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Abstract

This thesis deals with a very specific class of molecular sieves known as zeolites. Zeolites are a class
of crystalline aluminosilicates characterised by pores or cavities of molecular dimensions as part of
their crystal structure. In this work zeolites were modified for the use and understanding of
different catalytic applications. Primarily the zeolites were modified regarding the porosity and the
introduction of metals to the framework. The obtained materials were used as solid acid catalysts,
as an inert matrix for stabilising metal nanoparticles and as an anchoring material for molecular
metal oxide species.

Nanosized and mesoporous zeolites were prepared to investigate the effect of inter- or
intracrystalline mesopores on the catalytic lifetime in the conversion of methanol to hydrocarbons
(MTH). It was found that the mesoporous zeolite with intracrystalline mesopores displayed the
significantly longest catalytic lifetime compared to the nanosized zeolites and the conventional
counterpart.

Even though the introduction of mesopores improved the catalytic lifetime in the MTH reaction it
was concluded that the normal benefits from desilication, e.g. mesoporosity and repairing of
defects, became masked by the generation of extra-framework aluminum and that the catalytic
lifetime was severely dependent on the amount of extra-framework aluminum.

Conventional and mesoporous ZSM-5 zeolites were prepared together with the Ga-MFI zeotype
analogues to investigate the differences in activity, selectivity and mode of deactivation. The
differences in selectivity were primarily ascribed to the difference in the lower acidity of the
individual active sites of the Ga-MFI zeotypes compared to the zeolites. In general, the Ga-MFI
zeotypes deactivated faster than the ZSM-5 zeolites. Further investigations of the mode of
deactivation revealed that the zeolites deactivated due to coke formation and that the Ga-MFI
zeotypes deactivated due to loss of the catalytically active Brgnsted acid sites caused by hydrolysis
of Ga-0 bonds leading to formation of inactive extra-framework gallium.

Zeolites can not only be used as solid acid catalysts but can also be used as a size-selective matrix.
It was shown that it is possible to encapsulate 1-2 nm sized gold nanoparticles by silicalite-1 or
ZSM-5 zeolite crystals thereby forming a sintering-stable and substrate size-selective oxidation
catalyst. After carrying out calcination experiments, both in situ and ex situ indicated that the gold
nanoparticles embedded in the crystals were highly stable towards sintering. The catalytic tests
proved that the embedded gold nanoparticles were active in selective aldehyde oxidation and
were only accessible through the micropores.

Furthermore, preliminary work was done using mesoporous ZSM-5 zeolites as support material for
anchoring molecular CoMog species for the application as potential bi-functional catalyst in
simultaneous hydrodesulfurisation (HDS) and hydrocracking. HDS activity tests revealed that the
anchoring improved the activity compared to an impregnated counterpart.






Resume

Denne afhandling omhandler en specifik klasse af molekylesier, nemlig zeolitter. Zeolitter, der er
en klasse af krystallinske aluminosilikater, er kendetegnet ved, at deres krystalstruktur indeholder
kanaler og hulrum i samme stgrrelsesorden som sma molekyler. | dette projekt er zeolitter blevet
modificeret til brug i udvalgte katalytiske reaktioner, hvorved der ogsa er opnaet en dybere
forstaelse af reaktionerne. Zeolitter er hovedsageligt blevet modificeret med hensyn til porgsitet.
Desuden er forskellige metaller blevet integreret bade i og pa krystalstrukturen. De fremstillede
materialer er blevet brugt som fast sur katalysator, som inert matrix for at stabilisere metal
nanopartikler og som forankringsmateriale for molekylaere metaloxid specier.

Mesoporgse zeolitter og zeolitter i nanostgrrelse er blevet fremstillet for at undersgge effekten af
tilstedevaerelsen af intra- eller interkrystallinske mesoporer pa den katalytiske levetid i
omdannelsen af methanol til hydrocarboner (MTH). Mesoporgse zeolitter med intrakrystallinske
mesoporer viste sig at have den signifikant laengste levetid sammenlignet med en konventionel
zeolit og zeolitter i nanostgrrelse.

Selvom introduktionen af mesoporer i zeolitter forbedrede den katalytiske levetid i MTH, er det
bevist, at de normale positive konsekvenser af desilicering, sa som mesoporgsitet og reparation af
krystaldefekter, kan blive maskeret af tilstedeveerelsen af extra-framework aluminium, og at den
katalytiske levetid er staerkt afheengig af dette.

Konventionel og mesoporgs ZSM-5 zeolitter er blevet fremstillet sammen med analoge Ga-MFI
zeotyper for at undersgge forskellen i aktivitet, selektivitet og form for deaktivering. Forskellen i
aktivitet og selektivitet kan hovedsagelig tilskrives den lavere surhed af de individuelle sure sites i
Ga-MFI zeotyperne sammenlignet med ZSM-5 zeolitterne. Generelt deaktiverede Ga-MFI
zeotyperne hurtigere end ZSM-5 zeolitterne. Det blev konstateret, at ZSM-5 zeolitterne
deaktiverede pa grund af kuldannelsen, hvorimod Ga-MFI zeotyperne deaktiverede pa grund af
tab af de katalytisk aktive Brgnsted sure sites ved hydrolyse af Ga-O bindinger, som fgrte til
dannelse af inaktiv extra-framework gallium.

Zeolitter kan ikke kun bruges som en fast sur katalysator, men kan ogsa bruges som en stgrrelses-
selektiv matrix. Det er blevet pavist, at det er muligt at indkapsle 1-2 nm store guld nanopartikler i
silicalite-1 eller ZSM-5 krystaller og derved danne en sinterings-stabil og reaktant stgrrelses-
selektiv oxidations katalysator. Kalcinerings eksperimenter bade in situ og ex situ indikerede, at
guld nanopartikler, som er indkapslet i krystallerne, er yderst sinteringsstabile. De katalytiske test
beviste, at de indkapslede guld nanopartikler er katalytisk aktive i selektiv aldehyd oxidation og er
kun tilgeengelig gennem mikroporerne.

Sluttelig er der udfgrt et indledende arbejde med henblik pa at fremstille en bifunktionel
katalysator til samtidig brug i hydrodesulfurisation (HDS) og hydrokrakning ved at forankre aktive
CoMog nanopartikler pa mesoporgs ZSM-5 zeolit. HDS aktivitetstest viste, at forankring af
molekylaere CoMog specier forbedrede den katalytiske aktivitet sammenlignet med en
impraegneret reference af samme.
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Introduction

In 1932 J.W. McBain defined the term “molecular sieve” to be a material that is able to separate
components of a mixture on the basis of molecular size and shape.* No requirements on elemental
composition or structure, i.e. crystalline or amorphous exist, the only pre-condition being that the
molecular sieve is a porous solid material which has the property of acting as a sieve on a
molecular scale. Zeolites are one of the most known classes of molecular sieves. Zeolites are
crystalline aluminosilicates featuring pores and/or cavities in the range of 3-12 A, which according
to the IUPAC classification of porous materials® classifies zeolites as microporous. Zeolites are
often highly thermally stable materials with remarkably high surface areas and due to the inherent
micropore system of molecular dimensions zeolites are often used for shape-selective catalysis.>
The catalytic activity of the zeolites is mostly determined by the Brgnsted acidity and/or by the
active metal species that may be deposited within the zeolite framework. Today there exist
around 190 different zeolite structures® which can be tuned in terms of acidity and/or redox
properties. Zeolites are among the most frequently used industrial catalysts at the beginning of
the 21st century. Their catalytic applications range from oil refining, i.e. FCC (Fluid Catalytic
Cracking), petrochemistry and the synthesis of special chemicals to environmental catalysis.” It
should be stated that zeolites are also used within several other areas due to their molecular
sieving properties, adsorption affinities or ion exchange abilities. Depending on the
hydrophobicity/hydrophilicity of the zeolite framework drying or purification by i.e. moisture
adsorption or removal of organics by selective adsorption can be done. In non-catalytic
applications zeolites are mostly used as laundry detergent.6

Even though zeolites are remarkable materials, the sole presence of micropores in zeolites may in
some cases limit the catalytic performance of zeolite catalysts, particular when diffusion in the
micropores becomes significantly slower than the catalytic reaction.” To overcome this limitation
one possibility is the introduction of mesopores (2-50 nm). Mesoporous zeolites are zeolites
featuring an auxiliary system of mesopores in addition to the intrinsic micropore system of
zeolites. Since mesoporous zeolites contain pores in two different ranges, they are considered to
be hierarchically porous materials and are therefore also termed hierarchical zeolites. Mesoporous
zeolites are today primarily used in industry for cracking large hydrocarbons into the gasoline
range.

This thesis covers the synthesis and characterization of modified zeolites with application potential
for various catalytic processes. Zeolites are in this work used as solid acid catalysts, as an inert
matrix for stabilising metal nanoparticles and as an anchoring material for active metal oxides.
Furthermore zeolites have been modified regarding the porosity and type of incorporated metal in
the zeolite framework.

The thesis is divided into 6 chapters.



In Chapter 1, the basic concepts of zeolites are introduced together with applications and pitfalls
of the used characterisation techniques.

810 that hierarchical zeolites can enhance the catalytic lifetime compared to

Recently, it was shown
solely microporous zeolites due to an improved mass transport. In Chapter 2 nanosized and
mesoporous ZSM-5 zeolites are synthesised and compared with a conventional ZSM-5 zeolite for
the catalytic lifetime in the conversion of methanol to hydrocarbons (MTH). It is shown that
especially the presence of intracrystalline mesopores improves the catalytic lifetime. It is also
observed that several factors influence the catalytic lifetime and in particular the presence of

extra-framework aluminum has a severe effect.

In Chapter 3, a more detailed and in-depth investigation of the effect of extra-framework
aluminum on the catalytic lifetime in the MTH reaction is provided. It is shown that a mesoporous
zeolite containing extra-framework aluminum has a significant lower catalytic lifetime compared
to the conventional counterpart. Upon removing the extra-framework aluminum the catalytic
lifetime is considerably improved and the catalyst has an even longer catalytic lifetime than the
conventional zeolite.

In Chapter 4 conventional and mesoporous Ga-MFI zeotypes are synthesised and tested together
with the ZSM-5 analogues in the MTH reaction to investigate the catalytic lifetime and type of
deactivation. It is shown that the ZSM-5 zeolites deactivate due to coke formation while the Ga-
MFI zeotype deactivates due to extraction of gallium from the framework and thereby loss of the
catalytically active Brgnsted acidity.

In heterogeneous catalysis, metal nanoparticles supported on high surface area carriers play a
crucial role as active and selective catalysis for numerous chemical reactions.™ Particularly for high
temperature applications, inevitable problems with nanoparticle sintering arise. In Chapter 5 the
preparation of new substrate-size selective oxidation catalysts is described. They are prepared by
encapsulating gold nanoparticles in MFI type zeolites making the active gold nanoparticles only
accessible though the zeolite micropores.

Catalytically active species can not only be a part of the zeolite framework or encapsulated in the
zeolite crystals but it is also possible to ion exchange, impregnate or to anchor them onto the
zeolite surface. In Chapter 6 is described the synthesis of anchoring molecular CoMog species on
mesoporous ZSM-5 zeolite for hydrodesulfurisation reactions. The prepared material is compared
to an impregnated counterpart to observe if the anchoring improves the catalytic activity. It is
shown that the catalytic activity is improved due to a better dispersion of the active species.



Chapter 1

Basic concepts

This chapter gives an introduction to zeolites concerning their structure, properties, diffusion
effects and implementation of mesoporosity. Furthermore a discussion is presented of
applications and pitfalls of the characterisation techniques used in this work.

1.1. Zeolites

1.1.1. Structure and properties

Zeolites are extremely attractive materials due to their unique physico-chemical properties and
structures. Zeolites are crystalline microporous aluminosilicates featuring well-defined pores
and/or cavities smaller than 2 nm as a part of their crystal structure. Structurally, zeolites are built
from tetrahedral TO4 units (T = Si or Al) that are organised into three-dimensional networks by
sharing of the oxygen corner-atoms in the TO4 units. The microporous system entails that zeolites
are solids with very high surface areas and pore volume.!

In general, zeolites contain silicon, oxygen and aluminum, but it is possible to synthesise materials
of the same structure as zeolites, but with different elements such as gallium, phosphorous,
germanium or others. These materials are known as zeotypes. The only requirements are that the
element has to have a tetrahedral oxygen configuration and an appropriate size.'? Zeolites are
normally found to obey what is known as Léwenstein’s rule®®, which states that an Al-O-Al linkage
is forbidden, implying that the majority of T atoms must be silicon. Consequently, zeolites can be
regarded as silicates with a certain portion of the silicon being substituted with aluminum atoms
and as a result the Si/Al ratio in the zeolite framework cannot be smaller than unity.

All known zeolite frameworks can be thought to consist of a relatively small numbers of finite or
infinite (i.e. chain- or layer-like) component units. These finite units are known as secondary
building units (SBUs)* and consist of a n-ring structure which can contain as many as 16 T-atoms
and as little as 3. Selected ones are shown in Figure 1.1 where each corner in the SBU represents
the centre of a tetrahedral. It should be noted that SBUs are invariable non-chiral.

o0 XHE6E
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Figure 1.1: Selected Secondary building units and their symbols. Modified from 4

" The primary building units are single TO, tetrahedra.



The zeolite frameworks may furthermore be described in terms of large polyhedral building blocks
forming e.g. characteristic cages. For example, sodalite (SOD), Linde Type A (LTA) and Faujasite
(FAU) can all be generated by the truncated octahedron known as the B-cage, Figure 1.2.

sodalite
or fcage

Figure 1.2: Possible zeolite structures from B-cages

The B-cage has both four and six-membered rings (SBU 4 and 6) in its structure. The cage formed
has an internal diameter of approximately 6 A. By fusing together the four-membered rings, SOD is
formed, by bridging the four-membered rings LTA is formed and by bridging the six-membered
rings FAU is formed. Especially, the LTA structure is interesting since the structure besides the
B-cages contains supercages (a-cages); the void between the interlinked B-cages with an opening
of 12 T-atoms. The diameter of these a-cages is approximately 12 A. All the zeolite structures in
Figure 1.2 contain channels beside cages. The SOD has only channels formed by six-membered
rings, while the LTA has channels with eight-membered rings leading to a diameter of 4.1 A. The
FAU has channels formed by twelve-membered rings and with a diameter around 7.4 A.* This
example shows that it is possible to obtain many different zeolite structures by combining a rather
simple cage structure in different ways.

To distinguish between the more than 190 different zeolites structures known today the
International Zeolite Association (IZA) has introduced a three-letter code which classifies each
framework type e.g. MFI, MEL and BEA, Figure 1.3.*



Figure 1.3: Structures of a) MFI, b) MEL and c) BEA

The IZA classification does not take into account the chemical composition of the framework,
which has to be provided as side information. For example, ZSM-5 and silicalite-1 have the same
MFI type framework While ZSM-5 is a true zeolite, silicalite-1 consists only of silica and oxygen.
Other ways to classify zeolites are either by the number of T-atoms in the pore mouth or by the
Si/Al ratios. Pores containing 8, 10, 12 or more than 12 T-atoms between the bridging oxygen
atoms are defined as small, medium, large and ultralarge pores respectively depending on the
number of T-atoms that limit the pore aperture of their largest channels. The diameter of the
pores varies between 5 and 20 A.** According to Flanigen’s notation® low silica zeolites are
defined as having 1 < Si/Al < 2, while intermediate zeolites contain 2 < Si/Al > 5 and high-silica
zeolites contain Si/Al > 5.

1.1.2. Catalysis with zeolites

The size and shape of the micropore system induce one of the unique features of zeolite catalysts,
namely the shape selectivity. There exist four types of shape selectivity: i) reactant, ii) product, iii)
transition-state and iv) molecular traffic control.? Reactant selectivity is present when only
molecules with the right size and shape will penetrate into the catalytically active micropore
system of the zeolite and be converted to products. Product selectivity occurs when a reaction
takes place in which several products are possible, but only those who can diffuse out of the
microporous system are detected. Bulkier products, if formed, are either converted to less bulky
ones or will eventually deactivate the catalyst by blocking the pores. The transition-state
selectivity refers to reactions where certain possible transition states are too bulky to fit the
channels or cavities of the zeolite and thus can not be formed during the course of the reaction.
Molecular traffic control can occur in a zeolite which has at least two different pore systems. The
reactants may circulate preferentially in one pore system, while the products will tend to diffuse
though another, which will lead to improved diffusion of these species. The shape selectivity can
be illustrated by the use of different zeolite structures in the conversion of methanol to
hydrocarbons (MTH-reaction), Figure 1.4. Three microporous structures are relevant: CHA (SAPO-
34), MFI (ZSM-5) and BEA (Beta), which are small, medium and large pore zeolites, respectively. It



should be mentioned that SAPO-34 is a zeotype containing silicon, aluminum, phosphor and
oxygen.

CHA (SAPO-34) MFI {(ZSM-5) BEA (Beta)

Figure 1.4: lllustration of the pore and cage sizes of CHA, MFI and BEA. Adapted from 1

SAPO-34 has small channels of 3.8 A and at the intersection it contains large cavities of around 10
A which are able to house larger compounds. However, due to the narrow pores, only small
compounds are able to leave the cages. ZSM-5 has interconnected straight and sinusoidal channels
of 5.3-5.6 A. In contrast to the SAPO-34 the micropore system of ZSM-5 allows aromatic
compounds to leave the catalyst interior expanding the product selectivity. The largest compound
able to leave the ZSM-5 catalyst pores is durene (1,2,4,5-tetramethylbenzene).’ At the pore
intersection larger compounds such as pentamethylbenzene and hexamethylbenzene can be

formed, but they are not able to diffuse through the pore system.lg’ 19

Due to the large pores of
zeolite Beta (7.7 A), the product selectivity is shifted even further towards larger products and

even hexamethylbenzene is able to diffuse through the pore system to leave the catalyst.

Zeolites are not only capable of separating molecules by their molecular size but also by their
polarity.* Since aluminum has a lower number of valence electrons than silicon, the presence of
tetrahedrally coordinated aluminum in the zeolite framework leads to an overall negatively charge
inside the zeolite framework. The environment inside the channels and cavities becomes therefore
increasingly polar and the need for charge-compensating cations arises to balance the overall
negative charge of the aluminosilicate framework. Aluminum-rich zeolites have a polar interior
which makes them hydrophilic and therefore capable of adsorbing polar molecules such as water.
Conversely, zeolites with a low aluminum-content are less polar and therefore more hydrophobic,
which makes zeolites capable of adsorbing large amounts of hydrocarbons. During synthesis alkali
or alkali earth metals are usually trapped inside the inorganic framework and compensate the
negative charge by an ionic bond. In principle all cations which are small enough to physically fit in
the zeolite channels can function as charge-compensating cations and can be exchanged by ion-
exchange. The type of charge-compensating cations determines some of the properties of the
zeolite. If the charge-compensating cation is Cs*, the zeolite becomes slightly alkaline, while when



the framework is balanced by protons, Figure 1.5a, the zeolite becomes acidic. Such sites, Al-O(H)-
Si linkages, are known as Brgnsted acid sites. Not only Brgnsted acid sites may occur in zeolites,
but also Lewis acid sites can be present due to defects in the zeolite structure, Figure 1.5b.

Figure 1.5: Schematic illustration of zeolite acid-sites: a) Brgnsted acid site and b) Lewis acid site

By using protons as the charge-compensating cations, zeolites are solid acid materials. The
number of Brgnsted acid sites is generally determined by the degree of aluminum substitution and
denoted as the ratio between silicon and aluminum in the structure. Assuming only Brgnsted acid
sites are present, a low value of Si/Al corresponds to a high overall acidity and vice versa a high
value corresponds to a low overall acidity. The strength of the single acid site is dependent on the
Si/Al ratio as the acid strength of a proton at the bridging Al-O-Si group depends on the number of
next-neighbouring aluminum atoms.?’ When the distance between two aluminum atoms
increases, the strength of each acid site increases meaning, the higher Si/Al the stronger is the

2122 As recapitulation,

individual acid site. Maximum acidity is obtained for Si/Al ratios above 10.
Table 1.1 summarises the trends in the properties of the zeolite as a function of the Si/Al ratio. In
zeotypes the strength of each acid site dependent on which type of element is incorporated in the

framework in the following order: Al > Ga > Fe > B.*?

Table 1.1: Trends in the properties of zeolites as a function of the Si/Al ratio. Modified from 2

Si/Al decreases Si/Al increases

Number of cations

Stability in acidic solutions

Acid strength zeolite proton
Thermal Stability

Hydrophilic character

Hydrophobic character

Affinity for polar molecules

S EIGEIGGGE
G EIGIEIEIEIR:

Affinity for apolar molecule

By tuning the Si/Al ratio in a certain zeolite, it is therefore possible to control the adsorption
properties and the strength and concentration of the acid sites. These material properties,



together with the intrinsic micropore system which can direct a given catalytic reaction to a
desired product, make zeolites to one of the preferred choices for many catalytic applications.
Examples for these industrial applications are found in catalytic fuel-upgrading in refineries and in

the production of various petrochemicals.> %> 2

1.1.3. Zeolite synthesis

Zeolites are normally prepared under hydrothermal conditions, i.e. in an agueous solution at
elevated temperature and autogenous pressure. The crystallisation temperatures are usually 80-
110 °C for low-silica zeolites and 110-200 °C for high-silica zeolites. These conditions enable
complete crystallisation within a few hours to several weeks, depending on the zeolite type and
gel composition.? A typical crystallisation procedure involves the use of water, sources of silicon
and aluminum, a mineralizing agent and a structure-directing agent (SDA).?” Usually the sources of
silicon and aluminum are dissolved or suspended in water along with the SDA together with the
mineralizing agent. The homogenised synthesis gel is afterwards transferred to an autoclave and
heated for the required time. The density of the gels formed might vary significantly from almost
solid-like to low-viscous depending on the composition. After the crystallisation the product is
filtered off and washed with water. After drying the product calcination is necessary to remove the
organic template by thermal composition and by burning off the decomposition products. The
mineralizing agent is added to catalyse the breaking and formation of T-O-T bonds. The most
commonly used mineralizing agent is the hydroxide ion which entails that zeolite synthesis is often
conducted at high pH. The fluoride ion has also proven suitable as mineralizing agent which makes
it possible to synthesise zeolites at neutral pH conditions. The fluoride route is very useful when
elements are to be incorporated in the zeolites framework which would form insoluble precipitate
at high pH. SDAs can be soluble organic species such as quaternary ammonium ions and/or alkali
metal ions such as Na* or K*. Organic SDA molecules added to the synthesis gel are often referred
to as templates because they direct formation of a certain type of zeolite.

Ever since the discovery that zeolites may be artificially synthesised in the laboratory, researches
have been trying to understand how these microporous materials crystallise from complex
mixtures. The difficulty in trying to understand the precise details of the mechanism and processes
occurring during the formation of a zeolitic material is due to the extreme complexity of
hydrothermal crystallisations. The reactions occur in multi-component systems in which there are
a plethora of interactions, chemical reactions, equilibria and crystal nucleation and growth
processes taking place throughout a heterogeneous reaction mixture. Further to complicate
matters, many of these processes are interrelated and change with time over the course of the
crystallisation.1 Nevertheless, several authors have proposed mechanism for the synthesis of
zeolites. In general the crystallisation can be considered to follow an idealised process involving
three states, as illustrated in Figure 1.6.



nucleation crystal growth

Amount

Pre-nucleation

Time

Figure 1.6: Schematic illustration of nucleation and growth curves for a hydrothermal zeolite
synthesis. Modified from !

Initial is the dissolution of the solid starting reagent by the solvent water to form a randomly
distributed array of reaction components in the form of active monomer or oligomer species. In
the first step no crystalline material is though detected yet. The second step is nucleation. Here
the precursor species organise into simple ordered structures that form countless seeds within the
gel. Last is the growth period, where the nuclei increase in size to form the final material in which
long range order is observed. The crystal growth phase continues until all the amorphous material
is transformed into the crystalline zeolite structure. If the synthesis is not stopped timely the
zeolite product may transform into a denser phase such as quartz owing its metastable property.
When the different stages occur depends on the reaction conditions like composition,
temperature, pH, pressure and reaction cell volume.”®

A very common practice is to add a small amount of the desired product phase, called seeds, to
encourage the nucleation and growth of that phase. Seeds can be generated in situ using a
procedure called aging. Aging a gel, by allowing it to stand either at room temperature or at
elevated temperatures which are below the normal crystallisation temperature for the zeolite
phase of interest, allows the system to equilibrate and generate seed nuclei which, when the gel is
heated, will increase the rate of crystallisation. With up to 5 wt% based on silicon, relatively large
amounts of seeds may be used in zeolite synthesis.

1.1.4. Diffusion effects

Even though conventional zeolites are remarkable materials with tuneable properties, high surface
area and high thermal stability the presence of the micropore system may in some cases also limit
the catalytic performance of zeolite catalysts. In some hydrocarbon reactions the size of a



molecule closely matches the pore size of a zeolite and therefore is almost in physical contact. This
will inevitably slow down the reaction rate since the mass transfer of reactants, intermediates and
products to and from the active sites inside the micropores will be severely restricted. The
intracrystalline migration in theses systems is termed configurational diffusion and is characterised
by diffusivities in the range of 10 to 10%° m%/s, (see Figure 1.7). It is strongly dependent on the
size and nature of the reactant, the type of molecular sieve and temperature.'* In comparison,
diffusivities in the Knudsen regime, which is the dominant mechanism for mesoporous materials,
are in the range of 10” to 10" m?/s. Concerning the pore diameter of zeolites one should bear in
mind that due to lattice vibrations the effective pore size is somewhat larger than the
crystallographic one. Still, in zeolite micropores the diffusivities are often so low that the overall
rate-limiting factor is in fact configurational diffusion and the reaction is said to be in a diffusion-

controlled or limited regime.**
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Figure 1.7: Relation between pore diameter and typical diffusitivites illustrating three
types of diffusion regimes: Molecular, Knudsen and intracrystalline. Adapted from 1

Diffusion limitation in zeolite catalysis can entail that the reaction will not operate at its full
potential since the observed rate of a given reaction will be lower than the intrinsic rate. Another
issue is that the zeolite crystal is not used efficiently for catalysis, since only the outer-most part of
the zeolite crystals is utilised in the chemical reaction, as illustrated in Figure 1.8 as the green
zone. The concentration of reactant molecules in the bulk of the zeolite crystal will rapidly drop as
the distance to the exterior surfaces increases (Figure 1.8) since it is not possible for the molecules

to diffuse into the core of the zeolite crystals and be converted.?
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Figure 1.8: Schematic illustration of the concentration profile cross-section of a zeolite crystal
(left) and the corresponding utilised reaction zone shaded in green (right)

Several strategies have been proposed to enhance the diffusion of reactants, intermediates or
products. One way is to increase the pore diameter of the zeolite, but this will necessarily
influence the molecular sieve effect and the shape selective properties of the zeolite. Generally,
the challenge is to improve the accessibility to the active sites without altering the zeolite nature
i.e. affect the shape selectivity. By reducing the zeolite crystal size the mean diffusion path is
unguestionable decreased, Figure 1.9a and 1.9b, and it is possible to utilise a larger part of the
zeolite crystal and still maintain the zeolite properties. However, zeolite crystals are often in the
range of 0.5-10 um®” 2% and to decrease the size and still be able to separate the small zeolite
crystals from the reaction mixture by filtration is often difficult owing to the colloidal properties of
such materials. The mean diffusion path length can also be decrease by introducing an auxiliary
pore system consisting of larger pores that intersect the micropores, Figure 1.9c. The additional
larger pore system is used for molecular transport to and from the active sites in the micropore
deep within the structure without altering the zeolite properties.

c

Figure 1.9: lllustration on how to decrease the mean diffusion path length from conventional zeolite (a) by
decreasing the zeolite crystals (b) and introducing an auxiliary pore system (c). Micropores are illustrated by
blue tubes and the larger pores that intersect the micropores are red tubes. Adapted from *°

When a material features porosity in at least two different size ranges in the micropore (less than
2 nm), mesopore (2-50 nm) or macropore (larger than 50 nm) region the resulting material is often
termed hierarchical.*® Zeolites containing both micropores and mesopores combine the shape
selectivity, hydrothermal stability and possibility for high acidity typical of conventional zeolites
with highly efficient transport of reactants and products due to mesopores. Therefore the
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combination of micropores and mesopores in hierarchical zeolite crystals renders some highly
beneficial effects with respect to catalytic applications.*

1.1.5. Mesoporous zeolites

Mesopores can be present in hierarchical zeolite either inter- or intracrystalline. If the auxiliary
porosity of the zeolite crystals is classified as intercrystalline the mesopores are due to pores or
voids between the crystals. On the other hand, if the auxiliary porosity is intracrystalline the
mesopores are present in each zeolite crystal connecting the micropores with larger non-
crystallographic mesopores. This means that there are three kinds of mesoporous zeolites, Figure
1.10; nanosized zeolite crystals, supported zeolite crystals on a mesoporous support material or
mesoporous single zeolite crystals.*
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Figure 1.10: Categorisation of classes of hierarchical zeolites materials. Adapted from 30

As a consequence of the packing of nanosized zeolite crystallites, typical smaller than 100 nm,
intercrystalline pores or voids can be present in the material. The pore size and geometries of
these pores are determined by the size, shape and packing of the zeolite crystals which can
obviously be packed more or less loosely. The supported zeolite crystals are characterised being
dispersed or supported in the pore system of another material. This creates a material which is not
a purely zeolitic material but instead a composite material. In this case the support material
provides the pore required for improving mass transport to and from the zeolite crystals. The
mesoporous zeolite crystals include ordinary zeolite crystals having additional porosity present in

each individual zeolite crystal.32
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The preparation of mesoporous zeolite crystals can be conceived in two conceptually different
ways. The mesopores are either introduced directly during the crystallisation of the zeolite or they
are introduced by a post-synthetic treatment step, also referred to as templating or non-
templating methods, Figure 1.10. Templating is divided into three groups: solid templating,
supramolecular templating or indirect templating. In solid and supramolecular templating, the
zeolite crystals is grown in the presence of either a solid material or a supramolecular assembly of
organised surfactant molecules which is eventually removed to generate porosity. Typically the
template is removed by combustion but in principle it might also be removed by dissolution,
sublimation or extraction.>? A variety of solids have been applied to control the mesopores
formation during zeolite crystallisation. Especially the use of different types of porous carbons®*3®
seems to be a versatile approach but also other solid templates have been investigated such as

0.4 holymers* 3, biological templates such as bacteria*®, plants* *°

organic resins39, aerogels
and starch®’ as well as purely inorganic compound such as Mg(OH)z48 and CaC03*™*. In
supramolecular approaches several molecules have been investigated. One type of applied
template are tuneable organosilanes such as [(CHgO)gSngHsN(CHg)zCnH2n+1]C|SO'51 which is used as
both a silica source and supramolecular template and by varying the alkyl chain length it is
possible to obtain mesoporous materials with controlled mesopore diameter up to 20 nm. The
third templating method is the indirect templating which consists of two steps: A templated
mesoporous nonzeolitic material is first formed and in a separate step the mesoporous nonzeolitic
material is more or less completely transformed into the mesoporous zeolite, or the zeolite is
deposited onto the templated mesoporous material. Both cases result in a composite material

comprising zeolite crystals embedded in or deposited onto a mesoporous material.>*°>>3 Th

e
templating effect is considered to be indirect because the template is not present when the zeolite
crystallises. However, the resulting mesoporous zeolite material can still maintain some of the
order or structure of the original template if only limited reorganisation of solid material occurs
during zeolite crystallisation.a'0 Most reports on indirect templating are concerned with the partial

54-57

crystallisation of mesoporous materials into zeolite structures. Using this methology, highly

mesoporous and relatively stable zeolite materials have been prepared, particular when the thick-
walled SBA-15 have been used as the starting material.>* >
The non-templating methods fall under two general headings: controlled crystallisation and

demetallation. In the controlled crystallisation >8,39

the crystallisation conditions are regulated to
favour nucleation over crystal growth so that predominant nanosized zeolite crystals are formed.
In many ways this is a very desirable way to improve the accessibility of the active sites in zeolite
catalysts since it does not require discovery of an entirely new structure type but merely the
development of a modified synthesis procedure that favours nucleation over growth for the
desired zeolite material. One drawback is that nanocrystals typically possess a relatively low

internal surface area due to the decrease in microporosity with decreasing crystal size.” In the

13



demetallation method, intracrystalline mesopores are introduced by extracting one constituent
from the framework of a conventionally prepared zeolite material, Figure 1.11.

+ Demetallating agent + Demetallating agent
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Figure 1.11: Schematic illustration of the demetallation method used for the introduction of

intracrystalline mesopores by more or less selective dissolution of part of the zeolite crystal.
Adapted from 2

The selective extraction leads to removal of some of the metallic or semimetallic components of
the zeolite typically in the form of soluble oxoanions but it can also be in the form of complexed
species.”’ The traditional method is dealumination which involves preferential extraction of
framework aluminum by hydrolysis of the Al-O-Si bond through calcinations, steaming, acid

leaching or chemical treatment.” ** ®*

Even though steaming is used industrially to produce
mesoporous zeolites®® dealumination is often not a viable route to create mesoporosity since it
will simultaneously lead to a dramatic lowering of the number of acid sites that are typically
desirable for catalysis. Instead selective removal of silicon, the so-called desilication, is an

attractive method to create intracrystalline mesoporosity by the use of a strong base like NaOH,

NaAlO,, Na,COs, LiOH and KOH.%¥% Most zeolites have high concentration of silicon and relatively

high mesoporosities can be achieved. Several factors such as time, temperature, type of base,

base concentration and material related parameters like framework Si/Al, crystal size and different

framework types determine the degree of mesoporosity of the resulting zeolite materials.®> 5% ¢

Especially, the zeolite framework Si/Al influences the degree of mesoporosity as illustrated in
Figure 1.12.
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Figure 1.12: Effect of Si/Al on the type of mesopores generated in zeolite crystals by
alkaline treatment. Adapted from 6

As a result of the negatively charged AlO, tetrahedra, aluminum in framework positions
suppresses the extraction of neighbouring silicon species. The hydrolysis of the Si-O-Al bond in the
presence of OH is hindered compared to the relatively easy cleavage of the Si-O-Si bond in the
absence of neighbouring aluminum tetrahedral. Materials with relatively high density of
framework aluminum (low Si/Al) are relatively inert to silicon extraction whereas relatively low
aluminum content (high Si/Al) induces the opposite effect. An intermediate framework aluminum
content of Si/Al 25-50 appropriately regulates the extent of silicon extraction leading to controlled
porosity development. However, operating in the optimal Si/Al window is not the only condition
for treatments success, since the type of zeolite framework also plays a quite decisive role in the
outcome of the desilication.®

Even though the desilication procedure seems to be a useful, simple and quite versatile method
for introducing intracrystalline mesoporosity in zeolite crystals it still has some drawbacks: i) Loss
of zeolite material as the generation of mesopores occurs by partial dissolution, ii) difficult control
of the Si/Al ratio in the resulting zeolite, iii) almost no direct control of the size and geometry of
the created mesopores, iv) appearance of extra-framework aluminum species by which the type of
acid sites is changed from Brgnsted to Lewis acidic sites which can be very important for the
catalytic activity, v) the effectiveness depends on Si/Al ratio and type of framework, vi) chance of
partial amorphization of the zeolite framework which can lead to a partial blockage of pores
and/or active sites and vii) typically quite harsh desilication conditions as zeolites are quite stable
materials.

It is possible to introduce a very high degree of intracrystalline mesoporosity in zeolite crystals in a
much more controlled manner by using a templating method. Such mesoporous zeolite single
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crystals are prepared by nucleating the zeolite crystals inside an inert carbon matrix so the zeolite
crystals grow and partially encapsulate the carbon. After complete crystallisation the carbon is
removed by combustion, Figure 1.13.%
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Figure 1.13: Schematic illustration of preparation of a mesoporous single zeolite by
combustion of carbon particles encapsulated in zeolite crystals during crystallisation.
Adapted from »

The carbon-templating approach seems to have several advantages for introducing mesopores
into zeolites compared to the demetallation. Firstly, it does not lead to the partial destruction of
the zeolite crystals and the method is in principle applicable to all zeolites irrespective of their
structure and chemical composition and therefore also to zeotype materials that do not
necessarily contain silicon or aluminum. Second, it provides some opportunities for tailoring the
pore system to the desired application by choosing suitable carbon templates. Importantly, the
introduction of mesopores does not alter the Si/Al ratio but allows independent control of the
mesoporosity and the acidity. Industrially the use of the method might be hampered by the fact
that suitable carbon templates can be quite expensive and because efficient introduction of the
zeolite gel into the carbon can require more elaborate synthesis steps.>° From a safety point of
view, it is very difficult to apply the removal of a high amount of carbon by combustion on a large
industrial scale under controlled conditions.® Recently the hurdle regarding price was alleviated to
some extent by the so-called in-situ carbon templating method in which the carbon template is
generated by decomposing sugar inside the pores of the silica source used for zeolite
crystallisation.66

No matter which type of synthesis strategy is used to prepare mesoporous zeolites, there are
several examples that the improved transport properties of the mesoporous zeolite catalyst do
indeed result in an increased catalytic activity and/or selectivity and/or catalyst lifetime.®”’° with
the necessity for the refining industry to treat heavier feedstocks, the optimisation of the
accessibility of zeolite-based catalysts for large reactant molecules is of paramount importance
and the preparation of mesoporous zeolites are therefore anticipated to attract significant

attention in the forthcoming years.
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1.1.6. Summary

Zeolites are among the most studied families of heterogeneous catalysts and they have been
shown to be useful catalysts for an overwhelming range of important catalytic reactions. This
success can be attributed to the possibilities for tailoring the intrinsic catalytic properties of
zeolites by carefully controlling the strength and number of acid sites, the pore size and pore
geometry and the redox properties. However, in many cases the sole presence of micropores in
zeolite catalyst results in too low diffusion of reactants, intermediates and products inside the
zeolite. One approach to improve mass transport without altering the microporous structure is by
the introduction of mesopores into each zeolite crystal. Different strategies can be used to
prepare zeolites with intracrystalline mesopores. Roughly, it can be divided into two categories
either directly during the crystallisation of the zeolite by the use of different types of templates or
by a post-crystallisation treatment step like demetallation. Industrially the destructive
dealumination pathway is used where intracrystalline mesopores are introduced by extracting
aluminum from the framework of a conventionally prepared zeolite material by steaming. This is a
simple and valid route but it still has drawbacks i.e. partial amorphisation of the zeolite framework
and lowering of active sites. Even though over the years enormous progress has been monitored
in the domains of synthesis and characterization of mesoporous zeolites their application in
industry is still limited.

1.2. Characterization techniques

In general, the characterization of a catalyst has to provide information about (i) its structure and
morphology, (ii) its chemical composition, (iii) its ability to sorb and retain molecules and (iv) its
ability to chemically convert molecules.

1.2.1. Structural properties

X-ray powder diffraction (XRPD) is by far the most important technique for structural
characterization of crystalline materials.”* Each crystalline phase has a characteristic powder
pattern and beside information about the crystal structure several features about the sample can
be extracted from a powder diffraction pattern using the peak positions, their relative intensities,
their width and the background, Figure 1.14.72
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Figure 1.14. The relevant features of a powder diffraction pattern and their origin. Adapted from 2

There are two main factors that determine powder patterns: i) the size and shape of the unit cell
and ii) the atomic number and position of the atoms in the cell. The peak positions in a powder
pattern (usually measured as 26 degrees) are determined only by the size and shape of the unit
cell. The relative intensity of the peaks depends on which atoms are present and where they are
located in the unit cell. The intensity of each reflection is not only affected by the position of all
atoms in the unit cell, but can also be influenced if the crystallites in the powder lie in a preferred
orientation. The width of the peaks gives an indication of the crystalline quality and the crystal
size, the latter can be determined by the Debye-Scherrer Equation.’”* The background indicates
whether or not an amorphous material is present in the sample.72’ 3

Even though diffraction is the single most powerful experimental technique for determining the
crystal structure of zeolites” care must be taken when evaluating the crystal size of single crystal
mesoporous zeolites. According to Egeblad et al.® peaks obtained for large mesoporous zeolite
single crystals can be as broad as the peaks obtained for a nanosized zeolite sample, Figure 1.15.
The crystal size determined by the Debye-Scherrer equation would consequently suggest the
crystal size of the mesoporous zeolite to be in the nanosized range. Assuming the mesoporous
zeolite is a single crystal Egeblad et al. explain that it can be due to the disturbance of the longer-
range ordering by the presence of non-crystallographic voids or mesopores and thus, XRPD cannot
be applied to determine whether the mesopores in mesoporous zeolite materials are
intercrystalline or intracrystalline, i.e. whether the individual crystals are nanosized or large but
mesoporous. Furthermore they suggest to use more indirect imaging techniques such as electron
microscopy when determining the size of individual crystal of mesoporous zeolites.
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Figure 1.15: Close-up on the [101] and the [200]-reflections in XRPD patterns of a) nanosized
zeolite crystals and carbon-templated mesoporous zeolite crystals. Adapted from

In this work XRPD patterns are used to identify the crystal structure of the synthesised materials,

to estimate the crystal size using the Debye-Scherrer equation, to evaluate whether or not a post-

synthesis treatment has induced structural changes and to establish whether or not impurities,

amorphous or crystalline, are present in the sample. All synthesised materials were characterised

by XRPD at Haldor Topsg@e A/S. The XRPD patterns were recorded using Cu-Ka radiation in the 26
interval 5-70° using a Philips X’pert powder diffractometer.

1.2.2. Textural properties

In catalysis an accurate assessment of the porous characteristics is essential since pore size and

topology play a significant role. N, physisorption measurements at 77 K is one of the most widely

used technique providing information on both surface area and pore size distribution in the
74-76

micro-, meso- and macroporosity range (~0.5-200 nm).

Most N, physisorption isotherms for solid materials can be classified as one of Types I-VI according

to the IUPAC classification system?, shown in Figure 1.16.
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Figure 1.16: The five types of isotherms as classified by IUPAC. Adapted from 2

For all isotherms the amount of adsorbed N, gradually increases as its partial pressure is
increased. At some point adsorption becomes equivalent to a monolayer, which eventually
become equivalent to a multilayer and finally merges into a condensed phase.

The Type |l isotherms are typical for conventional zeolites and other microporous solids. The
micropores are filled and emptied at similar low relative pressures, resulting in a reversible ad-
and desorption isotherm with the limiting uptake being governed by the accessible micropore
volume. Type IV isotherms are obtained for mesoporous materials. The most characteristic feature
is the hysteresis loop between the adsorption and desorption branches, which is due to capillary
condensation of the adsorbate. The hysteresis is observed since mesopores of a specific size are
emptied at a pressure lower than the pressure at which they are filled. The initial part of the
isotherm can be attributed to monolayer adsorption and the limiting uptake at relatively high P/Pg
indicates complete pore filling.

Type II, 1ll, V and VI are not commonly observed for zeolite materials, since they are typical for

277 |nformation about the

non-porous, macroporous or materials with weak forces of adsorption.
shape of the mesopores can be deduces from the shape of the hysteresis loop.”® However, since
most mesoporous zeolites have a broad variation in pore shapes and sizes, cautions should be

taken when evaluating the shape of the isotherms.
Microporous ZSM-5 can in some cases display a hysteresis loop, Figure 1.17 even though it does

not contain any intracrystalline mesopores. In most cases the hysteresis loop is associated with
pore condensation in mesopores between the crystals (interparticle voids).”®
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Figure 1.17: Nitrogen Physisorption on a ZSM-5 zeolite with Si/Al=23.
Adapted from 76

Using the Brunauer-Emmett-Teller method (BET)79 it is possible to estimate the surface area from
physisorption measurements. The BET method is in a strict sense not applicable in case of

%77 In the BET equation it is necessary to know the volume equivalent of

microporous materials.
an adsorbed monolayer. Since it is difficult to separate the process of mono-multilayer adsorption
from micropore filling the surface area obtained by the BET method on microporous solids does

not reflect the true surface area but should instead be considered as a fingerprint.

To acquire information about the micropore volume the t-plot method proposed by Lippens and
de Boer’® can be used. Besides estimating the micropore volume the method can provide the
specific surface area of mesopores and the external specific surface area.®’ If a detailed study is
wanted on the micropore size distribution another adsorption technique is required because the
usual adsorption technique starts at P/Py around 0.01 and as a consequence the micropores are
already filled to a large extent.”®

A widely used method for mesopore analysis is the Barett-Joyner-Halenda method (BJH)®L. Using
the BJH model the mesopore volume and mesopore size distribution can be performed on both
the adsorption or desorption branch of the isotherm. Even though various authors’* % have
shown that the BJH model in general underestimates the “real” mesopore size with approximately
25 % the ready accessibility of the model in commercial software means that this model is still very
widely used. Therefore the derived pore size distribution must only be used as a fingerprint of the
resulting pore structure. Depending on the material and the use of either the adsorption or
desorption branch the BJH method can result in artefacts in the pore size distribution at diameters

around 2 and 4 nm.”*7®

The artefacts at diameter around 2 nm and 4 nm are not reflecting the
porous properties of the material but are associated with properties of the adsorbed nitrogen,

Figure 1.18.
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Figure 1.18: N, adsorption and desorption isotherms at 77 K of silicalite-1 and corresponding pore
size distribution derived from BJH model. Region I: Fluid-to-crystalline like phase transition; region
II: lower closure point of the hysteresis loop. Adapted from i

The artefact around 2 nm, which can occur from both the adsorption and desorption branch, is
only observed for MFI type zeolites with high Si/Al ratios and depends also on the presence of
defects.”* For this type of materials adsorbed N, can make a phase transition from a disordered
“fluid-like” phase to a more ordered “crystalline” phase which will result in a hysteresis loop
between P/Po=0.1-0.2 and consequently does not indicate mesoporosity.” ® The artefact around
4 nm is only observed using the desorption branch to calculate the pore size distribution and is
common for zeolites especially in the cases of broad pore size distribution, pore network and
cage-like structures. The artefact arises from the forced closure of the hysteresis loop around P/Pg
= 0.42 in the case of using N, at 77 K.2 % # The adsorption branch is not sensitive towards this
forced closure and will not show any pore around 4 nm.

As artefacts disturb the pore size distribution, especially when using the desorption branch, it is
recommended to compare the pore size distribution from both the adsorption and desorption
branch and also to investigate the isotherm since it can provide information about the pore

network.”*

All materials presented in this work were characterised by N, physisorption measurements
performed at liquid nitrogen temperature (77K) on a Quantachrome Autosorb 3B instrument. The
zeolite samples were outgassed in vacuum at 300 °C for 16 h prior to measurement. Total surface
areas were calculated according to the BET method. Micro- and mesopore volumes and mesopore
size distribution were determined by the t-plot method and the BJH method, respectively.

1.2.3. Acidic properties
Acidity is one of the most important properties of zeolites in relation to catalysis. As solid acids

zeolites are characterised by the type (Brgnsted or Lewis), the concentration and the strength of
the acid sites. As stated previously, the type and concentration of acid sites are primarily
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controlled by the presence of aluminum atoms in framework (tetrahedral positions) and non-
framework position587, while the strength of each site is especially controlled by the chemical
composition and hence the polarity of the lattice’®. The strongest Brgnsted acid sites are formed
with isolated Al-O tetrahedra and the strength of each Brgnsted acid site gradually decreases with
increasing aluminum content in the framework due to the overall increase in poIarity.89

It is commonly accepted that the Lewis sites in zeolites are associated with both framework and
extra-framework aluminum species. The exact structure of the extra-framework species is,
however not known with certainty but the neutral species AIOOH and Al(OH)s, (Al(OH)s), and
oxoaluminum cations such as AlO*, AI(OH),* and AI(OH)*" have been proposed.*

Several techniques can be used to investigate the acidic properties of zeolites. In this work
Temperature-Programmed Desorption of Ammonia (NHs3-TPD) is used as a relatively fast technique
to estimate the concentration (mmol/g) and the corresponding Si/Al ratio. Infrared spectroscopy
and *’Aluminum Magic-Angle Spinning Nuclear Magnetic Resonance spectroscopy (*’Al MAS NMR)
is primarily used to investigate the type of acid sites including the presence of extra-framework
aluminum.

1.2.3.1. Temperature Programmed Desorption of Ammonia
Temperature Programmed Desorption of Ammonia (NHs-TPD) has for a long time been used to

characterise acid sites of zeolites.”*™3

Since ammonia is a strong base and a relatively small
molecule (kinetic diameter 2.62 A) with a lone pair of electrons, it can reach practically all acid
sites. In NH3-TPD it is assumed that the intracrystalline zeolite surface is homogeneous without
interactions among adsorbed NH; molecules and the amount of adsorbed NHs is less than that
required for monolayer coverage. Furthermore it is assumed that no re-adsorption of ammonia
takes places during desorption.®?

In the NH3-TPD curves of H-zeolites peaks are generally observed in two temperature regions. The
regions below and above 673 K are referred to as low-temperature (LT) and high-temperature (HT)

94, 95

region, respectively. The peaks in the HT region can be attributed to desorption of NHs; from

strong Brgnsted and Lewis sites. The assignment of the LT region seems more controversial.

1.%% the concentration of Brgnsted sites is proportional to the intensity of

According to Hidalgo et a
the HT TPD peak and to that of the LT peak, suggesting that the appearance of the LT peak was
also connected somehow with the presence of strongly acidic hydroxyls as sorption sites. Several
authors® % %% pelieve that for H-ZSM-5 the LT peak is ascribed to desorption from weakly acidic
silanol groups, possible weak Lewis acid sites, extra-framework alumina species or the release of
NHs hydrogen bonded to NH," cations.

It is difficult to compare NH3-TPD results since much depends on the experimental conditions such
as rate of temperature increase and evacuating temperature. In Figure 1.19 NHs-TPD curves are
shown for the same H-ZSM-5 sample at different evacuating temperatures (Te) prior to desorption

of NH3 and they clearly have significantly different appearances.
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Figure 1.19: NH;-TPD curves obtained for H-ZSM-5 after evacuating the NH;-loaded samples at the indicated
temperature T,,. The thin lines under the curves give the best-fit component peaks. Adapted from %

Even though Christensen et al.®

the amount of framework aluminum using NH3-TPD, Infrared spectroscopy and ’Al MAS NMR for
conventional and mesoporous H-ZSM-5 care must be taken using NH3-TPD. Among the limitation
of NH3-TPD is that it can distinguish sites by sorption strength only, but Lewis and Brgnsted sites
are indistinguishable. Moreover, desorption may proceed simultaneously from sites of different
types resulting in more or less overlapping TPD peaks. %8

have shown that there exists a good correlation for determining

The acidity was determined by NHs-TPD, using the following procedure: 40 mg of the sample was
pre-treated by heating the sample to 500°C in a flow of nitrogen (75 ml/min, heating ramp 20 °C).
The temperature was kept for 120 min before cooling to 150 °C. At this temperature the NH3 gas
was adsorbed by switching to 2% NHs/He (75ml/min) for 30 min. To remove physically adsorbed
ammonia the sample was flushed with N, (75 ml/min) at 150 °C for 4 hours prior to desorption
measurements. Subsequently, the sample was heated to 600 °C (heating ramp 10 °C/min). The
rate of NH; desorption was monitored by measuring the weight loss of the sample with
thermogravimetric analysis. The total amount of desorbed NH; was calculated from the area
under the TPD curve assuming one NHs molecule per acid site. All NHs-TPD measurements were
performed at Haldor Topsge A/S.

1.2.3.2 Infrared spectroscopy

One way to distinguish between Brgnsted and Lewis acid sites is by using Fourier Transform
Infrared spectroscopy (FT IR). Acidity regarding strength, location and accessibility cannot be
assessed by investigations of the solid alone but must be measured indirectly by assessing the
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interaction strength between an adsorbed basic probe molecule and the solid.” Several basic
probe molecules are frequently used depending on the type of sites probed and the type of solid.
CO is usually used for acid sites characterisation of zeolites since it is a relative small molecule
(minimum kinetic diameter 0.073 nm) and will probe the maximum concentration of acid sites. CO

90,100 £ acid

is a weakly base which is adsorbed end-on through the carbon on polarizing sites.
sites characterization in mesoporous zeolites the use of molecular probes of different sizes has
been used to provide information regarding the location of the catalytically active acid sites in
various zeolites.'”!

Even if no probe molecule is used FTIR spectra of dehydrated samples are still valuable for
following major changes in surface OH groups resulting from different treatments. If no probe
molecules are used silanol and bridging hydroxyl groups are seen as isolated bands in the 3000-
3800 cm™ region while framework Si-O vibrations are located at lower wavenumbers of typically
600-1200 cm™. In Table 1.2 is listed the wavenumber (cm™) and the corresponding assignment for
different types of bonds between atoms in zeolites and in Figure 1.20 is shown where some of the

bonds are located in ZSM-5.

. . . 90,100,102-105
Table 1.2: Wavenumber and corresponding bonds in zeolites

Wavenumber [cm™] Corresponding bonds
3780 Partly connected framework aluminum
3745 Terminal Si-OH groups which is virtually isolated and located on the external surface.
H\clj H\Clj H\clj
—SII_O_SIi_O_S|i—
3720 Perturbed Si-OH sites predominantly located inside the zeolite structure. So-called silanol
3690 nests involved in relatively strong hydrogen bonds.
|
TR
77
—Sli— (0] —Sli—
3660 Extra-framework aluminum.
3610 Strong Brgnsted acid sites.
]
| B I
_S|i_O_P|\|e_ O—Si—
|
3460 Internally silanol nests.
|
eN
| A R
—Si—Q O—Si—
| Ho
He
7
—si—
|
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Figure 1.20: Location of bonds in ZSM-5

If a zeolite is completely free from defects in the crystal lattice there will only be observed a Si-OH
contribution from the external surface where the lattice is terminated giving a sharp adsorption
peak at 3745 cm™. Si-OH components located at lower frequencies represent various
imperfections in the zeolite framework.”® The limitation of FTIR is, however, the complete lack of
information concerning possible changes in the acid strength, generation of Lewis acidity, the site
localization (internal vs. external) and accessibility.”® To acquire information of this CO- FTIR has to
be performed. Not only information about the acid sites in zeolites can be extracted from a CO-
FTIR spectrum but also extra-framework aluminum and structural defects can be investigated.

A crucial point during the determination of the acid site concentration with FTIR is to ensure the
complete coverage of all sites and the absence of physisorbed molecules. This is typically achieved
by out-gassing the sample in vacuum.

In this work CO-FTIR at 77 K has been performed at Department of Inorganic, Physical and
Materials Chemistry, NIS Centre of Excellence and Centro di Riferimento INSTM, University of
Turin. The CO-FTIR at the University of Turin were performed on self supporting pellets pre-
activated in vacuo and heated up to 150, 350 and 500 °C for 1 h respectively. CO adsorption at low
temperature has been performed on samples pre-activated at 350 and 500 °C. The spectra have
been registered at decreasing pressure of CO in the cell, using a Nicolet 6700 spectrometer
operating in transmission mode with a resolution of 2 cm™ and a MCT detector. Additionally, FTIR
has been performed at Haldor Topsge A/S on self supporting pellets pre-activated in vacuo and
heated up to 350 °C or 450 °C for 12 h with a heating ramp of 3 °C/min. After pre-activation the
samples were cooled to room temperature and the spectra have been registered using a FTS 575C
spectrometer operating in transmission mode with a resolution of 2 cm* and a MCT detector.

