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“Después de la perfeccion no hay nada por encima. No hay espacio para la
creacion, lo que significa que tampoco lo hay para la sabiduria o el talento.
Para cientificos como nosotros, la perfeccion es "desesperante". Incluso
cuando algo creado sea superior a todo lo demds existente, sequird estando
muy lejos de la perfeccion. Los cientificos estamos condenados a luchar
constantemente contra esta paradoja, y mds atn, debemos poder ser capaces
de encontrar el placer en ello.”

“Beyond perfection, nothing greater remains. It leaves no space for creation
and thus, none for wisdom or for talent. For scientists like us, perfection is a
tormenting ideal. Even when something created surpasses everything else
existent, it still remains far away from being perfect. We are condemned to
wrestle with this paradox, again and again, and even more, we must learn to
find pleasure in it.”

Mayuri Kurotsuchi (Bleach, ep 200, Tite Kubo)
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RESUMEN

Las zeolitas son sdlidos microporosos, ampliamente utilizados como
catalizadores heterogéneos debido su elevada estabilidad hidrotermal, su
elevada drea especifica, su selectividad por control de forma y sus
propiedades fisico-quimicas ajustables. La optimizacién de dichas
propiedades permite la consolidacidon de los catalizadores zeoliticos como
alternativas sostenibles y eficientes para mejorar numerosos procesos de

interés industrial y medioambiental.

En la presente tesis doctoral se aplicaran diversas metodologias de sintesis
directa y post-sintéticas que permitan un control de las propiedades finales
de la zeolita, desde la escala microscépica hasta la escala molecular y
atémica, permitiendo el disefio racional de zeolitas con propiedades fisico-
guimicas y texturales controladas, que repercutirdn directamente en la
distribucién de los centros activos, en el control del tamafio de particula de

zeolita y en su comportamiento catalitico final frente a reacciones de interés.

La primera parte de este trabajo (Capitulo 4) se centra en la sintesis de
zeolitas de poro medio de estructura tipo MFI con centros activos de Pt con
estabilidad mejorada y mayor resistencia a la desactivacion del catalizador
por sinterizado de los centros metalicos. Para ello, se han incluido en la
sintesis cationes alcalinos que maximicen la dispersién de los nanoclusters y
una segunda especie metalica que actie como especie aleante, dando lugar
a clusteres de la aleacién bimetalica que presenten mejor comportamiento
catalitico. Los materiales, una vez sintetizados con la proporcién atémica

adecuada de centros metdlicos, catién alcalino y especie aleante, han



resultado ser catalizadores eficientes y estables para la reaccién de
deshidrogenacion no-oxidativa de propano, reaccién de elevado interés
industrial que requiere condiciones muy severas de temperatura en

ambiente redox.

La segunda parte de la tesis doctoral (Capitulo 5) se centra en (i) la sintesis
de zeolitas de poro medio tipo MFI con propiedades difusivas controladas
gracias al control del tamafo final de cristal de la zeolita, con centros
metdlicos de Pt introducidos por encapsulacién directa para la mejora de la
actividad catalitica para la conversién de moléculas voluminosas de interés
como el fenilacetileno vy, (ii) en el desarrollo de coberturas homogéneas
hidrofobas con estructura cristalina tipo MFI empleando la novedosa
metodologia de la sintesis hidrotermal ultrarrapida, con el fin de mejorar la
estabilizacion de los centros activos metdlicos ante fendmenos de

arrastre/lixiviado o sinterizado.

Finalmente, la Ultima parte (Capitulo 6) plantea la combinacién de
estrategias basadas en la optimizacidn de la composicién del gel de sintesis,
de la metodologia de incorporacién de los centros activos y del control sobre
el tamaiio final de particula de zeolita para el desarrollo de zeolitas de poro
medio (tipo MFI) y poro grande (tipo BEA) con centros acidos Brgnsted y
centros metalicos de Ni que ejerzan de catalizadores multifuncionales
eficientes para la reaccion de oligomerizacién de etileno, de elevado interés
industrial. Para ello, mediante el uso de agentes directores de estructura
organicos especificos se ha ejercido un control sobre el tamafio de cristal final
de los materiales y mediante el procedimiento de incorporacién de los
centros Ni se ha controlado el estado final de los centros activos, modulando

la actividad catalitica de los materiales.



RESUM

Les zeolites son solids microporosos, ampliament utilitzats com a
catalitzadors heterogenis degut a la seua elevada estabilitat hidrotermal, Ia
seua elevada area especifica, la seua selectivitat per control de forma i les
seues propietats fisicoquimiques ajustables. L'optimitzacié d'aquestes
propietats permet la consolidacié dels catalitzadors zeolitics com a
alternatives sostenibles i eficients per a millorar nombrosos processos

d'interés industrial i mediambiental.

En la present tesi doctoral s'aplicaren diverses metodologies de sintesi directa
i post-sintétiques que permeten un control de les propietats finals de la
zeolita, des de l'escala microscopica fins a I'escala molecular i atomica,
permetent produir de manera racional zeolites amb propietats
fisicoquimiques i texturals controlades, repercutint directament en la
distribucié dels centres actius, en el control de la grandaria de particula de

zeolita i en el seu comportament catalitic final enfront de reaccions d'interés.

La primera part d'aquest treball (Capitol 4) es centra en la sintesi de zeolites
de porus mitja d'estructura tipus MFl amb centres actius de Pt amb estabilitat
millorada i major resisténcia a la desactivacid del catalitzador per sinteritzat
dels centres metal-lics. Per aix0, s'han inclos en la sintesi cations alcalins que
maximitzen la dispersid dels nanoclusters i una segona espécie metal-lica que
actue com a espécie aliant, donant lloc a clusters de I'aliatge bimetal-lic que
presenten millor comportament catalitic. Els materials, una vegada
sintetitzats amb la proporcié atomica adequada de centres metal-lics, catié

alcali i especie aliant, han resultat ser catalitzadors eficients i estables per a



la reaccid de deshidrogenacié no-oxidativa de propa, reaccié de molt elevat
interés industrial que requereix condicions molt de temperatura en ambients

redox.

La segona part de la tesi doctoral (Capitol 5) es centra en (i) la sintesi de
zeolites de por mitja tipus MFI amb propietats difusives controlades gracies
al control sobre la grandaria final de particula de zeolites, i amb centres
metal-lics de Pt introduits per encapsulacié directa per a la millora de
|'activitat catalitica per a la conversid de moléecules voluminoses d'interés
com el fenilacetilé i, (ii) en el desenvolupament de cobertures homogénies
hidrofobes amb estructura cristal:-lina tipus MFI emprant la nova metodologia
de la sintesi hidrotermal ultrarapida per a la millora de |'estabilitzacié dels
centres actius metal-lics davant fenomens d'arrossegament/lixiviat o

sinteritzat.

Finalment, la ultima part (Capitol 6) planteja la combinacio d'estratégies
basades en I'optimitzacié de la composicid del gel de sintesi, de la
metodologia d'incorporacié dels centres actius i del control sobre la grandaria
final de particula de zeolita per al desenvolupament de zeolites de porus
mitja (tipus MFI) i porus gran (tipus BEA) amb centres acids Brgnsted i centres
metal-lics de Ni que exercisquen de catalitzadors multifuncionals eficients per
a la reaccid de oligomeritzacidé d'etilé, d'un elevat interés industrial. Per a
aixo, mitjancant I'ds d'agents directors d'estructura organics especifics es va
exercir un control sobre la grandaria de cristall final dels materials, i
mitjangant el procediment d'incorporacié dels centres Ni es va controlar

|'estat final dels centres actius, modulant |'activitat catalitica dels materials.



SUMMARY

Zeolites are microporous solids extensively employed as heterogeneous
catalysts due to their remarkable hydrothermal stability, high specific surface
area, shape-selectivity, and tunable physicochemical properties. The
optimization of these features has established zeolitic catalysts as sustainable
and efficient alternatives to carry out numerous industrial and

environmentally relevant processes.

This doctoral dissertation explores a range of direct and post-synthetic
methodologies aimed at tailoring the properties of zeolites (from the
microscopic to the molecular and atomic scale), thereby enabling the rational
design of zeolitic materials with controlled physicochemical and textural
attributes. These modifications have a direct impact on the spatial
distribution of active sites, the control of crystal size, and the overall catalytic

performance in reactions of interest.

The first part of this study (Chapter 4) pursued the synthesis of medium-pore
MFI-type zeolites incorporating platinum active centres with enhanced
stability and resistance to catalyst deactivation through metal sintering. To
achieve this, alkali cations were introduced into the synthesis medium to
promote metal species dispersion, along with a secondary metal that allows
forming bimetallic alloys with superior catalytic properties. The resulting
materials, synthesised with optimised atomic ratios of metal species, alkali
cations, and alloying agents, demonstrated excellent performance and

stability in the non-oxidative dehydrogenation of propane, a reaction of



significant industrial relevance carried out under harsh thermal conditions

and redox atmosphere.

The second part of this thesis (Chapter 5) encompasses (i) the synthesis of
MFI-type zeolites with tailored diffusive properties through crystal size
control, incorporating Pt nanoparticles via direct encapsulation to enhance
catalytic performance in reactions involving bulky substrates like
phenylacetylene, and (ii) the development of homogeneous hydrophobic
crystalline coatings with MFI structure using an innovative ultrafast
hydrothermal synthesis technique. This strategy aims to improve the
retention and stabilisation of active metal centres against leaching and

sintering processes.

The final section (Chapter 6) proposes a combined approach that integrates
synthesis gel composition tuning, active site incorporation methodology, and
particle size control to prepare medium-pore (MFI-type) and large-pore (BEA-
type) zeolites possessing Brgnsted acid sites and nickel active centres. These
multifunctional catalysts exhibited high efficiency in the ethylene
oligomerisation reaction, a process of major industrial significance. Through
the use of tailored organic structure-directing agents and precise control over
Ni incorporation pathways, both the final crystal size and the chemical state
of the active centres were optimised, effectively modulating the catalytic

behaviour of the materials.
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Introduction

1.1. FROM GREEN CHEMISTRY TO SUSTAINABLE
CHEMISTRY

Chemistry has been an integral part of human progress and development
since its earliest days. From the creation of cave pigments in prehistoric times
or the first alcoholic fermentations of hops in Mesopotamia to produce beer,
to the materials employed in construction, transportation, and textiles used
nowadays!. Chemistry is linked to every aspect of human activity, and human

activity leaves an imprint on the environment.

By the 19*" century, concerns regarding environmental pollution began to
emerge as a consequence of the rapid expansion of industrial activities,
particularly those involving the transformation of raw materials into
commodities and energy. The environmental impact of these processes
became increasingly evident, with scientists such as the Swedish chemist
Svante Arrhenius identifying a rise in global temperatures due to the
accumulation of carbon dioxide (“carbonic acid” in accordance with the
convention at that time) in the atmosphere, phenomenon currently

recognized as global warming?.

This problem has become the result of decades of pollutant emissions into
the environment from human activities, particularly during the two industrial
revolutions, which led to an exponential increase in harmful emissions, being

gas pollutants the most extended contaminants.

Residual products of industry, transportation, and various daily activities
involving chemical transformations are considered as major pollutants. The
last decades of 20™" century underwent a significant growth in atmospheric

gas emissions due to the increasing energy demands of global economic
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sectors, as seen in Figure 1.1, where the main focus continues being fossil
fuels employed in industrial activities. This escalation led to the identification
of climate change, an undesired phenomenon progressively raising the
planet's temperature, altering climatology, and putting at risk entire
ecosystems. Nowadays, climate change stands as the most critical

environmental challenge.

Global net anthropogenic GHG emissions (Gt CO,-eq)

0

1990 1995 2000 2005 2010 2015 2019
Fluorinated gases Nitrous oxide (N,0) Net CO, from land use, CO, from fossil fuels
(F-gases) land use change, and and industry (CO,FFl)

forestry (CO,LULCF)

Figure 1.1. Global greenhouse gas emissions expressed as gigatonnes of CO, equivalent

between 1990 and 2020. Data obtained from the US Environmental Protection Agency*.

In this respect, numerous industrial sectors have neglected the
environmental consequences of their activities and products for decades.
However, growing environmental awareness and the enforcement of
environmental regulations imposed by most governments to the companies
forced the development of alternative production methods maintaining the
synthesis of chemical products while minimizing their environmental impact

and waste generation.
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Consequently, the chemical industry is often perceived as a major contributor
to environmental pollution and a serious big hazard, despite its crucial role in
improving quality of life through advancements in food and water treatment,
pharmaceutical development, and the creation of innovative materials used
across almost all industries®®. In light to these concerns, interdisciplinary
collaboration between chemistry and fields such as biology, ecology,
toxicology, risk management, and economics has led to the emergence of a

new way of thinking known as Green Chemistry.

According to the International Union of Pure and Applied Chemistry (IUPAC),
Green Chemistry is defined as “the way of thinking applied to chemistry that
aims to design chemical processes and products that eliminate the use or
generation of substances harmful to humans, the environment and the rest
of the biosphere”1°, Green Chemistry relied on 12 principles (see Figure 1.2)
that outline specific guidelines for producing and utilizing chemical products
in an environmentally sustainable manner, minimizing pollution and

optimizing the use of raw materials.

(5]



Chapter 1

Prevention: It is better to prevent waste than to treat or clean up waste
after it has been created.

Atom economy: Synthetic methods should be designed to maximize
the incorporation of all materials used in the process into the final
product.

Less hazardous chemical synthesis: Synthetic methods should be
designed to use and produce substances that possess little or no
toxicity for human health and the environment.

Designing safer chemicals: Chemical products should be designed to
achieve their desired function while minimizing their hazard.

Safer solvents and auxiliaries: The use of auxiliary substances should
be made unnecessary wherever possible and innocuous when used.

Design for energy efficiency: Energy requirements of chemical
processes should be recognized for their environmental and economic
impacts and should be minimized.

Use of renewable feedstock: A raw material or feedstock should be
renewable rather than depleting whenever technically and
economically practicable.

Reduce derivatives: Unnecessary derivatization should be minimized or
avoided if possible. Additional steps require additional reagents and can
generate additional waste.

Use catalysts: Minimize waste by using catalytic reactions. Catalysts are
effective in small amounts and can carry out a single reaction many
times.

Design for degradation: Chemical products should be designed so they
break down into innocuous degradation products that will disappear in
the environment after their use

Real-time analysis for pollution prevention: Analytical
methodologies required to follow in real-time, in-process monitoring
and control before produce hazardous substances

Inherently safer chemistry for accident prevention: Substances form
should be chosen when used to minimize the potential for accidents,
including releases, fires and explosions

Figure 1.2. Scheme of the 12 principles of green chemistry published by Anastas P et a/'l.
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Although these principles establish clear guidelines to enhance process
efficiency, ensuring safety, and minimizing environmental impact, they are
inherently alighed with a linear economy model (take-make-use-dispose)*?.
As a result, they are insufficient on their own to achieve a truly sustainable,
long-term framework capable of integrating multiple principles
simultaneously. For instance, a product may be biodegradable yet derived
from non-renewable sources, or, conversely, it may be produced from
renewable materials but require excessive energy consumption or generate
numerous by-products that necessitate additional treatment, thereby

increasing its overall environmental footprint.

Within this framework, ensuring long-term sustainability should be both the
objective and the guiding principle, leading to the emergence of the concept
of Sustainable Chemistry. This term, introduced by the Organization for
Economic Co-operation and Development (OECD) in the 1990s, is defined as
“a scientific concept that seeks to improve the efficiency with which natural
resources are used to meet human needs for chemical products and
services”!3, Sustainable Chemistry focuses on the desigh and how to produce
and use chemical products and processes in an efficient, safe, and
environmentally responsible way. It aims to maximize resource efficiency by
conserving energy and non-renewable resources while minimizing hazardous
risks and pollution and also reducing waste throughout a product’s life cycle
efficient design. Additionally, it drives innovation across all sectors, fostering
the development of new chemicals, production methods, and product
stewardship practices that enhance performance and value while ensuring
the protection of human health and the environment. Sustainable Chemistry

implies Green Chemistry, but a Green Chemistry process may not be
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sustainable!®. The continuous improvement philosophy, combined with the
comprehensive integration of key Green Chemistry principles alongside
technical, economic, and social considerations, is essential for achieving a

sustainable transition (see Figure 1.3).

Sustainability: Green
* Ecosystems

* Human health
*  Economy

Chemistry
Sustainable
Chemistry

Green Engineering:

« Lifecycle

+ Systems/Control/Monitoring
* Metrics

* Energy efficiency

Green Chemistry: \ /

. Feeds.tocks and reagents { A\ Sustainable

* Reactions and Catalysts | . .
Engineering

* Solvents " Green
* Thermodynamics/Kinetics Engineering
* Safety/Risks-Hazards

f Sustainability

Figure 1.3. Scope of Sustainability, Green Engineering and Green Chemistry, Sustainable
Engineering and Chemistry arise from expanding the objectives of Green Chemistry and
Engineering to incorporate additional factors beyond technical considerations. Adapted from

Martel-Parrish et al>.

1.2. HETEROGENOUS CATALYSIS

Among the various strategies outlined in the 12 principles of Green
Chemistry, the use of catalysts has been particularly impactful in steering
chemical processes toward greater sustainability. Catalysts offer several
advantages, including: (i) lowering activation energy, thereby reducing the
overall energy input required for the reaction, (ii) eliminating the need for

stoichiometric amounts of reagents, and (iii) enhancing selectivity, which
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minimizes the formation of undesired by-products and consequently reduces

the need for additional separation steps that consume solvents and energy®.

Homogeneous catalysts, which are in the same physical phase as the
reagents, are widely employed in the pharmaceutical and agro-food
industries, as well as in certain fine chemical processes?’, because they offer
complete theoretical accessibility to active sites and exhibit outstanding
performance in terms of chemoselectivity, regioselectivity, and
enantioselectivity'®. However, being in the same physical state as the reactant
medium implies additional operations required to separate the catalyst from
the medium, increasing the need for auxiliary substances and energy to apply
these unitary operations. In terms of developing more sustainable chemical
processes, chemical industries (i.e. polymer production, biorefineries,
petrochemical...) are focusing on the use of heterogeneous catalysts, which
are in the different physical phase (generally in solid state) than the reagents.
Indeed, the possibility of separating the catalyst from the final products for
its recyclability makes heterogenous catalysis more cost-competitive and

environmentally attractive.

Nowadays, heterogeneous catalysis is responsible for approximately 80% of
industrial chemical transformations, consuming almost 25% of the electric
power destined to industries!>?. Consequently, enhancement in catalyst
efficiency leads to substantial reductions in energy demand. Heterogeneous
catalysis operates through surface reactions, where the reactant species
undergo adsorption onto the catalyst's active surface as the initial step of the
chemical reaction. Table 1.1 provides a summary of the most prominent
industrial processes that utilize heterogeneous catalysts, highlighting those

with the highest production volumes.
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Table 1.1. Most common industrial processes employing heterogenous catalyst. References

obtained from G. Palmissano et a/?°.

Process Catalyst Reactants Target Products
Ammonia synthesis Fe3O4 N2, H2 NHs
Nitric Acid production Pt or Ru NHs, O2 HNO3
Sulfuric Acid
) V205 S, 02, H20 H2S04
production
) Cu-based,
Methanol production CO, H2 CH3OH
Zn0/Cr03
Olefin hydrogenation Ni Alkenes Alkanes
] ) Re, Mo, Alkenes with a
Olefin metathesis Alkenes .
Re207, WO3 different structure
High-molecular .
. Aromatics, shorter
weight .
. . . chain
Catalytic Cracking Zeolite Y hydrocarbons .
linear/branched
from petroleum
. alkane and alkenes
crude oils
) Ni supported
Catalytic steam
i on Al20s - CHa, H20 CO, H2
reforming
MgO
Naphtha’s
) ) Pt and/or Re ) .p High-octane liquid
Catalytic reforming distilled from
on Al203 . products
crude oil
Ethylene oxide
. Ag on Al;03 CaHz, O2 C2H40
production
Mixture
Fischer-Tropsch Fe, CoorRu CO, H2 Gasoline/Diesel-
range molecules
a-Olefins Ziegler-Natta . Polymers of a-
o a-Olefins .
polymerization catalyst Olefins
Crude oil/ products
Crude oil or of cracking free of
Hydrodesulfuration/ Co/MoS; or .g
] ) . products of sulfur-/nitrogen-
Hydrodenitrogenation Ni/WS; . .
cracking containing
components
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As presented in Table 1.1, heterogeneous catalysts can exhibit different
chemical structures, each of them is suitable for a different type of chemical
reaction and presents specific advantages and/or limitations that determine

their suitability for a given application.

