et al. and Cao et al. used a
wet-mixing method. Shihabi et al. believed that Al migrated into the zeolite framework in
the extrusion process rather than in a solid-solid reaction. In this aspect, both of the

results are consistent.

From propane aromatization activity test, it was further concluded that all of the
bound catalysts showed better shape-selective catalysis and a lower deactivation rate
than the zeolite itself [35]. The alumina-bound catalyst showed a similar activity to the
zeolite. The increase in shape-selective catalysis indicated the decrease in effective
channel diameter of the zeolite. The authors supposed that this was due to the migration
of alkaline and alkaline-earth metal cations from the binders into the zeolite channels
and/or due to the formation of non-framework Ga-oxide species formed from degalliation
of the zeolite.

The acidities of alumina-bound ZSM-5 of different SiO,/Al,O, molar ratios (from 5

to 280) was also studied [37]. It was found that the alumina-bound ZSM-5 had more total
acidity than the unbound counterparts, which is consistent with most of the previous
researchers’ results. The increase in total acidity of alumina-bound zeolites primarily
came from the increase in Lewis acidity, which may support Zholobenko et al.’s finding
of a new Lewis center [38]. The strength of acid sites, which was indicated by the peak
temperature in ammonia desorption profile, did not change after the zeolites were bound

with alumina.
Al,O,-bound zeolite beta for nitration of toluene was also investigated [39]. The

bound catalyst showed a higher acidity and activity at the same selectivity to para-
isomers and a longer life than the unbound beta. The bound catalyst was found to have
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a larger BET surface area, which is different to most of previous observations, and a
smaller total pore volume. The activity increase was attributed to the increased acidity by
the alumina binder which was believed to contribute to the Lewis acidity of the zeolite

beta sample, which originally had only Brgnsted acid sites.

Only the wet-embedding method can lead to this effect, while the mechanical
mixing method does not provide any significant stabilization of acid sites and textural
structure. The alumina-containing matrix preserved the acidity and also increased the

acid sites by dealumination---insertion of AIO, tetrahedra into the vacancies (defect

silanol groups) of the framework and thus improved the crystallinity and decreased the
micropore volume. Pure-silica matrix-embedded beta did not have these effects.

In a matrix-base zeolite catalyst, the pore system is also an important factor for
reactants and products to diffuse in and out of the zeolite channels. If the matrix or the
binder can establish a pore system with a smooth change in pore diameters, that is the
so-called “funnel-shaped” pore configuration, the molecules of reactants and products

would have a much less surface diffusion barrier.

Thus, the binder or the matrix needs to be in intimate contact with the zeolite to
possess such a pore system. With this thought, Le Van Mao [40] and his coworkers
conducted research and showed that the catalysts (silica or alumina bound ZSM-5)
made under this idea have higher activity and selectivity for aromatization of n-butane

than the parent ZSM-5 catalyst.

In most applications of zeolites as catalysts, they are used as solid acidic
catalysts, or as materials to provide acidic properties. For a solid acid, acid site density,
acid site nature, and acid site strength are the three most important properties. All of the
three properties play important roles in acidic catalytic reactions in addition to pore
surface area and pore volume. Therefore, if a binder would affect one of these properties
of a zeolite, the catalytic property of the zeolite would be altered after it is bound with the
binder. Consequently, the results obtained from the unbound zeolite may not be directly

applicable to the bound zeolite.

Based on these reports, the major similarities of the results are the significant
reduction in the acidity of a bound zeolite when a binder contains a certain threshold of
alkaline metals, and the increase of Lewis acidity of the catalyst upon addition of an
alumina binder. The differences in observations from the works of the various authors

are whether alumina from a binder reacts with silica in zeolites; whether an alumina
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binder blocks micropores of zeolites and whether solid-state ion-exchange occurs to a
significant degree to reduce the acidity of zeolites.

Complicated physical and chemical processes are involved during the
embedding of the zeolite powder into a binder. Binder sources, binder properties,
binding methods (dry or wet), and calcination processes (either in air or in steam or in an
inert atmosphere) can all affect the properties of the final catalyst. These could explain
the different results that have been reported. Therefore, more research is needed to
study the effect of the binder on the physicochemical properties of the final zeolite and

their behaviors under different application conditions.

1.5. Influence of hydrothermal conditions on zeolit es and catalytic processes

The addition of water as a co-feed in several catalytic processes has been
investigated by some authors [41-43]. There are several advantages of using water as a
co-feed. First, it helps to control the exothermicity of the reaction by absorbing the heat
evolved. Second, the partial pressure of reactant can be varied by changing the amount
of water used. In certain instances, the selectivity to the desired product was increased

and leads to a lower amount of oligomers and aromatics [41].

Water competes with the hydrocarbons for the Brgnsted and Lewis acid sites.
The adsorption of water on these acid centers reduces their strength and concentration
and, thereby, the probability of their interaction with hydrocarbons. As a consequence,
the initial conversion of unsaturated hydrocarbons into oligomers, aromatics and coke
decreases. Due to the lower yield of coke precursors and the weaker interaction
between coke precursors and acid sites, a reduction in deactivation by coke was
observed [41]. Nevertheless, the role of water on the deactivation of the catalyst based
on HZSM-5 zeolite in the transformation of hydrocarbon is a dual one, depending on the

conditions under which the reaction is carried out.

Aguayo et al [44] and Gayubo et a.l [42] found a beneficial effect of using water as
a co-feed because it attenuates the deactivation by coke deposition. Hall et al. [45]
speculates that the attenuating effect is due to the transformation of Lewis acidic sites
into Brgnsted ones (which have higher activity for the main reaction and lower for coke
formation). Gayubo [46] found that it may also be a consequence of attenuating the
evolution of the coke precursors towards polyaromatic structures, as water competes
with these precursors in adsorption on the strong acidic sites (required for the
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oligomerization reactions, Diels—Alder condensation and polyaromatic formation). This
latter hypothesis is supported by the proven fact that water competes, in the adsorption
on the acid sites, with all the components of the main reaction, the consequence of
which is the attenuation of all the reaction steps. Benito et al [47] and Aguayo et al. [48,
49] proved the attenuation of deactivation by coke by measuring the coke in the MTG
process on HZSM-5 zeolite, in the MTO process on SAPO-34 and in the transformation
of ethanol on HZSM-5 zeolite [50].

On the other hand, under extreme conditions (at high reaction temperatures) the
presence of water has an unfavourable effect on deactivation because, it dealuminates
the zeolite [51]. This can also happen to coked catalysts subjected to frequent
regeneration whereby the water formed from combustion of aromatics can result in
further dealumination of the catalysts [52, 53]. Aukett [54] studied the effect of steam on
zeolite structure and proposed that steam attacks the Al-O-Si bonds and produces a
rearrangement of the structure of the aluminosilicate. De Lucas [51] found a decrease in
the number of Brgnsted sites produced and new Lewis sites corresponding to AlO*
species are created as a result of dealumination. Nayak and Choudhary [27] found that
the total effect of steaming is a decrease in the total number of Brgnsted and Lewis sites
due to dealumination; specifically, the Lewis sites located in the intersections of the
channels are affected.

1.5.1. Dealumination of unbound zeolites

The dealumination of zeolites involves the removal of framework aluminium to
form extraframework species. Despite the dealuminating effect of water on HZSM-5, it
can be utilized as a post-synthesis treatment to tune the acidic properties of a zeolite. In
principle, several different methods of dealumination are established and described in
literature. Thermal treatment, extraction of framework aluminium with acid [55, 56] and
hydrothermal treatment are the most common procedures but also direct replacement of
aluminium with silicon by silicon halides has been described [57, 58].

The most common method of dealumination, also applied in this work, is the
hydrothermal treatment, also known as steaming. For ZSM-5 zeolite, the Si/Al ratio can
be varied in a wide range by synthesis. Despite this fact, preparative dealumination is a
widespread technique for this kind of zeolite because ZSM-5 with low Si/Al ratio can be
synthesized without using organic templates, making the synthesis easier. Starting from
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this high acidic material, the desired acidity can be adjusted by steaming treatment [51,
59-63].

Steaming of the acid form causes a decrease in the amount of tetrahedral
framework aluminium while octahedral extra-framework aluminium species are
generated [64]. By steaming, terminal SiOH groups and non framework aluminium
species will be created from the original Brgnsted acid sites, as can be observed by
using *H MAS NMR [65] and ?’Al MAS NMR spectroscopy [66, 67]. In literature, different
models for the dealumination process are suggested. Gilson et al. explained the
extraction of aluminium from the framework via a pentacoordinated aluminium species
with a signal at 30 ppm in the ?’Al MAS NMR spectrum [68]. However, other authors
described the intermediate species as distorted tetrahedral aluminium [69-71]. Till now,
the nature of the intermediate hydrolysed aluminium species is highly debatable. The
nature of extraframework aluminium is also ambiguous and up to three different kinds of
octahedral aluminium species have been described according to ?Al MAS NMR
spectroscopy [72].

In addition, during the dealumination process, silicon migrates into the created
tetrahedra vacancies of the zeolite framework. With increasing steaming severity, the
concentration of Brgnsted acid sites decreases. Because every Brgnsted acid centre is
generated by the substitution of one aluminium atom into the zeolite framework, the
concentration of Brgnsted acid sites is generally equated to the concentration of
framework aluminium. Thus, the progress of dealumination has been commonly
monitored by determination of the Brgnsted acid sites concentration via IR spectroscopy.

Masuda et al. found that the concentration of strong acid sites caused by
tetrahedral framework aluminium decreases whereas the amount of relatively weaker
acid sites, which would be induced by the partially distorted octahedral aluminium atoms

remains almost constant in steamed HZSM-5 zeolite [73].

Because acidity is the key property of zeolite materials for their catalytic activity,
much effort is spent to investigate the change of acid sites concentration by steaming. In
the process, the kinetic of dealumination can be derived and is of relevant importance for
two main reasons. First, dealumination can be applied as pre-treatment to tune the
catalytic properties of zeolites. Second, dealumination occurring under reaction

conditions can lead to zeolite deactivation. Hence a correlation of activity to the

26



Chapter 1. Introduction

dealumination rate can be made to predict a catalysts lifetime and enables one to

understand the thermal stability of the bound and unbound zeolites.

The kinetics of dealumination of HZSM-5 zeolite has been investigated by some

groups [73-76]. The rate of dealumination by steaming treatment for high acid HZSM-5

catalysts using materials with Si/Al ratios down to 20 was studied. For quantification of

the dealumination extent, TPD analysis and *’AI-MAS NMR spectroscopy were used.

Brunner et al. [77] showed the dependence of the number of remaining framework

aluminium on the steam partial pressure, steaming time and steaming temperature

(Figure 1.6).
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Figure 1.6. Dependence of remaining framework Al (n= Al left in the unit cell Na,Sis.

yO196:18H,0) on p (H,0), time and temperature

The following equation for the dealumination process of a HZSM-5 with a Si/Al

ratio of 20 was obtained by Masuda et al. [73]:
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-r, =0.016 (p(H,0)"** h,° Eq. 1.1

where ny is the concentration of remaining framework aluminium and p(H.O) the water
partial pressure. However, Sano et al found a rate order of 2 with respect to the

concentration of framework Al.

Steaming treatment can enhance the catalytically activity. After mild steaming,
aluminium pairs are present. One of these is proposed as non tetrahedral by Lago et al
[78]. It acts as a strong electron-withdrawing centre for the other tetrahedral aluminium,
thus creating a stronger Bragnsted acid site. The above results are derived from steaming
of pure zeolites of relatively low Si/Al ratio. There are only few detailed investigations on
the dealumination of high silica zeolites, which are actually of high industrial importance
as the degree of coking in high silica zeolites is lower.

1.5.2. Dealumination of bound zeolites

Depending on the binding method and type of binder, the physicochemical
properties of zeolites are altered on being bound. It is hence critical to understand if the
presence of the binder has an influence on the hydrothermal stability of the bound
zeolites when used under steaming conditions. So far, there are few literature studies
that discuss the influence of binder on the thermal stability of bound catalysts. This is an
important factor for application in the industry because the presence of binder could
interact with the zeolite catalysts under steaming conditions to alter the properties of the
catalysts in terms of density of acid sites, strength of acid sites and pore size volume.

As an example, the stability of Fluidized Catalytic Cracking (FCC) catalysts can
be enhanced by steam-treatment, which may provide conditions in which some
components in a matrix react with the zeolite. Therefore, the study on embedded FCC
catalyst might be of help in understanding the relation between binder and zeolite
especially since FCC catalysts contain about 50~90 wt% of a binder (matrix) and 10~50
wt% of zeolite [79].

Corma et al. did research on embedding Y zeolites in silica. After steaming, the
embedded catalysts [80-82] were tested for gas oil cracking. Silicon from the matrix
reacted with extra-framework aluminum to form a new silica/alumina phase, which was
external to the zeolite crystal and showed weak Brgnsted acidity. The steamed silica-
embedded Y catalysts showed enhanced activity and improved gasoline and especially

diesel selectivity. Acid leaching, which removed extra-framework aluminum, produced

28



Chapter 1. Introduction

catalysts with higher micropore volume and more acidic sites [81, 82], which resulted in
a higher activity in cyclohexene cracking [83].

Recently, Noronha et al. [84] studied mordenite embedded in a silica-alumina
gel. By comparing a physical mixture of the mordenite and the matrix with the catalyst
made by binding with the silica-alumina gel (wet-binding method), they further
demonstrated that “intimate” contact between the matrix and the zeolite is necessary for
the matrix to exert a protecting effect on the zeolite structure (the wet-binding method
would provide an “intimate” contact between the matrix and the zeolite). The analysis of
the volume of micropores (determined by the t-plot method) showed that the catalyst
(only calcined at 500 C with no additional steaming) made from a gel-mixture had a
slightly smaller micropore volume (0.031 cc/g.,) than the micropore volume of the
physical mixture(0.035 cc/g.a). The later value was closely in line with the predicted

value. It was concluded that zeolite pores were not significantly blocked.

In the work of Kubecek et al. [85], steaming the silica-alumina embedded catalyst

caused the activity and acidity to increase. They concluded that the catalyst made by

wet-embedding in alumina or silica-alumina gels followed by calcination at 600 C leads
to the generation of new zeolite acidic sites which are active sites in cracking reactions.
Moreover, the changes of textural properties occurring during the catalyst preparation,
particularly when both aluminum and silicon were available in the matrix, supported the

assumption that these new sites are created via extensive recrystallization of the zeolite

component. This re-crystallization could occur at mild temperatures of around 330 C.

1.6. Motivation of thesis

The shape selectivity and high acid strength of HZSM-5 makes it an attractive
catalyst for the petroleum refining and chemical industry. However, because of its poor
self-binding property, HZSM-5 must be bound with a binder (matrix), such as silica,
alumina, clay, or their mixture, to produce the desired shape and mechanical strength for

industrial applications.

Synthetic zeolites have had a history of about half a century, and much research
has been focused on the synthesis, acidic properties and catalysis with zeolites. There
have been several books dedicated to this area, in addition to a tremendous number of
papers in journals and professional proceedings. Compared to the extensive research

work done on the acidic and catalytic properties of zeolites, not much study has been
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carried out on the physicochemical and catalytic properties of bound zeolites, which are
more often used in commercial applications. In academia, the acidic and catalytic
properties or even kinetic models were studied primarily for pure zeolite (unbound

zeolite). In these studies, the binder effect was often neglected.

In most catalysis cases, zeolites are applied as an acidic catalyst. For a solid
acidic catalyst, three important properties should be addressed, that is, acid site density,
nature of acid sites (i.e., Brgnsted acid and Lewis acid), and strength of acid sites. Since
most zeolite catalysts are utilized in the bound form, it is important to address whether
the binder has any effects on the physicochemical properties such as surface area, pore

volume, and acidities, and further on the catalytic properties of the zeolites.

Complicated physical and chemical processes are involved during the
embedding of the zeolite powder into a binder. Binder sources, binder properties,
binding methods (dry or wet), and calcination processes (either in air or in steam or in an
inert atmosphere) can all affect the properties of the final catalyst. Depending on the
nature of the binder and the binding method, the zeolite may not experience any change
on binding because the binder is “inert” when the zeolite is “mechanically” mixed with the
binder. However, it has been shown that the zeolite underwent some changes when
bound by wet mulling method. This could explain the different results that have been
reported in literature. Therefore, more research is needed to study the effect of the
binder on the physicochemical properties of the final zeolitic catalysts and their
behaviors under different application conditions. Understanding those phenomena is the
key for successful design and synthesis of zeolite tailored for specific industrial
applications.

In the 2" chapter of this thesis, the broad multitechnique characterization of a
series of unbound high silica HZSM-5 of different Si:Al ratios is described. A wide range
of Si:Al ratios was investigated to explore the subtle variations of the acidic properties of
the HZSM-5 as the acid sites are progressively diluted in a silica matrix. In this way, the
influence of minor variations in the local environment of the tetrahedral aluminum on the
acid-base properties of the HZSM-5 can be studied.

In the 3" chapter of this thesis, an in depth study of the influence of alumina
binder on the final physicochemical properties of HZSM-5 with different Si:Al ratios is
presented. Our aim was to demonstrate the sensitivity of the final physicochemical

properties of a bound zeolite towards the presence of a binder. Our basic understanding
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of the influence of the alumina binder on high silica HZSM-5 would allow us to estimate
the behavior of the bound HZSM-5 under specific reaction conditions e.g. under

hydrothermal conditions.

Chapter 4 of this thesis presents the detailed study of the dealumination of a high
silica unbound HZSM-5. The drive for the fundamental understanding of dealumination
under hydrothermal conditions was the insufficient literature available to date on the
behavior of a high silica HZSM-5 under steaming conditions. In this chapter, the
elementary steps involved in the dealumination process are mapped out and the specific
location and distribution of labile aluminium atoms involved at the beginning of this

process are identified.

Chapter 5 attempts to identify the critical influence of alumina binder on the
dealumination of a high silica HZSM-5. Specifically, in the first section of this chapter, the
kinetics of Brgnsted acid sites removal upon steaming of the zeolite, in pure powder
form and bound with Al,O3, is studied.. The second part of this chapter deals with the
effect of steaming temperature and duration on the hydrothermal stability of the HZSM-5.

The effect of the binder is also discussed.

Overall, the information derived from this thesis allows one to gain a fundamental
understanding of the microscopic and macroscopic effect of local variations of aluminium
distribution on the acidity of the zeolite and the influence of a binder on the acidity of
high silica HZSM-5. This serves as a first step towards the successful design of a robust
catalyst that is of high commercial interest due to its stability under hydrothermal
conditions.
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Chapter 2

Effect of aluminum
concentration on the acidity of

HZSM-5 zeolite

Abstract

The effect of the aluminum content of zeolite HZSM-5 on the acid site concentration and
strength was investigated for Si/Al ratios between 20 and 250 (herein referred to as
SAMPLE A, SAMPLE B, SAMPLE C and SAMPLE D). Temperature programmed
desorption of NH; IR spectroscopy of adsorbed pyridine, "H NMR and thermogravimetry
were used to quantify the linear increase of the concentration of acid sites with the
concentration of aluminum. Heterogeneity of acid sites was observed in all HZSM-5
samples even for very low concentration of Brgnsted acid sites. *"H NMR spectroscopy
and desorption of ammonia indicate that in this series of HZSM-5 samples, the acid
strength is the highest in HZSM-5 with the highest concentration of framework aluminum
(SAMPLE A), while the sample with the lowest concentration of framework Al (SAMPLE
D) has the lowest acid strength. The presence of extraframework aluminum and paired
aluminum sites are identified as causes for these unusual observations for SAMPLE A
and SAMPLE D, respectively. The results indicate how minor variations in the local

environment of the tetrahedral aluminum may subtly influence the acid-base properties.
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2.0 Introduction

Zeolites are crystalline aluminosilicates with regular microporous systems [1].
Negative charges are generated when SiO, tetrahedra are replaced by AlO, tetrahedra
and the compensation by protons yields acid sites. The concentration, strength, and
distribution of these sites greatly influence catalytic properties and thus are topics of
various studies [2-5].

The general notion with regards to zeolite acidity is that the decrease in the
framework aluminum content is accompanied by an increase in Brgnsted acid strength
[6]. This is associated with the lower polarity of the lattice, causing increase in proton
lability. The validity of this statement requires that the Brgnsted acid sites are well
distributed and far apart within a zeolite framework. However, experimental results have
shown that the above assumption is not always true.

One of the most direct methods to access acid strength is the determination of
heat of adsorption using basic probe molecules in microcalorimetry [7-14]. Results are
controversial, as some authors found clear differences in the heat of adsorption of
zeolites with different Si/Al ratio [15] while others report a constant heat of adsorption [4].
Heterogeneity of OH groups was also suggested by the relatively large half width of IR
band of free hydroxyls [16], but the differences in the acid strengths of the different OH
groups was hard to determine.

Theoretical calculations performed by van Santen et al. have shown that changes
in the zeolite aluminum content have a relatively large influence on proton affinity of
neighboring sites [17]. However, it is difficult to predict the overall observed acid
strength, when the aluminum is not randomly distributed in the zeolite structure. Hence,
the attempt to determine the acid strength purely based on the number of framework Al
is oversimplifying the situation in real zeolitic materials.

When a non random distribution of aluminum in the zeolite occurs, enrichment of
Al at certain locations in the crystal can give rise to paired aluminum sites. This has been
attributed to the use of organic templates as structure directing agents [18, 19]. The
distribution of aluminum as a function of the type of templating agent was explored by
Sastre et al. who proposed that preferential T sites occupation by the Al atoms in the
lattice structure is affected by the energetics of the synthesis process [20].

The varying results derived from theoretical and experimental works prompted us
to combine several characterization techniques, such as TPD of ammonia, IR

spectroscopy of pyridine, as well as *H, ?’Al and ?Si MAS-NMR and microcalorimetric
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measurements to determine the variations in strength and concentration of acid sites of
HZSM-5 with Si/Al ratios between 20 and 250 synthesized using organic templates. The
wide range of Si/Al ratios allows exploring subtle variations of the properties as the acid
sites are apparently progressively diluted in a crystalline silica matrix. The combination of
the techniques allows to assess not only the variations, but also to track better the
reasons for these variations.

2.1. Experimental

2.1.1. Materials

Na-ZSM-5 zeolite was prepared according to the following procedure. In a 150 ml
flask, 0.075~0.375 g of Al(NOs)s-9H,0, 0.4 g of NaOH, 2.66 g of TPABr, and 63 g of H,O
were mixed under stirring until a clear solution was obtained. To this solution, 15 g of
Ludox HS-40 was added with agitation to give a reaction mixture of 100 SiO,: 0.1-0.5
Al;Oz: 5 Na,0:10 TPABr: 4000 H,0. The sol or gel obtained was stirred for 2 hours. The
mixture was then transferred to a 100 ml Teflon-lined autoclave and kept at 180 < for
48 hours. The autoclave was cooled to room temperature; the product was filtered and
washed with deionized water until a pH value of 8 was reached. Finally, the product was
dried at 110 € overnight and the organic template was removed by first heating in He
with a temperature increment of 20C/min to 550 T cooling to ambient and repeating the
procedure in flowing air.

H-ZSM-5 zeolite was obtained by ion-exchange. Typically, 1 g of calcined Na-
ZSM-5 was added to 60 ml of 1 M ammonium nitrate and the solution was stirred at 70
T for 12 hours. The solution was then filtered and washed several times with deionized
water. The above procedures were repeated 3 times. Finally, the ion-exchanged sample

was dried at 110 °C overnight and calcined at 550 T for 6 hours in s tatic air.