1.2.3.3. ?’ Aluminum Magic-Angle Spinning Nuclear Magnetic Resonance

2’Al MAS NMR is a powerful tool for analysing the coordination of aluminum atoms in zeolites.
Since NMR is sensitive to the local surrounding of the nuclei under study it is not necessary to have
samples with long-range order as is required when using XRPD.'%®

From a Al MAS NMR spectrum it is possible to distinguish between different coordinated

aluminum.*®’ Framework aluminum is only tetra-coordinated and will exhibit a resonance with a
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108,19 |n the *’Al MAS NMR spectrum shown in Figure 1.21 it is

the dominant signal. In Figure 1.21 is furthermore present a broader and less intense resonance at

center of gravity around 53 ppm.

0 ppm which is due to the presence of octahedrally coordinated aluminum and ascribed to the

occurrence of extra-framework aluminum.!*% 1
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Figure 1.21: > Al-MAS NMR spectra recorded for ZSM-5. Adapted from w2

Besides information about the coordination of aluminum, 2’ Al MAS NMR can also provide
information about the Si/Al ratio. From the line width it is also possible to get an idea of the
crystallinity since a smaller line width may reflect a higher degree of crystallinity and a higher
degree of local ordering around the individual aluminum sites is expected for crystals that are
larger than the nm size.!?

In this work 2’Al MAS NMR has been performed at Instrument Centre for Solid-State NMR
Spectroscopy and Interdisciplinary Nanoscience Center (iNANO) at Department of Chemistry,
University of Aarhus. The /Al MAS NMR spectra were recorded on a Varian Direct Drive VNMRS-
600 spectrometer (14.1 T, *H decoupling) using a home-built CP/MAS probe for 4 mm o.d. rotors
and a spinning speed of Vg = 13.0 kHz. This single-pulse spectra employed a 0.5 us excitation pulse
for an rf field strength of yB1/2m = 60 kHz, a 2-s repetition delay, and *H decoupling (yB,/2 1t = 60
kHz) during acquisition.

In addition, 2°Si MAS NMR is used to analyse the coordination of silicon in zeolites and to estimate
the Si/Al ratios of selected zeolite samples. The 2°Si MAS NMR spectra were conducted at
Instrument Centre for Solid-State NMR Spectroscopy and Interdisciplinary Nanoscience Center
(INANO) at Department of Chemistry, University of Aarhus. The spectra were recorded on a Varian
INOVA-400 Spectrometer (9.4T) using a home-built CP/MAS probe for 5 mm o.d. rotors, a spinning

speed of Vg = 10.0 kHz, a 2.5 us excitation pulse (~ 45 °flip angle for yB,/2m = 50 kHz) and a recycle
delay of 30 s.
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1.2.4. Morphology

Electron microscopy is frequently used for investigating the morphology, chemical composition
and homogeneity of a zeolite sample. Scanning Electron Microscopy (SEM) is particular frequently
used to determine the size and morphology of the individual zeolite crystals as it is often directly
observable whether the sample consists of agglomerates of nanosized crystals or contains larger
crystals. In Figure 1.22 typical SEM images of a conventional zeolite with the MFI structure are
shown.

Figure 1.22: SEM image of a conventional and mesoporous ZSM-5. Adapted from ***

As seen in Figure 1.22 it is possible to obtain MFI crystals with quite different morphologies. In
Figure 1.22a is an example of the archetype MFI morphology referred to as twinned prisms and
the particles shown in Figure 1.22b are often described as coffin-shaped. The particles in Figure
1.22c and d appear to have surface roughness and seem to be formed of smaller subunits.
Mesoporous zeolites have a different morphology than the conventional counterpart as seen in
Figure 1.23.
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Figure 1.23: SEM images of mesoporous ZSM-5 produced by a) carbon-templating66

and b) desilication'*®

In general mesoporous zeolites have a sponge-like appearance. It is possible with the carbon-
templating method to retain the coffin-shape characteristic of MFI-structured zeolites as shown in
Figure 1.23a. Since mesopores generation by desilication is a post-synthesis treatment, the
morphology is often retained of the parent sample only with a more sponge-like appearance,
Figure 1.23b.

It is possible to obtain a compositional image by detecting back-scattered electrons by which the
heavier elements will appear as brighter spots on the images since they are more efficiently
scattered. One should be aware that a certain weight difference in the elements should be
present. It is thus not possible to distinguish between silicon and aluminum but it is possible to
distinguish between silicon and gold. The most widely used signal is however that from secondary
electrons since they penetrate deeper into the sample resulting in a more detailed image of the
topology.™*

Often scanning electron microscopes are equipped with Energy-Dispersive Analysis (EDS) which
can estimate the chemical composition of a selected area by detection of X-rays emitted from the
area. One must be aware that the selected area will provide information about the composition
primarily of the surface of the selected area since the volume which the electrons penetrate has a
limited depth and size. It is not possible to detect all types of elements by EDS. Rather light
elements like carbon have low energy/long wavelength X-rays and are therefore readily adsorbed
by the solid. Both the volume which is being analysed and the fraction of the X-rays which are
emitted from the sample depend critically on the i) energy of the electron beam, ii) the
wavelength of the emitted X-ray and iii) the local atomic weight of the sample. ** This complexity
makes accurate analysis extremely difficult and is in this work EDS is only used qualitative instead

of quantitative.

SEM/EDS is used here to investigate the size and shape of the synthesised materials and estimate
the chemical composition. Additionally the backscatter detector is used to get an idea whether
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gold is present on the surface of zeolite crystals. All materials are investigated at Haldor Topsge
A/S on a Philips XL-30 FEG. The samples were placed on a carbon film and Ag or Pt/Pd was
evaporated onto the sample for approximately 20 minutes to achieve sufficient conductivity.

Another frequently used electron microscopy technique is Transmission Electron Microscopy
(TEM). The main difference between SEM and TEM is that SEM images contrast due to topology of
the surface, whereas the electron beam in TEM projects all information on the mass it encounters
in a two-dimensional image and thereby provides information about the internal structure.**
TEM is the most frequently used electron microscopy technique in the study of mesopore
formation.” Figure 1.24 shows representative images of conventional and mesoporous ZSM-5
crystals from carbon templating and desilication. The conventional zeolite crystals appear to be
dense and no distinct contrast difference throughout the crystals whereas mesoporous zeolites
have a pronounced contrast difference. The mesopores appear as bright areas in the TEM images
for the mesoporous ZSM-5 crystals since they have a reduced mass-density.

Figure 1.24: TEM images of a) conventional ZSM-5 and mesoporous ZSM-5 from b) carbon templating and c)
desilication. Adapted from ** *11¢

To investigate whether crystals are single crystals or polycrystalline agglomerates TEM can be
coupled with Selected Area Diffraction (SAD) technique. Applied on the selected area it is possible
to obtain an electron diffraction pattern which for a single crystal should be an array of reflections

rather than concentric circles which would result from a polycrystalline agglomerate.’** A

n
example of a SAD pattern is in the inset of Figure 1.24b where the mesoporous ZSM-5 crystal
appears to be a single crystal. According to Imai et al.'*’ care should be taken as SAD patterns can
falsely show that a polycrystalline agglomerate appears to be a single crystal, Figure 1.25, which
guestions whether the mesoporous ZSM-5 resulting from carbon templating is actual a single

crystal or a mesocrystal in an ordered environment.
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Figure 1.25: Field-emission SEM images of a) magnification of b) aragonite plate consisting of the nanocrystals. In
the inset of b) is the spot selected-area electron diffraction pattern of the aragonite plate consisting of the

nanocrystals. Adapted from **’

Almost all electron microscopy techniques share one fundamental limitation; they generate two-
dimensional information by projection of a three-dimensional structure. During this work one goal
was to encapsulate metal nanoparticles in zeolites crystals. To determine whether the metal
nanoparticles are located on the external surface or as intended encapsulated within the zeolite
crystal is almost impossible. However TEM can be extended from a two-dimensional to a three-

dimensional analysis tool by electron tomography.**®

In electron tomography a serie of images is
recorded as a function of the tilt angle. Combining these images makes it possible to create a
three-dimensional reconstruction of the sample. In addition tomography also gives a possibility to
obtain imaginative slices though the sample and thereby investigate internal details of the
specimen. 19 One complication is that the framework of zeolites degenerates rather rapidly under
TEM illumination which can result in severe beam damage in the prolonged acquisition times
required for a tilt series.

Generally, one should be aware that in TEM and SEM only a small amount of the sample is used

and only a small area of the sample is investigated.

In this work TEM is used to investigate the porosity of the synthesised materials and thermal

120,121 \vas used to determine whether

stability of encapsulated Au. Bright field TEM tomography
the metal nanoparticles are present on the external surface of the zeolite crystals or encapsulated.
All TEM investigations are performed at Haldor Topsge A/S at either a CM200-FEG UltraTwin
electron microscope (Philips/FEl), a Titan 80-300 SuperTwin electron microscope or a CM300 FEG

SuperTwin environmental transmission electron microscope (Philips/FEl).
1.2.5. Miscellaneous

To obtain an accurate elemental analysis Inductively Coupled Plasma Optical Emissions
Spectroscopy (ICP-OES) is used. The samples are dissolved in hydrofluoric acid or aqua regia and

31



then analysed for the photon emission specific to each element. The analysis is highly accurate
and detects even a few ppm of the element. The limitation of this technique is approximately 0.05
ppm. All ICP-OES measurements are performed at Haldor Topsge A/S on a PerkinElImer OES
Optima 7300 DV.

Thermogravimetric Analysis (TGA) records the mass of the sample as a function of temperature
resulting in information on the thermal stability of the sample i.e. decomposition temperature. A
drop in the obtained curve will reveal a loss of mass at a certain temperature i.e. evaporation of a
solvent while a plateau corresponds to stability of the material in that temperature range.

TGA can be combined with Differential Scanning Calorimetri (DSC) which records the changes in
heat flow as a function of temperature. The complementary information obtained allows
differentiation between endothermic and exothermic events with no associated weight loss i.e.
melting and crystallization and those that involve a weight loss i.e. degradation.

TGA/DSC measurements are performed at Haldor Tops@e A/S on a Mettler TGA/DSC-1 apparatus
in the temperature range 30 °C to 600 °C, ramping 5 °C/min in air.

1.2.6. Summary

In this thesis several characterization techniques have been applied to reveal information about
the synthesised zeolite materials. The framework structure type as well as the phase-purity of
zeolite crystals is determined by X-ray powder diffraction (XRPD) which also reveals information of
the size of the crystal. Furthermore, XRPD is also used to evaluate whether or not a post-synthesis
treatment has induced structural changes. However, care must be taken in determining the crystal
size of mesoporous zeolite crystals using XRPD alone since mesoporous crystals may exhibit similar
broadened lines as nano-sized crystals. N, physisorption measurements are used to investigate the
textural properties of the mesoporous zeolite crystals concerning surface area, type and volume of
porosity and pore size distribution. One must be aware of the appearance of artefacts in the pore
size distribution, especially using the desorption branch and it is recommend to compare the pore
size distribution from both the adsorption and desorption branch. The acidic properties of the
prepared zeolite materials have been investigated using Temperature-Programmed Desorption of
ammonia (NHs-TPD), Infrared Spectroscopy and 2’ Aluminum Magic-Angle Spinning Nuclear
Magnetic Resonance spectroscopy (*’Al MAS NMR). NH5-TPD is used as a relatively fast technique
to estimate the concentration (mmol/g) and the corresponding Si/Al ratio. Infrared Spectroscopy
and Al MAS NMR is primarily used to investigate the type of acid sites including the presence of
extra-framework aluminum. Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) techniques are used to investigate the morphology of the crystals as well as
obtaining direct visual images of the porosity of the materials. SEM is used to determine the size
and morphology of the individual zeolite crystals and to see whether the sample consists of
agglomerates of nanosized crystals or contains larger crystals. TEM is used to investigate the
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porosity of the synthesised materials, thermal stability of encapsulated gold nanoparticles and
determine whether the Au metal nanoparticles are located on the external surface or in fact
encapsulated in the zeolite crystal. To obtain an accurate elemental analysis of a macroscopic
amount of sample Inductively Coupled Plasma Optical Emissions Spectroscopy (ICP-OES) has been
used. TGA/DSC is used to investigate the thermal stability of the prepared samples and
identification of endothermic and exothermic events.
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Chapter 2

Nanosized versus mesoporous zeolites in the MTH reaction

This chapter contains synthesis, characterization and catalytic test of nanosized and mesoporous
ZSM-5 zeolites. Their catalytic lifetime was tested in the methanol to hydrocarbon (MTH) reaction
and compared to a conventional ZSM-5 zeolite. PhD student Peter N.R. Vennestrgm and PhD Uffe
V. Mentzel have conducted the catalytic tests.

2.1. Introduction

The search for future energy sources as alternatives to crude oil is one of the most important
issues among scientific topics. Among several alternatives, the conversion of methanol to
hydrocarbons (the MTH reaction) has received significant attention since in this process it is
possible to produce gasoline from methanol which is virtually identical to normal petrochemical
gasoline. Methanol can be prepared from synthesis gas (a mixture of CO, and H,) which can be
produced via a reforming or gasification process of coal, natural gas and biomass which are all

much more abundant than crude oil or less likely to run out.*”>'**

Even though the MTH reaction
was discovered in the 1970s by Mobil'** using zeolite catalysts the detailed reaction mechanism is

still not fully understood. A simplified pathway is shown in Figure 2.1.

2 CH,OH = CH,0OCH, + H,0

CHOH Paraffins
—> Olefins—>
CH,0CH;, Aromatics

Figure 2.1: Simplified MTH reaction pathway

Initially methanol is partly dehydrated to an equilibrium mixture of methanol, dimethylether
(DME) and water. Methanol and DME are then completely dehydrated and catalytically converted
to olefins under the formation of carbon-carbon bonds. The formed olefins react further to form
paraffins and aromatics. The overall product composition can be expressed as (CH;),
corresponding to complete dehydration of methanol. The more detailed reaction mechanism is

125128 Ohe of the most

highly complex and has been debated since the discovery of the reaction.
accepted mechanisms is the “hydrocarbon pool mechanism” suggested by Dahl and Kolboe in
1993."% %9 The hydrocarbon pool mechanism is described as a catalytic scaffold constituted by
large organic species adsorbed inside the zeolite to which methanol is added and in turn split off
hydrocarbon products. Produced alkenes are able to be reinserted into the hydrocarbon pooal,
while alkanes are end products. Even though the hydrocarbon pool mechanism has gained general
acceptance, the mechanism is still far from being understood. The complexity of the reaction

increases since the zeolite-catalysed MTH reaction does not only depend on the reactor design
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and reactor conditions, but also on the type of zeolite catalyst concerning pore architecture and
acid site strength/density.lg’ 131 By varying these factors the selectivity of the MTH reaction can be
shifted towards gasoline products (MTG) or towards production of olefins (MTO).

ZSM-5 zeolite is often chosen as a MTH catalyst owing to its high product selectivity in the gasoline
range, high catalytic activity and for zeolites long catalytic lifetime. A high Si/Al ratio is preferred
because zeolites with a low concentration of acid sites deactivate more slowly.”***** An essential
aspect in MTH catalysis is catalyst deactivation. When ZSM-5 is employed as a MTH catalyst the
size of the micropores prevents the formation of large polyaromatic compounds (coke) inside the
channels of the zeolite, and coking of the ZSM-5 is often described as an external surface
phenomenon, eventually leading to blockage of the pore entrances. Especially Svelle et al &
have ruled out any correlation between the concentration of organics in the pores and the zeolite
deactivation. Instead they found that deactivation must result from the formation of large
graphitic species on the external surface of the zeolite crystals. The cause of ZSM-5 zeolite catalyst
deactivation in the MTH reaction is a ongoing discussion. Recently, Barbera et al.*® found that
deactivation is due to coking at internal defects, i.e. silanol groups, independent of porosity,
preparation method, crystal size and Si/Al ratios, see Figure 2.2. They concluded that activity and
deactivation depend on different physical or chemical properties of the catalyst which can be
varied independently of each other. The activity correlates with the number of strong acid sites
and thereby the catalyst acidity whereas their study clearly indicated that the presence of silanol

groups inside the zeolite affects the deactivation rate.
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Figure 2.2: Correlation between the deactivation rate and the IR intensity ratio (l37,6/13745) as an
estimate for internal defects. The red, blue and grey dots represent conventional ZSM-5 zeolite
crystals which vary in crystal size and Si/Al ratios. Open symbols correspond to desilicated
materials and thereby mesoporous samples. Adapted from 135
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Regardless where the coking takes place, the formation of coke on the catalyst is an important
cost-bearing factor for the industry since frequent catalyst regeneration by burning deposited
coke with diluted oxygen is necessary. This is not only valid for the MTH process but also in many
other petrochemical processes using zeolite catalysts including hydrocarbon refining and fine-

chemical syntheses.® %

Recently, it was shown®™

that mesoporous zeolites have enhanced catalytic lifetimes in the MTH
reaction and that hierarchical zeolites displayed lifetimes that were up to 3.5 times the normal
lifetime compared with solely microporous zeolites. Kim et al.*® have investigated the catalytic
lifetime in the MTH reaction within a series of ZSM-5 samples with a wide variation of
mesoporosity while the Si/Al ratio was maintained in a narrow range. According to Kim et al. there
exists a quantitative correlation between mesoporosity and catalytic lifetime independent of the
preparation method. The resulting correlation shows that the catalytic lifetime increased in an
approximately linear manner when plotted with respect to the external surface area, see Figure

2.3.
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Figure 2.3: Correlation between catalyst lifetime (t,) and external surface area. t, is the time at
which the catalytic conversion of methanol decreased by 50%. BTZ represents base-treated zeolite,
CTZ is carbon-templated zeolite, OSD denotes organosilane-directed zeolite, ZST is assigned to
conventional zeolite and the numbers are the Si/Al ratios. Adapted from 10

It is feasible that the generation of mesopores in ZSM-5 zeolite can lead to significant
improvement in the MTH catalytic lifetime due to improved mass transport, when the catalytic
lifetime is compared at the same Si/Al ratios. In the work of Kim et al. high aluminum contents
were introduced in the zeolite samples which often entail extra-framework aluminum. Even
though the Si/Al ratios are in the same range the presence of extra-framework aluminum can also
affect the catalytic lifetime, which is investigated and discussed in Chapter 3.
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Hitherto, no study has been performed on the effect of intercrystalline versus intracrystalline
mesopores in ZSM-5 zeolite crystals in the MTH reaction. In the present chapter, the effect of
inter- or intracrystalline mesopores in ZSM-5 zeolite crystals is investigated for the catalytic
lifetime in the MTH process keeping the Si/Al ratios in the same range and at the same time
keeping the presence of extra-framework aluminum to a minimum. Both types of mesoporous
zeolite materials are expected to improve the catalytic lifetime compared to a conventional
microporous zeolite due to enhanced mass transport. Since intercrystalline mesoporous zeolite
materials contain mesopores between nanosized zeolite crystals these are not truly mesoporous.
In this work the samples are instead referred to as nanosized zeolites.

2.2. Synthesis strategy

Nanosized and mesoporous zeolites can both be synthesised using carbon as inert template. The
nanosized zeolite crystals can be prepared using the confined-space synthesis strategy34 which
involves crystallisation of the zeolites within the mesopores system of an inert carbon material,
see Figure 2.4a. The carbon material typically controls the final crystal size by hindering zeolite
growth within the pores. A complete calcination of the carbon matrix will lead to isolation of the
nanocrystals with intercrystalline mesopores.
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Figure 2.4: Schematic illustration of a) the confined space synthesis and b) encapsulation of carbon.
Adapted from 35,138

Zeolites prepared by the confined synthesis route have lager external surface areas and posses the
same number of acid sites as the corresponding large zeolite crystals.'*? In the confined synthesis
method the zeolite components have to be introduced in a soluble form and in an amount exactly
equal to (or lower than) that necessary to fill the pore volume of the carbon. By using excess of a
zeolite gel it is possible to generate intracrystalline mesopores. Under these synthesis conditions
the zeolite will grow around the carbon particles of the inert carbon matrix producing single
mesoporous zeolite crystals with intracrystalline mesopores after combustion of the carbon
matrix, > see Figure 2.4b. It is important that the zeolite nucleation takes places exclusively
between the carbon particles for the encapsulation to take place. Consequently, by controlling the
amount of zeolite gel it is possible to control whether nanosized or intracrystalline mesoporous
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zeolites should be generated. By both methods it is possible to produce mesoporous zeolites with
various Si/Al ratios and also with different zeolite structures.®” 138139

In this work nanosized and intracrystalline mesoporous ZSM-5 type zeolites are synthesised,
characterised and compared with a prepared conventional ZSM-5 type zeolite in the MTH reaction
concerning the catalytic lifetime. All zeolite materials are produce with a Si/Al = 50 in the synthesis
gel and the aluminum source is kept the same in all synthesis. Aluminum isopropoxide is chosen as

aluminum source. Previous studies show'**

that when aluminum isopropoxide is used much more
aluminum is incorporated into the framework than when using for instance sodium aluminate.
Even though the Si/Al ratio is kept constant for all zeolite synthesis gels it is not guaranteed that
the Si/Al in the final product is the same since zeolites have a very complex crystallisation
mechanism. The intracrystalline mesoporous ZSM-5 was synthesised according to the procedure
by Jacobsen et al.*® using Carbon Black Pearls (BP-2000) as mesopore template and by stepwise
impregnation. The nanosized ZSM-5 was prepared in three different ways all by the use of Pluronic
123 (P123) as mesopore template and carbonised polyfurfuryl alcohol as the carbon source. The
idea originates from Huang et al.**® who synthesised Zeolite A nanocrystals using a refinement of
the confined space synthesis method. In principle, silica nanoparticles are firstly embedded in a
mesoporous carbon matrix and are directly converted into aluminosilicate zeolite nanocrystals by
diffusing an aqueous solution though the mesoporous carbon channels. The synthesis procedure is
schematically illustrated in Figure 2.5.
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Figure 2.5: Schematic illustration of mesoporous carbon confined conversion of colloidal silica
nanoparticles into zeolite nanocrystals. Adapted from 10
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Colloidal silica nanoparticles are employed as the silica source as well as template, since the size
and shape of the colloidal silica controls the nanocrystal size distribution, Figure 2.5a. After
addition of P123 and furfuryl alcohol (FA), the FA is polymerised to polyfurfuryl alcohol (PFA) and
the SiO,-P123-PFA composite, Figure 2.5b is heated under N, yielding a silica-mesoporous carbon
composite, Figure 2.5c. At this point PFA is carbonised while P123 is decomposed, creating a
mesoporous carbon structure with encapsulated silica nanoparticles. To convert the silica
nanoparticles into zeolite crystals, Figure 2.5d, the silica-mesoporous carbon composite is mixed
with an aqueous synthesis gel followed by aging and hydrothermal treatment, Figure 2.5e. Finally
the zeolite nanocrystals are retrieved by carbon combustion.

The mesoporous carbon composite arises from P123 and FA. P123 is a non-ionic amphiphilic
triblock copolymer composed of a hydrophobic poly(propylene oxide) group terminated with two
hydrophilic poly(ethylene oxide) groups; (PEQ),0(PPO)70(PEO),0. In aqueous solution P123 will self-
assemble in micelles with a hydrophobic core and a hydrophilic surface, Figure 2.6.
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Figure 2.6: The pluronic structure and its micelle

The hydroxyl group on FA can interact with the surface of the micelle thorough formation of
hydrogen bonds and FA can subsequently through a polymerisation transform into PFA around the

triblock copolymer, Figure 2.7, which stabilises the micelles.**

The polymerisation of FA is carried
out with a strong Brgnsted or Lewis acid and due to exothermicity the polymerisation should be

carried out with caution.'** The resulting PFA is a black, highly crosslinked polymer.
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Figure 2.7: Polycondensation of furfuryl alcohol (ideal structure formation). Adapted from 192

During polymerisation of the FA, formation of Si-O-C bonds takes place with the SiO; particles
present. The cationic polymerisation of FA is significantly accelerated when it occurs on the
surface of silica particles and the result of cationic surface polymerisation on silica with FA is an

organically functionalized silica surface, 143 Figure 2.8. So during the polymerisation the SiO,
nanoparticles will be encapsulated in the P123-PFA assembly.
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H+ O
Figure 2.8: Possible reaction of the cationically active polyfurfurylium chain and the silanol
groups. Adapted from 13
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Even though Huang et al.’s refined confined space synthesis consists of quite a few synthesis
steps, it has the advantage that the zeolite crystallisation outside the silica-mesoporous carbon
composite is completely eliminated. Zeolite crystallisation in the mesopores in unfavourable due

149 Another adva ntage

to small mesopores sizes and this makes nanocrystals intergrowth less likely.
over the original confined space synthesis is the use of carbonised PFA and P123 which is a
cheaper alternative to the quite expensive BP-2000 carbon particles.®*

In this work Huang et al.’s refined confined space synthesis has been varied in two different ways

which is illustrated in Figure 2.9.
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Figure 2.9: The three synthesis strategies for producing nanosized ZSM-5 zeolite crystals. Route a
is that of Huang et al.zs, while route b and c are variations thereof

By all three synthesis strategies, P123, FA and SiO, nanoparticles are mixed followed by
polymerisation to the SiO,-P123-PFA composite. In the original synthesis procedure (route a,
Figure 2.9) the SiO,-P123-PFA composite is coated with a mixture of P123 and PFA to prevent silica
from dissolving out of the mesoporous silica-carbon composite particles during the penetration of
the zeolite synthesis gel. Hereafter, the SiO, nanoparticles are converted into aluminosilicate ZSM-
5 zeolite and the zeolite crystals are retrieved by burning off the mesoporous carbon. In the first
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variation (route b, Figure2.9) half of the used silica is added in the beginning and present as SiO,
nanoparticles in the mesoporous carbon matrix and the other half is impregnated to the SiO,-
mesoporous carbon composite before conversion to zeolite. The impregnation of silica might
induce intracrystalline mesopores if it is possible for the silica to encapsulate the carbon template
during zeolite crystallisation. In the second variation (route c, Figure 2.9) the SiO,-P123-PFA
composite is not coated with P123/PFA. Otherwise the original route a) and c) are identical. The
idea is to see whether intercrystalline mesoporous zeolites can be obtained without the extra
synthesis step, or if it is possible for the zeolite crystals to encapsulate the mesoporous carbon
creating intracrystalline mesopores after carbon combustion.

In summary, one mesoporous ZSM-5 with intracrystalline mesopores and three nanosized ZSM-5
zeolites have been synthesised using carbon as mesopores template. The aim is to investigate
their catalytic lifetime in the MTH reaction and compare with a conventional ZSM-5. All zeolites
are synthesised with Si/Al = 50.

2.3. Experimental

All the reagent were of reagent grade and used without any further purification: Sodium

hydroxide (NaOH, 99 wt%, Riedel-de Haen), tetrapropylammonium hydroxide (TPAOH, 40 wt%,
AppliChem), aluminum isopropoxide (CoH,103Al, 98 wt%, Aldrich), tetraethylorthosilicate (TEQOS,
98 wt%, Aldrich), Snow-tex 0-40 (colloidal silica, SiO,, 40 wt% SiO,, Nissan Chemical industries
Ltd), tetrahydrofuran (THF, 99 wt%, Aldrich), Carbon Black Pearls (BP-2000, average diameter of 12
nm, Carbot Corporation), ethanol (C;HsOH, EtOH, 99.9 wt%, Kemethyl A/S), ammonium nitrate
(NH4NOs, 99.5 wt%, Merck), furfuryl alcohol (CsHeO,, 98 wt%, Sigma-Aldrich), hydrochloric acid
(HCl, 37 wt%, Sigma-Aldrich), Pluronic123: Poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) (P123, Aldrich), Methanol (CH30H, > 99.9 wt% Aldrich Chromasolv®).

2.3.1. Synthesis of conventional ZSM-5

The conventional ZSM-5 zeolite was synthesised using the following procedure:
Firstly, 0.5 g of NaOH was dissolved in 3.6 g H,O after which 28 g of 40 wt% TPAOH was added and the
solution was stirred until a homogeneous solution was obtained. In another beaker 0.53 g aluminum
isopropoxide was mixed with 45 ml THF and quickly added to the NaOH/TPAOH mixture simultaneously
with 27.09 g TEOS. This white mixture was stirred for 2 h and transferred to a Teflon lined autoclave
which was heated to 180 °C for 5 days. After cooling the white suspension was filtered and washed with
water until pH was neutral. The white product was left to dry overnight at room temperature. Finally the
organic template was removed by combustion in air in a muffle furnace at 550 °C for 5 h. The obtained
material was named conv ZSM-5.

2.3.2. Synthesis of mesoporous ZSM-5 with intracrystalline mesopores
The mesoporous ZSM-5 with intracrystalline mesopores was synthesised using the following
procedure:
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BP-2000 was dried in an oven (min. 110°C) overnight and 14 g was taken from the batch. Firstly, 0.53 g
aluminium isopropoxide was quickly dissolved with 45 ml THF in a beaker and impregnated on the
carbon. This mixture was left overnight at room temperature to evaporate THF. In a beaker, 28 g of 40
wt% TPAOH, 3.6 g H,O and 0.5 g of NaOH was added and stirred until a clear solution was obtained,
after which 21 g EtOH was added during stirring. The carbon was impregnated with all the obtained
solution resulting in precisely incipient wetness. After evaporation of the EtOH at room temperature
overnight, the carbon particles were impregnated with 27.09 g TEOS and then left to hydrolyse
overnight. After hydrolysis, the impregnated carbon was transferred to a Teflon beaker which was
placed in a stainless steel autoclave with 1 cm water to produce saturated steam. The autoclave was
heated slowly to 180 °C and kept there for 72 hours. After crystallisation the autoclave was cooled to
room temperature, the black product was suspended in water, filtered by suction and washed
repeatedly with water until pH was neutral. Then the product was dried at 110 °C for 10 h and the
carbon black was removed by controlled combustion in air in a muffle furnace at 550 °C for 20 h. In this
way a white material was obtained and named intra meso ZSM-5.

2.3.3. Synthesis of nanosized ZSM-5
The nanosized ZSM-5 zeolite was synthesised according to Huang et al. using the following

procedure:
Preparation of $i0,-P123-PFA composite

Firstly, 16 g of P123 and 40 g FA were mixed in a capped polypropylene bottle under stirring until a
homogeneous solution was obtained. To this solution 20 g of Snow-tex O-40 was added and left for
stirring overnight at room temperature. To initiate the polymerisation 8 g 2 M HCl was added and left
for stirring for 2 days after which the solution turned black and very viscous. The polymerisation was
finalised by heating to 70 °C for 2 days.

Surface coating and preparation of mesoporous silica-carbon composite

Prior to coating the SiO,-P123-PFA composite was crushed into particles with a size ~2 mm. A P123-PFA
solution was prepared by thoroughly mixing 16 g P123 and 40 g FA at 50 °C. When the solution was
homogeneous 8 g 2 M HCl was added during stirring. The solution was heated to initiate polymerisation
of FA. When the solution became viscous, it was removed from the heating, stirred at room temperature
and the SiO,-P123-PFA composite particles were added. The coated SiO,-P123-PFA composite particles
were transferred into a crucible and heated to 70 °C for 5 hours to complete polymerisation.

The surface-coated silica-mesoporous carbon composite was obtained by heating the coated SiO,-P123-
PFA under N, flow at a heating ramp of 2 °C/min up to 500 °C and holding this temperature for 5 h.

Confined-space synthesis of ZSM-5 zeolite

The confined-space synthesis of ZSM-5 zeolite was similar to the procedure described for impregnation
on BP-2000 particles, using the same crystallisation conditions and ratios between the reactants in the
zeolite synthesis gel.

Firstly, 0.53 g aluminium isopropoxide was quickly mixed with 45 ml THF in a beaker and impregnated
on the mesoporous silica-carbon composite. This mixture was left overnight at room temperature. In a
beaker, 28 g of 40 wt% TPAOH, 3.6 g H,O and 0.5 g of NaOH was added and stirred until a clear solution
was obtained, after which 21 g EtOH was added during stirring. The mesoporous silica-carbon
composite was impregnated with the obtained solution to incipient wetness. After evaporation of the
EtOH at room temperature overnight, the impregnated material was transferred to a Teflon beaker



which was placed in a stainless steel autoclave with 1 cm water to produce saturated steam. The
autoclave was heated slowly to 180 °C and kept there for 72 hours. After crystallisation the autoclave
was cooled to room temperature, the black product was suspended in water, filtered by suction and
washed repeatedly with water until pH was neutral. Then the product was dried at 110 °C for 10 h and
the carbon was removed by controlled combustion in air in a muffle furnace at 550 °C for 20 h. In this

way a white material was obtained and named nano_1 ZSM-5.

In the first variation of the confined space synthesis by Huang et al. (Figure 2.9b) the only

deviation is the amount of added Snow-tex 0-40 to the SiO,-P123-PFA composite.
Only 10 g Snow-tex 0-40 is used instead of 20 g. Instead 13.9 g TEOS was impregnated after the
evaporation of EtOH at room temperature overnight. After impregnation of TEOS the material was left
to hydrolyse overnight and after hydrolysis, the impregnated carbon was transferred to a Teflon beaker
and the crystallisation and isolation of zeolite crystals was identical to the reported confined space
synthesis of ZSM-5 zeolite materials. The obtained white material was named nano_2 ZSM-5.

In the second variation (Figure 2.9c) of the confined space synthesis by Huang et al. the surface
coating with mesoporous carbon (P123-PFA) is omitted. Otherwise, the synthesis route was

completely identical. The obtained white product was named nano_3 ZSM-5.

2.3.4. lon exchange
All the synthesised zeolite materials contain sodium as the charge-compensating cation after the

synthesis. The acidic form of each zeolite was prepared by using the following procedure:
Two consecutive ion exchange steps were performed using 1M NH,NO; at 80 °C in ratio 1:30 between
mass of Na-zeolite (g) and volume of NH,NO; (ml). After each ion exchange, the NH,-form of the zeolite
was filtered off, washed with water, and dried in air. Finally, the H-form was obtained by heating the
NH,-ZSM-5 in air to 450 °C for 4 h, whereby the NH; were evaporated leaving protons as charge-

compensating cations.

2.3.5. Conversion of methanol to hydrocarbons

The catalytic tests were conducted using the following procedure:
The conversion of methanol into hydrocarbons was performed in a 10-channel parallel steel reactor
setup (i.d. 3.0 mm). Each reactor was loaded with 150 mg zeolite catalyst (150-300 um sieve fraction)
and one channel was left empty for feed analysis. Methanol was fed to the reactor using a syringe pump
(ISCO 500D, dual pump system) and evaporated in an argon stream. The methanol conversion was
measured under the conditions: 350 °C, 15 bar (14.2 % MeOH in Ar) using a total flow of 350 Nml"/min.
The reactor exit gas was monitored with an online GAM200 mass spectrometer connected via a channel
selector valve (Valco, 10-position valve SC configuration). The individual reactor flows were measured

and accounted for in the data analysis, which has been described in further detail elsewhere™.

" Nml = normal ml = volume at 1 bar and 25°C
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2.4. Results and discussion

The prepared zeolites were characterized using XRPD, SEM, N, physisorption, TEM, NH3-TPD,
elemental analysis as well as FTIR. All characterisations were made after ion exchange and
calcinations. The catalytic lifetime of the samples were tested in the MTH reaction.

2.4.1. Characterisations
The XRPD patterns for the five prepared zeolite samples are all shown in Figure 2.10. All samples
exclusively contain highly crystalline material with the MFI structure®.
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nano_1 ZSM-5
# nano_2 ZSM-5

nano_3 ZSM-5

Intensity [a.u.]
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Figure 2.10: XRPD of the five synthesised ZSM-5 zeolites

The XRPD patterns show no background increase in the 26 region of 15-25°, which is normally
indicative of the presence of non-crystalline impurities. The widths of the peaks are rather broad
for all five samples indicating that the crystal sizes are quite small. The average crystal sizes
determined by the Debye-Scherrer equation are given in Table 2.1.
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Table 2.1: Average crystal size of the five synthesised zeolites determined by the Debye-
Scherrer equation

D[101] D[200] D[103] D[113] D[303] D[313]

[A] [A] [A] [A] [A] [A]
conv ZSM-5 >1000 725 >1000 >1000 >1000 >1000
intra meso ZSM-5 885 445 915 645 >1000 370
nano_1ZSM-5 900 520 >1000 655 >1000 460
nano_2 ZSM-5 950 520 >1000 720 >1000 575
nano_3 ZSM-5 >1000 555 >1000 730 >1000 425

As it is seen from Table 2.1, the conventional ZSM-5 contains the largest crystals. The size of the
zeolite crystals with intracrystalline mesopores lie in the same range as the three nanosized
zeolites. This raise the question of whether the mesoporous zeolite is a true single crystal with
intracrystalline mesopores or an ordered arrangement of nanosized zeolite crystals. As stated in
chapter 1, assuming the mesoporous zeolite is a single crystal Egeblad et al.” explain that it can be
due to the disturbance of the longer-range ordering by the presence of non-crystallographic voids
or mesopores and thus, XRPD cannot be applied to determine whether the mesopores in
mesoporous zeolite materials are intercrystalline or intracrystalline, i.e. whether the individual
crystals are nanosized or mesoporous. Furthermore, they suggest the use of more indirect imaging
techniques such as electron microscopy when determining the size of individual crystal of
mesoporous zeolites. The size of the nanosized zeolite crystals are all in the same range in each
direction, so according to XRPD the two synthesis variations of Huang et al.’s confined-space
synthesis do not affect the crystal size significantly.

All the prepared zeolite samples were studied using SEM and representative images are shown in
Figure 2.11.
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Figure 2.11: Representative SEM images of the five prepared ZSM-5 zeolite; a) conv ZSM-5, b) intra meso ZSM-5, c)
nano_1 ZSM-5, d) nano_2 ZSM-5 and e) nano_3 ZSM-5

From the SEM images of the conventional ZSM-5, Figure 2.113, it can be seen that there exists a

rather homogeneous distribution concerning the crystal size of the zeolite particles of around 0.5
um. Not all the conventional ZSM-5 zeolite crystals have the typical coffin-shape, as some crystals
are more rounded. From the SEM images of the intracrystalline mesoporous zeolite, Figure 2.11b,
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it can be seen that the crystals exist in a size of approximately 0.5-2 um. The crystals look like very
typical mesoporous zeolite crystals since they feature the characteristic sponge-like morphology.
Some of the crystals also have the typical coffin-shape. SEM images of the three nanosized
zeolites, Figure 2.11 ¢, d and e, are quite similar concerning size and shape of the crystals. The
crystals appear to be round with a rather rough and cracked surface and a crystal size of
approximately 0.1-0.2 um, see the enlarged SEM images in Figure 12. According to SEM the two
synthesis variations of Huang et al.’s confined-space synthesis do not affect the crystal size and
shape significantly.

Figure 2.12: Enlarged SEM images of a) nano_1, b) nano_2 and c) nano_3 ZSM-5

Comparing XRPD results with the SEM images the crystal sizes determined by the Debye-Scherrer

equation correspond to the particles sizes estimated by SEM except for the intra meso ZSM-5. But
it is not possible from the SEM images of the intra meso ZSM-5 to evaluate if the sample is a single
crystal or a perfect assembly of nanosized zeolite crystals.

In Table 2.2 is listed the surface areas and pore volumes of the zeolite samples.

Table 2.2: Surface areas and pore volumes of the five prepared zeolite samples

b . b
Surface area’ External surface area Micropore volume Mesopore volume®

[m’/g] [m’/g] [em®/g] [em®/g]
conv ZSM-5 384 12 0.17 0.12
intra meso ZSM-5 487 81 0.19 0.55
nano_1ZSM-5 404 43 0.17 0.33
nano_2 ZSM-5 335 35 0.14 0.44
nano_3 ZSM-5 417 27 0.18 0.27

? Calculated using the BET method, ® determined using the t-plot method and © determined using the BJH method (desorption)

Table 2.2 reveals that all zeolite materials are microporous materials with surface areas typical for
zeolites, however the surface area for nano_2 ZSM-5 is a little lower than the other two nanosized
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zeolites. The typical micropore volume for highly crystalline ZSM-5 zeolites®® **>** lies in the
range 0.09-0.19 cm3/g, which means the micropore volumes for all the prepared sample are
relatively high compared to the typical value. It is expected that the external surface area is higher
for the nanosized zeolites than for the conventional zeolite due to the smaller crystals. This is also
observed in Table 2.2 where the external surface areas for the nanosized zeolites are at least twice
as high as the external surface area for the conventional zeolite. According to the N, physisorption
measurements all the prepared zeolite samples contain mesopores. The estimated mesopore
volume for the conventional ZSM-5 zeolite is quite low and must be due to interparticle voids. The
highest mesopore volume is obtained for the mesoporous zeolite with intracrystalline mesopores.
Comparing the mesopores volume for the three nanosized zeolites the highest is obtained for
nano_2 ZSM-5. This indicates that introducing silica after the preparation of the silica-carbon
composite it is possible to introduce a larger amount of mesopores. On the other hand, if the
silica-carbon composite is not coated with P123/PFA it seems to slightly decrease the mesopores

volume.

Figure 2.13 shows the physisorption isotherms and pore size distributions for the prepared zeolite

samples.
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Figure 2.13: N, adsorption-desorption isotherms (a and b) and corresponding pore size distribution (c and d) of the
five prepared zeolite samples. The pore size distributions are obtained from the desorption branch of the isotherm
using the BJH method. In the pore size distributions the peaks at 20 and 40 A are both artefacts
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The physisorption isotherm for the conventional ZSM-5 in Figure 2.13a resembles a Type |
isotherm and typical for microporous zeolites. The physisorption isotherm for the mesoporous
zeolite samples (Figure 2.13 a and b) all exhibit hysteresis in the region P/Py above 0.9 which
indicates the presence of mesoporosity. As seen in Figure 2.13c the size distribution of the
conventional ZSM-5 zeolite does not contain any significant amount of mesopores contrary to the
intra meso ZSM-5 zeolite which contains mesopores centered at 25 nm and also some pores in the
macropore region (above 50 nm). The used carbon template, BP-2000, are small carbon particles
with an average diameter of 12 nm. The present mesopores in intra meso ZSM-5 are twice the size
of the diameter of the used carbon particles suggesting that the encapsulated carbon consists of
aggregates of carbon particles that are encapsulated during zeolite. The three nanosized zeolites
contain primary pores in the macropore region. In all pore size distributions the artefacts at 2 and
4 nm are present due to the result of phase transition of N, and forced closure of the hysteresis

loop, respectively.

Figure 2.14 shows representative TEM images of the four mesoporous zeolites. In general it was
difficult to obtain the TEM images due to beam damage of the zeolite particles.

Figure 2.14: Representative TEM images of the four mesoporous zeolites: a) intra meso ZSM-5,
b) nano_1 ZSM-5, c) nano_2 ZSM-5 and d) nano_3 ZSM-5
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From the TEM images of the mesoporous zeolite with intracrystalline mesopores, Figure 2.143, it is
clearly seen that the crystal is mesoporous. The brighter spots which appear all over the crystal are
due to the presence of pores. Conventional and mesoporous zeolites have a very diverse
appearance in TEM images. Conventional zeolite crystals have very straight edges and show no
change in contrast in TEM whereas mesoporous crystals are very rugged in the edges and show a
clear difference in contrast. TEM images of the three nanosized zeolites, Figure 2.14b, c and d, are
all quite similar. They all appear denser than the intracrystalline mesoporous zeolite, however all
of them contain also bright areas. This indicates that the nanosized zeolites also contain
intracrystalline mesopores to a certain extent. Their edges are clearly straighter than the
intracrystalline mesoporous zeolite. It seems that nano_2 ZSM-5 contains more bright spots than
nano_1 and nano_3 ZSM-5 and therefore it seems to be the most porous one. This is in agreement
with the N, physisorption measurements where nano_2 ZSM-5 displayed the highest mesopores

volume assuming they have the same amount of intercrystalline voids.

From the TEM images of intra meso ZSM-5 it is hard to determine whether the crystal consists of
agglomerates or is in fact a single crystal. In the original study by Jacobsen et al.>®> SAD patterns
were obtained showing that the mesoporous zeolite with intracrystalline mesopores can be
produced to what appears to be a single crystal. Still, according to Imai et al.**” care must be taken
when using SAD to investigate whether a particle is a single crystal or just a perfectly ordered
assembly of nanosized crystals as they can produce the same SAD pattern. It seems therefore
almost impossible to determine whether or not the mesoporous zeolite with intracrystalline
mesopores is actual a single crystal or a subunit crystals in an ordered environment. SAD was
recorded on selected crystals and a representative pattern is given in Figure 2.15 together with the

corresponding TEM image.
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Figure 2.15: TEM image of an isolated single intra meso ZSM-5 crystal and the obtained SAD pattern

As seen in the inset in Figure 2.15 the SAD pattern reveals that the intra meso ZSM-5 is not a single

crystal. SAD was also performed on other crystals giving the same result. In addition, at larger

magnification it could also be observed that the sample consists of nanocrystals with a random

orientation (not shown). In conclusion, the prepared mesoporous ZSM-5 with intracrystalline

mesopores consists in fact of subunit crystals in a rather ordered environment retaining the coffin-

shaped morphology.

In Table 2.3 is given the results from elemental analysis and NHs-TPD. NHs-TPD provides

information about the part of aluminum, which is responsible for the zeolite acidity while

elemental analysis provides information about the total content of aluminum and silicon in the

zeolite sample.

Table 2.3: Si/Al ratios estimated by elemental analysis and NH; -TPD

NH; -TPD
Si/Al
conv ZSM-5 43
intra meso ZSM-5 59
nano_1ZSM-5 49
nano_2 ZSM-5 58
nano_3 ZSM-5 43

Si/Al

39
40
41
43
40

42.9
42.3
41.3
43.2
42.3

Elemental analysis
Si [wt%]

Al [wt%]
1.05
1.02
0.96
0.96
1.03
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According to elemental analysis all five samples contain the same amount of aluminum around 1
wt% corresponding to Si/Al = 40. A lower Si/Al corresponds to a higher content of aluminum. In
the synthesis gel the Si/Al was 50 meaning a higher amount of aluminum is present in the samples
than expected.

Assuming each framework aluminum atom is responsible for the formation of one acid site and
that one NH3; molecule is adsorbed to one acid site, the amount of desorbed NHs is proportional to
the aluminum content in the framework. For conventional ZSM-5 and nano_3 ZSM-5 the
estimated Si/Al ratios from NH3-TPD and elemental analysis are in good agreement. This means
that all aluminum is incorporated into the zeolite framework or at least only a small amount of
extra-framework aluminum is present. For the intra meso, nano_1 and nano_2 ZSM-5 a
discrepancy is observed between Si/Al ratios determined by NH3-TPD and elemental analysis,
indicating that not all of the aluminum is present in the framework. The presence of extra-
framework aluminum in nano_2 ZSM-5 could also explain the lower surface area and micropore
volume as the extra-framework aluminum could block the pores. Comparing the three nanosized
zeolites the variations of the confined-space synthesis seems to have an effect of the amount of
incorporated aluminum in the framework but not on the amount of aluminum present in the

sample.

Figure 2.16 shows the FTIR spectra for all five prepared samples. They are recorded to investigate
the amount of strong Brgnsted acid sites, extra-framework aluminum, terminal silanols and

internal defects.

Absorbance

s

T T T T T T T - T T T T
3800 3750 3700 3650 3600 3550 3500
wavenumber, cm’”

Figure 2.16: FT-IR spectra of the prepared samples. Conv ZSM is blue, intra meso ZSM-5 is
black, nano_1 ZSM-5 is grey, nano_2 ZSM-5 is red and nano_3 ZSM-5 is green
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The strong Brgnsted acid sites appear as a band at 3610 cm™. According to the FTIR measurements
the nano_3 ZSM-5 have the most intense band which is in agreement with NH3-TPD to be the
sample containing the highest amount of acid sites. The three samples intra meso, nano_1 and
nano_2 all seem to contain extra-framework aluminum according to NH3-TPD and elemental
analysis. If extra-framework aluminum is present a band should appear in the FTIR spectra at 3660
cm™’. However, this seems to be most pronounced in intra meso ZSM-5. Terminal silanol groups
appear primarily on the external surface of the zeolite crystals and should therefore be
proportional to the external surface area. The band for terminal silanol groups is located at 3745
cm™ in the FTIR spectra. The external surface area of five samples decreases in the following
order: intra meso, nano_1, nano_2, nano_3 and conv ZSM-5 which are almost identical with the
order of decreasing intensity of the FTIR band at 3745 cm™. As an estimate for internal defects the
IR intensity ratio between l37,6 and l3745 is used where the band at 3726 cm™ corresponds to
perturbed Si-OH sites predominantly located inside the zeolite structure. The calculated ratios are
given in Table 2.3.

Table 2.3: IR intensity ratio between l3;,6/13745 as an estimate for amount of defects
conv ZSM-5 intra meso ZSM-5 nano_1ZSM-5 nano_2 ZSM-5 nano_3 ZSM-5

IR intensity ratio 0.527 0.275 0.283 0.287 0.345

[|37ZG/|3745]

As seen in Table 2.3 the nanosized and mesoporous zeolites contain approximately the same
amount of defect and the conventional zeolite contains the highest amount of defects. In the

study of Barbera et al.

the IR intensity ratio was in the range of 0.5 to 1.5. Therefore, the
prepared samples seem to contain a rather low amount of defects compared to other synthesised

samples.

2.4.2 Catalytic lifetime in the MTH reaction

To investigate the catalytic lifetime the conversion of methanol is plottet versus amount of
methanol passed over the catalyst bed. The catalytic results are shown in Figure 2.17. Due to
variations of flow in the different reactor types in the parallel set-up it is chosen to plot the
conversion versus amount of methanol passed over the catalyst bed instead of time on stream.
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Figure 2.17: Conversion versus mass of methanol passed over the catalyst bed for the five
prepared zeolite samples

As seen in Figure 2.17 the mesoporous ZSM-5 with intracrystalline mesopores has the longest
lifetime for the conversion of methanol. After this follows: nano_1> conv = nano_2 = nano_3. The
catalytic results indicate that nanosized zeolites do not necessarily increase the catalytic lifetime in
the MTH reaction as nano_2 and nano_3 ZSM-5 display the same catalytic lifetime as conv ZSM-5.
Even though the nano_1 has a significant longer catalytic lifetime than the conventional ZSM-5,
the presence of intracrystalline mesopores enhances the catalytic lifetime even further. Nano_1
and intra meso ZSM-5 have comparable amount of mesopores but the intra meso ZSM-5 displays
the longest catalytic lifetime. Even though mesopores can in some cases enhance the catalytic
lifetime in the MTH reaction, still, other factors must come into play. As stated above a high Si/Al
ratio is preferred since previous results show that zeolites with a low concentration of acid sites
deactivate more slowly. According to NHs-TPD intra meso ZSM-5 has the highest Si/Al ratio which
is in agreement with previous results as this sample has the longest catalytic lifetime. Nano_2
ZSM-5 has approximately the same Si/Al as intra meso ZSM-5 but a significant lower catalytic
lifetime which is identical with that of conv ZSM-5. A high Si/Al ratio will not necessarily result in a
long catalytic lifetime despite enhanced porosity.

As stated above, Kim et al.'® has found a correlation between conversion capacity and external
surface area. To see if this is the case the conversion capacity determined as the amount of
methanol passed over the catalytic bed at 50 % conversion divided by the mass of catalyst is
plotted in Figure 2.18 versus the external surface area.
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Figure 2.18: Correlation between conversion capacity and external surface area.
The conversion capacity is determined as the amount of methanol passed over
the catalytic bed at 50 % conversion divided by the mass of catalyst

As seen in Figure 2.18 there is no linear correlation between the conversion capacity and the
external area. If this were to be the case nano_2 and nano_3 ZSM-5 should both be considered
outliers.

To investigate the correlation between amount of defect and catalytic lifetime, the internal
defects are estimated by the IR ratio (I3726/I3745)135 and plotted in Figure 2.19 together with the
deactivation rate. The deactivation rate is the rate at which the effective amount of catalyst
decreases. For comparison the data are inserted in Figure 2.2.
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Figure 2.19: Correlation between the deactivation rate and the IR intensity (ls726/13745)
as an estimate for internal defects. The catalytic results are inserted as dark turquoise
points in Figure 2.2

It can be observed in Figure 2.19 that conventional, mesoporous and one of the nanosized zeolites
correlate well with previous results and verify the correlation between the deactivation rate and
internal defects. Two of the nanosized zeolite samples seem though to be slightly of the curve.
All the samples contain approximately the same amount of aluminum but according to NH3-TPD
and FT-IR some of the samples contain extra-framework aluminum. Nano_1 and nano_2 ZSM-5
are rather similar materials concerning crystal size, morphology, porosity and aluminum content.
Nano_2 ZSM-5 seems to contain a larger amount of extra-framework aluminum than the nano_1
ZSM-5 which could explain the observed difference in the catalytic lifetime. For further
investigation conv ZSM-5, nano_1 and nano_2 ZSM-5 were dealuminated by suspensionin 1 M
oxalic acid at 80 °C for 1 hour to remove potential extra-framework aluminum. After this
treatment the three selected samples were again investigated by N, physisorption prior to

catalytic test and the results are given in Table 2.4.

Table 2.4: Surface areas and pore volumes of three selected samples before and after dealumination
. b
Surface area® Micropore volume Mesopore volume®

[m*/g] [em®/g] [em®/g]
before after before after before after
conv ZSM-5 384 449 0.17 0.20 0.12 0.15
nano_1ZSM-5 404 453 0.17 0.19 0.33 0.63
nano_2 ZSM-5 335 431 0.14 0.18 0.44 0.54

? Calculated using the BET method, ® determined using the t-plot method and © determined using the BJH method (desorption)
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Table 2.4 reveals that the surface area, micropore and mesopore volumes are all increased after
oxalic acid treatment. The acid treatment has the most pronounced effect concerning surface area
and micropore volume for nano_2 ZSM-5 indicating that extra-framework aluminum could have

blocked the micropores. The mesopore volume for nano_1 ZSM-5 is almost doubled and is hereby
the sample containing the highest degree of mesoporosity.