In this context, the concept of shape selectivity gained significant prominence
from the 1960s, particularly in the petrochemical industry and petroleum
refining processes for the production of refined fuels?!. The shape-selectivity
property is characteristic of crystalline microporous materials, where the
specific spatial arrangement of atoms in the framework creates molecular-
scale channels. These channels allow the diffusion of chemical species only if
they satisfy certain steric constraints. Depending on the stage at which this
size-controlled selectivity occurs, it can be classified as (i) reactant selectivity
(where molecules are excluded to enter the channel system by size), (ii)
product selectivity (where transformed molecules can exit by size), or (iii)
reaction intermediate selectivity (where the reaction is guided by the
available space for intermediate species to be formed)??. Among the
crystalline materials that can be used as potential heterogenous catalysts,
zeolites stand out due to their excellent properties and high thermal stability.
Their application in industrial chemical processes has gained significant

prominence in recent decades.
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1.3. ZEOLITES: A MORE SUSTAINABLE HETEROGENOUS
CATALYST

Zeolites have become the most employed crystalline inorganic microporous-
type materials nowadays. Their structures are formed by a tridimensional
framework of TO,4 tetrahedron (with T= Si, Al, P, Ge, B, Ga, among other
species), interconnected by the oxygen atoms, which form a system of
channels and cavities of molecular dimensions. Unlike other dense phases,
which also belong to the tectosilicate family group like quartz (22 T
atoms/1000 A3), zeolites have lower framework density (usually bellow 19 T

atoms/1000 A3), implying the formation of larger micropores volumes.

From the structural point of view, zeolites can be defined as silicates in which
some Si atoms have been substituted by Al atoms, resulting in a net negative
charge excess. To achieve a good balance of the electrostatic forces (in pure
silica zeolites the net charge is neutral), cationic species can be hosted in
cavities and/or channels of the zeolitic framework, preferentially in extra-

framework positions.

The cationic species can be organic or inorganic, and they can be exchanged
by other more convenient cationic species, provided by the fact that zeolites
have the capability of exchange ionic species with the surrounding
environment or, if those cations present catalytic activity, they will give
catalytic properties to the material. In addition, high Si/Al ratio zeolites can
stabilize the framework net charge with protons after removing the organic

cationic species by thermal treatment.
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The empiric formula of a zeolite can be described as:
M;l/tlAlell—XOZ *Z HzO

Where z represents those water molecules (neutral charge) hosted in the
zeolitic system. M refers to the cationic specie, organic or inorganic (alkaline
or alkaline-earth cations are generally used) and is responsible for providing
the positive charges to counterbalance the negative charges introduced by

the aluminium atoms.

The tridimensional structure presents some electrostatic limitations between
adjacent atoms, so limiting the presence of consecutive negative charged
tetrahedra. This phenomenon was described by Lowenstein?® and stablishes

the chemical imposition of, at least, one Si tetrahedra for each Al tetrahedra
(Si/Al € 1 - ©2) to avoid very strong electrostatic rejection between the

negative charged tetrahedral atoms.

Nowadays, the Structure Commission of the International Zeolite Association
(IZA) has accepted 256 different zeolitic structures. The possibility to
incorporate different type of heteroatoms (Al, B, Ga, Ge, Ti, Sn, Zr) provides
different linking angles to the tetrahedral units (primary building units), all
ranging between 127° and 180°. The primary building units assemble with
different linking angles from different intermediate units, named secondary
building units (SBU)?*, finally resulting in more complex units, named
composite unit buildings (CBU). The continuous adhesion of the SBUs results
in the final zeolite structure conformation® (see Figure 1.4). Although many
of the structures have at least one common SBU, the combination of SBUs
and CBUs assemblies defines each type of crystalline framework, presenting

then specific channel system and pore distribution. The versatility of
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crystalline structures plays a key role to modulate the diffusion of the
molecules and to selectively filter them by size, acting as molecular sieves

and becoming as relevant and interesting materials for the industry.

PBU CBU Chains MFI framework

e® e 9,8 ' ADJN
1 mor (8T)  cas(12T) __ | 5 |

mfl (14T) mel (14T)

Figure 1.4. Construction of MFI zeolite from simple building units into the final zeolite

framework. Extracted from IZA Database?®.

The most widely used criteria to classify zeolites are by (i) the pore size, (ii)
the dimensionality (channel spatial arrangement) or (iii) the type of channel

system.

The pore diameter is one of the most relevant properties studied in the
zeolitic materials, which will determine their behaviour as molecular sieve by
discriminating the molecules entering inside the channel system according to
their size and shape. The definition of pore ring refers to those TO,4

tetrahedrons surrounding the free diameter of the zeolite channel.

Regarding the pore size, zeolites can be classified as small pore, medium pore,

large pore or extra-large pore zeolites (see Figure 1.5).

e Small pore zeolites: zeolites with a pore size between 3.5A-4A and 8

TO4 units per ring. Some examples are the zeolite A (LTA)?’, ABW*
and chabazite (CHA)?®
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o Medium pore zeolites: zeolites possessing between 9-11 TO4 units

per ring, and pore diameter between 5-5.5A. Some examples are
ZSM-5 (MF1)* and ZSM-11 (MEL)3™.

e large pore zeolites: zeolites possessing 12 TO4 units per ring, and

pore diameter between 6.5 A -7 A. Some examples are BEA3? and
ISV34,

e Extra-large pore zeolites: zeolites possessing more than 12 TO4 units

per ring, and pore diameters above 7 A. Some examples of extra-
large pore zeolites are UTD-1 (DON)34, CIT-5 (CFI)*®* and EMM-23
(EWT)?® zeolites.

~o~ -0 0%
/J 41?\ :J\O:%& £77A” bh S‘ 8.2A &
>41A < ( » ”A4 Ay 8:1A %

55A ®
el Rept RGBT R oef
LTA MFI BEA DON

Figure 1.5. Pore diameters of zeolite A (LTA, small pore), ZSM-5 (MFI, medium pore), Beta (BEA,
large pore) and UTD-1 (DON, extra-large pore).

Another commonly extended criterion to classify the different zeolites is
according to the spatial arrangement (see Figure 1.6) of their porous

system?’. Regarding this criterion, the zeolites can be classified as:

e Monodirectional zeolites: zeolites presenting only one channel

system. Examples of zeolites belonging to this family are EU-1 (EUO)3®

and ZSM-12 (MTW)*®
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e Bidirectional zeolites: zeolites containing two different channel

system. An example of zeolites that belong to this group is mordenite
(MOR)*

e Tridirectional zeolites: zeolites presenting channel systems in the

three-dimensional directions. Different examples of zeolites

commonly employed that belong to this group are faujasite (FAU)*

or beta (BEA)*?

i - 4

Monodirectional Bidirectional Tridirectional
(i.e. MTW) (i.e. MOR) (i.e. FAU)

Figure 1.6. Zeolite classification according to spatial arrangement of the porous systems.

It is worth highlighting that the channel systems in the zeolites can be
independent (non-connected) among them (MWW)*3, totally interconnected
among them (BEC)* or the channel system can be linked by cavities (such as

LTA or AFX)*>48,

1.3.1. Zeolite properties

The physicochemical properties of zeolites are intrinsically given by their
chemical composition and crystalline structure. Below is an overview of the

key properties that facilitate their use for a wide range of applications.

(16]



Introduction

Acid-base properties. In the zeolitic framework, the isomorphic
substitution of trivalent atoms in lattice positions originally occupied
by silicon atoms results in an excess of negative charge. To maintain
the electrostatic charge balance, extra-framework cations are
required as charge-counterbalance species. These cations can be
easily exchanged by ammonium (NH;*) ions, resulting in ammonium
zeolites. Upon undergoing thermal treatments, the ammonium ions
decompose, leaving behind protons in the extra-framework sites,
and giving Brgnsted acidity to the zeolite*”. Indeed, high-silica
zeolites can be stabilized in the synthesis processes without any
additional counter-balance inorganic cations, and the zeolite in its
protonic form (acid form) can be obtained directly in the post-
synthetic calcination of the residual organic matter after synthesis.
The acid strength is determined by the chemical environment
surrounding the trivalent atoms to which they are attached, as well
as by the nature of the substituent species. In general, acidity
increases with a higher degree of silicon atom substitution within the
zeolitic framework*. Another form of acidity can be Lewis acidity,
which may arise from: (i) the presence of aluminium oxyhydroxide
species in extra-framework positions on the zeolite surface, typically
resulting from the dealumination process induced by thermal or acid
treatment; or (ii) the incorporation of heteroatoms with void
electronic d orbitals into the zeolitic framework, becoming them
electron acceptors (i.e., Ti, Sn, Zn, Zr, Mo). Additionally, zeolites can
also exhibit Lewis basicity, which can be classified into two types:
global Lewis basicity, which considers the overall structure of the

zeolite (including exchangeable cations), and local Lewis basicity,
[17]
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which focuses on the oxygen atoms in the framework. Figure 1.7
illustrates the spatial distribution of Brgnsted acid sites (BAS) and

Lewis acid sites (LAS)*>>°,

Bronsted Acid Sites Lewis Acid Sites

AIO", AI(OH),", AIOH**
or AIOOH, Al(OH),, etc.
H

b
| T

\Si/o\gi/O\Al/O\Si/ P W
P T Y Y
Ga, Zn, Mo, etc
M
Ga, Sn, Ti, etc
0 0
N R S ORI i

S Al
A AL L A

Figure 1.7. Brgnsted acid sites (BAS) and Lewis acid sites (LAS) on zeolites. Scheme obtained

from Deng et al?™.

e Cation exchange capacity. This property is directly associated with
the presence of charge-counterbalance cations located in the zeolite
framework. The high mobility of these cations facilitates their
substitution by others of similar nature, with the exchange capacity
increasing proportionally to the negative charge that must be
neutralized within the structure. Consequently, zeolites with a high
aluminium content (low Si/Al ratio) exhibit a greater cation exchange
capacity, as they contain a higher number of compensating cations
compared to zeolites with a higher Si/Al ratio®?.

e Adsorption capacity. The primary advantage of zeolites lies in their
selectivity over size and shape, attributed to the controlled
dimensions of their cavities and channels. This characteristic enables

selective adsorption of molecules smaller than the pore size while
(18]
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excluding larger species. Additionally, the channel network provides
a substantial accessible surface area for adsorbate molecules,
resulting in materials with a higher specific surface area than most
heterogeneous catalysts. This surface area can be further enhanced
through mesoporosity generation, either during synthesis or via post-
synthetic modifications. The adsorption capacity of zeolites is also
influenced by their chemical composition, atomic distribution, and
specific crystalline structure, as well as by their hydrophilic or
hydrophobic nature and affinity for target species. Notably, an
increase in the Si/Al ratio enhances the hydrophobicity of the zeolite,
which also increases when lowering the defects density within the
zeolite framework®:.

Metal hosting capacity: Zeolites possess the capability to stabilize
metal species within their porous framework, serving as a
confinement medium that enhances resistance to metal sintering
and extends catalytic durability and reusability in redox reactions.
These metal species can be incorporated as counter-balance cations
occupying exchangeable positions, induced by isomorphic
substitution® done by post-synthetic treatments, or as nanoparticles
of varying sizes hosted within the porous network. When introduced
during direct synthesis, the zeolite framework crystallizes around
these metal species, effectively encapsulating them within the

structure®®.
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1.3.2. Zeolite synthesis, main mechanism and synthesis
parameters

The common procedure to obtain zeolites is the hydrothermal synthesis®®. In
this synthesis procedure, different element precursors (usually in aqueous
solution) are provided to the synthesis gel until reaching a suitable pH
(generally needs to be highly alkaline) that can dissolve the Si species and
maintain the other species in the desired phase. Right after obtaining a
homogeneous media, the temperatures are risen usually between 100-
200°C, temperatures at which the water present in the synthesis media boils,

providing enough autogenous pressure to favour the crystallization process.

The common synthesis gel contains an aqueous mixture of Si and Al
precursors (or other desired heteroatom precursors) that must be
incorporated into the final crystalline structure, with alkaline inorganic
species and/or cationic organic species that can provide at the same time the

positive counterbalance charges and the required alkaline pH.

The measurable crystallization process of a zeolite under isothermal
conditions follows a sigmoidal pattern-type evolution of crystallinity increase
over time, as illustrated in Figure 1.8. Initially, an induction period occurs,
during which the nuclei of the zeolite's crystalline phase begin to form

(nucleation step).

This is followed by a phase of crystal growth (crystal growth step) where the
degree of crystallinity increases exponentially. At longer times, a decline in
the crystallization rate is observed due to the depletion of remanent soluble
species necessary for further crystal growth, thereby limiting the resulting

rate of crystallinity increase of the solid.
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Figure 1.8. Crystallization curve of a zeolite under isothermal conditions expressed as %
crystallinity of the final solid powder (blue) and nuclei formation rate (black). Model extracted

and adapted from Cundy et al°®.

» Nucleation step:

Despite the measurable progression of zeolite crystallinity, as illustrated in
Figure 1.8, the elucidation of the mechanisms underlying zeolite nucleation
remains one of the most challenging topics nowadays in the field of zeolite

synthesis, highlighting their complexity.

Classical Nucleation Theory (CNT) describes the formation of solid nuclei
from a liquid or gaseous phase containing dissolved monomeric precursor
species once a critical Gibbs free energy threshold is surpassed®”>8. At this
point, nucleation occurs, leading to the formation of a new phase with a

lower, thermodynamically more favourable, free energy®.
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However, the limitations of the classical model resulted in the development
of alternative nucleation models, collectively known as non-classical
nucleation theories, which suggest that nucleus formation involves phases
that are denser and more ordered than simple monomers. Among these
mechanisms, two-stage nucleation crystallization (TSN, comprising an initial
formation phase followed by nucleation)®, the presence of pre-crystallized
nuclei (PCN)®, spinodal decomposition (SD, where two coexisting phases are
enriched in specific chemical species while being depleted in others, where
diffusion limitation is the barrier to form new phases the diffusion
limitations)®?, and arrested spinodal decomposition (where a kinetically
stable sol-gel precursor undergoes prior to phase separation through

spinodal decomposition)® are proposed.

Although non-classical models offer a more precise representation by
considering factors such as species diffusion and growth on pre-formed
ordered nuclei, they still fail to accurately encompass the complexity of all

the sub-processes involved in the nucleation mechanism pathway.

This limitation has led to the development of more current models, which
claim that nucleation is the combination of multiple interrelated chemical

equilibrium processes occurring simultaneously, as illustrated in Figure 1.9.
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Steps involved
i. ~ Homogenous nucleation from soluble species
ii.  Nucleation within aggregates of nanoparticle precursor
iii. Nucleation within porous channels and interior pockets
iv. Nucleation at the surface of amorphous precursors

Absence of crystalline order
Development of local order

Crystalline domains

Monomers Oligomers Building units

O )~/ Interior

g o 7/ pocket

, 00
Particle, gel, \__/
or cluster \__/ Nanoparticles
Figure 1.9. Hypothetical pathways of zeolite nucleation. Mechanisms can involve the assembly
or evolution of diverse soluble species (monomers, oligomers, and building units) and

amorphous precursors (particles, gels, clusters, and nanoparticles). Scheme obtained and

adapted from Rimer et a/®.
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> Crystal Growth step:

As mentioned above, crystal growth is the second stage conventionally
attributed to the zeolite crystallization process. According to classical crystal
growth theory, this process occurs through the addition of monomeric
precursor species onto the surface of crystals already formed®®. This
incorporation takes place either directly from the dissolution medium or via
surface molecular diffusion mechanisms®*%>, However, as with nucleation
mechanism models, the classical models also totally disregarded parallel
crystallisation processes and did not take into account either the different
nature of the precursor species or the sol-gel zones supersaturated by the
presence of the different components involved in the synthesis gel. Thus, new

models have been developed to take into account this added complexity.
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Figure 1.10. A) Schematic representation of various zeolite crystal growth pathways reported
in the literature, classified as particle-attachment crystallization (PAC) mechanisms®6-68, B) A
model representing the transformation of amorphous particles into zeolite crystals through
the transformation from a gel phase (i) and solution phase (ii)®7° to a crystal, and (iii) the
autocatalytic release of nuclei from amorphous precursors’l. C) Potential crystallization
pathways of zeolite crystals in the amorphous precursor medium, where species incorporation
can occur through (i) the dissolution medium (red), (ii) solid particle modifications (blue), or
(iii) local dissolution and reprecipitation mechanisms’2. The diagram was adapted from Rimer

et alf4,

There are numerous factors that can directly influence the formation of the
final crystalline structure and tailor the physicochemical properties of the

resulting zeolitic material. Those parameters are discussed below.

Structure-Directing Agent (SDA): These are species that influence the type
and composition of the obtained zeolite crystalline structures’®. Through
electrostatic interactions, the SDA can balance the electronegative charge of
the zeolitic lattice, allowing the bonding of the silicates and aluminates during

synthesis, and thereby guiding the crystallization process to the formation of
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a given structure’. SDAs can be either inorganic, such as alkali and alkaline
earth metal cations, allowing to obtain low Si/Al ratio zeolites (between 1-
5), or organic (OSDAs), primarily comprising amines or quaternary
ammonium  salts. Additionally, other organic species, including
phosphazenes’®, tetraalkylphosphoniums’””®, crown ethers®®®, and
coordination complexes®®, are also employed for this purpose. The
introduction of OSDAs significantly advanced zeolite synthesis by enabling
the synthesis of higher Si/Al ratio materials®*. This advancement facilitated
the production of high silica content and pure silica zeolites with diverse
topologies, exhibiting superior hydrothermal stability compared to their
aluminium-rich counterparts and avoiding the generation of impurity phases
that are prone to take place in inorganic SDA guided synthesis®. Unlike
inorganic ions, the atomic mobility within OSDAs imparts flexibility to these
molecules, enabling them to adopt multiple spatial conformations, which in

turn facilitates the formation of a diverse range of zeolitic structures®®.

Organic molecules used in zeolite synthesis can be classified according to
different criteria, being their role in the crystallization process the most
employed one. Based on this classification, they can be categorized as: (i)
pore-filling agents, which stabilize the thermodynamics of crystallization by
occupying the pores without directing the formation of a specific structure®”
8 (ii) structure-directing agents that influence crystallization by promoting
organic-inorganic interactions through Van der Waals and Coulombic forces,
thereby favouring thermodynamic stability towards some phase selectivity®®
92 and (iii) templating agents, where a direct structural correlation exists
between the OSDAs size and spatial configuration and the resulting zeolite

pore structure®.
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Although the introduction of OSDAs facilitated the synthesis of novel zeolitic
structures with potential applications in industry, these molecules possess
noticeable drawbacks, as toxicity and, in some cases, flammability.
Additionally, OSDAs with complex molecular structures are costly to produce,
often requiring additional synthesis, purification, and concentration steps,
thereby increasing both their environmental impact and energy
consumption. Furthermore, their removal from porous channel system
typically requires high-temperature combustion, leading to the emission of
greenhouse gases such as CO, and NO,. To mitigate these issues, alternative

approaches are being explored, such as:

- Employing low-toxicity templates like polyquaternium-6, a common
shampoo ingredient, which facilitate the synthesis of EMT-rich
faujasites®, or guanidine derived molecules to produce ALPO-5 (AFI
type aluminophosphate)®®.

- Employing low-cost template approaches, where a minor amount of
the OSDA is used to guide the nucleation product and a larger
amount of less selective molecule is added as pore filler while the
crystal continues growing, presenting several cost-saving benefits.
Some structures obtained by this strategy are SSZ-13 (CHA type)®®,
SSZ-33 (CON type) or SSZ-35 (STF type)®’. A newer alternative based
on this approach is charge density mismatch (CMD) that combines
alkaline or alkaline earth cations to cooperate with OSDAs®®.

- Employing recyclable OSDAs, based on strategies focused on OSDA
recovery through various extraction techniques®1%, This approach
relies on designing OSDAs composed of at least two components

that, through covalent or non-covalent interactions, can withstand
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the extreme conditions of hydrothermal synthesis while remaining
intact and can be selectively reversed after zeolite crystallization,

enabling OSDA recovery and reuse®.