2.1.2. IR spectroscopy

IR spectra were measured with a Perkin Elmer 2000 spectrometer. All spectra
were recorded in the region between 4000 and 800 cm™ at a resolution of 2 cm™. From
all spectra, the background spectrum was subtracted.

For IR spectroscopy of adsorbed pyridine, the samples were pressed into self-
supporting wafers (density 13-25 mg/cm?). After activation in vacuum (10° mbar) for 1 h
at 450 C (heating rate 10 < /min), the sample was cooled to 150 € and pyridine was
adsorbed in small dosages until full saturation of the bridging OH group at 3606 cm™ was
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observed. The system was then equilibrated for 0.5 h. All IR spectra were recorded at
150 € before adsorption of pyridine, during the ad sorption of pyridine and after
outgassing (10°® mbar) at temperature of 250, 350 and 450 C (holding at the maximum
temperature for 0.5 h). The concentration of Bregnsted and Lewis acid sites was
estimated from the areas of the bands at 1565 — 1515 cm™ and 1470 — 1435 cm™,
respectively, by applying Equation 1 and 2 originally derived in ref [21]*.

_ -1
o(BAS) = 432010001 > A5~ 1515¢m ) Eq. 1
m

JAQ1470~ 1435cm™)
m

c(LAS) = 3.27 (10002 Eq. 2

where:
¢ = concentration of acid sites [umol/g]
IA = integral of the respective peak [cm™]
r = radius of the wafer [cm]
m = mass of the wafer [mg]

Similar experimental steps were also carried out using ammonia as probe
molecule with the exception that quantification of acid sites was not done due to

overlapping of peaks attributed to Brgnsted and Lewis sites.

2.1.3 Temperature programmed desorption (TPD) of ammonia

For TPD experiments, 50-100 mg catalyst was pressed as wafers and loaded in
the quartz tubes of a 6 fold TPD set-up. After activation at 550 € for 1 h (heating rate 10
C/min) at a pressure of 10 mbar, 1 mbar of ammonia was adsorbed and equilibrated

! The factor used in reference [21] is 1.88 and 1.42 for equation 1 and 2, respectively. However,
our results show a constant value of 2.3 times lower acid sites concentration when using the
values from reference [21] compared to acid sites concentration derived from nmr,
microcalorimetry and TPD of ammonia. We suspect this discrepancy to be due to the definition of
absorbance as a function of Ig (I/1,) or In (I/l,) which gives exactly a factor of 2.3 lower value if the
former is used. Hence, we have modified the factor used in reference [21] by multiplying by 2.3 in

order to account for the logarithmic definition of absorbance in this work.
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for 1 h at 100 €. To remove gaseous and physisorbe d ammonia, the pressure was
reduced to 10 mbar for 2 h. The temperature was then increased at a rate of 10 T/min
to 750C. Desorbing molecules were analyzed by a Balzers QMG 420 mass
spectrometer. Mass 16 was used for ammonia. A HZSM-5 standard with known acid
sites concentration (derived from microcalorimetry) was used as a reference for
quantification.

2.1.4 MAS NMR spectroscopy

MAS NMR spectroscopy measurements of the zeolites were carried out using a
Bruker Avance AMX-500 NMR-spectrometer with a magnetic field of 11.75T. The
samples were packed in 4 mm ZrO, rotors and spun at 15 kHz.

For 'H-MAS NMR spectra, the samples were activated in vacuum at 400 °C for
14 h to eliminate adsorbed water. The sample was transferred to a glove box and the
rotor filled in water and oxygen free atmosphere. At the magnetic field of 11.75 T, the
Larmor frequency for 'H was 500 MHz. Adamantane CiHi;s Was used as reference
material, (& = 2.0 ppm). For spectra recording, an excitation pulse with a power level of
6.00 dB and a length of 1.60 us was applied. The relaxation time was 2 ms. For all
spectra, 100 scans were recorded. For quantification, the 1D spectra were simulated
with Gaussian peaks using the program dmWinfit2001 developed by Massiot [22].

For ?’Al-MAS and MQMAS NMR measurements, the samples were hydrated for
at least 48 h. The reference for the measurements was Al (NO3)3-9 H,O (6 =-0.543
ppm). An excitation pulse with power level of 7 dB and a length of 0.6 us was applied for
the 1D spectrum. The relaxation time was 250 ms. For all 1D spectra, 2400 scans were
recorded. MQMAS spectra were recorded with a three pulse sequence. The power level
was 7 dB for the first two pulses and 35 dB for the last one. The pulse lengths were
p1 =8 s, p, = 3.2 us and p; = 52 us. The evolution time t; was incremented in intervals
of 1 us and data were processed with XWINNMR. For quantification of the ?’Al-MAS
NMR spectra, the chemical shift and the quadrupolar coupling constant (QCC) were
obtained from the MQMAS spectrum and used to deconvolute the 1D spectra using
dmWinfit2001.

For #Si-MAS, the Larmor frequency was 99.36 MHz. The samples were packed
in 4 mm ZrO,-rotors and spun at 15 kHz. The reference for the measurements was solid
Si (OSi (CHs)s)4 (0 = -9.843 ppm). For 1D spectra, an excitation pulse with a power level

of 7 dB and a length of 0.6 us was applied. The relaxation time was 250 ms. For all 1D
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spectra, 2400 scans were recorded. For determination of Si/Al ratio, the 1D spectra were
simulated using dmWinfit2001.

2.1.5 Microcalorimetric measurements

The adsorption isotherms were measured in a SETARAM TG-DSC 111
instrument. Approximately 25 mg of pellets was charged into the quartz crucible used in
the TG-DSC system. The sample was activated by heating to 450 C with an increment
of 5 T/min and maintaining at 450 T for 2 h in va cuum (p<10® mbar). After activation,
the temperature was stabilized at 150 €. Ammonia was introduced into the closed
system in small doses and allowed to equilibrate with the HZSM-5 until a further mass
increase was not observed. The ammonia pulses were repeated until a decrease in the

differential heat of adsorption was observed.

2.1.6 Atomic absorption spectroscopy (AAS)

The silicon and aluminum contents of the zeolites were determined by AAS using
a UNICAM 939 spectrometer. Before measurement, 20-40 mg of each sample was
dissolved in a mixture containing 0.5 mL of hydrofluoric acid (48%) and 0.1 mL of
nitrohydrochloric acid and heated to the boiling point of the mixture. From the amounts of
silicon and aluminum measured from AAS analysis, the Si/Al ratio was calculated.

2.2. Results
2.2.1. IR spectroscopy of adsorbed ammonia

The normalized IR spectra of the activated HZSM-5 samples are shown in Figure
1. The band at 3606 cm™ is attributed to the stretching vibration of the bridging hydroxyl
groups (Brgnsted acid sites), while the band for terminal silanol groups is found at 3743
cm™. The area of the bridging OH group at 3606 cm™ progressively decreased with the
decrease of the framework aluminum concentration. The relatively large half width of the
band of the bridging OH groups suggests the presence of different OH groups.

In the IR spectrum of HZSM-5 with the highest Al content (SAMPLE A), a small
band was observed at 3660 cm™, which is attributed to extraframework aluminum
hydroxyl groups. The presence of extraframework aluminum is not clearly visible in the

spectra of the other activated HZSM-5 samples.
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Figure 1. Normalized IR spectra of activated HZSM-5.

Small dosages of ammonia were pulsed into the IR cells at 150 T until the
bridging OH group disappeared. The adsorption temperature of 150C was chosen in

order to complement results of microcalorimetry.

The IR spectra during adsorption of ammonia are depicted in Figure 2. Upon
contact with ammonia the OH band at 3606 cm™ decreased in intensity and in parallel a
narrow band at approximately 3357 cm™ appeared, which is attributed to the stretching
vibration of unperturbed NH groups together with a broad and composite band in the
3280 - 3085 cm™ range which is due to weakly H-bonded NH. In addition, a broad and
intense adsorption in the 1530-1402 cm™ range in which a triplet can be distinguished

when the spectra are enhanced is observed.
0.012 ~
0.010 ~
0.008 ~
0.006 -
0.004 ~

0.002 *J

0.000
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Wavenumber [cm™]

Absorbance

Figure 2. IR spectra during ammonia dosing on SAMPLE A (arrows indicate band

intensity change with increasing ammonia partial pressure from 5x10 to 1x10™* mbar)
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Increasing ammonia exposure led to a gradual irreversible disappearance of the
bands associated with the strong acid sites. In order to investigate, if ammonia
redistributes among the OH groups of different acid strengths, small pulses of ammonia
were introduced to the zeolite at 150 T and IR spe ctra were measured immediately
after pulsing of ammonia and 15 minutes after adsorption. No significant shift in the OH
band to higher frequency was observed (Avma = 2 cm™) within each pulse and between
the pulses indicating that no significant redistribution of adsorbed ammonia has taken

place (Figure 3a).

3670 3620 3570 3520

-0.001 -

-0.002 -

-0.003 -

-0.004 -+

-0.005 -

(o)

3 Act 3 b
(8] T wm
s 00087 150degC I
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2 adsorption /'
£ 0.006 - A

[D.] 1L sebino

3670 3620 3570 3520
Wavenumber [cm™]

Figure 3a) Difference IR spectra [(spectrum after NH; dose)-(spectrum after activation)]

after adsorption of increasing amount of ammonia (from 10 to 10" mbar); b) IR spectra
of subsequent desorption of ammonia at increasing temperature of SAMPLE A. All

spectra were measured at 150 °C

The sample was outgassed after the bridging OH groups were fully saturated
with ammonia. The heterogeneity of OH groups within each zeolite sample was
investigated by following the positions of the bridging OH band progressively restored

after desorption of ammonia in vacuum at increasing temperature (250, 350 and 450 )
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(Figure 3b). All the OH groups were subsequently restored by stepwise heating.
IR spectra were recorded at 150C after the completion of each desorption step.

If OH groups were heterogeneous, then the least acidic OH groups (i.e., those of
the highest wavenumber) should release ammonia at desorption temperature lower than
that of the more acidic OH groups (those with lower wavenumber). Hence, the IR bands
of OH groups that are restored upon ammonia desorption should shift to lower frequency
with increasing desorption temperature.

Indeed, the restored OH band shifted to lower frequency by 5 cm™ suggesting a
minor heterogeneity of OH groups in the HZSM-5 samples. The shift in the OH band
after desorption of ammonia are presented in Figure 3b. The comparison at the same
pyridine coverage during the adsorption and desorption step shows that the shift in
wavenumber (indicating difference in acid strength) is only observable during desorption.

Figure 4a and b shows that not only heterogeneity of acid sites exists in each
sample, but also that there is a difference in the relative distribution of acid site strength
among zeolites. All zeolites tested have the same concentration of weak acid sites.
However, while the concentration of hydroxyl groups free after progressive heating
above 250 T (strong Brgnsted acid sites) increases for SAMPLE A to SAMPLE C, it
leveled above 350 € for SAMPLE D. In consequence, SAMPLE A, B, and C show
similar acid strength distribution with SAMPLE A having a higher percentage of strong
Bragnsted acid sites, which are not restored after ammonia outgassing at 450 . On the
other hand, SAMPLE D has a higher proportion of weak Brgnsted acid sites (60%
restored after outgassing at 250 ). In essence, this results from the larger relative
concentration of weakly Brgnsted acidic bridging hydroxyl groups.
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Figure 4. (a) Area of bridging OH group restored at different outgassing temperatures.
(b) Percentage of bridging OH remaining after desorption of ammonia at 250, 350 and
450 °C. All spectra were recorded at 150 C.

2.2.2. IR spectroscopy of adsorbed pyridine

IR spectroscopy of pyridine was used to quantify the concentration of Brgnsted
and Lewis acid sites using the 19b vibration mode of the adsorbed molecule. The band
which appears at 1440 cm™ in liquid like or physically adsorbed pyridine shifts to 1450
cm™ upon formation of coordinated species by adsorption on Lewis acid sites and to
1550 cm™ upon formation of pyridinium ions by protonation at Brgnsted sites.

Spectra of progressive adsorption of pyridine on SAMPLE A are presented in
Figure 5. The bands due to chemisorbed pyridine appeared in the region 3400-2400 cm’
! for the N-H and C-H stretching vibrations and in the region 1680-1430 cm™ for the ring
vibrations. The aromatic C-H and N-H vibrations appeared above 3000 cm™. The two
bands at 3265 and 3180 cm™ are typical of pyridinium ions. In addition, a doublet at
2914 and 2849 cm™ was observed, characteristic of symmetric and asymmetric
saturated C-H stretching vibrations, respectively, as well as a band at 2979 cm™*
corresponding to the overtone vibration of the 1490 cm™ peak. The formation of
pyridinium ions was indicated by bands at 1635 and 1544 cm™, and the presence of
species coordinated to Lewis sites by the bands at 1622 and 1455 cm™ from the 8a and
19b modes, respectively. The signal at 1490 cm™ is common to both species.
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Figure 5. N-H and C-H stretching vibration of pyridine (3400-2400 cm™) and ring
vibration of chemisorbed pyridinium ions (1680-1430 cm™) on SAMPLE A. Arrows

indicate band intensity change with increasing pyridine partial pressure.

Adsorption of pyridine was carried out in small pulses until the band at 3606 cm™
disappeared. After each pulse, the system was allowed to equilibrate for 15 minutes to
detect eventual redistribution of pyridine on the HZSM-5. No clear indication of
redistribution of pyridine was observed within each pulse. A Avn. of 5 cm™ in the
bridging OH group was detected (Figure 6). The shift of up to 5 cm™ was observed for all
the investigated samples, even for SAMPLE D as shown in Figure 6b.
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Figure 6. Difference IR spectra [(spectrum after pyridine adsorption) — (spectrum after

activation)] with progressive adsorption of pyridine: a) SAMPLE A and b) SAMPLE D.

After outgassing at 150 T for 1h, the intensity of the band at 1544 cm™ attributed

to ring vibration of the protonated pyridinium ion decreased with increase in Si/Al ratio
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(Figure 7). In addition, SAMPLE B, C and D appeared to have very low concentrations of
extra-framework aluminum for which coordinative adsorption of pyridine would have led
to a band at 1455 cm™.
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Figure 7. Normalized spectra of chemisorbed pyridine on SAMPLE A, B, C and D

Referring to the band at 1455 cm™, the strength of Lewis acid site is higher in
SAMPLE A compared to the other samples. This is due to the presence of
extraframework octahedrally coordinated aluminum in the catalyst, which is associated
to the band at around 3660 cm™ in the spectrum of the activated samples (Figure 1). The
weak Lewis acid sites observed in SAMPLE B, C and D are attributed to the adsorption
of pyridine on Na' and Fe?" cation impurities present in small concentrations in the
zeolites [23].

The concentration of Brgnsted and Lewis acid sites are calculated using
equations 1 and 2 and the results are presented in Figure 8. A linear correlation of

Brgnsted acid sites with framework aluminum is observed.
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Figure 8. Concentration of Brgnsted and Lewis acid sites of HZSM-5 vs. aluminum

concentration from IR spectroscopy of adsorbed pyridine (outgassed at 150 °C)

The desorption of pyridine was investigated starting from 150 <. Initially, the

bands of hydrogen bonded species at 1445 cm™ decreased, while those corresponding

to chemisorbed pyridine on Brgnsted and Lewis sites were hardly affected (Figure 9).
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Figure 9. Concentration of remaining Brgnsted acid sites at different outgassing

temperatures

Nevertheless, in SAMPLE A, a new signal, appearing as a shoulder at 1465 cm™,

developed and increased in intensity with higher desorption temperature (Figure 10).
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Figure 10. IR spectra of pyridine during adsorption (solid lines) and after desorption at
250, 350, and 450 °C (dotted lines) on SAMPLE A

These new sites are stronger than the original ones and their formation appeared
to be favored by the presence of extraframework species in SAMPLE A. Chiche et al
proposed this new band to be due to the formation of conjugated iminium ions at paired
Lewis and Brgnsted acid sites [24]. The observation for this band only for the sample
with the highest concentration of Lewis acid sites supports the hypothesis that Lewis

centers are involved in the adsorption process.

2.2.3. Temperature programmed desorption of HZSM-5
SAMPLE A to D were characterized by TPD of ammonia to determine the total
acid sites concentrations (Figure 11). A linear increase in total acid sites concentration

with increase in concentration of framework aluminum was observed (Figure 12).
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Figure 11. TPD of ammonia of powder HZSM-5 samples
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Figure 12. Total acid sites concentration from TPD of NH; vs. aluminum concentration

Some authors have attempted to relate the strength of acid sites with the maxima

peak temperature obtained from TPD data [25, 26] but others have argued that the

readsorption and/or slow diffusion of ammonia usually renders complex the interpretation
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of peak shape and position of TPD profiles [27]. Thus, the increased chance of
readsorption of ammonia onto neighboring acid sites in HZSM-5 with higher Brgnsted
acid sites concentration during the desorption process can shift the peak maximum to
higher temperature. The desorption of ammonia is also controlled by intracrystalline
surface diffusion and hence can be strongly dependent on crystal structure [28]. Thus,
we did not interpret the TPD results in terms of differences of acid strength between

samples.

2.2.4. Microcalorimetric measurements

All  microcalorimetric measurements were carried out at 150 <T. The

corresponding adsorption isotherms of ammonia on HZSM-5 are shown in Figure 13.
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Figure 13. Adsorption isotherms of ammonia on HZSM-5 at 150 T

A relatively steep increase in the acid sites coverage was observed in the
adsorption isotherm of SAMPLE A at low ammonia adsorption pressure, indicating the
strong interaction of ammonia with these acid sites. This is correlated with the higher
initial differential heat of adsorption of around 160 kJ/mol in SAMPLE A, which is
attributed to adsorption on strong Lewis acid sites generated from extraframework
aluminum species. The IR spectra of adsorbed pyridine on SAMPLE A suggest that 15%
of the acid sites are Lewis acid sites. This corresponds quite closely to the data from the
microcalorimetric measurements. The overall differential heat of adsorptions of SAMPLE
A and SAMPLE B are similar at around 138 kJ/mol (Figure 14). However, SAMPLE C

52



Chapter 2. Effect of aluminum concentration on the acidity of HZSM-5 zeolite

exhibited slightly lower differential heat of adsorption of around 132 kJ/mol. The sharp
decrease in the differential heat of adsorption after full saturation of the acid sites is due
to hydrogen bonding interaction of the ammonia molecule and the zeolite [15]. Due to
the poor signal to noise ratio, the differential heat of adsorption of SAMPLE D was not
determined.
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Figure 14. Differential heat of adsorption of ammonia on SAMPLE A, B and C

2.2.5.'H MAS NMR spectroscopy

Figure 15 shows the 'H MAS NMR spectra of the HZSM-5 samples.
Deconvolution was carried out using the parameters reported in Table 1 [29-32]. The
resulting values of chemical shifts of bridging OH groups are shown in Table 2. An
example of the deconvolution for the spectrum of SAMPLE A is shown in Figure 15. For
this sample, two peak maxima in the region of bridging OH group were observed. This is
due to the interaction of Brgnsted acid sites with lattice framework oxygen or the
interaction of SiOH groups with that of nanocavities.
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Figure 21. '"H NMR of HZSM-5

Table 1. Assignments of *H NMR
spectrum

Chemical )
) Assignments
shift/ppm

Non acidic terminal SiOH

group

0.5-2

2.6-3.6 Extraframework Al-OH

3.5-5.6 Bregnsted acid sites

Bridging OH group
interacting with framework
5-6 oxygen/ hydrogen bonding
interaction of SiOH group at
lattice imperfect sites

6.5-7.5 NH,"

Table 2. Chemical shifts of Brgnsted acid sites in HZSM-5

Sample Chemical shift/ppm
SAMPLE A 5.28
SAMPLE B 5.08
SAMPLE C 4.67
SAMPLE D 4.56
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Figure 16 a) Correlation between the area of bridging OH group (3606 cm™) and area of
Brgnsted acid sites (1544 cm™) from IR and concentration of *H in NMR for HZSM-5 ; b)
Comparison of total acid sites concentration determined by IR, microcalorimetry, TPD of

ammonia and NMR.

2.2.6. Al MAS NMR spectroscopy

The coordination of aluminum in the HZSM-5 was analyzed using *’Al MAS and
MQMAS. As shown in Figure 17, most of the aluminum is in tetrahedral coordination with
a chemical shift range of 80 to 40 ppm. However, significant tailing of the main
tetrahedral peak of SAMPLE A to 20 ppm was observed. The asymmetry of the
tetrahedral peak with 2 maxima observed in some of the spectra is due to aluminum in
different T sites [33].

Extraframework octahedrally coordinated aluminum is observed at around 0 ppm
for all samples even though its contribution in SAMPLE B, C and D is 1% or below. This
hexacoordinated aluminum of SAMPLE A however consists of a sharp peak
superimposed on a small broad peak at around 0 ppm. This sharp peak experiences
small quadrupolar interaction and has a small distribution in isotropic chemical shifts. On
the other hand, the broadness of the second hexacoordinated aluminum indicates a

larger quadrupolar interaction.
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Figure 17. 1D *’Al NMR spectra of HZSM-5 samples

2D MQMAS NMR was performed to distinguish the different tetrahedral
coordinated species of aluminum (Figure 18). In an MQ MAS experiment, the
quadrupolar interaction is refocused and an isotropic direction, free of anisotropic
quadrupolar interactions, is present in the spectra. In this work, the spectra are sheared,
so that the F1 axis is the isotropic dimension and the F2 axis contains the second-order
quadrupolar line shape.

There are several contributing factors to shifts in peak position in ?’Al MAS NMR,
because the peak position is a function of (1) the coordination number, (2) the Al-O-Si
angle, (3) the mean AI-O distance and (4) the presence of quadrupolar interaction. In
this work, any broadening visible in the F1 projection is attributed to isotropic shift
distributions, i.e., the variations in Al-O-Si bond angle and/or Al-O bond lengths resulting
in distributions in the quadrupolar couplings constant. Resonances that correspond to
aluminum experiencing a large quadrupolar interaction are reflected in the spectra by a
ridge parallel to the axis in the F2 dimension.

By overlaying the 2D MQMAS spectra of all the HZSM-5 samples (Figure 18 c), it
is possible to see a single contour, which resonates close to the diagonal indicating
small quadrupolar interaction for the higher silica SAMPLE B, C and D. The width of this
contour is dominated by a distribution in isotropic shift, which can be due to a variation in

bond angle.
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Figure 18. 2D #’Al MQMAS of a) SAMPLE A, b) SAMPLE B, c) overlay of SAMPLE A, B,
CandD

A second contour was observed in SAMPLE A (Figure 18a). The aluminum
atoms represented by peak IVb experience a much larger quadrupolar interaction than
the framework aluminum in peak IVa. Therefore, the aluminums represented by peak
IVa have a fairly symmetric surrounding whereas the aluminum represented by peak Vb
experiences a substantial electric field gradient. As mentioned above, distribution in
isotropic shifts of the aluminum species in peak IVa is probably due to bond angle
variations while that of peak IVb can be due to the polarization of highly charged

extraframework octahedral aluminum on the framework aluminum inducing a
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quadrupolar broadening of part of the framework aluminum in SAMPLE A. This effect is
especially observed when the framework aluminum is in the vicinity of extraframework
aluminum [33]. The polarization of the framework aluminum by the charged
extraframework aluminum causes local distortion of the framework, which can result in
the increase of the nearby Si-O-Al and Si-O-Si angles.