The three samples, how oxalic acid treated, were tested for their catalytic lifetime in the MTH
reaction. For various practical reasons they were tested in a different set-up and under different
conditions. The conversion of methanol is shown in Figure 2.20 as function of time on stream.
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Figure 2.20: Conversion of methanol versus time on stream for the dealuminated versions of
conv ZSM-5, nano_1 and nano_2 ZSM-5. The samples are tested in a fixed-bed plug-flow
reactor at 350 °C and WHSV = 10.5 h™

As seen in Figure 2.20 nano_1 and nano_2 ZSM-5 have approximately the same catalytic lifetime
in the MTH reaction after acid treatment which are significantly higher than the one for the
conventional ZSM-5. The nano_1 ZSM-5 displays the longest catalytic lifetime and also being the
sample containing the highest degree of mesoporosity suggests that the presence of mesopores
enhance the catalytic lifetime in the MTH reaction. Prior to dealumination the conv ZSM-5 did not
contain any remarkable amount of extra-framework aluminum but was still dealuminated for
comparing the samples after identical treatments. The catalytic results strongly indicate that extra-
framework aluminum has a severe influence on the catalytic lifetime in the MTH reaction.
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2.5. Conclusion

In the present chapter nanosized and mesoporous ZSM-5 zeolites were prepared to investigate
the effect of inter- or intracrystalline mesopores on the catalytic lifetime in MTH reaction. One
mesoporous zeolite with intracrystalline mesopores was synthesised together with three types of
nanosized zeolites. They were characterised together with a conventional ZSM-5 zeolite using
XRPD, SEM, TEM, N, physisorption, NH3-TPD, elemental analysis as well as FTIR. The
characterisations revealed that all synthesised materials are highly crystalline and contain
approximately the same amount of aluminum. Even though the three nanosized zeolites differed
in synthesis procedures the obtained materials were rather similar regarding crystal size and
morphology. They differed though slightly in the porosity and amount of extra-framework
aluminum.

In the catalytic test the mesoporous zeolite with the intracrystalline mesopores displayed the
significantly longest catalytic lifetime in the MTH reaction. This could to be due to a combination
of the presence of mesopores and the effect of a higher Si/Al ratio. The mesoporous zeolite with
intracrystalline mesopores has the highest Si/Al ratio which leads to the expectation of slow
deactivation as also observed. The presence of mesopores was not the only factor that effects the
catalytic lifetime as two of the nanosized zeolites displayed the same catalytic lifetime as the
conventional zeolite sample. It seemed to be a correlation between the amount of defects and
catalytic lifetime all though two of the nanosized samples were slightly outliers.

It was observed that dealuminating selected samples with oxalic acid enhanced the catalytic
lifetime significantly. This must be due to the removal of extra-framework aluminum. However, it
is noteworthy that the mesoporous zeolite with intracrystalline mesopores displayed the longest
catalytic lifetime even though it seemed to contain the highest amount of extra-framework

aluminum.

It is difficult to compare the catalytic lifetime of zeolite catalysts in the MTH reactions since several
factors affect the catalytic lifetime i.e. Si/Al ratio, porosity and amount of defects. Since the zeolite
crystallisation mechanism is quite complex, it is difficult to prepare comparable materials i.e.
without the presence of extra-framework aluminum and where only one factor is varied. Even
though it was attempted to prepare five zeolites where only the porosity differs, the amount of
extra-framework aluminum seems to affect the catalytic lifetime severely. A more thoroughly
investigation on the effect of extra-framework aluminum in the MTH reaction will be given in the
next chapter.
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Chapter 3

Effect of extra-framework aluminum in the MTH reaction

This chapter contains investigation of the effect of extra-framework aluminum on the catalytic
lifetime in the MTH reaction. This is accomplished though synthesis, characterization and catalytic
test of different ZSM-5 zeolite catalysts which have been desilicated, dealuminated or both. This
work was done in close collaboration with other students and scientists. PhD student Sgren
Sgrensen has conducted the MAS NMR, PhD Katia Barbera has conducted the IR investigations and
PhD student Peter N.R. Vennestrgm has conducted the catalytic tests.

3.1. Introduction

As discussed in Chapter 2 several factors affect the activity and the catalytic lifetime in the MTH
reaction. This makes comparison of catalyst performance between (mesoporous) samples not
straightforward as the Si/Al ratio, distribution of defects, mesoporosity, particle size and other
3 still, in this
work the effect of extra-framework aluminum on the catalytic lifetime in MTH is investigated.

characteristics will influence the catalytic lifetime in an interdependent manner.

Extra-framework aluminum can not only emerge during crystallisation but also from post
treatment procedures as desilication. Desilication is normally used as an efficient and
straightforward method to introduce intracrystalline mesopores. Mesopores are formed by dilute
alkali leaching and the extent of mesopore formation depends on several factors, i.e. topology of

148-151 152-154

the zeolite , type of alkali agent and treatment parameters like concentration of the

alkaline solution, temperature and exposure time®* %%

. As stated in Chapter 1, especially, the
zeolite framework Si/Al ratio influences the degree of mesoporosity. Mesopores are generated as
a consequence of hydrolysis of Si-O-Si and Si-O-Al bonds in alkaline medium. Aluminum in
framework positions can suppress the extraction of neighbouring silicon [SiO4/,] due to repulsion
between the negatively charged [AlO,/,] tetrahedron and OH'. In comparison, the Si-O-Si bond
1.2 have found that

intermediate framework aluminum contents of Si/Al 25-50 appropriately regulate the extent of

cleaves easily in the absence of neighbouring aluminum. Groen et a

silicon extraction leading to controlled porosity development in ZSM-5 zeolite crystals.
Mesopores are generated due to attack of hydroxide ions on silanol groups in the zeolite
framework, as illustrated in Figure 3.1. The eliminated silicate anion is subsequently stabilised by
the accompanying alkali cation, leaving a vacancy in the framework.®
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M* = hydrated Li*, Na*, or K*
X = OH or siloxane chain

Figure 3.1: lllustration of desilication. Adapted from ¢

5
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Using different accompanying alkali cations Groen et al.®® reported that the best effect was found
for NaOH due to the superior capability of sodium ions to stabilise the generated silicate anions
compared to e.g. potassium ions.

Two modes of mesopores formation upon desilication have been proposed. First, Perez-Ramirez et
al.*® have demonstrated that siliceous areas of the zeolite particles may be selectively dissolved.
This is apparently controlled by the distribution of trivalent framework atoms, in effect the Si/Al
ratio. Second, Ogura et al.>> have emphasised the potential importance of dissolution along
boundaries or defects within each particle. These two suggestions were very recently verified by
Svelle et al.**® and both types of modes are illustrated in Figure 3.2.

Morphology and Desilication
crystal characteristics characteristics

- nol/little intergrowths/defects

- mesopores from Al distribution
- Si/Al = 20-50 (required)

- few intergrowths/defects
- Si/Al = 20-50 (preferred)

- mesopores from Al distribution
& intergrowths/defect removal

- mesopores predominantly from
intergrowths/defect removal

- many intergrowths/defects
- Si/Al less important

|:| Internal defects . External surface

Figure 3.2: Schematic representation of different mesopores formation mechanism. Adapted from 1

In Figure 3.4 mesopore formation by dissolution of siliceous area leads to holes whereas mesopore
“super highways” are formed along crystallite intergrowth boundaries. The intergrowth
boundaries can be caused by e.g. twinning and defects within each particle. The extent of each
mode depends on the Si/Al ratio and the morphology of the zeolite crystal. Particles constructed
of fused subunits appear to be very susceptible towards directed mesopore formation by
desilication.™*

The generation of mesopores by desilication does not only affect the porosity but also leads to
alterations of the concentration and distribution of surface hydroxyls. These hydroxyls are part of
various silanols arrangements, partially extra-framework aluminum and strong Brgnsted acid sites.
In general there is observed™ a reduction in the concentration of strong Brgnsted acid sites and
the appearance of a second family of weaker sites ascribed to extra-framework aluminum located
on the external surface or in the newly generated mesopores. The exact structure of the extra-
framework species is, however, unknown but the neutral species AIOOH and Al(OH)s, (Al(OH)s),
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and oxoaluminum cations such as AlO*, AI(OH)," and AI(OH)** have been proposed.®® In addition,
defects represented by internal Si-OH sites are removed and free Si-OH sites increase in
concentration and point to a selective mechanism for formation of mesopores. The strength of the
Brgnsted acid sites is though not altered significantly, but only the concentration.

Desilication is an efficient and relative straightforward method to introduce mesoporosity. From a
practical point of view the desilication procedure is faster compared to the carbon templating
route since the latter of the two requires more preparative steps to achieve the desired
hierarchical material. On the other hand, carbon templating can be applied to a wide range of
zeolite materials independent on composition and morphology. The size and shape of the
mesopores channels can also easier be controlled using carbon templating. Furthermore, during
desilication an extensive loss of material and alteration of Si/Al ratios will inevitable occur. The
rather harsh alkaline conditions can also have potential side effects i.e. crystal collapse. The choice
of whether using the carbon templating or the desilication route to introduce mesoporosity also
affects the amount of internal silanols/defects. During desilication internal defects are more or
less repaired whereas carbon templating leads to a material with a high concentration and wide

13 An explanation for this high amount of internal

distribution of surface hydroxyls/defects.
silanols by the use of carbon templating could be given by considering the relative high local
temperature reached during the combustion of the carbon template via calcination. As stated in

Chapter 2, the amount of internal defects affects the catalytic lifetime in the MTH reaction.

Previously, a reduction in deactivation was found for desilicated samples in the MTH reaction.” °%
13 The cause of this could possibly be a combination of an enhanced mass transfer of coke due to
introduced mesoporosity™® or an increased tolerance for coke deposition, i.e. that a higher coke

loading is required to deactivate the catalyst™®. Alternatively, the repair of internal defects might

1.3, In the present chapter desilicated

improve the catalytic lifetime as proposed by Barbera et a
ZSM-5 zeolites are used to investigate the effect of generated extra-framework aluminum on the

catalytic lifetime in the MTH reaction.

3.2. Synthesis strategy

In this work the effect of extra-framework aluminum is investigated by desilicating a conventional
ZSM-5 zeolite to generate extra-framework aluminum. The obtained material is subsequently
dealuminated to observe the effect of removing the extra-framework aluminum on the catalytic
lifetime in the MTH reaction. Depending on the conditions during dealumination, aluminum can
be removed from both framework and extra-framework positions.” Framework aluminum can be

157-159

extracted by either hydrothermal treatment in the presence of steam or treatment with

160-162

strong acids .The steaming is usually performed at temperatures above 500 °C whit the

original zeolite is in its ammonium or hydrogen form. During the contact with steam hydrolysis of
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Al-O-Si bonds takes place and aluminum is expelled from the framework causing a vacancy leading
to mesopore formation or partial amorphisation of the framework. The effectiveness of strong
inorganic acids to extract aluminum from framework positions depends on the zeolite and the
nature of the acid.*® It is also reported that the use of SiCI4164, EDTA' and (NH4)ZSiF6166 can
remove aluminium from framework positions. The removal of aluminum from the framework will
as desilication cause changes in the number and nature of the acid sites and potential creation of
amorphous extra-framework material. To remove aluminum only from extra-framework positions
it is sufficient to perform a mild aqueous acid-leaching step with either inorganic acids such as
dilute nitric acid or organic acids such as oxalic acid.’®" % |n this case mesopores are not actually
formed. Instead the pores are emptied, resulting in a higher mesopore volume compared to
untreated samples.

In this work four zeolite samples are prepared and the synthesis strategy is schematically
illustrated in Figure 3.3.

0.3M NaOH 1M oxalic acid

parent 70°C, 30 min desil go°c, 1hour | desil_dealu
ZSM-5 " ZSM-5 " ZSM-5
1M Oxalic acid
80°C, 1hour dealu
" ZSM-5

Figure 3.3: Schematic illustration of the four prepared zeolite samples

First a parent conventional ZSM-5 zeolite is prepared which is subsequently desilicated using an
aqueous solution of NaOH to generate mesopores and extra-framework aluminum. After
desilication the sample, desil ZSM-5, is dealuminated using a dilute solution of oxalic acid to
investigate the effect of removing the extra-framework aluminum on the catalytic lifetime in the
MTH reaction. To demonstrate that it is not possible to extract aluminum from the framework
using the chosen dealumination conditions, a reference material (dealu ZSM-5) is produced by
treating the parent ZSM-5 zeolite with the oxalic acid solution.

3.3. Experimental

All the reagent were of reagent grade and used without any further purification: Sodium
hydroxide (NaOH, 99 wt%, Riedel-de Haen), tetrapropylammonium hydroxide (TPAOH, 40 wt%,
AppliChem), Sodium aluminate (NaAlO,, Al: 29.3 wt%, Riedel-de Haen), Ludox” TMA (Si0; 34 wt%,
Grace GmbH & Co KG), Sodium silicate (Na,O(SiO,),-xH,0, 10.6 wt% Na,0 and 26.5 wt% SiO,,
Sigma-Aldrich), ammonium nitrate (NH4sNOs, 99.5 wt%, Merck), oxalic acid dihydrate
(C,H,04:2H,0, 99.5 wt%, Riedel-de Haen), Methanol (> 99.9 %, Aldrich Chromasolv®).



3.3.1. Synthesis of conventional ZSM-5

Conventional ZSM-5 was synthesised using the following procedure:

In a beaker 54.5 g TPAOH (40 wt%) was diluted with 55.31 g H,O and cooled to 0 °C on a ice bath after
which 0.652 g NaAlO, was added. When a clear solution was obtained 54.29 g Ludox” TMA was slowly
added followed by addition of 10.34 g sodium silicate. The homogeneous gel was kept stirring overnight,
by which the ice was melted, and the next day the gel was transferred to a Teflon lined stainless steel
autoclave and heated to 150 °C for 48 hours under static conditions. After cooling the autoclave to room
temperature the white product was isolated by suction filtration and washed several times with water
until neutral pH. The product was dried overnight at room temperature and finally the organic template
was removed by calcinations in a muffle furnace at 550 °C for 3 hours. The obtained white product was
named parent ZSM-5.

3.3.2. Preparation of desilicated ZSM-5

The parent ZSM-5 sample was desilicated using the following procedure:
The calcined parent ZSM-5 was treated with a 0.3 M NaOH solution for 30 minutes at 70 °C, followed by
cooling on ice to stop the desilication and then washed three times with water using centrifugation. The
ratio between mass of sample (g) and volume of NaOH (mL) was 3:100. The desilicated ZSM-5 was dried
overnight at room temperature before further treatment. The obtained product is referred to as desil
ZSM-5.

3.3.3. lon exchange of parent and desilicated ZSM-5

The acidic form of the parent and the desilicated ZSM-5 samples were prepared using the

following procedure:
The acidic form of the two samples were produced by two consecutive ion exchanges with a buffer
solution of 1.7 M NH,NO3/0.94 M NHj; in the ratio 1:10 between mass of sample (g) and volume of
NH,NO3/NH; (mL). The ion exchanges were performed at 80 °C with stirring for two hours. After each
exchange, the NH,-form of the zeolites was filtered, washed with water, and dried in air at 110 °C.
Finally, the H-form of the parent zeolite and desilicated zeolite were obtained by heating the NH,-form
in air to 550 °C for 3 hours.

3.3.4. Dealumination of parent ZSM-5 and of desilicated ZSM-5

After ion exchange the parent and the desilicated ZSM-5 samples were both dealuminated using

the following procedure:
The parent and the desilicated H-ZSM-5 were further treated after ion exchange with a 1 M oxalic acid
solution for 1 hour at 80 °C to remove potential extra-framework aluminum. After the dealumination the
samples were washed with water until neutral pH, then dried overnight at room temperature and finally
calcined at 550 °C for 3 hours. The obtained products are named: dealu ZSM-5 and desil-dealu ZSM-5

3.3.5. Conversion of methanol to hydrocarbons

The parent, desil and desil-dealu ZSM-5 samples were tested for their catalytic lifetime in the MTH

reaction using the following conditions:
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The catalyst testing was performed in a fixed-bed quartz microreactor (3 mm i.d.) at atmospheric
pressure. A feed of 10.5 vol% methanol in nitrogen was created by bubbling an adjustable flow of
nitrogen through a liquid solution of methanol kept at a certain temperature. All experiments were
performed using 50 mg calcined and fractionised (0.3-0.6 mm) catalyst, a reaction temperature of 370
°C and a total gas flow of 25 ml/min through the reactor; the last resulting in a WHSV of 4.5 gueong
Tah™ Before each experiment the catalyst was heated from 110 °C to reaction temperature and kept
there for 0.5 h under nitrogen flow. Products were analyzed by online gas chromatography using a HP
5890 series Il instrument equipped with a PLOT fused silica column and a FID detector. Response factors
for methanol (0.776) and dimethyl ether (0.667) were taken into account. For all other hydrocarbons the

response factor was treated as being 1.000.

3.4. Results and discussion

The prepared materials were characterised using XRPD, SEM, N, physisorption, NH5-TPD,
elemental analysis, 2’Al and 2°Si MAS NMR and FTIR with and without probing with CO. The
reference material, dealu ZSM-5, is only characterised using XRPD and NHs-TPD to demonstrate
that the crystal structure and the distribution of the acid sites is not significantly altered after
attempted dealuminating of the parent sample. All characterisations were performed after ion

exchange and calcinations. Selected materials were furthermore tested for the catalytic lifetime in

the MTH reaction.

3.4.1. Characterisations
The XRPD patterns for the four prepared samples are all shown in Figure 3.4.

parent ZSM-5

dealu ZSM-5

Intensity [a.u.]

desil ZSM-5

desil-dealu ZSM-5

5 15 25 35 45
2 theta []

Figure 3.4: XRPD patterns of parent ZSM-5, dealu ZSM-5, desil ZSM-5 and
desil-dealu ZSM-5. All patterns are recorded after ion exchange and calcinations
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It is seen from Figure 3.4 that all samples exclusively contain highly crystalline material with the
MFI structure® and it can be concluded that the MFI structure is preserved irrespective to any
chemical treatment. The XRPD patterns show no background increase in the 26 region of 15-25°,
which can be attributed to the presence of non-crystalline impurities. The line widths of the XRPD
peaks are rather broad for all samples indicating that the crystal sizes are quite small. Table 3.1
shows the crystal size estimated by the Debye-Scherrer equation for all samples.

Table 3.1: Average crystal sizes for parent ZSM-5, desil ZSM-5 and desil-dealu ZSM-5
D[101] D[200] D[103] D[113] D[303] D[313]

[nm] [nm] [nm] [nm] [nm] [nm]
parent ZSM-5 68 52 94 74 85 65
dealu ZSM-5 63 49 84 64 80 62
desil ZSM-5 49 39 42 44 60 35
desil-dealu ZSM-5 38 33 38 37 33 32

It is seen from Table 3.1 that the dealumination of the parent sample slightly decreases the
average crystal size. A noticeable reduction of the average crystal size is seen after the desilication
in all directions and it is further reduced after the subsequently dealumination.

Figure 3.5 shows representative SEM images of the parent, desil and desil-dealu ZSM-5 samples.
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Figure 3.5: Representative SEM images of a) parent ZSM-5, b) desil ZSM-5 and c) desil-dealu ZSM-5

As seen in Figure 3.5a the parent ZSM-5 sample consists of particles around 1 um and with a
rather narrow size distribution. The particles appear to have surface roughness and seem to be
formed of smaller subunits. The desilicated ZSM-5 sample, Figure 3.5b, has a sponge-like
morphology but the particle size is more or less retained. However, some of the parent particles
are fragmented by the post-synthesis treatment and appear as dispersed agglomerates. The
subsequent dealumination does not seem to affect the morphology or the particle size, Figure
3.5c. However, as shown in the evaluation of the XRPD analyses, the average crystal size is indeed
10-40 % smaller depending on the crystallographic direction.

The data from the N, physisorption measurements are given in Table 3.2.
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Table 3.2: N, physisorption data of the parent, desil and desil-dealu samples

Surface area® External surface area” Micropore volume®  Total pore volume®
[m®/g] [m’/g] [em®/g] [em®/g]
parent ZSM-5 439 43 0.17 0.26
desil ZSM-5 537 285 0.09 0.99
desil-dealu ZSM-5 552 287 0.10 0.94

? Calculated using the BET method, ® determined using the t-plot method and © volume adsorbed at P/P;=0.99

The BET surface area increased significantly from 439 mz/g to 537 mz/g due to the NaOH
treatment which is a characteristic feature of desilication.” The increase in BET surface area is
mainly caused by the higher external surface area, which can be attributed to dissolution of the

62170 The external surface area for the parent

zeolite framework and formation of mesopores.
ZSM-5 sample is a little high for a conventional ZSM-5 zeolite. A high external surface area can
indicate small particles which is in agreement with the observed particle size in the SEM images
and the broad peaks observed in the XRPD pattern for the parent ZSM-5.

The total pore volume increases considerably after the desilication treatment from 0.26 to 0.99
cm®/g and since the micropore volume is decreased by the desilication, the increase must
particular be due to the creation of mesopores. The dealumination treatment does not have a
pronounced effect on the surface areas or pore volumes. The slight increases can be due to the

removal of extra-framework aluminum from the pores.

The nitrogen adsorption/desorption isotherms for the three zeolite samples are all given in Figure

3.6 together with the pore size distributions.

700 0.9
a b
0.8 1
600 -
=) 0.7 |
” 5001 desil ZSM-5
5 desil-dealu ZSM-5 0.6 1
(=]
g 400 - & 05 | desil ZSM-5
2 € desil-dealu ZSM-5
g = 04
= 300 1 s °
E 8 03]
2 2001 parent ZSM-5 §
< — 5 0.2 -
100 {=—/
0.1 \K parent ZSM-5
0 ‘ ‘ ‘ ‘ 0.0 . : ‘ ‘
0.0 0.20 0.40 0.60 0.80 1.00 5 25 45 65 85
Relative pressure [P/P ¢] Diameter [nm]

Figure 3.6: a) N, adsorption-desorption isotherms and b) corresponding pore size distribution of the parent ZSM-5,
desil ZSM-5 and desil-dealu ZSM-5. The pore size distributions are obtained from the desorption branch of the
isotherm using the BJH method
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The isotherm for the parent ZSM-5 zeolite is the typical isotherm for microporous materials. The
isotherms for the desil ZSM-5 and desil-dealu samples are quite similar and contain a hysteresis
loop at a relative pressure higher than P/Po = 0.4 which is a characteristic feature for mesoporous
materials. Figure 3.6b shows the pore size distributions for the parent ZSM-5, the desil and the
desil-dealu ZSM-5 samples. It is observed that during the desilication both meso- and macropores
are formed which are inevitably still present after the dealumination. The mesopore diameter for
the desilicated sample is rather narrow and centred at 12 nm. The presence of macropores could
be due to interparticle voids caused by the rather harsh desilication method. It is noteworthy that
the pore size distribution for the desil ZSM-5 sample contains pores that are larger than the desil-
dealu ZSM-5 sample. It was expected to be the other way around since the dealumination should
remove extra-framework aluminum leaving larger pores.

In Figure 3.7 is displayed the NH3-TPD profiles for the parent ZSM-5, desil and desil-dealu samples.
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Figure 3.7: NH5-TPD profiles of the parent ZSM-5, desil ZSM-5 and desil-dealu ZSM-5 samples

From Figure 3.7 it is seen that the NHs-TPD profile for the parent ZSM-5 sample contains primarily
a single peak around 700 K while the NH3-TPD peak for the desilicated sample contains two peaks
centered at 550 K and 675 K respectively. The low-temperature desorption peak (400-600 K)
indicates weak adsorption sites which can be caused by extra-framework aluminum while the
high-temperature peak (600-800 K) is due to desorption from strong Brgnsted acid sites.™
According to the NH3-TPD profiles the parent ZSM-5 sample contains therefore primarily strong
Brgnsted acid sites corresponding to all aluminum being incorporated in the zeolite framework
while the desilicated ZSM-5 sample contains both strong Brgnsted acid sites and weaker Lewis
acid sites potentially caused by extra-framework aluminum emerged during desilication. When the
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desilicated sample is dealuminated the NHs-TPD profile contains only a single peak centered at
650 K and with a significant lower intensity than the one observed for the parent sample. It
therefore seems that the dealumination treatment does not only remove extra-framework
aluminum associated with Lewis acidity but also removes tetrahedrally coordinated aluminum
from the framework and thereby decreases the Brgnsted acidity.

To investigate whether or not the chosen dealumination conditions are able to remove aluminum
from framework positions, the parent sample was dealuminated. According to NH3-TPD the
desorption profiles for the parent and dealu ZSM-5 samples are identical (not shown). Therefore it
can be concluded that by using the chosen dealumination conditions the distribution of the
strength of the acid sites is not altered. This result indicates that it is not possible to remove
aluminum from the framework. One possibility is that the dealumination could remove aluminum
which is partly in framework positions. It is possible that after the desilication aluminum can be
present at lattice defects where the framework is disrupted, but yet not in extra-framework
positions, e.g. as trigonal coordinated unsaturated aluminium species with strong Lewis acid
character.

The shifts in peak position between the parent sample and the desil-dealu ZSM-5 can possibly
reflect the different Si/Al ratios of the samples. Even though NHs-TPD is a fast technique to
investigate the distribution of the strength of the acid sites, it should only be used as a fingerprint
since it is almost impossible to distinguish between the different sites. However, the NH3-TPD
shows that the distribution of the acid sites changes upon desilication leading to a considerable
formation of weaker acid sites, which are subsequently removed by further dealumination.

The estimated Si/Al ratios from NHs-TPD, elemental analysis and 295i MAS NMR are all given in
Table 3.3.

Table 3.3: Si/Al ratios for the parent, desil and desil-dealu sample estimated by elemental
analysis, NH;-TPD and >°Si MAS NMR

NH;-TPD Elemental analysis si MAS NMR
Si/Al Si Al Si/Al Si/Al
[wt%] [wt%]
parent ZSM-5 33 37.6 1.29 28 37
desil ZSM-5 24 35 2.64 13 29
desil-dealu ZSM-5 55 40.7  0.89 44 56

Table 3.3 reveals that the Si/Al ratio decreases after desilication as expected since silicon is
removed from the framework. Comparison of the elemental analysis values to those determined
using NH3-TPD reveals three features. First, the values are quite similar for the parent sample,
implying that virtually all aluminum atoms are incorporated in the zeolite framework contributing
to strong Brgnsted acid sites for the untreated sample. Second, for the desilicated sample the two
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values do not agree. The Si/Al ratio estimated by NHs-TPD is higher compared to elemental
analysis. This indicates that a fraction of the aluminum does not contribute to any TDP measurable
acidity and suggests that extra-framework is formed upon desilication. Third, after dealumination
some difference still exists between the value from elemental analysis and NHs-TPD.

To estimate the Si/Al ratios using 2%5i MAS NMR it is necessary to investigate the 295i MAS NMR
spectra of the parent, desil and desil-dealu ZSM-5 samples which are given in Figure 3.8.

(c)
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Figure 3.8: °Si MAS NMR spectra (9.4 T) of a) parent ZSM-5, b) desil ZSM-5 and c) desil-dealu ZSM-5. The
spectra are obtained at a spinning speed of v = 10.0 kHz and a recycle delay of 30 s. The spectra b) and c)
are vertically expanded by a factor of 2 relative to the spectrum of a) the parent ZSM-5 sample

As seen in Figure 3.8 the 295§ MAS NMR spectra for the three samples are quite similar and include
the same type of resonances as observed earlier for ZSM-5 samples.®’ 112138 171,172 Tha rasonance
in the range -95 ppm to -108 ppm originates principally from either Q* (AlOSi(0Si)3) or Q?
(HOSi(0Si)3) sites while the dominating peaks (-110 ppm to — 118 ppm) purely reflect silicious Q*
(Si(OSi),) sites. However, if it is assumed that the high-frequency region (-95 ppm to -108 ppm is
dominated by resonances from Brgnsted (SiO)3-Si-O(H)-Al sites, corresponding to a small number
of defect Q? (HOSi(0Si)3) sites, the framework Si/Al ratio can be estimated from devolutions of the
295i MAS NMR spectra using the intensities (/) for the two regions, i.e. Si/Al = 4 / [Q* (Si(0Si)s)] / [Q*
(AlOSi(0Si)3)]. These ratios are listed in Table 3.3 for the three selected samples and should be
considered as lower values since the Q* (AIOSi(OSi);) intensity may be overestimated due to the
presence of Q2 (HOSi(0Si)s) sites. The estimated Si/Al ratios of the samples by 2°Si MAS NMR agree
very well with the corresponding ratios from the NH3-TPD measurements.
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To investigate the coordination of aluminum atoms in the zeolite samples /Al MAS NMR has been
conducted and the obtained spectra are shown in Figure 3.9.

140 120 100 80 60 40 20 0 -20 (ppm)

Figure 3.9: Al MAS NMR spectra (14.1 T) of a) parent ZSM-5, b) desil ZSM-5 and c) desil-
dealu ZSM-5. The spectra are obtained at a spinning speed of vz = 13.0 kHz, 'H decoupling
and a recycle delay of 2 s. The spectra are shown on a normalised intensity scale, employing
a vertical expansion of 2 for the spectrum in c). The asterisks indicate spinning sidebands
from the Al signal. Normalised intensities for Al and AI°*® are listed in Table 3.4

The ’Al MAS NMR spectra given in Figure 3.9 exhibit resonances from the tetrahedral framework
aluminum (8(AI*™) ~ 55 ppm) and aluminum in octahedral environments (5(AI°®) ~ 10 ppm to
—10 ppm) assigned to non-framework aluminum. The minor Al°°® peak observed at 0 ppm for the
parent ZSM-5 sample most likely reflects a small amount of e.g. aluminium hydroxide from the
synthesis, which is not incorporated in the zeolite framework. The absolute ’Al MAS NMR

intensities for Al and AI°®® normalised to the total intensity for the parent ZSM-5 sample are
summarised in Table 3.4.

Table 3.4: Aluminum distribution in the parent, desil and desil-
dealu zeolite determined from 2’Al MAS NMR
AI total Altetra Alocta Alocta/AItetra

parent ZSM-5 1 0.977 0.023 0.024
desil ZSM-5 1.582 1.263 0.320 0.253
desil-dealuZSM-5 0.647 0.552 0.095 0.172

73



The increase in total intensity for the desil ZSM-5 reflects, as expected, that a substantial amount

Itetra

of silicon is removed by the desilication treatment. Moreover, the increase in A intensity for
the desil ZSM-5 is in accordance with lowering of the Si/Al ratio. The desilication treatment also
affects aluminum since a significant part of aluminum is expelled from the framework forming
aluminum in octahedral environments. The subsequent dealumination result in an overall
decrease in *’Al intensity as a result of a reduction in framework aluminum sites as well as non-
framework Al species. Omegna et al.'”® have reported similar findings on dealuminated ZSM-5
zeolite and suggest the presence of tetrahedrally coordinated extra-framework aluminum possibly
associated with an amorphous silica phase. The reduction in Al**"™ intensity should be associated
with an increase in Si/Al ratio in agreement with the higher Si/Al ratio observed for the desil-dealu
sample by NHs-TPD.

Combining the ’Al MAS NMR and *°Si MAS NMR data the sequential desilication and
dealumination treatment leads to formation of larger fraction of Q3 (HOSi(0Si);) defect sites most

likely associated with the formation of mesopores in the framework.

The presence of distinct AI"™ sites for ZSM-5 zeolite has been reported earlier by /Al MAS
NMR® 174176 and to detect such possible sites, the selected samples are investigated by Z7pl
Multi-Quantum MAS NMR. A more detailed description of the measurements and discussion of
the results are given in the first appendix. From the Al MQMAS NMR it is can be concluded that
two different Al sites are present in the samples. The desilication treatment affects the
distribution between the different Al environments as the distribution is quite alike for the
parent and desil-dealu ZSM-5 samples which differ from the desil ZSM-5 sample. This means that
the desilication produces extra-framework aluminum as Al°“® and disturbs the distribution

between the different A" sites. The subsequent dealumination removes extra-framework

| octa Itetra

aluminum species by dissolution of all AI"" and a significant amount of A restoring the

Itetra

distribution between the different Al*"™ sites. The removal of Al**"™ by oxalic acid treatment

Itetra

suggests that different A species are present and that only some can be removed by

dealumination.

Complementary information to that obtained from NH3-TPD and MAS NMR investigations is
available by comparing the IR spectra of the activated samples in the hydroxyls stretching region
(3800-3500 cm) as displayed in Figure 3.10. For sake of completeness, two activation
temperatures were considered (350 and 500 °C). In this case it has been possible to consider
changes occurring at different levels of dehydration. All spectra have been normalised with
respect to the pellet thickness and the band intensities are therefore within reasonable accuracy
representative of the amount of the respective species.
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Figure 3.10: FT-IR spectra of the parent (green), desil (blue) and desil-dealu (red) ZSM-5 samples outgassed at 350
and 500 °C

The parent ZSM-5 sample (green line) shows at both temperatures the presence of two main
bands at 3742 cm™ and 3610 cm™, respectively. The band at 3742 cm™ is associated with isolated

|.100, 102 The

silanols and the band at 3610 cm™ corresponds to strong Brgnsted acid sites, Si(OH)A
component at higher frequency is broader in the sample activated at 350 °C than that activated at
500 °C. After desilication (blue line), some relevant changes occur: i) the increase of the very sharp
and intense band centered at 3745 cm™, ii) the significant decrease of the band associated with
Brgnsted acid sites and iii) the presence of a small broader component at 3664 cm™. The increase
in the concentration of isolated silanols can occur due to the formation of mesopores. The
decrease associated with the Brgnsted acid sites is attributed to the expelling of aluminum from
the framework during desilication forming weak acid sites present as extra-framework as the band
at 3664 cm™ is reported105 for desilicated ZSM-5 zeolites to be associated with extra-framework
aluminum. Upon dealumination, no dramatic changes are visible in the OH stretching region,
however, a small decrease in the component at 3610 cm™ and a further increase in the band at
3745 cm™ are observed. These observations agree very well with the information gained from
NH3-TPD and MAS NMR showing a tendency for a reduction in the concentration of strong
Brgnsted acid sites and concurrent formation of weaker acid sites.

For further investigation of the formed extra-framework aluminum CO is used as probe molecule
to identify specific features peculiar for each sample. The samples are activated at 350 °C and the
obtained CO desorption profiles at 77 K are presented in Figure 3.11. The spectra have
conveniently been divided into two intervals, namely C-O (2000-2300 cm™) and O-H (3000-3800
cm™) stretching regions. Red lines correspond to the spectra obtained from the activated samples,
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while the green lines show the effect of the highest CO coverage. Black lines correspond to

intermediate CO adsorption pressures.
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Figure 3.11: CO FT-IR spectra of a) parent, b) desil and c) desil-dealu ZSM-5 samples. The
spectra are recorded after activation at 350 °C and measured at 77 K



Concerning the parent ZSM-5 sample, Figure 3.11a, upon CO interaction the band at 3745 cm™ is
eroded giving rise to a band at 3652 cm™. The small band at 3690 cm™ which is partially
hydrolysed aluminium undergoes a shift to 3573 cm™ while the band at 3610 cm™ is shifted to
3285 cm™. In the CO stretching frequency region (2300-2000 cm™) three components are visible at
2137, 2155 and 2175 cm™. They are assigned to physisorped CO, CO interacting with silanols and
CO interacting with strong Brgnsted acid sites, respectively.19 Note that the component due to
silanols is not very well defined, while the band associated to CO interacting with the strong
Brgnsted acid sites is quite sharp and symmetric. In the desil ZSM-5 sample, Figure 3.11b, the most
evident change is the appearance of a small band at 2230 cm™, due to CO interacting with extra-
framework aluminum. An expanded view is given in the inset. Furthermore is observed a decrease
in intensity of the band at 2175 cm™ and its broadening with the formation of a visible tail on the
low frequency side. Also is the presence of a broad contribution of silanols that is hardly
distinguishable as distinct bands only at very high CO coverage appear. After dealumination,
Figure 3.11c the main changes are: i) disappearance of CO coordinated to extra-framework
aluminum sites (band centered at 2230 cm™); ii) better definition of the band at 2175 cm™, iii) the
intensities of the band due to the acidic Brgnsted sites is further decreased and it becomes more
defined and sharp.

The IR investigations support the NH3-TPD and MAS NMR results as the desilication generates
large amount of silanols that behave mainly as isolated species, which can be due to mesopores
formation. After desilication Lewis acid sites appear associated with extra-framework aluminum.
The dealumination removes the extra-framework aluminum and slightly decreases the amount of
framework aluminum. The structure seems more regular than after desilication but with a lower
content of aluminum in the framework.

3.4.2. Catalytic lifetime in the MTH reaction

The profound changes in both acidic properties and porosity will inevitably affect the catalytic
lifetime in the MTH reaction. Even though the zeolite samples are quite different in Si/Al ratios,
the porosity and morphology of the desil and desil-dealu sample are rather similar. The major
difference is the amount of extra-framework aluminum. The conversion of methanol into
hydrocarbons at 370 °C, atmospheric pressure and WHSV equal to 4.5 h™* for the parent, desil and
desil-dealu samples are given in Figure 3.12.
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Figure 3.12: Conversion of methanol into hydrocarbons as a function of time on stream
at 370 °C, atmospheric pressure and WHSV = 4.5 h™ for the parent (green), desil (blue)
and desil-dealu (red) ZSM-5 samples

As seen in Figure 3.12 all three samples initially display 100 % conversion. The parent sample
(green line) displays a remarkably high activity seen by the 117 h until methanol breakthrough.
After desilication (blue line) the time to methanol breakthrough is surprisingly not increased but
rather shortened and appears after 37 h. For this particular sample the desilication procedure
does thus not improve the catalytic properties. This behaviour is in contradiction to earlier

obtained results, in which the activity and lifetime was improved by desilication caused by the

introduction of mesopores and removal of internal structural defects.” %% 113 Upon the consecutive

dealumination procedure (red line) the lifetime of the sample was slightly improved with respect
to both the desilicated and the parent sample seen by the 123 h to methanol breakthrough.

The deactivation can be modelled using the conversion data and the approach reported by
Janssens™** which is described as a reduction of the effective amount of catalyst, applying the
assumptions that the conversion of methanol is first order and the loss of active catalyst is
proportional to conversion. From this model the catalyst activity expressed by the rate constant
(k), the deactivation rate (a) and the conversion capacity (Ro) can be obtained. The deactivation
rate is the rate at which the effective amount of catalyst decreases while the conversion capacity

is the maximum amount of methanol that can be converted per gram of catalyst in its lifetime. The
results are given in Table 3.5.
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Table 3.5: Kinetic model values and time to methanol breakthrough (tycon breax)
for the parent, desil and desil-dealu ZSM-5 samples in the MTH reaction. a is the
deactivation rate, k is the rate constant and R, is the total conversion capacity

a k R, tieoH, break
[me/mol]  [molyieon/8eat/h]  [8meon/Beatl [h]
parent ZSM-5 5.1 29 657 115
desil ZSM-5 6.8 7.6 495 37
desil-dealu ZSM-5 3.8 17 884 123

Upon desilication the deactivation rate is seen to increase from 5.1 mgc.;/mol to 6.8 mgc/mol,
which results in lower conversion capacity as opposite to what is usually seen for desilicated ZSM-
5 zeolites. Typical for desilication is also a decrease in activity which here is observed by the
change from 29 molyieon/gcat/h to 7.6 molyeon/geat/h. The normal benefits of desilication like
improved diffusion and removal of internal structural defects thus become masked by the
generation of extra-framework aluminum. The generation of extra-framework aluminum during
desilication has earlier been addressed, where it was found to primarily rest on the external
surface including the surface of mesopores.90 It can therefore, when formed in large amounts, aid
the deactivation, but also block the entrance to the zeolite microporous system. Therefore, the
presence of extra-framework aluminum may have pronounced effect on the catalytic lifetime of
the catalyst. Upon dealumination, where the extra-framework is removed, the activity appears to
be partially recovered, but also the typical improvements to the deactivation rate, which are not
seen after desilication, become unveiled after the dealumination. It is therefore hypothesised that
the improvements to deactivation rates, typically seen upon desilication, can be masked by the
extra-framework aluminum, but may be recovered by consecutive dealumination treatment.

In the case investigated here, the Si/Al ratios changes upon the different treatments and
comparison may become cumbersome. Generally an increase in the amount of aluminum will
increase coking.** Oppositely the generation of mesopores will increase the lifetime by increasing
the diffusion of the aromatics and thereby shift the preferential location for coke formation to the
external surface.'® More information on the catalyst system is therefore needed and may be
extracted by considering the composition of the reactor effluent. Of interest is typically the Cs,
selectivity which is a rough estimate of the gasoline fraction and the C4 hydrogen transfer index
(HTI) which is defined by the C, yields: (iso-butane + n-butane)/2C,. In the upper part of Figure
3.13 is given the C4-HTl and in the lower part is given the Cs. fraction both shown as a function of
time on stream.
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Figure 3.12: On the top, the C, hydrogen transfer index (HTI) as function of time on stream.
The C,-HTI is defined according to the C, yields as (iso-butane+n-butane)/2C,. The lower figure
shows the C;, selectivity as function of time on stream for the parent (green), desil (blue) and

desil-dealu (red) ZSM-5 samples in the MTH reaction

As seen in the lower part of Figure 3.12 when the conversion drops below 100 %, the Cs selectivity
drops in all cases. At full conversion the Cs selectivity is however different for the desil ZSM-5
compared to the parent and the desil-dealu ZSM-5 samples. Typically the increase in Cs, selectivity
is explained by the generation of mesoporosity. As the textural properties of the parent and desil-
dealu ZSM-5 samples are rather similar this cannot explain the regeneration of the selectivity upon
dealumination, but may rather be explained by the presence of extra-framework aluminum. A
similar trend is also seen for the C4-HTI. Upon desilication the HTI decreases and again restored to
the original value upon the consecutive dealumination. The restoration of the different selectivity
suggests, despite the changes in the Si/Al ratios, that the catalyst systems may be compared. It is
therefore interesting to notice that although the mesoporosity is increased it does not necessarily
increase the catalytic lifetime, but that the presence of especially extra-framework aluminum has
a pronounced effect on the catalyst performance.

3.5. Conclusion

Different ZSM-5 zeolites have been prepared though desilication and/or dealumination treatments
of a parent zeolite sample to investigate the effect of extra-framework aluminum on the catalytic
lifetime in the MTH reaction. Characterisations showed that the crystal structure was preserved
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and that the particle sizes were approximately 1 um independent of any post-synthesis treatment.
The morphology of the parent zeolite particles changed upon desilication from particles consisting
of densely packed small subunits to a more sponge-like morphology typical for mesoporous
zeolites which was not further altered after subsequent dealumination. According to N,
physisorption measurements all the samples contained micropores and after desilication
mesoporosity was introduced.

NHs-TPD, MAS NMR and FTIR investigations all supported that during desilication mesopores were
formed and primarily silicon was removed from the framework resulting in extra-framework
aluminum. It was observed that the desilication reduced the amount of strong Brgnsted acid sites
and instead weaker acid sites were formed. After dealumination the FTIR band corresponding to
Bronsted acid sites was slightly reduced whereas the band for tetrahedral bonding in the >’Al MAS

Itetra

NMR was reduced to less than half. This means that not all A is Brgnsted acid sites as the
decrease in tetrahedral bonds in the ?’Al MAS NMR is not identical with the decrease in the band
for Brgnsted acid sites in the IR spectrum.

It was found that extra-framework aluminum was removed by dealumination where all aluminum
in octahedral positions and a significant amount of aluminum in tetrahedral positions was
extracted. The extraction of tetrahedral aluminum during dealumination suggested that different
tetrahedral aluminum species were present and that only some can be withdrawn by
dealumination. The subsequently dealumination did not seem to alter the textural properties, only

the amount of aluminum in the samples was affected.

The prepared materials were tested for their catalytic lifetime in the MTH reaction. The catalytic
tests showed that despite the formation of mesopores and repairing of internal defects the
desilicated sample displayed a reduced catalytic lifetime compared to the parent ZSM-5 catalyst. It
seemed that the normal benefits from desilication thus became masked by the generation of
extra-framework aluminum. It is concluded that the extra-framework aluminum has a pronounced
effect on the catalytic lifetime in the MTH reaction as the catalytic lifetime was recovered and
improved by the subsequent dealumination whereby extra-framework was removed. The
presence of extra-framework or partially extra-framework aluminum might lead to faster
deactivation due coke formation. From the results obtained in this chapter it can thus be
concluded that the introduction of mesoporosity does not in itself necessarily improve the
catalytic lifetime but that the catalytic lifetime is highly dependant on the amount of extra-
framework aluminum.
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Chapter 4

Modified zeolites and gallium containing zeotypes for the MTH reaction

This chapter contains synthesis, characterisation and catalytic testing of modified zeolites and
gallium containing zeotypes. The synthesised gallium zeotypes were tested in the MTH reaction
and compared to ZSM-5 zeolites regarding their catalytic lifetime, selectivity and deactivation. PhD
Uffe V. Mentzel has conducted the catalytic test.

4.1. Introduction

Many different elements can be introduced in zeolite or zeolite-like materials without altering the
zeolite structure significantly. The only requirements are that the element must adopt a
tetrahedral configuration and have an appropriate size.”> When gallium is incorporated into the

177

framework minor distortions take place compared to a silicalite-1 analogue.™”” The difference of

incorporating gallium instead of aluminium in the framework entails a decrease in the intrinsic
acidity of the individual active sites in the gallium zeotype compared to the zeolite analogue.* *’®
It should be stated that a true zeolite is a pure aluminosilicate. When gallium or other elements
are incorporated into the zeolite framework the material is referred to as a zeotype. Gallium can
be introduced into zeolites or zeotypes in other ways besides isomorphous substitution of silica in
the framework, i.e. impregnation, ion-exchange or by physical mixing of zeolite or zeotype crystals
and Ga;0s3. When gallium is incorporated into the crystal framework the general perception is that
the catalyst is more stable than in the cases where gallium is impregnated or ion—exchanged.179
Another advantage of incorporating gallium is that the gallium species may be uniformly
distributed all over the tetrahedral silicon framework sites in the structure and thereby not only
onto the surfaces of the zeolite or in the outer part of the channels.*® In this work conventional
and mesoporous ZSM-5 zeolites are prepared together with the analogous Ga-MFl zeotypes. In the
Ga-MFI zeotypes gallium atoms have replaced all the aluminum atoms in the framework and
therefore no aluminum atoms are present in these samples.

The catalytic properties of Ga-MFI have been the subject of many studies. These zeotypes act as
catalysts for several reactions such as aIkyIationm, isomerisation'®?, aromatisation of light alkenes

183 185187 |n the conversion of

(Cyclar process) ™, NOx reduction’® and methanol conversion
methanol the Si/Ga ratio has a pronounced effect on the catalytic activity.'®® Increasing the
amount of gallium induces the presence of a higher amount of Brgnsted acid sites leading to a
higher activity as for the ZSM-5 analogue. It should be noted that, as for ZSM-5 zeolites (Al-MFI),
the strength of each single acid site in Ga-MFl is dependent on the Si/Ga ratio. When the distance
between two gallium atoms increases, the strength of each acid site increases meaning, the higher
Si/Ga the stronger is the individual acid site. The selectivity is dependent on the concentration and
strength of the acid sites. Ga-MFI zeotypes with low gallium contents and thereby strong

individual acid sites have a high selectivity towards C,-C4 olefins.’® On the other hand, Ga-MFI
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zeotypes with high gallium contents seem to favour the production of aromatics produced from

185, 186

olefins. However, it is plausible, that Ga-MFI zeotypes with high gallium contents contain

extra-framework gallium which affects the selectivity by acting as weak Lewis acid sites. The Ga-

MFI zeotypes have in general a significant higher aromatisation activity than ZSM-5.8 188 Th

e
distribution of the aromatics is more or less similar, yet Ga-MFI produces a negligible amount of
Co+ aromatics compared to ZSM-5 zeolites. It should be noted that it is very difficult to compare
ZSM-5 and Ga-MFI catalysts since the Si/X (X=Al or Ga) should be approximately the same and at
the same time without or with similar amounts of extra-framework aluminum or gallium. The rate
of coke formation during the methanol conversion is reported to be somewhat slower for Ga-MFI
1t is

important to keep in mind that a slower deactivation might simply reflect differences in activity.

than for ZSM-5 which could be ascribed to the lower acidity of the individual Brgnsted sites.

Consequently, high activity of the parent ZSM-5 leads to a more rapid coking and to an earlier
point of deactivation because active sites which catalyse further conversion of intermediates to
hydrocarbons are blocked first.

Even though it has been attempted to apply gallium-based zeotypes in methanol to hydrocarbon
processes for commercial purposes, their performance could not compete with the ZSM-5 or
SAPO-34 catalysts.'’®

As presented in Chapter 2 and 3 mesoporous ZSM-5 zeolites can be used to catalyse the MTH
reaction and the main effect of the mesoporosity, if extra-framework aluminum is removed, is to
prolong the catalyst lifetime compared to their conventional counterparts. In this chapter
mesoporous Ga-MFl is prepared and tested in the MTH reaction. The catalytic lifetime, selectivity
and deactivation is compared to a conventional Ga-MFI and the ZSM-5 zeolite analogues.
Especially the difference in deactivation is investigated. It is possible that other factors besides the
differences in acid strength could affect the deactivation, i.e. the susceptibility of steam which is
generated during methanol conversion could have a potential effect on the active sites.

4.2. Synthesis strategy

Conventional and mesoporous Ga-MFI| zeotypes are prepared and compared to a conventional
and a mesoporous ZSM-5 zeolite. The conventional zeolite is a commercial one obtained from
Zeolyst International with Si/Al equal to 40. The mesoporous ZSM-5 is prepared using Carbon
Black pearls as template following the synthesis procedure from Jacobsen et al.® using a Si/Al
ratio equal to 50. Previous experience has taught that mesoporous ZSM-5 with a lower Si/Al ratio
than 50 is difficult to prepare using carbon as template without creating too much extra-
framework aluminum. The conventional and the mesoporous Ga-MFI zeotypes are synthesised
using the same silica and gallium sources and both with a Si/Ga ratio equal to 50. The mesoporous
Ga-MFI zeotype is prepared using a modified version of the synthesis procedure of mesoporous
ZSM-5. The necessary components are still impregnated by incipient wetness but where the
procedure for mesoporous ZSM-5 zeolite contains three impregnations, the procedure for



mesoporous Ga-MFI contains only two. The two synthesis procedures for the mesoporous
materials are shown in Figure 4.1.

Template,
Al source base, water, Si source
EtOH
a u A u A u A u - IEI
Carbon Left Left Left Hydrothermal
particles for 24 h for 24 h for 24 h crystallisation
Ga source,
template,
base, water, Si source
EtOH
b u A u e u — IEI
Carbon Left Left Hydrothermal
particles for24 h for24 h crystallisation

Figure 4.1: Schematic illustration of the preparation of a) mesoporous ZSM-5 and b)
mesoporous Ga-MFI

139 that when aluminum isopropoxide is used much more aluminum is

A previous study shows
incorporated into the framework than using for instance sodium aluminate. Aluminum
isopropoxide is dissolved in tetrahydrofuran and it is therefore necessary to add it in an individual
step. In the preparation of mesoporous Ga-MFI the gallium source is gallium nitrate which can
without any problem be dissolved in water together with template, base and solvents which
thereby avoids an extra synthesis step.

%051 preparing mesosporous Ga-MFI zeotype the gallium was introduced in the

In our first study
impregnation solution as gallium oxide and/or hydroxide. The gallium compound was prepared by
precipitation from an aqueous solution of gallium nitrate by means of ammonia in excess. The
precipitate was further washed twice with water, dried and afterwards added to the zeotype
synthesis gel. FTIR and "'Ga MAS NMR investigations showed that all gallium was incorporated in
the zeotype framework. Even though we succeeded in preparing a mesoporous Ga-MFl zeotype
without any extra-framework gallium only one third of the used gallium ended up in the final
product. To optimise the preparation of mesoporous Ga-MFI zeotype gallium nitrate is still used as
a gallium source but is added directly to the impregnation solutions to avoid unnecessary loss of

gallium.

4.3. Experimental

All the reagent were of reagent grade and used without any further purification: Sodium
hydroxide (NaOH, 99 wt%, Riedel-de Haen), tetrapropylammonium hydroxide (TPAOH, 40 wt%,
AppliChem), aluminum isopropoxide (CoH,105Al, 98 wt%, Aldrich), tetraethylorthosilicate (TEQOS,
98 wt%, Aldrich), tetrahydrofuran (THF, 99 wt%, Aldrich), Carbon Black Pearls (BP-2000, average
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diameter of 12 nm, Carbot Corporation), ethanol (EtOH, 99.9 wt%, Kemethyl A/S), ammonium
nitrate (NH4NOs, 99.5 wt%, Merck), gallium nitrate hydrate (Ga(NOs);-xH,0, 99.9 wt%, Aldrich),
methanol (> 99.9 % Aldrich Chromasolv®).

4.3.1. Conventional ZSM-5

The conventional ZSM-5 was a commercial one obtained from Zeolyst International in its
ammonium form. Prior to use, the zeolite was calcined at 550°C for 4 hours to obtain the acidic
form. The obtained product was named conv ZSM-5.

4.3.2. Synthesis of mesoporous ZSM-5

The mesoporous ZSM-5 was synthesised in the following procedure:
BP-2000 was dried in an oven (min. 110°) overnight from which 14 g was taken. Firstly, 0.53 g
aluminium isopropoxide was dissolved mixed with 45 ml THF in a beaker and impregnated onto the
carbon. This mixture was left overnight at room temperature. In a beaker, 28 g of 40 wt% TPAOH, 3.6 g
of H,0 and 0.5 g of NaOH was added and stirred until a clear solution was obtained, after which 21 g
EtOH was added during stirring. The carbon was impregnated with the obtained solution to incipient
wetness. After evaporation of the EtOH at room temperature overnight, the carbon particles were
impregnated with 27.09 g TEQOS and then left to hydrolyse overnight. After hydrolysis, the impregnated
carbon was transferred to a Teflon beaker which was placed in a stainless steel autoclave with 1 cm
water to produce saturated steam. The autoclave was heated slowly to 180 °C and kept there for 72
hours. After the autoclave was cooled to room temperature, the black product was suspended in water,
isolated by suction filtration and washed repeatedly with water until pH was neutral. Then the product
was dried at 110 °C for 10 h and the carbon black was removed by controlled combustion in air in a
muffle furnace at 550 °C for 20 h. In this way a white material was obtained and named meso ZSM-5.

4.3.3. Synthesis of conventional Ga-MFI

The conventional Ga-MFI was synthesised in the following procedure:
Firstly, 2.108 g NaOH was dissolved in 68 g H,O and after complete dissolution 26.52 g TPAOH (40 wt%)
was added. In another beaker1.674 g Ga(NO3);-xH,0 was dissolved in 17g H,0. The two obtained
homogeneous solutions were simultaneously added dropwise to 68 g TEOS with stirring and left for 2
hours with stirring. After approximately 30 min the mixture turned into a white thin gel. The gel was
transferred to a Teflon lined autoclave, placed in an oven and heated to 180 °C for 72 h. The greyish
product was filtered off after cooling, washed with water and dried overnight at room temperature. At
last the product was calcined at 550 °C for 10 h by which a white product was obtained. The obtained
product was named conv Ga-MFlI.