New trends of hydrothermal syntheses are based on avoiding the use of
OSDAs, relying instead on rational design approaches that involve precise
adjustments of the molar ratios in synthesis gels, the introduction of nuclei
to seed the final phase in solution, or the direct addition of zeolite crystals.
This methodology has been proven effective in synthesizing some of the most
widely used zeolites, including ZSM-5101102 BEA103-105 FER106 gnd ECR-1107.108
due to the selective effect provided by the seeds that ensures the
crystallization towards a specific crystalline phase. Other newer trends rely
on the use of bio-templates, such as, (i) the one reported by Valchev et a/*%,
where MFI type membranes with micropores and macropores were
successfully developed by using eggshells as template molecule. For this
purpose, the eggshell fibres are rearranged in the synthesis medium to form
an interwoven network, giving rise to the scaffold that produces the
macroporosity. Subsequently, crystallization occurs using seeding nuclei that
adhere to the external surface of the fibres, where they crystallize, and after
removing the remaining eggshell by thermal degradation, a micro-
macroporous MFI zeolite lattice is obtained (see Figure 1.11). (ii) Another
examples of biotemplate-assisted zeolite synthesis is the use of natural
polymers such as chitosan or low-lignin cellulose fibres to give LTA and FAU

zeolites!10-113,

(28]



Introduction

Membrane > ,
extraction Zeolite precursors ‘\z Calcination @
- — DT — 5T
< e
Zeolite particles Zeolite replica

Egg Egg-shell membrane
on egg-shell membrane

Figure 1.11. Egg-shell directed synthesis of micro-macroporous MFI type membrane. Obtained

from Srivasta et al'14,

Framework atom precursors: A diverse range of inorganic and organic
sources are employed in zeolite synthesis, each varying in chemical state and
initial polymerization degree. These differences influence their reactivity,
making them necessary to develop a carefully designed selection of the most
suitable sources to achieve the targeted structure with tailored properties®®.
Among the most frequently utilized Si precursors, different allotropic
variations are used, such as silicon alkoxides (i.e. tetramethylorthosilicate,
TMOS or tetraethylortosilicate, TEQS), silicon halides (SiCls), as well as
colloidal silica (LUDOX®) and amorphous fumed silica (Aerosil®). The
incorporation of other heteroatoms into the zeolite framework is achieved by
introducing precursors of these heteroatoms into the synthesis gel. These
precursors can vary in nature and include other metal alkoxides (i.e.,
Ti(C2Hs0)4), inorganic acids and salts (i.e., HBOs, HsPQ4, CuSQ,), halides (i.e.,
SnCly), or oxides (i.e., Al(OH)s). If the intended incorporation involves metallic
species to be encapsulated within the zeolite matrix, the metallic precursor
is typically combined with a complexing agent (most commonly nitrogen-
containing molecules such as ethylenediamine or
tetraethylenepentamine)?'®. This prevents the precipitation of the metallic
species in the alkaline environment of the synthesis gel. During the
crystallization process, the zeolite framework forms around the

organometallic complex molecules. Upon subsequent calcination, the
[29]
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organic matter is removed, leaving the metallic species uniformly dispersed
within the zeolite structure, where they remain confined and stabilized within

the pores and/or cavities!!®.

An alternative approach to provide the inorganic species required for the
formation of the targeted zeolite framework involves utilizing a pre-existing
zeolitic structure. Under the highly alkaline conditions of the synthesis gel,
the initial zeolite structure dissolves, releasing secondary structural units that
are in common with the target zeolite. Simultaneously, tetravalent and
trivalent elements are provided from the original zeolite, enabling efficient

and selective synthesis pathways for specific zeolitic materials'’-11°,

To ensure a uniform distribution of all species within the synthesis gel, they
are dissolved in a solvent, typically water in the case of hydrothermal
synthesis. However, alternative solvents can also be employed?, not only to
work at different vapor pressure but also to alter polarity, as seen in

solvothermal synthesis using organics solvents, such as ethanol (EtOH).

Currently, the need to make zeolite synthesis more sustainable and
environmentally friendly has led to the implementation of various strategies
focused on optimizing precursor utilization and minimizing solvent usage in
the synthesis process. The high cost and, in many cases, the potential hazards
associated with these precursors represent significant challenges for the
industrial-scale production of zeolites. Common commercial silicon and
aluminium precursors (i.e., TEOS, fumed silica, NaAlO,, aluminium silicate
mixtures....) are not environmentally sustainable, as their production involves
multiple treatment, purification, and concentration steps, which contribute

to increase waste generation!!*,
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This industrial disadvantage has heightened interest in employing natural
sources as providers of silicon and/or aluminium, such as sands, earth
minerals, clays, ashes, certain plant-based materials, or biological templates.
Additionally, there is even more attention growing toward synthesizing
zeolites from industrial waste (i.e. coal ash, biomass residues, and sugarcane
bagasse ash). Among natural sources, laminated silicates (similar chemical
structure than zeolites) are particularly abundant in the Earth's crust. Several
studies have demonstrated the successful synthesis of 13X and Y zeolites

using bentonite as a precursor'?%122,

Similarly, ZSM-5 has been obtained by adding tetrapropylammonium (TPA) to
kaolinite feedstock!?®, followed by crystallization. However, replacing TPA
with NaOH results in the formation of LTA zeolite'?*. Furthermore, the use of
dealuminated metakaolin in combination with TPA has enabled the synthesis
of ZSM-5 with an increased Si/Al ratio!?>. On the other hand, it has been
reported that using natural clay (attapulgite), BEA and MOR type structures,

also widely used in the industry, can be synthesised?,

Another viable source of Si or Al precursors are industrial wastes, which hold
significant potential for scaling up zeolite synthesis at an industrial level
although nowadays the process must overcome the feedstock limitations.
Among these, there are noteworthy examples such as: (i) combustion ashes
generated in power plants, where the burning of materials for energy
production results in a solid residue. The composition of these ashes, rich in
Si and Al, makes them suitable precursors for synthesizing zeolites with a
medium-to-low Si/Al ratio*?”*?8 (ii) biomass residues such as those obtained
from the rice agri-food industry, whose husks have 20% amorphous silica
(90% recovered from the ashes if the husks are previously calcined) and have
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allowed synthesis processes of MFI, Beta, NaY zeolites!?°133

or the cupolaslag
obtained from the iron manufacturing industry, which allowed to synthetize

high-siliceous MFI zeolites!3%.

Mineralizing agent / pH synthesis: A mineralizing agent is a chemical species
that is able to increase the solubility of the precursor species involved in the
synthesis gel by solvolysis and polycondensation reactions that promote the
breaking and reassembly of Si-O-Si bonds during the zeolite crystallization
process'®®. These chemical species exhibit nucleophilic properties, being the
hydroxide ions (OH~) and fluoride ions (F7) the most employed ones. Their
presence influences the nature of the final synthesis gel, modulating the basic
pH (only OH" ions) or neutral pH (stoichiometric balance between F~ and
OH). Traditionally, hydrothermal synthesis relied exclusively on OH™ anions
as the mineralizing agent. However, this approach presented several
limitations that adversely affected the synthesis process, including the
Hofmann degradation of OSDAs at high pH and temperatures®® and an
increased formation of structural defects in high-silica zeolites due to the
absence of compensating cations to stabilize the final structure. To overcome
these challenges, the combined use of OH™ and F~ anions was introduced,
facilitating the incorporation of OSDAs that are unstable under high pH and
enhancing the solubility of inorganic precursors through the formation of
TFe"™ complexes, where T represents the heteroatoms forming the
tetrahedral units of the primary building blocks. Additionally, literature
reported the role of F~ in stabilizing small secondary building units, such as
double four-membered rings (D4R), enabling the synthesis of zeolites with
low or without aluminium content37/138139140 The incorporation of F~ anions

reduce structural defects and results in the formation of larger zeolite crystals
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compared to those synthesized under basic pH conditions!*l. This
modification enhances the hydrophobic nature of the resulting zeolites,

thereby influencing their physicochemical properties!*?.

Framework heteroatom directing effect: As previously introduced, silicon
atoms within the crystal lattice can be substituted by heteroatoms of
different valence (see Table 1.2). This substitution can occur through direct
synthesis, wherein the heteroatom precursor is introduced into the synthesis
gel and incorporated during the crystallization process, or via post-synthetic
methods, in which silicon atoms are replaced by new species while preserving

the original structure*,

Analysing the coordination environment within the lattice, the spatial
distribution in the crystal structure, and the bond distances provide valuable
insights into the resulting physicochemical properties of the synthesized

zeolites.

Table 1.2. Examples of heteroatoms employed for the isomorphic Si substitution in zeolites.

Substituent species Atom
Pentavalent PV, As
Tetravalent Ti, Ge, Sn, Zr

Trivalent Al, B, Ga, Fe, Cr,
Divalent Zn, Be, Mg

Beyond their impact on the final physicochemical properties, heteroatoms
can influence the stability of specific secondary building units due to
variations in bond lengths and angles. This effect can guide the crystallization

143 or promote the positioning of

of zeolitic structures containing these units
other atoms in crystallographic sites that would otherwise be inaccessible in
the absence of such heteroatoms!*4,
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Among the various heteroatoms considered, aluminium is the primary
element incorporated into the zeolitic catalysts that have been examined in
this doctoral thesis. As a trivalent species, it forms AlOQ,~ tetrahedra within
the zeolites crystalline framework, introducing a negative charge that can be
balanced by protons after calcination procedures, thereby generating
Brgnsted acid sites. Its distribution within the structure is governed by
electrostatic interactions, with cations present in the medium, either organic
(OSDAs) or inorganic (alkaline or alkaline earth metals), serving as charge-
compensating species. When using an SDA, the AlO., tetrahedra are
positioned near the positive charge of the organic cation, and building, such
as Si0, tetrahedral units, the zeolite cavities walls. Unlike other heteroatoms
that exhibit more varied bond lengths and angles compared to the Si-O-Si
bond (127-180°), the Al-O-Si bond angle is more similar (125-179°), resulting
in a less pronounced structure-directing effect. This allows to obtain a greater

variety of zeolitic structures that can host Al atoms in their composition.

Crystallization temperature: The synthesis temperature is a crucial factor in
the crystallization process of any crystalline solid, as it directly influences both
the kinetics and thermodynamics of the crystallization step, ultimately
determining the resulting crystalline phase formed*. To achieve the desired
crystalline phase, an energy barrier must be surpassed to initialize the
crystallization steps!*®, so more ordered species can be formed (such as
precursor clusters, sol-gel regions, and pre-nucleated species), leading to the
formation of the crystalline nuclei*’. This thermodynamic pathway is also
influenced by the reactivity of the initial precursor species. Moreover, both

the synthesis temperature and the heating rate of the gel are key parameters
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that not only dictate the final stable phase but also significantly impact the

morphological characteristics of the resulting microporous solid particles.

Crystallization time: The maintenance of the synthesis gel under the
adequate temperature conditions for carrying out the hydrothermal
synthesis is another crucial parameter in zeolite formation. Once the required
energy barrier to facilitate crystallization thermodynamics has been
surpassed, the subsequent processes become kinetically controlled, being
generally faster as the temperature is increased!*. If the residence time is
too short, complete crystallization may not be achieved, whereas long
periods may lead to the formation of very large crystals or even the
appearance of thermodynamically more stable phases (i.e., dense phases)'*.
A more detailed discussion on the combined impact of synthesis temperature
and crystallization time on the final morphological properties of crystalline

zeolites is presented in Chapter 5.

1.4. APPLICATION OF ZEOLITES IN SUSTAINABLE
CHEMISTRY PROCESSES.

As it has been already discussed, zeolites can exhibit a large variety of
topologies depending on their chemical composition and the synthesis
parameters. This structural versatility enables controlling the diffusion of
molecules through their porous system of channels and cavities, making
them interesting molecular shape-selective materials. Additionally, their
chemical composition can be tailored to introduce acidic properties
(Brgnsted or Lewis) or incorporate metallic species, further enhancing their
functional versatility. These attractive features have established zeolites as

outstanding materials for advancing numerous industrial applications in a
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more sustainable manner. Some of the most significant applications are

outlined below.

Cationic exchangers: The remarkable mobility of compensating cations
within the zeolitic structure enables their exchange with other cations of
similar nature, making zeolites highly effective as cation exchangers in
pollutant removal application. This property has been particularly valuable in
softening domestic and industrial water by replacing Ca?* and Mg?* ions with

softer cations (Na* or K*)**°

. Additionally, zeolites have been employed for the
removal of heavy metals (i.e., Pb, Cd, Hg, Cr, Zn) from water’®!, the
sequestration of radioactive species'®?, and the elimination of organic
contaminants by modifying their surface through anchoring surfactant

species!®¥154,

Adsorbent: The high surface area of zeolites, along with their ability to
discriminate molecules due to their shape, the complexity of their channel
and cavity systems, and their polarity, make them highly effective in
separation and purification processes for both liquid and gas streams. These
materials are particularly efficient in distinguishing molecules based on, (i)
size and interactions with the zeolitic adsorbent (thermodynamic separation)
(ii) differences in diffusion rates of the components (kinetic separation)
within the fluid stream?®®>. Among the processes that enhance the
sustainability of zeolites adsorption capacity, the separation of simple gases,
which are either by-products of combustion processes (such as CO,, NOy, and
H,0)'*¢ or products from other chemical processes in refineries (including
CHa, H, and light paraffins/olefins), can be highlighted. Additionally, the high
adsorption capacity of zeolites has been effectively utilized for removing
atmospheric pollutants such as CO, NHs, NO,, H,S, and SO, 1>7-1¢0,
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Thermal Energy Storage: Thermal energy storage systems based on water
adsorption in zeolites represent an emerging technology that harnesses the
heat exchanged during adsorption/desorption processes. Various zeolites
with different topologies (SAPO-34, FAU, LTA)*! have been investigated for
this innovative application, capitalizing their highly hydrophilic nature, that
enables significant higher energy densities than conventional thermal storage
systems (10-50 kWh/m3). Among different described materials, AIPO-34
allows achieving an energy density of 240 kWh/m?3 and can provide thermal
support in a temperature range between 40-140°C!®?, whereas the module
developed by ZAE Bayer, which utilizes a water adsorption system with zeolite
X to supply heating for a school®, allows achieving an energy density of 124
kWh/m? without suffering energetic yield loss or zeolite degradation after
several recycles'®*. The operational scheme of this system is illustrated in

Figure 1.12.
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Figure 1.12. Sustainable Energy Storage System for School Heating based on Zeolite/Water

adsorption phenomena. Scheme adapted from Hauer et a/'63,

Catalyst: The high surface area, high hydrothermal stability, high adsorption
capacity, the diffusive properties determined by the diverse topologies and
morphologies of zeolites, along with their selective control over reactants
and products in addition to the ability to tailor their physico-chemical
properties through the incorporation of active sites (by direct synthesis or via
post-synthetic modifications), explain their exceptional versatility as

165 Although zeolites have traditionally been

heterogeneous catalysts
employed in catalytic cracking, paraffin hydroisomerization, and various
petrochemical processes®® %’ their application has now been expanded to
other efficient and sustainable chemical pathways that leverage their

exceptional properties. The following sections outline some of the most
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significant advancements, categorized according to the type of catalysis

involved.

e Brgnsted Acid Catalysis:

Among the reactions catalysed by Brgnsted acid sites, the direct conversion
of methanol into olefins (MTO) or, depending on the desired product, into
gasoline (MTG), aromatics (MTA), or propylene (MTP) has gained significant
attention. This is primarily due to the potential use of methanol (produced by
a wide variety of routes like from syngas treatment, bacterial fermentation,
from biomass-derived feedstocks or CO, conversion)®®170 as a feedstock for
producing platform molecules (see Figure 1.13)!, This reaction is of high
industrial relevance for several reasons: (i) it can be performed under
ambient pressure using an acid zeolite, (ii) it generally achieves high
conversion rates within relatively short reaction times!’?, (iii) the
combination of shape-selectivity and intrinsic acidity of the zeolite enables
control over the product distribution (small-pore zeolites such as CHA favour
the MTP process, whereas larger-pore structures like MFI and BEA promote
hydrocarbon formation up to the aromatic-gasoline range)'’?, and (iv)
catalyst deactivation primarily occurs via pore blockage due to coke
formation, allowing regeneration through calcination, which effectively
restores catalytic activity. Additional examples of industrially relevant
reactions catalysed by Brgnsted acid zeolites are the oligomerization of
olefins (>C; molecules) to obtain liquid fuels or, considering the use of
biomass-derived feedstocks, transformation of furanic compounds (sugar
derivatives) into high-value products, as for instance, aromatic hydrocarbons

via Diels-Alder cycloaddition with ethylene under high-pressure conditions
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174 Notably, the use of acid MFI and FAU zeolites has been reported to carry
out this reaction in tandem in the presence of liquid ethanol instead of
ethylene gas, simplifying the process while enhancing safety and
sustainability because the required ethylene is formed as result of the

ethanol dehydration in situ®’>.
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Figure 1.13. Reaction network scheme for the conversion of methanol obtained from different

feedstocks to produce hydrocarbons?’?,
e Lewis Acid Catalysis:

Notable examples include the production of terephthalic acid (key monomer
in the plastics industry) using large-pore zeolites with Lewis acid sites to
process biomass-derived precursors, such as 5-hydroxymethylfurfural®’®.
Additionally, the transformation of tetroses (sugars) into a-hydroxy acid
esters has been demonstrated with high selectivity towards methyl vinyl
glycolate when employing Sn-MFI and Sn-Beta zeolites!”’. In contrast, the use
of mesoporous structures such as Sn-MCM-41 or Sn-SBA-15, resulted in the
formation of significantly larger molecular products!’’. Other catalytic
applications of Lewis acid zeolites in industrially relevant reactions include
the Baeyer-Villiger oxidation'’®, which converts ketones into esters or
lactones'’®, and the Meerwein-Ponndorf-Verley reduction, where carbonyl
180-182

compounds are selectively reduced to their corresponding alcohols
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e Metal Supported Catalysis:

The ability of zeolites to accommodate metallic active sites (whether noble
or non-noble) while enhancing their stability against sintering and
deactivation through spatial confinement is a significant advantage in
heterogeneous redox catalysis. This property enables a range of catalytic
applications, including (i) the selective reduction of NOx using Cu cations
stabilized by the negative charges of framework Al (see Figure 1.14)8318> (ji)
hydrogenation reactions of C1 compounds, being specially relevant the

186,187 or noble metal sites such

hydrogenation of CO,, facilitated by Ni° centers
as Pd, Rh, or Ru®®®, (iii) dehydrogenation reactions of paraffins catalysed by
transition metals or noble metals, particularly the non-oxidative
dehydrogenation of propane using pure silica MFI zeolites containing Pt

nanoparticles!®®

(this topic will be explored in detail in Chapter 4), (iv)
oxidation reactions, being one of the most noticeable example the oxidation
of methane to produce methanol**° using Cu-containing zeolites, formic acid
by using Fe-containing zeolites!®! or CO, by using, Pd-containing zeolites'%*1%,
In the specific case of zeolites with encapsulated noble metals, their
application in the selective hydrogenation of more complex molecules is
particularly noteworthy. For instance, Wang et al. utilized Pd@Silicalite-1 to
selectively hydrogenate furfural molecules derived from biomass, producing
furans with high selectivity!®®. Additionally, Pd containing zeolites are also
employed for the semi-hydrogenation of molecules with multiple bonds,

1953 reaction that will

such as the conversion of phenylacetylene to styrene
be explored in detail in Chapter 5. Regarding bimetallic zeolitic catalysts, the
use of zeolites incorporating different metal-metal active centres has been
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explored for the non-oxidative dehydrogenation of propane, where alloy
formation enhances catalytic performance, as demonstrated in

Ptin@Silicalite-1 and PtSn@Silicalite-1 systems!8%196-202,

@ Cu
@N
OH
@0

Figure 1.14. Proposed low-temperature SCR catalytic cycle carried out by a Cu-CHA.
Reduction steps proceed on site-isolated Cu(ll) ions residing near one (left-hand cycle) or
two (right-hand cycle) framework Al centres with constrained diffusion of Cu(l) ions into
single cages and oxidation by Cu(ll) N, + H,0 Cu(ll) N> + 2 H,0 O, (inner step). NH4* is
formed and consumed in the right-hand cycle to maintain stoichiometry and charge

balance. Scheme adapted from Gounder et al.185,

o  Multifunctional Catalysis:

These processes involve the cooperative (cooperative catalysis) or successive
(tandem catalysis) reaction between the reactant and various types of zeolite
active zeolite centres, such as metal-metal, acid centres (Brgnsted or Lewis)
paired with metal centres, and Brgnsted acid centres interacting with Lewis
acid centres. Examples of multifunctional zeolites include Sn-Al-Beta, which

combines both types of acidity to enable the cooperative catalysis of multi-
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step biomass derivative conversions, such as the transformation of 1,3-

203 or the conversion of glucose to methyl

dihydroxyacetone to ethyl lactate
lactate using Sn-Al-FAU, as reported by Iglesias et al?®*. Other applications of
multifunctional catalysts include Ag/Zr-BEA or ZnHf-MFI catalysts, which are
used for the direct conversion of bioethanol to butadiene?®>%%, a highly
valuable platform molecule for various chemical processes. Additionally, one
of the most industrially relevant reactions under stringent conditions is
ethylene oligomerization, which requires multifunctional zeolites possessing

Brgnsted acid sites and Ni?* metal cation centers?’2% (see Figure 1.15). The

complexity of these zeolitic catalysts is examined in Chapter 6.