2.2.7. *Si MAS NMR spectroscopy

The concentration of aluminum in the framework of the HZSM-5 was determined
through the deconvolution of *°Si NMR measurements (Figure 19) and calculated using
Equation 3. The results are in close correlation to the data obtained from AAS
measurements except for SAMPLE A. This is due to the presence of extraframework
aluminum as detected in the IR spectrum of the activated sample. Analysis for cationic
impurities using AAS in the HZSM-5 samples was carried out to ensure that the
observed differences in acid strength are not due to the electrostatic influence of
different amounts of cationic impurities. A maximum of 600 wt ppm of cationic impurities
was measured, which is too low for modifying significantly the acid strength of the

Brgnsted acid sites.
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Figure 19. Deconvolution of *Si NMR spectrum of
SAMPLE A
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2.3.  Discussion
Generation of the acid sites

The three-dimensional microporous structure of an aluminosilicate zeolite
consists of corner sharing of SiO, and AlO, tetrahedra. Replacing the Si atoms with Al by
isomorphic substitution generates an excess negative charge in the silicate lattice. The
compensation of the negative charges by protons leads to the generation of bridging
hydroxyl groups per Al in the framework. It is, thus, evident that a linear increase in the
concentration of Brgnsted acid sites should be observed with the decrease of Si/Al ratio.
This has been seen indeed from results of TPD of adsorbed ammonia, IR spectroscopy
of adsorbed pyridine, * H NMR, and microgravimetry (Figure 16b) on the 4 investigated
HZSM-5 samples with different concentrations of framework aluminum. The results

indicate that none of the sites were blocked for the access of the probe molecules used.

Distribution of acid site strength

The concentration of Brgnsted acid sites is frequently correlated with their
respective strengths and it has been predicted that the acid strength increases with
decreasing aluminum content until a sufficient degree of dilution of Al in the Si framework
is reached [34]. However, this holds true only for homogenous sites that are well
distributed within the framework structure. This is because the localization of aluminum
charge density will increase protonic lability, when neighboring Brgnsted sites are
avoided.

In this work, minor heterogeneity in acid strength distribution within each
investigated HZSM-5 sample was observed via IR spectra of basic probe molecules.
This is somewhat surprising, as some of the HZSM-5 has low concentrations of
aluminum. Differences of acid strengths were also observed between the investigated
samples. SAMPLE A has the highest relative fraction of strong acid sites, whereas
SAMPLE D possesses the highest relative fraction of weak acid sites. These weak sites
constituted 40% of the total acid sites in SAMPLE D, leading to the impression of an
overall lower acid strength. SAMPLE B and C show similar distribution of acid strength.
The results show therefore that the subtle differences in the preparation procedures lead

to markedly different distribution of Al atoms.
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Acid sites strength and distribution as a function of aluminum

The results so far indicated that Al in the framework structure is not randomly
distributed. This non random distribution causes surprisingly a similar number of weak
Brgnsted acid sites (which are restored at 250 T outgassing temperature after
adsorption of pyridine) in the four investigated HZSM-5. We speculate that these weak
sites are localized at paired aluminum sites. Local Si-Al sequences described as
“aluminum pairs” [Al-O-(Si-O);,-Al] and “single” aluminum atoms [Al-O-(Si-O)s3-Al] that
are far apart can be present in the lattice structure [35, 36]. *°Si MAS NMR can
distinguish only Al-O-Si-O-Al pairs which represent only small percentage of aluminum
pairs in HZSM-5.

Other than the non random distribution of aluminum regardless of the
concentration of framework Al observed in all the HZSM-5 samples, a significantly higher
concentration of Lewis acid sites was observed in SAMPLE A. The Lewis acidity in protic
zeolites is associated with aluminum species dislodged from the framework and their
vicinity to the Brgnsted acid sites may create a higher acid strength such as in the
example of SAMPLE A.

Evidence for the role of the extra-lattice alumina stems from 2’Al NMR results,
which indicates approximately 11% of the aluminum in SAMPLE A as extraframework
with octahedral coordination while microcalorimetry yielded a value of around 15%.
Comparing the TPD of ammonia in the IR study, 86% of the bridging OH group of
SAMPLE A was restored after outgassing at 450 T co mpared to the 98% restored in
the other HZSM-5 samples. This suggests around 14% strong acid sites in SAMPLE A
corresponding perfectly with the concentration of extra lattice aluminum.

Hence, this suggests that the higher Brgnsted acid strength in the low Si/Al
HZSM-5 is at least partially due to the participation of strong Lewis/Brgnsted pair sites
that could lead to enhancement of acid strength. The interaction would consist of a
partial electron transfer from the OH bond to the (AIO)", species, which by decreasing
the OH bond strength of the site would increase the proton lability and hence the acid
strength of the site [37, 38]. These paired sites are most probably responsible for the
generation of iminium ion which gives rise to a new band at 1462 cm™ after desorption of

pyridine at different temperatures
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Trends in Al incorporation

The distribution of Al within the framework seems to be more influential than the
overall concentration of framework Al in determining the overall observed acid strength.
It exerts a critical influence on the observed acid strength in the high silica sample,
especially when similar concentration of paired aluminum sites is present in all the
HZSM-5 samples. This is tentatively explained by the use of organic templates in the
synthesis causing a constant concentration of paired sites regardless of the
concentration of Al in the HZSM-5 framework through a preference of incorporating
aluminum in the very early stages of nucleation. It has been reported that the use of
inorganic gels as templating agents does not give rise to such local gradients/zoning [39,
40].

There are other theoretical and experimental works that also supports the non
random distribution of aluminum sites and this has been attributed to the influence of
structure directing agent (SDA) used in the synthesis process [20]. The aluminum sites
(a negative defect with respect to the silica framework) tend to locate near the positive
charge introduced by the SDA used in the synthesis. The authors believed that the
preferential location of aluminum at some specific T sites can result in a higher barrier
towards the mobility of the acidic proton and hence, lower acid strength. This gives rise
to differences in the chemical and structural embedding of the aluminum in the zeolites.
When we consider the motion of acidic protons as constituting of small amplitude
reorientation jumps between oxygen surrounding the aluminum atom in the Brgnsted
acid sites, then such preferential location of Al at certain T sites could influence the
overall observed acid strength depending on the synthesis method employed.

Hence, the observed heterogeneity of acid strength within each sample and
between the HZSM-5 samples can also be due to the differential location of aluminum in
the 12 topologically different T sites and 26 different O-sites of the zeolite structure. This
distribution of aluminum is evidenced by the distribution in isotropic shifts in the 2D #Al
MQMAS for all the HZSM-5, especially that of SAMPLE A. Theoretical calculations
indicate that the difference in the relative substitution energies of aluminum at the 12
different T sites of ZSM-5 can be up to 0.4 eV and scale with the charge difference
between silicon and aluminum [17]. XRD studies of Olson et al found that the T-O-T
bridge angle in the MFI structure varies from 143° to 175°and the T-O bond distances
from 0.152 to 0.167 nm, which can influence the acidity of the zeolite [41].
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Whether it is the preferential location of Al at specific T sites or the formation of
local gradients resulting in paired aluminum sites, it is clear that a non random
distribution of Al has been observed when the organic templates are used. Note also
that it could be possible that specific T sites positions are required for the formation of
paired aluminums. In any case, the results are in clear contrast to the general
assumption of random T sites occupation giving rise to equal sites in HZSM-5 especially
those with low aluminum concentrations.

The enrichment of Al at certain locations within the HZSM-5 crystals can have
serious implications. First, the occurrence of such compositional gradients resulting in
paired Al sites are not detected by bulk techniques such as ?’Al and ?Si NMR. As the
overall acid strength is strongly determined by the synthesis method, changes in the
methodology can create a different number of such paired sites for samples of the same
Si/Al ratio. This complicates the determination of the acidity in zeolites with strong
aluminum zoning in which the extent of paired sites formation may differ even in
individual crystals. Coupled with catalytic intra-particle diffusion limitation, different
catalytic performance of the zeolite with the same overall chemical composition can
result, depending on the synthesis methodology.

Hence, the acid strength of a zeolite is not only determined by the concentration
of framework aluminum but also greatly influenced by the distribution and location of
aluminum in the zeolite crystals. In addition, the presence of charged species (e.g.
extraframework aluminum) near to the Brgnsted acid sites can also induce changes in
the charge localization of the framework aluminum.

2.4. Conclusions

The influence of Si/Al ratio on the acidity of HZSM-5 was investigated. TPD of
ammonia, IR spectroscopy of adsorbed pyridine, microcalorimetry and *H NMR results
indicate the linear decrease in the concentration of Brgnsted acid sites with increase in
Si/Al ratio. The polarizability of the SIOHAI sites measured via the molar extinction
coefficient does not change throughout the lattice indicating that all sites appear to
behave equal in the ground state.

IR studies at different outgassing temperatures indicate the highest concentration
of strong acid sites in SAMPLE A, while SAMPLE D has the highest fraction of weak acid
sites. This is in contrast to the expected equal statistical distribution of tetrahedral

aluminum and strong Brgnsted acid sites as concentration of aluminum varies, if
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aluminum is randomly distributed throughout the lattice. As the concentrations of these
weak Brgnsted acid sites are identical for all four samples studied, we speculate that the
unusual acid site distribution observed with the present zeolites is attributed to a
preferred occurrence of paired sites at the early stages of crystallization. Thus, the
paired occur preferentially in the inner of the zeolite crystals. Note that the difference in
the acid strength must be related to the final state of the acid site in interaction with the
base molecules, as the molar extinction coefficient did not show any variations between
the four samples.

This difference in the aluminum distribution might not only have an influence on
the acid site strength distribution. It might also have a profound impact on the stability of
the tetrahedrally coordinated aluminum in the materials studied. As paired aluminum
sites show a lower hydrothermal stability, a higher fraction of aluminum will be removed

from the lattice in a steaming process.
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Chapter 3

Influence of alumina binder on

the acidity of HZSM-5

Abstract
HZSM-5 powders with Si/Al ratios between 20 and 250 were bound with 20 wt% y-Al,O3
(25 wt% for SAMPLE B). Through addition of the alumina binder, the concentration of
acid sites increased. The quantitative evaluation of ?°Si and Al MAS-NMR indicates
that the new sites are formed at the outside of crystals or with silica between crystals. It
is suggested that these sites are constituted in part by tetrahedrally coordinated
aluminum in an amorphous silica phase. Alternatively, these Brgnsted acid sites may
also form by coordinating alumina to external silanol groups. The decrease in the
Brgnsted acid site concentration of the bound zeolite with the highest alumina
concentration is attributed to the partial compensation of charge of bridging oxygens by
anionic alumina species near the pore entrance. This latter surface chemistry is also
concluded to be the reason that the maximum acid strength of the extrudates is slightly

lower than that of the parent materials.
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3.0. Introduction

Zeolite ZSM-5 is an important catalyst due to its high coke resistivity, high
hydrothermal stability, and unigue shape selectivity. The 10-membered ring channel
structure imparts shape selective properties, which are important in industrial processes
such as dewaxing of paraffins, conversion of methanol to gasoline (MTG), production of
light alkenes from methanol (MTO), alkylation of benzene, xylene isomerization and
toluene disproportionation [1-5]. ZSM-5 can be synthesized with a broad range of acidity
which corresponds to different activities [6].

The macroscopic shape to which the zeolite is formed depends on the
application. As additive in fluid catalytic cracking catalysts, ZSM-5 is formed to spherical
70 pum particles. For most fixed bed applications, tubular extrudates with a diameter of
1/16 or 1/8 of an inch are used. The extrudate form helps in reducing the pressure drop
in fixed-bed reactors [7]. Because of the poor adhesion properties of pure zeolites,
macroscopic shapes of catalyst particles are normally achieved by embedding the
zeolite crystals in a matrix, usually a metal oxide such as alumina in order to increase
the mechanical strength. This helps reducing high pressure drops

This matrix, or binder, is often considered to be essentially an inert component of
the catalyst. However, several authors have shown that, even though the binder may not
be active as a catalyst, it can change the overall acidic properties of formed catalyst.
Several studies have been carried out to determine the influence of different binders on
the catalytic performance of zeolites [8-10]. However, the effect of the binder on the
overall acidity depends not only on the nature of the binder, but also on the procedure
used to introduce it. The right combination of the two parameters can result in enhanced
catalytic stability, whereby the bound catalysts undergo slower deactivation rate when
the binder acts, e.g., a coke sink [11].

During the forming process, the binder can eventually block zeolite channels [12].
In addition, under certain conditions, the alumina binder can be inserted into the
framework of high silica zeolites [13]. The neutralization of Brgnsted acid sites by
cationic species present in the binder was also reported to be one of the causes for the
loss of Brgnsted acid concentration in some preparation methods [14]. The study of the
influence of the binder on zeolite is, thus, important to understand the role it plays in the
overall physico-chemical and catalytic properties of the extrudates.

In order to address this, the present work explores the effect of alumina binder on

the acidic properties of HZSM-5 zeolites. A wide variety of characterization methods
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including TPD of ammonia, IR and NMR spectroscopy, and N, physisorption, was used
to understand the changes occurring in the forming process.

3.1. Experimental
3.1.1. Materials and forming procedure

Dry HZSM-5 powders with Si/Al ratios between 20 and 250 were extruded by
addition of 20 wt% y-alumina binder using a home built single strand extruder with a
constant pressure of not more than 10 bar. The extrudates were dried at 100 in a flat
bed for 24 hours and subsequently calcined to 550 °C. These formed HZSM-5 catalysts
will be referred to as EXT A, EXT B, EXT C, and EXT D indicating the Si/Al ratio of the
zeolite component. The parent material will be referred to as SAMPLE A, SAMPLE B,
SAMPLE C and SAMPLE D.

3.1.2. IR spectroscopy of adsorbed pyridine

In situ IR spectra of the materials studied were measured with a Perkin Elmer
2000 spectrometer. All spectra were recorded in the region between 4000 and 800 cm™
at a resolution of 2cm™. The spectra are reported as absorbance spectra with the
activated parent EXT material subtracted as background spectrum in selected
representations.

For IR spectroscopy of adsorbed pyridine the samples were pressed into self-
supporting wafers (density 13-25 mg/cm?). After activation in vacuum (10°® mbar) for 1 h
at 450 T (heating rate 10 T/min), the sample was cooled to 150 T and pyridine was
adsorbed in small doses until full saturation of the bridging OH group at 3606 cm™. The
system was then equilibrated for 0.5 h. IR spectra were recorded at 150 T before
adsorption of pyridine, during the adsorption of pyridine and after outgassing (10°® mbar)
at 250, 350 and 450 . The concentration of Brgnsted and Lewis acid sites was
estimated from the areas of the bands at 1565 — 1515 cm™ and 1470 — 1435 cm™, by
applying Eq. 3.1. and 3.2., respectively [15]

» JA(1565 - 1515cm ™)

c(BAS) = 4.32[1000 [ Eq. 3.1.
m
_ -1
C(LAS) = 3.27 (1000 2 JAL470~1435cm ) Eq. 3.2.
m
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where:
¢ = concentration of acid sites [pmol/g]
IA = integral of the respective peak [cm™]
r = radius of the wafer [cm]

m = mass of the wafer [mg]

3.1.3. Temperature programmed desorption (TPD)

For TPD of ammonia, 50-100 mg catalyst was pressed as wafers and loaded in
the quartz tubes of a home-made 6 fold TPD set-up. After activation at 550 € for 1 h
(heating rate 10 T/min) at a pressure of 10 mbar, 1 mbar of ammonia was adsorbed
and equilibrated for 1 h at 100 €. To remove gaseo us and physisorbed ammonia, the
pressure was reduced to 10° mbar for 2 h. The temperature was then increased at a
rate of 10 T/min to 750 T. Desorbing molecules we re analyzed by a Balzers QMG 420
mass spectrometer. Mass 16 was used for ammonia. A HZSM-5 standard with known
acid sites concentration (determined by microgravimetry) was used as a reference for

quantification.

3.1.4. MAS NMR measurements

MAS NMR spectroscopy measurements of the zeolites were carried out using a
Bruker Avance AMX-500 NMR-spectrometer with a magnetic field of 11.75T. The
samples were packed in 4 mm ZrO, rotors and spun at 15 kHz.

For ’Al-MAS and MQMAS NMR measurements, the samples were hydrated for
at least two nights. The reference for the measurements was AI(NO3);-9 H,O (& =-0.543
ppm). An excitation pulse with power level of 7 dB and a length of 0.6 us was applied for
the 1D spectrum. The relaxation time was 250 ms. For all 1D spectra, 2400 scans were
recorded. MQMAS spectra were recorded with a three pulse sequence. The power level
was 7 dB for the first two pulses and 35 dB for the last one. The pulse lengths were
p1 =8 s, p. = 3.2 us and ps = 52 us. The evolution time t; was incremented in intervals
of 1 ps and data were processed with XWINNMR. For quantification of the ?’Al-MAS
NMR spectra, the chemical shift and the quadrupolar coupling constant (QCC) were
obtained from the MQMAS spectrum and used to deconvolute the 1D spectra using
dmWinfit2001 developed by Massiot [16].

The Larmor frequency for ?°Si was 99.36 MHz. The samples were packed in 4

mm ZrO,-rotors and spun at 15 kHz. The reference for the measurements was solid
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Si(OSi(CHa)3)4 (0 =-9.843 ppm). For 1D spectrum, an excitation pulse with a power level
of 7 dB and a length of 0.6 pus was applied. The relaxation time was 250 ms. For all 1D
spectra 2400 scans were recorded. For determination of Si/Al framework ratio, the 1D

spectra were simulated using dmWinfit2001.

3.1.5. X-ray diffraction

X-ray powder diffraction patterns of extrudates were measured using a Philips
X'Pert Pro System operating with a CuKal-radiation (0.154056 nm) at 40 kV / 40 mA.
Measurements were performed on a spinner with a 1/4” slit from 5° to 50° 2 ©

(0.057min). All the extrudates showed similar crys tallinity.

3.1.6. Atomic absorption spectroscopy (AAS)

The silicon and aluminium contents of the materials were determined by AAS
using a UNICAM 939 spectrometer. Before measurement, 20-40 mg of each sample was
dissolved in a mixture containing 0.5 mL of hydrofluoric acid (48%) and 0.1 mL of
nitrohydrochloric acid and heated to the boiling point of the mixture. From the amounts of
silicon and aluminium measured from AAS analysis, the overall Si/Al ratio was

calculated.

3.1.7. Nitrogen physisorption

Surface area, pore volume and pore size distributions of the materials were
obtained by nitrogen adsorption on a PMI automated BET sorptometer. Brunauer,
Emmet and Teller (BET) and Barrett, Joyner and Halenda (BJH) methods were used for
calculations. Micropore volume was determined using the t-plot method. Before
adsorption, the sample (100 mg) was activated in vacuum at 400 T for 2 h. After
activation, the weight of the dried sample was determined. Finally, the sample was

cooled to -196 T and liquid nitrogen was adsorbed at increasing partial pressures.

3.2.  Results
3.2.1. Characterization of binders and extrudates v ia TPD of ammonia

As all EXT materials contained approximately 20 wt% alumina binder, the TPD
profile of the pure binder was used for the deconvolution of the TPD profiles of the

extrudates, as indicated below. TPD of ammonia from the pure binder showed 173 umol
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Lewis acid sites/g binder (Figure 3.1) when integrating the full TPD peak between 100
and 600 C.
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3.E-10 -

Normalized MS signal/g binder
N
m
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o
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Temperature [°C]

Figure 3.1. TPD of ammonia of alumina binder

The overall TPD profiles of the extrudates (Figure 3.2) show contributions of

desorption from weak Lewis acid sites of the binder and from Brgnsted acid sites of the

powder HZSM-5.

Normalized MS signal/g
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Figure 3.2. TPD of ammonia of EXT materials
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Due to the complication that ammonia decomposes at temperatures above 600
°C, deconvolution of the TPD profiles of the extrudates was confined from 100 to 600 ‘C
to compare the effect of binder on the concentration of Brgnsted acid sites. The peak
temperature of each deconvoluted peak was estimated from the peak temperature
maxima of the pure binder (Figure 3.1) and powder HZSM-5 (shown in Chapter 2 of the
thesis). The assignment of the different peaks is tabulated in Table 3.1 and an example

of the deconvolution is shown in Figure 3.3.

Table 3.1. Assignment of the different peaks to type of acid sites of EXT A

Peak temperature [C] Temperature range [C]
Binder 230 100-400
BAS 325 150-500
BAS 450 300-600
LAS (with contributions from
N 550 400-700
decomposition of NH,)

1.E-9

8.E-10—

6.E-10

4.E-10

Normalized MS signal/g

100 200 300 400 500 600 700
Temperature [C]

Figure 3.3. Deconvolution of TPD profile of EXT A
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Figure 3.4 compares the total concentration of acid sites measured on the
extrudates and powders and the expected concentration in the extrudates by adding the
contributions of 20 wt% binder to 80 wt% powder. Obviously, the acidity of the extrudate
cannot be estimated as the sum of the acid sites of the zeolite and binder components.
In order to determine the effect of forming on the Brgnsted acid sites of HZSM-5, the
Bragnsted acid sites concentration of 1g of extrudate was compared with 0.8g of HZSM-5
powder so as to take into account the dilution effect of the binder (Figure 3.4).

In general, after forming HZSM-5 with alumina, the total acid sites concentration
increased (with the exception of EXT A). This increase stems from the contributions of
weak Lewis sites from the binder and the increase in Brgnsted acid sites. The latter is
most pronounced for EXT C and EXT D. Results from the deconvolution of TPD profiles
indicate that the Brgnsted acid sites concentrations of EXT C and EXT D increased by
around 35% after binding with y-Al,O3; while that of EXT A decreased by around 30%.
The concentration of Brgnsted acid sites of EXT B was only marginally lower by 3% than

that of the parent zeolite.

> 700 T
g O Total acid sites extrudate
= 600 | £ Total acid sites powder
Q
»  goo L O Expected total acid sites (20-
K= 25% binder + 80-75% powder)
8 A [BAS] extrudate
s 400 +
pus 329 o BAS 80-75% powder
. ] 290
&g 300+ 280 153 i
‘E it
S 200 +
c
o]
O

100 +

0 1 1 1 1
A B C D
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Figure 3.4. Comparison of the total and Brgnsted acid sites concentration between

extrudate and powder from deconvolution of TPD results
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3.2.2. Characterization of binders and extrudates via IR spectroscopy of

adsorbed pyridine
The IR spectrum of activated Al,O5 binder in the 3800-3400 cm™ range (hydroxyl

group region) is shown in Figure 3.5.

©
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Figure 3.5. IR spectra of activated y-Al,O3 binder

Several bands, characteristic of acid, neutral, or basic hydroxyl groups, were
observed. The band at 3764 cm™ is assigned to type | Al-OH basic hydroxyl groups. The
band at 3724 cm™ is assigned to type Il neutral hydroxyl groups. The band at 3674 cm™
is ascribed to type lll AIY-OH acid hydroxyl groups. The broad and weak band at 3584
cm™ is ascribed to hydrogen bond between hydroxyl groups [17].