4.3.4. Synthesis of mesoporous Ga-MFI

The mesoporous Ga-MFI was synthesised in the following procedure:
BP-2000 was dried in an oven (min. 110°) overnight from which 15.6 g was taken. In 4.03 g H,0 0.667 g
Ga(NO;);-xH,0 and 0.56 g NaOH were dissolved. When a homogeneously solution was obtained 31.08 g
TPAOH (40 wt%) and 23.3 g EtOH was added. The carbon was impregnated with the obtained solution
to incipient wetness. After evaporation of the EtOH at room temperature overnight, the carbon particles
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were impregnated with 30.2 g TEOS and then left for hydrolysis overnight. After hydrolysis, the
impregnated carbon was transferred to a Teflon beaker which was placed in a stainless steel autoclave
with 1 cm water to produce saturated steam. The autoclave was heated slowly to 180 °C and kept there
for 72 hours. After cooling the autoclave to room temperature, the black product was suspended in
water, filtered by suction and washed repeatedly with water until pH was neutral. Then the product was
dried at 110 °C for 10 h and the carbon black was removed by controlled combustion in air in a muffle
furnace at 550 °C for 20 h. In this way a white material was obtained and named meso Ga-MFI.

4.3.5. lon exchange
The three synthesised zeolite/zeotype materials contain sodium as the charge-compensating
cation after synthesis. The acidic form of each zeolite/zeotype was prepared using the following

procedure:
Two consecutive ion exchanges were performed using 1M NH,NO; at 80 °C in ratio 1:30 between mass of
Na-zeolite or Na-zeotype (g) and volume of NH,NO; (ml). After each ion exchange, the NH,~-form of the
zeolite/zeotype was filtered off, washed with water, and dried in air. Finally, the H-form was obtained by
heating the NH,~-ZSM-5 or NH,-Ga-MFl in air to 450 °C for 4 h, whereby the NH; evaporated leaving
protons as charge-compensating cations.

4.3.6. Conversion of methanol to hydrocarbons

The conversion of methanol was performed using the following procedure:
The catalytic reactions were performed in a fixed bed reactor charged with 300 mg catalyst (355-500
um), which was pretreated in a flow of helium at the reaction temperature for 30 min prior to the
reaction. The reaction was performed at 370 °C and 1 bar, and the liquid reactant was pumped with a
HPLC pump and evaporated before reaching the reactor. Helium was used as a carrier gas, with a flow of
40 ml/min, and the products from the reaction were analysed by on-line GC (HP6890) equipped with a
Varian CP-PoraPLOT Q-HT capillary column and a FID. The employed feed rate of methanol was 0.25
mol/(g..-h) corresponding to a WHSV of 7.9 h. When calculating the conversion, methanol and DME
are considered reactants and response factors of 0.81 (methanol) and 0.63 (DME) are used, while a
response factor of 1 is used for all hydrocarbon compounds.
The TPO analyses were typically performed with 100 mg of spent cat which was heated in a flow of 5 %
O, in helium (20 ml/min) with a heating ramp of 2.75 °C/min to an oven temperature of 700 °C. The final
temperature was maintained for 2 h to ensure complete combustion of the carbonaceous species. The
concentrations of CO and CO, in the outlet were monitored continuously by a BINOS detector.
Regeneration experiments were conducted by heating the completely deactivated sample in a flow of 5
% O, in helium (20 ml/min) with a heating ramp of 2.75 °C/min to an oven temperature of 550 °C. The
final temperature was maintained for 4 h to ensure complete combustion of the carbonaceous species.
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4.4. Results and discussion

The materials were characterised by XRPD, NH3-TPD, elemental analysis, N, physisorption and
SEM. The mesoporous Ga-MFI was also characterised by FTIR before and after catalytic test to
investigate the structural changes during test. All characterisations are recorded after ion
exchange and calcinations. The catalytic properties of the samples were tested in conversion of
methanol at 370 °C and at atmospheric pressure regarding catalytic lifetime, selectivity and
deactivation.

4.4.1. Characterisation

The XRPD patterns for the conventional and mesoporous ZSM-5 and Ga-MFI materials are all
shown in Figure 4.2.

I JI conv ZSM-5
-

Intensity [a.u.]

J meso ZSM-5

conv Ga-MFI
-
___,.I Uk meso Ga-MFI
5 15 25 35 45 55 65

2 theta [9]
Figure 4.2: XRPD patterns of the conventional and mesoporous ZSM-5 and Ga-MFI materials

From Figure 4.2 it is seen that all four samples exclusively contain highly crystalline material with
the MFI structure® and no traces of amorphous material are present.

The gallium and aluminium contents from elemental analysis are listed in Table 4.1 together with
the estimated Si/X (X=Al or Ga) from NHs-TPD.
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Table 4.1: Aluminum and gallium contents determined by elemental analysis
together with estimated Si/X ratios from NH;-TPD with X=Al or Ga

Elemental analysis NH;-TPD
Al or Ga content Si/X Si/X
[wt%] (X=Al or Ga) (X=Al or Ga)
conv ZSM-5 0.97 36 38
meso ZSM-5 1.02 40 59
conv Ga-MFI 1.35 77 93
meso Ga-MFI 1.45 71 74

According to elemental analysis the two types of ZSM-5 include rather similar amount of
aluminium, i.e. 0.97 and 1.02 wt% for the conventional and mesoporous ZSM-5, respectively. This
corresponds to a Si/Al for the conventional ZSM-5 to 36 and 40 for the mesoporous ZSM-5. A high
Si/Al ratio corresponds to a low amount of aluminum and vice versa. According to NH3-TPD the
Si/Al ratios are 38 for the conventional and 59 for the mesoporous ZSM-5. Comparing the Si/Al
from elemental analysis and NHs-TPD reveals that they are in agreement for the conventional
ZSM-5 meaning that all the aluminum is expected to be incorporated in the zeolite framework
creating one acid site per aluminum atom. Contrary, the Si/Al ratio for the mesoporous ZSM-5 is
higher by NH3-TPD than by elemental analysis indicating that not all aluminum atoms create an
acidic site, but may instead be present as extra-framework aluminum. This is verified by FTIR (not
shown) where a band at 3666 cm™ appears indicating the presence of extra-framework aluminum.
The conventional and the mesoporous Ga-MFI contain approximately the same amount of gallium
determined by elemental analysis, i.e. 1.35 and 1.45 wt%, which correspond to Si/Ga equal to 71
and 77, respectively. The attempt was to synthesise Ga-MFI and ZSM-5 with a Si/X equal to 50.
Since the Si/Ga is higher than the intended value and also higher than the Si/Al for the
mesoporous ZSM-5 it seems that gallium is not as easy introduced to the zeolite-like structure as
aluminum. This could be due to the larger difference in size between silicon and gallium versus
silicon and aluminum.

A discrepancy is observed for the Si/Ga ratio determined by elemental analysis and NH3-TPD for
the conventional Ga-MFI. The higher Si/Ga ratio estimated by NH3-TPD indicates the presence of
extra-framework gallium. On the other hand, the mesoporous Ga-MF| seems only to contain
gallium in the framework.

In our previous studylgoon the preparation of mesoporous Ga-MFl one third of the used gallium
nitrate was incorporated in the zeotype framework. By adding gallium nitrate directly to the
impregnation solution approximately two thirds of the gallium are successfully introduced to the
final product and it is therefore not necessary to prepare gallium oxide prior to synthesis.

To investigate the distribution of the strength of the acidic sites NH3-TPD curves for all four
samples are shown in Figure 4.3. It should be noted that NH3-TPD curves should only be used as a
fingerprint to investigate the distribution of the strength of the acid sites since it is almost
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impossible to distinguish between the different sites. A more reliable technique would be FTIR.
NH3-TPD curves are in this work primarily used to investigate the effect of the incorporation of

gallium.
conv ZSM-5
. meso ZSM-5
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Figure 4.3: NH;-TPD curves of conventional and mesoporous ZSM-5 and Ga-MFI

As seen in Figure 4.3 desorption curves for NH3 for the conventional and the mesoporous ZSM-5
do not have exactly same shape. The conventional ZSM-5 displays two peaks located at 250 and
425 °C, respectively whereas the curve of the mesoporous ZSM-5 consists primarily of one peak
centred at 375 °C. This means that the two samples have a different distribution of the strength of
the acidic sites. Since the conventional ZSM-5 has peaks in both the low- and high-temperature
region the material entails both weakly acidic sites and stronger acidic sites. The mesoporous ZSM-
5 has a more smooth desorption curve of NH;3 primarily centred in the high-temperature region
and seems therefore to primarily contain strong acidic sites. Still, the peak for the mesoporous
ZSM-5 is shifted to lower temperatures compared to the highest peak for the conventional ZSM-5
due to contribution of lower acid sites. It should be noted that the conventional ZSM-5 is a
purchased, commercial material with an unknown synthesis and history. The shape of the
desorption curves for the conventional and mesoporous Ga-MFI are quite similar. They both
contain one peak centred at 325 °C. The peaks are shifted to a lower temperature compared to
the highest peaks for the conventional and mesoporous ZSM-5 zeolites. This is expected since
incorporation of gallium in the framework decreases the intrinsic acidity of the individual active
sites compared to the incorporation of aluminum.

To investigate the morphology of the prepared zeolite and zeotype samples representative SEM
images are shown in Figure 4.4.
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Figure 4.4: Representative SEM images of a) conv ZSM-5, b) meso ZSM-5, c) conv Ga-MFI and d) meso Ga-MFI

From the SEM image of the conventional ZSM-5, Figure 4.4a, it can be seen that the particle sizes
of the conventional H-ZSM-5 are in the range of 0.5-2 um, showing no preferential shape. The
mesoporous H-ZSM-5 zeolite (Figure 4.4b) also consists of particles of approximately 0.5-2 um in
size, but they have a sponge like appearance which is characteristic for mesoporous zeolites. The
conventional Ga-MFI material, Figure 4.4c, consists primarily of smaller particles around 0.5-1 um
but in between is also larger particles. Most of the particles have the coffin-shape morphology but
also inter-grown particles and particles with undefined shapes are present. The mesoporous Ga-
MFI sample (Figure 4.4d) consists mainly of very small particles around 1-2 um, with some
agglomerates also present.

In Table 4.2 is given the surface areas and pore volumes of the zeolite and zeotype samples

determined by N, physisoption.
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Table 4.2: Surface areas and pore volumes of the prepared zeolite and zeotype samples
. b
Surface area” Micropore volume Mesopore volume®

[m*/g] [em®/g] [em®/g]
conv ZSM-5 428 0.17 0.19
meso ZSM-5 487 0.19 0.55
conv Ga-MFI 285 0.13 0.11
meso Ga-MFI 415 0.18 0.45

? Calculated using the BET method, ® determined using the t-plot method and © determined using the BJH method

Table 4.2 reveals that all zeolite and zeotype materials are microporous materials with surface
areas typical for zeolites, however the surface area and micropore volume for the conventional
Ga-MFI are lower than the other samples. According to elemental analysis and NH3-TPD the
conventional Ga-MFI seems to contain extra-framework gallium. This could possible block the
micropores whereby the surface area and micropore volume would decrease. It can also be
observed from Table 4.2 that all samples contain mesopores. The formation of mesopores are
commonly observed in conventional zeolites and zeotypes but rarely reported. The mesopores are
highly probable due to interparticle voids and the volume is dependent on the size, shape and
packing of the crystals which can obviously be packed more or less loosely. The mesopores volume
for conventional ZSM-5 and Ga-MFI are rather low and are ascribed to interparticle voids. The
mesoporous ZSM-5 and Ga-MFI have comparable mesopore volumes around 0.5 cm3/g which are

in the range of previous results using BP-2000%*% 1%

as carbon template.

Figure 4.5 shows the obtained isotherms and corresponding pore size distributions. The pore size
distributions are determined from the desorption branch of the isotherms using the BJH method.
Using the desorption branch care should be taken since artefacts at 2 and 4 nm are present due to

the result of phase transition of N, and forced closure of the hysteresis loop, respectively.
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Figure 4.5: a) N, adsorption-desorption isotherms and b) corresponding pore size distribution of the
prepared zeolite and zeotype samples. The pore size distributions are obtained from the desorption branch
of the isotherms using the BJH method. In the pore size distribution artefacts at 20 and 40 A are present for

all four materials
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As seen in Figure 4.5a the isotherms for the meso ZSM-5 and meso Ga-MFI materials both exhibit
hysteresis in the region P/Py above 0.9 which indicates the presence of mesoporosity. The
isotherm for the conventional ZSM-5 and Ga-MFI resemble both a Type | isotherm and typical for
microporous zeolites. The conventional materials also exhibit hysteresis which is ascribed to
intercrystalline voids as stated above. The pore size distributions in Figure 4.5b show that the
conventional materials have only little porosity in the mesopore region due to interparticle voids,
whereas the mesoporous ZSM-5 and Ga-MFI clearly contain mesopores and macropores (<50 nm).
Even though the same carbon template is used to prepare the two mesoporous sample the pore
size distributions are not completely identical. The pore size distribution for the mesoporous ZSM-
5 is centred at 27 nm whereas the mesoporous Ga-MFl is centred at 32 nm. This is interesting
since the used carbon template, BP-2000, are small carbon particles with an average diameter of
12 nm. The observed mesopores in both materials are at least twice the size of the diameter of the
used carbon particles suggesting that the encapsulated carbon consists of aggregates of carbon
particles that are encapsulated during crystallisation as opposed to individual carbon particles.

4.4.2. Conversion of methanol to hydrocarbons

The four prepared materials are tested in the conversion of methanol to hydrocarbons (MTH) to
investigate differences in catalytic lifetime, selectivities and deactivation. It is difficult to compare
the four materials directly since the Si/Al and Si/Ga ratios differ for each type of material.
However, the Si/Al and Si/Ga ratios are rather similar for the conventional and mesoporous
counterparts. The conversion of methanol at 370 °C and 1 bar for the four prepared materials are

shown in Figure 4.6 together with the yield of aromatics. Both are plotted versus time on stream.
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Figure 4.6: a) Conversion of methanol versus time on stream and b) corresponding yield of aromatics versus
time on stream. The catalytic experiments are conducted at 370 °C and 1 bar

As seen in Figure 4.6 all four materials have the traditional S form curve observed in conversion
versus time on stream curves for the MTH reaction in fixed bed reactors.*?*****! First is a period
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with full conversion followed by a rather rapid declining due to deactivation. According to
Janssens™* active catalysts show a more sudden decrease in conversion with time on stream.The
curves for both microporous materials have a more sudden drop in conversion compared to the
mesoporous counterparts. This indicates that the conventional ZSM-5 and Ga-MFI have a higher
activity than mesoporous ZSM-5 and Ga-MFI. Since the zeolites have a higher acid strength for
each individual acid sites and a higher acid density (lower Si/Al ratios than Si/Ga ratios) it was
expected that the Ga-MFI zeotypes would deactivate slower than the ZSM-5 zeolites. As seen in
Figure 4.6a the Ga-MFI| zeotypes exhibit a shorter catalytic lifetime than the corresponding ZSM-5
zeolites, i.e. opposite to previous results'®. In particular the conventional Ga-MFI deactivates very
fast which could be affected by the presence of extra-framework gallium. As expected the
mesopores for both types of materials improve the catalytic lifetime due to enhanced mass
transport. The mesoporous Ga-MFI deactivated much slower than the conventional one, and has a
lifetime which is close to the conventional ZSM-5. Even though the breakthrough of methanol is
observed slightly earlier for the mesoporous ZSM-5 than for the conventional ZSM-5 the decline in
conversion is slower resulting in a somewhat longer catalytic lifetime for the mesoporous ZSM-5.
The yield of aromatics versus time on stream is shown in Figure 4.6b. It is clear by comparing the
conventional and the mesoporous counterparts that a higher amount of aromatics is produced for
the mesoporous samples due to less steric hindrance. As expected the gallium based zeotypes
have a distinct lower selectivity towards aromatics compared to ZSM-5. Although the gallium
based zeotypes have a lower acid density than the corresponding ZSM-5 zeolites, which make
direct comparison difficult, the lower selectivity towards aromatics is most likely a consequence of
the intrinsic lower acidity of the individual active sites. For all catalysts the production of aromatics
declines with time on stream due to loss of catalyst activity.

For more detailed information on the selectivity, the initial product yields of aliphatics and
aromatics are given in Figure 4.7a and b.
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Figure 4.7: Initial product yields of a) aliphatics and b) aromatics for conversion of methanol over the prepared
materials. The catalytic experiments are conducted at 370 °C and 1 bar
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Comparing Figure 4.7a and b the selectivities for the four different catalysts are quite similar apart
from the higher amount of aromatics produced from the two ZSM-5 zeolite based catalysts. The
mesoporous zeolites produce slightly larger amounts of large aromatic compounds than their
conventional counterparts, which has been observed in other studies”® as well and can be
explained as a direct effect of the mesoporosity leading to a shorter diffusion path for the larger
compounds. The conventional Ga-MFI produces large amounts of ethene and propene while the
mesoporous Ga-MFI produces larger amounts of long chain aliphatics, indicating a lower cracking
activity of this catalyst. This is in all in agreement with previous results'®’ that state that gallium
containing zeotypes with low gallium contents have a higher selectivity towards small alkenes.

To investigate the deactivation the coke deposition on the various materials has been investigated
though TPO analyses of the spent catalyst. The resulting carbon content on completly deactivated
catalysts is shown in Figure 4.8a. Another way to compare the deposition of coke is by the ratio
between the amount of carbon atoms converted and the amount of carbon deposited on the
catalyst during the entire catalyst lifetime which is shown in Figure 4.8b.
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Figure 4.8: a) Carbon content in completely deactivated catalysts and b) the molar ratios between the amount
of carbon converted and the amount of carbon deposited as coke on the catalyst during the entire lifetime of
the catalyst for conversion of methanol at 370 °C and 1 bar

In general the zeolites contain much more coke than the gallium based zeotypes as observed in
Figure 4.8a. Even though the catalysts are completely deactivated the conventional Ga-MFI
contains only 1 % carbon, while the mesoporous Ga-MFI contains as little as 0.2 %. It does not
seem to be any correlation between the coke content and the catalytic lifetime. The conventional
Ga-MFl has a shorter catalytic lifetime than the mesoporous counterpart but contains a higher
amount of coke. The mesoporous Ga-MFI have a comparable catalytic lifetime with conventional
ZSM-5 but contains significant lower amount of coke. The conventional and mesoporous ZSM-5
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have approximately the same amount of coke and the mesoporous ZSM-5 displays the longest
catalytic lifetime.

Looking at the amount of converted carbon atoms per carbon deposited in Figure 4.8b the
combination of reasonable conversion capacity and a very small amount of deposited coke leads
to a remarkable high value for the mesoporous Ga-MFI. This catalyst is able to convert over 20
times as much carbon (in the form of methanol) per carbon atom deposited than any of the other
catalysts even though it has a shorter lifetime than any of the zeolites.

From visual inspection of the spent and completely deactivated catalysts it is apparent that the
mesoporous Ga-MFI has a low coke content compared to the zeolite samples. As seen in Figure 4.9
the mesoporous Ga-MFl is light grey, while both the conventional and mesoporous ZSM-5 are
completely black. The conventional Ga-MFI (not shown) was also light grey.

meso Ga-MFI
“’WW&*N
meso ZSM-5

conv Ga-MFI
R - |

Figure 4.9: Picture of selected deactivated catalysts upon
conversion of methanol at 370 °C and 1 bar

From Figure 4.9 another interesting detail can be observed. The quartz wool holding the catalyst in
place is dark at the end of the catalyst bed for both mesoporous materials. This indicates that
large hydrocarbon compounds i.e. presumably heavy aromatics, are able to leave the catalyst
instead of forming coke. This might be part of the explanation of their superior lifetime compared
to their conventional counterparts.

For conversion of methanol coke is deposited on the ZSM-5 catalyst at a constant rate throughout
the entire experiments until the catalyst is completely deactivated.™ For the gallium-based
zeotypes methanol does not form significant amounts of coke but the catalysts are still completely
deactivated. It is clear that the usually assumed deactivation mechanism of MFI, which is
explained by the formation of external coke can not be the reason for the observed activity loss,
since large amounts of external coke would be necessary to impede the diffusion of reactants into
the pores of the catalyst. This means, that the catalyst is either very sensitive towards the
presence of coke, i.e. very small amount of coke is enough to deactivate it or it is deactivated in
another way than coke deposition or a combination of both. In order to investigate if the gallium
based zeotypes deactivate due to high sensitivity towards the presence of coke the mesoporous
Ga-MFI was regenerated by combustion of the deposited coke and subjected to methanol again in
order to investigate the catalytic activity. Figure 4.10 shows the conversion of methanol versus
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time on stream before and after coke combustion. For comparison conventional ZSM-5 is also
tested before and after coke combustion.
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Figure 4.10: Conversion of methanol versus time on stream before and after regeneration for a) conv
ZSM-5 and b) meso Ga-MFI. The catalytic tests are conducted at 370 °C and 1 bar

As seen in Figure 4.10a it is possible to regenerate the conventional ZSM-5 and obtain
approximately the same catalytic lifetime. Contrary, the mesoporous Ga-MFI does not regain any
activity for the conversion of methanol upon combustion of coke. Since it is not possible to
regenerate the mesoporous Ga-MFI deposited coke can not be responsible for the deactivation.
During conversion of methanol steam is generated and one possible explanation is that the
presence of steam could hydrolyse the gallium-oxygen bond leading to a degree of gallium
elimination from the framework and thereby loss of catalytic active Brgnsted acid sites, as
illustrated in Figure 4.11.
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Figure 4.11: Partial elimination of gallium from the zeotype framework by either hydrolysis or dehydration.
T represents a gallium atom. Adapted from 192

Gallium in partial extra-framework positions is still linked to the framework in the form of
low coordinated and isolated species as illustrated in Figure 4.11. After hydrolysis of Si-O-Ga
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bonds dehydration can take place leading to formation of new non-bridged Brgnsted Ga-OH
sites and finally to trigonal coordinated unsaturated Ga* species with strong Lewis acid
character. The Ga* atom is now at a lattice defect where the framework is disrupted, but
not yet in extra-framework position. However, hydrolysis does not necessarily stop at this
stage but can continue up to the point where all bonds linking the gallium atom to the
framework are broken with attendant formation of a silanol nest. The Ga(OH); or GaOOH
species thus produced can freely migrate and ultimately form after aggregation and
dehydration small clusters of a Ga,03 phase entrapped into the zeotype channels.

Areén et al.*®* have investigated the stability of the Si-O-Ga bonds. They found that on high-
temperature treated samples, the gallium atoms show a tendency to go into partial or fully
extra-framework positions and this phenomenon is particular relevant for temperatures
above 900 K and low Si/Ga ratios. On the other hand, it appears that thermal degalliation of
samples with high Si/Ga is negligible. This implies that a relatively high gallium
concentration is needed to render the zeotype framework unstable towards thermal
treatment in the 800-900 K range. Arean et al. stated that the presence of a small amount
of steam can strongly favour the elimination process.

A control experiment where the mesoporous Ga-MFI was subjected to water vapour in a
concentration corresponding to what would be expected from methanol dehydration for 48
h at the reaction temperature and subsequently tested in methanol conversion has been
performed. The catalyst was not active for methanol conversion upon this treatment which
indicates that steaming is a plausible explanation for the loss of activity.

To investigate the possible changes of the active sites of the mesoporous Ga-MFI during the
catalytic test, FTIR has been conducted. As a reference the mesoporous Ga-MFI was
steamed at 370 °C for 48 h — the same time as the catalytic reaction lasted. The spectra for a
fresh, a regenerated and a steamed fresh sample of mesoporous Ga-MFl are given in Figure
4.12. To compare the OH groups the obtained spectra are normalised to the overtones of
the framework vibrations in the 2200-1600 cm™ (not shown) and same amount of sample is
used.
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Figure 4.12: FT-IR spectra of fresh, regenerated and steamed mesoporous Ga-MFI

As seen in Figure 4.12 the spectra of the three samples are similar to those reported in the
192194 35 they all show the characteristic O-H band of the Si(OH)Ga-bridged Brgnsted
groups at 3618 cm™ and external silanol groups at 3746 cm™. In addition the fresh sample shows a

literature

band at 3400 cm™ which is ascribed to silanol nests or defects primarily located at the surface.
The spectra for the regenerated and steamed samples are quite identical. One could argue that
possible structural changes could occur during the thermal regeneration instead of during the
reaction. Since the spectra for the regenerated and the steamed samples are practically identical
the differences in OH-bands from the fresh sample must occur during steaming since the steaming
affects the structure in the same extent as the regeneration. In addition, Aredn et al. states that
gallium zeotypes with high Si/Ga ratios are not significantly affected by high temperature
treatment alone.

Upon methanol conversion, the intensity of the Brgnsted acid band at 3618 cm™ is decreased
significantly. The decrease in the density of Brgnsted acid sites must be due to hydrolysis and
possible dehydration during the reaction which will lead to migration of the gallium atoms into
extra-framework or partially extra-framework positions by formation of GaOOH species and
ultimately Ga,0s clusters. In the inset in Figure 4.11 the intensity of the bands at 3746 cm™ is
enlarged. It appears that the regenerated and steamed samples contain a higher amount of
terminal silanols than the fresh sample. This might be explained by the disintegration of the
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agglomerates into small primary particles which where initially connected via hydrogen bridges as
apparent from the broad band at 3400 cm™, resulting in non-interacting terminal silanol groups.
According to Aredn et al. it is difficult to probe all the extra-framework gallium with either CO or
N, and to verify the presence of extra-framework gallium one possibility would be to conduct "*Ga
MAS NMR. This is though beyond the scope of this work.

In summary, the deactivation of the mesoporous Ga-MFI zeotype appears to be due to loss of
active Brgnsted acid sites which happens due to hydrolysis and dehydration of Si-OH-Ga bonds. As
a result of hydrolysis extra-framework gallium seems to be produced which is catalytically inactive
in the conversion of methanol. This is in contrast to the deactivation of ZSM-5 zeolites which
deactivate due to coke formation. The difference in mode of deactivation could also explain the
unexpected longer catalytic lifetime observed for conventional and mesoporous ZSM-5.

4.5. Conclusion

In the present chapter an improved synthesis strategy for mesoporous Ga-MFI was reported. The
obtained material was compared to conventional Ga-MFI plus conventional and mesoporus ZSM-
5. The materials were characterised using XRPD, NHs-TPD, elemental analysis, N, physisorption
and SEM. The characterisations showed that all materials were crystalline with the MFI structure
but vary concerning crystal size, shape and morphology. According to elemental analysis and NHs-
TPD the mesoporous ZSM-5 and conventional Ga-MFI seemed to contain extra-framework
aluminum or gallium. It was also observed that aluminum was easier introduced into in the zeolite
framework than gallium was introduced into the framework of zeotypes. This could be explained
by the difference in size. Using NH3-TPD it was verified that the incorporation of gallium in the
framework decreased the intrinsic acidity of the individual acid sites. N, physisorption
measurements revealed that mesoporous ZSM-5 and Ga-MF| were both mesoporous materials
with comparable mesopores volume around 0.5 cm3/g and pore size distributions centred at 27
and 32 nm, respectively.

All synthesised materials were tested for catalytic conversion of methanol at 370 °C and 1 bar. The
catalytic lifetime of the gallium based zeotypes was in general shorter than the corresponding
zeolites. However, the mesoporous Ga-MFI had catalytic lifetime almost comparable to that of
conventional ZSM-5. As expected the presence of mesopores improved the catalytic lifetime for
both the zeolites and the gallium based zeotypes. The Ga-MFI zeotypes showed a higher selectivity
towards small alkenes which was ascribed to the lower acidity of the individual active sites
compared to zeolites. Comparing the conventional and the mesoporous counterparts a higher
amount of aromatics was produced for the mesoporous materials due to less steric hindrance.
The gallium base zeotypes contained only very small amounts of coke when completely
deactivated. In fact, for conversion of methanol mesoporous Ga-MFI was able to convert more
than 20 times the amount of carbon per carbon atom deposited as coke than any of the ZSM-5
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zeolites. This was quite remarkable, but despite the very low content of coke the catalyst was still
completely deactivated. It was found that the ZSM-5 zeolites deactivated due to coke formation as
it was possible to regenerate the catalytic activity and obtain approximately the same catalytic
lifetime after coke combustion. In contrast, the catalytic activity of the mesoporous Ga-MFI could
not be restored after coke combustion. FTIR was performed to investigate the structural changes
of the active sites before and after regeneration. It was found that during methanol conversion
the mesoporous Ga-MFI deactivates due to loss of the catalytically active Brgnsted acid sites
leading to formation of inactive extra-framework gallium species.
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Chapter 5

Encapsulation of gold nanoparticles in MFI type crystals

This chapter describes synthesis, characterisation and catalytic test of encapsulated gold
nanoparticles in MFI type zeolites. The obtained hybrid materials are shown to be substrate-size
selective oxidation catalysts. The synthesis work was carried out in collaboration with then master
student Anders B. Laursen, TEM investigations were performed by PhD Sgren B. Simonsen and
PhD Lars F. Lundegaard and the catalytic tests were conducted by PhD Sgren Kegnaes.

5.1. Introduction

In heterogeneous catalysis, metal nanoparticles supported on high surface area carriers play a
crucial role as active and selective catalysts for numerous chemical reactions.™ Inevitably, and this
is particular true for high temperature applications, nanoparticle sintering occurs during
operation. Regarding gold, it was for many years considered to be chemically inert and hence not

195

regarded as a potential catalyst.”” Over the past decade, the investigation of gold catalysis has

196-199

increased rapidly. It has been established that when gold is highly dispersed as small

nanoparticles with a diameter less than 10 nm it becomes a highly active oxidation catalyst for

200202 The gold catalysts deactivate as the average size of the gold particles

many reactions.
increases via sintering and it is necessary to find a way to produce stable gold catalysts. Over the
years many strategies have been developed to produce sintering stable gold nanoparticles
including encaging the metal nanoparticles by protective shells®®, depositing in mesoporous silica
such as MCM-41%942% o entrapping in the cavities of certain zeolites?”’. Materials containing
metal nanoparticles that are only accessible via zeolite micropores are intriguing for catalytic
applications, since the micropore system of molecular dimensions allows for shape-selective
catalysis. Furthermore zeolites are often more thermally stable materials than mesoporous silica
and it is possible to tune the acidic and/or redox properties of the zeolite material.2%® Depositing
gold nanoparticles in zeolites has been pursued in several ways, but in general it is done in post-

synthesis steps after zeolite crystallisation by either impregnation®®, ion-exchange®'®**

213215 d*® all followed by reduction of the

sublimation , or the so-called ship-in-a-bottle metho
introduced Au*/Au®*" component.

The most commonly practiced techniques for preparing supported catalysts are incipient wetness
impregnation and ion exchange. In the latter, the interaction between the deposited salt and the
support is stronger than in the former. Consequently, the exchanged sample can achieve much
higher metal dispersion and more homogeneous metal distribution than the impregnated sample.
The amount of metal that can be introduced into the zeolite by ion exchange is limited by the Si/Al
ratio, which places demands on the zeolite material. The sublimation method seems to be a
feasible way to introduce gold into zeolite crystals, but the preparation is on the other hand quite

complex requiring working under inert atmosphere. At the same time it is difficult to control the
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size of the gold nanoparticles. By using the so-called ship-in-a-bottle method it is possible to
synthesise gold nanoparticles in the cages of certain zeolites by taking advantage of the uniform
cage size to constrain the cluster size. Even though it was possible for Fierro-Gonzalez et al.**’ to
synthesise gold nanoparticles trapped inside the a-cages of zeolite Y in the range 0.3-1 nm, this
type of synthesis is restricted to certain types of zeolites with cages or cavities. Not surprising,
most work concerning the introduction of gold nanoparticles into zeolites is done using zeolites
containing cages and cavities like zeolite A and Y, except a few investigations performed on MFI

213,218 Eyan though it is possible by post-synthesis treatments to introduce gold

type zeolites.
nanoparticles into zeolite crystals, a more sintering-stable catalyst would be obtained if the gold
nanoparticles were encapsulated by the zeolite framework. By post-synthesis treatments the gold
nanoparticles are in the cages and/or in the pores of the zeolite and it can be difficult to control
the size and location of the gold nanoparticles. By encapsulation the gold nanoparticles are
immobilised and sustained in the entire zeolite crystals and are therefore not able to sinter. In this
way it becomes possible to produce a stable size-selective catalyst, since the stable gold
nanoparticles are accessible only though zeolite micropores. Yang et al.”!” have presented a
procedure that entails crystallisation of the zeolite from a gel containing platinum metal ions
which should be immobilised in the zeolite during crystallisation. Using this approach it is very
difficult to control the particle size of the metal particles and their location in the structure.
Concerning encapsulation of gold nanoparticles in zeolite crystals Hashimoto et al.*® reported an
approach featuring downsizing Au flakes to ca. 40 nm particles by laser ablation and subsequently
embedding these particles during crystallisation. A reduction of the particle sizes by an order of
magnitude is needed for an efficient use of gold in catalytic applications. For both procedures
reported by Yang et al. and Hashimoto et al. no clear evidence is presented to prove whether the
metal nanoparticles are in fact encapsulated or just present at the external surface of the zeolite
crystals.

In this chapter a synthetic procedure for producing hybrid materials comprising sintering-stable
gold nanoparticles accessible only through zeolite micropores is presented. The gold nanoparticles
are embedded during zeolite synthesis and by using electron tomography it is proved that the gold
nanoparticles are in fact embedded in the zeolite crystal framework. Moreover, it is shown that
the encapsulated gold is only accessible though the micropores, making this hybrid material a
substrate-size selective oxidation catalyst. As structure type the MFI type is chosen and both
silicalite-1 and ZSM-5 are used as models.

5.2. Synthesis strategy

The synthetic approach for encapsulating gold nanoparticles in silicate-1 crystals comprises three
steps, which is schematically illustrated in Figure 5.1.
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Figure 5.1: Schematic illustration of the encapsulation of gold nanoparticles in pure silicalite zeolite crystals

First a gold nanoparticles colloid with suitable anchoring point for generation of a silica shell is
prepared. The second step entails encapsulation of the particles by an amorphous silica matrix
creating core/shell motif. Finally, the silica-nanoparticle precursor is subjected to hydrothermal
treatment to crystallise the amorphous silica into silicalite-1 type crystals.

The gold colloidal suspension is synthesised following a procedure from Haider et al.**® using
HAuCl4-3H,0 as gold precursor and tetrakis(hydroxymethyl)phosphonium chloride (THPC) as
reducing agent. Unreacted THPC will act to stabilise the colloid resulting in a colloidal suspension
with a mean diameter of 1.3 nm. The following coating of the gold nanoparticles with amorphous
silica was performed using a slightly revised procedure from Liz-Marzan et al.**°, i.e. by using
another linker molecule. It is necessary to add a linker molecule prior to coating with silica. Gold
metal has very little affinity for silica since the surface charge (zeta potential) is negative thus
repelling silicate anions.?? Unlike most other metals, gold does not form an oxide film in solutions
and it is necessary to add stabilising molecules to prevent the particles from coagulating. These
stabilisers also render the gold surface vitreophobic*. To modify the gold surface and make it
vitreophilic one way is to use a silane coupling agent or a linker molecule. The effect of the linker
molecule arises from the interaction between the gold and the linker molecule and it has to be
rather strong in order to minimise the dissociation of the linker at the elevated temperature
necessary for zeolite crystallisation to avoid sintering. At the same time the competitive
adsorption of THPC onto the gold surface should be diminished. The used linker molecule was 3-
mercaptopropyltrimethoxy-silane (HS(CH,)3Si(OCHs)s, MPTMS), which was chosen due to the
rather strong bond between the gold surface and the thiol group on the linker. The amount of
linker was found by trial and error as the addition of excess amounts resulted in a visible dark
precipitate. It is important that a fresh solution of MPTMS is used since MTPMS can self-
polymerise in water. A schematic illustration of the core/shell motif is illustrated in Figure 5.2a.

" Repelling silica
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Figure 5.2: a) Schematic illustration of silica coating of gold nanoparticles and b) TEM
image of 15 nm Au particles covered by 10 nm silica. Adapted from 29

After addition of the linker molecule a slow condensation of silica is followed to achieve the
core/shell motif. The need for a slow condensation arises from the need that the solute silica
species should coat rather than nucleate on their own. Figure 5.2b shows a TEM image of gold
nanoparticles covered in silica.

The silica coating must be carried out at pH values around 9 because at that point a favourable
equilibrium exists between dissolved and solid silica. To obtain a smooth coating, the first layer is
applied by adding a diluted water-glass solution, which is left for 24 h. To further thicken the silica
shell the particles are suspended in a water/ethanol mixture and the shell is grown via the Stober
method*** for synthesising silica colloids. The silica is added in the form of tetraethylorthosilicate
(TEOS) and to catalyse the condensation hydroxide ions must be added which is done in the form
of agueous ammonia. TEOS may be added at 24 h intervals to obtain coats of varied thickness. The
aim is to synthesise gold nanoparticles with a mean diameter of 1.3 nm coated silica shell to
obtain a precursor material containing 2 wt% gold.

It is important that the crystallisation of amorphous silica into silicalite-1 crystals happens under
rather restricted conditions. Usually the zeolite synthesis gel is quite alkaline which inadvertently
could dissolve all the coated silica. Ethanol is added to the synthesis mixture of the silicalite-1,
since the presence of ethanol reduces the crystallisation rate by lowering the solubility of the
silicate ions.”?? The reduction in solubility should decrease the chance of removing all the silica
shell at once. The crystallisation of amorphous silica into silicalite-1 crystals is based on a synthesis
by Botella et al.?*3. They introduce cetyltrimethylammonium bromide (CTAB) into a core/shell
structure of gold embedded in amorphous silica in order to synthesise the mesoporous silica
MCM-41 around the gold cores. In this work, the original synthesis is modified so that three times
the molar amount of template is used in place of CTAB. This is done to mimic other zeolite
syntheses procedures®* since in general zeolite syntheses have a higher ratio between silica and
template than the syntheses of mesoporous silicas like MCM-41. Furthermore, a longer reaction
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time is employed to counter the effect of ethanol on the crystallisation rate and also the
crystallisation temperature is rather low compared to other typical syntheses.

Even though nothing seems to limit the choice of structure type that could encapsulate the gold
nanoparticles the MFI structure is chosen and using the above described synthesis gold
nanoparticles are encapsulate in silicalite-1 crystals. By introducing an extra synthesis step it is
possible to encapsulate gold nanoparticles in true zeolite crystals containing both silicon and
aluminum. Introducing aluminum in the zeolite structure allows for tuning the properties of the
zeolite matrix regarding the acidity and hydrophilicity. The ZSM-5 type zeolite is chosen as a model
and the two synthesis strategies are for comparison schematically shown in Figure 5.3.
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Figure 5.3: Synthesis scheme for encapsulating gold nanoparticles in
a) silicalite-1 crystals and b) ZSM-5 zeolite crystals

In both synthesis strategies gold nanoparticles are first immobilised in amorphous silica followed
by crystallisation into silicalite-1 crystals or silicalite-1 seeds. In the synthesis strategy producing
gold nanoparticles in ZSM-5 zeolite, Figure 5.3b, the gold-silica precursor contains a higher amount
of gold resulting in silicalite-1 seeds with a higher gold content than the silicalite-1 product in
Figure 5.3a. The silicalite-1 seeds are subsequently suspended in a ZSM-5 growth medium
containing aluminum and synthesised into embedded gold nanoparticles in ZSM-5 zeolite crystals.
The immobilised gold nanoparticles for encapsulation in ZSM-5 crystals were synthesised using Wu
et al.”® using MPTMS as stabiliser instead of phenylethylthiol. The reason for using a different
approach for preparing immobilised gold nanoparticles in amorphous silica was primarily to
prepare smaller gold nanoparticles in order to obtain smaller encapsulated gold nanoparticles in
zeolite crystals. Using the second described synthesis strategy it should be possible to expand the

107



synthesis to other structure types of zeolites and zeotypes by varying the zeolite template and
type of added elements. This is beyond the scope of this work.

In order to verify that the encapsulated gold nanoparticles are accessible only though the
micropores, catalytic experiments are performed with aerobic oxidation of a mixture of
benzaldehyde and 3,5-dimethylbenzaldehyde in methanol solution to the corresponding methyl
esters. The presence of embedded gold nanoparticles in the zeolite crystals should enhance the
selectivity towards the stericly less hindered methyl benzoate for both hybrid materials, as
illustrated in Figure 5.4 making the hybrid materials substrate-selective oxidation catalysts.
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Figure 5.4: Schematic drawing of the size-selectivity in the benzaldehyde and
3,5-dimethylbenzaldehyde oxidation reaction

5.3. Experimental

All the chemicals were of reagent grade and used without any further purification: Gold(lll)
chloride trihydrate (HAuCls-3H,0, 99+ wt% Sigma-Aldrich), tetrakis(hydroxymethyl)phosphonium
chloride (THPC, 80 wt%, Sigma-Aldrich), 3-mercaptopropyltrimethoxysilane (MPTMS, 95 wt%,
Sigma-Aldrich), ammonia (NHs, 25 wt%, Fluka), tetraethylorthosilicate (TEOS, 98 wt%, Sigma-
Aldrich), sodium hydroxide (NaOH, 99 wt%, Riedel-de Haen), tetrapropylammonium hydroxide
(TPAOH, 40 wt%, AppliChem), Ethanol (C,HsOH, 99 wt%, Kemetyl A/S), water glass (“Na,Sis0;”, 27
wt% SiO,, Riedel-de Haen), tetrahydrofuran (C4HgO, THF, 99.9 wt%, Sigma-Aldrich), sodium
borohydride (NaBH,4, 99 wt%, Sigma-Aldrich), sodium aluminate (“NaAlO,”, 29.3 wt% Al, Riedel-de
Haen), silica gel 100 (SiO,, Merck), benzaldehyde (C;HgO, 99 wt%, Sigma-Aldrich), 3,5-
dimethylbenzaldehyde (CoH100, 97 wt%, Sigma-Aldrich), methanol (CH30H, 99 wt%, Sigma-
Aldrich), sodium methoxide (CH3ONa, 25 wt% in methanol, Sigma-Aldrich), anisol (C;HgO, 99 wt%,
Sigma-Aldrich).

5.3.1. Synthesis of Au@silicalite-1

The precursor consisting of immobilised gold nanoparticles in silica was synthesised using the
following procedure:
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To prepare 1 | of Au colloid, 900 ml of deionised water, 60 ml 0.2 M NaOH and 20 ml 0.25 M THPC was
mixed. Furthermore, 0.404 g HAuCl,-3H,0 was dissolved in 20 ml water and added to the vigorously
stirred alkaline solution of THPC by which it turned dark brown/orange.

To immobilise the Au nanoparticles in amorphous silica, first, 70 ml 1 mM MPTMS (the maximum
amount of MPTMS is 0.0684 mol pr mol Au) was added to the 1 | of the Au colloid and the resulting
mixture was stirred for 30 min to ensure complete complexation of the sulfur group with the gold
surface. Then, 500 ml of water glass (diluted with water to 0.16 wt% SiO,) was added and the mixture
was stirred for 24 h, so that the dissolved silica polymerises onto the gold particle surface. The aqueous
reaction mixture was then diluted with a 4-fold volume excess of ethanol (absolute) and 6 ml ammonia
was added. Then, 33.87 ml TEOS was added under stirring in portions of 1.62 ml 3 times a day. After
addition of the TEOS the reaction mixture was stirred for another 8 hours before the mixture was
allowed to settle overnight after addition of a NaCl solution. The solid product was separated from the
mother liquor by decantation, washed 8 times by centrifugation (15 min at 9000 rpm) and dried at 100
°C for 16 h. The obtained purple material was named Au@silica.

The hybrid gold silicalite-1 material was synthesised from the precursor material using the

following procedure:
To a mixture of 2.91 g of TPAOH (40 wt%), 0.11 g NaOH, 23 g ethanol and 90 g deionised water was
added 0.76 g of the precursor Au@silica and the resulting mixture was stirred for 15 min. Then the
mixture was transferred to a Teflon-lined autoclave which was kept at 100 °C for 72 hours. After
quenching to room temperature, the solid product was recovered by filtration, washed with deionised
water and dried at 100 °C for 16 h before it was calcined in air under static conditions for 3 h. The

obtained purple material was named Au@silicalite-1

5.3.2. Synthesis of Au@ZSM-5
The precursor with the immobilised gold nanoparticles in silica was synthesised using the following

procedure:
Firstly, 0.62 g HAuCl,-3 H,0 was dissolved in 44 ml THF in a tri-necked round-bottomed flask, and the
resulting yellow solution was cooled to 0 °C in an ice bath over a period of 30 min. Then 1.6 m| MPTMS
was slowly added and the speed was reduced to approximately 60 rom and left for stirring for 16 h. As
the yellow solution had not turned completely colourless overnight, 0.8 m| MPTMS was further added.
After 2 h the solution turned colourless and the speed was changed to fast stirring (~1200 rpm). Quickly,
an ice-cold solution of 0.6 g NaBH, dissolved in 15 ml water was added all at once by which the solution
turned brown. The was left for stirring for 3 hours and after that, the ice bath was removed and the
solution was warmed to room temperature. The reaction was allowed to further proceed over 60 h. The
final solution was a brownish yellow liquid with a black precipitate, which was removed by filtration
under suction.
To coat the gold clusters in silica 25 ml of the obtained colloid (0.36 wt% Au) was diluted with 500 m|
THF under stirring followed by addition of 5.25 ml aqueous ammonia. After 15 min of stirring 0.39 m/
TEOS was added and left for 8 h. Four more of such additions were made at approximately 8 hours
interval. The obtained purple solid precursor product was recovered by evaporation of the solvents at
100 °C overnight.
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The hybrid gold ZSM-5 material was synthesised from the precursor material using the following

procedure:
The zeolite seeds were prepared by dissolving 0.16 g NaOH in 119 ml deionised water and added 19 g
EtOH and 2.79 g TPAOH. After obtaining a homogeneous solution 1.23 g precursor material was
suspended and stirred for 15 min. The suspension was transferred to a Teflon-lined autoclave and
heated to 100 °C and left for 5 days. After quenching the autoclave to room temperature the zeolite
seeds were recovered by centrifugation at 9000 rom for 30 min. The brownish solid was washed by re-
suspending the solid in deionised water followed by centrifugation. This cycle was repeated 5 times.
Finally, the zeolite seeds were dried at 100 °C overnight.
A ZSM-5 growth medium was prepared by dissolving 0.079 g NaOH and 0.098 g NaAlO, in 7.9 ml
deionised water. Silica was added in small portions until 0.876 g SiO, gel 100 was added. The resulting
suspension was mixed by shaking for 1 h. Finally, 0.126 g seeds were added and shaken for another
hour. The obtained mixture was transferred to a Teflon lined autoclave and heated to 180 °C for 40 h.
After quenching the autoclave the zeolite crystals were recovered by filtration and washed with
deionised water until pH reached 7. After drying the purple zeolite product at 100 °C for 16 h it was
calcined in air under static conditions for 3 h. The obtained product was named Au@ZSM-5.

5.3.3. Catalytic oxidation of aldehydes
The catalytic oxidation of benzaldehyde and 3,5-dimethylbenzaldehyde using Au@silicalite-1 and

Au@ZSM-5 as catalysts were performed as follows:
In a typical experiment, a mixture of 0.5 mmol aldehyde (benzaldehyde or 3,5-dimethylbenzaldehyde),
60 mmol methanol and 0.1 mmol sodium methoxide were charged into a 10 ml two-neck round-bottom
flask equipped with a condenser and a septum together with the gold catalyst (0.1 mol% Au). The
reactor system was connected to an O, cylinder and it was flushed with O,. The reaction mixture was
magnetically stirred and small samples were taken at selected times, filtered directly through a syringe
filter and analysed by GC and GC-MS. The GC column Agilent Technologies Inc. HP-5 was used. The
amounts of substrates and products were quantified using anisol as internal standard. For the oxidation
reactions a commercial reference catalyst was used. The used reference catalyst was gold supported on
titanium dioxide, 1% Au/TiO, supplied by Mintek.

5.4. Results and discussion

The precursor material Au@silica is characterised by using XRPD, elemental analysis and TEM to
investigate the amount of gold and the size of the immobilised gold particles in amorphous silica.
The Au@silicalite-1 and Au@ZSM-5 are characterised by using XRPD, elemental analysis, N,
physisorption and SEM. Furthermore, the Au@silicalite-1 is investigated using TEM. Bright field
TEM tomography is used to uniquely determine the relative positions of the gold nanoparticles
with respect to the matrix material. To address if the embedment stabilises the gold nanocrystals,
TEM images are recorded before, during and after calcinations in air at 550 °C for 3 h.
Furthermore, Au@silicalite-1 and Au@ZSM-5 are both tested in the aerobic oxidation of a mixture
of benzaldehyde and 3,5-dimethylbenzaldehyde in methanol to the corresponding methyl esters.
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5.4.1. Characterisation of the precursor material Au@silica

The preparation of the precursor material Au@silica is as a starting point very time consuming,
since TEOS has to be added in small portions every 24" hour to ensure the generation of a
homogeneous silica shell. As a consequence the synthesis would take up to three weeks which is
not a viable solution. To reduce the preparation time TEOS is instead added approximately every
8" hour.

The XRPD patterns for the precursor material Au@silica and bulk gold are given in Figure 5.5. The
XRPD pattern shows the presence of amorphous silica and according to the Debye-Scherrer
equation ~ 4 nm sized gold nanoparticles measured in the D[200] direction.
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Figure 5.5: XRPD pattern for a) precursor Au@silica and b) bulk Au

The aim for the precursor material was 2 wt% gold. According to elemental analysis the precursor
material contains only 0.32 wt% gold which is significantly lower than expected. One explanation
could be that not all of the gold colloid is settled using a solution of sodium chloride as

precipitation agent.
The precursor material was also studied using TEM and representative images are shown in Figure

5.6.
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Figure 5.6: TEM images of the prepared precursor material Au@silica

The images given in Figure 5.6 show that the gold nanoparticles are homogeneously distributed in
a silica matrix rather than creating homogeneously covered core/shell materials or perfect
spheres. The gold nanoparticles are around 1-20 nm and quite uniform in shape. According to
Haider et al.’®? the prepared gold nanoparticles should have a mean diameter around 1.3 nm so
during the coating with silica some of the gold nanoparticles seem to sinter. One explanation could
be that the stabilising THPC ligands repel the MTPMS ligands by which it is not possible for the
gold nanoparticles to be coated with silica due to gold’s vitreophobic character.

According to Liz-Marzan et al.**?

the key to obtain homogeneously coated particles is the control
of solubility of silica at defined times. This means that silica must be added sparingly at first to
avoid coagulation and at the same time the coating should be fast enough to avoid aggregation of
the spheres. Liz-Marzdan et al. use a low concentration of water glass to make the first thin coat
and ethanol is added to condense any dissolved silica slowly onto the shells. Even though this is
attempted the faster addition of silica quantities in the form of TEOS every 8™ hour instead of
every 24™ hour could affect the coating and thereby the sintering of the gold. It is obvious that

more investigations have to be made to create homogeneous coated gold nanoparticles.
5.4.2. Characterisation of Au@silicalite-1

The XRPD patterns for the hybrid material Au@silicalite-1 and bulk Au is shown in Figure 5.7. The
pattern is recorded after the zeolite synthesis and prior to calcination.
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Figure 5.7: XRPD pattern for a) Au@silicalite-1 prior to calcinations and b) bulk Au

From Figure 5.7 it is seen that the sample contains highly crystalline material with the MFI
structure along with gold particles. According to the Debye-Scherrer equation the gold particles in
Au@silicalite-1 are approximately 16 nm in the D[200] direction, so during the zeolite synthesis
the gold particles sinter from 4 to 16 nm. After calcination the gold particles are estimated to 48
nm in the [200] direction. The significant increase in the average gold particle size could be due to
sintering of gold particles on the external surface of the zeolite crystals, where they are able to

sinter freely.

According to elemental analysis the hybrid Au@silicalite-1 material contain 1.37 wt% gold.
Compared with the precursor material (0.32 wt%), the gold content is significantly higher in the
hybrid material. The more than 4 times higher amount of gold in the hybrid material could be due
to dissolution of the coating of silica during crystallisation of silicalite-1. Instead of crystallisation
into silicalite-1 crystals the silica could be dissolved and washed out during filtration. This is
supported by the rather low yield. Only 0.25 g of hybrid material was obtained prior to calcination
corresponding to a yield of 32.9 %.

In Figure 5.8 the N, adsorption/desorption isotherm is shown which is obtained after calcination.
The isotherm clearly demonstrates that the Au@silicalite-1 material is primarily a microporous
material with no significant amount of mesoporosity. The observed hysteresis loop between P/P,
0.5 and 0.95 could be due to interparticle voids.
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Figure 5.8: Nitrogen adsorption/desorption isotherms for the Au@silicalite-1

In Table 5.1 the BET surface area, micro-and mesopore volume of the hybrid Au@silicalite-1 are
given.

Table 5.1: Surface area, micro- and mesopore volumen for the hybrid Au@silicalite-1 material
according to ° the BET method, ® the t-plot method and © the BJH-method (adsorption)

Surface area Micropore volume Mesopore volume
[m’/gl” [em®/g]” [em™/g]"
Au@silicalite-1 341 0.15 0.07

The surface area and micropore volume lie in the same range as previous results for ZSM-5
66, 145 %1% and the

observed mesoporosity could be due to interparticle voids or intercrystalline mesopores rised

zeolite . The mesopore volume is low compared to mesoporous zeolites

from decomposition of the used linkers.
Figure 5.9 shows representative SEM images of the Au@silicalite-1. The SEM images are recorded

using both the secondary and backscatter detector to investigate the morphology of the crystals
and to get an indication if gold is present on the external surface of the crystals.

Figure 5.9: Representative SEM images of the Au@silicalite-1. a) and b) are recorded using secondary detector
before calcination while c) is recorded using backscatter detector and after calcination
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The images (Figure 5.9.a and 5.9.b) reveal that the material is primarily composed of ca. 1-2 um
long coffin-shaped crystals with a minor fraction of intergrown coffin-shaped crystals and
irregularly shaped crystals. The coffin-shaped morphology is commonly observed for MFI-
structured zeolite materials. Using the backscatter detector (Figure 5.9c) the gold particles appear
as bright spots on the crystallite surfaces and show that not all gold is encapsulated in the
silicalite-1 crystals.

To investigate the location and stability of the gold particles in the silicalite-1 crystals TEM is used.
A mosaic TEM image is shown in Figure 5.10 composed of 10 TEM images. This reveals an overall
uniform contrast extending over the entire crystal superimposed by areas of darker and brighter
contrast. The varying contrast is attributed to varying mass-thickness contrast and so that the
darker areas correspond to gold particles and the brighter areas correspond to voids in the crystal.