Figure 1.15. Bifunctional MFI-type catalyst with Bronsted Acid Centres and Nickel metallic

centres for the ethylene oligomerization reaction?10.

This introduction has emphasised the properties, advantages, and diverse
applications that highlights zeolites as a sustainable and promising alternative

for various heterogeneous catalysis processes. However, despite their
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potential, these materials may still encounter deactivation issues, require
costly regeneration procedures, or entail significant economic and
environmental issues during production. Therefore, a comprehensive
understanding of the factors and strategies that maximize their benefits
(particularly by enhancing their catalytic behaviour and stability in catalytic
processes) is crucial. In the following chapters of this doctoral thesis, key
aspects of their synthesis will be explored, focusing on strategies for the
selective placement and stabilization of metallic active centres in zeolites,
optimizing their catalytic performance, and applying these materials in

reactions of current industrial relevance.
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Objetives

This doctoral thesis explores innovative methodologies and synthesis
strategies for producing zeolites with well-defined crystalline structures and
tailored physicochemical, textural, and catalytic properties, enabling their
application as heterogenous catalysts in industrial and environmentally
relevant chemical processes. To achieve this goal, the thesis focuses on
optimizing synthesis processes by selectively modifying the species involved
in the formation of the final zeolitic catalyst, as well as adjusting key synthesis
parameters that influence the resulting material properties. Across the

various chapters, this doctoral thesis aims to achieve the following objectives.

> The first objective of this doctoral thesis, discussed in Chapter 4, is to
enhance the catalytic performance of bimetallic clusters
encapsulated within MFI-type zeolitic catalysts by optimizing the
chemical composition of the initial synthesis gel. This study proposes
a rational design approach, evaluating the synergistic effect of charge
counter-balance alkali cations in combination with additional metal
species. This strategy aims to maximize the dispersion and
stabilization of the bimetallic clusters through the controlled
formation of alloys with superior properties, improving both the
catalytic activity and stability of the catalysts in the non-oxidative

dehydrogenation of propane.

» The second and third objectives of this PhD thesis, explored in
Chapter 5, are: (i) to enhance the catalytic performance of purely
siliceous MFI-type zeolites with noble metal active centres in the
semi-hydrogenation of phenylacetylene by precisely controlling the

final particle size of the zeolite supports, improving their diffusive
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properties. This is achieved by adjusting the crystallization
temperature, which directly impacts the nucleation and growth
processes of the crystals; and (ii) to improve the materials stability
against undesired leaching or sintering phenomena through the
development of hydrophobic crystalline coatings, utilizing an

ultrafast hydrothermal synthesis approach.

» The fourth objective of this doctoral thesis, explored in Chapter 6, is
the development of bifunctional medium-pore (MFI) and large pore
(BEA) zeolite-type catalysts containing Brgnsted acid sites and non-
noble metal centres, for the evaluation of their catalytic performance
in ethylene oligomerization under varying reaction conditions. The
tailored catalytic properties are achieved through a combined
strategy involving: (i) the method of metal incorporation, (ii) the
rational design of the chemical composition of the synthesis gel, and
(iii) the controlled modulation of the final crystalline particle size by
employing specific organic structure-directing agents (OSDAs). This
approach enables the synthesis of zeolitic catalysts with finely tuned
physicochemical characteristics (acidity, nature of the metal centre)

and diffusive properties (crystal size, topology).
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Methodology

3.1 SYNTHESIS OF THE ORGANIC STRUCTURE DIRECTING
AGENTS SYNTHESIS (OSDAs)

The Organic Structure Directing Agents (OSDAs) employed in the present
thesis are summarized in Figure 3.1, including their names and internal

nomenclature.

1-butyl-1-methylpyrrolidin-1-ium N-butyl-N-methylhexamethyleneminium
(BMP) (BMH)

\\ K/
IN\\
Tetrapropylammonium (TPA)

Figure 3.1. OSDA molecules employed in the present thesis.

Tetrapropylammonium (TPA) hydroxide sources are commercially available,
including one from Fisher (40 wt%, K-free) and one from Sigma-Aldrich (1 M

in H20, K traces = 0.6 wt%).

In addition to the above commercially available OSDA molecules, other two
organic cations, 1-butyl-1-methylpyrrolidin-1-ium (BMP) and N-butyl-N-

methylhexamethyleneminium (BMH), were synthetized as described below.

The molecular structures were characterized by H and *3C, DEPT-13C NMR

and elemental analysis.
(85]
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3.1.1. Synthesis of the 1-butyl-1-methylpyrrolidin-1-ium (BMP)

The BMP was synthetized following the procedure described by Gallego et
al*. First, 15 g of 1-butylpyrrolidine (Sigma-Aldrich, 98 wt%) was dissolved in
200 mL of chloroform (J.T Baker, 99 wt%) inside a two-neck round flask fitted
a stirrer and a glass condenser. The flask was immersed in an ice bath to
maintain the system cooled at 0°C for 30 min under stirring. Then, 33.47 g of
iodomethane (Sigma-Aldrich, 99 wt%) was added dropwise. The resulting
solution was left under stirring for 3 days at room temperature. Once the
reaction finished, the solvent was removed under low-pressure, and the
product was crystallized in an ethyl acetate-ethanol solution. Finally, the
crystallized 1-butyl-1-methylpyrrolidin-1-ium was recovered by filtration,

obtaining 27.6 g of the OSDA halide salt (86.9% molar product yield).

3.1.2. Synthesis of the N-butyl-N-
methylhexamethyleneiminium (BMH)

The former procedure described by Chiappe and et al> was modified to obtain
the BMH molecule. First, 44.1 g of hexamethylenediamine (Sigma-Aldrich, 99
wt%) was added to 250 mL of anhydrous dimethylformamide (Sigma-Aldrich,
99.8%wt) under an inert atmosphere (Ar). Subsequently, 60.9 g of 1-
bromobutane (Sigma-Aldrich, 99 wt%) was added dropwise to the previous
mixture under vigorous stirring. The resultant solution was heated to 70°C
and maintained under stirring for 16 hours. Once the solution was cooled, at
room temperature, the resulting N-butylacepane bromide (whitish salt) was
separated by filtration. The salt crystals were washed with a mixture of
hexane (Sigma-Aldrich, 99 wt%) and ethyl acetate (Sigma-Aldrich, 99.5 wt%)

to remove the remaining dimethylformamide and dried under reduced
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pressure. Later, 50.4 g of the obtained intermediate was diluted in 400 mL of
MilliQ® water and right after, 22.6 g of anhydrous sodium carbonate (Sigma-
Aldrich, 99.5 wt%) was added to the solution and allowed to react under
vigorous stirring at room temperature. As the reaction progressed, the
reactant medium began to be separated into a biphasic mixture due to the
free amine formation. The phases were separated using a glass decanting
funnel, and the organic phase was washed with 100 mL of a saturated

solution of NaCl (Sigma-Aldrich, 99.5 wt%).

The remaining water was removed mixing the organic phase with anhydrous
MgSO, (Scharlab, 99.99 wt%) and the resulting liquid media was filtered to
remove the inorganic salt. The final N-butylhexamethylenimine was obtained

as a dense colourless liquid.

In the last step, 21.8 g of the N-butylhexamethylenimine was diluted in 200
mL of chloroform (J.T Baker, 99 wt%). The mixture was cooled in an ice bath
at 0°C, and then, 39.9 g of iodomethane (Sigma-Aldrich, 99 wt%) was added
dropwise. After the reaction reached room temperature, the mixture was
maintained under stirring for 72 hours. After finishing, the solvent was
evaporated followed by the addition of a large quantity of ethyl acetate to
force the compound precipitation. 40.0 g of N-butyl-N-
methylhexamethyleneiminium iodide was achieved (94% molar product

yield).
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3.1.3. lonic Exchange of the OSDAs to their hydroxide forms.

The employed OSDAs to synthetize the zeolites in the present thesis were in
their OH form. In this way, during the gel preparation, they can provide basic
pH to favour the Si and Al mobility beyond their directing roles. To exchange
the halide form of the OSDAs (X=CI, I, Br), an ionic exchange resin (Amberlite

IRN-78) was employed.

First, the halide OSDA is dissolved in ultrapure water (MilliPore) in a
proportion of 2 g per mmol of OSDA. 1 g of resin per OSDA milliequivalent
was added after being washed for 4-5 times with distilled water and one last
time with ultrapure water. The mixture was maintained under stirring

overnight.

The final OSDA molecules, in their OH form, were obtained by filtration and
then, titrated with HCI 0.1 N (Sigma-Aldrich), employing a phenolphthalein

(0.2 w/w %) - ethanol solution as pH indicator.

The exchange yield, typically above 90%, was determined as follows:

mol OSDA—(OH),,
mol OSDA—(X)n,

Yield (%) = - 100 Eq 3.1

Where:

o mol OSDA-(OH),: molar amount of OSDAs in their hydroxide form
(and the number of OH groups)
o mol OSDA-(X)n: molar amount of OSDAs in their halide form (and

the number of halide groups)
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3.2 SYNTHESIS OF MICROPOROUS SOLIDS

3.2.1. Chemical Reagents

The chemical reagents employed to synthesize the zeolites studied in this PhD

thesis are listed below:

- The previous described OSDAs molecules in their hydroxide form
- Tetraethylortosilicate (Sigma-Adrich, 98 wt%)

- Colloidal Silica (LUDOX® AS-40, Sigma-Aldrich, 40 wt%)

- Aluminium Hydroxide (Sigma-Aldrich, 85.65 wt%)

- Hydrofluoric Acid (Sigma-Aldrich, 48 wt%)

- Calcium Oxide (Sigma-Aldrich, Reagent Grade)

- Ultra-Pure MilliQ Water (MilliPore)

- CBV3024E (Si/Al=15) Commercial MFI structure (Zeolyst)
- CBV5524 (Si/Al=25) Commercial MFI structure (Zeolyst)

- CBV8020 (Si/Al=40) Commercial MFI structure (Zeolyst)

- CP814E (Si/Al=12.5) Commercial BETA structure (Zeolyst)
- NiCl;:6H,0 (Sigma-Aldrich ,99.9 wt%)

- Ni(NOs3),-6H,0 (Sigma-Aldrich, 99.99 wt%)

- H,PtCls (Sigma-Aldrich, 8 wt%)

- Pd(NHs)4(NOs); (Sigma-Aldrich, 10 wt%)

- Ethylenediamine (Sigma-Aldrich, 99 wt%)

- SnCls-5H,0 (Sigma-Aldrich, 98 wt%)
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3.2.2. Hydrothermal Synthesis Conditions

The syntheses of the zeolites along the present thesis were carried out by
hydrothermal treatment. Homogeneous aqueous gels were prepared by
introducing/mixing the required precursor reactants in the adequate molar
proportions. Once the gels reached the required compositions, they were
transferred into a stainless autoclave with Teflon liners. The autoclaves were
heated at temperatures between 100 and 200°C, permitting the required
autogenous pressure to facilitate the crystallization. The autoclave can be

heated under static or dynamic conditions.

Once zeolites crystallization was achieved, the autoclaves were cooled down
and the content filtered or centrifuged (if the crystal size was too small to be
retained by the filters), washing multiple times with abundant water and
finally, the solids were dried at 100°C. The crystalline materials were
characterized by powder X-Ray diffraction. The “as prepared” materials were
calcined in air at temperatures between 550°C and 600°C to remove the

organic molecules.

To wash and reutilize the autoclave Teflon liners, a 20% hydrofluoric acid (HF)
solution was prepared diluting the commercially available HF solution (Sigma-
Aldrich, 48%wt) to dissolve the potential remaining zeolite seeds. After
washing multiple times with water, the remaining HF solution was neutralized

with CaO, taking place the reaction.
2HF + Ca0 - CaF, + H,0

Ca0 was added under vigorous stirring until reaching pH=7, employing an ice
bath to cooldown the HF solution. pH indicator strips (Merck, pH 5-10) were

used to check the pH. The neutralization was performed with thicker
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reinforced latex gloves (208 Natural Rubber, Sylprotec®) due to the corrosivity

of the reaction®.

3.2.3. Specific Zeolite Syntheses

The following sections describe the experimental procedures followed to
synthetize the zeolites employed in this thesis as well as the characterization

procedures employed to analyse their physico-chemical properties.

3.2.3.1. Synthesis of MFI type zeolites

The MFI type materials, both in their aluminosilicate and pure silica forms,
were synthesized employing 1-butyl-1-methylpyrrolidin-1-ium (BMP)
hydroxide and tetrapropylammonium hydroxide, respectively. Besides the
OSDA molecules, different precursor reagents were used in each synthesis.
The physico-chemical and textural properties, morphology and catalytic
behaviour of the zeolites obtained are discussed in more detail in the

following chapters.

The synthesis recipes to obtain the different MFI type zeolites, classified
according to the employed OSDA and/or the Si and Al sources, are described

below.

3.2.3.1.1. Synthesis of the nanosized MFI type zeolite employing
amorphous silicon and aluminium sources and 1-butyl-1-methylpyrrolidin-
1-ium (BMP) as OSDA.

The nanosized MFI zeolites employed in chapter 6 were synthetized using a
similar preparation method to one previously reported?!, using the BMP
molecule as OSDA. 0.26 g of Al(OH)s (Sigma-Aldrich, 85.65 wt%) were mixed
with 14.34 g of a 17.8 wt% aqueous solution of the BMP (OH form) and the

mixture was maintained under stirring. After homogenizing, 6.01 g of
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LUDOX® AS-40 (Sigma-Aldrich, 40 wt%) were added and the mixture was
maintained under stirring to evaporate the excess of water until reaching the

desired composition.
1Si02: 0.0167 Al;03.0.4 BMP(OH): 15 H,0

The final gel was transferred into a Teflon liner inside a stainless-steel
autoclave and kept at 150°C for 7 days under dynamic conditions. After that
period, the final solid was recovered by filtration, washed with abundant

water and, finally, dried at 80°C overnight.

3.2.3.1.2. Synthesis of the nanosized Ni-containing MFI type zeolite
employing amorphous Silicon/Aluminium sources and 1-butyl-1-
methylpyrrolidin-1-ium (BMP) as OSDA.

The nanosized Ni-containing MFI zeolites employed in chapter 6 were
synthetized using a similar preparation method to one previously reported?,

using the BMP molecule as OSDA.

0.26 g of Al(OH)s (Sigma-Aldrich, 85.65 wt%) were mixed with 14.34 g of a
17.8 wt% aqueous solution of the BMP (OH form) and the mixture was
maintained under stirring. Simultaneously, 0.26 g of ethylenediamine were
mixed with 0.26 g of a 20 wt% aqueous solution of NiCl, (Sigma-Aldrich, 99
wt%) and diluted in 1.5 g of water under vigorous stirring. Then, the metal
containing solution was mixed and homogenized with the previous solution.
After homogenizing, 6.01 g of LUDOX® AS-40 (Sigma-Aldrich, 40 wt%) were
added and the mixture was maintained under stirring to evaporate the excess

of water until reaching the desired composition.

1Si02: 0.0167 Al;03.0.4 BMP(OH): 0.1 EDA: 0.0102 NiCl;: 15 H,0
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The final gel was transferred into a Teflon liner inside a stainless-steel
autoclave and kept at 150°C for 7 days under dynamic conditions. After that
period, the final solid was recovered by filtration, washed with abundant
water and, finally let dried at 80°C overnight. To obtain the acidic zeolite, the
solid was calcined at 550°C in air for 4 hours employing a heating ramp of
1°C/min.

3.2.3.1.3. Synthesis of nano-sized Pd-MFI type zeolite employing

amorphous Si sources, inorganic alkaline cations and commercially
available tetrapropylammonium hydroxide (TPAOH) as OSDA.

The nano-sized MFI-type zeolites containing Pd species in their channel
system and employed in chapter 5 were synthesized using amorphous Si
sources, a Pd salt precursor and tetrapropylammonium hydroxide as OSDA.
The procedure has been slightly modified from the one described by Liu et

al®.

3.30 g of an aqueous solution of TPAOH (Fisher, 40 wt%) were mixed with
1.52 g of an aqueous solution of TPAOH 1.0 M (Sigma-Aldrich 0.6 K wt%), 4.12
g of tetraethylortosilicate (Sigma-Aldrich) and 5 gs of miliQ water and
maintained under stirring overnight to hydrolyse the TEOS. After that, 0.046
g of an aqueous solution of Pd(NH3)4(NOs), (Sigma-Aldrich, 10 wt%) were
added to 0.12 g of ethylenediamine and 4.38 g of miliQ water and dispersed
inside an ultrasound bath. The resulting metal-complex suspension was
added to the previous alkaline solution and maintained under stirring. The

composition of the final gel was:

1Si0; :4 EtOH:0.405 TPAOH:0.0118 K:0.0008 Pd:0.101 EDA:35 H:0
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The final gel is transferred into a Teflon liner inside a stainless-steel autoclave
and kept at 80°C for 4 days under dynamic conditions. After that, the final
solid was recovered by centrifugation, washed with abundant water until

reaching pH=7, and dried drying al 80°C overnight.

3.2.3.1.4. Synthesis of micron-sized Pd-MFI type zeolite employing
amorphous Si sources, inorganic alkaline cations and commercially
available tetrapropylammonium hydroxide (TPAOH) as OSDA.

The micro-sized MFI-type zeolites containing in their channel system Pd
species employed in chapter 5 were synthesized employing Silicon
amorphous sources, a Pd salt precursor and tetrapropylammonium
hydroxide as OSDA. The procedure has been slightly modified from the one

described by Liu et al*.

2.50 g of an aqueous solution of TPAOH (Fisher, 40 wt%) were mixed with
3.12 g of an aqueous solution of TPAOH 1.0 M (Sigma-Aldrich 0.6 K wt%), 4.12
g of tetraethylortosilicate (Sigma-Aldrich, 98 wt%) and 4.5 g of miliQ water
and stirred overnight to hydrolyse the TEOS. After that, 0.082 g of an aqueous
solution of Pd(NHs)4(NOs), (Sigma-Aldrich, 10 wt%) were added to 0.12 g of
ethylenediamine and 4 g of miliQ water and dispersed inside an ultrasound
bath. The resulting metal-complex suspension was added to the previous
alkaline solution and maintained under stirring. The composition of the final

gel was:
1 Si03:4 EtOH:0.405 TPAOH:0.0242 K:0.0014 Pd:0.101 EDA:35 H,0

The final gel was transferred into a Teflon liner inside a stainless-steel

autoclave and kept at 175°C for 4 days under dynamic conditions. After that,
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the final solid was recovered by centrifugation, washed with abundant water

until reaching pH=7, and dried at 80°C overnight.

3.2.3.1.5. Synthesis of nano-sized Pt-MFl type zeolite employing
amorphous Si sources, inorganic alkaline cations and commercially
available tetrapropylammonium hydroxide (TPAOH) as OSDA.

The nanosized MFI-type zeolites containing Pt species in their channel system
and employed in chapter 5 were synthesized using amorphous Si sources, a
Pt acid precursor and tetrapropylammonium hydroxide as OSDA. The

procedure is a slight variation of the one described before by Liu et al*.

3.30 g of an aqueous solution of TPAOH (Fisher, 40 wt%) were mixed with
1.52 g of an aqueous solution of TPAOH 1.0 M (Sigma-Aldrich 0.6 K wt%), 4.12
g of tetraethylortosilicate (Sigma-Aldrich, 98 wt%) and 5 g of miliQ water and
let under stirring overnight to hydrolyse the TEOS. After that, 0.079 g of an
aqueous solution of H,PtClg (Sigma-Aldrich, 8 wt%) were added to 0.12 g of
ethylenediamine and 4.4 g of miliQ water and dispersed inside an ultrasound
bath. The resulting metal-complex suspension was added to the previous
alkaline solution and maintained under stirring. The composition reached in

the final gel was:
1Si0; :4 EtOH:0.405 TPAOH:0.0118 K:0.0008 Pt:0.101 EDA:35 H,0

The final gel is transferred into a Teflon liner inside a stainless-steel autoclave
and kept at 80°C for 4 days under dynamic conditions. After that, the final
solid was recovered by centrifugation, washed with abundant water until

reaching pH=7, and dried at 80°C overnight.
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3.2.3.1.6. Synthesis of PtSn-MFI type zeolite employing amorphous Si
sources, inorganic alkaline cations and commercially available
tetrapropylammonium hydroxide (TPAOH) as OSDA.