In the IR spectra of Al,Oz-bound ZSM-5 catalysts, the absorption bands of the
alumina binder are superimposed to those of the zeolite powders (Figure 3.6). New band
in the OH vibration range did not appear. When the normalized IR spectrum of the
activated powder and EXT A are compared, bridging hydroxyl groups (Brgnsted acid
sites) at 3606 cm™ and terminal silanol groups at 3743 cm™ are observed. Note that the

OH groups of zeolite dominate the IR spectrum of the activated extrudate.
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Figure 3.6. IR spectrum of activated binder, SAMPLE A and EXT A (IR spectra of
activated extrudate and powder are normalized with respect to the overtone lattice

vibrations. IR spectrum of alumina binder is magnified for comparison)

The shoulder on the terminal silanol group at around 3724 cm™ in the IR spectra
of the activated extrudate is due to the contribution of the Al,O3 binder. It was suggested
that hydrogen bonding interaction between hydroxylated Al from the Al,Os; binder and
terminal SiOH or defect sites at around 3743 cm™ can also result in the formation of a
shoulder appearing at 3724 cm™ [18]. The broad peak between 3706 and 3640 cm™ is
due to hydroxylated Al from the Al,O3 binder, which also gives rise to weak Lewis acid
sites [19]. In the example here, this broad band also contains contributions from AIOH
groups of extraframework Al in HZSM-5. As shown in Figure 3.7, the IR bands described

in Figure 3.6 for EXT A were also observed in all the investigated extrudates.
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Figure 3.7. IR spectra of activated extrudates

Adsorption of pyridine on the extrudates reveals bands at 1545 cm™ and 1455
cm™ (Figure 3.8). As expected, the intensity of the band at 1544 cm™, which is due to

pyridine adsorbed on Brgnsted acid sites, increases with increase in framework Al of the

extrudate.

0.013 - — EXTA
--EXTB

0.011 ~
0.009 ~
0.007
0.005 -
0.003 ~
0.001 -
-0.001 -

Absorbance

1570 1540 1510 1480 %450 1420
Wavenumber [cm™]

0.08 ~
0.06 ~ b
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Figure 3.8. IR spectra of adsorbed pyridine on a) extrudates and b) alumina binder
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The band at 1455 cm™ is due to pyridine chemisorbed on Lewis acid sites of the

Al,O3 binder. Figure 3.8b indicates only Lewis acid sites present in the alumina binder as

evident from the band at 1452 cm™ and quantification vyields a total acid site

concentration of 164 umol/g. The presence of the Al,O; binder resulted in the increase of

Lewis acid sites concentration by at least a factor of two compared to the unbound

powder HZSM-5 (Figure 3.9). A shift of this band from 1447 cm™ in IR spectrum of the

powder (due to adsorption on weak Lewis sites [20]) to 1455 cm™ for the extrudate (due

to pyridine coordinatively adsorbed on extraframework hexacoordinated Al from the

catalyst and/or the binder) was observed.

0.014

0.010

0.006 -

0.002

EXT A a
— SAMPLEA

-0.002 -
1700

Absorbance

0.005 +

0.003 +

0.001 +

1600 1500 1400
Wavenumber [cm'l]

" EXTC
— SAMPLE C

-0.001
1700

1600 1500 1400
Wavenumber [cm™]

Figure 3.9. Comparison of IR spectra of a) EXT A and SAMPLE A and b) EXT C and
SAMPLE C after pyridine adsorption and outgassing at 150 T (normalized with respect

to the lattice vibrations)
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In general, the presence of the Al,O; binder resulted in the overall increase in
total acid sites concentration due to the increase in Lewis acid sites concentration from
the alumina. As an exception, the total acid sites of EXT A decreased by approximately
8% (Figure 3.10). From Figure 10, the concentration of Brgnsted acid sites of EXT C and
EXT 200 was increased by around 25% while that of EXT A and EXT B was decreased
by around 14 and 8%, respectively. This trend agrees with the trend obtained from TPD
of ammonia (Figure 3.4).

The final properties of bound HZSM-5 vary for different Si/Al ratios. New acid
sites are formed with high silica HZSM-5 while for the lowest silica HZSM-5, interaction

with binder removed some Brgnsted acid sites.

700 O Total acid sites extrudate
0 3 Total acid sites powder
2 600+ 581 L
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i) ] binder + 80-75% powder)
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8 0 809
53 400 405 80% [BAS] powder
= O
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S = 300 + 26
L 246
S 200 i =
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O
0 } } } |
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Figure 3.10. Comparison of total and Brgnsted acid sites concentration of extrudate and

powder from IR spectroscopy of adsorbed pyridine.

Upon adsorption of strong bases, reversible tetrahedral aluminum coordination
has been observed. Such sites would re-convert to partially dealuminated sites upon
desorption of that base. It can be speculated that such surface chemistry may occur also
in the binding process resulting in flexible hydroxyl coordination occurring at the interface
between the external of the zeolite crystals and the alumina matrix. Thus, if new
Bragnsted sites are formed that are not dependent on the presence of the base, the
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intensity of the bridging OH groups at 3606 cm™ should be more intense for the activated
extrudate than for the corresponding HZSM-5 powder. The comparison of the
normalized OH bands area (determined through the integration of the bridging OH band
between 3644 cm™ and 3560 cm™) is shown in Figure 3.11.

0.16 -
+ 0.8 of HZSM-5
(@]
S o 012 7 o EXT materials *
T £ .
= 20.08 - .
85
€ T0.04- ‘
£ 0O
Z
0.00 | ‘
D C B A SAMPLE

Figure 3.11. Comparison of integrated intensities of the IR band for bridging OH groups
(normalized to overtone lattice band) between 0.8 g of HZSM-5 powder with 1 g of

extrudates

The concentration of bridging OH groups decreased by 20% in EXT A, while the
Brgnsted acid site concentration measured by adsorption of pyridine decreased by
around 14% compared to the corresponding powder. The difference suggests that, at
least in part, the additional Brgnsted sites result from the stabilization of tetrahedral sites
formed in the presence of pyridine. The more pronounced perturbation of the terminal
silanol group (which gives rise to apparent Brgnsted acidity) could be due to the
presence of Al,Os; in its vicinity. This is speculated to be a precursor in lateral interaction
of the Si-OH groups with aluminum when pyridine is adsorbed. Evidence for this
conclusion can be found by comparing the difference spectra [(spectrum after pyridine
adsorption)-(spectrum of activated sample)] which indicate that more terminal silanol
groups at 3743 cm™ are perturbed by pyridine in EXT A compared to the parent HZSM-5
(Figure 3.12). It was observed with all extrudates. Note that apparent acidity of the

terminal SiOH group was not observed for the parent unbound HZSM-5.
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Figure 3.12. Comparison of difference spectra of SAMPLE A and EXT A after pyridine
adsorption and outgassing at 150 C.

The 10% decrease in intensity of the bridging OH group of EXT B correlates with
the 8% decrease in the concentration of Brgnsted acid sites from pyridine quantification.
Hence, no significant number of new sites is formed. On the other hand, approximately
20% more bridging hydroxyl groups are formed in high silica EXT C and EXT D as
evident from the increase in the intensity of the 3606 cm™ bridging OH band of these
materials compared to the unbound parent HZSM-5. Note that the determination of the
area of the bridging OH band has all been normalized to the weight contribution of the
materials and integration was carried out in the same range between 3644 cm™ and
3560 cm™ on the normalized spectra.

Outgassing of pyridine adsorbed on the extrudate was carried out at 250, 350,
and 450 T to quantify the distribution of acid strength in the extrudates. All the parent
unbound HZSM-5 powders retained approximately 80% of the intensity of the 1544 cm™
band after outgassing at 450 'C, indicating a significant number of strong Bransted acid
sites (see Figure 2.4b, Chapter 2 of thesis). However, binding with Al,O3; reduced the

concentration of these strong sites to around 40-60% (Figure 3.13).
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Figure 3.13. Fraction of Brgnsted acid sites retaining pyridine as a function of the
outgassing temperature.

3.2.3. Al MAS NMR

MAS NMR measurements were performed to compare the bulk chemistry of
extrudates and zeolite powders. The aluminum in the binder consists of both
tetrahedrally and octahedrally coordinated aluminum species. The differentiation
between framework and extraframework tetrahedral aluminum species was obtained
through multiple quantum MAS NMR (MQMAS).

Figure 3.14a is the 2D MQMAS spectrum of powder SAMPLE A. The signal lying
on the isotropic line at around 56 ppm indicates framework tetrahedral aluminum. The
broadening of the contour below the isotropic line is an indication of the presence of
distorted tetrahedral aluminum. The contour at around O ppm represents extraframework
octahedral aluminum species of the powder samples.
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Figure 3.14. 2’ Al MQMAS of a) SAMPLE A, b) Al,O; binder and c) EXT A

Figure 3.14b shows the MQMAS spectrum of the pure Al,Os; binder. The
amorphous nature of the Al,Os; binder resulted in highly distorted environment of the
aluminum species with contours that lie away from the isotropic line. The low intensity of
the contours with a wide distribution between 70 to 90 ppm which deviates from the
isotropic line suggests the presence of several species of tetrahedrally coordinated
aluminum in the binder. This holds also for the octahedral species of the aluminum

spreading with a relatively broad distribution in the F1 (y axis) and F2 (x axis) dimension.
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It should be emphasized at this point that the aluminum of the binder makes up to
around 90% of the aluminum in the extrudate.

The 2D MQMAS of EXT A is shown in Figure 3.14c. The contours of the
extrudate can be described as the superimposition of the contours of the powder (Figure
3.14a) and binder (Figure 3.14b). Similar features were also obtained for the other
extrudates.

The chemical shift values derived from the F1 projections along the y axis are the
true chemical shifts of the aluminum species in the 1D spectrum and are used to
simulate the peaks of the respective species using dmWinfit2001. The chemical shifts
and quadrupolar coupling constants are shown in Table 3.2. Thus, the contributions of
aluminum from HZSM-5 and binder to the 1D *’Al spectrum of the extrudate can be

distinguished as presented in Figure 3.15.

------------ Simulated spectrum

= — == Spectrum

* = spinning side bands

e Ny, ¥ e | i
165 82 0 & Ppm
Figure 3.15. Deconvolution of 1D ?’Al MOQMAS NMR of extrudate
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Table 3.2. Chemical shifts and quadrupolar coupling constants (QCC) of EXT A

Peak ) o Chemical
umber Assignment of Al coordination shiftppm QCC/kHz
1 Distorted tetrahedral from binder 75.3 4620
2 Framework tetrahedral from HZSM5 58.1 3498
3 Distorted tetrahedral from binder 54.4 5419
4 Distorted octahedral from binder 14.6 5288
5 Distorted octahedral from binder 8.5 5032
6 Distorted octahedral from binder -9.6 5123

3.2.4 ?°Si MAS NMR

Framework Si in zeolites are tetrahedrally coordinated, and, thus, four different

possible environments of a silicon atom denoted as Si (nAl) where n (n <4) exist and

correlate with the number of aluminum atoms connected via oxygens to silicon.

Information about the distribution of the aluminum among the T sites in next and next

nearest neighbor shells may be inferred from line widths and intensities of the
Si(OAD),(OSi)4., peaks (n= 0-4) [21]. Thus, direct observation of silicon leads to an

indirect determination of the framework aluminium (Figure 3.16) whereby the Si/Algamework

ratio of the lattice can be calculated directly (Eq. 3.3). This enables us to determine if the

new sites are formed at the external or within the HZSM-5 crystals.

4
z lsnan
n=0

T4
framework z 0.25nl s (nal
n=0

S

Al

where | = peak area.

Eg. 3.3.
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Table 3.3. Assignment of
peaks in ?°Si NMR

Peak Assignments
1 Si(1Al)
Si in different
2-5 _
T sites

|
-98 -106 -114 -123 -131 ppm

Figure 3.16. *Si MAS NMR spectrum of EXTA

The #Si NMR spectra for EXT B, EXT C, and EXT D with the corresponding
powder were nearly identical. Thus, the Si/Al framework ratio of the extrudates
determined by *Si NMR was close to that obtained for the corresponding powders for
EXT B, EXT C and EXT D. This indicates that aluminum is retained in the framework
position and that the forming process has not led to dealumination of the framework.

At this point, the very good agreement between the concentration of framework
aluminum in the extrudate derived from ?’Al NMR and #*Si NMR should be emphasized
(Figure 3.17). The results show that within experimental error, binding with Al,O3; does
not result in new intracrystalline bridging sites in all extrudates. At the same time,

dealumination of the framework Al is insignificant.
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450 [Aleyra] extrudate from 2’Al NMR
> 400 ¢ [Aleyra] extrudate from 2°Si NMR
5 350 - ~+ 80% [Alys] powder from *°Si NMR
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Figure 3.17. Comparison of aluminum concentration determined from ?’Al NMR and ?°Si
NMR of powder and extrudate HZSM-5

3.2.5. Atomic absorption spectroscopy (AAS)

The concentration of cationic impurities was analyzed to determine if the
decrease of Brgnsted acid sites concentration of EXT A and EXT B was due to
neutralization by high concentration of cation impurities introduced with the binder.

Considering the dilution effect of the binder, the contribution of the binder to the
Na and Fe impurities in the extrudate was calculated. The obtained values (Table 3.5)
show the binder did not contribute significantly to the Na“ content determined in the
extrudate. Moreover, the contribution of the binder in EXT A and EXT B to the Fe content
could not neutralize more than 5 pmol of BAS in the extrudate by assuming the Fe
impurities to be trivalent. Thus, cationic impurities are not a significant factor causing the

decrease in the concentration of the Brgnsted acid sites in EXT A.
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Table 3.5. Concentration of cationic impurities in powders and extrudates (in parenthesis

is the cationic impurities in 0.8 g of extrudate in wt ppm)

Material SAMPLE A | SAMPLEB | SAMPLE C SAMPLE D
Na (wt ppm) 39 (31) 116 (87) 40 (32) 42 (34)
Fe (wt ppm) | 300 (240) 425 (319) 310 (241) 469 (375)

Material EXTA EXTB EXTC EXTD
Na (wt ppm) 30 63 31 26
Fe (wt ppm) 321 435 556 492

3.2.6. Nitrogen physisorption
Surface area and pore volume of powders and extrudates are summarized in
Table 3.6.

Table 3.6. Comparison of the micro and mesopore volume, and surface area of

extrudates, powders and binders

) Expected | Expected
Mesopore Micropore ]
BET area mesopore | micropore
5 volume volume
[m< g] 5 5 volume volume
[cm®/g] [cm®/g] s 5
[em®/g] [cm®/g]
SAMPLE A 356 0.577 0.095
EXT A 376 0.491 0.125 0.579 0.076
SAMPLE B 400 0.293 0.132
EXTB 348 0.482 0.115 0.366 0.099
SAMPLE C 355 0.148 0.153
EXTC 310 0.215 0.147 0.236 0.118
SAMPLE D 306 0.121 0.132
EXTD 276 0.195 0.130 0.214 0.106
Binder 242 0.588 -

The mesopore diameter distribution range in the extrudate was the same as for

the binder. However, the mesopore volumes of the extrudate are smaller than the
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predicted values for EXT A, EXT C and EXT D indicating that some blockage of the
mesopores by aggregates with zeolite crystals has occurred.

Not much variation is observed in micropore volume between extrudate and
corresponding powders. In fact, a marginal increase in micropore volume was observed
when comparing 1g of extrudate with 0.8g of powder. The partial blockage of mesopore
volume of the binder by the zeolite crystals could have generated micropore volume. In
general, the micropore system of ZSM-5 is not affected by this binding method and

binder type.

3.3. Discussion

Overall, the forming process leads only to subtle changes of the parent zeolites.
The specific changes vary with the concentration of aluminum in the lattice. In part, this
is the result of very low concentrations of acid sites in some samples. So let us first
address the effect of forming on the concentration of Brgnsted acid sites.

The impact on the concentration of Brgnsted acid sites varied with the Si/Al ratio of
the zeolite taking the dilution effect of 20-25 wt% binder into account. For the low silica
EXT A and EXT B, it decreased in average by around 14% and 5% respectively
compared to the corresponding parent materials. In contrast, the concentration of
Bransted acid sites of high silica EXT C and D increased by 25-30%.

In order to rationalize the reason for the decrease of the Brgnsted acid sites
concentration in EXT A and EXT B, it is critical to address several issues when the
zeolite is embedded into a matrix. The key issues for the loss of Brgnsted acid sites are
(i) solid state exchange of the cationic impurities introduced by the binder, (ii) pore
blockage by the binder and (iii) localized interactions between binder fragments and
HZSM-5 sites blocking acid sites locally.

Reasons for lower BAS concentration

As the concentration of cationic impurities other than cationic alumina species in
EXT A and EXT B do not differ significantly from the corresponding parent zeolite, we
conclude that the observed decrease in Brgnsted acid sites concentration of EXT A
cannot be due to the neutralization by cationic impurities. Note that it could however be
compatible with the marginal decrease in Brgnsted acid sites concentration of EXT B. In
this respect, it is important to mention that binders of high purity have to be used in the

forming process, because the concentration of acid sites can decrease significantly,

88



Chapter 3. Influence of alumina binder on the acidity of HZSM-5

when solid-state ion exchange between Na* cations of the binder and the H* from the
zeolite occurs [22, 23].

Poor accessibility to acid sites due to pore blockage is also ruled out, because all
bridging OH groups of the extrudates disappeared in contact with pyridine. Hence, it is
concluded that the pore channels are not blocked by alumina clusters. This is supported
by nitrogen physisorption analysis, which indicates insignificant change in the micropore
volume of the zeolites.

As one bridging OH group gives rise to one Brgnsted acid site and estimations
from the ?’Al and ?°Si NMR data indicated no significant loss of framework aluminum in
EXT A, we conclude that a part of the aluminum maintains tetrahedral coordination in the
framework, but does not form a bridging hydroxyl group. In EXT A, these Brgnsted acid
sites are neutralized by anionic hydroxylated aluminum species when the acidic proton is
transferred to the OH group of the Al species from the binder, forming one coordinated
water molecule. Such proton transfer is the result of the high basicity of the hydroxylated
Al. This neutralization is postulated to take place during the extrusion process as shown
schematically in Figure 3.18.

The migration of single Al as a hydroxylated soluble species during the extrusion
process can happen during wet mulling of the extrudate. Acid sites near to the external
surface of the zeolite crystals or near to pore entrance are preferentially neutralized in
this way. This implies that the concentration of Al near to the pore mouth is higher in
SAMPLE A compared to HZSM-5 with higher Si/Al ratios.

HO_\- ‘\\\\\ OH
Al HO o\ OH
Ho”~ NOH Sal
~
TO H TO HO - OH -
o
AN /O\AI/OT \[S_]/ \AI/O
. EE— i .
= (51 T o\\\u“" AN Transfer of proton o \ TO“““‘ AN
TO \ oT TO ot
oT oT

Figure 3.18. Neutralization of Brgnsted acid sites by hydroxylated alumina species

Potential reasons for higher BAS concentrations
For EXT A, the decrease in the concentration of bridging OH groups (20%) was

more pronounced than the decrease in the Brgnsted acid site concentration measured
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by adsorption of pyridine (14%). %). This implies that some acid sites are formed by
protonation of pyridine on Brgnsted acid sites formed at the interface between the binder
and the zeolite crystals or in an amorphous silica alumina giving rise to acidic OH groups
with bands at 3740 cm™. Acid sites formed in these cases are most likely as reversible

1>

bonding of AlI*" cations to SiOH groups. Such reversible coordination has been observed
in alumino-silicate frameworks ranging from zeolites such as Beta, USY and HZSM-5 to
amorphous alumina silica [24-26)].

Evidence for such a process is drawn from %Al MQMASNMR and IR
spectroscopy. Framework tetrahedrally coordinated aluminum associated with Brgnsted
acid sites are characterized by a band at 3650-3550 cm™. The IR spectrum of a
dehydrated amorphous silica-alumina shows a single band at 3745 cm™ in the hydroxyl
region, due to terminal Si-OH groups. Bands of bridging hydroxyl groups at 3600 cm™
are not observed. However, dosing ammonia onto dehydrated silica-alumina creates
NH," species. The fact that this has been observed in amorphous silica alumina can be
attributed to the interaction distance not exceeding the CID (critical interaction distance)
and also a suitable degree of activation of the basic probe molecule, hence promoting
the transfer of protons from surface OH groups adjacent to Lewis acid sites to a
molecule chemisorbed on a Lewis site [27].

DFT calculations combined with thermodynamic evaluations enabled the
establishment of detailed models of yAl,O3 surface under working conditions. The poorly
hydroxylated (100) surface is favored under dehydration conditions with low water partial
pressure, [28]. Figure 3.19 presenting a hydrated (100) alumina surface which forms
apparent Brgnsted acid sites in the vicinity of terminal silanol groups upon dehydration
and pyridine adsorption in IR measurements. Trombetta et al. also observed the
formation of pyH" species when pyridine was chemisorbed on dehydrated silica-alumina
[31]. This reversible coordination of aluminum during pyridine adsorption can account for
the smaller decrease in Brgnsted acid sites concentration quantified from pyridine

adsorption compared to the decrease in number of bridging OH group in EXT A.
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Figure 3.19.Apparent acidity of terminal SiOH group due to flexible hydroxyl coordination

in alumino silicate systems observed in EXT A

Whatever the reasons for this discrepancy between the concentrations derived
from IR spectroscopy of the bridging OH groups and from the adsorption of pyridine are,
the concentrations of BAS in high silica samples increased as measured with both
methods. It is in this critical to examine if these new sites are intracrystalline or
intercrystalline. It has been observed that Al from the binder can substitute into the
framework which increases the concentration of Brgnsted acid sites of bound catalysts.
Through catalytic reactions, it has been demonstrated that these new sites show
Bragnsted acidity. The authors have demonstrated through catalytic reactions that these
new sites show Bragnsted acidity [13].

In this work, the exhaustive use of MASNMR to determine the nature of these
sites has been carried out. The conclusive evidence that the new Brgnsted acid sites
observed in EXT C and D are not intrazeolitic is derived from the *Si NMR spectra of
these extrudates when compared to the parent unbound sample. No increase in the
intensity of the band at -110ppm, associated to Si linked to one neighboring Al via
oxygen atom in the bound HZSM-5, was observed. The spectra of the bound and
unbound materials were identical when normalized to the same HZSM-5 weight
contribution.

Another important indication stems from the ?’Al NMR spectra which yielded
similar number of non distorted tetrahedral Al (peak at 56ppm). If these new Brgnsted
acid sites were truly intra-zeolitic, one would expect an increase in the peak intensity at
56ppm in the bound HZSM-5. This is because non framework Al would contribute to the
peak intensity of distorted tetrahedral Al in the NMR spectra. (Note that to ensure the
correct determination of the concentration of framework tetrahedral Al at 56ppm despite
the low concentration, we have performed both the deconvolution of the peak and also
the subtraction of the corresponding 20% contribution from the alumina binder from the

extrudate spectra). Our results indicate that these new sites are not intrazeolithic and
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hence are most likely associated with some new alumino-silicate phases formed at the
grain boundaries.

The primary reason for the formations of these new sites in the high silica
samples can be associated to the higher concentration of amorphous SiO, phases
present during the preparation of HZSM-5 with low framework Al concentration. The
reaction of Al,O3; from the binder with SiO, phase in the zeolite at high temperature
during calcinations can result in the formation of new aluminosilicate phases, thence

creating new intercrystalline acid sites in EXT C and EXT D.