0.2 ym

Figure 5.10: Mosaic composed of 10 TEM bright-field images showing a representative crystal as seen
along the [100] zone axis. The crystal lattice is indexed based on the standard Pnma space group
setting. Black represents high density regions and therefore corresponds to gold particles. Voids are
observed as light regions within the silicalite-1 crystal. Red circles mark gold particles which are
obviously on the surface or later shown to be on the surface of the crystals (Figure 5.11)

The very small voids in the crystal shown in Figure 5.10 are consistent with small mesoporosity
measured by N, physisorption. The mesoporosity could result from decomposition of the linker
molecules since the voids appear to be concentrated in the centre of the crystal, around the gold
particles. Similar observations, that formation of metal nanoparticles induces secondary pore
formation in zeolites, were reported years back, for instance for platinum nanoparticles in NaX

zeolite.?*®

Gold particles are seen as dark particles both in the profile view, i.e. on the edge of the
silicalite-1 crystal perimeter and in the plane view i.e. in the centre of the silicalite-1 crystals. Gold
particles imaged in plane view in the crystal are ca. 1-2 nm whereas those imaged in profile view

at the crystal edges are significantly larger and more agglomerated.
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Since a TEM image is a two-dimensional projection of the specimen, it is not possible to determine
whether the small particles are located on the crystal surfaces or inside the silicalite-1 crystal. To
uniquely determine the relative positions of the gold nanoparticles with respect to the silicalite-1
crystal, 3-dimensional imaging was pursued by means of bright field TEM tomography and
reconstructed tomograms are shown in Figure 5.11.

. b

0.2 ym

Figure 5.11 Sections through tomogram reconstruction. Images in a) and b) are tomogram sections approximately
perpendicular to and parallel to the [1 0 0] zone axis, respectively. The full lines in each section correspond to the
intersection of the other tomogram section. The missing wedge of the tilt series parallel to the [1 0 0] zone axis
results in low contrast on crystal surfaces normal to this direction. Dotted lines have therefore been added to
clearly show the position of the {1 0 0 } surfaces b). Red circles mark gold particles on the surface of the crystals
(compare to Figure 5.10)

The reconstructed tomograms in Figure 5.11 show all the characteristic features observed in the
TEM images in Figure 5.10. From the tomogram sections shown in Figure 5.11 it is clear that
significant amounts of gold are observed inside the silicalite-1 crystal. Investigation of all
tomogram sections shows that all of the gold particles shown in Figure 5.10 (except those marked
by red circles) are encaged in the silicalite-1 crystal.

To investigate if the embedment stabilises the gold nanoparticles, TEM images were recorded
before and after calcination in air at 550 °C for 3 h (Figure 5.12a and b). Before calcination, the
majority of the gold particles are generally ca. 1 nm (Figure 5.12a). After calcination, however, the
particles imaged in profile view at the edges are larger and more rounded in shape (Figure 5.12b),
whereas the majority of the particles imaged in plane view in the crystal remain unaltered in size,
indicating that the gold particles embedded within the silicalite-1 crystals have an enhanced
stability towards sintering despite the smaller gold particles size. The sintering of the large gold
crystals in the profile view could also the explained the observed increase in the gold particle size
before and after calcination investigated by XRPD. Thus, the present synthesis approach yields a
hybrid Au@silicalite-1 material with an enhanced sintering stability of the metal nanoparticles.
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Figure 5.12: TEM images a) before and b) after calcination (550 °C, 3 h). in situ TEM images
obtained in O, atmosphere at c) 25 °C, d) 300 °C and e) 500 °C

The enhanced stabilisation of the gold nanoparticles is further corroborated by a series of in situ
TEM images (Figure 5.12 ¢, d and e) obtained during exposure of the material to an O, atmosphere
at temperatures from 25 °C to 500 °C. At 25 °C, the sample area contains gold particles of different
sizes (Figure 5.12c). By heating to 300 °C and further up to 500 °C, it is preferentially the larger
gold particles that sinter, while the smallest particles are stable. This could be regarded as
unexpected since the sintering rate of nanoparticles usually scales inversely with their size.
However, in this material, the small nanoparticles are less prone to sintering because they are
fixed in the zeolite crystal. On the basis of the information in Figure 5.12a and b, the in situ
observation is fully consistent with the finding that particle embedment improves the stability
towards sintering.

In summary, a hybrid material comprising 1-2 nm sized gold nanoparticles embedded in silicalite-1
zeolite crystals is prepared. During the rather time consuming preparation of the precursor
material the gold nanoparticles sinter primarily due to imperfect silica coating. This results in
further sintering of the gold particles during the silicalite-1 synthesis. It is shown by 3-dimensional
TEM tomography that some gold particles are embedded within and some are on the external
surface of the silicalite-1 crystals in the final hybrid material. Moreover, calcination experiments by
both ex situ and in situ TEM indicate that the nanoparticles embedded in the silicalite-1 crystals
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are highly stable towards sintering, whereas the particles located at the outer surface of the
zeolite tend to sinter.

5.4.3. Characterisation of Au@ZSM-5

By introducing an extra synthesis step aluminum can be incorporated in the matrix material
yielding a true zeolite as matrix material. As recapitulation, the gold nanoparticles are first
immobilised in amorphous silica followed by crystallisation into silicalite-1 seeds. The seeds are
subsequently suspended in a ZSM-5 growth medium containing aluminum and synthesised into
embedded gold nanoparticles in ZSM-5 zeolite crystals.

The XRPD analysis of the zeolite seeds containing gold yields an amorphous phase of silica and
another unidentified amorphous phase. There is no evidence of gold nanoparticles which could be
due to very small crystal size of the gold particles. An amorphous phase of silica is not entirely
unexpected as the thin coat of silica might not crystallise into zeolite crystals. Alternatively the
zeolite crystals could be so small that they resemble an amorphous phase. The XRPD pattern for
the hybrid product Au@ZSM-5 together with the reference for bulk gold is shown in Figure 5.13
and is recorded prior to calcination.
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Figure 5.13: XRPD pattern for a) Au@ZSM-5 prior to calcinations and b) bulk Au

It is seen from Figure 5.13 that the Au@ZSM-5 material contains highly crystalline material with
the MFI structure as well as gold particles. This indicates that by introducing the seeds into a
zeolite growth medium it is possible to obtain crystalline ZSM-5 zeolites. According to the Debye-
Scherrer equation the gold particles have an average particle diameter in the D[200] direction of
48 nm prior to calcination and after calcination an average particle diameter of 63 nm. The large
particle diameter indicates that a large amount of the gold must have sintered during the ZSM-5
synthesis and calcination. One explanation could be that the preparation of homogeneous silica
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shells on the gold particles was not successful and therefore the gold could sinter during the ZSM-
5 synthesis and even more during calcination. Another explanation could be that the ZSM-5
growth medium is too alkaline and could dissolve the seeds prior to ZSM-5 growth. Future studies
on the homogeneous shells using longer reaction times for the preparation of seeds or other
conditions for the ZSM-5 zeolite growth might prove prudent at reducing the average particle size
of gold. The significant increase of the average particle size of gold also indicates that not all gold
is encapsulated in the zeolite crystals but is instead present on the external surface.

In Table 5.2 is given the gold content from elemental analysis together with the results from N,
physisorption measurements.

Table 5.2: Au content determined from elemental analysis together with the surface area and
micropore and mesopore volumen for the hybrid Au@ZSM-5 material. Au content and N, physisorption
measurements are recorded after calcination

Au content Surface area Micropore volume Mesopore volume

[wid] [m*/g]’ [cm®/g]® [cm’/g]°

Au@ZSM-5 3.34 285 0.11 0.02
determined by ° the BET method, ® the t-plot method and  the BJH method (adsorption)

The gold content in Au@ZSM-5 is significantly higher than that of Au@silicalite-1 material (3.34
wt% versus 1.37 wt%) demonstrating that it is possible to introduce a higher amount of gold by
the second synthesis route. The higher amount of gold is believed to be due to a loss of either gold
during Au@silicalite-1 synthesis or loss of zeolite precursor during Au@ZSM-5 synthesis. The
surface area of the Au@ZSM-5 is rather low compared to Au@silicalite-1 which might be due to
blockage of the micropores of the gold nanoparticles or the presence of a small amount of
amorphous material. The latter, however, seems contradicted as the XRPD pattern shows only
crystalline zeolite and gold. The micropore volume lies in the range of previous result for
conventional zeolites, though in the lower end of the interval. The mesopore volume is very low
which illustrates that the hybrid material is purely microporous. The surface area and micropore
volume for the Au@ZSM-5 show that the embedment of the gold particles in the material is not
expected to influence its performance as a conventional zeolite in respect to size selectivity.

Representative SEM images of the Au@ZSM-5 zeolite are shown in Figure 5.14 and the images are

recorded using both the secondary and backscatter detector. By using the backscatter detector
the gold particles will appear as bright spots. SEM is recorded after calcination.
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Figure 5.14: Representative SEM images of the Au@ZSM-5 using a) the secondary and b) the backscatter
detector. The images are recorded after calcination

From the SEM images in Figure 5.14 it can be seen that the size of the ZSM-5 zeolite crystals is
significantly larger than the silicalite-1 crystals. The ZSM-5 crystals are around 10 um and have a
less distinct smooth morphology than the previous Au@silicalite-1 material although the overall
morphology is still coffin shape-like. The differences in size and morphology are ascribed to the
differences in the synthesis procedures. From the SEM image obtained using the backscatter
detector (Figure 5.14 b) it can be seen that high reflecting gold is present on the zeolite surface. It
should be emphasized that the resolution of the SEM images does not allow for detection of the
small gold particles and the conclusions are only based on the larger particle agglomerates. The
ratio of silica to aluminum in the zeolite is estimated by EDS measurement to be 14. This shows
that the expanded synthesis results in a zeolite which may be made acidic by ion exchange making
a bi-functional catalyst. However, in the present study the catalytic reaction is primarily used to
prove the active gold nanoparticles are embedded in the zeolite crystals and therefore the
potential bi-functionality is not utilised. This is left for future work.

To investigate the size of the gold particles and whether the gold particles are only on the external
surface of the ZSM-5 zeolite crystals or also embedded in the zeolite crystals TEM tomography
should be used. However, it is not possible to conduct a TEM investigation due to the large ZSM-5
crystals. One attempt was pursued to cut the product into a lamella thin enough for TEM
investigation. This technique uses a focused beam FIB that cuts through the crystal with great
accuracy and the produced lamella has to be lifted out using an electrostatic charged glass rod and
place it on a copper grid for further TEM characterisation. This was done by hand as an in situ lift-
out instrument was not available. Unfortunately the lamella was lost either during handling or the
actual lift out.

In summary, it is possible to prepare a hybrid material comprising gold particles dispersed in ZSM-
5 zeolite crystals. This synthesis entails an extra synthesis step compared to the preparation of the
hybrid Au@silicalite-1 material and consists of three steps. Firstly, the gold particles are coated
with amorphous silica followed by crystallisation of the silica into zeolite seeds and subsequently
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zeolite growth in a zeolite synthesis gel containing aluminum. During the zeolite growth the gold
particles severely sinter which could be due to inadequate coating of the gold particles with
amorphous silica or too harsh zeolite growth conditions which might dissolve the silica. The
obtained zeolite crystals are significantly larger than the silicalite-1 crystals and have at the same
time a less smooth morphology. Due to the large zeolite crystals it is not possible to conduct TEM
investigations to indisputable prove if the gold nanoparticles are embedded in the ZSM-5 zeolite
crystals rather than just present on the external surface of the zeolite crystals. By introducing the
extra synthesis step it is though possible to introduce aluminum into the MFI structure producing a
potential bi-functional catalyst. This synthesis may be expanded to introduce other types of
elements than aluminum in the zeolite structure and could further be expanded to other zeolite
structures than MFI.

5.4.4. Catalytic oxidation of aldehydes
Catalytic experiments are performed in order to verify that the encapsulated gold nanoparticles
are in fact embedded in the zeolite matrices and accessible only though the micropores of the

zeolites. It is well-known that gold nanoparticles can oxidise aldehydes to esters.”*” 228 Th

e
prepared materials Au@silicalite-1 and Au@ZSM-5 are both tested in the size-selective oxidation
of benzaldehyde and 3,5-dimethylbenzaldehyde and the reaction schemes are given in scheme
5.1.

CHs

0} (e} O

+1%0,
+ CH,OH > +H,0
RT, 1 bar O,

R=HorCH;,

Scheme 5.1: Reaction scheme for the catalytic test reaction using two different reagent: R = H the stericly
unhindered benzaldehyde and R = CH; the stericly hindered 3,5-dimethylbenzaldehyde

The chemical behaviour of benzaldehyde corresponds largely to that of aliphatic aldehydes229
which make the oxidation of benzaldehyde a suitable model reaction of organic aldehydes in
general. At the same time the oxidising agent is air, a cheap and abundant resource, which makes

it a “green” oxidation method.?” 2%

The benzaldehyde should be able to diffuse into the zeolite
crystals via the ~0.55 nm large micropores and be oxidised at the surface of the embedded gold
particles. However, the more bulky 3,5-dimethylbenzaldehyde molecules can only be oxidised on
gold nanoparticles located on the external surface of the zeolite crystals. If the two hybrid

materials can oxidise benzaldehyde and not 3,5-dimethylbenzaldehyde catalytic active gold
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nanoparticles below 10 nm must be embedded in the zeolite crystals yielding a size-selective
oxidation catalyst. The activity measurements are illustrated in Figure 5.15.
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Figure 5.15: Gold catalysed oxidation of benzaldehyde and 3,5-dimethylbenzaldehyde in
methanol to form the methyl esters. The yield is plottet as a function of time and the catalytic
tests were carried out in an open flask at room temperature, atmospheric pressure and with the
following ratios: 5 Aldehyde ; 600 CH;OH ; 1 NaOCH; and with 0.1 mol% Au@MFI

Figure 5.15 reveals that both Au@silicalite-1 and Au@ZSM-5 are able to catalyse the oxidation of
benzaldehyde giving yields of 97% and 84%, respectively. Au@silicalite-1 reaches full conversion
(>99%) after 5 hours whereas Au@ZSM-5 reaches full conversion after 72 hours. For both hybrid
materials the major by-product is benzoic acid. In the case of 3,5-dimethylbenzaldehyde the
activities of the two catalysts are orders of magnitude lower resulting in yields of <3 %. A
reference experiment was carried out using a commercial Au on TiO; (Mintek, 1 wt%) as catalyst.
These experiments showed no size-selectivity and was highly cable of oxidising both benzaldehyde
and 3,5-dimethylbenzaldehyde and full conversion was reached after 1-2 hours. Bearing in mind
that conversion depends on the amount of aldehyde disappearing from the reaction mixture the
difference in conversion and selectivity can be due to mass-transfer limitations. Using the
commercial Au/TiO, no diffusion limitation is present and the reaction is expected to proceed
rather fast. Using the Au@silicatlite-1 or Au@ZSM-5 it is plausible that longer reaction time is
needed to reach full conversion due to diffusion limitations in the micropore system. Some of the
aldehyde or ester could also be trapped inside the micropore system of the zeolite. If this is the
case the trapped aldehydes would be taken into account in the conversion since they are not
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present in the reaction mixture. On other hand the trapped esters would not be encountered in
the selectivity as they are not measurable. It is also reasonable that the two hybrid materials have
different mass-transfer limitations since a significant difference regarding the crystal size exists.
Another explanation for the difference in selectivity is the difference in the presence of water. The
major bi-product for both reactions is benzoic acid. Benzoic acid can be formed from oxidation of
benzaldehyde or substitution of the methyl benzoate, both requiring water. It is reasonable that
the Au@ZSM-5 contain more water in the micropore system comparing to Au@silicalite-1 since
the presence of aluminum in the zeolite framework makes it more hydrophilic. Since none of the
hybrid materials are dried prior to catalytic tests it is expected that the materials inherently
contain water.

The catalytic results prove that the embedded gold nanoparticles are accessible and catalytic
active through the zeolite micropores since it is possible to oxidise benzaldehyde. Furthermore,
since it is almost impossible to oxidise the more bulky 3,5-dimethylbenzaldehyde it is the
embedded gold particles which are catalytically active and that surface gold plays a very minor
role if any. The catalytic results also show that the gold nanoparticles are active even after
calcinations at 550 °C. Hereby, it is verified that the gold nanoparticles are sinter-stable in both
hybrid materials when encapsulated.

5.5. Conclusion

In the present chapter it was shown that a hybrid material comprising 1-2 nm sized gold
nanoparticles embedded in silicalite-1 crystals can be prepared. The synthesis involved firstly
coating gold nanoparticles by amorphous silica followed by crystallisation of the amorphous silica
into silicalite-1 crystals. The rather time consuming coating with amorphous silica did not work as
intended creating gold nanoparticles dispersed in a silica matrix rather than creating perfect
spheres. As a consequence sintering could not be avoided during the silicalite-1 synthesis. Future
work should therefore involve optimisation of the coating procedure to yield a more
homogeneous coating which might minimise the amount of sintering during the silicalite-1
synthesis. TEM tomography was used to indisputably prove that some gold nanoparticles were
embedded within and some were on the external surface of the silicalite-1 crystals in the final
hybrid material. By the use of calcination experiments obtained both in situ and ex situ TEM
indicated that the gold nanoparticles embedded in the silicalite-1 crystals are highly stable
towards sintering, whereas the particles located at the outer surface tend to sinter.

It is also shown that the implementation of an additional synthesis step allows for introduction of
aluminum in the matrix yielding a hybrid material comprising gold nanoparticles distributed in
ZSM-5 zeolite crystals. The two hybrid materials obtained differed though in size and morphology
which is ascribed the difference in synthesis procedures. The incorporation of aluminum in the
zeolite structure allows for tuning the zeolite matrix producing a potential bi-functional catalyst.
The synthesis could therefore be further expanded to introduce other types of elements in the
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zeolite matrix and by the use of other templates in the crystallisation of zeolite crystals or seeds
the amount of zeolite or zeotypes hybrid material seems almost to be infinite. This is an obvious
choice to pursue in future work.

Furthermore, both hybrid materials were tested in the aerobic oxidation of benzaldehyde and 3,5-
dimethylbenzaldehyde in methanol. It was shown that the gold nanoparticles were encapsulated
in both hybrid materials and were only accessible through the micropores, since it was not
possible to oxidise 3,5-dimethylbenzaldehyde whereas benzaldehyde was readily oxidised. The
catalytic experiments also demonstrate that both hybrid materials were sintering-stable materials
since they were catalytic active after calcinations at 550 °C. Hybrid materials such as these might
find application as sinter-stable and size-selective nanoparticle catalysts or in other areas of
material science.
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Chapter 6

New HDS catalyst by anchoring molecular CoMog species on mesoporous ZSM-5
This chapter contains synthesis, characterisation and catalytic test of anchored molecular CoMog
species on mesoporous ZSM-5. The CoMog species were also just impregnated on mesoporous
ZSM-5 to investigate if the anchoring improves the catalytic activity for HDS catalysis due to an
improved dispersion of the catalytic active species.

As preparation of relevant reference materials for comparison is not straightforward this chapter
is primarily a presentation of the theory and experiment of anchoring species on zeolites. Some
activity and characterisation data will be presented and the results look promising, but a full
understanding of the potential of the method will require further work.

6.1. Introduction

With the growing awareness that crude oil is a finite resource, it is a very important task to try to
utilise it as effectively as possible whilst limiting its environmental impact. Catalytic hydrotreating
is an important process in petroleum refining used to remove typically > 99 % of natural
contaminants such as sulfur, nitrogen, oxygen and metals from the hydrocarbon matrix by the use

of hydrogenation.za'1

If the contaminants are not removed environmental issues, such as acid rain
and smog can arise.?? Hydrotreating is done prior to processes such as catalytic reforming and
catalytic cracking, as the contaminants can severely affect the catalysts, the equipment, and the
quality of the final products as they travel though the refinery processing units.

The role of the hydrotreating catalyst is primarily to remove sulfur, nitrogen and aromatics present
in the refinery streams by promoting hydrodesulfurisation (HDS), hydrodenitrogenation (HDN) and

hydrogenation (HYD) reactions, and examples hereof are shown in Figure 6.1.

HDS +2H, —>

2

+H,S

+5H, —» +H,S

HDN +2H, —>

2 + NH3

HYD

Segegs
3935

+2H, —

Figure 6.1: Examples of hydrotreating processes
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In particular HDS of petroleum feedstocks has become more and more important to protect the
environments by producing sulfur-free fuels. Environmental regulations have been introduced in
many countries around the world to reduce the sulfur content of e.g. diesel fuel to ultra low levels
(10 ppm) with the aim of lowering the diesel engine’s harmful exhaust emission and improving air

quality.*?

Sulfur can be present in crude oil in many forms e.g. thiols (mercaptans), sulfides,
disulfides, thiophenes and thiophenic compounds containing both benzo- and dibenzothiophene
structures. The sulfur content of crude oil varies significant with their origin and may be as low as

0.1 wt% but may increase up to 2-5 wit%.”3!

Catalysts consisting of molybdenum supported on high surface area support and promoted with
cobalt or nickel are traditionally used in hydrotreating processes. Typical support materials in
industry are alumina and silica-alumina, while silica, zeolites, kieselguhr and magnesia have been
and is explored in research. Usually the surface areas are in the range of 100 to 300 m?/g. The
metals are added to the support by impregnation yielding a final composition of metals with 8-16
wt% molybdenum and 1-4 wt% cobalt or nickel.** The choice of catalyst type and the type of feed
varies according to the application, desired activity and the process conditions for a given reaction.
Often CoMo catalysts are chosen as HDS catalysts rather than the NiMo counterpart.
Dibenzothiophene is an important structure in HDS of diesel fuel and Figure 6.1 shows that there
exist two different products depending on whether the sulfur atom is directly abstracted from
dibenzothiophene or takes place due to prehydrogenation of the polyaromatic compound. CoMo
catalysts are better than NiMo catalysts, to directly remove sulfur from dibenzothiophene. The use
of CoMo catalysts therefore entails lower direct hydrogen consumption and is often the preferred
choice as industrial catalyst.?*

The active sites and the mechanism for the HDS have been characterised through various

234-237

studies. The catalytic active species is Co-Mo-S nanoparticles whose structure is based on

MoS,. This means the catalyst has to be sulfided before achieving the active state. The
molybdenum disulfide is present as single or multi-layer S-Mo-S slabs with an average size of 2-3

nm under operating conditions*>" 23

, see Figure 6.2.

39
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Only a small amount of cobalt or nickel relative to the amount of molybdenum is needed to
increases the activity by more than an order of magnitude. Cobalt can be present in three
different phases in the catalyst (Figure 6.3a); cobalt sulfide, incorporated in the support or the
catalytically active Co-Mo-S nanoparticles. The active Co-Mo-S nanoparticles have a MoS,-like
structure into which cobalt atoms are incorporated. More precisely the MoS, nanoclusters are
found to adopt an almost hexagonal shape with cobalt atoms preferentially located at the edges
of the MoS, single layers®®, as illustrated in Figure 6.3b.

a b
Co-sulphide ’
(8.8,
: SIO T/Ios edg:
e Co "rz f
(\
CoMoS edge
CoMoS

CO:A|203
Figure 6.3: a) lllustration of the nanoparticles in a sulfided Co-Mo catalyst and b) ball model of the Co-Mo-S

active specie. Adapted from 25

It is only the edges that are catalytically active. The basal plane sites have no activity and it has
been proposed that the cobalt atoms located at the edge positions create new and more active

sites such as vacancies compared to unpromoted MoS,. 23> 238,239

As sulfur specifications in transport fuels keeps going down it is a constant challenge for the
industry to have sufficient activity to desulfurise diesel feed streams to even lower sulfur levels.?*
With traditional catalyst types this requires severe operating conditions, such as high temperature,
low space velocity and high hydrogen partial pressure. Such severe processing conditions generally
lead to rapid catalyst deactivation, shorter cycle times and reduced throughput. The development
and application of more active and stable catalysts is therefore desirable. One possibility is to
investigate other support materials. The support has to provide a high surface area to maximise
the active nanoparticle dispersion and should at the same time give the catalyst mechanical
strength. Alumina is the most widely used support material in hydrotreating catalysis because it
combines the high surface area and high mechanical strength. Additionally, the porosity can easily
be tuned and it is relative inexpensive. Despite these advantages great interest has still been

241, 242

shown in new supports for HDS catalysts. Among others, both conventional and mesoporous

243, 244

zeolites have been tested as supports. and showed promising results.
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Usually the precursor to catalytically active species is impregnated onto the support. In this work
the aim is to anchor molecular CoMog species on mesoporous ZSM-5 zeolites to obtain a better
dispersion of the catalytically active specie. As a reference, the molecular CoMog species are also
introduced to mesoporous ZSM-5 by simple impregnation to investigate if the anchoring improves

the catalytic activity in HDS due to an improved dispersion.

6.2. Synthesis strategy

Typically, HDS catalysts are prepared by pore volume impregnation of dissolved metal salts onto a
porous alumina support and during calcination surface metal oxides are formed. During the
preparation critical factors influence the catalytic activity, i.e. size of the formed metal oxides,
dispersion of the metal oxides, and stoichiometry of the metals. One way to control the metal
oxides is to use small metal oxides with well-defined stoichiometry such as polyoxometalates
(POMs). POMs are polyatomic ions, usually anions that consist of three or more transition metal
oxyanions linked together by shared oxygen atoms to form a large, closed 3-dimensional

245
k

framework™. The framework of transition metal oxyanions may enclose one or more hetero

atoms sharing neighbouring oxygen atoms with the framework, see Figure 6.4.
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Figure 6.4: View of a polyoxometalate, [H5C0M05024]3'. Adapted from 246

Using POMs as metal sources for HDS catalysts could enhance the probability to form the active
Co-Mo-S nanoparticle after sulfidation as the promoter metal is introduced directly with the
catalytically active metal. The chosen POM is [H6C0M06024]3' which is a hexanuclear metal oxide,

247

referred to as an Anderson ion“"". The Anderson ion exhibit a characteristic planar configuration
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and consists of a central CoOg octahedron edge-shared by surrounding six MoOg octahedra in a
hexagonal arrangement, see Figure 6.4. The six central oxygen atoms surrounding the cobalt(lll)
are bound to six non-acidic hydrogen atoms (not shown in Figure 6.4). Besides containing crystal
water the chosen compound also contains a number of cations to achieve charge neutrality. The
total formula is thus Na3[Co(OH)¢Mog015]-8H,0. The use of this Anderson ion entails a quite
desirable ratio between cobalt and molybdenum, creating the possibility to produce a catalyst
with 1 wt% cobalt and ~10 wt% molybdenum.

To improve the dispersion of the final active Co-Mo-S nanoparticle the idea is to anchor the
molecular CoMog species onto a mesoporous ZSM-5 zeolite surface. Previous mesoporous
amorphous materials such as MCM-41 and SBA-15 have been used as supports for immobilisation

248253 Here, zeolites are chosen as a support as they in general have higher

208

of several catalysts.
thermal and chemical stability than the mesoporous silicas”" and still feature large surface areas.
The mesopore walls in hierarchical zeolites are composed of microporous crystalline zeolite
frameworks which are terminated with silanol groups at the wall surface. These silanol groups
make it possible to functionalise the surface with various alkoxysilanes which can be used as a
linkers to anchor different types of molecules®” i.e. POMs. Due to the large mesopore surface area
the amount of silanol groups is very high compared with that on the external surface of
conventional zeolite crystals. In addition, in conventional zeolites the solely microporous structure
makes the incorporation of bulky moieties difficult also micropores are too small for reactant and
product diffusion. Therefore, mesoporous zeolites are chosen as support rather than conventional
zeolites. In addition, if the prepared functionalised ZSM-5 material is active as a HDS catalyst it
might be possible to use the same catalyst is two different reactions, first, as a HDS catalyst and
afterwards or simultaneously as e.g. a hydrocracking catalyst due to the zeolites acidity.

The chosen linker molecule is (3-aminopropyl)trimethoxysilane (APTMS) and the organic
functionalisation of the mesoporous zeolite is illustrated in Figure 6.5.

Zeolite
Framework
Mesopore
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Figure 6.5: Organic functionalisation of mesoporous zeolites. Using APTMS as linker R
corresponds to NH, and 'R corresponds to CH;. Adapted from 254
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The reaction between mesoporous zeolite silanol groups and alkoxysilanes is carried out by

1%, Even though

refluxing in toluene solution containing APTMS, as previous reported by Lee et a
Lee et al. found that the reactions were completed after 3 hours the solution was left overnight to
ensure complete functionalisation.

The grafting mechanism of APTMS is reported255 to proceed through the flip mechanism shown in

Figure 6.6.
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Figure 6.6: Grafting of APTMS by the flip mechanism through a) physisorption, b)
condensation and c) curing. Adapted from 25

In the first step, Figure 6.6a the APTMS is adsorbed by hydrogen bonding of the amine to the
surface hydroxyl group. After adsorption the amine group can catalyse the condensation of the
silicon side of the silane molecule with a surface silanol and form a covalent siloxane bond. In this
step three methanol groups are formed and subsequently removed. The aminosilane molecule
turns from the original amine-down position in the reaction phase, Figure 6.6a, towards an amine-
up position after condensation, Figure 6.6b and c and is thus called the flip mechanism.

After modifying the surface with APTMS the material is treated with hydrochloric acid to convert
the amine group into the corresponding hydrochloric salt. Hereafter, it is possible to attach the
Anderson ion to the surface by ion exchange as illustrated in Figure 6.7.

[Co(OH) MogOygl*
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Figure 6.7: Anchoring of molecular CoMog specie to the mesoporous zeolite by ion exchange

Reference sample was obtained by simple dissolving Nas[HgCoMo0gO,4] in water and impregnated
on mesoporous ZSM-5. The aim is to prepare both types of catalysts (anchored and impregnated)
with 1 wt% Co and ~10 wt% Mo.

The prepared catalysts were tested for HDS activity. Due to the complexity of natural oil in terms

of hydrocarbon matrix and the various sulfur compounds present, the use of real oil in these
screening experiments has been avoided. As a model activity test reaction the conversion of

130



dibenzothiophene (DBT) is chosen, as it is a representative sulfur compound in real oil and is here
used in its pure form dissolved in a matrix of a pure hydrocarbon, in casu n-heptane. Besides
containing 3 % DBT, the model oil also contains 0.5 % indole, 1 % naphthalene and 2.5 %
dimethyldisulfide in n-heptan to mimic real oil. Using this feed it is also possible to investigate
HDN and HYD but in this work the focus is on the performance of the catalysts in HDS.
Dimethyldisulfide is present in the model feed to keep the catalyst in a fully sulfided state. Thus
DMDS decomposes in the presence of H, much below reaction temperature to create a partial
pressure of H,S inside the reactor.

Prior to catalytic test the materials need to be activated to the sulfided form by exposure to a
stream of dimethylsulfide dissolved in n-heptane to sulfide the precursor catalysts. This activation
is conveniently performed in situ in the test reactor before the actual activity test.

6.3. Experimental

All reagents were of reagent grade and used without any further purification: Sodium molybdate
dihydrate (Na,Mo0O4-2H,0, 299.5 wt%, Sigma-Aldrich), nitric acid (HNOs, 65 wt%, Sigma-Aldrich),
cobalt(ll) sulfate heptahydrate (CoSO4-7H,0, 99 wt%, Sigma-Aldrich), sodium peroxodisulfate
(NayS,0g, 299 wt%, Aldrich), sodium hydroxide (NaOH, 99 wt%, Riedel-de Hden), ammonium
nitrate (NH4sNOs3, 99.5 wt%, Merck), ammonia (NHs, 25 wt%, Fluka), toluene (C;Hs, 99.7 wt%,
Fluka), (3-aminopropyl)trimethoxysilane (APTMS, 97 wt%, Aldrich), hydrochloric acid (HCI, 37 wt%,
Sigma-Aldrich).

6.3.1. Synthesis of Na3[Co(OH)sMo0sO4g] -:8H,0

Na3[Co(OH)¢MogO13] was synthesised according to Nolan et al.?*® using the following procedure:
First, 30.26 g Na,Mo0,-2H,0 was dissolved in 50 ml H,0 and acidified to pH 4.51 with HNO; (65 wt%). In
another beaker 5.75 g CoSO,-7 H,0 was dissolved in 10 ml H,0 and then added to the molybdate
solution under stirring. A solution of 7.53 g Na,S,0; dissolved in 8.8 ml H,0 was then added to the
Co/Mo mixture as an oxidising agent. The obtained solution was heated to reflux until a dark turquoise
solid precipitated. Upon further refluxing, the precipitate was redissolved and the original red colour of
the solution returned. Following this, the solution gradually turned dark green, a color change indicating
oxidation of the cobalt (Il) to cobalt (Ill). Boiling was continued until evolution of oxygen ceased, by
which time the solution was permanently dark turquoise. Finally the hot solution was filtered and the
filtrate was left to precipitate dark green crystals upon cooling and consecutive evaporation of the
solvent. The product is referred to as CoMos.

6.3.2. Synthesis of mesoporous ZSM-5
The mesoporous ZSM-5 was prepared by desilication of a commercially available zeolite using the
following procedure:

A 0.3 M NaOH solution was used to desilicate the PZ-2/100 ZSM-5 zeolite in the ratio 33 ml per gram

zeolite materal for 30 min at 70 °C. The selective silicon leaching was stopped by quenching the solution
on, and then washed three times with water by centrifugation. The desilicated ZSM-5 was dried
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overnight at room temperature before further treatment. To obtain the ammonium form of the

desilicated sample two consecutive ion exchange steps were carried out using a 1.7 M NH,NO5/0.94 M
NH; buffer solution with 10 ml solution per gram zeolite, at 80 °C under stirring for 2 hours. After each
exchange, the NH,-form of the zeolite was isolated by filtration, washed with water and dried in air at

110 °C. After the last ion exchange, the H-form of the desilicated zeolite was finally obtained by calcining

the NH,~form in air to 550°C for 3 h.

6.3.3. Anchoring CoMog on mesoporous ZSM-5

The molecular CoMog species were anchored on the mesopores surface of mesoporous ZSM-5

using following procedure:
Mesoporous ZSM-5 was functionalised with (3-aminopropyl)trimethoxysilane (APTMS) by suspending 4

g of mesoporous ZSM-5 in 160 ml toluene, heating to 65°C and adding 11 g APTMS. The suspension was

stirred overnight, filtered and the obtained product washed with toluene and dried at room
temperature.

Before anchoring of the molecular CoMog species 2 g of functionalised mesoporous ZSM-5 were stirred
overnight in 150 ml 3 M HCI, filtered and left for drying at room temperature.

Finally the CoMog was attached to the mesoporous ZSM-5 by ion exchange. The mesoporous ZSM-5 was
added to a solution of 0.323 g Na;[Co(OH)sMo040;35] in 60 ml H,0 and pH was adjusted to 4.18 with HNO;

(65 wt%). Then, 1.5 g functionalised and acidified mesoporous ZSM-5 was added and the mixture was
stirred overnight. After stirring for 12 h, the solid was filtered off, washed with water and dried at room
temperature. The product was named CoMog-ZSM-5_anc.

6.3.4. Impregnation of CoMog on mesoporous ZSM-5
The impregnated reference material was prepared in the following way:
A solution of 0.095 g Nas[Co(OH)sMo405]-8H,0 dissolved in 0.7 g H,O was firstly prepared. After drying

0.36 g mesoporous ZSM-5 powder was impregnated with the obtained solution and left for drying at
110 °C overnight. The obtained product was named CoMogZSM-5_imp

6.3.5. Catalytic HDS test

The HDS test reaction was conducted using the following conditions:
Catalytic testing was performed in a fixed bed reactor charged with 300 mg catalyst in the fraction 600-
850 um. To achieve a steady flow the catalyst was mixed with Ballotini glass balls (150-250 um) until a
final volume of 1 ml was obtained. Prior to catalytic test the catalyst was sulfidised in a flow of 2.5 %
DMDS dissolved in n-heptane at 350 °C and 50 bar for 4 hours. Helium was used as a carrier gas with a
flow of 250 Nmi/min" and the sulfidation gas flow was 0.3 mi/min.
After 4 hours of sulfidation the feed was changed to the model oil feed. The catalytic reaction was also

performed at 350 °C, 50 bar and using helium as a carrier gas with a flow of 250 Nml/min. The employed

feed rate of oil was 0.3 ml/min and the total WHSV was 68 h. The products from the reaction were

analysed by an on-line GC equipped with a FID and using n-nonane as an internal standard. The reaction

was allowed to stabilise over 4 hours to obtain steady state conditions after changing to the oil feed
prior to catalytic measurements. Afterwards eight GC analyses of the product stream were made with 1
hour intervals.

" Nml = normal ml = volume at 1 bar and 25°C
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The activity was determined as a pseudo first order rate constant, k which is calculated on the basis of
the 8 measured conversions of DBT. The rate constant k was calculated using the equation for the first
order rate law (Eq. 6.1) and the correlation between residence time t and WHSV:

'n[[LDBEiT]] ] e m([DBT]o [‘DC;’:T'E[DBT]OJ =-K < In(l-conv)= -kt (Eq. 6.1)
0 0

where [DBT] is the concentration of DBT at the time t, [DBT], is the concentration of DBT at the time t=0
and conv. is the fractional conversion of DBT.

At steady state conditions the catalyst produces a product stream of steady composition. The time t in
the first order kinetic equation is therefore the residence time of the feed in the reactor. This residence
time is equal to the reciprocal Weight Hourly Space Velocity (WHSV) defined as:

flowx feed density
WHSV = (Eq. 6.2)
catalyst mass

and thus get:

k = “WHSV 0On(1- conv.) (Eq. 6.3)

6.4. Results and discussion

XRPD was used to verify the crystal structure of the CoMog precursor compound and of ZSM-5
before and after desilication. Furthermore, ZSM-5 before and after desilication were characterised
using SEM and N, physisorption. The cobalt and molybdenum contents of the prepared catalysts
were determined using elemental analysis after calcination at 500 °C for 3 hour with a heating
ramp of 2 °C/min. To investigate whether or not APTMS was grafted to the surface of mesoporous
ZSM-5 TGA combined with DSC was performed. In addition, the spent catalyst of the anchored
version was investigated by TEM and XRPD. Both prepared catalyst materials were tested in HDS
at 350 °C and 50 bars.

The obtained XRPD pattern for the CoMog precursor compound is shown in Figure 6.8 together
with the XRPD patterns for ZSM-5 before and after desilication.
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Figure 6.8: XRPD patterns of a) Na3[Co(OH)sMo0s0,3]-8H,0 and b) ZSM-5 before and after desilication

As seen in Figure 6.8a the prepared Nas[Co(OH)sMog015]-8H,0 is a crystalline material with the

2% The XRPD patterns for ZSM-5 before and after desilicated (Figure 6.8b) show that
the MFI structure® is preserved after the formation of mesopores. The peaks for the desilicated
ZSM-5 are slightly broader than the ZSM prior to desilication indicating smaller crystals. This is

desired phase

though not surprising since desilication removes silicon from the framework and hence the
crystals will inevitable become smaller. Alternatively, the presence of intracrystalline mesopores
could disturb the longer-range ordering.

Figure 6.9 gives representative SEM images of the parent and desilicated ZSM-5 samples.

Figure 6.9: Representative SEM images of ZSM-5 before (a) and after desilication (b, c)

The parent ZSM-5 sample consists of particles in the range of ~0.5-3 um, Figure 6.7a, and the
shape is more oval-like than the typical coffin-shaped zeolites. From the SEM images of the
desilicated sample the particles appear sponge-like, typically for mesoporous zeolites, but retain
more or less their original size. Additionally, some particles are fragmented, probably as a result of
the desilication and could also explain the broader peaks in the XRPD pattern for the desilicated
sample.
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The pore volumes and surface areas calculated from the N, physisorption measurements are listed
in Table 6.1. Figure 6.10 shows the physisorption isotherms given by the parent and desilicated
ZSM-5 samples and the pore size distributions derived from the desorption isotherm.

Table 6.1: Surface areas and pore volumes of the parent and desilicated zeolite samples

Surface External surface  Micropore surface Micropore Total pore
area’ area” area” volume” volume®
[m’/g] [m’/g] [m®/g] [em®/g] [cm®/g]
Parent ZSM-5 430 48 382 0.17 0.26
Desilicated ZSM-5 521 221 300 0.13 1.07

? Calculated using the BET method, ® determined using the t-plot method and © volume adsorbed at P/P;=0.99
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Figure 6.10: N, adsorption-desorption isotherms (a) and corresponding pore size distribution (b) of the parent and
desilicated ZSM-5 zeolites. The pore size distributions are obtained from the desorption branch of the isotherm
using the BJH method

The isotherm from the desilicated sample in Figure 6.10s exhibits a hysteresis typical for
mesoporous materials. The sample can therefore be classified as a hierarchical zeolite. Contrary,
the isotherm of the parent sample does not contain any significant amount of hysteresis and
displays an isotherm typical for solely microporous materials.

Figure 6.10b shows the pore isze distributions, including the artefacts at 2 and 4 nm due to the
well-known phase transition of N, and forced closure of the hysteresis loop, respectively. For the
desilicated sample pore size distribution is spread over the mesopores and macropore region
centred at 27 nm.

Table 6.1 quantitatively reveals the large increase in total pore volume and external surface area
upon the desilication treatment calculated from the isotherms. It is noteworthy to mention that

the large increase in pore volume and external surface area only occurs at a small expense of the
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micropore volume and surface area. This indicates that most of the intrinsic properties of the ZSM-
5 zeolite are preserved after the treatment.

To verify the grafting of APTMS on the surface of the mesoporous zeolite surface the carbon
content has been determined. According to Lee et al. it is possible to graft APTMS corresponding
to an organic content of 1.13 mmol/g zeolite after 3 hours. According to elemental analysis the
prepared functionalised mesoporous zeolite contain 9.82 wt% carbon corresponding to 2.7 mmol
APTMS/g zeolite. This is rather high compared to previous results®>* which is most likely due to
larger mesopores and higher external surface area.

To investigate the grafting of APTMS in further detail TGA combined with DSC is performed and

the profiles are shown in Figure 6.11.
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Figure 6.11: TGA/DSC profiles of functionalised mesoporous ZSM-5 with APTMS

The TGA measurement (black line in Figure 6.11) shows a 5 % weight loss until 120 °C attributed to
water evaporating from the zeolite. Around 280 °C a small weight loss of ~1.5 % is observed and
from the DSC profile (grey line in Figure 6.11) an exothermic peak is seen at this temperature
which could correspond to decomposition of part of the APTMS. As the elemental analysis
revealed that 9.82 wt% of the material is carbon, the weight loss attributed to decomposition of
grafted APTMS should be more pronounced; approximately 15 wt% assuming decomposition of
H,N(CH,)s. A reason for this could be that the decomposition of grafted APTMS is rather complex
and might consist of several steps.
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Table 6.2 shows the cobalt and molybdenum contents determined by elemental analysis after
calcination together with the catalytic test results in HDS for the impregnated and anchored
version of the prepared catalysts.

Table 6.2: Cobalt and molybdenum contents * and catalytic test results
Co Mo  k(HDS) k(HDN) k(HYD)
wt%] [wt%] [h"] [0 [h7]
CoMog-ZSM-5_anc  0.97 10.1 32.4 18.4 11.8
CoMog-2SM-5_imp  0.89 8.72 8.6 3.1 2.9

? determined by elemental analysis after calcination at 500 °C for 3 hours

The aim was to prepare mesoporous ZSM-5 with 1 wt% Co and ~10 wt% Mo. Table 6.2 reveals that
the anchored version contains the desired ratios while the impregnated version contains slightly
lower amounts of metals. From Table 6.2 it can be observed that the anchored version has a
significantly higher catalytic activity for HDS, HDN and HYD than the corresponding impregnated
version. The difference in catalytic activity can not only be attributed to the differences in metal
loading but must also be ascribed to an improved distribution of the metals throughout the zeolite
support. It can also be concluded that the chosen Anderson ion is active in HDS.

Even though the two materials are similar concerning type of support and metal loads other
factors than distribution of the active sites can affect the catalytic activity. Previous, it was

found®>®

that the sodium content affects the HDS activity in a negative manner. As the Anderson
ion compound contains sodium ions the impregnated version contain inevitable sodium. The
anchored version is expected to contain a lower amount of sodium as the residual sodium arose
during ion exchange is at least to some extent removed during washing. This means that the
presence of a higher amount of sodium in the impregnated version can potential decrease the
catalytic activity in HDS, making comparison more difficult. However, Venezia et al. has reported257
that the effect of sodium on the HDS activity of Co-Mo catalysts depends on the type of support.

In the case of amorphous aluminosilicate, the presences of sodium ions promoted the HDS activity
up to a sodium load of 4 wt%, exhibiting a maximum at around 3 wt% sodium. In contrast, the
addition of sodium to amorphous silica resulted in a severe decrease in the HDS activity of the

supported Co-Mo catalyst.

To investigate the effect of sodium using mesoporous ZSM-5 zeolite as support for HDS catalysts
one way is to impregnate e.g. sodium nitrate in different amounts on one of the prepared
materials. This is though left for future work. Instead, an aqueous solutions containing dissolved
(NH4)6Mo070,4:4H,0 and Co(H,0)s(NO3), was impregnated on mesoporous ZSM-5 followed by
calcination to remove ammonium and nitrate. The obtained reference material contained 0.88
wt% Co and 9.4 wt% Mo and showed a HDS activity of 19.3 ht, Hereby, it was shown that even
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though the anchored version might contain sodium, the anchoring improves the HDS activity due
to improved dispersion.

Another way to cast light on the sodium issue is by the preparation of two reference materials
using commercial high surface area alumina as support with a surface area above 200 m?/g. First, a
solution containing cobalt and molybdenum was prepared and impregnated onto the support,
resulting in a catalyst with 1 wt% Co and 10.3 wt% Mo (Co-Mo/Al,03). Second, a solution
containing the CoMog Anderson ion was impregnated onto the support, resulting in a catalyst with
0.96 wt% Co and 9.63 wt% Mo (CoMog/Al,05). Alumina is generally believed to exert stronger
interaction with the active nanoparticles compared to e.g. silica, carbon or titania.! The strong
support interactions are in many regards advantageous since they are responsible for the fact that
highly dispersed molybdenum sulfide structures can easily be prepared and remain stable during
operation. Also a strong support interaction can facilitate redispersion during regeneration.
However, the strong support interactions in alumina-supported catalysts also have negative
aspects, since these interactions are probably responsible for the formation of a less active
Co-Mo-S nanoparticles. In the case of silica, the molybdenum-support interaction is weaker than
the Co-Mo interaction. Upon sulfiding of silica-supported catalysts significant amounts of CogSgare
formed together with large MoS crystals resulting in a less active HDS catalyst.

Sodium has a severe negative effect on the HDS activity using alumina as support. As the Anderson
ion compound contains sodium opposite to the Co-Mo impregnation solution the difference in
activity of the two reference catalyst may primarily be due to the effect of sodium. If the
difference in activity is smaller between the two reference catalysts than the two prepared zeolite
support materials, the sodium effect must be smaller using mesoporous ZSM-5 as support
material. The Co-Mo/Al,O3 was prepared to represent a commercial HDS catalyst whereas the
CoMog/Al,03 was prepared to also investigate the effect of the support besides the effect of
sodium.

The HDS activities for the Co-Mo/Al,03 and the CoMog/Al,03 were 60.1 h™* and 48.1 h™
respectively. In general, the alumina supported catalysts displayed a higher activity for HDS than
the mesoporous zeolite supported catalysts, the commercial look-alike (Co-Mo/Al,03) being the
most active. The catalyst using the Anderson ion as precursor was 8 times as active using alumina
as support material than using mesoporous zeolite as support material. The difference in activity is
12 h™ for the alumina supported materials and is 23.8 h™* for the zeolite supported materials. This
means that sodium must not have as pronounced effect on the HDS activity using mesoporous
zeolite as support material than using alumina as support material. Still, further work should be
performed to investigate sodium’s effect using mesoporous zeolite as support material.

After sulfidation and catalytic testing the anchored version was characterised using TEM. In

general it was difficult to conduct TEM especially at high magnifications due to the electron beam
sensitivity of the zeolite framework. Representative TEM images are given in Figure 6.12.

138



10 nm
e

19 risn

Figure 6.12: Representative TEM images of the spent catalyst whose precursor contained
anchored molecular CoMog species
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The mesoporous nature of the zeolite can clearly be recognised by the pronounced contrast
differences shown in Figure 6.12. Throughout the sample MoS; slabs are present both as single
and double sheets. The MoS, slabs are primarily located in the mesopores since they are too large
to fit into the micropore system of the zeolite. The MoS, slabs are estimated to 2-3 nm. To further
explore the location of the MoS; inside the zeolite particles one possibility is to conduct TEM
tomography, which is left for future work.

In selected areas small round particles of homogeneous size distribution at around 1 nm can be
observed, especially apparent in Figure 6.12c and d. XRPD of the spent catalyst did only detect
crystalline ZSM-5 together with an undefined amorphous phase. This could be due to the very
small particles size of both the undefined particles and MoS; slabs. Most likely the small particles
are due to non or only partially sulfided CoMo nanoparticles. Further evaluation of the undefined
particles could be performed by EDS-mapping to estimate the distribution of the elements.

6.5. Conclusion

A new HDS catalyst was successfully prepared by anchoring Anderson ions to functionalised
mesoporous ZSM-5 zeolite. The Anderson ion was [Co(OH)sMogO15]>. The advantage of using this
Anderson ion as metal sources for HDS catalysis was that the active metal and the promoter metal
were introduced together in the same chemical species which would be expected to enhance the
possibility of forming the active Co-Mo-S nanoparticles. The Anderson ions were anchored to the
surface of mesoporous ZSM-5 by using APTMS as linker molecule. As a reference material the
molecular CoMog species were impregnated on mesoporous ZSM-5 to investigate if the anchored
version improved the catalytic activity due to improved dispersion of the active phase. According
to catalytic test the anchored version displayed a significant higher activity in HDS catalysis
compared to the impregnated version. TEM investigations of the spent catalyst showed the
presence of both single and double MoS; slabs and undefined round particles of approximately 1
nm.

Based on sodium or non-sodium containing CoMo alumina and non-sodium containing CoMo on
mesoporous ZSM-5 catalysts activities, the inhibiting effect of sodium is low and cannot explain
dramatic increase in activity when anchoring rather than impregnating on mesoporous ZSM-5.
This new type of material provides new opportunities in the design of catalyst materials. It would
be interesting to combine the intrinsic properties of the zeolites i.e. acidity and size-selectivity
with the possibility to anchor active metal species to the surface and utilise the dual functionality.
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Conclusion

In the present thesis, focus has been on the development of new modified zeolites for catalytic
applications. Zeolites have been modified regarding the porosity and the introduction of different
metals and were used as solid acid catalysts, as an inert matrix for stabilising metal nanoparticles
and as an anchoring material for active phase precursors in the form of molecular metal oxide
species. The modifications are schematically illustrated in Figure 1.

Extra-framework Anchaoring

Figure 1: Schematic illustration of the different approaches to modify zeolite crystals

Initially, in Chapter 1 an introduction was given to the field of zeolites with respect to their
structure, properties, diffusion effects and implementation of mesoporosity. It was explained that
much of the success of conventional zeolites results from their inherent micropore system which
make them useful for adsorption, separation and catalysis. However, it was also explained that
molecular diffusion is very slow in these micropores and that this hinders the effectiveness of
zeolites for catalytic applications. Their effectiveness can be improved by the implementation of
either inter- or intracrystalline mesopores. Furthermore, an evaluation of the used
characterisation techniques was given concerning advantages and pitfalls.

In Chapter 2, nanosized and mesoporous zeolites were prepared to investigate the effect of inter-
or intracrystalline mesopores on the catalytic lifetime in the conversion of methanol to
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hydrocarbons (MTH). One mesoporous zeolite with intracrystalline mesopores and three types of
nanosized ZSM-5 zeolites were synthesised together with a conventional ZSM-5 zeolite. The
characterisations revealed that all synthesised zeolites were highly crystalline and contained
approximately the same amount of aluminum. Even though the three nanosized zeolites differed
slightly in the synthesis procedure, the obtained materials were rather similar regarding crystal
size and morphology. However, they differed slightly in the porosity and amount of extra-
framework aluminum.

The mesoporous ZSM-5 with intracrystalline mesopores displayed the significantly longest
catalytic lifetime in the MTH reaction while one of the nanosized zeolites showed an improved
catalytic lifetime compared to the conventional counterpart.

It was found that several factors influence the catalytic lifetime in the MTH reaction e.g. Si/Al
ratios, porosity and amount of defects which makes comparison difficult. As the zeolite
crystallisation mechanism is quite complex, it is difficult to prepare comparable materials where
only one factor varies but it was clearly indicated that the presence of extra-framework aluminum

had a severe negative effect on the catalytic lifetime in the MTH reaction.

In Chapter 3, a more in-depth discussion of the effect of extra-framework aluminum on the
catalytic lifetime in the MTH reaction was given. The extra-framework aluminum was produced by
desilicating a conventional ZSM-5 zeolite. The sample was subsequently dealuminated to remove
the generated extra-framework aluminum to investigate the effect of this. Characterisations
showed that the crystal structure was preserved and the porosity changed primarily upon
desilication.

NH3-TPD, MAS NMR and FTIR investigations all supported that upon desilication mesopores were
formed and primarily silicon was removed from the framework resulting in extra-framework
aluminum. The desilication reduced the amount of strong Brgnsted acid sites and instead weaker
acid sites were formed. The subsequent dealumination by oxalic acid removed all aluminum in
octahedral positions but also a significant amount of aluminum in tetrahedral positions was
extracted. The removal of tetrahedral aluminum during dealumination suggested that different
tetrahedral species were present and that only some can be extracted by the dealumination
method.

The catalytic test showed that despite the formation of mesopores and repairing of internal
defects the desilicated sample displayed a reduced catalytic lifetime compared to the parent ZSM-
5 catalyst. After the subsequently dealumination the catalytic lifetime was recovered and
improved compared to the parent sample. Therefore, it was concluded that the introduction of
mesoporosity does not necessarily improve the catalytic lifetime as the normal benefits from
desilication became masked by the generation of extra-framework aluminium. The main
conclusion is thus that the catalytic lifetime is severely dependent on the amount of extra-

framework aluminum.
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Usually ZSM-5 catalysts deactivate in the MTH reaction due to coke formation. In Chapter 4 was
presented synthesis and characterisation of conventional and mesoporous ZSM-5 zeolites and the
Ga-MFI zeotype analogues to investigate the differences in activity, selectivity and mode of
deactivation in the MTH reaction. It was found that it was easier to introduce aluminum than
gallium into the crystal structure and it was verified that the incorporation of gallium decreased
the intrinsic acidity of the individual acid sites.

The catalytic lifetime of the gallium based zeotypes was in general shorter than the corresponding
zeolites and the presence of mesopores improved the catalytic lifetime for both types of materials.
The Ga-MFI zeotypes showed a higher selectivity towards small alkenes which was ascribed to the
lower acidity of the individual active sites compared to zeolites. Both mesoporous materials
produced a higher amount of aromatics than their conventional counterparts due to less steric
hindrance.

It was confirmed that the ZSM-5 zeolites deactivated due to coke formation as it was possible to
regenerate the catalytic activity and obtain approximately the same catalytic lifetime after coke
combustion. In contrast, the catalytic activity of the mesoporous Ga-MFI could not be restored
after coke combustion. Instead it was found that during methanol conversion the mesoporous Ga-
MFI deactivates due to loss of the catalytically active Brgnsted acid sites caused by hydrolysis of
Ga-0 bonds leading to formation of inactive extra-framework gallium species.