The MFI-type zeolites employed in chapter 4, hosting in their channel system
well dispersed Pt and Sn species, were synthesized employing a procedure
similar to that described by Liu et al*, employing amorphous Si sources, a Pt

acid as precursor and tetrapropylammonium hydroxide as OSDA.

2.5 g of an aqueous solution of TPAOH (Alfa Aesar, 40 wt%) were mixed with
3.12 g of an aqueous solution of TPAOH 1.0 M (Sigma-Aldrich, 0.6 K wt%).
Then, 4.12 g of tetraetylortosilicate (Sigma-Aldrich, 98 wt%) and 6 g of miliQ
water were added and stirred overnight to hydrolyse the TEOS. Right after
this, 0.18 g of a 20 wt% aqueous solution of SnCls-5H,0 (Sigma-Aldrich, 98

wt%) were added and stirred for 5 minutes.

Simultaneously, 0.14 g of an aqueous solution of H,PtClg (Sigma-Aldrich, 8
wt%) were added to 0.12 g of ethylenediamine and 2.5 g of miliQ water and
mixed under stirring for 20 min. The resulting metal-complex suspension was
added to the previous alkaline solution and maintained under vigorous

stirring for 20 min. The composition reached in the final gel was:

1Si0; :4 EtOH:0.405 TPAOH:0.0242 K:0.0012 Pt:0.005Sn:0.11 EDA:
35 H;0

The final mixture was transferred to a Teflon liner inside a stainless-steel
autoclave and heated in an oven at 175°C for 4 days under static conditions.
The solid product was filtered and washed with distilled water and acetone

and dried overnight at 80°C.
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3.2.3.1.7. Synthesis of PtSn-MFI type zeolite employing amorphous Si
sources, inorganic alkaline cations provided by inorganic potassium salt and
commercially available tetrapropylammonium hydroxide (TPAOH) as OSDA

The MFI-type zeolites employed in chapter 4, hosting in their channel system
well dispersed Pt and Sn species, were synthesized using a procedure similar
to the one described by Liu et al* but adding the potassium cations by using

an inorganic salt.

Firstly, 8.12 g of an aqueous solution of TPAOH (Alfa Aesar, 40 wt%) were
mixed with 6.15 g of a KCl aqueous solution (0.95 wt%) at room temperature,
8.24 g of tetraetylortosilicate (Sigma-Aldrich, 98 wt%) and 13.93 g of miliQ
water and stirred overnight to hydrolyse the TEOS. Right after, 0.50 g of a 20%
aqueous solution of SnCls-5H,0 (98 wt%, Sigma-Aldrich) were added and

stirred and let for 5 minutes.

Simultaneously, 0.25 g of an aqueous solution of H,PtClg (Sigma-Aldrich, 8
wt%) were added to 0.27 g of ethylenediamine and maintained under stirring
for 20 min. The resulting metal-complex suspension was added to the
previous mixture and maintained under vigorous stirring for 20 min. The

composition reached in the final gel was:
1Si02 :4 EtOH:0.404 TPAOH:0.02 K:0.0012 Pt:0.007Sn:0.11 EDA:35 H»0

The final mixture was transferred to a Teflon liner inside a stainless-steel
autoclave and heated in an oven at 175°C for 4 days under static conditions.
The solid product was filtered and washed with distilled water and acetone

and dried overnight at 80°C.

In Chapter 4, some modifications will be made to the basic recipe (used for

preparing the sample named as PtSn2) to explore a wider range of materials
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and how slight variations in the chemical composition may affect the final
catalytic behaviour. The synthesis of these additional PtSn-containing
catalysts differs from that of the PtSn2-MFI catalyst, specifically in the
amounts of K and Sn introduced into the synthesis gel. These variations
require the same sources as those used for the PtSn2-MFI synthesis, and their

respective molar compositions presented in Table 3.1 below.

Table 3.1. Chemical composition modifications for the different PtSn-containing MFI type

catalyst synthesized in Chapter 4.

Catalyst KcCl Pt Sn

MFI-Ptsn3 0.02  0.0014  0.005
MFI-PtSn4 0.02  0.0014  0.004
MFI-PtSn5 0.02  0.0014  0.003
MFI-Pt6 0.02  0.0014 0

MFI-7 0.02 0 0

MFI-PtSn8 0.01  0.0014  0.007
MFI-PtSn9 0.01  0.0014  0.005
MFI-PtSn10 0.01  0.0014  0.003
MFI-PtsSn11 0.01  0.0014  0.001

3.2.3.2. Synthesis of Beta type zeolites (BEA)

Beta zeolites were synthetized as aluminosilicates employing N-butyl-N-
methylhexamethyleneiminium (BMH) hydroxide as OSDA. Different
syntheses were performed to achieve the acid and Ni-containing Beta
zeolites. Their physico-chemical and textural properties, morphology and

catalytic behaviours are discussed in more detail in chapter 6.
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The synthesis recipes to obtain the different Beta type zeolites, classified
according the employed OSDA and the final Si/Al in the resulting solids, are

described below.

3.2.3.2.1. Synthesis of nano-sized Beta type zeolite employing amorphous
Si and Al sources and N-butyl-N-methylhexamethyleneiminium (BMH) as

OSDA

The nano-sized Beta zeolites employed in chapter 6 were synthetized using a
preparation method similar to the one previously reported?, using the BMH

molecule as OSDA.

0.15 g of Al(OH)s (Sigma-Aldrich, 85.65 wt%) were mixed with 19.66 g of a
20.5 wt% aqueous solution of the BMH (OH form) and the mixture was
maintained under stirring. After homogenizing, 7.51 g of LUDOX® AS-40
(Sigma-Aldrich, 40 wt%) were added and the mixture was maintained under
stirring to evaporate the excess of water until reaching the desired

composition.
1Si02: 0.0167 Al;03: 0.4 BMH(OH) :15 H»0

The final gel was transferred into a Teflon liner inside a stainless-steel
autoclave and kept at 150°C for 10 days under static conditions. After that
period, the final solid was recovered by filtration, washed with abundant

water and, finally dried at 80°C overnight.
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3.2.3.2.2. Synthesis of the nano-sized Ni-containing Beta type zeolite
employing amorphous Si and Al sources and N-butyl-N-
methylhexamethyleneiminium (BMH) as OSDA

The nano-sized Ni-containing Beta zeolites employed in chapter 6 were
synthetized using a similar preparation method to the one previously

reported?, using the BMH molecule as OSDA.

0.15 g of AI(OH); (Sigma-Aldrich, 85.65 wt%) were mixed with 14.34 g of a
20.5 wt% aqueous solution of the BMP (OH form) and the mixture was
maintained under stirring. Simultaneously, 0.33 g of ethylenediamine (Sigma-
Aldrich, 99 wt%) were mixed with 0.33 g of a 20 wt% aqueous solution of
NiCl, (Sigma-Aldrich, 99 wt%) and diluted in 1.5 g of water under vigorous
stirring. Then, the metal containing solution was mixed and homogenized
with the previous solution. After homogenizing, 7.51 g of LUDOX® AS-40
(Sigma-Aldrich, 40 wt%) were added and the mixture was maintained under
stirring to evaporate the excess of water until reaching the desired

composition.
1S5i0: 0.0167 Al;03: 0.4 BMH(OH) :15 H»0

The final gel was transferred into a Teflon liner inside a stainless-steel
autoclave and kept at 150°C for 10 days under static conditions. After that
period, the final solid was recovered by filtration, washed with abundant
water and, finally dried at 80°C overnight. To obtain the acidic zeolite, the
solid was calcined at 550°C in air for 4 hours employing a heating ramp of

1°C/min.
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3.2.3.3. Post-synthetic procedures

In the following section, different post-synthetic treatments applied to the
zeolitic supports prepared in this thesis are presented. The main goal is to
supply the adequate physico-chemical properties for the final catalytic

application.

3.2.3.3.1. Nickel ion exchange incorporation over Al-rich BEA and MFI
aluminosilicates.

Ni species were added via a post-synthetic method within the commercially
available Al-containing MFI and BEA structures (CBV3024E and CP814E
respectively) employed in chapter 6. In particular, Ni species were added via
ion exchange to compare the final Ni speciation against other Ni
incorporation methods such as Ni impregnation or direct incorporation in the
zeolite synthesis. The ion-exchange procedure was carried out employing an
aqueous solution of Ni(NOs), with the required concentration required to
achieve a Ni content of 1 wt% in the solids, using a liquid/solid weight ratio
of 40 and maintaining the solution under stirring overnight at 80°C. The

product was recovered by filtration and dried at 80°C overnight.
3.2.3.3.2. Nickel impregnation on Al-containing MFI and BEA zeolites.

The Ni species in the MFIl and BEA type materials prepared in Chapter 6 were
incorporated via wet impregnation to compare the different final Ni
speciation when prepared by different methods (i.e. one-pot synthesis). The
wet impregnation was carried out employing an aqueous solution of Ni(NOs);
-6H0 in the required amount to obtain a final Ni concentration of 1 wt% in
the solids and using a liquid/solid weight ratio of 10. The final solid was

recovered and dried at 80°C.
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3.2.3.3.3. Platinum and tin impregnation on amorphous silica.

The synthesis of the PtSn/SiO, as comparative catalyst has been prepared
according to the methodology described in the literature®. In particular, 0.52
g of a HyPtCls solution (Sigma-Aldrich, 8 wt%) and 16 mg of SnCl, (Sigma-
Aldrich, 98 wt%) were added to 0.8 ml of 0.1 M HCl solution. 5 gram of silica
(Sigma-Aldrich, pore size 60 A) were impregnated using the previous solution
by incipient wetness impregnation. The final catalyst was dried overnight at

80°C.
3.2.3.3.4. Removal of tin impurities on MFI by washing with a basic solution

The as-synthesized PtSn containing materials presenting Sn-Silicate
precipitates were treated with a 20 wt.% NaOH aqueous solution (liquid/solid
ratio of ~10) at 60°C, maintaining the mixture under stirring for 1 h. The solid
product was filtered and washed with distilled water and acetone and, finally,

dried at 60°C.

3.2.3.3.5. Calcination and reduction procedure to remove the OSDA
molecules from the “as-prepared” zeolites and activate the noble metal
active centres containing zeolites.

During a typical calcination process, the desorption of physisorbed water
occurs first at temperatures above 100°C. The OSDA molecules start to
decompose at different temperatures depending on their size and polarity.
Moreover, most of the organic species decompose at temperatures between

400°C and 600°C.
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> Calcination procedure in metal-free synthesized zeolites

The typical calcination process to obtain the acid zeolites used in this thesis
was carried out using a quartz fixed bed reactor which was heated using a
slope of 2°C/min and feeding 100 mL/min of air until reaching 580°C,

maintaining this temperature for 3 hours.

In the case of metal-containing zeolites, the calcination procedures were the

followings:
» Calcination procedure for Pt containing zeolites

Regarding the calcination procedure applied to noble metal containing
zeolites employed in Chapters 4 and 5, the temperature reached must be
adequate to both calcine the OSDA molecules and provide enough thermal
energy to disperse the noble metal (alloyed or non-alloyed) through the
zeolitic matrix. To achieve this purpose, a fixed bed reactor was used, with an
air flow of 75mL/min and a heating ramp of 2°C/min until reaching 600°C and

maintaining that temperature for 4 hours.
» Reduction procedure for Pt or Pd containing zeolites

Regarding the reduction procedure applied to noble metal containing zeolites
employed in Chapter 5, the temperature reached must be adequate to make
the hydrogen gas flow able to reduce the noble metal oxide species dispersed
in the previous calcination step to form the noble metal nanoparticles. The
reduction process was carried out in a fixed bed reactor employing 100
mL/min of H, with a heating ramp of 10°C/min until reaching 600°C and
maintaining that temperature for 2 hrs. Finally, the H; gas flow was replaced

by a N3 gas flow while cooling down the material.

[103]



Chapter 3
> Reduction procedure for PtSn containing zeolites

Regarding the reduction procedure applied to bimetallic alloy containing
zeolites employed in Chapter 4, the temperature reached must be adequate
to make the hydrogen gas flow able to reduce the noble metal oxide species
dispersed in the previous calcination step to form the noble metal
nanoparticles. To achieve this purpose, the reduction process was carried out
in a fixed bed reactor employing 75 mL/min of H, with a heating ramp of
10°C/min in a H, gas flow until reaching 600°C and maintaining that

temperature for 2 hrs.
» Calcination procedure applied to the Nickel containing zeolites

Regarding the calcination procedure applied to the Ni-containing zeolites
employed in Chapter 6, as prepared the samples were calcined in a fixed bed
reactor employing 100 mL/min of air using a heating ramp of 1°C/min until

reaching 550°C, and that temperature was maintained for 4 hours.

3.2.3.3.6. Developing hydrophobic shells for MFI zeolites employing Fast-
synthesis techniques.

This section details the procedure carried out during the 3-months research
stay at the University of Tokyo. The goal was to cover MFI-type zeolitic
materials with a pure silica shell using a novel ultra-fast synthesis approach
developed by the group of Professor Okubo at the University of Tokyo. This
method involves modifying the geometry of the crystallization vessel to
significantly improve heat transfer (see Figure 3.2), allowing crystallization
processes to occur much faster than in the case of conventional hydrothermal

synthesis, within minutes instead of days.
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1.1cm

Figure 3.2. Stainless steel tubular reactor with increased X-axis length to maximize the heat

transfer, allowing the fast-crystallization process. Developed and patented by Okubo’s group

at the University of Tokyo.

This post-synthetic treatment was applied to the noble metal containing MFI
type materials introduced in Chapter 5 and described for the first time by
Peng et al®. The original protocol pursued to achieve the following gel

composition.
1Si02:4 EtOH:0.3 TPAOH:120 H;0

For this process, TEOS (Tokyo Chemical Industry Co, 99 wt%), TPA-OH (Tokyo
Chemical Industry Co, 40 wt%), and MilliQ water (MilliPore) were mixed and
left to hydrolyse for 2 hours. Afterwards, required zeolites seeds were added
to achieve a SiO,-Core/SiO,-Shell molar ratio of 1, and the mixture was stirred
for one additional hour. The homogeneous mixture was then placed in a
stainless-steel tubular reactor, which was introduced in a silicon thermal oil
bath at 190°C for 10 minutes. After this period, the reactor was cooled in a
water bath. Finally, the solid was separated by centrifugation and left to dry

overnight at 80°C.
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3.3 CHARACTERIZATION TECHNIQUES

The microporous materials studied in the present PhD thesis were

characterized by the following techniques.

3.3.1. Powder X-Ray Diffraction (PXRD)

Powder X-Ray diffraction allows the identification of the crystalline
structures. Every crystalline structure presents a specific and unique pattern
which is unique and allows identifying the presence of a single crystalline
phase or the presence of a mixture between crystalline phases. This

technique is based on the Bragg Law, which mathematical expression is:
n-A=2d-senb Eq 3.2
Where:

o nisaninteger

o Aisthe X-ray wavelength applied

o dis the distance among the crystal framework plane

o 0O is the angle between the incidental beams and the

dispersion planes

In the present PhD thesis, phase diffractograms were achieved using a Philips
diffractometer, model XPert with a Bragg-Brentano geometry. The
diffractometer is fitted with a graphite monochromator and an automatic
divergent grid, employing Cu-Ka radiation. The device is equipped with a 3-
axis mobile platform. This feature allows to measure in parallel different
samples. The PXRD patterns were measured using a 1/16° fixed divergent

gap, a 240 mm long arm goniometer, a Cu-Ka radiation source and a X'Pixcel
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detector. The device tube works with an electric potential of 45 kV and an
electric current of 40 mA. The measurements were taken between 1° and 35°

(28) in a spread of 0.017°(26).

3.3.2. Chemical Analysis by Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES)

The Atomic Emission Spectroscopy is a determining technique that allows
simultaneously the identification and the quantification of different chemical
species with detection levels in the parts per billion magnitude order. The
system requires an inductive coupled plasma that allows the ionization of the
elements present in the sample. Those generated ions emit radiation in
different wavelengths, being each one specific for each chemical element and

an intensity directly related to the element concentration in the sample.

The solid/liquid samples were measured in a Varian 715-ES device and allows
the determination of the amount of Si, Al, K, Ni, Pt, Pd within the samples.

The procedure to set up the sample is described below.

The solid samples must be disintegrated, employing an acid mixture between
hydrochloric acid, nitric acid and hydrofluoric acid in a volume proportion of
3:1:1 respectively. The system requires a previous calibration with standard

dissolutions at different concentrations to obtain a calibration curve.

3.3.3. Elemental Analysis

The total amount of Carbon, Nitrogen and Hydrogen in the samples were
determined employing a Fison EA1108 device. The organic species stored
inside the samples were burnt in presence of air at 1000°C, producing the

simplest combustion gases for each compound (CO,, N, and H,0). Those
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gasses are retained and separated by a chromatography column. The device
is fitted with a Thermal Conductivity Detector (TCD) and employs

sulphanilamide as inner standard to quantify the elemental species.

3.3.4. Thermogravimetric Analysis

Thermogravimetric analysis allows determining the mass variation suffered
by the material with the temperature. This technique is used to determine
the organic content trapped in the “as-prepared” zeolite materials, as well as

the water amount adsorbed in the microporous structure.

The analyses were performed in a Mettler-Toledo TGA/STDAS851e, using air
to assure the organic removal. For each analysis, between 5 and 10 mg of the
solid material were used, heating from 20°C to 800°C at a heating rate of

10°C/min to guarantee the total organic elimination.

3.3.5. Textural Properties Analysis: N2 adsorption

The preferred technique to study the textural properties in the microporous
solids is N, adsorption isotherms, allowing to estimate the surface area
expressed in terms of surface per mass unit, the micropore volume per mass
unit and pore size distribution in porous solid materials. These parameters
give information about the accessibility to the active centres of the

microporous solid catalysts.

The surface area was determined employing the Brunauer-Emmet-Teller
(BET) model’” which suppose the following hypothesis to simplify the

mathematical models.

o The adsorbent surface is not porous, and it is assumed to be

uniform
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o The gas molecules are adsorbed by successive layers and the

side interactions between the molecules are neglected

Therefore, this model can be only applied working at very low relative
pressures. The mathematical equation to describe an adsorption isotherm

behaviour is:

v.[p’;-p] - (VK,;) ' (p%) + (v;.,{) Eq3.3

Where:

o Vv is the volume of gas adsorbed per mass unit of adsorbent
at the working pressure P

O Vm is the volume of gas adsorbed per mass unit in the
adsorbent’s monolayer

o Pisthe equilibrium pressure

o Pgisthe saturation pressure

o Kisthe adsorption equilibrium constant

The equation allows to obtain a linear curve in which the equilibrium
constant, and the monolayer volume can be determined from the slope and

the origin ordinate. These two parameters permit estimating the BET area.

Vm'Ng-s
Stotal = = VA Eq3.4
S
SBET = 2Total Eq 3.5
Msolid
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Where:

O Vmis the volume of gas adsorbed per mass unit in the
adsorbent’s monolayer

o Nais the Avogadro’s Number

o Visthe molar volume of the adsorbate in STP conditions

o sisthe adsorption cross-section of the adsorbent species

(0.162 nm? for the N> molecules)

The micropore volume and micropore area were determined employing the
procedure called the t-plot method introduced by Boer et af®. The N, volume
adsorbed against the adsorbed layer average thickness (t) is represented.
This value (t) for the N, molecule were reported by Jura et al® from the relative
pressure employing Harkins-Jura equation applied to non-porous titanium

oxide.

1

_ (1399 Pz
t= (0.034 log (PO)) Eq 3.6
The plot of the adsorbed N; volume against the t-value according to the
equation proposed by Boer® in which the N, monolayer thickness was
reported as 3.54 A, so the t-value expression results as follows:

t =3.54- (l)/f\ Eq3.7

Vm

The micropore volume (Vwicropore) Can be obtained from the linear curve

generated intercepting the y-axis.

cm3

VMicropore (g_) = 0.00157 - Yyxis—ine Eq 3.8

r
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Those parameters are obtained from the quantitative adsorption/desorption
N, isotherms at N liquid temperature (-196°C). To run the analysis, 250 mg
of the pelletized sample (0.2-0.4 mm) was degassed under vacuum for 24 hrs
while heating the sample at 400°C to fully desorb physisorbed species.
Textural properties were obtained by adsorption/desorption isotherms of N;
using a Micrometrics ASAP-2020 device at -196°C. Microactive v4.06 software

using the Rouquerol Criterial! was employed to process the data.