Effect on acid strength

Beside the changes in the concentration of Brgnsted acid sites upon forming with
alumina, a decrease in the acid strength for all the investigated extrudates was
observed. The amount of chemisorbed pyridine retained after sequential increase in
outgassing temperatures during IR spectroscopic measurements gives a qualitative
approximation of the acid strength distribution. We have observed that 40-70% of
chemisorbed pyridine was retained (excluding contributions of the new acid sites) after
the formed materials were outgassed at 450°C. This is in contrast with the 80% strong
Brgnsted acid sites which protonates pyridine as determined for the powder
counterparts.

We attribute the decrease in the acid strength mainly to the preferential
neutralization of the most acidic bridging hydroxyl groups in HZSM-5 when ion-
exchanged by alumina species from the Al,O; binder. This can take place during the
mulling process when mobility of cationic impurities is enhanced at elevated
temperatures and under hydrated conditions. An example has been illustrated for EXT A
in Figure 3.18.

Effect on textural properties

The micropore volumes of the extrudates are slightly higher than the
corresponding powder HZSM-5, indicating that pore blockage does not occur. The small
increase in micropore volume is due to the reducing in size of some of the mesopores in
the binder by zeolite crystals, inducing micropores formation. The overall contact feature
of the extrudate and the powder is very similar, i.e., the binder does not modify the

textural properties of the HZSM-5.
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3.4. Conclusions

The introduction of Al,O; as binder for HZSM-5 zeolite powders causes an
overall increase in the concentration of acid sites concentration mainly as a result of the
increase in Lewis acid sites concentration. Depending on the Si/Al ratio of the zeolite,
the same binding conditions resulted in a preferential increase in the Brgnsted acid sites
in the high silica zeolites and an appreciable decrease in the Brgnsted acid sites
concentration in the lowest silica samples. The increase in the concentration of Brgnsted
acid sites is attributed to the generation of weak Brgnsted acid sites (resembling in
strength and labile nature to those in amorphous silica-alumina). In alumina rich zeolites,
the binder causes partial neutralization of the acid sites by anionic alumina fragments.
This preferential neutralization of acid sites in these materials occurs near to the external

of the crystals, i.e., at pore mouths.
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Chapter 4

Dealumination model of

hydrothermally treated HZSM-5

Abstract

HZSM-5 steamed at 450 € and 101.3 kPa water loses 60 % of Brgnsted acid sites in
the first 24 h of steaming because of the hydrolysis of labile Al mostly from zones of
higher aluminum concentration. Al MAS NMR indicates that these aluminum atoms
have a lower T-O-T angle (1509 and a lower angle strain. Upon steaming, these Al
atoms form tetracoordinated extraframework species, which neutralize neighboring
Bragnsted acid sites. Such neutralization leads to a more rapid decrease of the Brgnsted
acidity than of the concentration of aluminum in the lattice. Slow dealumination ensued
after 24 h affecting aluminum atoms with higher hydrothermal stability possessing higher
T-O-T angles and higher angle strain. The extraframework Al also contributes to the
stabilization of Al in the framework. The preferential dealumination of Al from lower T-O-
T angle shows that the inflexibility of local structures to accommodate distortion

facilitates the hydrolysis of the weakest Al-O bond.
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4.0. Introduction

In general, the catalytic properties of a zeolite have a direct relation to its
concentration of Bregnsted acid sites, which is commonly associated with the
concentration of framework aluminum. Hence, dealumination - a process in which
framework aluminum is removed from the zeolite - adversely affects the rate of reactions
catalyzed by protons. As steam is one of the most effective dealuminating agents, the
presence of water, either in the feed or as a by-product in a catalytic reaction at high
temperature, results in the loss of tetrahedral framework aluminum through the
hydrolysis of AI-OH-Si and Al-O-Si bonds.

Several authors have investigated the kinetics of dealumination under
hydrothermal conditions [1-4]. Fast and slow dealumination steps have been identified
and several dealumination models based on different zeolites have been proposed.
However, the rate determining step, which can potentially influence the stabilization of
the remaining framework aluminum, is seldom discussed and experimental evidence for

the elementary steps is scarce.

Some authors explain the extraction of aluminum from the framework via a
pentacoordinated aluminum species identified by the signal at 30 ppm in the Al MAS
NMR spectrum [5]. Others suggest that the intermediate species are distorted
tetrahedral aluminum species [6]. It is interesting to note, however, that also the nature
of the resulting extra framework aluminum species is not unequivocally accepted. Up to
three different kinds of octahedral aluminum species has been described according to
data from Al MAS NMR spectroscopy [7]. In addition, several proposals for reversible
Al framework coordination have been discussed for zeolitic systems such as HZSM-5,
HMOR, HBEA and HY [8-10].

When comparing the vast number of papers that propose dealumination models,
it is important to keep in mind that the dealumination process is influenced by the zeolite
structure, aluminum distribution and its inherent tendency towards defect formation.
Often, the proposed models are based on low silica zeolites that are usually less stable
against dealumination [11]. It is to be explored whether or not these models are
applicable to high silica materials, which are hydrothermally more stable against
hydrolysis.

Taking into account the complexity of the above issues, we chose to explore
dealumination of HZSM-5 SAMPLE C under hydrothermal conditions and investigate the
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gradual change of the framework Al and integrity of the zeolite structure with steaming
duration. The choice for a high silica material with negligible extraframework Al was
originally related to the ability to study the dealumination of acid sites, which are often
assumed to be mostly isolated and non-interacting from the low silica containing
materials in study. A second reason for the choice of material is related to the fact that
high silica H-ZSM-5 is a frequently used zeolite when high steam stability is required for

industrial applications.

4.1. Experimental

4.1.1 Materials and steaming procedure

The parent HZSM-5 zeolite was synthesized following the procedure described in
Chapter 2. Before steaming, the zeolite was pressed and sieved into particles ranging
from 355 to 500 um. The scheme of the setup used for steaming and the packing of the
corresponding reactor are illustrated in Figure 4.1.

1/16“

water pump
A
MFC 1/8*

N, 12cm SiC
_____ e BN
/ reactor

oven —. 34 |6cm HZSM-5
i ; cm
: - quartz
P 1/ fe— ! wool
""" 12¢cm sic

> exhaust v = quartz

a) b) wool

Figure 4.1. a) Setup for steaming experiment; b) packing of steaming reactor.

The zeolite (500 mg) was heated to 450 T with rate of 10 T/min under nitrogen
flow. When 450 € was reached, N, was switched to water which was pumped into the
quartz tubular reactor by a Gilson 307 HPLC pump. The total flow was kept constant at
0.333 mol/h. The layer of SiC on top of the catalyst allowed the constant vaporization of

the injected water. The duration of the steaming experiment was varied from 2 to 48 h.
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4.1.2. IR spectroscopy

IR spectra were measured with a Perkin Elmer 2000 spectrometer. All spectra
were recorded in the region between 4000 and 800 cm™ at a resolution of 4 cm™. The

background spectrum was subtracted from all spectra.

For IR spectroscopy of adsorbed pyridine, the samples were pressed into self-
supporting wafers (density 13-25 mg/cm?). After activation in vacuum (10° mbar) for 1 h
at 450 € (heating rate 10 T/min), the sample was cooled to 150 T and pyridine was
adsorbed in small dosages until full saturation of the bridging OH group at 3606 cm™ was
observed. The system was then equilibrated for 0.5 h. All IR spectra were recorded at
150 € before adsorption of pyridine, during the ad sorption of pyridine and after
outgassing (10° mbar) at 450 . The concentration of Brgnsted and Lewis acid sites
(referred to as BAS and LAS, respectively) was estimated from the areas of the bands at
1565 — 1515 cm™ and 1470 — 1435 cm™, respectively, by applying Eq. 4.1 and Eq. 4.2

modified from reference [12]:

» JA(1565 - 1515cm ™)
m

c(BAS) = 4.32[1000 [ Eq. 4.1

JA(1470-1435cm’™)
m

c(LAS) = 3.27 10002

Eq. 4.2

where:
¢ = concentration of acid sites [pimol/g]
IA = integral of the respective peak [cm™]
r = radius of the wafer [cm]

m = mass of the wafer [mg]

4.1.3. MAS NMR spectroscopy

All samples were packed in 4 mm ZrO,-rotors and spun at 15 kHz. For Al MAS
and MQMAS NMR measurements, the samples were hydrated for at least 48 h.
AI(NO3)3-9H,0 (6= -0.543 ppm) was used as reference. An excitation pulse with power
level of 7 dB and a length of 0.6 us was applied for the 1D spectrum. The relaxation time
was 250 ms. For 1D spectra, 2400 scans were recorded. MQMAS spectra were
recorded with a three pulse sequence [13]. The power level was 7 dB for the first two
pulses and 35 dB for the last one. The pulse lengths were p;=8 us, p,=3.2 us and p;=52
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us. The evolution time t; was incremented in intervals of 1 us and data were processed
with Bruker Topspin. After Fourier transformation, the 2D spectra were sheared so that
the orthogonal projection on the isotropic axis gives the 1D spectrum free of any
anisotropic broadening [14]. For quantification of the *’Al MAS NMR spectra, the
chemical shift and the quadrupolar coupling constant (QCC) were obtained from the
MQMAS spectrum and used to deconvolute the 1D spectra using dmWinfit2001
developed by Massiot [15].

For 'H MAS NMR spectra, the samples were activated in vacuum at 400 °C for
14 h to eliminate adsorbed water. At the magnetic field of 11.75 T, the Larmor frequency
for 'H was 500 MHz. Adamantane CyHys was used as reference material (5=2.0 ppm).
For spectra recording, an excitation pulse with a power level of 6.00 dB and a length of
1.60 us was applied. The relaxation time was 2 ms. For all spectra, 100 scans were
recorded. For quantification, the 1D spectra were simulated with Gaussian peaks using
dmWinfit2001.

For °Si MAS NMR, the Larmor frequency was 99.36 MHz. The reference for the
measurements was solid Si(OSi(CHs)s)s (0= -9.843 ppm). An excitation pulse with a
power level 7 dB and a length of 0.6 us was applied. The relaxation time was 250 ms.

For each spectrum, 2400 scans were recorded. The 1D spectra were simulated using
dmWinfit2001 for the determination of Si/Al ratio.

4.1.4. X-ray diffraction (XRD)

X-ray powder diffraction patterns of the samples were measured using a Philips
X'Pert Pro System operating with a CuKal-radiation (0.154056 nm) at 40 kV/40 mA.
Measurements were performed on a spinner with a 1/4” slit from 5°to 50°2 6 (0.05
9min). The relative crystallinity of the steamed s amples was determined by measuring
the intensity of the diffraction signal of the (051) peak and comparing it to that of the

reference unsteamed sample.

4.1.5. Nitrogen physisorption

Surface area, pore volume and pore size distributions of the materials were
obtained by nitrogen adsorption on a PMI automated BET sorptometer. Brunauer,
Emmet and Teller (BET), Barrett, Joyner and Halenda (BJH; desorption branch), and t-

plot methods were used for calculating specific surface area and meso- and micro-pore
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volume. Before adsorption, the sample (100 mg) was activated in vacuum at 400 <C for
2 h. After activation, the weight of the dried sample was determined. Finally, the sample

was cooled to —196 T and liquid nitrogen was adsor bed at increasing partial pressures.

4.1.6. Transmission electron microscopy (TEM)

TEM micrographs were recorded with a JEM-2010-JEOL microscope with a
resolution of 0.2 nm. The acceleration voltage was 120 keV (LaBg electron source).
Before measurement, the samples were dispersed in ethanol using an ultrasonic bath.

Drops of this dispersion were deposited on a copper grid-supported film.

4.2. Results
4.2.2. IR spectra of adsorbed pyridine

Figure 4.2 shows the effect of duration of steaming treatment on the IR spectra of

the samples activated at 450 .
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Figure 4.2. IR spectra of activated HZSM-5 as a function of steaming duration (450 T,
101.3 kPa water pressure).

The band at 3606 cm™, which is attributed to Brensted acid sites, strongly
decreased within 19 h steaming and attenuates slowly after this period. Visually, the
band at 3743 cm™, attributed to terminal SiOH groups, did not change its intensity
significantly with duration of steaming. An accurate qualitative determination of changes
in the intensity of this band is difficult due to varying baselines with the evolvement of

new species during steaming.

101



Chapter 4. Dealumination model of hydrothermally treated HZSM-5

The band from 3726 to 3630 cm™ is mainly attributed to OH groups on
extraframework aluminum and/or on aluminum partially hydrolyzed from the framework
[16]. This band was not observed for the unsteamed zeolite. It only appeared after 2 h
steaming. Prolonging the steaming treatment decreased the intensity of this band and it
was hardly detectable, when the steaming time exceeded 19 h. The width of this band
suggests the presence of another band that may correspond to weakly hydrogen bonded
Si-OH groups at defect sites as proposed by Jacobs and Uytterhoeven in the case of HY

zeolites [17].

The rather intensive and broad band with the maximum at 3250 cm™ is attributed
to the formation of hydrogen bonding between bridged hydroxyl forming strained
intramolecular hydrogen bond with neighboring lattice oxygen atom. This broad band
cannot be clearly observed in the transmission spectrum on the background of a strong

light scattering by the sample [18].
After adsorption of 0.1 mbar pyridine at 150 C, the band of the bridging OH

group was completely eliminated while the band between 3726 and 3630 cm™ remained
unperturbed (Figure 4.3). This shows that, at the adsorption temperature used, the acidic
strength of the corresponding hydroxyl groups was too low to allow interaction with

pyridine.
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o | —-spectrum after pyridine
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3800 3600 3400 3200 3000
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Figure 4.3. IR spectra of activated 2h-steamed HZSM-5, before and after pyridine
adsorption at 150 .

The intensity of the band at 1545 cm™, which is attributed to pyridinium ions

formed upon adsorption of pyridine on Brgnsted acid sites, decreased with increasing
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steaming duration (Figure 4.4). The band attributed to coordinatively adsorbed pyridine
at 1455 -1442 cm™ remained approximately constant in intensity, but shifted from an
initial value of 1447 cm™ in the unsteamed sample to 1455 cm™ after 48 h steaming. This
shift upon steaming is attributed to overlapping of bands corresponding to pyridine
adsorbed on less accessible aluminum cations and on hydroxyl groups (band at 1447
cm™) already present in the parent material, and also on well-accessible Lewis-acidic
aluminum cations at 1455 cm™ (most likely in the form of extraframework aluminum

species) [19].
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Figure 4.4. Difference IR spectra of pyridine on steamed HZSM-5 at different steaming
times (arrow indicates intensity decrease with increasing steaming duration: 0, 2, 5, 19,
24 and 48h).

Figure 4.5 summarizes quantitatively the effect of steaming time on the
concentration of Brgnsted and Lewis acid sites. The intensity of the band of pyridinium
ions strongly decreased with steaming duration until around 24 h. Then, the rate of
decrease was considerably reduced. The concentration of Lewis acid sites showed a
very small increase at the beginning of the steaming treatment and then remained
almost constant. The initial increase is attributed to the formation of extraframework
aluminum species. Thus, the overall decrease of the concentration of acid sites was

mainly due to the decrease in the concentration of Brgnsted acid sites.
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Figure 4.5. Change in acid sites concentration with steaming time (from IR spectroscopy

of adsorbed pyridine).

4.2.2. >’Al MAS NMR measurements

More than 99% of the Al adopts tetrahedral coordination in the unsteamed
HZSM-5, as indicated by the NMR peak between 80 and 40 ppm chemical shift (Figure
4.6) [20]. In all the steamed HZSM-5 samples, most of aluminum also adopts tetrahedral

coordination.

Intensity

ea s e g T

90 70

Chemical shift [ppm]

Figure 4.6. 1D *’Al MAS NMR spectrum of parent and steamed HZSM-5 (arrow indicates
intensity decrease with increasing steaming duration: 0, 2, 5, 19 and 24h).

104



Chapter 4. Dealumination model of hydrothermally treated HZSM-5

As shown in figure 4.7, after 24 h steaming, the area of the NMR peak
corresponding to framework tetrahedral Al was reduced to 80 % of that of the parent
unsteamed sample, which is assumed to be proportional to the total Al content in this
series of samples. The decrease of the peak corresponding to framework tetrahedral Al
was not compensated by a corresponding increase of the peak for Al in octahedral
coordination. A mass balance suggests that approximately 15 % of the total aluminum
was invisible to Al MAS NMR spectroscopy in the 24 h steamed sample. This is
determined by calculating the total intensity of the NMR spectrum between 80 and -15
ppm of the 24 h steamed HZSM-5 as a percentage of the total intensity of the NMR
spectrum of the unsteamed parent material. These “NMR invisible” Al species are Al in
highly distorted environment, resulting in high quadrupolar coupling constants which
cause peak broadening beyond detection in the 1D spectrum. Despite the 15 %
undetected Al, the relative decrease in Brgnsted acid sites concentration derived from IR
spectra of adsorbed pyridine was much more pronounced than that of tetrahedral Al in
NMR spectra (Figure 4.7).
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O Intensity of chemisorbed pyridinium ion from IR spectroscopy
20 ‘ ‘ ‘ ‘ |
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Steaming time [h]

Figure 4.7. Correlation between the percent of the original intensity of Aleya (80 to 40
ppm) from ?’Al MAS NMR and the percent of the original intensity of the IR
spectroscopic band associated to chemisorbed pyridinium ions (1560-1520 cm™), as

function of steaming time.
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2D MQMAS NMR spectra were measured to verify the type of aluminum

Ic%ciordination in the steamed HZSM-5 samples (Figure 4.8).
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Figure 4.8. ?’ Al MQMAS spectrum of a) 2h and b) 24h steamed HZSM-5

In the MQMAS spectra for all steamed samples, only tetra-coordinated aluminum,
with isotropic distributions as a result of variations in Al-O-Si bond angle and/or AI-O
bond length, was observed [21]. The presence of aluminum in distorted tetrahedral
environment caused a non-symmetric interaction with the external magnetic field,
resulting in a larger quadrupolar interaction. As a consequence, broadening of the
contour below the isotropic line was observed. Samoson et al. reported similar features
in spectra of dealuminated faujasites and ZSM-5 and suggested that the signal is related
to non-framework tetrahedral aluminum species [6].

The isotropic projection in the F1 dimension gives a 1D high resolution spectrum
of aluminum without quadrupolar second order broadening. A close examination reveals
at least two types of aluminum species with tetrahedral coordination, as evident from the
asymmetric shape of the peak (Figure 4.9a). This indicates two different types of
aluminum sites in the steamed HZSM-5 [22]. They experience relatively small
quadrupolar interactions and are comparable in concentration, since the contour of the
Al in the 2D MQMAS spectra lies along the isotropic line (Figure 4.9b). Thus, we can

assume that they have very similar MQ MAS efficiency.
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Figure 4.9.a) >’Al MQMAS F1 projection of HZSM-5 at different steaming durations and
b) aluminum in different T sites in the 2D MQMAS of 24 h steamed sample.

From the coordinates of the center of gravity of the different resonances in the 2D
MQMAS spectrum, the quadrupolar coupling constants (Cocc) as well as the isotropic
chemical shifts &, were calculated according to the following equations in which v, is the
Larmor frequency, n is the asymmetry factor and Pq is the “Second Order Quadrupole

Effect” (SOQE)/quadrupolar interaction product:

aiso :w Eq. 4.3.
5 1
17 2

P, =Cocc 1+% :(162000VL2(6F1 —an)j Eq. 4.4,

The excitation and conversion of MQMAS measurements depend on the ratio of
Vo/vis and so they are not quantitative [23]. Thus, quantification was done by fitting the
corresponding F1 projection using the quadrupolar parameters determined in the MQ
MAS experiment. The spectrum was deconvoluted into three peaks: peak IV; with
chemical shift of 57.2 £ 0.5 ppm, peak 1V, with chemical shift of 54.4 £ 0.5 ppm and peak
IVs with a chemical shift of 60.5 £ 0.5 ppm (Figure 4.10 a and b). In the unsteamed
sample, the average line width of the first two peaks was around 2.8 ppm with an
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approximate intensity ratio of 2.7 (Figure 4.10 c). The relative intensity decreased to 1.4
after 24 h steaming duration indicating that Al represented by peak IV; was preferentially
removed. Peak IV; at around 60 ppm linearly increased within 24 h steaming time.
Therefore, it was attributed to extraframework tetrahedral aluminum or partially
hydrolyzed distorted tetrahedral Al.

" Peak IV, c
¢ Peak IV,
A Peak IV,

Concentration of Al
species/jumol/g

0 5 10 15 20 25
Steaming time [h]
Figure 4.10. Deconvolution of Al MAS NMR spectra of a) 5h and b) 24h steamed
HZSM-5. Figure 4b has been magnified 1.2 times with respect to Figure 4a. Solid lines
are actual spectra, sketched lines are simulated spectra and dotted lines are

deconvoluted peaks; c) Change in concentration of Al species with steaming time.

Despite deconvolution of the ?’Al MAS NMR spectra, it was not possible to
correlate NMR with IR data, when assigning the Al at the two groups of T-sites detected

in NMR (sum of peak IV, and 1V,) to be directly related to Brgnsted acid sites (Figure
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4.11). 27umol/g of Al in the two T sites was found to be non Brgnsted acidic after 24 h

steaming.
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Figure 4.11. Concentration of BAS determined from IR of adsorbed pyridine and
concentration of Al (peak IV, + peak IV,) determined from ZIAl MAS NMR vs. steaming

time.

4.2.3 *Si MAS NMR

Lippmaa et al. have established an empirical relationship between the isotropic
chemical shift 3 and the average T-O-T angle o which is given by *'3 = -0.500a +132 and
S5 = -0.5793a -25.44 for ’Al [24] and ?°Si [25], respectively. It is, thus, possible to relate
the isotropic peaks in the ?’Al to those in the *°Si MAS NMR spectra.

In the ®Si MAS NMR spectrum of unsteamed HZSM-5, two peaks at -112.3 and -
115.2 ppm were detected. They correspond to two groups of T sites at lower and at
higher average bond angle, respectively. Using ref. [25] as guideline, we calculate these
angles to be 150°and 155° The concentration of th ese two groups, i.e., 69 % for the T-
O-T sites giving a signal at -112.3 ppm and 26 % for the sites at -115.2 ppm, agrees well
with the distribution of the two equivalent T sites derived from the ?’Al MAS NMR (peak
IV, and IV, in Figure 4.10). No attempt was done to deconvolute the *Si MAS NMR
spectra of the steamed HZSM-5 due to the overlapping of the peak of Si(1Al) at around -
106 ppm with that of Si(nOH) corresponding to defect sites at around -110 ppm.
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Peak  Position Width Integral (rel)
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2 -112.3 2.9 69 i

3 -115.2 2.9 26
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Figure 4.12. a) Deconvolution of the ?°Si MAS NMR spectrum for the unsteamed HZSM-
5 (solid lines are actual spectra, sketched lines are simulated spectra and dotted lines
are deconvoluted peaks); b) *Si NMR spectra for the unsteamed and 24h steamed
HZSM-5.

4.2.4. '"HMAS NMR

The change in the proton concentration of various hydroxyl groups was
monitored via '"H MAS NMR spectroscopy (Figure 4.13). The signal at 1.8 ppm is due to
protons of terminal SiOH groups on the external of the crystal surface. The signal at 2.3
ppm is due to internal non acidic Si-OH groups, silanol nests, which are associated to

defect sites present in the original material or formed upon dealumination [26, 27].