In Chapter 5 it was described that zeolite or zeotype materials can be used as an inert matrix to
produce a hybrid material comprising 1-2 nm sized gold nanoparticles embedded in silicalite-1 or
ZSM-5 crystals. TEM tomography was used to indisputably prove that some gold nanoparticles
were embedded within and some were on the external surface of the crystals in the final hybrid
material. By the use of calcination experiments obtained both in situ and ex situ TEM indicated
that the gold nanoparticles embedded in the crystals are highly stable towards sintering, whereas
the particles located at the outer surface tend to sinter.

The produced hybrid materials were tested in the aerobic oxidation of benzaldehyde and 3,5-
dimethylbenzaldehyde in methanol. The catalytic tests proved that the gold nanoparticles were
encapsulated and immobilised yielding a sintering-stable substrate-size selective oxidation catalyst
as the active gold nanoparticles were only accessible through the micropores.

Even though further work should involve optimisation of the coating of gold nanoparticles this
new synthesis procedure could easily be expanded to other types of incorporated metals and
other types of zeolite or zeotype structures by varying the template and type of added elements.
Future work should also contain the utilisation of the potential bi-functionality of these hybrid
materials as the zeolite might be made acidic by ion exchange.

Chapter 6 presents preliminary work on anchoring the Anderson ion [Co(OH)¢MogO15]> on
functionalised mesoporous ZSM-5 utilising zeolites as a support material. The idea was to produce
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a bi-functional catalyst featuring both a hydrogenation and a cracking capability in close
connections to apply in simultaneous hydrodesulfurisation (HDS) and cracking reactions. The
presented work contained synthesis, characterisation and catalytic test using HDS as test reaction
leaving the hydrocracking potential for future work.

To investigate whether the anchoring improves the dispersion of the molecular CoMog species a
reference material was made by simple impregnation of the Anderson ion on mesoporous ZSM-5.
According to the catalytic tests the anchored version displayed a significant higher activity in HDS
catalysis compared to the impregnated counterpart. Based on sodium or non-sodium containing
CoMo alumina and non-sodium containing CoMo on mesoporous ZSM-5 catalyst activities, the
inhibiting effect of sodium was found to be low and cannot explain dramatic increase in activity
when anchoring rather than impregnating on mesoporous ZSM-5. Still, further work should
include a more thoroughly investigation of the effect of sodium and also the hydrocracking ability
of the prepared material.

| hope and believe that my thesis will be of use to others. Particularly, | believe my work has
contributed significantly to the science of zeolite catalysis for two very important reasons. First of
all, I have demonstrated that zeolites can be modified in a wealth of possible ways. This was
achieved by introducing an auxiliary system of mesopores in addition to the intrinsic micropore
system by different approaches, introduction of different elements into zeolite crystals both in
framework positions, by anchoring and as nanoparticles immobilised in zeolite crystals. Secondly, |
have thoroughly investigated how extra-framework aluminum and the presence of inter- or
intracrystalline mesopores affect the catalytic lifetime in the MTH reaction. Thus, | trust my work
clearly demonstrates the diversity and usability of zeolite materials in catalytic applications.
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1. Introduction

Zeolites are crystalline microporous aluminosilicates composed of AlO,4 and SiOy tetrahedra,
widely used as catalysts in the petrochemical industry for interconversion of organic
molecules in the liquid and gaseous phase [1-3]. The microporous structural character of
zeolites with well-defined pores and cavities of molecular dimensions provides high
selectivity in catalytic and separation processes for a wide range of molecules of the
dimensions of roughly 5 — 12 A. but the sole microporous network also limits the mass-
transfer properties of reactants and products for large zeolite particles. The Zeolite Socony
Mobil 5 (ZSM-5) zeolite [4-6] can convert methanol to hydrocarbons (MTH) similar to those
in the gasoline fraction of conventional petroleum and thus, it offers a powerful alternative
route to the production of gasoline from crude oil. Recent years significant increase in energy
prices have made the methanol-to-gasoline (MTG) process very attractive and provided well-

established routes for conversion of coal, natural gas and bio-mass feedstocks to methanol [7-

9.

The unique properties of ZSM-5 are related to its high internal surface area, channel shapes
and sizes (5.3x5.6 A) that makes it attractive for the MTH process as well as its slow rate of
deactivation as compared to other catalysts [10,11,12]. Moreover, the strength and number of
strong Bronsted acid sites in the zeolitic framework, mainly obtained by substitution of AI’*
into the tetrahedral framework sites, can be tailored by acid treatment for specific
applications. However, the microporosity of the samples may result in an inefficient
utilization of the internal surfaces as a result of diffusion resistance for large molecules and
the fact that only the channels near to the surface of the grains are accessible to catalytic
reactions. In recent years there has been an increasing research interest for improving the
diffusional properties of zeolites through creation of mesopores in the zeolite particles
without altering the molecular scale channels and cavities [11,12-24]. Generally, two
approaches are used corresponding to mesopore-templating and post-synthesis chemical
treatment. The formation of mesopores not only improves the molecular diffusion in the

hierarchical zeolite but also entails slower formation of deactivating coke, thereby improving

the catalyst life-time in the MTH/MTG processes.

This work focuses on mesoporous H-ZSM-5 samples used in the MTG process and the

structural changes that occur, particularly for the catalytical sites, upon mesopore formation
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by alkali leaching. This includes a parent, microporous H-ZSM-5 sample and the mesoporous
samples prepared from this material by disilication and sequential desilication—dealumination
post-treatment. The three samples are initially characterized by powder X-ray diffraction,
scanning-electron microscopy, temperature-programmed desorption of ammonia, N,
adsorption and more thoroughly by FT-infrared spectroscopy and *’Al and *’Si MAS NMR
techniques. Finally, activity measurements have been conducted to provide complimentary

structural information.

2. Experimental
2.1 Synthesis of ZSM-5 zeolites

The synthesis of conventional, microporous ZSM-5 employed 54.5 g tetrapropylammonium
hydroxide (TPAOH, 40wt%), diluted with 55.31g H,O. This mixture was cooled to 0 °C on
an ice bath and 0.652 g NaAlO, was added and stirred until a clear solution was obtained.
5429 g Ludox® TMA was then slowly added followed by addition of 10.34 g sodium
silicate, resulting in the following composition of the synthesis gel: SiO,-0.05Na,O
‘0.15TPA,0-20.5H,0-0.01Al,O3. The homogeneous gel was subjected to stirring over night,
by which the ice was melted, and the next day the gel was transferred to a Teflon-lined
stainless steel autoclave and heated to 423 K for 48 hours under static conditions. After
cooling the autoclave to room temperature the white product was isolated by suction filtration
and washed several times with water until neutral pH was obtained. The product was dried
overnight at room temperature and finally the organic template was removed by calcination
in a muffle furnace at 823 K for 3 hours. The calcined conventional ZSM-5 was treated with
a 0.3 M NaOH solution for 30 minutes at 343 K, followed by cooling on ice to stop the
desilication and then washed three times with water followed by centrifugation. The ratio
between mass of sample (g) and volume of NaOH (mL) was 3:100. The desilicated ZSM-5

was dried over night at room temperature before further treatment.

The acidic form of the parent zeolite and the desilicated zeolite were produced by two
consecutive ion exchanges with a buffer solution of 1.7 M NH4NO3/0.94 M NHj3 in the ratio
1:10 between mass of sample (g) and volume of NH4sNO3/NH; (mL). The ion exchanges were

performed at 353 K with stirring for two hours. After each exchange, the NHs-form of the



zeolites were filtered, washed with water, and dried in air at 383 K. Finally, the H-form of the
parent zeolite and desilicated zeolite were obtained by heating the NH4-form in air to 823 K
for 3 hours. The desilicated H-ZSM-5 was further treated with a 1.0 M oxalic acid solution
for 1 hour at 353 K to remove extra-framework aluminum possibly formed during the
desilication. After dealumination the sample was washed with water until neutral pH was
obtained, then dried overnight at room temperature, and finally calcined at 823 K for 3 hours.
The three prepared samples will in the following be designated H-ZSM-5 (no treatment), H-
ZSM-5-desil (desilicated) and H-ZSM-5-desil/dealu (desilicated and dealuminated).

2.2 Characterization techniques

All characterization was made after ion exchange and calcination of the three samples.
Powder X-ray diffraction (XRD) patterns of the zeolite samples were recorded on a Phillips
diffractometer using Cu K radiation (A = 1.541 A) in the 20 interval 5 — 70°. Elemental
analysis was performed by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) and used to determine the exact amount of Si and Al in the three ZSM-5 type zeolites.
Surface area, pore volume and the adsorption isotherms were determined by nitrogen
adsorption and desorption measurements at liquid nitrogen temperature on a Micromeritics
ASAP 2020 instrument. The samples were outgassed in vacuum at 573 K for 16 h prior to
measurements. The total surface area was calculated according to the BET method, the
micropore volumes were determined by the t-plot method and the mesopore volume was
determined by the BJH method. The crystal size and morphology of the zeolites were
examined by scanning electron microscopy (SEM) on a Philips XL-30 FEG. The calcined
zeolite samples were placed on a carbon film and Ag was evaporated onto the sample for

approximately 20 minutes to achieve sufficient conductivity.

CO-FTIR measurements at 77 K have been performed on self supporting pellets pre-activated
in vacuo and heated up to 150, 350°C and 500°C for 1 h respectively. CO adsorption at low
temperature has been performed on sample pre-activated at 350 and 500°C. The spectra have
been registered at decreasing pressure of CO in the cell, using a Nicolet 6700 spectrometer

operating in transmission mode with a resolution of 2 cm™ and a MCT detector.

*’A1 MAS NMR spectra were recorded on a Varian Direct Drive VNMRS-600 spectrometer

(14.1 T, 'H decoupling) using a home-built CP/MAS probe for 4mm o.d. rotors and a



spinning speed of vg = 13.0 kHz. The single-pulse spectra employed a 0.5 ps excitation pulse
for an rf field strength of yB,/21 = 60 kHz, a 2-s repetition delay, and 'H decoupling (yB,/2n
~ 60 kHz) during acquisition. The MQMAS spectra were obtained with the three-pulse z-
filter sequence [25] with 'H decoupling during both the evolution (¢) and detection (z,)
periods, using rf field strengths of yB/2n = 60 kHz for the triple-quantum excitation and
conversion pulses and yB/2n = 25 kHz for the soft z-pulse, 72 increments in the #
dimension, a 144 step phase cycle, a 2-s relaxation delay, and 864 scans. The *’Si MAS NMR
spectra were recorded on a Varian INOVA-400 Spectrometer (9.4 T) using a home-built
CP/MAS probe for 5 mm o.d. rotors, a spinning speed of vg = 10.0 kHz, a 2.5 pus excitation
pulse (~ 45° flip angle for yB,/2n ~ 50 kHz), and a recycle delay of 30 s. The *’Si{'H}
CP/MAS NMR spectra (9.4 T, vr = 3.0 kHz) employed rf field strengths of yB\/2zx = yB,/2x =
22 kHz for *Si and 'H , respectively, during the CP contact period and (yB/27 ~ ?? kHz for
the initial 90° "H pulse and the 'H decoupling during acquisition. Chemical shifts are

referenced to AICl;-6H,0 and tetramethyl silane (TMS) for ?"Al and ¥’Si, respectively.

The acidic properties of the zeolites were characterized by temperature programmed
desorption of ammonia (NH3-TPD), using the following procedure: 40 mg of the sample was
loaded into a quartz tube reactor and pre-treated by heating the sample to 500°C in a flow of
nitrogen (75 ml/min, heating ramp 20 °C). The temperature was kept for 120 min before
cooling to 150 °C. At this temperature the NH3 gas was adsorbed by switching to 2% NHs/He
(75ml/min) for 30 min. To remove physically adsorbed ammonia the sample was flushed
with N, (75 ml/min) at 150 °C for 4 hours prior to desorption measurements. Subsequently,
the sample was heated to 600 °C (heating ramp 10 °C/min). The rate of NHj3 desorption was
monitored by measuring the weight loss of the sample with TGA. The total amount of
desorbed NHj3 was calculated from the area under the TPD curve assuming one NH; molecule
per acid site. The crystal size and morphology of the different zeolite samples was examined
by scanning electron microscopy (SEM) on a Phillips XL-30 FEG. The calcined zeolite
samples were placed on a carbon film and Ag was evaporated onto the sample for

approximately 20 minutes to achieve sufficient conductivity.



2.3 Catalytic experiments

The catalytic tests were performed in a fixed-bed quartz microreactor (3mm i.d.) at
atmospheric pressure. A feed of 10.5 % methanol in nitrogen was created by bubbling an
adjustable flow of nitrogen through a liquid solution of methanol kept at a fixed temperature.
All experiments were performed using 50 mg calcined and fractionized catalyst, a reaction
temperature of 370 °C and a total gas flow of 25 mL/min through the reactor, resulting in a
WHSYV of 4.5 gmeon: gﬁlcat-hfl. Before each experiment the catalyst was heated from 110 °C to
the reaction temperature and kept there for 0.5 h under nitrogen flow. Products were analyzed
by online gas chromatography using a HP 5890 series II instrument equipped with a PLOT
fused silica column and a FID detector. Response factors for methanol (0.776) and dimethyl
ether (0.667) were taken into account. For all other hydrocarbons the response factor was

treated as being 1.000.

3. Results and Discussion
3.1 Basic structure and texturial properties

XRD patterns for the three ZSM-5 samples are shown in Fig. 1. It is clearly seen that all
samples exclusively contain highly crystalline material with the MFI structure [26],
demonstrating that the overall framework structure is preserved after desilication and
dealumination. The XRD patterns show no increase in background signal in the 20 region of
15 — 25°, which would indicate the presence of non-crystalline impurities. However, the
reflexions are rather broad, in particular for the desilicated and dealauminated samples,

indicating that the zeolite crystals are rather small.

The SEM micrographs (Fig. 2) show that the fresh ZSM-5 crystals display a well-defined
topology with separated crystals ranging in size from approx. 0.6 to 1.0 um. Although the
crystal sizes are very similar after desilication and dealumination, it is apparent that the
treatment with NaOH results in significant changes, including intergrowth between the
individual crystals and erosion along the edges, resulting in spongy grains with a less well-
defined crystal topology compared to the parent ZSM-5. Following treatment with oxalic acid
no additional textural changes appears, however, the individual crystals seem slightly more

well-defined after the dealumination treatment.



3.2 Ammonia TPD and Nitrogen absorption/desorption

The NH;3-TPD profiles for the three samples (Fig. 3) allow determination of the acidic
strength and the number of acid sites from the peak positions and curve areas, respectively.
The NH;-TPD profile for the parent sample has a single peak around 700 K while the NHs-
TPD profile for the desilicated sample contains two peaks centered at 550 K and 675 K. The
low-temperature desorption peak (400 — 600 K) indicates weak adsorption sites which can be
caused by extra-framework aluminium with no catalytical importance while the high-
temperature peak (600-800 K) reflects ammonia desorption from strong Brensted acid sites
[2]. The slight shifts in peak positions can possibly reflect the difference in Si/Al ratios for
the three samples as it is well established that ZSM-5 with different Si/Al-ratios exhibit
different acidic properties [ref]. According to the NH3-TPD profiles, the parent H-ZSM-5
contains primarily strong Brensted acid sites corresponding to all aluminium being
incorporated in the zeolite framework while the desilicated sample contains both framework
and extra-framework aluminium sites. The H-ZSM-5-desil/dealu sample contains only a
single peak centered at 650 K, with a significantly lower intensity (XX % reduction) as
compared to the parent H-ZSM-5. This indicates that the dealumination treatment must not
only remove extra-framework aluminium, (Al(6)), associated with Lewis acidity, but also
remove tetrahedrally coordinated aluminium from the framework (Al(4)) and thereby
decrease the Bronsted acidity. This agrees very well with the *’Al MAS NMR spectra (vide

infra) where a similar decrease (XX % reduction) in Al(4) is observed.

The nitrogen adsorption/desorption isotherms for the three H-ZSM_5 samples are all given in
Figure 4a. The isotherm for the conventional H-ZSM-5 zeolite is the typical type 1 isotherm
for microporous materials. The isotherms for the desilicated and desilicated/dealuminated
sample contain a hysteresis loop at a relative pressure higher than p/py=0.4 which is a
characteristic feature for mesoporous materials [6,9]. Fig. 4b shows the pore size distributions
for the parent H-ZSM-5, the desilicated and the desilicated/dealuminated H-ZSM-5 samples.
It is observed that during the desilication both meso- and macropores are formed which are
inevitable still present after the dealumination. The mesopore diameter for the desilicated
sample is rather narrow and centred around 12 nm. The presence of macropores could be due

to interparticle voids caused by the rather harsh desilication method.



Table 1 shows data from the N, adsorption/desorption measurements and indicates that
desilication/dealumination treatment causes a significant increase of external surface area.
This fact is in perfect agreement to what is observed by IR spectroscopy, when we compare
the spectra obtained for the three samples. The N, adsorption/desorption data shows a
significant increast in BET surface area from 378 m®/g to 482 m*/g due to the NaOH
treatment which is a typical characteristic feature of desilication [27]. The increase in BET
surface area is mainly caused by the higher external surface area, which can be attributed to
dissolution of the zeolite framework and formation of mesopores. [28,29]. The external
surface area for the parent sample H-ZSM-5 is rather high for a conventional ZSM-5 which
can indicate small particles in agreement with the broad peaks observed in the XRPD pattern
for the H-ZSM-5 and the SEM micrographs. The total pore volume increases considerably
after the desilication treatment from 0.26 to 0.99 mL/g and since the micropore volume is
almost unaffected by the desilication, the increase must be due to the creation of mesopores.
The dealumination treatment does not have a pronounced effect on the surface areas or pore

volumes.
3.2 Solid-state NMR spectroscopy

The *’Si MAS NMR spectra of the three H-ZSM-5 samples (Fig. 5) are quite similar and
include the same type of resonances as observed earlier for ZSM-5 samples [30-34]. The
dominating resonance at —112 ppm and the low-frequency shoulder at —116 ppm reflect
purely silicious Q*(Si(OSi)) sites while the peaks in the range —98 ppm to —108 ppm
originate from either Q*(AlOSi(0Si);) or Q*(HOSi(OSi);) sites. To obtain an improved
assignment of the resonances in the latter spectral region, the H-SZSM-5-desil sample has
been investigated by variable-contact time »Si{'H} CP/MAS NMR (Fig. 6). The build-up of
Si magnetization in these spectra reflect the cross-polarization time (Zsiy) which depends on
the 'H — *°Si dipolar couplings and thereby the internuclear 'H — *°Si distances. Thus, a
determination of 7g;y for the individual peaks may assist the assignment of the resonances.
The *Si{'H} CP/MAS NMR spectra in Fig.4 can be deconvolved using four partly
overlapping resonances at —92 , —101, —106, and —112 ppm, resulting in the intensity
variations (Mx(¢)) with CP contact time (¢#) shown in Fig. 7. These intensity variations can be

simulated using the expression [35]



M. (1) =

H
%exp(—t/ﬂﬁ ){1 - exp((é T >t>} (1]
where M"(0) is the 'H magnetization after the 90°y pulse and TI;[ is the 'H rotating-frame
relaxation time. The expression in Eq. (1) is derived using the inverse spin-temperature
approach [35] and assumes a much faster rotating-frame relaxation rate for 'H as compared to
»Si (Tlii >> Tf; ). The intensity for the —112 ppm resonance increases with increasing contact
time for the full period of 8 ms, reflecting that TII; is much longer than 7sjy. Thus, the
simulation of the intensity assumes Tlii,Tlg >> Tgiy and thereby that the build-up of
magnetization for the —112 ppm resonance (Fig. 7) is only governed by Tsin, reflecting the
fact the rotating-frame relaxation cannot be detected within CP contact-time of 8.0 ms which
is the maximum safe value for our CP/MAS NMR probe. The *’Si{'H} CP parameters, Tf:
and Tsip, resulting from least-squares analysis of the data in Fig. 5 are listed in Table 2 for the
4 resonances. The large Tsjy value for the resonance at —112 ppm reflect the long Si—-H
distances for these species in agreement with the assignment as Q*(Si(OSi)s) sites. The
smallest value is observed for the —99 ppm resonance and thus, this is assigned to

Q’(HOSi(0Si)3) sites, while a somewhat larger values is observed for the Q*(Al0Si(0Si)3)
sites, i.e., Bronsted (Si0);—Si—O(H)—Al sites.

The single-pulse ’Si MAS NMR spectra (Fig. 5) can all be simulated satisfactory using four
overlapping peaks at -102, -106, -112, and -116 ppm, corresponding to Q*(HOSi(OSi)s),
Q*(AIOSi(0Si)3) and two Q*(Si(OSi)s) sites, respectively, as illustrated for the parent H-
ZSM-5 sample (Fig. 5a). The resulting intensities allow calculation of the Si/Al ratio for the

ZSM-5 framework, using the relationship

41(Q*(Si(0Si),) +41(Q*(AlOSi(0Si),) + 31(Q° (HOSi(0Si),)

Si/Al = ) —
1(0* (A10Si(0Si),)

2]

which is the well-known formula for zeolites modified to include the non-neglible fraction of
Q’(HOSi(0Si)3) sites. The framework Si/Al ratios from this *’Si MAS NMR analysis are
listed in Table 2 along with the bulk Si/Al ratio from elemental analysis and the Si/Al ratio

estimated from the number of acid sites from NH; TPD.



Additional information is achieved from the ’Al MAS NMR spectra (Fig. 7), which exhibit
resonances from the tetrahedral framework aluminum (8(Al(4)) ~55 ppm) and aluminum in
octahedral environments (8 (Al(6)) ~ 10 ppm to -10 ppm) assigned to non-framework Al. The
minor Al(6) peak observed at 0 ppm for the parent H-ZSM-5 sample most likely reflects a
small amount of un-reacted aluminum (i.e., Al(H,O)s’" species) from the synthesis, which is
not incorporated in the zeolite framework. The absolute Al NMR intensities for Al(4) and
Al(6), normalized to the total intensity for the parent H-ZSM-5 sample, are summarized in
Table 3. The increase in total intensity for H-ZSM-5-desilicated reflects, as expected, that a
substantial amount of Si is removed by the desilication treatment. Moreover, the increase in
Al(4) intensity for H-ZSM-5-desilicated is in accordance with a lowering of the Si/Al ratio
(Table 3). The desilication treatment also affects aluminum since a significant part of Al
(20%) 1is dislodged from the framework forming Al in octahedral environments. The
subsequent dealumination results in an overall decrease in *’Al intensity as a result of a
reduction in framework Al sites as well as non-framework Al(4) species. Omegna et al. have
reported similar findings on dealuminated ZSM-5 zeolites [26] and suggests the presence of
tetrahedrally coordinated extra-framework Al possibly associated with an amorphous-silica

phase. The reduction in A1°"™

intensity should be associated with an increase in Si/Al ratio, in
agreement with the higher Si/Al ratio observed for H-ZSM-5-desilicated/dealuminated by
NH;-TPD (Table 3). Combining the "Al and ¥Si MAS NMR data the sequential desilication
and dealumination treatments leads to formation of a larger fraction of Q® [(SiO)s-SiOH]

defect sites most likely associated with the formation of mesopores in the zeolite.

The presence of distinct Al(4) sites for ZSM-5 has been reported earlier by Al MAS NMR
[37-40] and to detect such possible sites for our H-ZSM-5 samples, we have investigated
these by ’Al MQMAS NMR (Fig. 8) in order to achieve an improved resolution by the
removal of the second-order quadrupolar broadening in the isotropic (F1) dimension. The
MQMAS spectra are quite similar, in particular for H-ZSM-5-desilicated and H-ZSM-5-
desilicated/dealuminated. At first sight, the summed projections onto the F1 axes indicate the
presence of two different Al(4) sites with isotropic triple-quantum (3Q) shifts of 839 = -30.2
ppm and 93¢ = -29.0 ppm for the parent H-ZSM-5. These values correspond to isotropic
chemical shifts of i, = 54.9 £ 0.1 ppm and J;s, = 52.7 £ 0.1 ppm, respectively, assuming
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quadrupolar product parameters in the range P =

Co i+ ”é =0.5—-2.0 MHz [29] and using

the relationship

2 2
gcalc  _ 3 CQ(H_]?QB))<
2

= 17 5. 6
30 3100 1550 10 3]

VL

for the 3Q shift of a spin /= 5/2. nucleus [41]. However, the contours in the MQMAS spectra
are diagonal without any distinct features parallel to the F2 axis for the apparent two different
A1""™ sites. Thus, the F1 summations reflect a distribution in isotropic chemical shifts for
correspondingly small variations/distributions in the quadrupole coupling parameters. This is
most clearly seem from the plots of summed F2 slices projected onto the F1 axis in Figure 10,
covering the full AI"™ resonance in the MQMAS NMR spectrum. The dispersion in isotropic
chemical shifts is ascribed to the distribution of Al over the large number of tetrahedral sites
in the ZSM-5 structure [31]. The variation in d3q shifts for the parent H-ZSM-5 from 3¢ = -
28.8 ppm to -32.9 ppm correspond to isotropic chemical shifts in the range 51.2 ppm < 85 <
58.9 ppm in good agreement with the F2 summations in Figure X(b) and earlier reported
chemical shift values for ZSM-5 samples [25,28]. A close examination of the F1 summations

tets :
1"* resonances is broadened and

in Fig. 11 shows that following desilication treatment the A
shifts slightly towards lower 3¢ frequency as compared to the parent H-ZSM-5. The
desilicated/dealuminated sample appears similar to the parent H-ZSM-5 in Fig. 11. The peak
maxima for the three samples are 839 = -30.2 ppm, -30.9 ppm, and -30.9 ppm, respectively,
corresponding to isotropic chemical shifts of 54.7 = 0.2 ppm, 56.0 + 0.2 ppm, and 56.0 = 0.2
[fetra

ppm, and the variation may reflect that the desilication process has an impact on the A

environments in the present ZSM-5 samples.

3.3 Infrared spectroscopy

FTIR spectra of all samples, recorded at 350 and 500 °C, are displayed in figure 12. For sake
of completeness, two activation temperatures were considered. In this case it has been
possible to consider changes occurring at different levels of dehydration. The differences in
band intensity are real and all spectra have been normalized to the pellet thickness. Parent
zeolite (blue lines) shows (at both temperatures) the presence of two main features: one at

3742 ¢m™ and 36100m’1, associated with isolated silanols and strong acid Brensted sites,
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respectively. The component at higher frequency is broader in the sample activated at 350°C
than that activated at 500°C. After desilication, some relevant changes occur: 1) the increase
of a very sharp and intense band now centered at 3745 cm™, ii) the significant decrease of
the band associated with Brensted sites and the presence of a small broader component at
3664 cm™, which was recently reported by Gil et al [35] for desilicated ZSMS5 zeolites using
different concentrations of NaOH as associated with extra-framework Al Upon
dealumination, no dramatic changes are visible in the OH stretching region however, a small
decrease in the components at 3610 cm™ and a further increase in the band at 3745 cm™ are

observed.

CO desorption profiles at 77K are presented in Figure 13, where it is possible to identify
specific features peculiar for each sample. The spectra have been conveniently divided into
two intervals namely C-O (2000-2300 cm-1) and O-H (3000-3800 cm-1) stretching regions.
Red lines correspond to the spectra obtained of the activated samples, while green lines show
the effect of the highest CO coverages. Black lines correspond to intermediate CO adsorption
pressures. Concerning the parent sample, upon CO interaction, the band at 3745cm™ is
eroded giving rise a band at 3652 cm™ . The small band at 3690 cm™ (Al partially hydrolyzed)
undergoes a red shift to 3573 cm™ while the band at 3610 cm™ is red shifted to 3285 cm™. In
the CO stretching frequency region three components are visible at 2137, 2155 and 2175 cm’
!. These are assigned to physisorbed CO, CO interacting with silanols and CO interacting
with strong acidic Brendsted sites, respectively [36]. Note that the component due to silanols
is not very well defined, while the band associated to CO interacting with the strong

Brendsted sites is quite sharp and symmetric.

In the desilicated sample shown in Figure 13b, the most evident changes are: 1) appearance of
a small band at 2230 cm™, due to CO interacting with extra-framework aluminium (an
expanded view is reported in the inset); the decrease in intensity of the component centered at
2175 ecm™, from CO interacting with strong Brensted sites, and its broadening with the
formation of a visible tail on the low frequency side. Moreover the presence of a broad
contribution in the region of silanols that is hardly distinguishable as a distinct band is
observed at very high coverages. After dealumination (Figure 8c) the main changes are: 1)

disappearance of CO coordinated to extra-framework Al sites (band centered at 2230 cm™);

12



ii) better definition of the band at 2175 cm™ (Brensted sites), iii) the intensities of the band

due to the acidic Brondsted sites is further decreased but it becomes more defined and sharp.

Activity data on the three H-ZSM-5 samples are presented in figure 14. The parent sample
displays high conversion efficiency up until approx. 150 hours on stream while the
sequentially desilicated/dealuminated zeolite maintains high conversion longer and moreover
the deactivation rate is slightly slower. The desilicated H-ZSM-5 displays a decreased
conversion efficiency already around 50 hours on stream indicating a faster deactivation rate

of this sample.

4. Conclusions

Mesoporous ZSM-5 zeolites have been prepared using sequential desilication and
dealumination treatment without loss of crystallinity or microporous volume thereby
substantially improving diffusion properties and lifetime of the catalyst in the MTG reaction.
Analysis show that during desilication primarily Si is removed from the framework and a
minor fraction of Al resulting in extra-framework Al species after the treatment. The
mesopores formed during desilication does not disrupt the microporous network of the zeolite
but a reduction in the acidic strength is seen from NH3;-TPD. Removal of unwanted extra-
framework Al species is done by dealumination where all Al(6) and a significant amount of
Al(4) (%) are removed. The removal of Al(4) by oxalic acid treatment suggests that
different Al(4) species are present and that only some can be removed by dealumination.
Further evidence for the presence of different Al(4) species is provided by the *’Al MQMAS
NMR spectra displaying a distribution in chemical shift values in the isotropic dimension.
The distribution is slightly broader for the desilicated sample. Following dealumination a
large reduction in the number of acidic sites is seen with NH3-TPD but with a strength more
similar to that of the parent zeolite. Finally the activity measurements show an increased life-

time of the hierarchical zeolite particles which is attractive for many catalytical applications.
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Figure Captions

Figure 1.
XRPD patterns of the parent, desilicated, and desilicated — dealuminated samples of H-ZSM-

5. All patterns are recorded for the calcined samples after ion-exchange to the acidic forms.

Figure 2.

SEM micrographs of (a, b) the parent H-ZSM-5, (c, d) the desilicated H-ZSM-5, and (e, f) the
desilicated/dealuminated H- ZSM-5 samples. The left column images (13 x 18 um) show the
overall textures of the grains wheras the expansion in the right column (1.7 X 2.2 um) display

particle intergrowth and erosion for the desilicate and dealuminated samples.

Figure 3.

NH;-TPD profiles of the parent, desilicated and desilicated/dealuminated samples.

Figure 4.

(a) N, adsorption/desorption isotherms of i) H-ZSM-5, ii) desilicated H-ZSM-5 and iii)
desilicated/dealuminated H-ZSM-5. b) Pore size distribution determined from the desorption
branch using the BJH method. The isotherms for the desilicated and desilicated/dealuminated

ZSM-5 were off set by X and X cm’ g™, respectively.

Figure 5.

»Si MAS NMR spectra (9.4 T) of (a) the parent, (b) desilicated , and (c) desilicated/-
dealuminated H-ZSM-5 samples obtained a spinning speed of vg = 10.0 kHz and a recycle
delay of 30 s. The spectra in (b) and (c) are vertically expanded by a factor of 2 relative to the
spectrum of the parent H-ZSM-5 (a).

Figure 8.

Al MAS NMR spectra (14.1 T) of the (a) parent, (b) desilicated, and (c) desilicated/-
dealuminated H-ZSM-5 samples obtained with a spinning speed of vg = 13.0 kHz, 'H
decoupling and a recycle delay of 2 s. The spectra are shown on a normalized intensity scale,

employing a vertical expansion of 2 for the spectrum in (c). The asterisks indicate spinning
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sidebands from the A1“" signal. Normalized intensities for A" and A1°°® are listed in Table

4.

Figure 3.

Al MQMAS NMR spectra (14.1 T, vg = 13.0 kHz) of (a) the parent, (b) the desilicated H-
ZSM-5 and (c) the desilicated/dealuminated sample obtained with the three-pulse z-filter
MQMAS sequence.

Figure 4.

Sliced spectra in the Fldimension of the Al MQMAS spectrum for the parent, desilicated
and desilicated/dealuminated H-ZSM-5 sample. The slices are taken in frequency steps of 0.5
ppm in the F2 dimension from 50.5 ppm to 59.0 ppm. Summations over the isotropic
dimension (F1) of the *’Al MQMAS NMR spectra for the different H-ZSM-5 samples are

displayed above the sliced spectra.

Figure 11.

Summations over the F1 dimension for the three H-ZSM-5 samples.

Figurel2.

FTIR spectra of zeolite samples activated at 350 and 500°C respectively

Figure 13.
CO-FTIR spectra of parent, desilicated and desilicated/dealuminated H-ZSM-5 samples.

Figure 14.

Activity data on MTH reaction for the three samples as a function of Time on Stream (ToS).
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Table 1

N physisorption data for the parent, desilicated and desilicated/dealuminated

H-ZSM-5 samples

SBET Sexta Smicroa \/totalb Vmicrob
S 1
P [m¥g] [mYg] [m%g] [mL/g] [mLlg]
H-ZSM-5 378 160 218 0.26 0.11
H-ZSM-5-desil 482 287 195 0.99 0.10
H-ZSM-5-

498 310 188 0.94 0.10
desil/dealu

* Calculated by #-plot method, ® Volume adsorbed at p/pi=0.99

Table 3

Si/Al ratios for the parent, desilicated and desilicated/deauluminated H-ZSM-5 samples

estimated from elemental analysis, NH; TPD and *’Si MAS NMR

NH; TPD
Elemental 2Si NMR
. NHj; capacity
Sample analysis”
H-ZSM-5 28 33 0.5 37
H-ZSM-5-desil 13 24 0.61 29
H-ZSM-5-desil/dealu - 55 0.3 56

* measured by ICP-OES
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Table 4
Normalized >’Al NMR intensities® for the three H-ZSM-5 zeolites
obtained from *’Al MAS NMR at 14.1 T

Sample Al (total) Al(4) Al(6) Al(6)/Al(4)
H-ZSM-5 1 0.977 0.023 0.172
H-ZSM-5-desil 1.582 1.263 0.320 0.253
H-ZSM-5- 0.647 0.552 0.095 0.024
desil/dealu

@ The intensities have been normalized according to the actual amount of

sample in the NMR rotor and relative to the total intensity for the parent H-ZSM-5.
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Parent Desil Dealu

%%%%%%ﬁm
e
i

36 -3 32 -30 28 26 24 22 ppm -36 -34 -32 -30 -28 -26 24 (ppm) -36 -3 32 -30 28 26 24 (ppm)

Figure 11.

Intensity distribution in F1

1,00 -
= Parent
0.75 - e Desil.
o
©
o
(2]
2 0,50 1
s
2
‘»
C
92
£ 0,254
0,00
33

F1 (ppm)




Figure 12.
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Figure 14.
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Abstract

Methanol has been converted to hydrocarbons over conventional and mesoporous H-ZSM-5 and H-Ga-
MFI. The gallium based zeotypes are analogous to H-ZSM-5, but the Brgnsted acidity is introduced by
framework incorporation of gallium rather than aluminum, which leads to lower intrinsic acid strength.
The catalyst lifetime is higher for the H-ZSM-5 based catalysts, but upon full deactivation the gallium
zeotypes only contain very small amounts of coke. For instance, the conventional H-ZSM-5 contains 12.4
% carbon upon deactivation, while the mesoporous H-Ga-MFI contains as little as 0.2 %. This remarkable
difference in coke formation is investigated further through catalytic experiments and IR measurements,
and it is concluded that the mesoporous H-Ga-MFl is not deactivated by coke formation but by steaming
(hydrolysis) of the Ga-O bonds in the zeolite structure.

Keywords
Zeolite, gallium, methanol-to-hydrocarbons, deactivation, regeneration
1. Introduction

In recent years there has been an increasing political and scientific focus on the depletion of world-wide
oil deposits and the environmental impact of the massive usage of fossil resources. Development of
alternative technologies is essential in order to meet the demands of the growing world population. The
methanol-to-hydrocarbons (MTH) reaction [1] offers a plausible pathway for production of fuel grade
hydrocarbons from alternative sources. Methanol is produced in large scale today, preferentially from
natural gas, but it can also be produced from biomass, which could lead to a more environmentally
friendly overall process.

In the MTH reaction an acidic zeolite catalyst is employed to produce hydrocarbons, primarily alkanes,
alkenes, and aromatics. The product selectivity is highly dependent on the specific characteristics of the



employed zeolite e.g. pore structure, acid strength, acid density etc., and the selectivity can thus be
shifted towards production of alkenes (the methanol-to-olefins (MTO) process) or towards heavier
compounds, such as aromatics (the methanol-to-gasoline (MTG) process). The MTG reaction was
commercialized in the 1980’s in New Zealand by Mobil Oil, but the gasoline production was shut down
due to the situation in the global oil market [1]. The MTO process has been commercialized by UOP,
while Lurgi has developed a more specialized MTP (methanol-to-propene) process and the construction
of a plant with a capacity of 100,000 ton pr. year in the Middle East has been announced [2].

During the conversion of methanol, the zeolite deactivates due to formation of carbonaceous deposits
(coke) on the catalyst, which must be removed by combustion in order to re-activate the catalyst.
Prolongation of the catalyst lifetime between regeneration is desirable and several approaches to reach
this goal are pursued, most of them dealing with optimization of the catalyst.

In a zeolite catalyst, the acidic sites are created by incorporation of a trivalent metal into the
microporous framework consisting of tetravalent silicon atoms bridged by oxygen atom. In H-ZSM-5,
which is the most widely used zeolite catalyst, this trivalent metal is aluminum, but other elements such
as boron, gallium, or iron can also be employed [3, 4], leading to zeotype materials. In this work we
focus on the H-Ga-MFI zeotype, which is analogous to H-ZSM-5, but with gallium atoms incorporated in
the zeolite framework instead of aluminum. This decreases the intrinsic acidity of the individual active
sites in the zeolite [5] without compromising the zeolite structure significantly [6]. Several reports exists
on conversion of methanol to hydrocarbons over H-Ga-MFI zeotypes [7, 8, 9, 10], and typically a higher
selectivity towards alkenes is observed compared to H-ZSM-5 due to the lower acid strength of the
Brgnsted sites leading to less secondary reactions converting the alkenes to aromatics [10].
Nevertheless, in some cases (especially at high gallium loadings), higher selectivity towards aromatics
than for H-ZSM-5 is observed, which is ascribed to dehydrogenation reactions due to the presence of
extra framework gallium species [5, 9]. During methanol conversion, the rate of formation of coke is
reported to be somewhat lower for H-Ga-MFI than for H-ZSM-5, most likely as a consequence of the
lower acidity of the Brgnsted sites [5].

The diffusion properties of a zeolite crystal are very important, since reactants have to diffuse into the
micropores to react at the active sites, and products have to leave the crystal through the micropores.
One way to improve the diffusion properties of a zeolite crystal is to create mesopores in the range of 2-
50 nm throughout the crystal. This means that reactants gain much easier access to the micropores in
the interior of the zeolite crystal, thus improving the effectiveness of the catalyst by diminishing the
transport limitations imposed by the micropores [12]. Mesoporosity can be introduced to the zeolite in a
range of different ways, e.g. growing the zeolite crystals around carbon nanoparticles and subsequently
combust the carbon to leave mesopores (known as carbon templating [13]) or post synthesis base
treatment of the zeolite to create mesopores by removal of silicon atoms from the zeolite framework
(known as desilication [14]). Mesoporous H-ZSM-5 has been used to catalyze the MTH reaction in work
from several research groups, and the main attribute of the mesoporous zeolites is a prolongation of the
catalyst lifetime compared to their conventional counterparts [15, 16, 17].



In this work we are studying the conversion of methanol over conventional and mesoporous H-ZSM-5
zeolites and H-Ga-MFI zeotypes. The catalysts are evaluated in terms of their product selectivity, catalyst
lifetime, while special emphasis is put on the formation of coke during the reaction. The mesoporous
materials in this work are synthesized via carbon templating.

2. Experimental

All reagents were of reagent grade and used without any further purification. Sodium hydroxide (NaOH,
99 wt%, Riedel-de Haen), tetrapropylammonium hydroxide (TPAOH, 40 wt%, AppliChem), aluminum
isopropoxide (CgH,105Al, 98 wt%, Aldrich), tetraethylorthosilicate (TEOS, 98 wt%, Aldrich),
tetrahydrofuran (THF, 99 wt%, Aldrich), Carbon Black Pearls (BP-2000, average diameter of 12 nm,
Carbot Corporation), ethanol (EtOH, 99.9 wt%, Kemethyl A/S), ammonium nitrate (NH;NO3, 99.5 wt%,
Merck), gallium nitrate hydrate (Ga(NOs)3'xH,0, 99.9 wt%, Aldrich), methanol (> 99.9 % Aldrich
Chromasolv®).

2.1 Catalyst preparation

2.1.1 Conventional ZSM-5

The conventional ZSM-5 was a commercial sample kindly provided by Zeolyst International in its
ammonia form (CBV 8014). Prior to use, the zeolite was calcined at 550 °C for 4 h to obtain the proton
form.

2.1.2 Mesoporous ZSM-5

The synthesis was performed in accordance with previously published procedures [18]. BP-2000 (14 g)
was dried at 110 °C overnight. Aluminum isopropoxide (0.53 g) was quickly mixed with 45 ml THF in a
beaker and impregnated onto the carbon, which was left overnight at rt. In another beaker, 28 g of 40
wt% TPAOH, 3.6 g of H,0, and 0.5 g of NaOH were mixed and stirred until a clear solution was obtained,
after which 21 g EtOH was added during stirring. The carbon was impregnated with the obtained
solution to incipient wetness. After evaporation of the EtOH at room temperature overnight, the carbon
particles were impregnated with 27.09 g TEOS and then left to hydrolyse overnight. The impregnated
carbon was transferred to a Teflon beaker which was placed in a stainless steel autoclave containing 1
cm of water to produce saturated steam. The autoclave was heated slowly to 180 °C and kept at this
temperature for 72 h. Afterwards the autoclave was cooled to rt., the black product was suspended in
water, filtered by suction and washed repeatedly with water until pH of the washing water was neutral.
Then the product was dried at 110 °C for 10 h and the carbon black was removed by controlled
combustion in air in a muffle furnace at 550 °C for 20 h. The mesoporous Na-ZSM-5 was obtained as a
white solid.

2.1.3 Conventional Ga-MFlI

2.108 g NaOH was dissolved in 68 g H,0 and 26.52 g TPAOH (40 wt%) was added. In another beaker
1.674 g Ga(NOs)s-xH,0 was dissolved in 17 g H,0. The two obtained solutions were simultaneously
added dropwise to 68 g TEOS with stirring and left for 2 h with stirring. After approximately 30 min. the



mixture turned into a white thin gel. The gel was transferred to a Teflon lined autoclave, placed in an
oven and heated to 180 °C for 72 h. After cooling, the gray product was filtered off, washed with water,
and dried overnight at rt. The product was calcined at 550 °C for 10 h which afforded the conventional
Na-Ga-MFI as a white solid.

2.1.4 Mesoporous Ga-MFI

BP-2000 (15.6 g) was dried at 110°C overnight. Ga(NOs);-xH,0 (0.667 g) and NaOH (0.56 g) were
dissolved in 4.03 g H,0. When a homogeneously solution was obtained, 31.08 g TPAOH (40 wt%) and
23.3 g EtOH were added. Using incipient wetness, the solution was impregnated onto the carbon and
left overnight at rt. After evaporation of the EtOH at rt. overnight, the carbon particles were
impregnated with 30.2 g TEOS and left to hydrolyse overnight. The impregnated carbon was transferred
to a Teflon beaker which was placed in a stainless steel autoclave with 1 cm water to produce saturated
steam. The autoclave was heated slowly to 180°C and kept at this temperature for 72 h. After cooling,
the black product was suspended in water, filtered by suction and washed repeatedly with water until
pH of the washing water was neutral. Then the product was dried at 110 °C for 10 h and the carbon
black was removed by controlled combustion in air in a muffle furnace at 550 °C for 20 h. In this way
mesoporous Na-Ga-MFI was obtained as a white solid.

2.1.5 lon exchange

The three synthesized zeolite/zeotype materials contain sodium as the charge-compensating cation
after synthesis. The proton form of each catalyst was obtained using the following procedure: Two
consecutive ion exchanges were performed using 1M NH;NO; at 80 °C in ratio 1:30 between mass of Na-
zeolite or Na-zeotype (g) and volume of NH4NO; solution (ml). After each ion exchange, the NH,-form of
the zeolite/zeotype was filtered off, washed with water, and dried in air. Finally, the proton form was
obtained by heating the NH,-ZSM-5 or NH,-Ga-MFl in air to 450 °C for 4 h, whereby NH; desorbed from
the acidic sites leaving protons as charge-compensating cations.

2.2 Catalytic tests

The catalytic reactions were performed in a fixed bed reactor charged with 300 mg catalyst, which was
pretreated in a flow of helium at the reaction temperature for 30 min. prior to the reaction. The reaction
was performed at 370 °C (measured inside the reactor, just below the catalyst bed) and 1 bar, and
methanol (WHSV = 7.9 h™) was introduced via an HPLC pump and evaporated before reaching the
reactor. Helium was used as a carrier gas, with a flow of 40 mL/min, and the products from the reaction
were analyzed by on-line GC (HP6890) equipped a Varian CP-PoraPLOT Q-HT capillary column and a
flame ionization detector. When calculating the conversion, methanol and DME are considered
reactants and response factors of 0.81 (methanol) and 0.63 (DME) are used, while a response factor of 1
is used for all hydrocarbon compounds.

23 Temperature programmed oxidation (TPO) and catalyst regeneration



TPO analyses were performed on 100 mg of spent catalyst which was heated in a flow of 5% O, in
helium (20 mL/min) with a heating rate of 2.75 °C/min to 700 °C. The final temperature was maintained
for 2 h to ensure complete combustion of carbonaceous species. The concentrations of CO and CO, in
the outlet were monitored continuously by a BINOS detector.

Regeneration experiments were conducted by heating the deactivated catalyst in a flow of 5% O, in
helium (20 mL/min) with a heating rate of 2.75 °C/min to 550 °C. The final temperature was maintained
for 4 h to ensure complete combustion of carbonaceous species.

2.4 Characterization methods

All characterizations were made after ion exchange and calcinations. To identify and verify the crystal
structure of the products, powder-XRD patterns were recorded using a Philips Diffractometer with Cu
Ka radiation in the 20 interval 5-70°. The elemental analysis was performed by Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) and used to determine the exact amount of Si, Ga and
Al in the prepared zeolites and zeotypes.

Surface area and pore volume were determined by nitrogen adsorption and desorption measurements
at liquid nitrogen temperature on a Micromeritics ASAP 2020 instrument. The samples were outgassed
in vacuum at 573 K for 16 h prior to measurements. The total surface area was calculated according to
the BET method, the micropore volumes were determined by the t-plot method and the mesopore
volume was determined by the BJH method.

The crystal size and morphology of the zeolites and zeotypes were examined by scanning electron
microscopy (SEM) on a Philips XL-30 FEG. The calcined samples were placed on a carbon film and Ag was
evaporated onto the sample for approximately 20 minutes to achieve sufficient conductivity.

Temperature programmed desorption of ammonia (NH;-TPD) was performed on a Micromeritics
Autochem 2920. Prior to adsorption of ammonia, the sample was heated to 550 °C in a flow of helium.
Desorption of ammonia was performed using a heating ramp of 15 °C/min.

3. Results and discussion
3.1 Catalyst Characterization

All catalysts have been thoroughly characterized concerning their crystallinity, morphology, acidity,
elemental composition, surface area, and pore volume. According to X-ray diffraction (see supporting
information), all four catalysts have crystalline MFI structure and no traces of amorphous material are
detectable. Surface areas and micro- and mesopore volumes are shown in Table 1 alongside the
elemental compositions obtained from ICP-OES analyses. The BET areas and micropore volumes are
within the expected values for MFI zeolites, even though the BET area for the conventional H-Ga-MFl is
somewhat lower than the other samples. The elemental compositions reveal that the gallium based
zeotypes contain less trivalent metal than their H-ZSM-5 based counterparts.



Table 1: BET surface areas and micro- and mesopores volumes obtained from physisorption of nitrogen and
elemental composition (Si/Al or Si/Ga ratios) obtained from ICP-OES analysis

BET surface area Vmicro Vimeso Elemental comp.
(m*/g) (cm’/g) (cm’/g) (Si/Al or Si/Ga)
H-ZSM-5 428 0.17 0.19 37
H-ZSM-5 meso 487 0.19 0.55 40
H-Ga-MFlI 285 0.13 0.11 66
H-Ga-MFI meso 415 0.18 0.48 62

Ammonia TPD of the different catalysts is shown in Figure 1. The high temperature peak (around 300 °C)
originates from the strong Brgnsted sites, while the low temperature peak (around 160 °C) is usually
ascribed to adsorption of multiple ammonia molecules on an acidic site [19], and is thus not of interest.
As expected [5], the Brgnsted peak for the gallium containing zeolites is shifted to lower temperature,
due to the lower acidity of the active sites.

In literature, there has been some discussion on whether or not it is possible to observe differences in
acid strength from NHs-TPD experiments [20], since the specific experimental conditions e.g. flow rate,
type/shape of sample bed, and temperature ramp rate have a large influence on the results. The
employed amount of sample, the acid density of the sample, and nature of the zeolite structure are also
able to shift the observed maximum temperature of the peak. Nevertheless, we observe a distinct shift
to lower temperatures for both gallium containing catalysts, when the NH3-TPD is performed at the
same conditions for all the samples.
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Figure 1: Temperature programmed desorption (TPD) of ammonia for H-ZSM-5, H-ZSM-5 meso, H-Ga-MFI, and
H-Ga-MFI meso

To investigate the morphology of the different samples, SEM micrographs have been obtained. The
particle sizes of the conventional H-ZSM-5 are in the range of 0.5-2 um, showing no preferential shape.
The mesoporous H-ZSM-5 zeolite (Figure 2b) also consists of particles of approximately 0.5-2 um in size,



but they have a sponge like appearance which is characteristic for mesoporous zeolites [21, 22]. The
conventional H-Ga-MFI material (Figure 2c) consists primarily of smaller crystals of around 0.5-1 um.
Most of the crystals have the coffin shape morphology but also intergrown particles and particles with
undefined shapes are present. The mesoporous H-Ga-MFI sample (Figure 2d) consists mainly of very
small particles with some agglomerates also present.

Figure 2: Representative SEM micrographs of a) conv H-ZSM-5, b) meso H-ZSM-5, c) conv H-Ga-MFI, and d) meso
H-Ga-MFI

3.2 Catalytic experiments

The mechanism for conversion of methanol to hydrocarbons over zeolite catalysts is quite complex and
has been extensively discussed in literature [1, 2], and the so-called “hydrocarbon pool mechanism” [23,
24, 25] has gained general acceptance. In this mechanism, methanol is converted in an indirect manner,
via methylation of different hydrocarbon species inside the zeolite. These species are mainly
methylbenzenes and alkenes [24] which crack or split off smaller compounds during molecular
rearrangements.



When methanol initially reaches the catalyst bed, there is no hydrocarbon pool present, but within a
very short time an active hydrocarbon pool is created and full conversion of methanol is achieved. With
time on stream, the catalyst deactivates due to coking, and the active hydrocarbon pool moves
downstream leaving deactivated catalyst behind. This is known as the “cigar burn model”, the burning
tobacco being the active hydrocarbon pool and the ash being the deactivated catalyst [26].

As a consequence of this reaction progress, the initial conversion of methanol is 100 %, which is
maintained until most of the catalyst bed is deactivated and the conversion drops rapidly after
breakthrough of methanol (and DME) [27, 28]. Conversion vs. time on stream for the reaction of
methanol over the four different catalysts is shown in Figure 3. The gallium containing zeotypes exhibit
shorter lifetime than H-ZSM-5, in particular the conventional H-Ga-MFI deactivates very fast. The
mesoporous H-Ga-MFI deactivates much slower than the conventional, and has a lifetime which is close
to the conventional H-ZSM-5. For the mesoporous H-ZSM-5, the breakthrough of methanol is observed
slightly earlier than for conventional H-ZSM-5, but the decline in conversion is slower resulting in a
somewhat higher conversion capacity. This less steep drop in conversion is also observed for
mesoporous H-Ga-MFlI.
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Figure 3: Conversion vs. time on stream for conversion of methanol over H-ZSM-5, H-ZSM-5 meso, H-Ga-MFlI,
and H-Ga-MFI meso (T =370 °C, P = 1 bar)

Figure 4 shows the yield of aromatics vs. time on stream. Aromatics are produced from cyclization and
hydrogen transfer reactions of alkenes, which also lead to the formation of alkanes [15, 29]. The gallium
based zeotypes have a distinct lower selectivity towards aromatics than H-ZSM-5, probably due to a
lower hydrogen transfer activity which is related to the lower acid strength of the catalysts. For all the
catalysts, the production of aromatics decline with time on stream due to gradual loss of active catalyst
available for the cyclization and hydrogen transfer reactions.
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Figure 4: Yield of aromatics vs. time on stream (left) and C4-HTI vs. conversion (right) for conversion of methanol
over H-ZSM-5, H-ZSM-5 meso, H-Ga-MFI, and H-Ga-MFI meso (T = 370 °C, P = 1 bar)

Detailed initial product yields of aliphatics and aromatics for conversion of methanol are shown in Figure
5. Apart from the higher amount of aromatics produced from the two H-ZSM-5 based zeolites, the
selectivities for the different catalysts are quite similar, which is reasonable since they all have MFI
topology. Interestingly, H-Ga-MFI produces large amounts of propene and especially ethene, while
aromatics are present at very low concentrations. Since ethene is primarily produced from
decomposition of the lower methylbenzenes, i.e. xylenes and trimethylbenzenes [24], the observed
selectivities are explained be a catalyst that is starting to deactivate. The catalyst is simply not active
enough to convert the ethene that is split off from the methylbenzenes.
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Figure 5: Initial product yields of aliphatics (a) and aromatics (b) for conversion of methanol over H-ZSM-5, H-
ZSM-5 meso, H-Ga-MFl, and H-Ga-MFI meso (T =370 °C, P = 1 bar)

The mesoporous zeolites produce slightly larger amounts of large aromatic compounds than their
conventional counterparts, which has been observed in other studies as well [15], and can be explained
as a direct effect of the mesoporosity leading to a shorter diffusion path for the larger compounds.