3.3.6. Study of the active centre nature by Fourier Transform
Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FT-IR) is one of the most employed
techniques for the characterization of solid catalyst because very relevant
chemical structure information can be achieved using this spectroscopic
technique. In the present PhD thesis, this technique has been employed to
determine properties associated to the -OH group vibrations, giving
information about the presence of trivalent cations in framework positions,
such as Al, or about zeolite defects'? at wavenumbers comprised between

3000 and 4000 cm™.

The band associated to Si-OH involved in the hydrogen bonding with other
silanols or with framework oxygens are found about 3500 cm™, and this band
is an indicator of weak acidity. Additionally, the OH band associated to
hydroxyl groups attached to framework aluminium atoms (so-called
aluminols, Si-OH-Al), which are known for possessing a strong acid behaviour,
is found between 3500 and 3650 cm™. On the other hand, the band
associated to the extra-framework aluminols is found near 3660 and 3670

cm’, and it is an indicator about the Lewis acidity as the redox behaviour of
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the catalyst®3. Finally, the vibrational signal assigned to external silanols are
found among 3700 and 3745 cm, related to a weak acid behaviour. In the
present PhD thesis, the FT-IR spectra obtained were normalized according to
the Overtone’s signal area (1750 — 2300 cm™), which is associated to the
silicon content in the samples, facilitating the comparison of the different

samples at various temperatures.

3.3.6.1 Zeolite Acidity determination by Fourier Transform Infrared

Spectroscopy using Pyridine as probe molecule

The bands associated with the vibration of the deformation of organic
molecules that can be adsorbed inside the zeolite framework are found at
low wavenumbers (1300 - 1700 cm™). In the present PhD thesis, pyridine
molecule was used as a probe molecule to determine the nature of the acid
centres in the catalyst by its adsorption/desorption study. Indeed, the
strength and the availability of these acid centres can be estimated by the
pyridine desorption at rising temperatures. The pyridine molecule, when
interacting with a Brgnsted acid site, forms the pyridinium cation, which
shows a very specific signal at 1545 cm™. However, when the pyridine
molecule interacts with a Lewis acid site!* transferring an electron pair, it

coordinates with the metallic atom and shows a signal at 1455 cm™.

The Brgnsted acid site (BAS) and the Lewis acid site (LAS) concentration was
determined by measuring the intensities of the bands placed at 1545 cm
and 1450 cm, respectively, normalizing by the Si-O overtone area (1730 -
2100 cm?), using a numerical variation of the molar extinction coefficients
given by Emeis!® to avoid inconsistency of measurement due to zeolite

structure effects, as reported by Zholobenko et al*®.
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AO
Cpronstea = 1270 - AO::; Hp Eq 3.9
AO
Crewis = 570 - AOAv - Hp, Eq 3.10
T

Ceronsted IS the concentration of the pyridine molecules
attached on the Brgnsted acid sites (expressed as pmol of
pyridine per gram of catalyst)

Ciewis is the concentration of the pyridine molecules attached
on the Lewis acid sites (expressed as umol of pyridine per
gram of catalyst)

AOr is the measured area of Si-O overtone region, measured
for each temperature (cm™)

AO,, is the average area of Si-O overtone region of the
sample (cm™?)

Hs is the height of the Brgnsted peak at 1545 cm™

H.is the is the height of the Lewis peak at 1450 cm™

The acidity was determined by using a Nicolet 710 FTIR device. Self-

supported wafers were made (until reach a normalized mass density of 10

mg/cm?) and were dehydrated overnight at 400°C using a turbomolecular

vacuum pump until reaching 10 mbar. After the activation step, the base

spectrum was recorded, and the pyridine vapour (6.5-10 Pa) was admitted

into the IR cell and adsorbed by the zeolite. The desorption was carried out

under vacuum for 3 different one-hour periods at 150°C, 250°C and 350°C,

respectively, measuring in each period the IR spectra once the temperature

reached room temperature.
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3.3.6.2 Zeolite metal active sites state determination by Fourier
Transform Infrared Spectroscopy using CO as probe molecule

The nature and oxidation state of the metallic species hosted in some of the
catalysts were studied employing CO as a probe molecule. The spectra were
registered employing a Nexus (Thermo) 8700 FTIR spectrometer, using a
deuterated triglycine sulphate detector (DTGS) and scanning at 4 cm™. The
calcined samples were pressed to obtain self-supported wafers of 10 mg/cm?,
thermally activated in all cases with their pre-reaction conditions, cooled
until room temperature, and after recording the base spectrum, the metal
speciation was assessed by titration with CO upon cooling the sample to -
176°C under dynamic vacuum of 10 mbar and gradually, bringing in the CO
doses from 0.1 to 2 mbar and recording the spectrum in each dose. For the
later analysis, all the spectra were normalized to the area of the

corresponding Si-O overtones (1700-2100 cm™)Y’,

3.3.7. Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is a widely employed
technique for molecular structure analysis. It is based on the interaction
between the angular spin momentum of certain magnetically active atomic
nuclei and an external magnetic field (Bo) applied to the sample. The
magnetic moments of these nuclei exhibit different orientations due to their
non-zero spin, leading to the splitting of distinct energy levels®®. In the
absence of an external magnetic field, the nuclear spins are randomly
oriented. However, when a magnetic field is applied, the spins align in two

possible states: those with positive spins align with the magnetic field, while
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those with negative spins align against it, resulting in the minimum energy

states, known as a and B, as illustrated in Figure 3.3.
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Figure 3.3. Energy levels of a 5 nuclear spin when it is submitted under an external magnetic

field. Figure obtained from Jacobsen et a/'8.

The energy difference between these two spin states is directly proportional
to the strength of the applied external magnetic field (B, >> Bo). When the
sample absorbs electromagnetic radiation, nuclei with a spin state of +1/2
are induced to transition to the -1/2 state. Upon cessation of the magnetic
field, the nuclei return to their initial energy levels, emitting signals at

frequencies that allow for the collection of the NMR spectra.

The electrons surrounding the atoms in a molecule are in constant motion,
generating a weak magnetic field that opposes the externally applied
magnetic field, thereby diminishing its strength. As a result, the magnetic
field experienced by the nuclei is reduced. This shielding effect depends on
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the electron density around the nucleus and the local atomic environment,

allowing for differentiation between nuclei. The chemical shift measures

these variations in NMR absorption frequencies due to the shielding effect.

Typically expressed in parts per million (ppm), these shifts are relative

magnitudes compared to standard molecules with minimally perturbed

electronic distributions.

The solid-state NMR gives wider signals with less resolution because the

mobility of atoms is significantly hindered, and then the dipolar and

guadrupolar interactions and the chemical shifting anisotropy. Those

interactions are described below

19-21

Dipolar interactions: These interactions are produced by a dipole-
dipole interaction between the magnetic momentum of two
adjacent nuclei caused by the spin magnetic field generated when
are exposed to the external magnetic field, interacting two close
atoms.

Quadrupolar Interactions: Produced in those nuclei that does not
have a spherical shape related to a quadrupolar momentum. This
momentum interacts with the electric fields gradient result of the
non-symmetric electric charges distribution.

Chemical Shift Anisotropy: it is due to the interaction between
magnetic field induced by the nuclei surrounding electron movement
and the external magnetic field. The electron distribution does not
have a perfect spherical shape so the resonant frequency changes
are closely linked with the electron cloud resulting in an orientation

when it is exposed to the external magnetic field.
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In order to increase the signal quality and the information obtained, there is
used the experimental technique of the Magic Angle Spinning procedure,
(MAS-NMR), which decreases the shifting anisotropy and gets rid of the first
order quadrupolar interactions and eliminates the dipolar interactions
between the different nuclei??. In this procedure the sample spins in an angle
of 54° 44’ regarding the external magnetic field axis. In addition to the MAS-
NMR it is widely used cross polarization, in this technique is transferred the
magnetization of one abundant atom, generally is used the 'H, to another

much less abundant.

In order to assure that the non-commercially available OSDAs were properly
synthetized, liquid NMR, H and the 3C NMR were used. The liquid NMR
spectra were collected in a Bruker Avance-300 Ultrashield Spectrometer,
working at 300 MHz to obtain the H signal and 75 MHz to obtain 3C NMR

signal.

The solid NMR spectra were collected in a Bruker AVII HD 400 MAS. The main
nucleus studied were 2°Si and ?’Al, allowing to determine the local
environment of the TO, atoms. PtSn-MFI zeolites synthetized in chapter 4
were analysed by H MAS NMR and 'H Double Quantum (DQ)-Single
Quantum (SQ) MAS NMR. Prior to expose the samples to the magnetic field,
they were evacuated in vacuum while heated at 150°C to dehydrate the
zeolite. All the spectra were collect using a Bruker 3.2 mm probe by spinning
the sample at 20KHz. Back-to-Back (BaBa) dipolar recoupling sequence was
used to excite and reconvert DQ coherences employing an excitation time of

100 us (2 periods).
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3.3.7.1. °Si MAS-NMR

The °Si nucleus presents very limited sensitivity due to its low content in
nature (=4.68% in weight) and its gyromagnetic average radius (8.47 MHz/T).
Because of these two features, it produces a wide chemical shift range and
sharp peaks, allowing accurate determinations of the chemical surrounding

environments of the silicious compounds.

Si atoms present in zeolitic frameworks in tetrahedral coordination with other
SiO4 atoms are named Qa. Those atoms can also be found close to aluminium
atoms, having an oxygen bridge between them (Lowenstein Rules), resulting
in 5 Si-O-nAl (Qa.n) feasible combinations (n € 0,1,2,3,4). For each additional
Al atom located in the second coordination, a different chemical shift is

obtained in the spectrum, as summarized in Figure 3.4.
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Figure 3.4. Scheme of 2°Si NMR chemical shifts for different silicon coordination with different

numbers of aluminium atoms.
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In a similar way, when the TO4 is linked to silanol groups, the chemical shift is
similar to the observed when the coordinating element is the aluminium but
producing wider and less clear signals. The signals can generally be

mathematically deconvoluted to identify correctly the Q,, species.

The?®Si MAS-NMR spectra along the present PhD thesis were collected at
79.5 MHz and a rotational speed of 5KHz, using a pulse length of 55° and 3.5
Ms and a repetition time 180 s, and tetramethylsilane (TMS) as standard to

measure the chemical shift.

3.3.7.1. Al MAS-NMR

The nuclear magnetic resonance of the aluminium nucleus applied to solid
materials allows the study of the coordination of the Al atoms. Al nucleus is
quadrupolar and, thus, it produces wide signals (I1=5/2) in the recorded

spectra due to the second order quadrupolar interactions.

In the zeolite research field, Al MAS-NMR is widely used to determine the
coordination of Al in tetrahedral positions, generally associated to Brgnsted
acid sites, which chemical shifts are located near to 55 ppm. The other most
common Al species in zeolites are those in octahedral coordination. The
octahedral Al species are located in extra-framework positions, which
characteristic chemical sift is placed at 0 ppm and are mostly related to Lewis
acid sites?®?%, Other less common signals are those connected to distorted
tetrahedral or pentacoordinated Al species, with chemical shifts close to 30
ppm?. As stated above, the main drawback associated with this nucleus is
the strong quadrupolar effects, particularly when the zeolite is dehydrated,
in this case the recorded signals give wide and very weak gaps related to

“invisible aluminium”, avoiding accurate quantifications®?’.
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The Al MAS-NMR spectra were recorded at 104.2 MHz with a rotational
speed of 10 kHz and a pulse length of 9° of 0.5 ps and a repetition time of 1
s. The chemical shift represented in the 2’Al MAS-NMR spectra were referred

to Als*(H20)s, used as standard.

3.3.8. X-Ray adsorption spectroscopy (XAS)

X-Ray absorption spectroscopy (XAS) is a powerful analysis technique widely
used to study the bulky characteristics of a solid material. It gives information
about the atomic local structure of the chemical elements composing the
material. In heterogenous catalysis this technique provides valuable
information about element speciation (discerning among oxidation states).
Synchrotron radiation facilities are required to provide an adjustable X-Ray

energy source.

The X-ray absorption phenomena is explained through the Lambert-Beer

Law?8:

I=1- e HX Eq3.11
Where:

o lis the intensity transmitted once the photon is attenuated
after running through the sample

o lpis the intensity given by the incident X-Ray radiation on the
sample

o Misthe absorption coefficient and it is specific of the material
composition

o xisthe sample thickness
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The absorption coefficient depends on the material composition and the
incident energy (E). Indeed, an increase of the incident radiation implies a
decrease in this coefficient, as described by the equation that predicts the
absorption coefficient.
Z*p
wE) = 5 Eq 3.12

Where:

o pisthe material density
o Zis the atomic number of the studied specie
o Aisthe atomic mass of the studied specie

o Eistheincident energy of the X-Ray radiation

If the incident radiation can provide an energy similar to the binding energy
of a core level electron (closer to nucleus attaching the orbitals and do not
participate in bonding), then a sharp rise of the energy absorbed (called
absorption edge) is produced, which corresponds to the foster of this core
level to the continuum level (negligible energy gaps than electrons are not
trapped anymore). Since each atom possesses a specific core level electron,
the study of different absorption edges modifies the energy of the incident
X-ray beam. Generally, almost all the elements can be registered between 5-
35 keV, permitting the use of XAS as a selective element technique. A typical
XAS spectrum is divided in two main regions, where the gap 50 eV of the

absorption edge of the element is the limit separating both regions.

[121]



Chapter 3

X-Ray Absorption Spectroscopy
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Figure 3.5. XAS spectra scheme, including both XANES and EXAF regions.

XANES (X-Ray Absorption Near-Edge Spectroscopy) region: This region
surrounding the absorption edge gives information about the unoccupied
states near Fermi level of the absorbing atom, informing about the element
oxidation state, bond angles and local symmetry surrounding the absorber
atoms. For this reason, XANES technique is used very often as a fingerprint
comparison tool, where the samples are compared with standards of
crystalline structures and oxidation states. Unfortunately, developing a
mathematical model of the XANES region is difficult due to multi-scattering

phenomena of low-energy electrons that happen in this region?.

EXAFS (Extended X-Ray Absorption Fine Structure): This region is located after
the XANES region up to 1000 eV approximately or even above the absorption
edge. In this area the oscillations start to be controlled mainly by single-

scattering effects. These characteristics are explained by the interaction
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between the absorber material photoelectrons propagated outward in all the
directions and the backscattered radiant energy emitted by the bordering
atoms (Figure 3.6). The peaks registered in the EXFAS regions, are produced
by constructive and destructive interferences of the X-Ray waves penetrating

and leaving the absorbent.

Figure 3.6. A central absorbing atom surrounded by two coordination shells at difference
distances (R1 and R2, respectively). The scheme shows multiple scattering paths despite the

two direct path pointed by 1 and 2. Scheme reproduced from Patience et a/*°.

Those interactions are described in the following equation by the function

X(E), describing only the interactions with neighboring atoms:

_ u(E)—puo(E)
x(E) = Y Eq3.13

Where:

o W(E)is the measured absorption coefficient.
o Mo(E)is the background function that represents the

theoretical absorption of an isolated atom.
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o Apo(E) is the experimental variation of the absorption

coefficient at the threshold energy Eo.

Generally, the magnitude of the X-Ray energy units to wavenumbers (k)

changes through the De Broglie hypothesis®°, expressed as follows:

_|2m-(E-Eyp)
k= /T‘) Eq3.14

Where:

o mis the electron mass.
o Eisthe measured energy.
o Epis the energy in the absorption edge.

o histhe Planck constant.

The addition of the frequencies composing the EXAFS oscillations are related
to different near bordering coordination shells. Then, the EXAFS spectrum

can be mathematically modelled according to the following k-dependent

equation:
:%%% 2-k2.0%
N fi(k)-S:(k)-etili).g 2K
x(k) = X; AL ii}z - - sin(2kR; + &;(k)) Eq3.15
Where:

o fj (k) is the adjoining atoms scattering amplitudes.
o &j(k)isthe adjoining atoms scattering phase-shifts functions.
o Njis the number of the coordination atom placed in the j

coordination shell.
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o Rjis the distance between the absorber specie and the
bordering atom.

o o?%isthe Debbie-Waller factor.

o e_z’kz”fl2 represents the atomic disorder.

—ZR]'

o "™ quantifies the inelastic losses during the scattering

process, W symbolizes the free path of the photoelectron

ejected.

Unfortunately, all the feasible scattering paths simultaneously overlap.
Therefore, the function is mathematically modified by Fourier transform from
the k domain to the R domain (interatomic distance), resulting the final
equation as follows.
k .
¥(R) = fk.f W(k)k™ - y(k)(cos(2kmR) + isin 2knR) dk  Eq3.16
2

Where:

o W (k) is Hanning window function dk=1.

o k"is the k-weight.

The resolution of these equations allows processing, analysing and
translating the information given by the XAS spectra, thus, resulting in a
technique suitable to analyse the chemical information of crystalline and

amorphous solids.

The XAS experiments to characterize the PtSn based zeolites employed in
Chapter 4 was carried out by Dr. Randall from ExxonMobil Research and
Engineering (Annandale, New Jersey). The measurements were done at the

8-ID ISS beamline at National Synchrotron Light Source-ll at Brookhaven
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National Lab. The spectra were gathered in fluorescence mode employing a
4-element solid state detector with reference foils for edge alignment. The
data for the different experiments were collected approximately 200 eV
before the edge jump up to 1000 eV after the edge area. Before acquiring the
data, samples were powdered and 4 mg loaded into a 1.5 mm outer diameter
x 1.3 inner diameter quartz capillary. The samples were adequate to the
correct heigh using quart wool plugs. The gas flows were fed in the range
between 5-10 mL/min at standard conditions. The samples were heated
using two resistive heaters located in a distance of approximately 1 mm from
the sample and employing heating ramps of 10°C/min. The gas flow
compositions were 10 mL/min (5%0,/95%He) for the calcination treatments
and 10 mL/min of pure H, for the reduction treatment. The scans were set in
a typical experiment at 2 min. The experimental data was analyzed using the
Demeter Software package3?23. The data ranges were estimated based on the
quality of data generally between k=3-12 A and R=1.2-3.4 A. The amplitude
factor for Pt was estimated to be 0.83 from a Pt foil spectra, setting the
coordination number to a fixed value of 12 to capture the fcc structure. The
Debye-Waller factors, Eo and the bond distances for all the bonds were

optimized fitting simultaneously k, k? and k3 weighted Fourier transforms.

3.3.9. Temperature Programmed Reduction (H>-TPR)

This technique has been widely used to study the reducibility of the metal
species, which is an indicator of the strength in the interaction between the
microporous support and the hosted metal species. The temperature
required to reduce metal species sheds light on the metal species stored in
the support. To carry out this technique, a Micrometrics Autochem 2910
instrument was employed. 50 mg of the solid, with a particle size of 0.4-0.6
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mm, was fed with a controlled flow of 50 mL/min of a gaseous mixture of H,
and Ar (10% and 90%, respectively) and heated from 25°C until 800°C with a
heating ramp of 10°C/min. The hydrogen consumed in reducing the metal

species were measured by employing a Thermal Conductivity Detector (TCD).

3.3.10. High Resolution Field Emission Scanning Electron
Microscope (HR-FESEM)

Scanning Microscopy is widely used and provides information about crystal
size and morphology. This technique is very useful to detect impurities in the
solid sample as a result of the presence of secondary phases blended with
the main crystalline phase®*. Unlike the commonly used Scanning Electron
Microscopes, the High-Resolution Field Emission allows distinguishing
nanoscale crystal sizes employing lower electric potentials (among 0.02-5
kV). This major advantage facilitates working with materials which can charge
themselves electrically due to their electric insulator behaviour or those that
can be damaged by the electric field exposure. The microscope also allows to
work in dark field, allowing to detect atomically heavier species on the solid
surface®. This useful feature helped along the present PhD thesis to search if
the metallic species form aggregates on the external surface of the zeolite
crystals instead of remaining encapsulated. A Zeiss (model Ultra 55) scanning
electron microscope was used to characterize all the materials, employing an

electric potential of 2.0 kV.

Samples were carried inside the microscope employing a double-faced
adhesive Carbon tape, stuck to the sample holder without any additional

coating.
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3.3.11. High Resolution Transmission Electron Microscope (HR-
TEM)

In transmission electron microscopy (TEM), a beam of electrons with a
uniform current density at very high electric potentials (between 100 and 200
keV) is directed onto a very thin sample. Depending on the sample’s thickness
and atomic composition, some of these electrons will be scattered, while
others will interact with the electronic structure of the atoms in the sample,
resulting in different phenomena such as light emission, Auger electrons,

secondary electrons, and energy in the X-ray spectrum.