The change in intensity of the SiOH groups in terminal and defect sites observed
in NMR is larger than the corresponding change in intensity from that observed in IR
spectroscopic measurements. While it could be related to difficulties to defining the
baseline of the SIOH groups from IR spectra shown in Figure 4.2, we would also point to
the fact that the intensity of the bands could be obscured by changing molar extinction
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coefficients. Thus in case of such a conflict, the concentrations derived from the NMR
measurements are used for description of the changes. However, condensation of
hydroxyl groups and healing of defect sites with steaming time would eventually

contribute to the overall decrease in the intensity of the SiOH groups.

The non-acidic AI-OH group of extraframework/partially hydrolyzed Al should
appear at around 0 ppm, when unperturbed. However, interaction with other OH or
neighboring oxygen atoms results in a low field shift to 2.6-3.2 ppm [10]. This shift
depends on the nature of the extra-framework cluster, distance of oxygen atoms around
the species and pore shape of the zeolite. Thus, the peak centered at 3.1 ppm, which
appeared already at short steaming time, was attributed to framework-related partially
hydrolyzed AI-OH species, which are intermediates in the dealumination process [10].
Extended steaming treatment leads to full removal of such transient Al species which are

finally converted into extraframework Al species. They also contribute to the peak at 3.1
ppm.
The intensity of the bridging OH groups at around 4.3 ppm decreases with

increasing steaming time and stabilizes after steaming for 19 h.
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Figure 4.13. Deconvoluted *H MAS NMR spectrum of HZSM-5 after a) 0, b) 2, ¢) 5, d) 19
and e) 24 h steaming (solid lines are actual spectra and sketched lines are simulated

spectra); f) Change in concentration of different hydroxyl species with steaming time
from 'H MAS NMR.
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Good agreement was obtained between the Brgnsted acid sites quantified from
IR spectroscopy and bridging OH group determined from *H NMR (Figure 4.14).
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Figure 4.14. Concentration of Brgnsted acid sites determined from IR spectroscopy of

adsorbed Py vs. concentration of bridging OH groups from *H NMR.

4.2.5. X-ray diffraction

XRD was measured to determine the influence of steaming duration on the
crystallinity of the zeolite. Figure 4.15 shows the XRD pattern of one steamed HZSM-5
sample, whereby spectra of steamed samples were almost indistinguishable. Only a
slight loss in intensity of some reflexes was observed as a result of minor structural
destruction of the crystallinity. This results in the formation of some amorphous phases
in the steamed zeolites. Taking the unsteamed sample as reference, the crystallinity loss
after 48 h steaming was calculated to be only 6 %. This shows that the zeolite structural
integrity was largely maintained.
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Figure 4.15. XRD patterns of HZSM-5 steamed at 450 C and 101.3 kPa H ,O.

4.2.6. Nitrogen physisorption

N, adsorption measurements were carried out to explore changes in textural
properties induced by steaming (Table 4.1). Direct correlation between the variation of
specific surface area and steaming conditions was not observed. The micropore volume
remained unchanged after steaming for 48 h meaning that extraframework aluminum did
not block micropores. The mesopore volume slightly increased upon steaming. This is
attributed to partial sintering of the amorphous components holding the primary particles
together to small aggregates of secondary particles and eventually the formation of

smaller entities, as suggested by TEM measurements (see infra)

Table 4.1. Textural properties of steamed HZSM-5 samples.

Steaming BET surface Micropore Mesopore
time area volume volume
[h] m %/g cm?/g cm /g
0 335 0.15 0.15
2 372 0.15 0.20
19 341 0.15 0.16
48 349 0.16 0.18
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4.2.7. Transmission electron microscopy

The effect of steaming on the morphology of the ZSM-5 zeolite was studied by
transmission electron microscopy. Figure 4.16 shows an image of the unsteamed
sample. The size distribution of the zeolite aggregates is around 250-550 nm.

Figure 4.16: TEM pictures of unsteamed HZSM-5 sample.

Figure 4.17 compiles the TEM images of the powder after 48 h of steaming. The size
distribution of the zeolite aggregates decreased from 250-550 nm to 320-400 nm. No
obvious formation of mesoporous structure was observed from the TEM images. Only

the edges of the steamed zeolite crystals seemed to be less defined compared to the
unsteamed HZSM-5.
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20 nm

Figure 4.17: TEM pictures of steamed HZSM-5 sample.

4.3. Discussion

The effect of steaming on the concentration, coordination, location and acidity of
aluminum in high silica HZSM-5 was studied by IR and NMR spectroscopy. Mild
steaming temperature conditions were applied in order to observe intermediate Al
species and to monitor the steps involved in the dealumination process.

Coordination and acidity of aluminum

'H MAS NMR and IR spectra of adsorbed pyridine indicate that only 53 pmol/g of
the initial 123 pumol/g bridging OH groups was retained after 24 h steaming, while, on the
same sample, 80 umol/g of tetrahedrally coordinated framework aluminum was detected
by ?’Al MAS NMR. This means that not all tetrahedral framework aluminum carry
Brgnsted acid sites in these dealuminated samples.

Two hypotheses can be formulated to account for the difference of 27 umol/g Al
that do not lead to Brgnsted acidity. First, part of the Al in the framework could be only
partially hydrolyzed. These Al species no longer carry Brgnsted acid sites with respect to
pyridine but maintain tetrahedral coordination upon hydration with water. In the second
hypothesis, the acidic hydroxyl group carried by some of the aluminum atoms in the
framework could be neutralized by extraframework Al species. Hence, aluminum in
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these sites would remain tetracoordinated, but the negative charge would not be
balanced by a proton, but by an alumina cluster.

To explore the validity of the first hypothesis, we reviewed the possibility of
formation of partially hydrolyzed aluminum in the form of framework Lewis acid sites.
These sites were claimed to be formed during the calcination process of zeolites BEA
and ZSM-5. The subsequent hydration of these sites generates partially hydrolyzed
framework Al [28]. The adsorption of one water molecule on such a framework Lewis site
can result in species a (Figure 4.18) which could account for the high proportion of tetra-
coordinated Al in the ?’Al MAS NMR spectra with respect to the concentration of
Bragnsted acid sites determined by IR spectroscopy. However, the adsorption of pyridine
on tri-coordinated Al should also lead to an increase in the number of Lewis acid sites
(species b in Figure 4.18) corresponding to the decrease in Brgnsted acid sites detected.
As this was not observed, we conclude that the difference in the concentration of
tetrahedrally coordinated aluminum and the concentration of Brgnsted acid sites cannot
be attributed to dehydroxylated aluminum species in the lattice. In addition, partially
hydrolyzed aluminum, being connected to the framework by three or less bonds, are
highly unstable in the lattice. Thus, such species would be rapidly removed by 24 h of
steaming and partially hydrolyzed Al should account for only a small portion of the Al
not leading to Brgnsted acid sites.
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Figure 4.18. Proposed tricoordinated framework Lewis acid sites.
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In this context, it should be noted that Jacobs et al. were also unable to
experimentally detect tri-coordinated Al in dehydroxylated H-Y zeolite using X-ray
fluorescence techniques [29]. In addition, Al K-edge XAS spectra measured at high
temperatures clearly indicate that aluminum is mainly in the tetra-coordinated state even
at temperatures up to 975 K. The exposure to air or water directly annihilates the tri-
coordinated aluminum species, which are observed only in vacuum at temperatures
above 675 K [30]. This is supported by the presence of the peak at 3.1 ppm in *H NMR

spectra.

Overall, the combination of MAS NMR and IR spectroscopy allows concluding
that tri-coordinated Al and partially hydrolyzed Al, if formed, can exist only as transient
species. Such species are hardly present after 24 hours of steaming. Thus, the high
proportion of tetra-coordinated Al detected in Al MAS NMR s, in part, attributed to
extraframework aluminum adopting four-fold coordination (peak IV3) or to framework Al
which do not carry Brgnsted acidity due to the neutralization by EFAI species.

Let us now address the location and distribution of the labile aluminum species
that are removed in the first 24 h steaming and the influence of these extraframework
species on the remaining framework Al in steamed HZSM-5.

Fast dealumination: location and distribution of th e labile Al species

In the initial 24 h steaming, >’Al MAS NMR data indicated the preferential
removal of Al from the HZSM-5 framework with T-O-T angle around 150° Thereafter,
the removal of the remaining Al populated at both T-O-T angles of 150°and 155°slowed

down considerably. Similar results have been reported for steamed zeolite BEA [31].

It is interesting to note that adjacent, next nearest aluminum at tetrahedral
positions hydrolyses preferentially and is usually only stabilized by exchanging the
proton for a metal cation as observed in H-Beta [32]. Such Al paired sites have been
detected in the parent unsteamed material despite its high silica/alumina ratio (see
Chapter 2). Thus, it is concluded that Al present in next-nearest neighbor sites
contributes mainly to the initial dealumination. Thus, the labile Al (peak 1V, in ?’Al MAS
NMR) are located in one of the aluminum atoms in the local Si-Al sequence of [Al-O-(Si-
0).1.-Al] [33, 34]. Tentatively, we attribute the existence of such sites to the use of
organic templates and the type of starting material in the synthesis process [35, 36, 37].

The formation of Si-O-Al bonds (as measured by the AGYxn of condensation) is much
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more favorable than the formation of Si-O-Si bonds [38]. In addition, alumina has an
overall higher solubility than silica [39, 40]. Given the higher overall solubility of alumina
in basic medium coupled with the more favourable formation of Si-O-Al bonds over Si-O-
Si bonds, it is likely that these paired sites or local gradients are incorporated in the
crystals during the initial nucleation process in the inner core, while the isolated single
tetrahedral aluminum atoms are located near to the pore entrance

Theoretical calculations have shown that for such paired Al sites to be stable,
both Al atoms have to be located in the same channel (or ring) in the Al-O-Si-O-Al
sequence. The preference of this topological arrangement can be rationalized using the
bond order conservation principle. The weaker Al-O bond makes the neighboring bonds
relatively stronger [41]. The alternations of the bond weakening and strengthening make
the second O-Al stronger which implies an attractive interaction between the neighboring
Al (see Figure 4.19).

H H weaker, longer Al-O bonc

| I
O
\\\\“ \ \\\\“ | \ \\\“. \

N\

stronger, shorter Al-O bond

Figure 4.19. Alternation of bond strengthening and weakening at neighboring Brgnsted

acid sites.

The more pronounced lability of Al with a lower T-O-T angle is somewhat
surprising as one would generally assume these species to be more stable against
dealumination due to the higher symmetry around the Si-O-Al angel. However, the
higher lability can be rationalized by taking into account that the flexibility is reduced for
sites with more acute T-O-T angle, for which even protonation is less favorable [42].
Theoretical calculations have indicated the high capacity of larger inter-tetrahedral angle
to accommodate geometrical distortion arising from Si — Al substitution and protonation.
Thus, we propose the flexibility of the larger T-O-T angle, which allows distortion of the
Al-O bond especially in terms of the resulting angle strain, without destabilization of the

Al in the framework, to be the reason for their higher hydrothermal stability. They can
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also accommodate distortions brought about by tetra-coordinated EFAL which helps to
stabilize these framework Al against dealumination.

Moreover, the increase in the sp character of the oxygen over sp? hybridization of
the oxygen with an increase in T-O-T angle could also account for the higher stability of

the Al at these locations.

Overall, our results indicate that the dealumination process starts with the
breaking of the weakest Al-O bond which occurs at lower T-O-T angle in Al paired sites.

Slow dealumination step: potential influence of ext raframework Al

It has been shown that part of the Al located at sites of lower T-O-T angle of 150°
is more labile and is removed preferentially. This implies that the remaining Al populated
at T-O-T angle of 150°and 155° are more resistant against hydrolysis. As discussed
above, this preferential removal of Al at T-O-T angle of 150°is most likely due to the
removal of one of the Al at paired sites. The extraframework Al formed during this
dealumination step also stabilizes the remaining Al against dealumination. EFAI adopt
tetrahedral coordination, while being occluded in the pores.

As discussed above, to account for the difference of 27 umol/g Al that do not
lead to Brgnsted acid sites in the 24 h steamed sample, we propose that the Brgnsted
acid sites carried by Al that remains in the framework are neutralized by
extraframework Al that originated from paired Al sites. Tetra-coordinated EFAL, which
gives rise to Peak IV; in the Al NMR spectra, has been quantified to correspond to a
concentration of 18 pmol/g after 24 h steaming (Figure 4.10c), which is 9 pmol/g less
than the difference between framework tetrahedral Al and BAS. Though the partially
hydrolyzed aluminum are rather labile species, there still exists the possibility that the

unaccounted 9 pumol/g of non acidic framework Al.is related to such entities.

The more labile Al from paired sites is hydrolyzed preferentially and once
removed from the framework, may adopt many forms including cations like AF**, AlO*,
Al(OH),", Al(OH)** or neutral forms like AIO(OH), Al(OH);, Al(OH);.H,O [43-45]. Benco
et al. have simulated the largest diameter of the relaxed AI(OH);.H,O to be
approximately 0.5 nm, which can still fit within the HZSM-5 pore channels. These
extraframework Al particles are most stable, when localized next to a Brgnsted acid site
[44]. In this process, the zeolite proton is permanently transferred to the basic

extraframework aluminum oxide cluster [43]. The proposed mechanism of neutralization
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of Brgnsted acid sites by EFAI species is visualized in Figure 4.20 where EFAI species
are exemplified as Al(OH)s.

Al(CH), OH,
H OH
TO o 0 Neutralization of BAS by EFAL
NN S y
. TO (6]
S| Al O
\\\\“‘ [ ] o \ \ / \
\ TO oT [Si] ‘AI
TO R "
oT \\‘\‘ s \
oT

Figure 4.20. Proposed structure for stabilization of framework Al by extraframework
species.

DFT calculations have also yield stable minima for cationic extraframework Al
species such as AlO*/ Al(OH)** when coordinated to two Al in the framework as shown in
Figure 4.21. This may also help to account for the addition 9 pmol/g of non acidic Aleya
within the two T-sites as one extraframework Al neutralized two Brgnsted acid sites

when adopting such coordination.

/,

N
“,
”,

. /O ;‘\\

/S\' OH \AI\
\

O~AlI™~0

/ l \ and

Figure 4.21. Extraframework Al species in the form AI(OH)** coordinated to two

framework Al

Elementary reaction steps during dealumination

After the speciation of the aluminum atoms and acid sites in the zeolite structure,
let us now discuss the sequence of the reaction steps involved in the dealumination

process. The scheme is depicted in (Figure 4.22).

Dealumination starts with the breaking of the weakest Al-O bond rather than Si-O
bond. This is due to the less electropositive nature of Al compared to Si, resulting in a
weaker and longer Al-O bond (1.77-1.89 A) compared to Si-O (1.67-1.72 A) [46].
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When the weakest Al-O bond is broken, the tri-coordinated Al is immediately
coordinated by a water molecule forming an Al-OH group. The additional proton formed
from hydrolysis of water attaches to the remaining Al-O-Si but the rapid breaking of the
remaining Al-O bonds results in its final state as part of the hydroxyl group attached to Si
in the form of Si-OH. This process results in the formation of new hydroxyl groups found
in silanol nests (peak at 2.3 ppm in 'H MAS NMR spectrum) and also on partially
hydrolyzed framework/extraframework Al (peak at 3.1 ppm in 'H MAS NMR spectrum).
These partially hydrolyzed Al groups do not possess Brgnsted acidity, because all
involved OH groups are terminal hydroxyl groups. For silica-alumina mixed oxides, these

are known to have only very weak Brgnsted acid strength.

The complete removal of one Al should result in the formation of four Si-OH
groups, but the relatively modest increase in silanol nest formation represented by the
peak at 2.3 ppm in the *H MAS NMR spectra, indicates the healing of defect sites. This
can occur through the migration of hydrolyzed silicic acid species formed from
framework destruction or from the amorphous part of the zeolite to fill the defect sites
formed from Al eliminated from the framework. Since XRD points out to an almost
unaffected crystallinity even after 24 h steaming, this healing of sites should be mainly
attributed to the migration of silicic species from amorphous silica phase of the zeolite
left from the synthesis process (Figure 4.23).
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Figure 4.22. Proposed scheme for dealumination of framework Al
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The Al speciation during dealumination of the HZSM-5 framework is shown in Figure

4.24. The proposed structures of the different Al species are represented in Table 4.2.

100 + —e— framework Al forming BAS
1 —x— framework Al not forming BAS
—e— tetrahedral EFAI

S 80-

@ | —a— octahedral EFAI
‘S —o— Al NMR invisible
2 60

(70}

= il

S 40 -

5

3 il

@

[a)

Steaming time (h)

Figure 4.24. Graphical representation of the distribution of Al species during
dealumination of the HZSM-5 framework. “Framework Al forming BAS” was obtained
from IR spectroscopy of adsorbed Py; “framework Al not forming BAS” was calculated as
difference of framework tetrahedral Al (sum of peak IV; and peak IV, in Al NMR spectra)
and “framework Al imparting BAS”; “tetrahedral EFAI" corresponds to peak IVz in Al NMR
spectra; "octahedral EFAL” was calculated from Al NMR spectra; “Al NMR invisible” was
obtained as difference between the total amount of Al in the parent material and the sum

of all above mentioned Al species.
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Table 4.2. Proposed structures for intermediate and final Al species in the sequential

dealumination of HZSM-5

Al species (chemical shifts in
“’Al MAS NMR spectra)

Proposed structure of Al species

I
Acidic Al in tetrahedral TO o oT
coordination (80-40ppm) \[5'] N
|
SN e or
oT
OH OH
Partially hydrolyzed Al species /L |
- - Al
(NMR visible) 10 ° l ™ ot —_— l ™ o
oT oT
/OHZ
Neutralized sites (single HO—n— o;
neighboring BAS) (60.5 + 0.5 | N
ppm - tetracoordinated EFAL) TO o) oT
N7
. Isi] _A'\
TO " \OT TO ' oT
o O S
/S\' OH \AI\
Neutralized Al at high density \ /
O0~AlI~o

pockets (NMR visible) (60.5 +
0.5 ppm - tetracoordinated
EFAL)

Dealuminated Al from paired
sites’

APl¥*, AIO*, AI(OH),*, AI(OH)**, AIO(OH), Al(OH)s,
Al(OH)3.H,0

Partially hydrolyzed Al species
(nmr invisible)?

Probably in the form of highly distorted Al attached to
the framework with less than 3 bonds with highly
elongated Al-O bonds

Octahedral Al species (10ppm
to -5ppm)

OH,

HO.. | ..wOH
/AI\

Ho” | oH
OH,

'As proposed in refs. [43-45]

*Deduced from the large quadrupolar coupling constant of these species which made them NMR invisible.

Such species is in a much distorted environment with highly non-symmetric coordination.
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4.4. Conclusions
The mild steaming of high silica SAMPLE C at 450 € has been performed at

different durations and transient/extraframework Al species were observed, giving rise to
Al-OH groups at 3.1 ppm in *H MAS NMR spectra and also contributing to the broad
peak from 3726 to 3630 cm™ in the IR spectra. The removal of partially hydrolyzed
transient Al species is very rapid due to the non stabilized location in the framework. The
labile Al originated from local gradients or paired Al sites situated at T-sites with lower T-
O-T angle. This facilitates the neutralization of neighboring Brgnsted acid sites, resulting
in the rapid loss of Brgnsted acidity in the first 24 h.

Once the unstable Al from paired sites is removed and exchanged onto the
nearby Brgnsted acid sites, the hydrolysis of the remaining Al in the framework becomes
very slow. This is a direct consequence of the greater structural stability mainly
contributed by Al located at larger T-O-T angle of around 155°in the lattice and the
stabilization effect against dealumination of the remaining framework Al by the
extraframework Al. The tetra-coordinated extraframework Al and the remaining
framework Al in the lattice (both neutralized and non-neutralized) account for the high
concentration of Al in the 80-40 ppm chemical shift range as detected in ’Al MAS NMR.

Because paired Al sites (eventually induced by strong zoning) in the HZSM-5 are
responsible for the rapid loss of Brgnsted acidity, it is important to minimize the formation
of such paired sites, when the zeolite is used in the presence of water. This will ensure
the high activity of the catalysts with respect to reactions catalyzed by Brgnsted acid
sites under severe operating conditions.
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Chapter 5

Impact of steaming conditions
on the acidity of parent and

formed HZSM-5

Abstract

The effect of water partial pressure and steaming temperature on the concentration of
Brgnsted acid sites of powder and extrudate HZSM-5 (SAMPLE C and EXT C,
respectively) was investigated. The marked initial decrease in concentration of Brgnsted
acid sites during steaming of HZSM-5 extrudates is attributed to the rapid removal of
intercrystalline acid sites formed during the extrusion process. The rate of decrease had
a reaction order of two with respect to Brgnsted acid site concentration for parent and
formed HZSM-5 and indicates the higher lability of aluminum at paired sites. ?’Al
MQMAS shows that those Al are located at sites with relatively low T-O-T angles of
around 150° Embedding the zeolite crystals into a matrix leads to higher hydrothermal
stability. The segregation of vacancies/defect sites formed in the steamed HZSM-5 to the
surface of the zeaolitic crystals is concluded to be followed by the realumination of these

vacancies by hydroxylated Al species from the binder.
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5.0. Introduction

HZSM-5 is a highly important catalyst in a number of commercial processes
because of its shape selective properties and its high resistance to deactivation by coke
deposition [1]. The latter property has been related to the absence of large cavities in the
pore structure and low concentration of acid sites [2-4].

Industrial processes use water co-feeds to further limit coking [5-7], control the
exothermicity of the reaction, and reduce the partial pressure of the reactant. Hence, the
influence of steaming conditions on the properties of the zeolites is particularly
interesting. It is known that steaming leads to the dealumination of the zeolite structure
and, therefore, to the decrease in Brgnsted acid site (BAS) concentrations. However, if
the zeolitic catalyst is pretreated under optimized steaming conditions, the resulting
material can show higher stability under reaction conditions. In fact, the careful control of
the hydrothermal conditions can lead to fine tuning of the concentration of framework
aluminum, of the strength and distribution of Brgnsted and Lewis acid sites (LAS), and of
the sorption capacity [8-12]. It has been reported that rates of alkane cracking [13] and
isomerization [14, 15] were often greatly enhanced after steaming treatment.

Temperature, duration and water partial pressure are the most important
parameters affecting the modification of the zeolite during hydrothermal treatment.
Hence, the systematic investigation and understanding of the effects of these three
factors on the zeolite properties is needed for a knowledge based development of an
appropriate methodology to produce thermally stable zeolites for specific catalytic
applications. In consequence, the current manuscript addresses the changes in powder
and formed (bound with 20 wt% alumina binder) zeolite HZSM-5 (SAMPLE C and EXT
C, respectively) in two sections

In the first part, the kinetics of the change in BAS concentration under
hydrothermal conditions of HZSM-5 in the pure powder form and extrudate form is
investigated. In this respect, it is useful to mention that some authors have observed an
influence of the binder under steaming conditions for processes such as fluid catalytic
cracking [16, 17]. Hence, it is important to compare the behavior of the zeolite in powder
and extrudate form before one can infer the physicochemical properties of the steamed
extrudate from the corresponding steamed HZSM-5. The second part deals with the
effect of the steaming temperature on the acid sites concentration of extrudate and

powder.
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5.1. Experimental
5.1.1. Preparation of samples and apparatus used  for hydrothermal treatment

The parent HZSM-5 was synthesized according to the procedure described in
Chapter 2, section 2.2.1. The extrudate counterparts are synthesized according to
Chapter 3, section 3.1.1. For the first part of this work, the samples were steamed
according to the procedure described in Chapter 4 to derive rate expressions on the
change in BAS concentration with steaming time.