The coke deposition on the different catalysts has been investigated through TPO analyses of the spent
catalysts and the resulting carbon contents in the catalysts upon full deactivation during conversion of



methanol are shown in Figure 6. Generally, the H-ZSM-5 based zeolites contain much more coke than
the gallium based zeotypes. H-Ga-MFI contains only 1 % carbon, while mesoporous H-Ga-MFI contains
as little as 0.2 % carbon even though the catalysts are fully deactivated.

' Il H-ZSM-5

124 I H-ZSM-5 meso
1 I H-Ga-MFI

104 I H-Ga-MFI meso

Carbon content (%)
(e)]

0 ]
Figure 6: Carbon contents in spent catalysts upon conversion of methanol over H-ZSM-5, H-ZSM-5 meso, H-Ga-
MFI, and H-Ga-MFI meso (T =370 °Cand P = 1 bar)

For better comparison of the rate of coke formation, the ratios between the amount of carbon
converted and the amount of carbon deposited on the catalyst as coke during the entire catalyst lifetime
are shown in Figure 7. A combination of reasonable catalyst lifetime and a very small amount of
deposited coke, leads to a remarkably high value for the mesoporous H-Ga-MFI. This catalyst is able to
convert over 20 times as much carbon (in the form of methanol) pr. carbon atom deposited than any of
the other catalysts. As mentioned in the introduction, H-Ga-MFl is reported to form coke at a slower
rate than H-ZSM-5 during methanol conversion, but carbon contents above 10 % are measured at
deactivation [5]. This is in stark contrast to what is observed for the gallium containing samples
presented here.
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Figure 7: The molar ratios between the amount of carbon converted and the amount of carbon deposited as
coke on the catalyst during the entire lifetime of the catalyst for conversion of methanol over H-ZSM-5, H-ZSM-5
meso, H-Ga-MFl, and H-Ga-MFI meso (T =370 °C, P = 1 bar)



As mentioned, the selectivity towards aromatics is somewhat lower for the gallium containing zeotypes,
but it is not negligible, since both catalysts initially produce around 10 % aromatics. Especially in the case
of mesoporous H-Ga-MFl, it is thus possible to produce significant amounts of aromatics, while the
catalyst is only subjected to trace amounts of coke.

Despite the fact that the spent mesoporous H-Ga-MFI only contains a very small amount of coke, it is
still completely deactivated. It is clear that the usually assumed deactivation mechanism of MFI, which is
explained by the formation of external coke, cannot be the reason for the observed activity loss, since
large amounts of external coke would be necessary to impede the diffusion of reactants into the pores
of the catalyst. This means, that the catalyst is either very sensitive towards the presence of coke, i.e. a
very small amount of coke is enough to deactivate it, or it is deactivated in another way than coke
deposition.

To investigate the mode of deactivation further, spent catalyst samples of conventional H-ZSM-5 and
mesoporous H-Ga-MFI were regenerated by combustion of coke and subjected to methanol again, see
Figure 8. In the case of H-ZSM-5, the catalyst is fully regenerated and shows a similar lifetime to the
fresh catalyst. For the mesoporous H-Ga-MFI, the picture is completely different, and combustion of
coke does not lead to reactivation of the catalyst. It is still almost completely inactive in the conversion
of methanol. This confirms that the catalyst has not deactivated due to coke formation.

The most straightforward explanation would be that steaming of the gallium sites during methanol
conversion is responsible for the deactivation of the catalyst. During steaming, a combination of water
presence and relatively high temperature causes the gallium-oxygen bonds in the zeolite to hydrolyze
leading to (partial) loss of gallium from the framework and thereby loss of catalytic activity. For H-ZSM-5
this process requires higher temperatures to occur [21], but gallium might be more vulnerable than
aluminum in this context. A control experiment where the mesoporous H-Ga-MFI was subjected to
water vapor (in a concentration corresponding to what would be expected from methanol dehydration)
for 48 h at the reaction temperature (370 °C) and subsequently tested in methanol conversion has been
performed. The catalyst was not active for methanol conversion upon this treatment which confirms
that steaming is a plausible explanation for the loss of activity.
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Figure 8: Conversion of methanol over fresh H-ZSM-5 and mesoporous H-Ga-MFI followed by coke combustion
and subsequent methanol conversion

Arean et al. have investigated the thermal stability of the Si-O-Ga bonds in the MFI structure in the
absence of water [31]. They found that in samples treated at high temperature, the gallium atoms show
a tendency to leave the framework partially or completely and this phenomenon is particular relevant
for temperatures above 900 K and low Si/Ga ratios. Furthermore, they reported that thermal
degalliation of samples with high Si/Ga ratios (>50) is negligible. This implies that a relatively high
gallium concentration is needed to render the zeolites framework unstable towards thermal treatment
in the 800-900 K range. They also stated that the presence of small amounts of water vapor can strongly
favor the process, which is highly relevant in connection with the deactivation observed in the present
experiments.

To investigate the possible changes of the active sites of the mesoporous H-Ga-MFI during the catalytic
test FT-IR experiments have been conducted. As a reference, the mesoporous H-Ga-MFI was steamed at
370 °C for 48 h. The spectra for a fresh, a regenerated, and a steamed sample of mesoporous H-Ga-MFI
are given in Figure 9. In order to compare the OH groups, the obtained spectra are normalized to the
overtones of the framework vibrations in the 2200-1600 cm™ region.

The spectra of the three samples are similar to those reported in literature [31, 32, 33] as they all show
the characteristic O-H band of the Si(OH)Ga-bridged Brgnsted groups at 3618 cm™ and external silanol
groups at 3746 cm™. In addition, the fresh sample show a broad band at 3400 cm™ which is ascribed to
silanol nests or defects primarily located at the surface. The spectra of the regenerated and steamed
samples resemble each other. One could argue that possible structural changes which lead to
deactivation could occur during the thermal regeneration and not during the conversion of methanol.
But since the spectra for the regenerated and steamed samples are practically identical, the differences
in OH-bands from the fresh sample must originate from steaming and not from the thermal
regeneration. In addition, Aredn et al. have shown that gallium zeotypes with high Si/Ga ratios (>50) are
not significantly affected by high thermal treatment alone (without water present) [31].



Upon methanol conversion, the intensity of the Brgnsted acid band at 3618 cm™ is decreased
significantly. The decrease in the density of Brgnsted acid sites must be due to hydrolysis and possible
dehydration during the reaction which will lead to migration of the gallium atoms into (partially) extra
framework positions and ultimately Ga,0s; clusters. In the inset in Figure 9 the intensity of the bands at
3746 cm™ is enlarged. It appears that the regenerated and steamed samples contain a higher amount of
terminal silanols than the fresh sample. This might be explained by the disintegration of the
agglomerates into small primary particles which were initially connected via hydrogen bridges as
apparent from the broad band at 3400 cm™, resulting in non-interacting terminal silanol groups.

In order to verify if the zeolite structure is affected by conversion of methanol and steaming, the
regenerated and steamed samples were analyzed by X-ray diffraction (see supporting information). This
showed that the structure of the zeolite framework is intact; indicating that changes in catalytic activity
is not due to fragmentation of the zeolite framework, but rather local changes around the active sites.

In summary, the deactivation of the mesoporous H-Ga-MFI zeotype appears to be due to loss of active
Brgnsted acid sites which occurs due to steaming of Si-OH-Ga bonds. In this way, extra framework
gallium is produced leaving the catalyst inactive in the conversion of methanol.
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Figure 9: FT-IR spectra of fresh, regenerated and steamed mesoporous Ga-MFI

4. Conclusions



In this work, conventional and mesoporous H-ZSM-5 and H-Ga-MFI have been thoroughly characterized
and employed in the conversion of methanol to hydrocarbons.

A remarkable difference in the tendency towards formation of coke during methanol conversion for H-
ZSM-5 zeolites compared to H-Ga-ZSM-5 zeotypes is observed. The mesoporous H-Ga-MFI zeolite
presented here only contains 0.2 % coke upon deactivation and is able to convert 20 times the amount
of methanol pr. carbon atom deposited as coke than a conventional H-ZSM-5 zeolite. Even though the
mesoporous H-Ga-MFI only forms insignificant amounts of coke, it is still completely deactivated upon
conversion of methanol. Regeneration and steaming experiments indicated that the mesoporous H-Ga-
MFI might be subjected to deactivation due to steaming of the Ga-O bonds in the structure during the
conversion of methanol leading to loss of gallium from the zeolite framework. This was supported by IR
measurements on a fresh, a regenerated (coke combustion upon methanol conversion), and a steamed
(at reaction conditions) H-Ga-MFI sample, which showed a similar decrease in the Brgnsted band for the
steamed and regenerated sample compared to the fresh.
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s A new concept to prepare tight bifunctional catalyshas been  catalyst at high temperature and high pressure idelw
developed, by anchoring CoMg clusters on hierarchical employed by the refineries to produce low-sulfusame and
ZSM-5 zeolites for simultaneous use in HDS and  diesel fuef

hydrocracking catalysis. The prepared material disphys a Over the years several support materials havetgily been
10 the impregnated counterpart. and silica-alumina, while pure silica, zeolitesedelguhr and

magnesia are so far only explored in resefitdbre, we present a

Conventional microporous zeolites have for sevemry been 25 new tight bifunctional catalyst in the sense, thés applicable

known as excellent hydrocracking catalyst due toptesence of for simultaneous use in two reactions namely in HBS

intrinsic acid sites* Environmental regulations demand that hydrocracking. The intention is to position the iaetCoMo

sulfur and other contaminants have to be removedthvis species close to the Brgnsted acid sites inherrethd zeolite
1s usually done prior to refinery processes as thiuishhs a severe  framework whereby the hydrogenation and crackirtg/igg are

impact on the catalysts, the equipment, and thétgud the final 2o in tight association.
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Usually the Co/Mo phase is impregnated onto thepeup the cobalt and molybdenum contents determined bynehtal
material. In this work the catalyst is prepared dmychoring eo analysis after calcination.
CoMog clusters onto a mesoporous ZSM-5 zeolite in otder Table 1: Cobalt and molybdenum contents and model activity test
improve the dispersion of the active HDS phase.n@Jsa results.

conventional zeolite as support material it is posgsible to place  Catalyst Co Mo k(HDS)
the CoMg species close to the acid sites inside the zeolite [wt%] [wt%] [hY
crystals as the solely microporous structure makhe CoMos-ZSM-5 (anchored) 0.97 10.1 32.4
incorporation of CoMg only possible on the external surface of Co+Mo-ZSM-5 (impregnated) 0.88 9.4 19.3

the crystals. Instead, hierarchical zeolites femtor addition to  ®determined by elemental analysis after calcinadio®00 °C for 3 hours
the intrinsic micropore system an auxiliary poresteym

consisting of larger pores that intersect the nmiores. Zeolites ¢ Table 1 reveals that despite the fact that théna@rec and the
containing both micropores and mesopores combiresttape  impreganted reference material contain very simalarounts of
selectivity, hydrothermal stability and possibilfyr high acidity metals, a significantly higher HDS activity is obse for the
typical of conventional zeolites with highly effiit transport of  tight bifunctional catalyst.

reactants and products due to mesopores. The nresopxtend After catalytic testing, the anchored version wharacterised
into the microporous crystalline zeolite framewdas shown in 7o using transmission electron microscopy (TEM). Thenpunced
Fig. 1) and will be terminated by silanol groupshet meospore contrast differences and the sponge-like appearaeee in Fig.

wall. These silanol groups makes it possible tacfiomalise the  1b, reveal the mesoporous nature of the zeolitpatpnaterial,
surface withe.g. alkoxysilanes which can be used as linker which is further supported by ,Nbhysisorption (supporting
molecule’ & Due to the large mesopore surface area the amourinformation). Throughout the sample well dispers4aS, slabs
of silanol groups is relatively high compared witiat on the 75 are visible both as single and double sheets ar@t®iehm thick,
external surface of conventional zeolite crystals. see Fig. 1c. The MaSslabs are located in the mesopores and
The tight bifunctional catalyst is prepared by ngsi(3- interparticle voids since they are too large to ifito the
aminopropyl)trimethoxysilane (APTMS) as linker molée to micropore system of the zeolite. In selected aszaall round
functionalise the mesopores of the zeolite astithied in Fig. 1.  particles around 1 nm are also visible, see sugprt
The mesoporous zeolite was obtained via desilicatdd a soinformation. XRPD of the spent catalyst was usethtestigate
commercial ZSM-5 sample with NaOH solution..Afteodifying if these particles are related to cobalt or mixedMzo sulfide
the surface with APTMS the material is treated vykrochloric phases. However, only crystalline ZSM-5 togethethwan
acid to convert the amine groups into the corredpmn  undefined amorphous phase was detected. Furth&ratioa of
hydrochloric salt. Hereafter, it is possible taalt a mixed cobalt the nanoparticles is under preparatiome, using selected area
and molybdenum containing Anderson ionsfldMaz0,4% to s electron diffraction methods.
the surface by ion exchange. The Anderson ionaseh as metal In conclusion a new approach for preparing tighiriztional
sources to enhance the probability to form thevac€o-Mo-S HDS catalysts was successfully accomplished byeiwhange
phase after sulfidation as the promoter metal isoduced CoMo; polyoxometallate ions onto the functionalised npese
directly with the catalytically active metal. Toviestigate if the  surface of a ZSM-5. By this approach the HDS agtiat the
anchoring improves the catalytic activity, a refere material <o tight bifuctional catalyst displayed a significamigher activity
was prepared via impregnation of two aqueous swiatiof compared to the impregnated counterpart. The diffeg in HDS
(NHz)sM0;0,,-4H,0 and Co(HO)s(NOs),, onto the parent activity is attributed to an improved dispersion the metals
mesoporous ZSM-5. throughout the zeolite support, which is suppoitgdthe TEM
X-ray powder diffraction (XRPD) shows that the paop images as illustrated in Fig. 1c and supportingrim@ation. The
material consists of crystalline MFI-structured enatl, while N os presented concept for the preparation of tight rufional
physisorption proved the presence of mesoporous avixternal  catalysts combines the intrinsic properties of #Hemlitesi.e.
surface area of 221 %y and a micropore surface area of 300 acidity and size-selectivity with the possibilityo tanchor
m?/g The XRD pattern, the isotherm and correspongiorg size  catalytically active metal clusters in close viginof these acid
distribution are given in the supporting informatido this sites to create a novel type of bifunctional zeaotiatalyst..
communication. From the scanning electron microlgsapf the
mesoporous zeolite, seey. Fig. 1a, the particles appear spongen Notes and references
Illz)e,sjass 'S tySplcaI for rtrllelsoporoustzetojllt?s, am'?n(;]e rarggi of Haldor Topsge A/S, Nymgllevej 55, DK-2800 Lyngmnmark, E-mail:
:5-3um. Some particles seem to be fragmented, probaby a |, @topsoe.dk Fax: + 45 45 27 29 99, Tel: + 4276 81
result of the desilication. The carbon content rafte ®centre for Catalysis and Sustainable Chemistrgffieeal University of
functionalisation was 9.82 wt. %, determined by naatal Denmark, Kemitorvet, DK-2800 Lyngby, Denmark
ana|ysisl Corresponding to 2.7 mmol APTMS/g zepolffhis is 105 ¢ Instituto de TeCnOIOgia Quimica, UPV, Av. Nal’al’ﬂ‘b’ﬁ E-46022

. . . : . Valencia, Spain
rather high compared to preV|.0us resuitdhich is most likely T Electronic Supplementary Information (ESI) avalia [details of any
due to larger mesopores and higher external susdiaeze

- N U ) supplementary information available should be idetli here]. See
As numerous authors have verified the intrinsiopprties of DOI: 10.1039/b000000x/

ZSM-5 zeolite as excellent hydrocracking cataf/s; we have 10 1 J.W. WardFuel Process. Technoll993,35, 55
chosen to focus on the catalytic activity in HDSweTresults of 2 C. Martinez, A. CormaCoordin. Chem. Rey2011,255 1558

the model activity test results are given in Tablgether with s 2A3'§7A7“ T. Tatsumi, T. MasudaAppl. Catal. A: Gen.2002,
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Tight bifunctional hierarchical catalyst

Karen T. Hgjholt, Peter N. R. Vennestrgm and Pabl@Beato

1. Experimental

All reagents were of reagent grade and used witaoyturther purification: Sodium molybdate
dihydrate (NaMoO4-2H,0, >99.5 wt%, Sigma-Aldrich), nitric acid (HN65 wt%, Sigma-
Aldrich), cobalt(ll) sulfate heptahydrate (CoSTH,0, 99 wt%, Sigma-Aldrich), sodium
peroxodisulfate (N#5,0g, >99 wt%, Aldrich), sodium hydroxide (NaOH, 99 wt%ieRel-de Haen),
ammonium nitrate (NENOs, 99.5 wt%, Merck), ammonia (NH25 wt%, Fluka), toluene (Els,
99.7 wt%, Fluka), (3-aminopropyl)trimethoxysilare(TMS, 97 wt%, Aldrich), hydrochloric acid
(HCI, 37 wt%, Sigma-Aldrich).

1.1 Synthesis of NgCo(OH)sMo0gO14] -8H,0

Nag[Co(OH)sMosO: g Was synthesised according to Nokiral." using the following procedure:
First, 30.26 g NaMoO,-2H,0 was dissolved in 50 mlJ@ and acidified to pH 4.51 with HNG65
wt%). In another beaker 5.75 g CosDH,0O was dissolved in 10 mlJ@ and then added to the
molybdate solution under stirring. A solution 053.g NaS,0g dissolved in 8.8 ml kD was then
added to the Co/Mo mixture as an oxidising agehé dbtained solution was heated to reflux until a
dark turquoise solid precipitated. Upon furthetueihg, the precipitate was redissolved and the
original red colour of the solution returned. Fallog this, the solution gradually turned dark green
a color change indicating oxidation of the cobH)ttp cobalt (lll). Boiling was continued until
evolution of oxygen ceased, by which time the solubecame permanently dark turquoise. Finally
the hot solution was filtered and the filtrate Wef$ to precipitate dark green crystals upon caplin
and consecutive evaporation of the solvent. Thdysrbis referred to as CoMo

1.2 Synthesis of mesoporous ZSM-5

Hierarchical ZSM-5 was prepared by desilicatiom@ommercially available ZSM-5 zeolite using
a 0.3 M NaOH solution in the ratio 33 ml per gragolge materal for 30 min at 70 °C. The
selective silicon leaching was stopped by quencthiegolution on ice, and then washed three
times with water by centrifugation. The desilica#siM-5 was dried over night at room
temperature before further treatment. To obtairathenonium form of the desilicated samples two
consecutive ion exchanges were carried out usih@ & NH;NO3/0.94 M NH; buffer solution

with 10 ml solution per gram zeolite, at 80 °C urstaring for 2 hours. After each exchange, the
NH;-form of the zeolite was isolated by filtration, steed with water and dried in air at 110 °C.
After the last ion exchange, the H-form of the tiestied zeolite was finally obtained by calcining
the NH,-form in air to 550°C for 3 h.

1.3 Anchoring CoMaos on mesoporous ZSM-5

The CoMg clusters were anchored onto the mesopore surfduerarchical ZSM-5 by first
functionalising the surface with (3-aminopropybhtethoxysilane (APTMS): 4 g of mesoporous
ZSM-5 were suspended in 160 ml toluene and heaté8 ¢C, followed by the addition of 11 g
APTMS. The suspension was stirred overnight, Bideaind the obtained product washed with
toluene and dried at room temperature. 2 g of fanatised mesoporous ZSM-5 were stirred over
night in 150 ml 3 M HCI, filtered and left for dnyg at room temperature. The Cojanderson ion



was finally attached to the mesoporous ZSM-5 zedljt ion-exchange. The mesoporous ZSM-5
was added to a solution of 0.323 gzl (OH)M0s01g] in 60 ml HO (pH 4.2 adjusted with
HNO;3, 65 wt%). After stirring for 12 hours, the solic@/filtered of, washed with water and dried
at room temperature. The product was named “CeE&M-5 (anchored)”.

1.4 Preparation of reference material

The impreganted reference catalyst was preparesizigessive incipient wetness impregnation of
the mesoporous ZSM-5 (0.518 g) with agueous saiatad 2.923g (NEMo7024-4H,0 (AHM) and
0.7844g Co(HO)s(NOs), in 25ml water. After drying overnight at room teengture, the sample
was calcined at 500 °C for 3 hours.

1.5 Model activity test

Catalytic testing was performed in a fixed bed teacharged with 300 mg catalyst in the fraction
600-850um. To achieve a steady flow the catalyst was muxigd Ballotini glass balls (150-250

um) until a final volume of 1 ml was obtained. Priorcatalytic test the catalyst was sulfidized in a
flow of 2.5 % dimethyldisulfide (DMDS) dissolved mheptane at 350 °C and 50 bar for 4 hours.
Helium was used as a carrier gas with a flow of R&@/min.

After 4 hours of sulfidation the feed was changed model oil feed containing 3 %
dibenzothiophene (DBT), 0.5 % indole, 1 % napht@lén5 % dimethyldisulfide (DMDS), 0.5 %6
nonane, the rest beimgheptan solvent.. The catalytic reaction was atstopmed at 350 °C, 50 bar
using helium as a carrier gas with a flow of 250IMmm. The employed feed rate of oil was 0.3
ml/min and the total WHSV was 68"hThe products from the reaction were analysednbyraline
GC equipped with a FID using n-nonane as an intstaadard. The reaction was allowed to
stabilize over 4 hours in order to obtain steadyestonditions after changing to the oil feed pioor
catalytic measurements. Afterwards eight GC analg$é¢he product stream were made with 1 hour
intervals.

The activity was determined as a pseudo first oraker constant, k which is calculated on the basis
of the 8 measured conversions of DBT. The rateteoibk was calculated using the equation for the
first order rate law (Eq. 6.1) and the correlati@iween residence tim@ndWHSV:

Ir{ [DBT] J e In[[DBT]O - conv.[[DBT]oj i

[DBT]O [DBT]O =-kt < In(1-conv.) = -kt

where DBT] is the concentration of DBT at time[DBT] is the concentration of DBT at timhes O
andconv. is the fractional conversion of DBT.

At steady state conditions the catalyst produga®duct stream of steady composition. The time t
in the first order kinetic equation is therefore tliesidence time of the feed in the reactor. This
residence time is equal to the reciprocal WeightitjoSpace Velocity (WHSV) defined as:

flowx feed density
WHSV =

catalyst mass
and thus get:

k = “WHSV 0On(1- conv.)



2. Characterisations

2.1 XRPD
The obtained XRPD pattern for the CoMwecursor compound is shown in Figure 1 togethtr w
the XRPD patterns for ZSM-5 before and after desion.

a h

ZSM-5

Intensity [a.u.]
Intensity [a.u.]

Desilicated ZSM-5

R .

5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65
2 theta [] 2 theta [9]

Figure S1: XRPD patterns of a) Ng[Co(OH)gM04O:¢]-8H,0 and b) ZSM-5 before and after desilication

As seen in Figure Sla the prepared[Ra(OH)Mo0s0:1g]-8H,O is a crystalline material with the
desired phaseThe XRPD patterns for ZSM-5 before and afterlasied (Figure 1b) show that the
MFI structure is preserved after the formation efsopores

2.2 SEM
Figure S2 gives representative SEM images of thenpand desilicated ZSM-5 samples.

Figure S2:Representative SEM images of ZSM-5 befor@) and after desilication (b, c)

The parent ZSM-5 sample consists of particles @réimge of ~ 0.5-8m, Figure 2, and the shape is
more oval-like than the typical coffin-shaped ztadi From the SEM images of the desilicated
sample the particles appear sponge-like, typidalynesoporous zeolites, but retain more or less
their original size. Some patrticles are fragmenpedbably as a result of the desilication.

2.3 N\, Physisorption

The pore volumes and surface areas calculatedtiieri\, physisorption measurements are listed
in Table S1. Figure 3 shows the physisorption sotts given by the parent and desilicated ZSM-5
samples and the pore size distributions deriveuh fitee desorption isotherm.



Table 6.1: Surface areas and pore volumes of the parent and desilicated zeolite samples

Surface External surface Micropore Micropore Total pore
area’ area” surface area volume” volume®
[m*/g] [m*/g] [m*/g] [em®/g] [em®/g]
Parent ZSM-5 430 48 382 0.17 0.26
Desilicated 521 221 300 0.13 1.07

ZSM-5
? Calculated using the BET method, ® determined using the t-plot method and © volume adsorbed at P/P;=0.99
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Figure S3 N, adsorption-desorption isotherms (a) and corresporidg pore size distribution (b) of the parent and
desilicated ZSM-5 zeolites. The pore size distribidns are obtained from the desorption branch of thésotherm
using the BJH method

The isotherm from the desilicated sample in FigaBa exhibits a hysteresis typical for mesoporous
materials. The sample can therefore be classiBell@erarchical zeolite. Contrary, the isotherm of
the parent sample does not contain any signifiaamdunt of hysteresis and displays an isotherm
typical for solely microporous materials. FigurébSBows the pore size distributions, including the
artefacts at 2 and 4 nm due to the well known gphase transition of Nand forced closure of the
hysteresis loop, respectively. For the desilica@uple pore size distribution is spread over the
mesopore and macropore region, centred at 27 rable 51 quantitatively reveals the large
increase in total pore volume and external suréaea upon the desilication treatment calculated
from the isotherms. It is noteworthy to mentionttthe large increase in mesopore volume and
external surface area only occurs at a small exgpehthe micropore volume and surface area. This
indicates that most of the intrinsic propertiesh&f ZSM-5 zeolite are preserved after the treatment

2.4 TEM

After sulfidation and catalytic testing the anchlibwersion was characterised using TEM. In general
it was difficult to conduct TEM especially at higiagnifications due to the electron beam
sensitivity of the zeolite framework. Represen®@&{hEM images are given in Figure S4.
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Figure S4: Representative TEM images of the spenatalyst whose precursor contained
anchored CoMq; clusters

The mesoporous nature of the zeolite can clearhgbegnised by the pronounced contrast
differences shown in Figure S4a. Throughout thepdanMo$S slabs are present both as single and



double sheets. The MgSlabs are primarily located in the mesopores dineg are too large to fit
into the micropore system of the zeolite. The Msl8bs are estimated to 2-3 nm. To further
explore the location of the Me$side the zeolite particles TEM tomography isnplked as future
work.

In selected areas small round particles of homamgsnsize distribution at around 1 nm were
observed, especially apparent in Figure S4c aXdR&D of the spent catalyst did only detect
crystalline ZSM-5 together with an undefined amayhphase. This could be due to the very small
particles size of both the undefined particles Bios, slabs. Most likely the small particles are due
to non or only partially sulfided CoMo phase.

AL Nolan, C.C. Allen, R.C. Burns, D.C. Craig, G.awranceAust. J. Chem., 1998,51, 825
2 Website of the International Zeolite Associatibttp://www.iza-structure.org/databases’ ¢f June 2011)
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Abstract Here, we report a synthesis and catalytic study
of hybrid materials comprised of 1-3 nm sinter-stable Au
nanoparticles in MFI-type zeolites. An optional post-
treatment in aqua regia effectively remove Au from the
external surfaces. The size-selective aerobic aldehyde
oxidation verifies that the active Au is accessible only
through the zeolite micropores.
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Size-selectivity

1 Introduction

Supported gold nanoparticles with a diameter of less than
10 nm are highly active oxidation catalysts for many
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reactions [1]. However, these catalysts frequently deacti-
vate as the average size of the supported metal nanoparti-
cles increases due to sintering [2-5]. Several methods have
been developed to produce sinter-stable nanoparticle cat-
alyst, including encasing the metal nanoparticles in a pro-
tective shell or in a mesoporous silica matrix [6-9].
Generally all of these materials are non-selective in their
catalytic activity. One option for enhancing selectivity is
encapsulating the nanoparticles in a zeolite matrix. Zeolites
have an inherent micropore system of molecular dimen-
sions, which allows for shape-selective catalysis. Further-
more, zeolites are often materials with a high thermal
stability and remarkably high surface areas. These prop-
erties also make zeolites particularly useful as the catalyst
in several applications, and this use of zeolites has indeed
received significant attention [10, 11]. Therefore, hybrid
materials consisting of nanoparticles, which are only
accessible via the micropore system of zeolites are inter-
esting as they will combine the benefits of sinter-stable
nanoparticles with the shape-selective properties of zeo-
lites. Several authors [12—-15] have entrapped metal nano-
particles in the cages of zeolite crystals using post
treatment methods. This type of hybrid material though, is
restricted to zeolites the structure of which contains cages.
Recently, we have reported the synthesis of immobilized
Au nanoparticles in silicalite-1 type crystals [16]. It was
demonstrated that Au nanoparticles are primarily encap-
sulated in the zeolite crystals but are also present as larger
agglomerates on the external surface of the zeolite. By
calcination experiments both ex situ and in situ it was
shown that the encapsulated Au nanoparticles are highly
stable towards sintering up to a temperature of 500 °C.
Here, we present a new and improved 2-step synthesis
route to encapsulate Au metal nanoparticles in ZSM-5
zeolite crystals. Besides being a 2-step synthesis, this new

@ Springer
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synthesis allows Al to be introduced in the zeolite struc-
ture, which allows for tuning the acidic and hydrophobic
properties of the zeolite matrix. Furthermore, we present a
comprehensive characterization study using BET/N,-
physisorption, inductively coupled ion-plasma optical
emission spectroscopy (ICP-OES), powder X-ray diffrac-
tion (XRPD), scanning and transmission electron micros-
copy (SEM and TEM). Our new hybrid material is then
compared to the previous synthesized hybrid material in
the aerobic oxidation of benzaldehyde and 3,5-dimethyl-
benzaldehyde see Scheme 1. Hereby, we demonstrate that
the presence of embedded Au nanoparticles in the zeolite
crystals enhance the selectivity towards the sterically less
hindered methylbenzoate for both hybrid materials, thus
verifying that the Au metal nanoparticles are truly
encapsulated.

To investigate the role of the Au present on the surface
of the catalyst, these are removed by a treatment with aqua
regia. All four catalysts from the two synthesis strategies,
including the Au leaching, are shown in Scheme 2.

The first material termed I-Au@MFI is made as previ-
ously described [16] by first immobilizing Au nanoparticles
in amorphous silica followed by a hydrothermal synthesis
to produce encapsulated Au nanoparticles in crystalline
silicalite-1 crystals. During the optional acid leaching the
organic template is kept in the micropores of the silicalite-1
crystals, as a filling agent to prevent the aqua regia in
dissolving the embedded Au nanoparticles. The effective-
ness of this technique, in preventing solvent penetration of
the micropore system, has also previously been reported for
the constrained desilication of ZSM-5 crystals [17]. The
acid leached product is termed II-Au@MFI. In the new
2-step synthesis the first step is to immobilize Au nanocl-
usters in amorphous silica followed by a hydrothermal
synthesis creating silicalite-1 seeds with a higher Au con-
tent than the previous product (I-Au@MFI). The resulting
silicalite-1 seeds is suspended in a ZSM-5 growth medium
containing aluminium and synthesised into the product
termed III-Au@MFI. After the optional acid leaching the
product is termed IV-Au@MFI.

All the synthesised materials were characterized using
XRPD, ICP-OES, N, physisorption, SEM and TEM. Fur-
thermore, the catalytic ability of the catalyst materials are

o) CHg
= I
o o]
+ %0, +
— H,0
R R +H3C OH RT 2
MeOH, 1bar O,
R=HorCHj; R

Scheme 1 Reaction scheme for the catalytic test reaction using two
different reagent: R = H the stericly unhindered benzaldehyde and
R = CHj; the stericly hindered 3,5-dimethylbenzaldehyde

@ Springer

tested in the aerobic oxidation of benzaldehyde and 3,5-
dimethylbenzaldehyde in methanol to the corresponding
methyl esters at room temperature and under atmospheric
pressure.

2 Experimental
2.1 Synthesis and Catalysts Preparation

All chemicals were used as-received without further
purification.

2.1.1 Synthesis of I-Au@MFI

The catalyst was prepared as described in our previous
study [16].

2.1.2 Synthesis of III-Au@MFI

The gold nanoclusters were prepared as described by Wu
et al. [18] equimolarly exchanging the phenylethylthiol for
3-mercaptopropyltrimethoxysilane ~ (MPTMS,  Sigma-
Aldrich, 95%). 25 mL of the resulting colloidal suspension
was diluted with 500 mL THF (Sigma-Aldrich >99%), and
5.25 mL. NH4,OH (Merck 25% NH;3) in an Erlenmeyer
flask. After stirring (600 rpm) for 15 min 0.39 mL tetra-
ethyl orthosilicate, TEOS (Sigma-Aldrich, 98%) was added
and stirred for 8 h. Four additions of TEOS were made at
8 h intervals. The solid precursor product was recovered by
evaporation of the solvents at 100 °C overnight. In a beaker
119 g deionized water was mixed with 19 g ethanol, 0.16 g
NaOH, and 2.79 g TPAOH (AppliChem, 40 wt%). After
obtaining a homogeneous solution 1.23 g precursor was
suspended in this and then stirred for 15 min. The sus-
pension was transferred to a 160 mL Teflon lined auto-
clave, sealed and heated to 100 °C for 5 days. After
quenching the autoclave to room temperature the zeolite
seeds was recovered by centrifugation at 9,000 rpm for
30 min and decanting off the mother liquid. The solid was
washed five times by suspending it in water, centrifuging,
and decanting off the mother liquid. Finally, the zeolite
seeds were dried at 100 °C overnight. A ZSM-5 growth
medium was prepared, by a procedure modified from lit-
erature [19], by dissolving 0.079 g NaOH, 0.098 g anhy-
drous NaAlO, (Riedel-de Hien, 29.3% Al) in 7.9 mL
deionized water under stirring (600 rpm). Silica was added
in small portions until 0.876 g SiO, gel (SiO, gel 100,
0.063-0.2 mm, Merck) had been added. The resulting
suspension was mixed by shaking vigorously for 1 h. Then,
0.126 g zeolite seeds were added and shaken another hour.
The final catalyst was obtained by sealing the suspension in
a 160 mL Teflon lined autoclave and heating it to 180 °C
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Scheme 2 Synthesis scheme for the four catalysts. The upper one is the first strategy and the lower one is the 2-step synthesis

for 40 h. After quenching the autoclave to room tempera-
ture the zeolite crystals were recovered by filtration on a
cellulose filter in a Buchner funnel under suction. Finally,
the solid product was washed in deionized water until a pH
of 7 was reached. The final product was obtained by drying
at 100 °C for 16 h.

2.1.3 Synthesis of [I-Au@MFI and IV-Au@MFI

In a typical synthesis 0.4 g un-calcined product of the
[-Au@MFI and II-Au@MFI synthesis, respectively, was
transferred to a sintered glass frit filter (#4) and washed in
5 mL deionized water under suction. The solid was then
washed in 25 mL aqua regia in portions of four each sep-
arated by washing in 5 mL deionized water. Finally, the
acid was removed by washing in 200 mL deionized water.

2.1.4 Calcination

All four prepared Au@MFI samples are ground in a mortar
and calcined in air by heating in a muffle oven. The samples
are heated in a ceramic crucible to 550 °C at a ramp of 2 °C/
min. The samples are held at this temperature for 3 h to ensure
complete decomposition of the organic templates, after which
it is allowed to cool naturally to room temperature.

2.2 Characterizations Methods

To identify and verify the crystal structure of the products,
XRPD patterns were recorded using a Philips PANalytical
X’PERT powder diffractometer with Cu Ko radiation in
the 260 interval 5-70°. The elemental analysis were pre-
formed by ICP-OES and used to determine the exact
amount of Au in the Au@MFI samples.

The surface area and the pore volume were determined
by nitrogen adsorption and desorption measurements at
liquid nitrogen temperature on a Micromeritics ASAP
2020. The samples were outgassed in vacuum at 473 K for
6 h prior to measurements. The total surface area was
calculated according to the BET method and the micropore
volumes were determined by the z-plot method [20].

The crystal size, morphology of the zeolite, and amount
of highly reflecting Au of the Au@MFI samples were
examined by scanning electron microscopy (SEM) on a
Phillips XL20 FEG using a backscatter detector. The
samples were placed on a carbon film and 20 nm Pt/Pd was
evaporated onto the sample to achieve sufficient
conductivity.

To investigate the size of the Au particles and the effect
of the acid leaching sample [-Au@MFI and II-Au@MFI
were examined by transmission electron microscopy
(TEM) on a Titan 80-300 SuperTwin electronmicroscope
operated at 300 kV. The samples were measured after
calcination and then placed on a Cu-grid with a lacey
carbon film.

2.3 Catalytic Aerobic Oxidation of Aldehydes

All reagents used were of reagent grade and used with-
out further purification: Benzaldehyde (C;HgO, 99%,
Sigma-Aldrich), 3,5-dimethylbenzaldehyde (CoH,00, 97%,
Sigma-Aldrich), methanol (CH30H, 99%, Sigma-Aldrich),
30 wt% sodium methoxide solution (Sigma-Aldrich), anisol
(C;HgO, 99% Sigma-Aldrich).

In a typical experiment, a mixture of 0.5 mmol aldehyde
(benzaldehyde or 3,5-dimethylbenzaldehyde), 60 mmol
methanol and 0.1 mmol sodium methoxide were charged
into a 10 mL two-neck round-bottom flask equipped with a
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condenser and a septum together with a Au@MFI catalyst
(0.1 mol% Au). The reactor system was connected to an O,
cylinder and flushed with O,. The reaction mixture was
mixed with magnetic stirring and small samples were taken
at selected times, filtered directly through a syringe filter
and analysed by GC and GC-MS. The GC column Agilent
Technologies Inc. HP-5 was used. The amounts of sub-
strates and products were quantified using anisol as internal
standard.

3 Results and Discussion

3.1 Characterization of the Au Zeolite Hybrid
Materials

The XRPD patterns for the four Au@MFI catalysts are all
shown in Fig. 1. All patterns are recorded after the zeolite
synthesis and prior to combustion of the organic template.
From Fig. 1 it is clearly seen that all samples contain

] — a l-Au@MFI

: — b llF-Au@MFI

——c llIF-Au@MFI

—d IV-Au@MFI
e Au-reference
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Fig. 1 XRPD patterns of a I-Au@MFI, b II-Au@MFI, ¢ III-
Au@MFI and d IV-Au@MFI. A reference pattern [22] e for bulk
Au is shown as bars below the experimental patterns. All patterns are
recorded before combustion of the organic template

highly crystalline material with the MFI structure [21]
along with Au particles [22].

The average diameter of the Au particles in the [111]
crystal direction is estimated by the Debye—Scherrer
equation and listed in Table 1. In Table 1 is also given the
Au content determined from elementary analysis, ICP-
OES, and the results from N, physisorption measurements
are also given.

Comparing the average Au particle size before and after
calcination yields the same trend for both sets of prepara-
tion methods. The overall trend is that the Au [111] sizes
increase significantly for all samples. However, the most
significant increase is for the two parent samples:
I-Au@MFI (a factor of ~5.1) and III-Au@MFI (a factor
of >1.6). It is assumed that this is due to the larger amount
of Au particles on the surface of the parent samples, which
may sinter freely, compared to the two washed samples, II-
Au@MFI (a factor of ~1.5) and IV-Au@MFI (a factor
of ~1.3). However, it could not be ruled out that the effect
originates from the lower gold loading of the leached
samples, i.e., nanoparticle dispersion. It is anticipated that
the acid leaching decreases the average Au particle size
since all the small Au particles should primarily be
embedded in the zeolite and therefore inaccessible to the
acid. This appears to be invalid in going from sample
[-Au@MFI to II-Au@MFI. Here, the average diameter has
increased from 18 to 28 nm prior to calcination. This could
be due to the presence of small gold particles on the surface
that would be removed first during the acid leaching
leaving behind the larger Au particles resulting in an
increase in the relative amount of larger particles. Opposed
to this sample III-Au@MFI shows a small but net decrease
in average diameter in going from sample III-Au@MFI to
sample IV-Au@MFI. The Au content determined from
ICP-OES analysis show that a significant amount of Au is
lost during the acid leaching. However, the amounts of Au
lost from the two acid leached samples are comparable, i.e.,
ca. 20%. Comparing the two parent samples, [-Au@MFI
and III-Au@MF], there is a considerable difference in the
amount of Au demonstrating that the second synthesis
routes gives a product containing an increased amount of Au.

Table 1 The average Au particle size before and after calcinations, Au content measured by ICP-OES and N, physisorption data. Au content
and N, physisorption measurements are recorded after the combustion of the organic template

Material Au size Au content Surface area Micropore volume Zeolite size
before/after calcination (nm)* (Wt%) (m%/ g)b (cm’/ )¢ ( pm)d
I-Au@MFI 18/92 1.37 306 [16] 0.096 [16] 2
II-Au@MFI 28/41 0.25 329 0.112 2
II-Au@MFI 64/ >100 3.34 245 0.105 10
IV-Au@MFI 49/63 0.65 269 0.093 10

? Estimated by Scherrer Equation D[111]°Calculated by BET Calculated by #-plot method“Estimated from SEM
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This is believed to be due to a loss of either Au
(I-Au@MFI) or zeolite precursor (III-Au@MFI) during the
synthesis or a combination; this could not be verified from
the available data.

In Table 1 the BET surface areas and micropore vol-
umes of the four Au@MFI sample are given. The surface
area for I-Au@MFI and II-Au@MFI lie in the range of
previous results for conventional MFI samples around
300 m2/g [23, 24]. The surface areas for III-Au@MFI and
IV-Au@MFI are lower than for the former, which the
authors speculate might be due to either crystal size,
micropore blockage by the incorporated Au nanoparticles
or extra framework alumina, or a very small amount of
amorphous material. The latter, however, seems con-
tradicted as the XRPD pattern shows only crystalline
zeolite and gold. The micropore volumes for all four
Au@MFI lie in the range of previous results [23, 24]. The
surface area and micropore volume for the four Au@MFI
samples illustrate that in spite of the incorporation of gold
particles in the materials they are expected to perform like
a conventional zeolite in respect to size-selectivity.

The SEM images of the four Au@MFI samples are
shown in Fig. 2 and the images are recorded using the
backscatter detector. By using the backscatter detector the
Au particles, which are highly reflecting particles, will
appear as bright spots.

Comparing sample I[-Au@MFI and II-Au@MFI
(Fig. 2a, b) there is a clear reduction in the amount of Au

Fig. 2 SEM images of

a [F-Au@MFI, b II-Au@MFI,

¢ III-Au@MFI, and d IV-
Au@MFI. The images are
recorded using the backscatter
detector and after combustion of
the template

particles on the MFI crystal surfaces after the acid leaching
in Fig. 2b. Note that only two larger Au particles are still
observed after the treatment and that all smaller particles
have disappeared from view. This observation indicates
that the dissolution strategy has worked as intended. It
should be emphasized that the resolution of the SEM
images does not allow for detection of the small Au par-
ticles dominating this sample and the conclusions are only
based on the larger particle agglomerates. From the SEM
images of sample [-Au@MFI and II-Au@MFI it can be
observed that a homogeneous distribution exists concern-
ing the size of the MFI crystals of around 2 pum (Fig. 2a, b).
From the SEM images it can also be seen that the crystals
are primarily the typical coffin-shaped morphology for
MFI-zeolites [23, 24]. Some twinned and some highly
inter-grown crystals are also observed for the two samples.
The acid treatment has not had a detectable influence on
the morphology of the zeolites. Figure 2c, d show the
2-step synthesis strategy before and after acid leaching
(sample II-Au@MFI and IV-Au@MFI). Comparing the
two images one can observe a smaller amount of the high
reflecting Au particle agglomerates on the crystal surface
of the acid leached sample. The size and morphology of the
zeolite does not change during the acid leaching. The MFI
crystals are significantly larger for the 2-step synthesis
compared to the first. The crystals are around 10 pm and
have less distinct and less smooth morphologies than the
previous, although the overall morphology is still coffin
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shaped-like. The differences in size and morphology are
ascribed to the difference in synthesis procedures. The ratio
of silica to aluminium in the zeolite is estimated by EDS
measurement to be 14 prior to acid treatment and 21 after.
This shows that the 2-step synthesis results in a zeolite
which may be made acidic by ion-exchange making it a
potentially bi-functional catalyst and that the acid treat-
ment dealuminates the sample slightly. In summary the
silicalite-1 zeolites (I- and II-Au@MFI) are apparently
unaffected by the aqua regia in terms of both morphology
and crystallinity as seen from SEM and XRPD, respec-
tively. The Al-containing zeolites (III- and IV-Au@MFI)
lose a significant amount of Al, the morphology remains
unchanged, and the crystallinity is only slightly decreased
by the aqua regia treatment. As the catalytic activity of Au
is governed by the presence of catalytic amounts of base
[25], it is not relevant to test an acid form of the catalysts,
as reaction with the base would result in the Na-form and a
loss of activity. The Al-containing catalysts (III- and IV-
Au@MFI) still contain some Lewis acidity in the tested
Na-form; however, this is not expected to affect the
activity.

To investigate the size of the Au particles, and whether
the Au particles are on the external surface of the MFI
crystals after the acid leaching, TEM is used. The larger
MFI crystals of samples III- and IV-Au@MFI make a TEM
investigation impossible thus only the TEM investigation
of I- and II-Au@MFI are shown here. In Fig. 3 represen-
tative TEM images of samples I- and II-Au@MFI are
shown. In these images the gold particles are seen as dark
particles both in profile view, i.e., on the edge of the zeolite
crystal perimeter and in the plane view, i.e., on the centre
of the zeolite crystals.

In Fig. 3a the smaller particles (1-3 nm) are concen-
trated in the centre of the plane view but are also present in
the profile view together with larger agglomerated particles
(>20 nm). These particles are all much larger than the
cages present in the MFI zeolite, indicating that the
framework have been disrupted to accommodate the Au
particles. It is well known that only small Au particles are
active in catalysis [1, 26, 27]. Therefore, the small particles
on the outer surface of the zeolite will result in unselective
catalytic activity. These particles are thus the most
important to remove by the acid treatment. A representa-
tive TEM image of the acid leached sample II-Au@MFI is
shown in Fig. 3b. It is seen that all the particles, in the
profile view, have been removed leaving the small particles
in the plane view intact. Throughout the sample all the
small Au particles on the external surface appears to be
removed while few large particles remain. From this it is
concluded that if all the small particles had been accessible
to the acid treatment no small particles would be left. We
have previously determined by TEM tomography that most
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Fig. 3 A magnified TEM image of a I-Au@MFI and b II-Au@MFL
The scale bars in the images are 50 nm and in the inset they are 400 nm

of the Au particles in the plane view of sample [I-Au@MFI
are embedded in the MFI crystal [16]. Hence, it seems
likely that the small Au particles left by the acid treatment
are also the ones incorporated into the zeolite. The strategy
of removing the small particles on the outer surface by
leaving the template molecule in the pores while washing
with aqua regia has been effective. It is worth noting that
from the presented data the selectivity of the acid treatment
has only been qualitatively demonstrated and is not
expected to be completely selective. The novel discovery
of this work is, however, that the acid treatment is selective
and this opens the possibility to remove all Au from the
surfaces leaving only the catalytic active particles. These
results are consistent with the assumptions made previously
in the XRPD investigation, i.e., that the average Au
diameter increases on acid leaching due to the faster dis-
solution of the small Au particles on the external surface.
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Furthermore in the TEM images small areas of lower
contrast are observed surrounding the Au particles. This is
attributed to areas of mesoporosity arising when the Au
nanoparticles are incorporated in the framework accom-
panied by disruption of the crystal structure. Note that this
porosity does not show in the physisorption and hence it
must be of insignificant concentration.

3.2 Catalytic Experiments

It is well known that Au nanoparticles can oxidise alde-
hydes to esters [25, 28]. The four Au@MFI catalysts are
tested in the size-selective oxidation of benzaldehyde and
3,5-dimethylbenzaldehyde, see Scheme 3.

The benzaldehyde molecules should be able to diffuse
into the zeolite crystals and be oxidized by the embedded
gold particles. Whereas, the more bulky 3,5-dimethyl-
benzaldehyde molecules can only be oxidized by gold
nanoparticles located on the outside of the zeolite crystals.
The activity measurements are illustrated in Fig. 4 as yield
of methyl esters as a function of time.

In Fig. 4a the catalytic activity for I-Au@MFI and II-
Au@MFI in the oxidation of both benzaldehyde and 3,5-
dimethylbenzaldehyde is shown. It is seen that both
[-Au@MFI and II-Au@MFI are able to catalyse the oxi-
dation of benzaldehyde giving yield of 97 and 94%,
respectively, after 72 h at full conversion (>99%). The
major by-product is benzoic acid in <6% yield, as previ-
ously observed in literature [28]. In the case of 3,5-
dimethylbenzaldehyde the activities are much lower for the
two catalysts resulting in yields of <3% with conver-
sion <5% after 72 h. In Fig. 4b the catalytic activities of
[II-Au@MFI and IV-Au@MFI are shown. It shows that
III-Au@MFI and VI-Au@MFI have the same selectivity in
the oxidation of benzaldehyde and 3,5-dimethylbenzalde-
hyde as I-Au@MFI and II-Au@MFI. However, the yields
and conversions are a little lower for the methyl benzoate
but comparable for the methyl 3,5-dimethylbenzoate.

The catalytic result proves that the embedded gold
nanoparticles are accessible and catalytic active through
zeolite micropores since it is possible to oxidise benzal-
dehyde. Furthermore, as it is not possible to oxidise the
more bulky 3,5-dimethylbenzaldehyde, it is only the

Scheme 3 Schematic drawing
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Fig. 4 Yields as a function of time for a I-Au@MFI and II-Au@MFI
and b [II-Au@MFI and IV-Au@MEFI. The catalytic tests were carried
out in an open flask at room temperature, atmospheric pressure and
with the following ratios: Aldehyde: 5; CH;0H: 600; NaOCHj3: 1 and
with 0.1 mol% Au@MFI

embedded gold particles, which are catalytically active.
Regarding the washing of the catalysts with aqua regia, it
was expected that the catalytic activity in the oxidation of
3,5-dimethylbenzaldehyde would decrease when removing
the Au particles on the surface. However, at these con-
versions no clear change in the catalytic activities was
observed. As a reference catalyst Au on TiO, (Mintek,

cﬁ%
~_/

+ %2 0, + CH,0H
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1 wt%) was tested. It showed no shape-selectivity and was
highly cable of oxidising both benzaldehyde and 3,5-
dimethylbenzaldehyde. The small difference in activity and
selectivity for the catalysts before and after acid leaching
can be ascribed to sintering of the small Au nanoparticles
on the external surface of the zeolite crystals during cal-
cinations. Meaning that after calcination very few active
particles remain on the surface of the parent samples. The
effect of the average Au nanoparticles size determined
from XRPD (Table 1) could not be correlated to the cata-
lyst activity. The authors speculate that this is due to the
broad particle distribution, which makes it impossible to
determine the amount or average size of the active Au
nanoparticles, i.e., with a diameter of less than 10 nm
[1, 26, 27]. The catalytic results also show that the Au
nanoparticles are active even after calcinations at 550 °C
hereby verifying that the Au nanoparticles are sinter-stable
when encapsulated.

4 Conclusions

In conclusion we have studied the catalytic activities of
hybrid materials comprising sinter-stable Au nanoparticles
accessible only through zeolite micropores. We have
shown two different synthesis strategies to prepare MFI
type zeolite crystals, which contain embedded Au nano-
particles in the range of 1-3 nm. Aluminium was success-
fully introduced in the zeolite matrix yielding opportunities
to tune the material properties. Furthermore, the effect of
post aqua regia treatment to remove Au agglomerates on
the external surface of the MFI type zeolite has been
studied. By TEM it was shown that all the small Au
nanoparticles on the external surface of the hybrid material
were removed by acid leaching. No significant change in
activity for catalysts III- and IV-Au@MFI, which have
some Lewis acid sites due to the presence of Al, was
observed. This is in line with the expectations as the aero-
bic oxidations using gold rely on a catalytic amount of
base. Future work will include the utilization of the
bi-functionality of catalysts III- and IV-Au@MFI, for a
reaction requiring both acidic and oxidative properties.
Moreover, the hybrid materials were tested in the aer-
obic oxidation of benzaldehyde and 3,5-dimethylbenzal-
dehyde in methanol to the corresponding methyl esters.
The reactions were conducted at room temperature and
under atmospheric pressure. The materials were active as
substrate-size selective oxidation catalysts for in the aero-
bic oxidations. We have shown that it is not possible to
oxidize 3,5-dimethylbenzaldehyde whereas benzaldehyde
is readily oxidized to the methylester very selectively, thus

@ Springer

showing that the encapsulated Au nanoparticles are only
accessible through the zeolite micropores.
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Over the years, many strategies have been developed to
address the problem of sintering of nanoparticle catalysts,!!
including encapsulating metal nanoparticles in protective
shells,*™ and trapping nanoparticles in the cavities of certain
zeolites in post-synthesis steps.”*! In general, materials that
contain metal nanoparticles that are only accessible via
zeolite micropores are intriguing, specifically, but not exclu-
sively, for catalytic applications. The encapsulation of carbon
nanoparticles during zeolite crystallization is a well-known
approach for making carbon-zeolite composites that afford
mesoporous zeolites after combustion.”'!! Herein, we show
that metal nanoparticles can also be encapsulated during
zeolite crystallization, as exemplified by silicalite-1 crystals
that are embedded with circa 1-2 nm-sized gold nanoparticles
that remain stable and catalytically active after calcination in
air at 550°C. Moreover, we show that the encapsulated gold
nanoparticles are only are accessible through the micropores
of the zeolite, which makes this material a substrate-size
selective oxidation catalyst.

Currently, more than 175 different zeolite structures have
been reported,’? and these can be tuned according to the
desired acidity and/or redox properties. Expanding the scope
from pure zeolites to hybrid materials, by combining the
properties of zeolites with other components, significantly
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widens the field of zeolite materials design. Aside from post-
treatment methods, two types of approaches have been
pursued for preparing hybrid zeolite-nanoparticle materials.
The first type of approach involves crystallization of the
zeolite from a gel that contains metal ions that are immobi-
lized in the zeolite during crystallization."*'* With this kind
of approach, it is very difficult to control the properties of the
non-zeolite component in terms of, for example, particle size.
The other type of approach is to first synthesize the non-
zeolite component and subsequently encapsulate this in the
individual zeolite crystals during crystallization. Indeed, this
strategy is also well-known and an entire family of materials,
known as mesoporous or hierarchical zeolite crystals, are
based on the embedding of carbon nanoparticles, nanofibers,
nanotubes, or other nanostructures during zeolite crystalliza-
tion (and subsequent combustion) in a process known as
carbon templating.* 1> Concerning the embedding of
metal nanoparticles in zeolites, Hashimoto et al. reported a
top down approach that features downsizing gold flakes to
approximately 40 nm particles by laser ablation, and subse-
quent encapsulation of these particles during crystalliza-
tion.”] A reduction in particle size by one order of magnitude
is necessary for an efficient use of costly noble metals in
catalytic applications. However, a reduction of the particle
size enhances the tendency for sintering, owing to the increase
in surface free energy. To mitigate this problem, we report
herein a bottom-up approach for the preparation of hybrid
zeolite-nanoparticle materials that contain small metal nano-
particles, dispersed throughout the zeolite crystals. This
synthetic approach comprises three steps (Figure 1): First, a
metal nanoparticle colloid is prepared with suitable anchor
points for the generation of a silica shell. Second, the particles
are encapsulated in an amorphous silica matrix. Third, the
silica nanoparticle precursor is subjected to hydrothermal
conditions in order for zeolite crystallization to take place.
Using this approach, we successfully prepared a material that
consisted predominantly of circa 1-2 nm sized gold particles
that were embedded in silicalite-1 crystals. X-ray diffraction
revealed that the material contained exclusively gold as well
as MFI-structured material (generalized silicalite-1 crystal
structure type).