By collecting all these signals, information about the nature and state of the
sample can be gathered, including the arrangement of its crystalline planes,
the morphology of the material particles, the chemical composition, and the
electronic structure. TEM forms images from the projection of the 'shadow'
created by the sample when it is irradiated and penetrated by the electron
beam. Electron diffraction provides information about the crystalline
structure of the material, while X-ray emission allows for chemical

composition analysis, as each atom has characteristic X-ray emission values.

In this PhD thesis, a JEOL JEM 2100F transmission electron microscope was
used. This microscope operates at an acceleration potential of 200 kV, with
samples irradiated by a field emission electron gun. Images are collected
using a high-resolution (2048 x 2048 pixels) GATAN charge-coupled device
camera, model SC200, and processed with Digital Micrograph software. The
microscope is equipped with a STEM unit and image detectors capable of
working in both brightfield and high-angle darkfield modes. This setup allows

for the rapid distinction of different phases with varying atomic numbers
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based on visual contrast. Chemical analysis is conducted by collecting X-ray
energy emitted by different atoms in the sample using an EDS X-Max 80
detector (Oxford Instruments). This system enables compositional analysis at
specific points, within defined areas, or by scanning the entire microscope

capture area (mapping).

To obtain images of enough visual quality, it is recommended that the sample
thickness does not exceed 100 nm. Thinner samples allow to achieve a better
electron transparency, resulting in clearer images. To prepare the sample, a
small amount was dispersed in 2 mL of a volatile solvent (such as isopropanol
or chloromethane) and placed in an ultrasonic bath for over 30 minutes. A
few drops of this suspension were then placed onto a copper or nickel grid,
as needed, and the solvent was allowed to evaporate, leaving the material

particles fixed and dispersed on the grid.

3.4 CATALYTIC TEST

Once the materials have been synthetized and characterized to know
information about their properties, their catalytic behaviour was evaluated
for certain catalytic reactions. In this section, the employed catalytic systems

and the reaction conditions are described in detail.

3.4.1. Non-oxidative Propane Dehydrogenation

The propane dehydrogenation reactions were conducted using a continuous
flow fixed bed reactor Microactivity MAE (PID Eng&Tech) (Figure 3.7),
equipped with a quartz reactor with a 10 mm inner diameter. The catalysts
were pelletized to a size range of 0.2-0.4 mm. A 50 mg portion of the sieved

catalyst was diluted with 400 mg of silicon carbide with a grain size of 0.6-0.8
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mm and introduced into the reactor on a bed of 0.6 mm quartz wool. The
catalyst was reduced with a hydrogen stream of 50 mL/min, heated at a rate
of 10°C/min until reaching 600°C, and maintained at this temperature for 1
hour. After the reduction treatment, the reactor was purged with a stream of
nitrogen. Then, the reaction mixture, consisting of 32 mL/min of N, and 10
mL/min of C3Hs, was introduced, and the catalytic test was carried out for 8

hours.

Figure 3.7. MAE PID reaction system diagram employed for the PDH reaction.

The outlet gas flow was collected and analysed on-line in an Agilent
Chromatograph model 7890B equipped with a 25 m x 320 um x 5 um MAPD
Al;O3 column ending in a Flame lonization Detector (FID), which allowed

qguantifying the unreacted propane and the reaction products.
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3.4.2. Selective hydrogenation of functional groups

The selective hydrogenation of functional groups was carried out in a Teflon
cylinder inside a stainless-steel autoclave equipped with a pressure gauge, a

gas inlet and a cannula to take samples as shown in Figure 3.8.

g

Figure 3.8. Scheme of the discontinuous Teflon-stainless steel batch reactor with pressure

sensor, gas insertion opening and relief valve.

To carry out the phenylacetylene hydrogenation, 100 mg of the reduced
catalyst was added to the Teflon liner followed by 60 mg of dodecane (inner
standard) and 3200 mg of ethanol (Sigma Aldrich, 99.9 wt%). Finally, 200 mg
of phenylacetylene (Sigma Aldrich, 99.9 wt%) was added, the autoclave was
sealed and then H, was introduced until reaching the adequate pressure (6
bar). Then, the system was heated up to the desired temperature (30°C)
under stirring at 750 rpm. Samples were taken at different times and then
analysed in a GC equipped with a 30 m x 250 um x 0.50 um HP-5 column
connected to a Flame lonized Detector (FID).
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To facilitate the catalyst comparison, turnover number (TON) was calculated

for the different reaction times measured using the following equation:

Ng0—N Ngo'X
TON — A0 At — A0'4 A

ny ny

Eq 3.17

Where:

Na is the amount of the reactant molecule referred as mmol, Ny is the
reactant at the initial state and Na: is the reactant molecule content in the

reaction time t.

nm is the noble metal content within the material expressed as mmol.

3.4.3. Ethylene oligomerization

The ethylene oligomerization reactions were carried out using an
automatized reactor Microactivity MAE (PID Eng&Tech) (Figure 3.9) equipped
with a tubular Hastelloy stain-less steel reactor with a 10 mm inner diameter.
The catalysts were pelletized to a size range of 0.2-0.4 mm. The reaction was

performed at low and high pressure, as summarized in Table 3.2.

Table 3.2. Oligomerization reaction conditions used in the Microactivity MAE reaction system.

Ref Gounder et al*®  Martinez et al?’-*®
Pressure (bar) 2.5 35
Temperature (°C) 180 200
WHSV (hr) 16.3 2.1
Meat (Mg) 63 500
Qtotal (ML/min) 600 100
% vol N2 97.5 85
% vol C2Ha 2.5 15
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The adequate portion of the sieved catalyst was diluted with silicon carbide
with a grain size of 0.6-0.8 mm until reaching a bed volume of 4 mL and

introduced into the reactor.

The catalysts were activated in N; (53.8 mL/min) while increasing the
temperature using a ramp of 5°C/min until reaching 550°C, maintaining this
temperature for 6 hrs and finally cooling down until reaching the reaction

temperature. The reactions were carried out for 6 hours.

The outlet gas flow was analysed on-line in an Agilent Chromatograph model
7890B equipped with two separated channels. The first one consists of a 30
m x 320 pum x 0.25 pm HP5 column connected to a Flame lonization Detector
(FID) and allows to measure the unreacted ethylene and the reaction
products. The other channel contains a 30 m x 320 um x 12 um HP-Plot
Molesieve, a 30 m x 320 um x 20 um HP-Q-Plot column and a Thermal
Conductivity Detector (TCD), in order to quantify the amount of non-reacted

ethylene and N concentration (inner standard) by the following equation.

. Ac2Ha fRC2Ha Eq3.17

Qc2ua = Qn2 AnaFra

Where:

o Quz, Qcana are the volumetric flows of N, and Ethylene, respectively.

0 Acznsa, ANz are the area values of the N, and C,Hs GC peaks,
respectively.

o frnzis the response factor of the N,.

o frcana is the response factor of the C;Ha.
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Figure 3.9. MAE PID reaction system diagram employed for the oligomerization reaction.

3.5 THEORETICAL CALCULATIONS

The theoretical calculations presented in Chapter 4, which analyse the
optimal metal-alkaline cation distribution that maximize the PtSn interactions
in the MFI zeolitic framework, were carried out by Dr. Reisel Millan and Dr.

Mercedes Boronat.

To study the most thermodynamically stable configurations for the atom
distribution in MFI-type materials, the calculations were performed using the
Periodic Density Functional Theory*® (DFT) methodology employing the
Perdew-Burke-Ernzerhof (PBA) exchange-correlation functional within the
generalized gradient approach (GGA)***! as implemented in the Vienna Ab-
initio Simulation Package (VASP 5.4) code*?. The valence electron density was

expanded in a plane wave basis set with a kinetic energy limit of 400 eV while
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the influence of the core electrons on the valence density was accounted for
using the projected augmented wave method* and the integration was
carried out at the -point of the Brillouin zone. Dispersion corrections to the
energies were applied using Grimme’s D3 method**** with Becke-Johnson
damping, as implemented in VASP*®, The electronic energies values were set
to converge to within 107 eV, and geometries were optimized until atomic
forces were less than 0.05 eV/A. During the geometry optimization process,
all atomic positions were allowed to relax without constraints, while the unit

cell parameters were kept constant.

Regarding the MFI modelled structure, orthorhombic cell with a chemical
composition of SigsO192 Was considered keeping constant their geometric
parameters and being the lattice values a=20.090 A, b=19.738 A and c=
13.142 A and the cell unit angles a=p=y=90°C.

5 MFI systems were generated assuming that the structure contains 4
tetrapropylammonium (TPA) cations (unit cell composition Sig;0192N4CagH124)
placed in the 4 channel intersections present in each unit cell and with the
associated 4 silanol/siloxy nest distributed in different ways, as summarized

in the Table 3.3.
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Table 3.3. Relative stability of six MFI-TPA models, each containing four TPA molecules and
four associated silanol/siloxy nests positioned in various locations around the channel

intersections within the MFI unit cell.

Model Ere/ (kcal/mol)
MFI-TPA-D1 0.0
MFI-TPA-D2 10.0
MFI-TPA-D3 11.4
MFI-TPA-D4 15.2
MFI-TPA-D5 17.0
MFI-TPA-D6 16.6

Setting as the referential point, the most stable MFI-TPA model (the one with
less relative energy), one potassium cation and its counterbalance OH" anion
were introduced in different feasible crystallographic positions of the unit cell
(cages, straight channels and the sinusoidal 10 membered ring channels),
obtaining 12 MFI-TPA-K feasible systems with Sig20193N4CagH125K in each unit
cell. For each one of these MFI-TPA-K models obtained, a pure silica zeolite
containing 1 K* and its counter-member OH" in the same initial position was

optimized and used as reference.

Then, having the reference models and the MFI-TPA-K models, the energy

required to add the K* cations (Einc) was calculated as follows:

Eine = Empi-atpa-k + Emrr — Empr—atpa — Empi-x  Eq3.18
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Eme-ateak is the total energy of the zeolite when contains the 4 TPA
molecules, the K* cation and the pertinent defect.

Evr is the energy belonging to the pure silica zeolitic framework.
Ewmrratea is the total energy of the system when 4 TPA and their defects
are present.

Emrix is the total energy of the reference pure silica zeolite containing
the K* and their defect in the same crystallographic position as it were

EmFi-4TPAK-

The energy required to include a second K* cation was calculated with the

next mathematical expression:

Where:

Einc = Eympr-atpa—2x + Emrpi—arpa — 2 - Eypr—arpa—k Eq3.19

Emeatea-2k is the total energy of the zeolite when contains the 4 TPA
molecules and their associated silanol/siloxy nest, 2 K* cations and

their pertinent defects, resulting in a unit cell composition of

Si920194N4CagH126K>.
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4.1. INTRODUCTION

In the past decade, the availability of low-cost C,-C4 light alkanes has abruptly
raised with the increase in shale gas production?, providing new
opportunities to commodity chemicals outside conventional syngas and
steam cracking processes®®. Among the numerous routes to selectively turn
light alkanes into useful building blocks, their direct dehydrogenation to
olefins is an industrial reality, thanks to highly active and selective commercial
catalysts that make the overall operation*®. Among the entire direct olefin
dehydrogenation routes, the direct dehydrogenation of propane has gained
particular industrial importance due to its high selectivity towards the
formation of solely propylene, avoiding the formation of hybrid products’.
The reaction equations of direct propane dehydrogenation and competitive

side pathway reactions are shown below?.
C3Hg = C3Hg + Hy (AHS9g = 1243 kJ - mol™?) Eq4.1
C3Hg - CH, + C,H, (AHZ9g = 98.9 kj - mol™1) Eq 4.2
C3Hg + Hy > CHg + CH, (AHS5g = —37.7 k] -mol™') Eq4.3
C,Hy+Hy, - C,Hg (AHSy5 = —136.6 kJ - mol™) Eq 4.4
C3Hg - 3C + 4H, (AHZyg = 119.5 kJ - mol™1) Eq 4.5

Nevertheless, as illustrated in Eq 4.1, thermodynamic limitations of this
transformation impose high reaction temperatures to reach the high

conversions, making the process energy intensive, while triggering non-trivial
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catalyst deactivation challenges that negatively impact both economic and

environmental metrics®°.

Supported-Pt catalysts have been broadly investigated to promote the direct
dehydrogenation of light alkanes to olefins, mainly propane to propylene,
due to their remarkable ability to activate C-H bonds, while largely avoiding
C-C bond cleavage (Eq 4.2)>!°. The active phase in supported-Pt catalysts
typically exists either as a Pt metal cluster or as crystalline nanoparticles.
Previous density functional theory (DFT) studies revealed that Pt(111)
exhibits comparable energy barriers for the dehydrogenation step and the
subsequent desorption of the propylene molecule!. In contrast, Pt(211)
shows a significantly lower energy barrier for dehydrogenation (0.29 eV)
compared to the barrier for propylene desorption (1.43 eV). This difference
in energy barriers contributes to the formation of coke during deep
dehydrogenation processes. In addition to the coke formation issue,
conducting the propane dehydrogenation process at elevated temperatures
(Tamman temperature for Pt is 750°C) leads to migration and further
sintering of Pt nanoparticles'>!4. These effects are driven by the Ostwald
ripening mechanism and the nanoparticles become larger, leading to non-
desired side reactions, such as cracking (Eq 4.2), hydrogenolysis (Eq 4.3),
ethylene hydrogenation (Eq 4.4) or more coke formation (Eq 4.5). Then,
despite exhibiting adequate propane dehydrogenation activity, its inclination
to sintering and coking and their expensive manufacturing cost still requires
the development of low Pt-content and highly stable catalysts, by means of
special preparation methods, based on promoter species effects and metal-

support interaction improvement.
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The incorporation of promoter metals aims to pair platinum (Pt) with other
metals (M), resulting in either Pt-M composites or the formation of a PtM
bimetallic alloy. This approach has been shown to enhance both the activity
and selectivity for propylene production while reducing the amount of Pt
required in the catalyst support. Numerous studies have explored the
influence of these promoter species on the performance of bimetallic Pt
catalysts, considering factors such as electronegativity, cost, toxicity, and
chemical affinity. Among them, Sn has become in the recent years a typical,
necessary, Pt promoter that further reduces undesired side transformations,
such as hydrogenolysis and coke formation reactions %%, There is still
debate concerning the exact role of Sn, since it has been proposed to have

”16-18 | the first case, Sn

both “geometric effects” and “electronic effects
promotes the separation of Pt ensembles, leading to the formation of small
clusters, thus removing accessible sites for coke formation (as structure-

)21, Regarding its “electronic effect”,

sensitive undesired side reaction
previous studies showed a strong electron transfer between Sn and Pt atoms,
turning the Pt atoms electron-richer, promoting the propylene desorption
and decreasing the amount of coke formed???3. Further DFT studies
determined that the presence of Sn widens the Pt d-band, downshifting the
d-band centre of Pt placed on PtSn bimetallic systems surface. This electronic
structure modification results in a decrease of the energy barrier required to
carry out the propylene desorption step and in an increase of the energy
barrier to achieve the propane dehydrogenation, boosting the propylene
selectivity while preventing coke or other subproducts formation?*. In
addition to Sn, another Pt promoters have also been described in the
literature, such as Zn, Ge or In, among others (schematized in Figure 4.1.)*

27
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Figure 4.1. Structure scheme of different PtM bimetallic systems. A) shows a wide selection of

different metal promoter M (electronegativity is indicated inside each metal frame), their cost
and their potential toxicity. B) shows PtM structures obtained at different M %w/w contents.

Scheme obtained from Cheng et a%.

The main disadvantage of these common PtSn supported-metal catalysts is
that they suffer permanent deactivation when subjected to severe redox
stress, for example, during reaction and coke burn regeneration cycles in
typical PDH processes, which causes extensive sintering of the metal

nanoparticles!?28,
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Because of this deactivation problem, commercial PtSn catalysts must
undergo complex continuous catalyst rejuvenation protocols (i.e.
oxychlorination), which operate under increased cost, safety controls, and
waste management regulations, to re-disperse the metal species and

preserve proper levels of catalytic activity?°.

A recent strategy to boost the stability of metal nanoparticles has been the
encapsulation of subnanometric PtSn clusters within the pores of pure silica
MFI zeolite, a zeolite-type support widely reported to improve the propylene

selectivity due to the absence of acid centers303!

, following a one-pot
synthesis approach that relies on the use of potassium cations to introduce
negative charge into the zeolite framework, in the absence of trivalent
elements (i.e. Al)3>*. HAADF-STEM and i-DCP imaging of the resultant
PtSn@K-MFI| catalyst demonstrated the regioselective stabilization of
subnanometric PtSn clusters (~0.6-0.8 nm) in the sinusoidal 10-ring channels
of MFI (as shown in Figure 4.2), associated with the formation of

silanol/siloxy nests with potassium cations located at sinusoidal channels that

connect with straight 10-ring pores3.
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Figure 4.2. Identification of the location of subnanometric Pt clusters within the KPtSn@MFI
catalyst. Large-area and detailed HR HAADF-STEM images (A, C) and the iDPC images on the

same area (B, D) in the [010] orientation. Images reported by Liu L., et alf.

As a result of these zeolite binding sites, outstanding resistance against metal
sintering was observed compared to other zeolite-based catalysts prepared
by conventional impregnation methods 3#33, The resultant catalyst was not
only sintering-resistant but could also catalyse the dehydrogenation of light
alkanes to olefins with minimal cracking and coke formation (i.e. minimal

time-on-stream deactivation).

Preliminary inspection of the influence of the Sn content in the original
PtSn@K-MFI formulations revealed an optimal Sn content of ~0.9 wt.%, and
the requirement of long reduction treatments to properly activate the
catalyst in H; prior to the PDH reaction (i.e. reduction times longer than 12
h).3 In this former study, by lowering the Sn content to 0.4 wt.% or lowering

the activation times to < 12 h, a significant increase of the time-on-steam
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(TOS) deactivation rates was observed in the catalytic tests, presumably as a
result of decreased Pt-Sn interactions in the final material®3.

The present work was motivated by these results, and by previous
observations reported on one-pot synthesis of Sn- and Ti-containing zeolites,
where problematic synthesis outcomes where noticed when alkali cations
were simultaneously present, due to the proneness of the latter to induce
the formation of insoluble tin- or titano-silicates 3>, thus altering the
amount of metal available, in practice, inside the zeolite and decreasing the

potential catalytic activity expected from them.

Keeping this in mind, this chapter pursues to provide a rational and
systematic research about how the nominal formulation of PtSn@K-MFI
catalysts affects the composition, structure, and performance of the final
materials. To achieve this, a series of Pt-MFI catalysts were synthesized with
specific and independently adjusted K and Sn contents. This chapter explores
the impact of adjusting the atomic concentrations of K and Sn on the
crystallinity and particle size distribution of both the crystalline MFI support
and the bimetallic clusters encapsulated within the zeolite. Catalytic
evaluations were conducted to identify the optimal compositional balance
under the high-temperature conditions characteristic of the propane
dehydrogenation (PDH) reaction. Finally, to correlate the influence of Sn
content in the synthesis gel, reduction treatment parameters (temperature
and duration), and time-on-stream (TOS) on the nature of Pt-Sn interactions,
as well as their respective effects on catalytic performance, X-ray absorption
spectroscopy (XAS) measurements were performed on the fresh and spent

catalysts.

[153]



Chapter 4

4.2. ONE-POT SYNTHESIS OF PtSn@K-MFI SAMPLES AND
POST-SYNTHETIC TREATMENTS WITH NaOH: INFLUENCE OF
K AND Sn CONTENTS

To enhance the clarity and traceability of the different samples examined, the
nomenclature assigned to them, and the target compositions of the
corresponding synthesis gels are summarized in Table 4.1. In order to
evaluate the incorporation efficiency of the target species, the chemical
composition of the resulting materials have been compared with the targeted

K and Sn contents.

Table 4.1. ICP analyses of the different PtSn@K-MFI samples prepared by one-pot synthesis

methods (note: the weight percentages both in the gel and solids are silica basis).