For the second part of this work, steaming treatments at different temperatures

were performed in the setup represented in Figure 5.1.

Extrudate Powder | Heating block |
N — — |
Steam condenses v Thermocouple @
Quartz tube Oven Quartz boat

A HPLC pump

double distilled H,O
(1.2 g-h™)

Figure 5.1. Setup for the variation of steaming temperature and duration.

Powder and extrudate samples (1 g each) were put into two quartz boats positioned
in a quartz tube inside a horizontal oven. Water was pumped into the system with a
Gilson 307 HPLC pump at a constant flow rate of 1.2 g/h. To prevent condensation of
water vapour at the outlet of the reactor, this area was heated to 150 . This steaming
procedure was carried out at five different temperatures (450, 480, 530, 580 and 630 C)
for three different durations (24, 48 and 72 h).
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5.1.2. IR spectroscopy of adsorbed pyridine
IR spectra were measured with a Perkin Elmer 2000 spectrometer. All spectra
were recorded in the region between 4000 and 800 cm™ at a resolution of 2 cm™. The

background spectrum was subtracted from all spectra.

For IR spectroscopy the samples were pressed into self-supporting wafers
(density 13-25 mg/cm?). After activation in vacuum (10°® mbar) for 1 h at 450 € (heating
rate 10 C/min), the sample was cooled to 150 T an d pyridine was adsorbed in small
doses until complete disappearance of the bridging OH group at 3606 cm™. The system
was then equilibrated for 0.5 h. IR spectra were recorded at 150 T before adsorption of
pyridine, during the adsorption of pyridine and after outgassing (10° mbar) at
temperature of 250, 350 and 450 . The concentrations of BAS and LAS were
estimated from the areas of the bands at 1565 — 1515 cm™ and 1470 — 1435 cm™, by
applying Eq. 5.1. and 5.2. modified from reference [18]:

JA(1565 - 1515cm™)
m

c(BAS) = 4.32[1000 % 2

Eqg. 5.1.

» JA(L470-1435cm™)
m

c(LAS) = 3.27 (1000 (¢ Eq. 5.2

where:
¢ = concentration of acid sites [pmol/g]
IA = integral of the respective peak [cm™]
r = radius of the wafer [cm]

m = mass of the wafer [mg]

5.1.3. MAS NMR measurements

MAS NMR spectroscopy measurements of the zeolites were carried out using a
Bruker Avance AMX-500 NMR-spectrometer with a magnetic field of 11.75T. The
samples were packed in 4 mm ZrO, rotors and spun at 15 kHz.

For Al MAS and MQMAS NMR measurements, the samples were hydrated for
at least 48 h. The reference for the measurements was Al(NO3)3-9 H,O (6 = -0.543 ppm).
An excitation pulse with power level of 7 dB and a length of 0.6 us was applied for the
1D spectrum. The relaxation time was 250 ms. For all 1D spectra, 2400 scans were

recorded. MQMAS spectra were recorded with a three pulse sequence. The power level
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was 7 dB for the first two pulses and 35 dB for the last one. The pulse lengths were
p1 =8 s, p. = 3.2 us and p; = 52 us. The evolution time t; was incremented in intervals
of 1 ps and data were processed with Bruker Topspin. For quantification of the >’Al MAS
NMR spectra, the chemical shift and the quadrupolar coupling constant (QCC) were
obtained from the MQMAS spectrum and used to deconvolute the 1D spectra using the

program dmWinfit2001 developed by Massiot [19].

5.1.4. X-ray diffraction

X-ray powder diffraction patterns of powder and extrudates were measured using
a Philips X'Pert Pro System operating with a CuKal-radiation (0.154056 nm) at 40 kV /
40 mA. Measurements were performed on a spinner with a 1/4” slit from 5°to 50° 2 6
(0.057min)..

The relative crystallinity of the steamed samples was determined by measuring
the intensity of the diffraction signal of the (051) peak and comparing it to that of the

reference unsteamed sample.

5.1.5. Nitrogen physisorption

Surface area, pore volume and pore size distributions of the materials were
obtained by nitrogen adsorption on a PMI automated BET sorptometer. Brunauer,
Emmet and Teller (BET), Barrett, Joyner and Halenda (BJH; desorption branch), and t-
plot methods were used for calculating specific surface area and meso- and micro-pore
volume. Before adsorption, the sample (100 mg) was activated in vacuum at 400 <C for
2 h. After activation, the weight of the dried sample was determined. Finally, the sample

was cooled to —196 T and liquid nitrogen was adsor bed at increasing partial pressures.
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5.2. Results

5.2.1. Kinetic studies on the effect of the water partial pressure on the BAS
concentration of powder and extrudate HZSM-5

Figure 5.2 shows the IR spectra of activated powder HZSM-5 after different
steaming durations at 450 C and water partial pres sure of 67.5 kPa. As a reference, the
spectrum of the corresponding unsteamed sample is also shown.

Bridging hydroxyl groups give rise to a band at 3606 cm™. Visually, there
appeared to be no evident relationship between the steaming duration and the intensity
of the 3606 cm™ band associated to bridging hydroxyl groups. This is due to varying
baselines in the different steamed HZSM-5. Integration using a straight baseline of the
bridging OH groups from 3642 to 3565 cm™ indicates an initial continuous decrease in
intensity of the bridging hydroxyl band with steaming duration, while the intensity hardly
changed beyond 24 h steaming time. Quantification of the bridging hydroxyl groups was
not carried out as their molar extinction coefficient was not determined.
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Figure 5.2. IR spectra of activated powder HZSM-5 as a function of steaming duration

(450 T, p (H,0) = 67.5 kPa).
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The broad band between 3706 and 3642 cm™ developed upon 5 to 15 h
steaming and is attributed to the AIOH group of partially hydrolyzed aluminum in the
framework and/or to extraframework aluminum [20, 21]. This band was not clearly
observable for steaming time exceeding 15 h and was absent in the IR spectrum of the
unsteamed activated powder HZSM-5.

The band at 3743 cm™ is attributed to terminal SiOH groups. The width at half
height of this band narrowed after 24 h steaming. This is tentatively attributed to freeing
of the terminal silanol groups from hydrogen bonding interaction with silanol groups at
defect sites or with hydroxyl groups present on extraframework Al or transient Al
species.

Figure 5.3 shows the IR spectra of activated extrudate HZSM-5 steamed for
different durations at 450 € and 67.5 kPa water partial pressure. As observed for the
powder sample, the intensity of the band at 3606 cm™ decreased with increasing
steaming time. The band at 3743 cm™, which is attributed to terminal SiOH, became
sharper with steaming time, which is attributed to the reduction of the interaction
between the terminal SiOH groups and the alumina binder upon steaming.

The shoulder at 3725 cm™ was observed in the IR spectrum of every steamed
extrudate HZSM-5. This band (also present in the IR spectrum of the unsteamed
extrudate) is attributed to hydrogen bonding interaction between OH groups, with the so
called silanol nests in the steamed materials. The intensity of this shoulder reached its
maximum at 2 h steaming time. Then, it decreased gradually with a concomitant
increase in the intensity of the terminal silanol group, and finally stabilized at 15 h
steaming time. This indicates that at first silanol nests are formed, as alumina is
eliminated from the tetrahedral position. With increasing steaming duration a significant
fraction of these hydroxy groups condensed.

The broad band between 3706 and 3642 cm™ is due to the AIOH groups of the
alumina binder and extraframework species [22]. Due to the severe overlapping of
bands, it is difficult to comment on the effect of steaming duration on the intensity of

each contributing species.
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Figure 5.3. IR spectra of activated extrudate HZSM-5 as a function of steaming duration
(at 450 T, p (H,0) = 67.5 kPa).

The concentration of Brgnsted and Lewis acid sites was quantified by IR
spectroscopy of adsorbed pyridine. Figure 5.4a shows a series of subtracted spectra of
powder samples steamed for different durations at 450 T and 67.5 kPa water partial
pressure. The spectrum of the unsteamed sample is also shown as a reference. The
spectrum of the activated sample was always subtracted from the spectrum with

adsorbed pyridine.
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Figure 5.4. a) Difference IR spectra of pyridine adsorbed on steamed powder HZSM-5
and b) Concentration of acid sites in steamed powder HZSM-5 (T =450 <,
p (H.0) = 67.5 kPa).

The BAS band at 1545 cm™ decreased with steaming duration as indicated by
the arrow (Figure 5.4a). The LAS band remained approximately constant, but the
position was shifted from an initial value of 1447 cm™ to 1455cm™ after 48 h of
steaming. This shift is most likely due to the overlapping of bands corresponding to
pyridine adsorbed on cationic impurities (1447 cm™) and on extraframework aluminium
species (1455 cm™) [23].
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The effect of steaming duration under 67.5 kPa steam partial pressure on the
concentration of BAS and LAS is quantitatively summarized in Figure 5.4b. Similar
trends were also observed for the other two series of powder samples steamed at water
partial pressures of 101.3 kPa and 50.7 kPa. The decrease in BAS concentration is
attributed to the increasing degree of dealumination with prolonged steaming treatment.
We have shown in Chapter 4 that the complete removal of 1 framework Al (termed as
dealumination) may result in the loss of more than one BAS. Therefore, the rate of
dealumination and the rate of decrease of BAS are not numerically equivalent. However,
we monitor the change in BAS concentration under hydrothermal conditions because of
its importance for catalytic reactions.

Figure 5.5 shows the BAS concentration versus steaming time as a function of
the three water partial pressures used for the powder sample. The rates of decrease of
BAS are given by the slopes of these curves. The decrease in BAS seems to occur in
two steps whereby the fast step occurs at steaming times below 24 h, and the slow step
after 24 h. It has been discussed in Chapter 4 that the rapid dealumination within the first
24 h is due to the preferential removal of Al located at lower T-O-T angle. These Al are
probably positioned at local gradients in the HZSM-5 crystals or as “aluminum pairs” with
local Si-O-Al sequences of [Al-O-(Si-O);,-Al] [24, 25]. The hydrolysis of the remaining
more stable Al required harsher steaming conditions to hydrolyze the Al-O bond.
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Figure 5.5. Determination of the initial rate of decrease of BAS of powder HZSM-5
steamed at 450 <C.
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The initial rate was considered for our kinetic studies (Table 5.1).

Table 5.1. Initial rate of decrease of BAS of powder HZSM-5 at different water partial
pressures.

Water partial pressure Initial rate of decrease of BAS concentration
[kPa] [umol/g/h]
101.3 18
67.5 11
50.7 6

The general rate equation (Eq 5.3) for the loss of BAS can be written as follows:
BA
% =r =« [BAS]" [p(H,0)’ Eq. 5.3
with  r = rate of BAS decrease
k = rate constant
[BAS] = concentration of Brgnsted acid sites

p (H,O) = partial pressure of water.

To determine the rate order dependence, the rate equation was used in the

natural logarithmic form (Eq 5.4):
In(-r) =Ink + x In[BAS] +y hp(H,0) (Eq. 5.4)

If the concentration of BAS is constant, the slope of the straight line In (-r) vs.
In p (H,0) gives the reaction order with respect to water. In the initial time on stream, the
BAS concentration can be assumed as constant (differential conditions) and thus, the
logarithm of the initial reaction rate (from Table 5.1) can be plotted vs. In p (H,O) (Figure
5.6).
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Figure 5.6. Determination of the reaction order of water partial pressure on powder
HZSM-5.

The obtained reaction order y with respect to water is 1.6, indicating a complex
reaction. Note that the order in water would be expected to be one, if the rate
determining step would be the initial interaction of the water molecule to break the AI-O
bond.

For the determination of the reaction order x with respect to the concentration of
BAS, the integral method was applied to the three sets of data represented in Figure 5.5.

Figure 5.7 shows the fit of the experiment data by assuming a second order reaction.
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Figure 5.7. Fit of experimental data by assuming reaction order 2 with respect to BAS

concentration of powder HZSM-5.

Finally, the kinetic constant k was obtained from Eq. 5.3. with y=1.6, x =2,
r = initial rate and [BAS] = concentration of BAS for the unsteamed powder HZSM-5
(123 umol/g).

=7.640107 J (Eq. 5.4)

k
pover umol  [kPal® [h

Summarizing all these results, the rate equation for the removal of BAS in

powder zeolite under hydrothermal conditions can be written as indicated in Eqg. 5.5 :

[ o = 7640107 o ?IkPal'G - (jBAS]? Cp(H,0)*° (Eq. 5.5)

It has to be noted at this point that the dealumination has been treated in this
equation as the lump between the sites that dealuminate with a faster and the sites that
dealuminate with a slower rate and in consequence two rate constants should be
observed. However, as the contribution of the slower dealumination is much smaller, the
approach is permissable. The same procedure described above for the powder sample
was applied for the determination of the rate of decrease of BAS of extrudate HZSM-5

under similar hydrothermal conditions.
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Figure 5.8a shows the subtracted spectra of the extrudate HZSM-5 steamed at
450C with p (H ,0) = 67.5 kPa. In general, both the Brgnsted acid site band at 1545 cm’
! and the Lewis acid site band at 1450 cm™ decreased with increasing steaming time.
This is due to the progression of dealumination with longer steaming duration. The
decrease in Lewis acid sites may be explained by the dehydroxylation and
agglomeration of the extraframework Al species and alumina binder [26]. The same
trend was observed for the other two series with water partial pressures of 101.3 kPa
and 50.7 kPa.
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Figure 5.8 a) Subtracted IR spectra of pyridine adsorbed on steamed extrudate and b)
Concentrations of acid sites in steamed extrudate (T = 450 C, p (H.0) = 67.5 kPa).
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Figure 5.8b summarizes the decrease of acid sites with steaming duration for
extrudate HZSM-5 steamed at 450 T and 67.5 kPa wat er partial pressure. As in the
case of the powder HZSM-5, the concentration of the Br@gnsted acid sites decreases with
increasing steaming duration. The Lewis acid sites concentration remained nearly
constant after the initial agglomeration with 5 h steaming duration.

The decrease of the Brgnsted acid sites concentration with steaming time under
different water partial pressures was taken into account for the following kinetic study
(Figure 5.9). The initial rate of decrease of BAS of extrudate HZSM-5 was determined as
the slope of the curve [BAS] vs. time for t = 0. The initial rate increases in proportion to
the water partial pressure (Table 5.2). The rapid initial loss of BAS primarily involves the
removal of intercrystalline Brgnsted acid sites (formed during the extrusion process) and
in part, to the more labile Al located at the crystalline part of the zeolite where local
gradients are present. They are located at lower T-O-T angle of around 150 °[27, 28]. At
the same water partial pressure, the initial dealumination rate is higher for extrudate than
for powder HZSM-5.
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Figure 5.9. Determination of the initial rate of decrease of BAS for extrudate steamed at
450<C.
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Table 5.2. Initial rate of decrease of BAS of extrudate HZSM-5 at different water partial

pressures.
Water partial pressure Initial rate of decrease of BAS concentration
[kPa] [umol/g/h]
101.3 61
67.5 30
50.7 24
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Figure 5.10. Determination of the reaction order of water partial pressure of extrudate

HZSM-5.

To obtain the reaction order with respect to water from the initial rate of decrease

of BAS (Table 5.2), the general rate equation for the decrease in BAS defined for the

powder sample (Eqg. 5.3) was also used for the extrudate. Reaction orders of 1.4 for

water and of 2 for the Brgnsted acid site concentrations were determined from Figure

5.10 and Figure 5.11.
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Figure 5.11. Fit of experimental data by assuming reaction order 2 with respect to BAS

concentration.

From the concentration of Brgnsted acid sites of the unsteamed extrudate HZSM-5

(121 umol/g), the following value for k was obtained:

= 6.30010°° 9

k
extrudate Iurml ka a1.4 Eh

Summarizing all these results, the rate equation for the removal of BAS of the

extrudate zeolite can be written as in Eq. 5.6:

14
extrudate — 6.30 EI'O_G Iurml ?kpalA h [ﬁBAS]Z Ep(HZO) Eq 5.6

r

Eq. 5.6. Rate equation for the removal of BAS in extrudates under hydrothermal
conditions.

5.2.1.1. Comparison of steamed powder and extrudate =~ samples
The concentrations of BAS remaining in the powder and extrudate were

compared to examine the relative stability of the zeolite under hydrothermal conditions.
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Figure 5.12. Comparison of BAS concentration of 1 g of powder with 1.25 g of extrudate
after steaming (450 C; 50.7 kPa H ,0).

Figure 5.12 compares the decrease of the Brgnsted acid sites of the powder and
extrudate HZSM-5 after steaming at T = 450 C with p (H,O) = 50.7 kPa. The initial rate
of decrease of BAS of the extrudate is higher than that of powder. Previous work
described in Chapter 3 suggests 20% of the total Brgnsted acid sites are intercrystalline
and are created during the binding process between the alumina binder and the silica
phase of the zeolite crystal. These intercrystalline sites are removed in the initial stage of
steaming, as they are not as stable as the Al within the zeolite lattice structure.

The initial loss of LAS as a result of agglomeration of alumina binder changes the
contact between binder and zeolite resulting in the destabilization of the weak BAS
formed at the interface. To have an accurate comparison of the hydrothermal stability of
the zeolite catalysts, it is vital to separate the contributions from the alumina binder from
that of the zeolite. Hence, the concentration of remaining acid sites of 1g of powder
HZSM-5 is compared with 1.25g of extrudate (1.25g of extrudate = 1g of powder HZSM-
5 + 0.25¢g of alumina binder (20 wt%)). The results show that up to 50% more Al,eoiite
remained in the extrudate after 48 h steaming at 450 C and 101.3 kPa H ,O.

5.2.2. Effect of steaming temperature on powder and extrudate HZSM-5
The effect of steaming temperature and duration on the decrease of Brgnsted
acid sites was also investigated. The complete set of the corresponding steaming

experiments was performed at 101.3 kPa water partial pressure. Figure 5.13 shows the
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IR spectra of activated powder HZSM-5 steamed for 48 h at different temperatures. As
the steaming temperature increased, the intensity of the bridging hydroxyl groups at
3606 cm™ decreased. This decrease was very drastic after steaming at 630 T, as
almost no bridging hydroxyl groups were detected. Clearly, the decrease in the
concentration of BAS is more pronounced with higher steaming temperatures. The

concentration of terminal (isolated) silanol groups was hardly affected.
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Figure 5.13. Normalized IR spectra of activated powder HZSM-5 steamed at different
temperatures for 48 h and 101.3 kPa H,O pressure.

The narrowing of the terminal SiOH group of powder steamed at harsher
conditions seemed to indicate the freeing of the silanol groups from hydrogen bonding
interaction with hydroxyl groups from extra-framework Al or from interactions with silanol
nests at defect sites. This suggests the agglomeration of extraframework Al into alumina
clusters or the healing of the defect sites through the migration of hydroxylated silicic
species from the amorphous part of the zeolite, thus removing the hydroxyl group from
the silanol nests in the process [29, 30].

After steaming at 480 €, a broad band between 3730 and 3630 cm™ due to the
hydroxyl group of the extraframework Al was observed. This peak was not observed in
the fresh powder catalyst. As the steaming temperature increased, this broad peak
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disappeared, most probably due to the agglomeration of Lewis acid sites at high
temperatures.

Figure 5.14a shows the concentration of acid sites remaining in powder HZSM-5
upon steaming at different temperatures for 24 h. While the Lewis acid sites remained
relatively constant, the decrease in Brgnsted acid sites with increase in steaming
temperatures resulted in the overall decrease in the total acid sites concentration.

As shown in Figure 5.14b, the concentration of Brgnsted acid sites remained
more or less constant regardless of the steaming duration at mild and severe steaming
conditions (450, 480 and 630 ). However, at inter mediate steaming temperature (530
and 580 <), a further decrease in the concentration of Brgnsted acid sites was
observed from 72 h steaming time.
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Figure 5.14. a) Acid sites concentration of powder HZSM-5 after 24 h steaming at
different temperatures and 101.5 kPa H,O pressure b) Effect of steaming duration at
different steaming temperatures on powder HZSM-5.
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Figure 5.15 shows the IR spectra of the activated extrudate steamed at
different temperatures. The observed decrease of the intensity of IR band at 3606 cm™
corresponding to bridging OH groups during the dealumination indicates that
tetrahedrally coordinated Al is hydrolyzed from the framework. The complete expulsion
can result in octahedrally coordinated extra-framework Al, which should increase the
broad band between 3706 and 3640 cm™. While we want to note that hydroxylated Al of
the extraframework Al species and the hydroxylated Al from the alumina binder show the
same spectral characteristics, the intensity of the IR band characteristic of AI-OH groups
decreased with increasing steaming temperature. This trend can be attributed to the
agglomeration of alumina nanopatrticles in the zeolite pores, which leads to the reduction
of the concentration of AIOH group and, thus, to a decrease in the number of Lewis acid

sites per atom of extraframework Al.
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Figure 5.15. Normalized IR spectra of extrudate HZSM-5 steamed at different

temperatures for 48 h and 101.5 kPa H,O pressure.

As dealumination progresses, more defect sites are formed due to the loss of Al
from the lattice. The silanol nests generated in this process contribute partly to the
shoulder at 3725 cm™ [31]. As steaming temperature increased up to 530 °C, the

intensity of the shoulder increased due to hydrogen bonding interaction between
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terminal silanol groups (3743 cm™) and that of silanol nests (3725 cm™) or with the
alumina binder. This increase may also be due to the interaction of terminal silanol

groups with new amorphous silica/alumina phase formed during the steaming process.

As the steaming temperature increased further (530 to 630 <), the intensity of
the shoulder at 3725 cm™ decreased. This is accompanied by a small increase in the
intensity of the terminal silanol group. The decrease of the band at 3725 cm™ after
steaming at 580 < indicates further healing of str uctural defects at silanol nests.

Figure 5.16a shows the concentration of acid sites remaining in extrudates
HZSM-5 upon steaming at different temperatures for 24 h. While the Lewis acid sites
decreased marginally as a result of agglomeration of alumina particles upon steaming,

the Brgnsted acid sites decreased markedly with increasing steaming temperature.
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Figure 5.16. a) Acid sites concentration of extrudate HZSM-5 after 24 h steaming at
different temperatures (101.5 kPa H,0:) and b) Effect of steaming duration at different
steaming temperatures on extrudate HZSM-5.

Figure 5.16b shows that the concentration of BAS remained relatively constant
after 48 h steaming. However, there was a further decrease after 72h steaming at
steaming temperatures between 530 and 580 <C. It is interesting to note that this was
also observed for the powder samples. Thus, a comparison between extrudate and
powder after 72 h steaming is shown in Figure 5.17. Note that all the intercrystalline sites
in the extrudates were removed within 24 h steaming duration. The concentration of BAS
of 1 g of powder was compared with that of 1.25 g of extrudate to account for the dilution
effect by the presence of binder (20 wt%) in the extrudate. Despite the fact that the
extrudates suffered a higher loss of BAS at mild steaming conditions and short steaming
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time, after 72 h, the BAS in the extrudate are slightly more stable than are those in the
powder HZSM-5 at harsher steaming temperatures.
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Figure 5.17. Comparison of Brgnsted acid sites concentration in extrudate and powder
HZSM-5 steamed for 72 h at different temperatures (101.3 KPa H,0). The amount of
BAS has been normalized to the amount of zeolite for the extrudate and powder.