Figure 2 shows scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of the
hybrid material that consists of gold nanoparticles embedded
in silicalite-1 crystals. The SEM image reveals that the
material is mainly composed of circa 1-2 um long coffin-
shaped crystals, with a minor fraction of intergrown coffin-
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Figure 1. Schematic illustration of the encapsulation of gold nano-
particles in zeolite crystals.
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Figure 2. SEM and TEM micrographs of the composite zeolite sample.
a) SEM micrograph showing the coffin-shaped crystallites, character-
istic for silicalite-1. b) Mosaic composed of 10 TEM bright-field micro-
graphs that shows a representative crystallite as seen along the [1 0 0]
zone axis. The crystal lattice is indexed based on the standard Pnma
space group setting. The black areas represent high density regions,
and therefore correspond to the gold particles. Voids are observed as
light regions within the zeolite crystal. Circles mark gold particles that
are either obviously on the surfaces or are later shown to be on the
surface of the crystallite (cf. Figure 3).

shaped crystals and irregularly shaped crystals (Figure 2a).
The coffin-shaped and intergrown coffin-shaped crystal
morphologies are commonly observed for MFI-structured
zeolite materials. The mosaic TEM image reveals an overall
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uniform contrast over the entire crystal, superimposed by
areas of darker and brighter contrast (Figure2b). The
variable contrast is attributed to variable mass-thickness
over the crystal: the darker areas correspond to gold particles
and the brighter areas correspond to voids in the crystal. The
very small voids are consistent with small mesoporosity,
measured by N, physisorption (see the Supporting Informa-
tion). Gold particles that are observed in plan view in the
crystal are approximately 1-2 nm in diameter, whereas those
imaged in the profile view at the crystal edges are significantly
larger and more agglomerated. The voids appear to be
concentrated in the center of the crystal, around the gold
particles. Similar observations, that the formation of metal
nanoparticles induce secondary pore formation in zeolites,
have been reported previously, for instance for platinum
nanoparticles in zeolite NaX."¥! As a TEM image is a two-
dimensional projection of the specimen, it is not possible to
determine whether the small particles are located on the
crystal surfaces or inside the zeolite crystal. To determine the
relative positions of the gold nanocrystals with respect to the
zeolite crystal, three-dimensional imaging was pursued by
means of bright field TEM tomography.*!

The reconstructed tomogram shows all of the character-
istic features that were observed in the TEM images apart
from the smallest gold particles; this is a result of the blurring
effect caused by the weighted back-projection algorithm.
From the tomogram sections, shown in Figure 3, it is clear that
significant amounts of gold are located inside the zeolite
crystal. Investigation of all of the tomogram sections shows
that all of the gold particles shown in Figure 2b (except those
marked by the circles) are encapsulated within the zeolite
crystal.

0.2 ym

Figure 3. Sections through tomogram reconstruction. Images in a)
and b) are tomogram sections approximately perpendicular to and
parallel to the [1 0 0] zone axis, respectively. The full lines in each
section correspond to the intersection of the other tomogram section.
The missing wedge of the tilt series parallel to the [1 0 0] zone axis
results in low contrast on crystal surfaces normal to this direction.
Dotted lines have been added to clearly show the position of the {1 0
0} surfaces in b). Red circles mark gold particles on the surface of the
zeolite crystal (compare to Figure 2).
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To address if the zeolite encapsulation stabilizes the gold
nanocrystals, TEM images were recorded before and after
calcination (550°C in air, 3 hours; Figure 4a,b). Before
calcination, the majority of the gold particles were generally
circa 1 nm in diameter (Figure 4a). However, after calcina-

200 nm

c)

20 nm

20 nm

20 nm

Figure 4. TEM images a) before and b) after calcination (550°C, 3 h).
In situ TEM images obtained under an O, atmosphere at c) 25, d) 300,
and e) 500°C.

tion, the particles imaged in profile view at the edges are
larger and more rounded in shape (Figure 4b), whereas the
majority of the particles imaged in the plane view in the
crystal remain unaltered in size. This observation indicates
that the gold particles that are embedded within the zeolite
crystals have an enhanced stability towards sintering, despite
the smaller gold particle size. Therefore, this synthesis affords
a gold-silicalite-1 hybrid material with an enhanced sintering
stability of the metal nanoparticles.

The enhanced stabilization of the gold nanoparticles is
further corroborated by a series of in situ TEM images
(Figure 4c—e) that were obtained during exposure of the
material to an O, atmosphere at temperatures from 25-
500°C. At 25°C, the sample area contains gold particles of
different sizes (Figure 4c). By heating to 300°C, and further
up to 500°C, the larger gold particles preferentially sinter
whilst the smallest particles are stable. This could be regarded
as unexpected, as the sintering rate of nanoparticles usually
scales inversely with their size. However, in this material, the
small nanoparticles are less prone to sintering because they
are fixed within the zeolite crystal. Given the information
obtained from Figure 4a-b, the in situ observation is fully
consistent with the finding that particle embedment in the
zeolite improves their stability towards sintering.

In order to verify that the encapsulated gold nanoparticles
are accessible for catalysis, we investigated the aerobic
oxidation of a mixture of benzaldehyde and 3,5-di-fert-

www.angewandte.org
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butylbenzaldehyde in methanol into their corresponding
methyl esters. The reaction was conducted at room temper-
ature under atmospheric pressure.”>?! The results of these
experiments, together with reference experiments carried out
using a Au/TiO, catalyst, are shown in Figure 5. Both

100
80
60

Yield / % 1 m  Methyl benzoate - Au/silicalite-1
40 ®  Methyl 3,5-di-tert-butylbenzoate - Au/silicalite-1
A Methyl benzoate - Au/TiO,
20 ¥ Methyl 3,5-di-tert-butylbenzoate - Au/TiO,
0 T T — T T T T T i
0 5 10 15 20

t/h

Figure 5. Gold-catalyzed oxidation of a mixture of benzaldehyde and
3,5-di-tert-butylbenzaldehyde in methanol to form the methyl esters.

substrates are oxidized using the Au/TiO, catalyst, whereas
only benzaldehyde is oxidized in appreciable amounts using
the gold-silicalite-1 catalyst. This observation is attributed to
the different size of the substrates; 3,5-di-fert-butylbenzalde-
hyde is much more bulky than the unsubstituted benzalde-
hyde, and is therefore not able to diffuse into the zeolite
interior where the catalytically active gold nanoparticles are
located.

In summary, we have developed an approach for the
preparation of hybrid materials that are comprised of 1-2 nm
sized gold nanoparticles that are embedded in silicalite-1
crystals. We have shown by three-dimensional TEM tomog-
raphy that some gold particles are embedded within the
zeolite and some are on the external surface of the zeolite
crystals. Moreover, calcination experiments, followed by both
ex situ and in situ TEM, indicate that the nanoparticles
embedded within the zeolite crystals are highly stable towards
sintering, whereas the particles located on the outer surface of
the zeolite tend to sinter. Furthermore, we have shown that
the encapsulated gold nanoparticles are only accessible
through the zeolite micropores as it is not possible to oxidize
3,5-di-tert-butylbenzaldehyde whereas benzaldehyde is read-
ily oxidized. Therefore, hybrid materials such as these might
find application as sinter-stable nanoparticle catalysts or in
other areas of materials science.
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Synthesis of the Au-silica precursor material dmahybrid Au-Silicate-1 Material

Following the procedure described by Haider etalve prepared 1 L Au colloid suspension with Au
nanoparticles in the size range 1-2 nm (measured'BM) starting from HAuCJ)3H,0O (Sigma-Aldrich,
99.9+%), tetrakis(hydroxymethyl)phosphonium chleridTHPC, Sigma-Aldrich 98%) and NaOH. The Au
colloid was then immobilized in an amorphous silicatrix following a procedure close to that desedilby Liz
Marzan et al?! First, 70 mL (1 mmol L* in deionized water) 3-mercaptopropyltrimethoxyséa(MPTMS,
Sigma-Aldrich, 95%) was added to 1 L of the Au cimlland the resulting mixture was stirred for 3Gniihen,
500 mL diluted water glass (Riedel-de Haén, 27%,5{@iluted with water to 0.16 wt% Spwas added and
the mixture was stirred for 24 h. The aqueous reachixture was then diluted with a 4-fold volumecess of
ethanol (absolute) and 1 mL NHFluka, 25 wt%) was added. Then, 9.82 mL tetrdettiyosilicate (TEOS,
Sigma-Aldrich, 98 %) was added under stirring intipms of 0.27 mL approximately every 8th hour. ekft
addition of the TEOS the reaction mixture was a#ldvto settle overnight before the solid product sesarated
from the mother liquor by decantation, washed &#&ry centrifugation (15 min at 9000 rpm) and daed00

°C for 16 h. (Molar ratio of Au/Si = 0.096 measutedSEM-EDS)

The Au-silica material was transformed into the licalite-1 material using a procedure close tat tteported
by Botella et al¥’ To a mixture of 0.11 g NaOH, 2.9 g tetrapropylaminm hydroxide (AppliChem, 40 wt%),
23 g ethanol and 90 g deionised water was addéddof the Au-silica material and the resulting taie was
stirred for 15 min. Then, the reaction mixture v sferred to a Teflon-lined autoclave which wasathd to
100 °C for 72 h. After quenching to room temperatuhe solid product was recovered by filtratiomshed
with deionized water and dried at 100 °C for 16€fiobe it was calcined in air at 550 °C for 3 h imaffle
furnace.

Before calcinations 0.25 g product is obtainede(i= 32.9 %, Molar ratio of Au/Si = 0.037 as measuby

SEM-EDS)



Sample characterization

For scanning electron microscopy (SEM) the sampiexe prepared by applying the solid directly ordobon
tape followed by sputter coating using a Pt/Pdyallthe secondary electron micrographs were recooted

Philips XL-30 FEG instrument.

Transmission electron microscopy (TEM) was perfatmesing from Philips/FEI Company a CM200-FEG
UltraTwin electron microscope, operated at 200 kithvan information limit of ca. 0.14 nm, and an oea
aberration-corrected Titan 80-300 SuperTwin electricroscope, operated at 300 kV with an informatimit

of ca. 0.10 nm. TEM images were acquired usingteobemounted 1k x 1k (CM200) and 2k x 2k (Titan) @C
cameras at magnifications corresponding to pixaisbf 0.67 nm (individual images in Figure 2b) @ndl nm
(Figure 3a-b), respectively. TEM tomography wasgrened using the CM200 electron microscope. 151 TEM
images were collected manually in steps of one ekegiit with respect to the specimen holder axid aha
magnification corresponding to a pixel size of Ar8. Images of the tilt series were aligned relativa common
origin using the gold particles in the zeolite mRi¢ial markers and the electron tomogram was r&tcoctured
using all the images via weighted backprojectiangishe IMOD program suite. The supplementary infation
contains two movies showing the tilted image sesifter alignment and a sliced images through tkeetein
tomogram. An in situ transmission electron micrgsce@xperiment was carried out using a CM300 FEG
SuperTwin environmental transmission electron ngicope (Philips/FEI Company), operated at 300 k\h ait
information limit of ca. 0.14 nm, facilitating tirdapsed image series to be recorded of specimeringdu
exposure to reactive gasses at elevated tempes&tupart of the Au-silicalite-1 sample was dispersediiy
state onto a stainless steel grid which was indente the microscope using a Gatan heating hditedel 628).
The specimen was exposed to 2 mbam@h a nominel purity of 99.998% and heated af@min from room
temperature to successively elevated temperatir2800°C, 300 °C, 400 °C and 500 °C, respectivARer 15
min at each temperature, a TEM image of the sae®aas recorded using a 1k x 1k Tietz FastscamdFReID
camera with a pixel size of 0.18 nm. The electrearb was switched off in the intervening time betwee

successive images to minimize effects of the ededbeam.

Nitrogen physisorption




To determine the surface area, micropore volumertlaa extent of mesoporosity observed as void€Eib N,
physisorption measurements were preformed. Theunaaent was preformed on a Micromeritics ASAP 2020
instrument at liquid nitrogen temperature. The damwere outgassed in vacuum at 573 K for 16 hr poio
measurements. In Table 1, the BET surface areamamd- and mesopore volumes of the Au embedded in
silicalite-1 crystals. The total surface area walswated according to the BET method, the micrepaiumes

were determined by the t-plot method and the mesopmlume was determined by the BJH method.

Table 1: Surface area, micro- and mesopore volumen foriticalge-1 with embedded Au nanoparticles
calculated according fothe-plot method® the BJH-method (adsorptiorithe BET method and the BJH

adsorption adsorption branch.

Vmicro Vmeso SgeT Svieso
a b (mPlg)° (m?/g)°
(crlg) (cng)
Au/Silicalite-1 0.096 0.07 305.5 72.1

The surface area and micropore volume lie in thgeaof previously result§:®! The mesopore volume is rather
low compared to mesoporous zeoft&s and can therefore be due to intercrystalline gibyoln Figure 1 the

Nitrogen adsorption/desorption isotherms are shown.

o =

N H (o2}

o o o
L L

100 —_
80
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Adsorbed volumen [cm 3/g]
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Figure 1. Nitrogen adsorption/desorption isotherms for tieaite-1 with embedded Au nanoparticles.



The isotherm exhibits a modest hysteresis loogatifig that the sample contains very little mesogpity.

The physisorption clearly demonstrate that the psgiating material is primarily a microporous zegliwith no
significant amount of mesoporosity. The differemcedensity observed in TEM is indicated to be pnése

relatively small amount that it is unimportant be tproperties of the material.

TEM movies

The following TEM movies are found in separatedil& movie composed of TEM images recorded at dffe
tilt angles (tilt.mpg); a 3D TEM tomography moviéomfio.mpg); and an in situ TEM movie (insitu.avi)
presenting a time-lapsed image series recordechgl@xposure to 2 mbar oxygen at room temperature to

successively elevated temperatures of 200 °C 30@0C °C and 500 °C, respectively.

Catalytic tests

All reagents used were reagent grade and usedwtitbidher purification: benzaldehyde A€:O, 99 %, Sigma-
Aldrich), 3,5-di-tert-butylbenzaldehyde {§1,,0, 97%, Sigma-Aldrich) methanol (GBH, 99 %, Sigma-
Aldrich), 25 wt% sodium methoxide solution (Sigm&d#ch), anisol (GHgO, 99% Sigma-Aldrich).

In a typical experiment, a mixture of benzaldehy@d® mmol) and 3,5-di-tert-butylbenzaldehyde in:& ol
ratio was added to a solution of methanol (60 Mmrantl sodium methoxide (0.2 mmol). The final saativas
charged to a 10 ml two two-neck round-bottom flagkipped with a condenser and a septum togethbrtiet
catalyst, the gold nanoparticles embedded in z=ofigstals (0.2 mol% Au). The reactor system wasieoted
to an Q cylinder and it was flushed with,OThe reaction mixture was mixed with magneticristy and small
samples were taken at selected times, filterectttijréhrough a syringe filter and analysed by G@ &C-MS.
A HP-5 column from Agilent Technologies Inc. waseds The amounts of substrates and products were
quantified using anisol as internal standard.

For the oxidation reactions a referent catalyst wssd. The used referent catalyst was gold suppante

titanium dioxide, 1% Au/Ti@supplied by Mintek.
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ARTICLE INFO ABSTRACT

Article history:

Gallium was for the first time incorporated into the crystal structure of a mesoporous MFI zeolite. As a
reference material, a well-defined conventional MFI zeolite with gallium incorporated was also
synthesized. The materials were characterized by XRPD, NH3-TPD, elemental analysis, N, physisorption
measurements, SEM, FT-IR as well as 2°Si and 7?Ga MAS NMR spectroscopy. The Ga contents correspond
to molar ratios of Si/Ga=43 and 38 for the conventional and mesoporous Ga-MFI, respectively. The
different types of analysis show that two almost identical zeolites were synthesized, the main difference
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g?jxi‘rldzséolites being the morphology of the crystals. The catalytic properties of the samples were tested in ethane
Mesoporous dehydrogenation at 823 K and at atmospheric pressure. The two Ga-MFI samples differ greatly in

conversion of ethane, as a result of their difference in porosity, and it is found that the conversion is
significantly improved by introducing mesopores into the structure. The major product is ethene for the
conventional Ga-MFI, but there are significant amounts of benzene and toluene by-products for the
mesoporous Ga-MFI. The 7!Ga isotropic chemical shift and second-order quadrupolar effect parameter is
reported for tetrahedral Ga incorporated in the MFI structure and it is shown that absorbed water
molecules have an important impact on the 7'Ga electric field gradients and thereby on the quantitative

Ethane dehydrogenation
Aromatization
71Ga MAS NMR

evaluation of the 7'Ga MAS NMR intensities.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Zeolites have for a long time been recognized to be stable and
efficient heterogeneous catalysts and accordingly they are some of
the most widely used catalysts in industry [1]. Zeolites are
microporous materials with a well-defined crystal structure;
however, the small dimensions of the micropores can cause
problems in some applications because it can impose diffusion
limitations on the reaction rate [2]. This limitation may be
overcome by reducing the size of the zeolite crystals and thereby
shortening the diffusion path [3-6]. An alternative approach is to
introduce relatively large extra pores in the zeolites [7-9] which
resulted in the discovery of the mesoporous molecular sieves that
contains pores in the range of 2-50 nm [10-12]. Mesopores can be
introduced in the individual microporous zeolite crystals by post-
treatments such as dealumination [13] and desilication [14],

* Corresponding author.
E-mail address: chc@topsoe.dk (C.H. Christensen).

0926-860X/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2008.07.003

however, in some cases this is not the preferred procedure because
itleads to partial destruction of the zeolite crystals. Another way to
introduce the mesopores into the microporous structure was
invented by Jacobsen et al. [15], who obtained mesopores by
growing the zeolite crystals in a mixture where the crystals
partially encapsulate a carbon material. This carbon material is
removed by combustion after complete crystallization of the
zeolite. This proven route of preparation of mesoporous zeolites
has the advantages of controlling the ratio between silicon and
other incorporated metals and at the same time preventing
destruction of the zeolite crystals. Today, several routes are
available to synthesise zeolites with additional mesopores [16-
18].

Even though mesoporous zeolites have the advantage of better
transport for reactants and products to and from the active sites,
they still have a very limited range of applications in industry [2].
In reactions such as direct NO-decomposition and dehydrogena-
tion of light alkanes, mesoporous zeolites display a significantly
higher degree of conversion than conventional zeolites [19-21]
and it is interesting to examine if this is also the case for
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dehydrogenation and aromatization of light alkanes. Aromatization
of lower alkanes has a great commercial interest. First of all,
aromatics such as benzene, toluene and xylenes (BTX) have high
octane numbers and are therefore key components of gasoline. BTX
is also an important source of petrochemicals. Secondly, ethane
exists as an abundant feedstock because it is a main constituent of
natural gas, accompanying gasses and waste effluents of petro-
chemical processes [22,23]. The transformation of light alkanes into
aromatics has been extensively investigated for MFI zeolite catalysts
modified by different kinds of metals [22]. The focus has mainly been
on the higher alkanes because they, due to thermodynamics, are
much easier to convert into aromatics than methane and ethane
[22]. One of the most promising metals for this kind of catalytic
reaction is gallium [22], which can be introduced into zeolites in
various ways: incorporation into the framework, impregnation, ion
exchange, and by physical mixing of MFI-zeolites and Ga,03. When
gallium is incorporated into the crystal framework, the general
perception is that the catalyst is more stable than in cases where Ga
is impregnated or ion exchanged [22]. Another advantage of
incorporating Ga is that the Ga species may be uniformly distributed
over all the tetrahedral silicon framework sites in the zeolite
structure and thereby not only onto the surfaces of the zeolite or in
the outer part of the channels [24].

In this work, we have synthesized a conventional and a
mesoporous MFI type zeolite with almost the same amount of Ga
incorporated into the structure. The samples were characterized
thoroughly and their catalytic properties were investigated for the
conversion of ethane. The influence of the mesoporosity intro-
duced into the zeolite structure on the catalytic activity and
selectivity in ethane conversion was determined. The results from
the activity measurements show that both types of catalysts are
very stable and that the introduction of mesoporosity gives a
significantly higher degree of conversion and a higher selectivity
towards aromatics.

2. Experimental and methods
2.1. Catalysts preparation

2.1.1. Synthesis of conventional H-Ga-MFI

0.45 g NaOH, dissolved in 22.5 g water, was mixed with 7.5 ¢g
silica gel and stirred for 1 h.In one beaker 0.35 g NaOH was dissolved
in 22.5 g water and in another beaker 0.914 g Ga(NOs)3-xH,0 was
dissolved in 17.3 g water. The two solutions were simultaneously
added dropwise to 10.16 g tetrapropyl ammonium hydroxide
(TPAOH). This mixture thus obtained was added dropwise to the
silica gel solution. This procedure gives the following composition of
the synthesis gel: SiO,-0.08Na,0-0.08TPA;0-27.7H,0-0.057Ga,0s.
After 3 h of stirring, the homogeneous gel obtained was transferred
to a stainless steel autoclave and heated to 453 K for 36 h. After
cooling the autoclave to room temperature the white product was
isolated by suction filtration and washed several times with water.
The product was dried at 333 K for 30 min and finally the organic
template was removed by calcination in a muffle furnace at 823 K for
20 h. The acidic H-form of the zeolite was produced by two
consecutive ion exchanges with 1M NH4NO3 in the ratio 1:30
between mass of sample (g) and volume of NH4;NO3 (ml). The ion
exchanges were performed at 353 K with stirring for 3 h. After each
ion exchange, the NH,4-form of the zeolite was filtered off, washed
with water, and dried in air. Finally, the H-Ga-MFI was obtained by
heating the NH4—-Ga-MFI in air to 723 K for 4 h.

2.1.2. Synthesis of mesoporous H-Ga-MFI
The preparation of the mesoporous Na-Ga-MFI was performed
according to the procedure reported by Jacobsen et al. [15].

Gallium oxide was prepared by precipitation from a solution of
495 g Ga(NOs3);-xH,0 dissolved in water by means of aqueous
ammonia (25%) in excess (~15 ml). The precipitate was washed
twice with water and then dissolved together with 1.04 g NaOH in
6.45 g water. 25 g of carbon black (Black Pearls 2000, BP-2000,
supplied by Carbot Corp.) was dried overnight at 383 K. 43.01 g
TPAOH was mixed with the prepared gallium solution and stirred
until a clear solution was obtained. 37.88 g ethanol was added and
the stirring was continued until the solution was homogeneous.
The carbon was impregnated with this solution by the incipient
wetness technique and the mixture was left overnight at room
temperature for the ethanol to evaporate. After evaporation the
carbon was impregnated again by this method with 48.38 g
tetraethylorthosilicate (TEOS) and left to hydrolyze at room
temperature overnight. The final composition of the impregnated
mixture was: Si0,-0.56Na,0-0.18TPA,0-1.54H,0-0.042Ga,03
-3.54EtOH. After hydrolysis, the impregnated carbon black was
transferred to a Teflon beaker which was placed in a stainless steel
autoclave containing 100 ml of water to produce saturated steam.
The autoclave was heated to 453 K and left for 72 h. After cooling
the autoclave to room temperature, the black product was
suspended in water, filtered and rinsed thoroughly with water
several times using 1 1 of water. The product was dried at 383 K for
10 h and the carbon was removed by combustion in air in a muffle
furnace at 823 K for 12 h. To obtain the acidic H-form of the
mesoporous Ga-MFI, two consecutive ion exchanges were
performed using the same procedure as for the conventional H-
Ga-MFI (Section 2.1.1).

2.2. Characterization

To identify and verify the crystal structure of the products,
powder-XRD patterns were recorded using a Phillips powder
diffractometer with Cu Ko radiation in the 26 interval 5-50°. The
elemental analysis was performed by ICP and used to determine
the exact amount of Ga in the Ga-MFI type zeolites.

The surface area, pore volume, and the adsorption isotherms
were determined by nitrogen adsorption and desorption measure-
ments at liquid nitrogen temperature on a Micromeritics ASAP
2020. The samples were out gassed in vacuum at 473 K for 6 h prior
to measurements. The total surface area was calculated according
to the BET method, the micropore volumes were determined by the
t-plot method and the mesopore volume was determined by the
BJH method. The acidity was determined by ammonia temperature
programmed desorption (NH5-TPD), using the following proce-
dure: 150 mg of the sample was loaded into a quartz tube reactor
at room temperature and kept in a flow of dry NH3 for 30 min
(100 ml/min, 1% NHs3/N,). Prior to the NH3 desorption measure-
ment, the sample was heated to 373K in a dry nitrogen flow
(100 ml/min) and kept at this temperature for 90 min to remove
physically adsorbed ammonia. Subsequently, the sample was
cooled to room temperature and the temperature was raised at a
rate of 5°C/min to 923 K. The rate of NHs; desorption was
monitored by a computer-interfaced UV-vis spectrometer using
the characteristic ammonia band at 201.2 nm. The ammonia
concentration was calculated on the basis of the intensity for the
ammonia band, employing a calibration curve. The total amount of
desorbed NH3; was calculated from the area under the TPD curve.

The crystal size and morphology of the zeolites were examined
by scanning electron microscopy (SEM) on a Phillips XL20 FEG. The
calcined zeolite samples were placed on a carbon film and Pt was
evaporated onto the sample for approximately 20 min to achieve
sufficient conductivity.

The 2°Si MAS NMR spectra were recorded on a Varian Unity
INOVA-400 spectrometer employing a homebuilt CP/MAS NMR
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probe for 7 mm o.d. rotors, a spinning speed of 6.0 kHz, and single-
pulse excitation (~45° flip angle for <yB;/2mw ~40kHz). To
investigate second-order quadrupolar effects, 7'Ga MAS NMR
spectra were recorded at four different magnetic field strengths
(4.7,7.1,9.4, and 14.1 T) on Varian Unity-plus-200, Unity INOVA-
300, -400, and -600 spectrometers. The experiments employed
homebuilt CP/MAS NMR probes for either 4 mm o.d. rotors (14.1 T)
or 5 mm o.d. rotors (4.7, 7.1, and 9.4 T), spinning speeds of 10.0-
15.0 kHz, single-pulse excitation (a flip angle <30° for B,/
27 = 50-65 kHz), and typically around 100.000 scans. 2°Si and
71Ga chemical shifts are in ppm relative to external samples of
neat tetramethylsilane (TMS) and a 1.0 M Ga(NOs)s; solution,
respectively.

FT-IR was carried out on a Bio-Rad spectrometer equipped with
a MCT detector. The Ga-MFI zeolite was pressed into a self
supporting wafer and mounted in a homebuilt Pyrex cell allowing
sample cooling with liquid N, and equipped with NaCl windows.
Samples were pre-treated by out gassing for approximately 4 h at
673 K reaching a background pressure of <5 x 107> Torr. Spectra
of the respective zeolites in transmission mode were obtained
from 64 to 500 scans at a resolution of 2 cm~!. Carbon monoxide
was subsequently used as a probe molecule in order to investigate
the acidic properties of the synthesized zeolites. The samples were
cooled with liquid nitrogen and dosed with CO to an equilibrium
pressure of 50 Torr. The adsorption series generated corresponds
to a gradual evacuation thus removing the adsorbed CO in an
order dictated by the interaction strength CO and adsorption site
in-between.

2.3. Catalytic activity and stability

Prior to the catalytic tests, the Ga-MFI samples were pelletized,
crushed, and sieved to ensure a uniform particle size of 212-
355 wm. The particles were subsequently diluted by mixing with
an equal amount of quartz (400 mg) of the same sieve fraction.
Tests were performed in a quartz tube plug flow reactor (3.7 mm in
diameter) where the height of the catalyst bed was around 50 mm.
The catalysts were pre-treated for 1h in a stream of Ar
(675 ml (SATP)/h) at 823 K. SATP is standard ambient temperature
and pressure, which is 298 K at 1 bar.

The catalytic tests were carried out at 823 K and atmospheric
pressure. An ethane/Ar mixture with a concentration of 9.7% of
ethane was introduced at four different flows: 910, 455, 1820 and
225 ml (SATP)/h. After the reactor, 75 ml (SATP)/h of CO, was
added to the effluent gasses as a standard. All piping and valves
after the reactor were heated to 473 K to avoid condensation of any
formed aromatics. Temperature programmed oxidation (TPO) was
carried out after the catalytic tests in the same setup by flowing a
2% 0, in Ar (4133 ml/h (SATP) of the O,/Ar-mix) through the
catalyst and increasing the temperature by 0.5 K/min from 473 to
1073 K.

The effluent gasses from the catalytic test and TPO were
analyzed by an on-line coupled HP6890A Gas Chromatograph
equipped with a HP-PLOT Q column and a HP-PLOT Molesieve
column as well as a thermal conductivity detector (TCD) and a
flame ionization detector (FID) in series.

3. Results and discussion
3.1. Characterization

The XRPD patterns for the conventional and mesoporous Ga-
MFI zeolite are both shown in Fig. 1. Both patterns are recorded

after the zeolite synthesis and after combustion of the organic
template as well as the auxiliary carbon black material. It is clearly
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Fig. 1. XRPD patterns of the conventional and mesoporous Ga-MFI zeolite. The
patterns are recorded after the combustion of the template and the carbon matrix.

seen that both samples exclusively contain highly crystalline
material with the MFI structure [25].

The Ga contents determined from chemical analysis are listed in
Table 1 together with the measured acidity from NHs-TPD. These
data show that the two types of Ga-MFI include rather similar
amounts of Ga, i.e., 2.36 and 2.76 wt.% Ga for the conventional and
the mesoporous Ga-MFI, respectively.

Desorption curves for NHz for the conventional and the
mesoporous Ga-MFI zeolites are shown in Fig. 2. It seems that
they do not have the exact same shape, but the highest peak is for
both curves located at 179 °C. There seem to be some disagreement
in the literature on how to interpret NHs desorption curves for
zeolites. Some authors [26] believe that the area under the first
peak is due to desorption of physically adsorbed ammonia and
must therefore be subtracted from the total area. Other authors
[27] is of the opinion that the first peak should be assigned to
weakly acidic sites, while the second peak is attributed to strongly
acidic sites and both peaks therefore are needed for the
determination of the acidity. Both the total area and the total
area subtracted the area of the first peak are given for the two Ga-
MFI zeolites in Table 1. It is seen that even though the shapes of the
curves are not completely identical, the areas are quite similar.
Therefore it can be concluded that the zeolites have similar density
of acidic sites.

The nitrogen adsorption/desorption isotherms for the conven-
tional and mesoporous Ga-MFI zeolite are given in Fig. 3. The
isotherm for the mesoporous Ga-MFI contains a hysteresis loop at a
relative pressure higher than p/po = 0.4 which is a characteristic
feature for mesoporous materials [28]. The mesopore size
distribution is obtained from the desorption branch of the
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Fig. 2. NH5 desorption curves for the conventional and the mesoporous Ga-MFI
zeolite.
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Table 1
Ga contents from elementary analysis and NH3-TPD data

Zeolite Conventional/mesoporous Ga content (wt.%) NH; desorbed, total (pumol/g) NH; desorbed, 2nd peak only (mol/g)
Ga-MFI Conventional 2.36 514 431
Ga-MFI Mesoporous 2.76 533 399
350 Table 2
i ; Nitrogen adsorption data of the conventional and the mesoporus Ga-MFI zeolites
g 300 Ga-MFI meso // after combustion of the organic template and the carbon matrix
£
O, 250 / / Zeolite Conventional/ Vmicro Vimeso BET area
g / / mesoporous (cm3/g)? (cm3/g)P (m?/g)*
5: 20 Ga-MFI Conventional 0.1 0.0 360
g 150 - Ga-MFI Mesoporous 0.08 0.37 374
i)
@ = @ Calculated by t-plot method.
o -
5 100 1 Ga-MFl conv b Calculated by BJH method (desorption).
7] ¢ Calculated by BET method.
'g 50
0 T T 0.37 cm?/g, respectively. In Table 2, the BET surface areas and

0 0,2 0,4 0,6 0,8 1
relative pressure [p/pg]

Fig. 3. Nitrogen adsorption and desorption isotherms of conventional Ga-MFI and
mesoporous Ga-MFI zeolite.

isotherm using the BJH method. The mesopore size distribution is
quite broad, ranging from 10 to 100 nm which is in correlation with
previously results for carbon templated zeolites [29,30]. The
average mesopore size is approximately 32 nm.

The nitrogen adsorption/desorption isotherm for the conven-
tional Ga-MFI zeolite is not the typical isotherm for microporous
materials [28]. There seems to be a small hysteresis loop, which
could be due to agglomeration of the zeolite crystals. The surface
area for the conventional Ga-MFI is 360 m?/g and the micropore
volume is 0.1 cm?/g. For the mesoporous Ga-MFI the surface area is
374 m?/g and the micropore and mesopore volumes are 0.08 and

micro and mesopore volumes of the conventional and the
mesoporous MFI zeolites are given. All numbers for the BET
surface areas and the mesopore volume lie in the range of previous
results for conventional and mesoporous Al-MFI (ZSM-5) [19]. The
typical micropore volume for highly crystalline MFI type materials
lie in the range of 0.09-0.19 cm>/g [19,29-31], which means the
micropore volume for the conventional and mesoporous Ga-MFI
are relatively low compared to the typical value.

The SEM images of the conventional and mesoporous Ga-MFI
zeolite are shown in Fig. 4. The images are recorded after
combustion of the template and the carbon matrix. From the
SEM images of the conventional zeolite (Fig. 4a and b) it can be
observed that there exists a homogeneous distribution concerning
the crystal sizes of the zeolite particles of around 8 wm. From the
SEM images, it can also be seen that the particles are highly
crystalline. The conventional Ga-MFI crystals do not have the
typical coffin-shape, which can be due to the source of silica [32].

Fig. 4. SEM images of conventional (a and b) and mesoporous (¢ and d) Ga-MFI crystals. The images are recorded after combustion of the template and the carbon matrix.
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Fig. 5. 2°Si MAS NMR spectra of (a) the conventional and (b) the mesoporous Ga-MFI

samples obtained at 9.39 T using a spinning speed of 6.0 kHz, a 30-s relaxation delay
and 3154 and 2377 scans, respectively.

From the SEM images of the mesoporous Ga-MFI zeolite (Fig. 4c
and d) it is seen that the mesoporous zeolites are highly crystalline
and that crystals exist in a uniform size of approximately 4 pm.

296i and 7'Ga MAS NMR spectra of the conventional and
mesoporous Ga-MFI, recorded after removal of the template
molecules and carbon black material, are shown in Figs. 5 and 6,
respectively. The 2°Si MAS NMR spectra exhibit the same spectral
features as reported earlier for Al- as well as Ga-substituted MFI
zeolites [33-36] and thereby support the XRPD results, which
identifies the structures as MFI. The dominating resonance is
observed at —113 ppm with a low-frequency shoulder at
—116 ppm, both originating from Si*(0Si), sites of the framework
structure. The resonance with lower intensity, ranging from —98 to
approximately —108 ppm, is ascribed to an overlap of resonances
from (GaO)Si*(0Si); and (HO)Si*(0Si)s sites, following the earlier
studies of Ga-MFIs [31-33] and the fact that each OH group
connected to the SiO4 tetrahedron results in a shift by about 5-
8 ppm to higher frequency. The relative 2°Si intensity for the (Ga/
HO)Si*(0Si); type of Si sites (Fig. 5) is slightly higher for the
conventional MFI (i.e., I[(Ga/HO)Si*(0Si)3] = 11.7%) as compared to
the mesoporous sample (I[(Ga/HO)Si*(0Si)s] = 9.4%). This observa-
tion suggests that the conventional MFI includes a larger quantity
of Ga incorporated in the framework structure, if the amount of
(HO)Si*(0Si); sites are very similar for the two samples as
indicated by the NH3-TPD data (Table 1 and Fig. 2).

The 7'Ga MAS NMR spectra, recorded at the highest magnetic
field (Fig. 6a and b), reveal for both samples a Gaussian-like
resonance for the central transition (m = 1/2 «— —1/2) with a center
of gravity at 156 ppm and linewidths of FWHM = 20-25 ppm. This
resonance is assigned to tetrahedrally coordinated Ga incorporated
in the framework silicate structure (i.e., Ga*(0Si), sites), following
earlier 7'Ga MAS NMR studies of Ga-MFI samples [34,36-40].
However, the centerband intensity for the mesoporous MFI
corresponds to only 28% of the observed intensity for the
conventional MFI, indicating that the number of Ga incorporated
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Fig. 6. “'Ga MAS NMR spectra of (a) the mesoporous Ga-MFI and (b-e) the
conventional Ga-MFI sample recorded at (a and b) 14.09 T (182.9 MHz), (¢) 9.39T
(121.9 MHz), (d) 7.05 T (91.5 MHz), and (e) 4.70 T (61.0 MHz) employing spinning
speeds of (c) 10.0 kHz, (d and e) 12.0 kHz, and (a and b) 15.0 kHz.

in the framework structure is significantly lower for the
mesoporous MFI as compared to the conventionally prepared
sample. To investigate this discrepancy, additional experiments
were performed at 9.39 T since at this stage no precautions had
been made to store or handle the samples under non-humid
conditions.

The initial 7'Ga MAS NMR experiments for the two samples at
9.39T, shown in Fig. 7a for the conventional Ga-MFI, gave a
centerband intensity ratio very similar to that obtained at 14.1T.
This could potentially be related to a significant absorption of
water for the mesoporous sample, and thus, the experiments were
repeated for samples dried at 383 K for 2 h and subsequently
handled under non-humid conditions. For both samples, the drying
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Fig. 7. 7'Ga MAS NMR spectra of (a-c) the conventional Ga-MFI and (d) the
mesoporous Ga-MFI recorded under identical conditions at 9.39 T using a spinning
speed of 12.0 kHz. Spectra before and after drying in air for 2 h at 383 K are shown in
parts (a) and (b), respectively, while the spectrain (c) and (d) are obtained for samples
re-hydrated overnight in a humid, CO,-free atmosphere (22 °C, 100% RH). The spectra
are shown on the same intensity scale, normalized to the actual sample weights. Thus,
the different degree of water absorption for the conventional and mesoporous MFIs
should be considered in the evaluation of the intensities in (c) and (d).

procedure completely eliminates observation of the 7'Ga signal
from Ga in tetrahedral environments as illustrated in Fig. 7b for the
conventional MFI. The absence of a “!Ga signal is ascribed to the
presence of very strong quadrupole couplings for the framework
Ga sites after drying which prevent their observation under the
present experimental conditions. Ga species that are unobservable
by 7!Ga MAS NMR under normal conditions have earlier been
described for non-framework Ga sites in zeolitic materials, which
exhibit very strong quadrupole couplings, in studies that focus on
the quantitative aspects of 7'Ga MAS NMR [34,37,40]. However,
the spectra in Fig. 7c and d for the conventional and mesoporous
MFI demonstrate that the 7'Ga MAS NMR signal can be recovered
again after storage of the dried samples in a humid (CO, free)
atmosphere overnight. The weights of the samples before and after
curing in the humid atmosphere show that the conventional MFI
absorbs 10.3 wt.% H,O while a significantly larger absorption
(23.4wt.%) is observed for the mesoporous MFI. Thus, an
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evaluation of the intensities observed in Fig. 7c and d, considering
the actual sample amount in the NMR rotor and the different water
absorption for the two samples, shows that the 7'Ga intensity for
the mesoporous MFI equals 58% of the corresponding intensity
observed for the conventional MFI. Thus, the amount of Ga
incorporated in the mesoporous MFI is only slightly lower as
compared to the conventional MFI, in accordance with the
indications from the 2°Si MAS NMR spectra (Fig. 5). Furthermore,
the 7'Ga MAS NMR spectra following the drying and re-hydration
of the samples (Fig. 7a-c) demonstrate that absorbed water
molecules must be located in the vicinity of the framework Ga sites
in order to have a considerable impact of the electric field gradients
of the ”'Ga sites.

Generally, direct comparison of MAS NMR spectra for quad-
rupolar nuclei requires either spectra recorded at the same
magnetic field or a preknowledge of the isotropic chemical shift
(8iso) and quadrupole coupling parameters (i.e., the quadrupole
coupling constant (Cq) and the associated asymmetry parameter
(nq)) for the individual sites. However, a precise determination of
these 7'Ga parameters for framework Ga in zeolites is not
straightforwardly obtained, considering the second-order quad-
rupolar shift and the absence of a well-defined second-order
quadrupolar lineshape for the central transition that allows
extraction of Jiso, Cq, and 7q from spectral simulations. A valuable
estimate of §;5,(’'Ga) and the quadrupolar product parameter Pq =
Co(1+ né/B)l/ is obtained for the framework Ga in the
conventional MFI sample, utilizing the magnetic field dependency
of the center of gravity for the central transition ((Sig/z_f1 12) given by
the following relationship for a spin I = 3/2 nucleus [41]:

2
g — S 1 (P
1/2,-1/2 150 40 VL

Linear regression of the following experimental 8?}2‘71/2 values,
118.9, 138.6, 148.6, and 156.5 ppm measured at 4.70, 7.05, 9.39,
and 14.09 T corresponding to the Larmor frequencies 61.0, 91.5,
121.9, and 182.9 MHz (Fig. 6b-e), respectively, as a function
of 1/401} gives the parameters &iso(’'Ga)=159.3 ppm and
Py =2.48 MHz with the regression coefficient R=0.994. These
data are in accord with the center of gravity, 8i%, ;, = 155 ppm at
14.1 T, reported earlier for a Ga-MFI with a similar Ga content [31].

Apart from 2°Si MAS NMR and 7'Ga MAS NMR also FT-IR was
used to determine the amount of Ga incorporated into the zeolite
framework. The infrared transmission spectra given in Fig. 8a and b
were recorded at room temperature of the conventional and
mesoporous Ga-MFI zeolites. Various key components are present
in the OH-stretching region. Importantly, the ~3618 cm™! vibra-
tion, which is present in both samples, is designated to the

(1)

3745 cm™

2,50

_..3687 cm”
... 3619 cm"!
3480 cm™!

2,25 -

2,00 P 5
3900 3800 3700 3600 3500 3400 3300 3200
Wavenumber / cm™

Fig. 8. Infrared transmission spectra of the OH-stretching region of the (a) conventional and (b) mesoporous Ga-MFI zeolites prior to CO adsorption. The spectra are recorded

at room temperature.
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Fig. 9. Infrared transmission difference spectra presenting the CO stretch region during stepwise CO desorption for (a) conventional and (b) mesoporous Ga-MFI zeolites.

Brgnsted acidic proton associated with gallium tetrahedrally
incorporated into the framework. Distinct peaks commonly
ascribed to various silanol groups are also seen. This can be
exemplified at 3745 cm~' where a band appears due to the
terminal silanols present at the crystal surface. Silanol groups
related to crystal defects give rise to the shoulder located at
3727 cm~! as well as the broad band centered at 3475 cm™!
commonly mentioned as silanol nests [27]. The silanol nest band
may be present in silicalite [42]. However it is discussed [43,44]
whether bridging hydroxyls could be involved in hydrogen
bonding and contribute to the broad 3475 cm ™! band. Importantly
this would mask Brensted acid sites interacting with defects or in
other ways perturbed from straightforward IR designation. Recent
examples are published on the SSZ-33 and SSZ-35 zeolites [45].

Extra-framework species detectable in the OH stretching region
belonging to the GaOOH type and designated to around 3670 cm™!
could be coincident with the minor contributions seen for both
samples at ~3687 cm~! [46].

The difference plots of the two respective zeolites, obtained by
subtraction of the parent spectrum prior to CO adsorption, are
presented in Fig. 9a and b. The curve labelled 1 in both cases
corresponds to the highest CO loading followed by recordings at
the stepwise decreasing CO equilibrium pressure.

As CO interacts with an acidic proton from the zeolite the
observed stretching frequency is perturbed and shifts proportional
to the interaction strength. In the case of proton interaction this
can be interpreted as a measure of acid strength [47,48].

Examining the difference spectrum of the conventional sample in
Fig. 9a, two distinct peaks at 2138 and 2173 cm™! are clearly visible.
The broad band at 2138 cm™! corresponds to liquid-like CO present
at high loadings in the pores of the zeolite. Furthermore, a band
shifted to 2173 cm™! arising from CO interacting with the Brensted
protons from framework gallium is identified. If present, CO binds
strongly to Lewis acidic sites, which in this material presumably
arises from non-framework gallium having different extents of
unsaturation. A multi-component band positioned around 2210-
2230cm! is thus produced and actually modestly seen in the
conventional material centered at 2215 cm™! [49]. This CO- - -Lewis
acid adduct typically is more stable than the Brgnsted analogue and
therefore disappear only after extinction of the 2173 cm™'.

Correspondingly, when analysing the difference spectrum of
the mesoporous sample given in Fig. 9b, we observe no sign of any
extra-framework gallium species.

To summarize, it may therefore be concluded from FT-IR that
the vast majority of gallium present in the materials appear to be
incorporated tetrahedral in the zeolitic framework in both
samples. The conventional zeolite though simultaneously has a
minor contribution from extra-framework gallium in contrast to
the mesoporous sample.

Thus, the characterizations of the catalysts reveal two almost
identical catalysts where only the morphology differs. Similar
overall amounts of Ga are detected by elementary analysis and
similar density of acidic sites is detected by NH5-TPD though the
acidic strength is not exactly the same for the two samples. 7'Ga
MAS NMR allows us to conclude that the amount of Ga
incorporated into the MFI framework is slightly lower for the
mesoporous MFI compared to the conventional, but the visibility of
the Ga is very dependent on the surroundings of the Ga species and
therefore strongly influenced by the humidity of the sample. FT-IR
measurements demonstrate that the main part of the Ga is
incorporated into the zeolite framework in both samples. The
overall conclusion on the characterizations is therefore that two
almost identical catalysts are synthesized where the morphology is
the only major difference.

3.2. Catalytic activity and stability

The activity measurements are illustrated in Fig. 10, where the
conversion of ethane is shown as a function of time on stream
(TOS).

The flow of ethane/Ar is varied four times: 910 ml (SATP)/h for
the first 300 min, 455 ml (SATP)/h for 940 min, 1820 ml (SATP)/h
for 180 min, and 225 ml (SATP)/h for 200 min. The conversion on
the conventional Ga-MFI is around 0.8% at 910 ml (SATP)/h, rising
to 1% at 455 ml (SATP)/h, falling to 0.4% at 1820 ml (SATP)/h, and
increasing to 1.3% at 225 ml (SATP)/h. For the mesoporous Ga-MFI,
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Fig. 10. Conversion of ethane as a function of time on stream (TOS) for the
conventional and the mesoporous Ga-MFI zeolites ((@) conventional Ga-MFI and
(@) mesoporous Ga-MFI). The catalytic tests were carried out at 823 K, atmospheric
pressure and with an ethane/Ar mix with a concentration of 9.7% of ethane. The
total ethane/Ar flow was varied four times: 910, 455, 1820 and 225 ml (SATP)/h.
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the conversions vary from 2.5% in the first period, to 3.5% in the
second period, to 1.8% in the third period, and finally to around
4.7%. The conversions of ethane are generally kept low considering
that the conversion at thermodynamic equilibrium is 29% for the
ethane dehydrogenation of 9.7% ethane in Ar. Thus, the measure-
ments are not influenced by a close approach to equilibrium. The
mesoporous Ga-MFI has the highest conversion of around 4.3% and
the conventional Ga-MFI has 1.3% conversion as maximum; both
measured at a flow of ethane/Ar at 225 ml (SATP)/h.

In the first period of time on stream, the conversion increases
from 2.3 to 2.5% during 300 min for the mesoporous Ga-MFI. In the
same period of time, the conventional Ga-MFI has a more constant
though slightly decreasing conversion compared to the mesopor-
ous sample. This indicates that the mesoporous Ga-MFI needs to be
pre-treated slightly longer than the conventional Ga-MFI before
reaching a steady state. The two catalysts were both pre-treated in
a flow of Ar for 1 h at 823 K prior to testing. The fact that only the
mesoporous Ga-MFI needs a longer pre-treatment could indicate
that there is slightly more Ga species in the mesoporous catalyst
that is not incorporated into the zeolite structure. All character-
ization methods used here conclude though that the main
difference between the two catalysts is the porosity.

The catalyst is not significantly deactivated during the time of
test since very constant conversions for each flow of ethane/Ar are
observed. Usually when testing catalytic anaerobic dehydrogena-
tion of ethane large amounts of coke is produced which deactivates
the catalysts significantly [20,22]. Here, both the conventional and
mesoporous Ga-MFI are apparently not significantly deactivated
by coke, which is also confirmed by TPO performed after catalytic
testing. TPO shows no detectable CO, or CO and therefore no
significant coke formation on the catalysts occurred. The high
stability of the catalysts also indicates that the Ga species do not
migrate out of the framework, which could lead to a reduction of
the catalytic activity.

From Fig. 10 it is seen that a relatively low flow of ethane/Ar
(that is a relatively long contact time) leads to a relatively high
conversion. Since longer residence times lead to higher conver-
sions, the thermodynamic equilibrium is clearly not reached and,
as expected, the conversions are therefore strongly influenced by
the flow of ethane. It can also be seen that for all four flows of
ethane/Ar, the mesoporous Ga-MFI is significantly more active
than the conventional zeolite.

Presumably, the catalytic activity in ethane dehydrogenation is
different whether the gallium is incorporated into the crystal
structure of the zeolite (Brensted acid) or gallium exists as extra-
framework (Lewis acid) [23]. According to NH3-TPD the conven-
tional and mesoporous Ga-MFI has comparable acidity, but the
technique does not differentiate between Brensted and Lewis
acidic sites. FT-IR investigations showed that the majority of
gallium in both samples exists tetrahedral in framework. Only the
conventional Ga-MFI might contain a very small amount of Lewis
acidic sites.

The characterizations of the two catalysts have shown us that
the only significant difference between the two Ga-MFI zeolites is
the morphology. The reason for the significantly better conversion
of ethane by the mesoporous Ga-MFI is most likely related to a
difference in morphology. Therefore, introducing mesopores into
the otherwise microporous zeolite catalyst leads to an easier access
of ethane to the active sites inside the crystal and an easier exit of
the products from the catalytic reaction. The fact that this effect is
so pronounced is attributed to the conventional Ga-MFI zeolite
having a quite large crystal size.

The selectivities for the two Ga-MFI zeolites are shown in
Figs. 11 and 12. Both Ga-MFI type zeolites exhibit high selectivity
for ethene; around 95% in the first period. Therefore, mainly the
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Fig. 11. Selectivity as a function of TOS for the conventional Ga-MFI zeolite ((H)
methane, (@) ethane, and (A) C3). The catalytic tests were carried out at 823 K,
atmospheric pressure and with an ethane/Ar mix with a concentration of 9.7% of
ethane. The total ethane/Ar flow was varied four times: 910, 455, 1820, and
225 ml (SATP)/h.

dehydrogenation of ethane takes place during the test. Also some
methane resulting from the hydrogenolysis of ethane is observed.
The methane selectivity is 1.6% for the conventional and around
3.4% for the mesoporous in the first period of time. There is a clear
tendency in the product distribution when the flow of ethane is
varied. When the ethane flow is lowered the ethene selectivity is
decreased for both the conventional and the mesoporous Ga-MFI.
At the same time, the selectivities for methane and Cs are increased
on the conventional zeolite whereas the selectivities for methane,
Cs, benzene, and toluene are increased on the mesoporous Ga-MFI.
The intermediate species in the aromatization of ethane is ethene
and therefore low flows (high contact times) leads to lower
selectivity for ethene and higher selectivities for C3, benzene, and
toluene.

The mesoporous Ga-MFI is the only catalyst that has any
detectable selectivity for the aromatics benzene and toluene. Since
the acidity and the amount of incorporated Ga is essentially the
same for the two catalysts, the differences in selectivity must be
attributed to the higher activity which is related to the differences
in morphology. The mesopores also lead to an easier exit of the
produced aromatics from the interior of the zeolite whereby the
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Fig. 12. Selectivity as a function of TOS for the mesoporous Ga-MFI zeolite ((H)
methane, (@) ethane, (A) C3, (®)benzene, and (+) toluene). The catalytic tests were
carried out at 823 K, atmospheric pressure and with an ethane/Ar mix with a
concentration of 9.7% of ethane. The total ethane/Ar flow was varied four times:
910, 455, 1820, and 225 ml (SATP)/h.
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selectivity can be shifted towards producing more aromatics. For
these reasons, benzene and toluene are produced in the
mesoporous zeolite and not at any measurable extent in the
conventional zeolite. Although aromatics are detected from
conversion over the mesoporous Ga-MFI, it is only very small
amounts that are produced (the selectivity is around 0.4% in the
first period). This is due to the fact that the conversion of ethane
into aromatics is enhanced by acidic sites on the catalyst [22,23,50]
and that the Ga-MFI zeolites are not very acidic. The fact that the
mesoporous Ga-MFI produces aromatics can also partly explain
the higher conversion on the mesoporous Ga-MFI compared to the
conventional. The thermodynamic equilibrium conversion is
higher when aromatics are formed along with ethene and
methane. Producing aromatics on the mesoporous Ga-MFI is
therefore also one explanation of why the conversions on the
mesoporous Ga-MFI are significantly higher than on the conven-
tional Ga-MFI.

4. Conclusion

A conventional Ga-MFI zeolite and, for the first time, a
mesoporous Ga-MFI zeolite were successfully synthesized. The
two different MFI samples were characterized by XRPD, NH5-TPD,
elemental analysis, N, physisorption measurements, SEM, FT-IR, as
well as 2°Si and 7'Ga MAS NMR. These analyses show that the main
difference between the two MFI type zeolites is the morphology of
the zeolite crystals. It was shown that water molecules located in
the vicinity of the tetrahedral Ga sites result in a considerable
modification of the electric field gradients at the !Ga nuclear sites.
This observation has an important impact on the quantification of
the 7!Ga signal intensities even in high-speed MAS NMR spectra
recorded at relatively high magnetic fields (9.39-14.09 T). The
introduction of the mesoporosity into the Ga-MFI zeolite leads to a
significant improvement of the catalytic activity and selectivity in
ethane aromatization. The main product for both Ga-MFI type
zeolites is ethene, but the mesoporous Ga-MFI zeolite also
produces a small amount of aromatics such as benzene and
toluene. The difference in conversion is attributed to the improved
accessibility to the active Ga species inside the mesoporous zeolite
crystals since the catalysts only differ in the morphology.
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