5.2.2.1. ’ Al MAS NMR of steamed powder HZSM-5
2’Al MAS NMR analysis was carried out on HZSM-5 powder steamed for 24 h at

different temperatures (Figure 5.18). Due to the high concentration of Al from the binder
in the extrudates, a clear observation of the change in the framework Alyzsus of the
extrudate could not be unambiguously obtained. Hence, only the data of steamed
powder HZSM-5 will be discussed here.
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Figure 5.18. Al MAS NMR spectra of 72 h steamed powder HZSM-5 steamed at
different temperatures (pH,O: 101.5 kPa).

At low steaming temperatures of 450 and 480 T, only a small concentration of
distorted tetrahedral aluminum (40-20 ppm) was formed. The small sharp peak at 0 ppm
is an indication of extraframework aluminum with octahedral coordination. When
steaming temperature was increased above 480 C, an increase in the width of the
tetrahedral peak was observed. This broadening is due to the progressive increase of
distorted tetrahedral aluminum as hydrolysis of the framework progresses with higher
temperature. In addition, the concentration of octahedrally coordinated aluminum at 0

ppm increased significantly. The broadness of this peak [32] indicates that the
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octahedrally formed aluminum is in a distorted environment. Part of these species could
still be partially attached to the framework [33-35].

The progressive loss of intensity with increase in steaming temperatures prior to
stabilization at 530 < is due to further developme nt of “NMR invisible” Al species. These
are in a non symmetric environment resulting in high quadrupolar coupling constant that

broadened the peak beyond detection in the current arrangement.

5.2.2.2. Al MQMAS NMR of steamed powder HZSM-5

2D ?’Al MOMAS measurements were performed to distinguish the coordination of
Al species in the steamed powder samples. The isotropic projection in the F1 dimension
gives a 1D high resolution spectrum of aluminum without quadrupolar second order
broadening (Figure 5.19a).This spectrum can be deconvoluted into three peaks (Figure
5.19c). Peak IV; and IV, represent Al in 2 T-sites in the HZSM-5 while peak 1V;
corresponds to distorted tetrahedral extraframework Al species.

The contour of the tetrahedral peak in the 2D spectrum lying close to the isotropic
diagonal line indicates the similar excitation efficiency of Al represented by Peak IV, and
Peak IV, Hence, the two peaks were deconvoluted by assigning them to have similar
quadrupolar coupling constants of around 2100 MHz (Figure 5.19b). As shown in figure
5.19d, increasing steaming temperature resulted in the preferential removal of Al
represented by Peak IV;. The greatest change in the ratio between Peak 1V; and Peak
IV, occurred at mild steaming conditions, which is for temperatures below 480 <C. For
higher temperatures, the dynamic change in the Al at the 2 T-sites approaches to an
equilibrium.

Al in distorted tetrahedral environment represented by Peak IV; formed on
steaming and remained approximately constant after 450 'C steaming temperature.
These species are most likely extraframework Al which adopt tetrahedral coordination as

partially hydrolyzed framework Al should be removed by 72h steaming time.
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Figure 5.19 a) Comparison of F1 projection of unsteamed and 72 h steamed HZSM-5
powder (Arrow indicates decrease in Al at 57.3 ppm b) 2D MQMAS spectra of powder
HZSM-5 steamed at 450 °C for 72 h, c) Deconvolution of F1 projection of powder HZSM-
5 steamed at 530 °C and d) Change in concentration of different Al species as function

of different steaming temperatures.

5.2.2.3. XRD measurements of steamed powder and ext rudate HZSM-5
XRD measurements were carried out to determine the degree of crystallinity of

the steamed samples. The resulting diffraction patterns are shown in Figure 5.20 and
5.21.
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Figure 5.20. XRD powder diffraction patterns of 24 h steamed powder HZSM-5.
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Figure 5.21. XRD powder diffraction patterns of 24 h steamed extrudate HZSM-5.

Only a small decrease in crystallinity was observed for the samples steamed

from 450 until 580 C. The degree of crystallinity in these samples was calculated to be
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94% of that of the parent unsteamed zeolite. However, upon steaming at 630C, a
further decrease in intensity of the XRD reflexes was observed with the HZSM-5,
retaining only 90% crystallinity. This is attributed to slow thermally induced structural
decomposition of the zeolite forming amorphous material at severe steaming conditions
[30]. The extrudates maintained approximately 95% crystallinity after 630C (Figure
5.21). Note that this agrees perfectly with the higher concentration of Bransted acid sites
found in these materials

5.2.2.4. N, adsorption measurements of steamed powder and extr udate HZSM-5
Nitrogen physisorption data show the relatively constant micropore volume of

powder HZSM-5 for all steaming temperatures (Table 5.3.).

The change in the mesopore volume is more complex. At mild steaming
temperature of 450 C, an increase in the mesopore volume was observed indicating
that part of the lattice structure is hydrolyzed, forming defect sites. A further increase
was observed for the powder samples steamed at 480 C. At the intermediate steaming
temperature (530 C) the mesopore volume decreased. This is tentatively explained with
a rearrangement and densification of the intercrystalline space between primary zeolite
particles. Note that the slight increase in the pore volume at high steaming temperatures
(580 to 630 ) suggests that the rearrangement of the inter particle matter leads to
increase in mesopore volumes. The rate of healing of the defect sites by silica species
generated from the thermal destruction of the framework (a diffusion controlled process)
is not sufficient to fill in the formed defects.

Table 5.3. Textural properties of 48 h steamed HZSM-5 powders.

Steaming BET surface area Mesopore Micropore

temperature/ 2
< [m®/g] volume [cc/g] | volume [cc/g]

Unsteamed 335 0.15 0.15
450 338 0.18 0.15
480 357 0.26 0.16
530 333 0.16 0.16
580 341 0.19 0.15
630 336 0.20 0.15
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Table 5.4 compiles the nitrogen physisorption data of steamed extrudate HZSM-
5. The 35% increase in mesopore volume at mild steaming temperature of 450 C
indicates the agglomeration of alumina binder into clusters at the beginning of steaming.
However, no significant change in the pore morphology and structure after 450 C

steaming was observed.

Table 5.4. Textural properties of 48 h steamed HZSM-5 extrudates

Steaming BET surface Mesopore Micropore
temperature/ 2

< area [m“/g] | volume [cc/g] | volume [cc/g]

Unsteamed 353 0.15 0.15
450 323 0.23 0.10
480 338 0.22 0.11
530 318 0.24 0.10
580 319 0.24 0.10
630 303 0.24 0.10

5.3. Discussion

During steaming, a complex series of events changes the acid site distribution as
well as pore structure. This network of kinetic reactions strongly depends on the nature
of the starting material, and the external parameters such as temperature, partial
pressure of water and the duration of the process. We account for these parameters
here in the most detailed way, laying a basis for later kinetic modeling of the processes.

Acid functional groups
Tetrahedrally coordinated aluminum and Brgnsted aci d sites

The concentration of Brgnsted acid sites decreased upon steaming as a result of
expulsion of Al from the framework. However, we have shown in Chapter 4 that the two
phenomenons are not always quantitatively equivalent. Both the HZSM-5 and the
formed catalysts showed a marked decreased in the BAS concentration within the first
24h steaming followed by a very slow decrease thereafter. The two different rates are
attributed to the removal of at least two groups of Al species, which differs in their
location within the lattice.

The onset of the initial dealumination process involves the participation of more

than 1 Al, given the rate order of 2 with respect to BAS for both powder and extrudate
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HZSM-5. For the parent zeolite sample, these Al atoms are located in a zone of higher
aluminum concentration. Upon removal from the lattice, the alumina species interact with
nearby sites still in the lattice. It should be noted that tetrahedral aluminum species exist
(peak 1V, in *’Al MASNMR) that hardly change in concentration with time (refer to
Chapter 4) and temperature of steaming. As the concentration of BAS decreases under
all circumstances steadily, we conclude that these sites must be stabilized eventually by
extra lattice alumina species.

After the removal of the labile Al species in the first 24h, the subsequent
dealumination process involves the Al that is more isolated and stable, and hence
requires more energy to hydrolyze the Al-O bond manifested in the slower dealumination
rate after 24h.

In the case of the formed material, this fast step would also involve the labile
surface/intercrystalline acid sites. These non-isolated Al species, once removed, cap
onto neighboring BAS and neutralized their Brgnsted acidity, also causing a rapid
decrease in the detected BAS concentrations.

Previous IR spectroscopy investigations on the effect of binder on the acidity of
HZSM-5 (see Chapter 3) indicate that these intercrystalline acid sites are formed as a
result of interaction of the alumina binder with SiOH/SiO, phase in the zeolite during
extrusions/calcinations at high temperature. Comparison between the powder and the
extrudate indicate a higher initial rate of decrease of BAS in the extrudate. This is
primarily due to the facile removal of intercrystalline acid sites. As the formation of
intercrystalline sites requires the contact of the alumina clusters with the zeolite crystals
on an atomistic level, we conclude that hydrothermal treatment disrupts such contact,
resulting in changes in pore morphology and subsequently the stability of such acid sites
at the interface.

The tetracoordinated framework Al forming Brgnsted acidity is influenced by the
presence of extra lattice Al in its vicinity. Even though part of the framework Al is
stabilized by extra lattice Al, their Brgnsted acidity is neutralized. This is detrimental in
reactions requiring the participation of BAS. The interaction of the extra lattice Al with
neighboring sites, previously possessing Brgnsted acidity, is apparently sufficient to
stabilize them in their present form. Such interaction is sufficient to prevent them from
being leached out even at severe steaming temperatures of more than 500 °C. This is
concluded from NMR data in which tetracoordinated extra lattice Al is detected in all the

steamed materials.
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The preferential removal of Al from T-sites with lower T-O-T angle of around 150°
(= 57.3 ppm in ¥ Al NMR) compared to T-O-T angle of around 155°( &= 53.1 ppm in ’Al
NMR) gives an insight to the stability of Al with different T-O-T angles. This information is
useful towards the systematic design of zeolites that have higher hydrothermal stability
especially when paired sites are avoided.

Lewis acid sites

Lewis acidity is mainly related to hexacoordinated extraframework Al, by the
alumina binder (in the formed material), and to a small extent, by the presence of
cationic impurities present in the parent material. If the species would remain fully
dispersed, the removal of Brgnsted acid sites should result in an equivalent increase in
the concentration of Lewis acid sites. However, the disparity in the quantification of the
two indicates that most of the expelled Al species hydrolyzed and condensed to form
larger alumina nanoclusters. This is on top of the small amount of Al that was hydrolyzed
out from regions of high Al concentrations and is deposited within the parent material.

Blockage of the micropore structure is not observed, despite the dealumination
process. This is a result of the 3D network of pore channels of HZSM-5 zeolites, which
enabled probe molecules e.g. pyridine used in IR spectroscopy measurements to enter
through various pathways to the acid sites.

The Lewis acid sites of the alumina binder continue to decrease with increase in
steaming temperatures. In this aspect, the agglomeration of alumina clusters via
dehydroxylation and condensation took place upon steaming, thus changing the contact
between the zeolite and the binder. The rearrangement of the interparticle material
destabilizes the intercrystalline acid sites, thus contributing to the higher initial decrease

in the BAS present in the extrudates.

Pore structure and lattice integrity

An increase in the mesopore volumes for both the parent and formed HZSM-5 is
observed upon steaming. This increase is attributed to the rearrangement of interparticle
materials and, to a smaller extent, to the destruction of the structural integrity, forming
defect sites in the zeolite crystals.

Dehydroxylation and thermal destruction on the HZSM-5 starts at 500 . This
structural decomposition, which is slower than dealumination, may proceed for certain

duration and once a threshold level of structural degradation is reached. The remaining
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framework Al becomes destabilized and is further hydrolyzed from the zeolite lattice.
This is supported by the further decrease in BAS concentration after 72h steaming at
530 and 580 <. Hence, structural integrity is vital for the stability of the framework Al,
without which, they would be easily hydrolyzed from the lattice structure.

At 630 C, framework decomposition takes place as a result of thermal induced
degradation of the structure. This is evident from the loss of intensity of the main reflexes
of the diffraction pattern and the formation of further mesoporous structure. At this stage,
the healing of defect sites by diffusion of hydroxylated silicic species from amorphous
silica phase is too slow to compensate the increase in the number of defect sites.

The retaining of 90% crystallinity in the parent HZSM-5 indicates that the
structural integrity of the crystals is largely retained. The 95% crystallinity in the formed
catalysts shows an even more superior stability of the final material against structural
degradation during steaming. This is also indirect evidence that explain for the retaining
of a higher concentration of Brgnsted acid sites at severe steaming conditions compared

to the unformed material.

Specific influence of the binder

Embedding HZSM-5 powder into an alumina binder leads to higher stability of the
zeolite at severe steaming conditions. It is interesting to note that the changes in
mesopore structures of the steamed extrudates upon further increase of steaming
temperatures are minute compared to that exhibited by the unbound HZSM-5.

The matrix retarded the interparticle rearrangement of the zeolite aggregates as
observed in the powder HZSM-5. This protecting effect requires the intimate contact
between the matrix and the zeolite particles which has been shown by the generation of
intercrystalline acid sites in the unsteamed extrudates. The zeolite crystal aggregates
are surrounded by small aggregates of alumina clusters. Thus, the individual zeolite
aggregates are no longer in direct contact.

The intimate contact between the zeolite crystals and the alumina binder also
gives rise to limited realumination of vacancies created during dealumination. This is
related to the metastable aluminum species present in the zeolite that can undergo
reversible coordinations [37]. Such realumination only takes place if there is interaction
between the matrix and the zeolite surface. Thus, for realumination to take place, the
defect sites formed from structural degradations should most probably be located near to

the pore mouth of the zeolite crystals.
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The location of defect sites near to the zeolite surface can arise from the
apparent migration of vacancies via the T-jump mechanism, when neighboring Si refills
the vacancies (Figure 5.21) The Al from the binder can then insert into these vacancies
near to the zeolite crystal surface. Further studies should be performed to confirm, if

these realuminated sites possess Brgnsted acidity of comparable acid strength with that

of the zeolitic acid sites.
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Figure 5.22. T-jump mechanism of Si migration or apparent migration of the framework

vacancy [38].
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Figure 5.23. Schematic drawing of the realumination of zeolite crystals by hydroxylated

Al species from binder.

5.4.  Conclusions

It is commercially attractive to perform post synthesis modification of zeolites via
steaming to achieve a material of higher hydrothermal stability with the desirable Si/Al
ratio. The effect of steaming is the decrease in BAS concentration accompanied by a
minor decrease in LAS concentration. The existence of Al paired sites resulted in a rapid
decrease of BAS concentration after the initial steaming duration. This is due to
neutralization of neighboring sites by extra lattice Al that originates from the paired sites.

Presence of intercrystalline acid sites can also contribute to the rapid decrease as
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demonstrated in the formed materials. Hence, the avoidance of such paired sites is
essential when hydrothermal conditions are applied.

The agglomeration of extra lattice Al and also alumina binder results in the
decrease of the detected Lewis acid sites concentration. The former phenomenon did
not result in significant pore blockage while the latter resulted in the destabilization of
previously formed intercrystalline acid sites. Minimal changes in the crystallinity of the
steamed materials indicate the superior structural stability of high silica zeolite for use in
hydrothermal conditions.

The results further demonstrate that embedding of zeolite crystals in a matrix
created a protecting effect which retards the sintering and structural degradation of
zeolite crystals. Hence, more Brgnsted acid sites are retained in the formed material
after steaming compared to the unformed material on the same zeolite weight basis. The
limited realumination of defect sites that segregated to the surface of the zeolite crystals
by hydroxylated Al species from the binder during steaming also contributes to the

enhanced hydrothermal stability of the formed materials.
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More than 60 years have passed since the first introduction of zeolites as
adsorbent, catalysts and ion exchanger in various applications of science and
technology. Of the members of the zeolite family, HZSM-5 with its ten-membered ring
pores and high acid strength are ideal materials for selective sorption and catalytic
reactions. Its outstanding property in terms of thermal stability, coke resistivity and shape
selectivity resulted in several industrial applications for hydrocarbon conversion.

The key to the successful application of HZSM-5 as a catalyst requires a careful
control of the synthesis process to tailor desirable acid sites strength, distribution and
concentration of the aluminum within the framework. The understanding of zeolites in
terms of its inherent acidity has matured tremendously over the past 50 years with a vast
number of publications and proceedings which enhanced our understanding of these
aluminosilicate materials.

However, one often observes different results with slight variations of the
preparation methods. In addition, the application of pure HZSM-5 as a catalyst is not
possible due to the poor self binding property. The requirement of embedding into a
matrix resulted in the contribution of the binder to the overall observed stability and
activity of the bound HZSM-5. It is no longer possible to extrapolate the properties of the
pure powder to the bound catalysts as the intimate contact of the matrix and the zeolite
crystals involves complicated physicochemical processes.

With this in mind, the subtle variations in a series of HZSM-5 with varying Si/Al
ratios were explored in Chapter 2 of the thesis. In-depth characterizations of the change
in acidity was done using temperature programmed desorption of ammonia, IR
spectroscopy of adsorbed pyridine, *H NMR and thermogravimetry. Heterogeneity of
acid sites was observed in all samples despite the relatively low concentration of Al in
the unit cell ranging from about 4.5 to 0.4 Al/u.c.. In addition, the HZSM-5 with highest Al
content exhibited highest strength while that with the lowest number of framework Al has
the highest proportion of weak acid sites. This is in contrary to the general notion of
higher acid strength in high silica zeolite due to localization of aluminum charge density.

The observed peculiarities are explained by the presence of extraframework Al in
the vicinity of the Brgnsted acid sites resulting in the inductive enhancement of its acid
strength. A constant number of weak sites are present in all the HZSM-5 investigated,
suggesting a fortuitous formation of paired Al sites at local gradients in which their non-
statistical distribution and location is influenced by the energetics of the synthesis

process. It is likely that the formation of such paired sites takes place at specific T
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positions within the framework, resulting in the lower protonic reorientation in the AlO,
tetrahedra and hence lowers the protonic mobility. These findings suggest that
estimation of acid strength purely based on the number of framework Al is too simplistic.
The distribution and location of framework Al appears to precede the concentration in
the overall observed acid strength.

Since the application of most HZSM-5 in commercial use requires the binding
with a matrix, the physicochemical properties of HZSM-5 extrudates bound with alumina
binder is studied in Chapter 3. Results show that the overall effect of the pelletization
process is the increase in the total acid sites concentration as a result of an increase in
the Lewis acid sites contributed by the binder. In addition, the effect on the Brgnsted
acid sites concentration differs, depending on the Si/Al ratio of the zeolites. It is shown
that new intercrystalline Brgnsted acid sites are formed at the outside of the crystals or
with silica between the crystals for the high silica HZSM-5. In addition, apparent acid
sites are formed which takes place only on adsorption of a strong base like pyridine
when Lewis acid sites of unsaturated Al from the binder is in the vicinity of terminal SiOH
groups.

The decrease in Brgnsted acid sites concentration of the low silica sample is
attributed to the partial charge compensation of bridging oxygens by anionic alumina
species near the pore entrance. This kind of exchange may be the reason for the slightly
lowered acid strength of the extrudates compared to the unbound powder. The different
effects on the final acidity of the extrudates with the same binding conditions imply the
non homogenous distribution and location of Al in the parent HZSM-5. The complex
interplay of physical and chemical interaction between the binder and the HZSM-5
crystals shows that the contribution from the binder and the zeolite is not a mathematical
summation of the two. Tailoring of the final bound catalyst properties to impart desirable
properties is possible when a careful selection of the binder and the method is
employed.

Another method for tuning the Si/Al ratio of the HZSM-5 is through post synthetic
hydrothermal treatment which dealuminates the framework Al resulting in a more
hydrothermal stable zeolite. However, the mechanistic aspects of dealumination
proposed in the past years vary among the different works which can be due to the
influence of pore structure and the inherent tendency towards defect sites formation in

different zeolites. Since high silica HZSM-5 is of practical interest for the industry due to
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its higher thermal stability, the dealumination mechanism of the unbound HZSM-5
(SAMPLE C) is investigated in Chapter 4.

The rapid dealumination in the first 24h followed by a slow dealumination rate
thereafter is due to the preferential removal of the unstable Al populated at sites with
lower T-O-T angle. Conceptually, the Al atom with lower T-O-T angle should be more
stabilized within the framework but the above observations indicate that hydrolysis is
localized at the weakest Al-O bond after which the extraction of the partially hydrolyzed
Al from the framework is very rapid. NMR results indicated that most of the Al adopts
tetrahedral coordination but data from IR spectroscopy indicated a drastic decrease in
the Brgnsted acid sites concentration. This implies that the extraframework Al formed
are tetrahedrally coordinated and that the cationic exchange onto neighboring Brgnsted
acid sites contributed to the drastic decrease of Brgnsted acidity. The weak/unstable Al
is most likely located in the more crystalline part of the zeolite in the form of paired Al
sites.

The higher resistance of the remaining Al against dealumination is due to the
greater hydrothermal stability of Al populated at sites with higher T-O-T angle and the
stabilization of cationic exchanged Brgnsted acid sites by extraframework Al. The
structural integrity of the steamed HZSM-5 is maintained at 94% crystallinity which
suggests the robustness of the zeolite under steaming conditions.

Following the work in Chapter 4, the hydrothermal stability of the extrudate
HZSM-5 (EXT C) bound with alumina binder was investigated. The motivation for this is
the observed difference in the physicochemical properties of the bound HZSM-5
compared to the unbound counterpart. Hence, the dealumination behavior of the bound
and unbound HZSM-5 may vary. The work is divided into two parts in Chapter 5 to
investigate the stability of the Al against hydrolysis. The first part studies the
dealumination kinetic of the powder vs. the extrudate. It was found that the initial rate of
dealumination is more rapid in the extrudate compared to the powder HZSM-5. This is
explained by the removal of the weak Brgnsted acid sites situated at the external of the
crystals that is formed by the interaction of the alumina binder with silica phase of the
HZSM-5 upon binding. The determined rate order with respect to water was 1.4 for the
extrudate vs. 1.6 for the powder, indicating a complex reaction.

The rate order of 2 with respect to Brgnsted acid sites in the dealumination
process implied that Al located at local gradients forming paired Al sites are preferentially

hydrolyzed. The non statistical distribution of Al in the parent material has already been

172



Chapter 6. Summary

observed in Chapter 2 of this thesis. In addition, >’Al NMR results indicated the
preferential loss of Al populated at sites with lower T-O-T angles. Despite the higher
initial dealumination rate of the extrudate, the bound HZSM-5 exhibited greater thermal
stability at more severe hydrothermal conditions with respect to the temperature and
steaming duration.

The stabilization effect imparted by the binder requires the intimate contact
between the zeolite crystals and the alumina clusters. This is because migration of
hydroxylated aluminic species form the binder can then fill the zeolitic defect sites that
segregate or are formed near to the surface of the crystals in the presence of water and
high temperature. In addition to the limited reinsertion of the Al into defect sites, the
formed extrudates retarded the sintering of the zeolite particles, hence resulting in higher
structural stability.

Complex changes in the mesoporosity were also observed which can be taken
advantage of via the careful application of pore engineering to produce zeolites of lower
diffusion resistivity. Optimal post synthetic modifications can be achieved by the tuning of
the hydrothermal conditions (temperature and duration) to produce thermally stable

catalyst for applications where water is fed or produced.
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