Synthesis gels Solids recovered
Sample Pt K Sn Pt K Sn
(Wt%) (wt%) (wt%) (wt%) (wt%) (wt%)

MFI-PtSnla 0.4 n.d.? 1 0.41 0.88 1.00
MFI-PtSn1b 0.4 n.d.? 1 0.40 1.15 1.05
MFI-PtSn2 0.4 13 1.4 0.41 1.05 1.38
PtSnZl\fll:\;aOHb == === === 0.43 0.73 0.77
MFI-PtSn3 0.4 13 1 0.45 1.03 0.98

MFI-PtSn4 0.4 1.3 0.7 0.42 0.87 0.72
MFI-PtSn5 0.4 1.3 0.5 0.43 0.81 0.49

MFI-Pt6 0.4 13 o= 0.43 0.65 ==

MFI-7 o 13 -—- -—- 0.70 ---
MFI-PtSn8 0.4 0.65 1.3 0.44 0.60 1.24
MFI-PtSn9 0.4 0.65 1 0.46 0.67 1.08

MFI-PtSn10 0.4 0.65 0.5 0.48 0.60 0.54
MFI-PtSn11 0.4 0.65 0.2 0.41 0.58 0.19
2 Non-determined;  Treated with 20 wt.% NaOH aqueous solution at 60°C for 1 h

(liquid/solid ratio=10)
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The original recipe to synthesize PtSn@K-MFI used a commercially-available
aqueous solution of tetrapropylammonium hydroxide (TPAOH) containing
trace amounts of K in the solution 3233, This prior work (referred as MFI-PtSn1)
showed that the presence of K cations within the final PtSn@K-MFI solids is
critical to stabilize subnanometric PtSn clusters in the sinusoidal MFI
channels, which do not sinter when subjected to cyclic high-temperature

H,/0; treatments, unlike most other catalysts reported in the literature 3233,

Surprisingly, detailed FESEM and STEM (Figure 4.3) analysis of these samples
indicates that small amounts of precipitates (i.e. impurities) are present in
the as-prepared materials, mixed with the MFI crystals. The abundance of
these impurities varies depending on the specific batch of TPAOH used while
all other synthesis variables are maintained constant, as shown in Figure 4.3,
for FESEM and STEM images (top panel) and STEM magnification (bottom
panel). Energy-dispersive X-ray spectroscopy (EDX) shows that these regions
are enriched in Sn relative to the average Sn composition in the final solids,
Si/Sn= 76 and Si/Sn = 119 for Spectrum 1 and 2 in Figure 4.3.C, respectively,

thus confirming the precipitation of part of the Sn as a tin-silicate phase.
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MFI-PtSnla MFI-PtSn1b
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Spectrum 3

Si/Sn=119

\
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Figure 4.3. FESEM Dark Field and High-Angle Annular Dark Field (HAADF) TEM images of MFI-
PtSn1 calcined sample A) FESEM images of the MFI-PtSn1 sample prepared using two different
commercially-available TPAOH solution batches containing traces of K. White squares shown
impurities areas. B) STEM images and zoom of the impurities (red square) and C) EDX/STEM
analysis of the MFI-PtSnlb sample after being subjected to calcination and reduction
treatments at 600°C in air and hydrogen, respectively. Red squares represent the zoom area

to measure de EDX analysis; white squares shown the area for EDX spectrum measurement.
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The results obtained seem to indicate that the precipitation of tin-silicates is
promoted by the presence of K, whose concentration may vary slightly batch
to batch in commercial TPAOH sources. This hypothesis finds roots in
previous works on TS-1 materials, where it was observed that K in the
synthesis gel induces the precipitation of titano-silicates®>®, The variability in
results using different TPAOH batches suggests that the K, Sn and/or Pt
speciation might be affected by subtle differences in the synthesis gels within

a narrow compositional range, which triggered this new research.

To better understand and control the formation of active sites in one-pot
synthesis of PtSn@K-MFI catalysts, while avoiding the variability provided by
the different K traces content of the commercially available TPAOH, different
preparations using a commercially available K-free TPA solution were
prepared, employing KCl as a more reliable K source (see Chapter 3, section
3.2.3.1.6 for further details). For this initial study (samples MFI-PtSn2-5), the
initial K content in the synthesis gel was fixed at 1.3 wt.%, whereas the Sn

content was varied from 1.4 to 0.5 wt.%.

The PXRD patterns of these PtSn@K-MFI samples after calcination match the
characteristic pattern of the MFI structure crystal phase (MFI-PtSn2-5 in
Figure 4.4). The corresponding FESEM images confirm the formation of
homogeneous zeolite crystallites with average sizes close to 200-300 nm
(Figure 4.5). However, an amorphous contamination is also observed by
FESEM in some cases (see squared areas in Figure 4.5), which becomes
increasingly more prominent as the Sn content increases (thus, maximum at
1.4 wt.% Sn in MFI-PtSn2, and virtually inappreciable at 0.5 wt % Sn in MFI-

PtSn5). STEM-EDX analysis of the samples calcined in air and reduced in

[157]



Chapter 4

hydrogen at 600°C confirms the presence of these impurities in all cases, the
size of which oscillates between ~ 10 nm, thus, too small to be observable by
FESEM, when the amount of Sn is small (i.e. 0.5 wt.% in MFI-PtSn5, Figure
4.5-bottom right), and > 100 nm, when the amount of Sn is 1.4 wt.% (MFI-
PtSn2, Figure 4.5-top left). Chemical analyses confirm, again, that these
regions are Sn-enriched (Si/Sn < 20, compared to 110 in the zeolite crystals,
Figure 4.6-bottom). The STEM images also show the formation of
subnanometric metallic clusters in both materials®’, which appear
preferentially located in areas of the MFI lacking other impurities (see Figure

4.7).
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Figure 4.4. PXRD patterns of different PtSn@K-MFI samples in their calcined forms.
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MFI-PtSn2 MFI-PtSn3 I:I

]

MFI-PtSn4 MFI-PtSn5

Figure 4.5. FESEM images of the as-prepared MFI-PtSn2-5 samples. White squares shown

impurities areas.
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MFI-PtSn2_O600R6( MFI-PtSn2_O600R600

MFI-PtSn2_O600R600

Si/Sn=28

i Spectrumé

Spectrum 2

Si/Sn=10

Si/sn=118 gk

Figure 4.6. STEM (top) and EDX/STEM (bottom) analysis from the zoom area (red squares) of
the MFI-PtSn2 sample after being subjected to calcination and reduction treatments at 600°C
in air and hydrogen, respectively (0600R600). White squares show the selected area for EDX

spectrum measurement.
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5

Figure 4.7. STEM images of the MFI-PtSn2 and MFI-PtSn5 samples after being subjected to
calcination and reduction treatments at 600°C in air and hydrogen, respectively (O600R600).

White squares shown the impurities areas in both samples.

Interestingly, ICP analysis of MFI-PtSn2-5 samples show that the Pt and Sn
contents in the final solids are analogous to those introduced in the
corresponding synthesis gels, but the K content was lower (0.8-1 wt.% vs ~1.3
wt.% in the gels, MFI-PtSn2-5 in Table 4.1). Moreover, the amount of K
incorporated decreased as the Sn content was lowered in the 1.4 to 0.5 wt.%
range. The relationship between these two variables is linear (Figure 4.8) and
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predicts that the maximum amount of K that incorporates into the final solid
is 0.68 wt.%, when Sn is not present (extrapolation of the trendline to Sn wt.%
=0, i.e. Y-intercept at origin in Figure 4.8). This observation, and the fact that
the concentration of amorphous precipitates in the final solids becomes
more significant as the amount of Sn increases, led us to infer that K cannot
be incorporated into the solids above this threshold (~0.68 wt.%), unless it is

sequestered by Sn into the tin-silicates phase.

1.2 -~
1.1 + =0.2826x+ 0.6857 .

1 - Y b oe
0.9
0.8 1 )
0.7 4
0.6 A
0.5

0-4 T T T L] L] L] L] 1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

K Content FInal Solid (wt%)

Nominal Sn Content (wt%)

Figure 4.8. Amount of K (wt.%) incorporated in the final MFI-PtSn2-5 samples as the Sn content

was decreased in the 1.4 to 0.5 wt.% range.

Chasing these preliminary evidences, an additional experiment was rationally
designed to obtain better understanding of the correlation between K and Sn
in these samples., after developing a protocol that selectively removes
inorganic impurities from the external surface of the zeolite via controlled
base-washing of uncalcined samples. For this experiment, as-prepared MFI-
PtSn2 sample containing amorphous tin-silicate impurities was treated with
20 wt.% NaOH aqueous solution at 60°C for 1 h, at a fixed liquid/solid ratio of

10, leading to conditions alkaline enough to dissolve these non-desired
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impurities (see Chapter 3, section 3.2.3.3.3 for further experimental details).
The procedure does not remove the organic TPA inside the MFI pores, which
we expected to protect the zeolite and any internal inorganic extra-
framework cations from being reacted and extracted. FESEM images before
and after these treatments demonstrate that the amorphous contamination
on the surface of the MFI crystals is effectively removed through the process,
without alteration of the zeolite particle morphology (Figure 4.9. lower
images). The removal of these amorphous impurities is, moreover,
accompanied by a substantial decrease in the K and Sn contents (K content
drops from 1.05 to 0.73 wt.%, and Sn content drops from 1.38 wt.% to 0.77
wt.%, see MFI-PtSn2 and MFI-PtSn2_NaOH in Table 4.1). The Pt content, in
contrast, appears unaffected by the NaOH treatment (0.41 and 0.43 wt.% for
MFI-PtSn2 and MFI-PtSn2_NaOH, respectively, Table 4.1). These results
confirm that the NaOH treatment removes the amorphous precipitates
selectively, while maintaining metals inside the MFI crystals intact, thanks to
the protecting role of TPA prior to calcination. The result also suggests that
the vast majority of Pt is successfully encapsulated inside the zeolite pores

during its crystallization.
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MFI-PtSn2 MFI-PtSn2

MFI-PtSn2_NaOH

Figure 4.9. FESEM images of the as-prepared MFI-PtSn2 sample and after being subjected to
a post-synthetic treatment with NaOH (20 wt.% aqueous solution) at 60°C for 1 h, liquid/solid

ratio=10. White squares show the impurities areas.

Interestingly, the amount of K retained by the zeolite after the NaOH wash,
once the vast majority of the tin-silicate has been removed, is very close to
the maximum amount of K that is incorporated into the final solid according
to Table 4.1, in experiments conducted at variable Sn concentrations in the
synthesis gels. This observation supports the hypothesis that samples that
avoid tin-silicate impurities cannot incorporate K above a certain
stoichiometric concentration of about ~0.7 wt.% in the final product (see

MFI-PtSn2_NaOH in Table 4.1).

In order to verify this postulate, further evidence was provided in the

following sections through additional experiments run under Sn-free
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conditions using TGA, *H 2D DQ/SQ NMR, and DFT calculations to rationalize

the observed stoichiometry in a quantitative manner.

4.3. Sn-FREE Pt@K-MFI  BLANK  EXPERIMENTS:
UNDERSTANDING THE REQUIRED STOICHIOMETRIC K
CONTENT

In order to determine the maximum K content that can be incorporated
through a one-pot method inside purely siliceous MFI crystals, two more
experiments were performed, avoiding the Sn addition in the synthesis gels
and, therefore, eliminating the possibility to form a K-doped tin-silicate
impurity. Both of these samples were synthesized at high nominal K contents
(i.e. 1.3 wt.%), but the first one targeted a nominal Pt content of 0.4 wt.%
(MFI-Pt6), whereas the second was a Pt-free sample (MFI-7). MFI crystals in
these samples maintain similar particle morphology and size compared to

previous PtSn@K-MFI materials, as demonstrated by FESEM (Figure 4.10).

MFI-Pt6

Figure 4.10. FESEM images of the as-prepared Sn-free MFI-Pt6 sample and the PtSn-free MFI-

7 sample.

The loading of K in the final solids, measured by ICP, is similar in both
materials, ~ 0.65-0.69 wt.%, which is almost half the amount introduced in
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the synthesis gels, and is also significantly lower compared to syntheses run
in the presence of Sn at equivalent nominal K values (Table 4.1, comparison
between MFI-Pt6 and MFI-7 vs MFI-PtSn2-5). From these experiments, the
maximum amount of K that can be incorporated into the MFI crystals via a
one-pot synthesis method was estimated, obtaining again a content

approximately of 0.7 wt.%, consistent with the prediction from Figure 4.8.

To understand the genesis of this limitation, elemental and
thermogravimetric analyses were performed, determining that the as-
prepared K-MFI samples incorporate ~4 molecules of TPA per unit cell of the
zeolite, which contains ~ 96 T atoms (Table 4.2). TPA, thus, is expected to
occupy the four pore intersections per unit cell of the zeolite, in good
agreement with conventional MFI syntheses. In the absence of tetrahedrally
coordinated elements such as Al, having 4 TPAs per unit cell locates one
framework defect in every intersection of the zeolite, just to counterbalance

the positive charge of the extra-framework organic cation.

At 0.7 wt% K, which is the maximum amount of K that we could
experimentally introduce into the MFI crystals under these conditions,
materials are incorporating ~1 K atom per unit cell, thus, one extra

framework defect every four intersections (Table 4.2).
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Table 4.2. Elemental and thermogravimetric analyses of the K-MFI sample.

TGA
C N C/N (molar  weight loss
Sample  (wt.%)? (wt.%)? ratio) (wt.%)° TPA/u.c®  K/u.c.
MFI-7 9.19 0.89 12.0 13.4 4.10 1.02

2 Calculated from the elemental analysis; ° Calculated from the thermogravimetric

analysis (TGA) up to 600°C; €u.c.: unit cell of MFI (96 T atoms)

The 'H MAS NMR spectrum of MFI-7 shows an asymmetric main signal
centred at 2 ppm (see Figure 4.11, A)), whereas other smaller resonances
appear at high field (10.2, 12.4 and 16.4 ppm, see Figure 4.11, A)). A detailed
integration of the 'H MAS NMR spectrum reveals ~112 protons for the signal
centred at ~2 ppm, ~9 protons associated with the signal at 10.2 ppm, ~3
protons with the signal at 12.4 ppm, and ~1 proton to the signal at 16.4 ppm
(see Figure 4.11 A)). The signal at 2 ppm has been assigned to protons of the
methyl and methylene groups in TPA molecules (4 per MFI unit cell), whereas
the signals at 10.2 and 12.4 ppm have been assigned to defective sites

containing a Si-vacancy (see Figure 4.11, C))3*

, compensating the positive
charge of the organic TPA cation in the TPA-MFI zeolite framework. These
signals account for 12 protons, corresponding to the presence of four
(SiOH);-SiO™ clusters per unit cell (see Figure 4.11, C))*. Finally, and to the
best of our knowledge, the signal at 16.4 ppm, corresponding to ~1 proton
per unit cell, has not been described in the literature. It is worth noting that
this signal does not appear if the MFl is prepared under K-free conditions (see
Figure 4.11, B)). To assign this signal, *H 2D DQ/SQ NMR experiments were

performed. Because no DQ correlation is observed at 32.8 ppm (2*16.4 ppm,

see circle in Figure 4.11, B)), and because DQ signals require at least a pair of
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protons, we infer that the 16.4 ppm signal derives from a single proton. The
low-field shift of this signal could suggest a strong hydrogen bond interaction,
which is more pronounced than that observed in the (SiOH)3-Si-O" cluster. To
maintain the neutral charge of the TPA-MFI structure, the signal at 16.4 ppm
was tentatively assigned to a SiOH-SiO™ connectivity defect compensated by
K* (see Figure 4.11, D)), in good agreement with the presence of ~1 K per MFI

unit cell.
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Figure 4.11. A) 'H MAS NMR spectrum of the as-prepared MFI-7 sample. B) IH MAS NMR of
different as-prepared MFI materials modifying the K and the Sn content. C) Nest that results
from an absent T site to produce three surrounding silanols (Si—OH) and one siloxy (Si—0O-). D)
Defect produced by breaking at least one siloxane (Si—-0-Si) linkage to create one siloxy and
one silanol. M* can be TPA* or K* in the as-prepared K-MFI system. E) H DQ-SQ MAS NMR
spectrum of the as-prepared MFI-7 sample.
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Periodic DFT methods have been employed to calculate the energy necessary
to add one K per unit cell into the MFI-TPA system, with four TPA molecules
and four associated silanol/siloxy nests placed in the four intersecting
channels of the MFI unit cell. The K* cation and the associated OH™ counter-
ion were placed in regions unoccupied by the TPA molecules, that is, around
the pore intersections, in the sinusoidal channels, and in the lateral cages. K
is too big to fit into the cages and, in the absence of TPA molecules, it is well
stabilized in both types of channels (see relative energies for MFI-K models in
Table 4.3). However, when the straight channels and the intersections are
occupied by TPA molecules, K can be only stabilized in the sinusoidal channels

(see relative energies for MFI-TPA-K models in Table 4.3).

Table 4.3. Relative stability of MFI-TPA-K and MFI-K models and energy of incorporation of K

(Einc) in different locations within the MFI unit cell.

Erel MFI'
OH TPA-K Eret MFI-K Einc
K location location (kcal/mol)  (kcal/mol)  (kcal/mol)

A cage sin 48.3 38.3 6.2
B cage str 50.7 34.8 12.1
C str sin 33.9 6.7 23.1
D sin str 22.6 8.1 10.7
E str cage 16.8 2.8 10.1
F sin cage 2.0 3.9 -5.8
G cage sin 41.4 34.5 3.1
H sin cage 0.0 1.9 -5.7
/ cage str 47.9 39.3 4.8
J str sin 35.5 1.0 30.6
K str cage 13.2 0.0 9.3
L sin str 11.9 33 4.7
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In the most stable systems, F and H, K is located in a sinusoidal channel and
the associated OH is in a lateral cage forming an additional H bond (see
Figures 4.12). In these two cases, the calculated energies to incorporate K

are negative, indicating that the process is thermodynamically favourable.

A) MFI-TPA MFI-TPA-2K (EH) MFI-TPA-K (F) MFI-TPA-K (H)
Y F‘J“(\!fi ;L]d‘(&ri
,c;;!—ﬁ 3 =¥ L) 5
St J 5?"’.:1*
o
’ /
o @ 4
Ttg s
. 1P

Figure 4.12. Optimized geometries of MFI-TPA, MFI-TPA-K and MFI-TPA-2K models. A) View
from the [001] direction, showing the location of the TPA molecules at the intersections and
the K cations in the sinusoidal channels B) View from the [100] direction showing the
sinusoidal 10-ring channels and, C) View from the [010] direction showing the straight 10-ring

channels. Framework Si and O atoms depicted as yellow and red sticks, N, C, H and K atoms

depicted as blue, grey, white and pink balls.
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Interestingly, the simultaneous incorporation of two K cations, and the
associated OH, is clearly endothermic in these two favourable positions, with
a calculated Ein value of 14.9 kcal/mol. Analysis of the optimized geometries
of these systems (Figure 4.12.A)) shows that the two K cations in the MFI-
TPA-K2 model are separated by 11.974 A, and that neither the silicate
framework nor the interaction of K with the surrounding O atoms is modified
(see optimized Si-Si and K-O distances in Table 4.4). The additional energy
required to add a second K in the same unit cell might therefore be attributed
to unfavourable fitting of TPA molecules upon a small displacement within
the pores, caused by steric and electrostatic TPA/K repulsions. This is
consistent with the experimental observation that samples never incorporate
K above a 1:1 unit cell stoichiometry, unless other forms of species such as
tin-silicates can be formed, in synthesis made with large amounts of Sn

present.

Table 4.4. Optimized values of the Si-Si and K-O distances (in A) involved in the incorporation

of Kin models F and H.

Label Composition rSi-Si(F) rSi-Si(H)  rK-O(F)  rK-O(H)
MFI Sigs0192 3.196 3.201 - -
MFI-D1 SigeO192H16 3.209 3.178 - -
MFI-D1-K SigeO192H17K 2.962 2.787 - -
MFI-4TPA Si920192N4CagH124 3.208 3.190 - -
MFI-4TPA-K | Sig20193N4CagH125K1 2.995 2.802 2.964 2.654
MFI-4TPA-2K | Sig20194N4CagH126K> 3.002 2.792 2.926 2.623
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4.4. SYNTHESIS AND CHARACTERIZATION OF PtSn@K-MFI
MATERIALS AT STOICHIOMETRIC K CONTENTS

Once the K placement mechanism was elucidated, it became necessary to
analyse the properties of new PtSn@K-MFI materials made with a
stoichiometric content of K in the synthesis gels, corresponding to the
maximum amount of K that the MFI structure can theoretically adsorb
without the precipitation of tin-silicates (~0.7 wt.% K, as shown previously).
In other words, these syntheses aimed at locating all added K inside the MFI
crystals, a result that, presumably, should happen even if Sn was presentin a
large excess (according to the results obtained from the base-washing
experiment exposed above). For this study, 0.7 wt.% K was fixed in the gels,
and three Sn contents were evaluated, at 1.3, 1.0 and 0. 5 wt.% (MFI-PtSn8,

MFI-PtSn 9, and MFI-PtSn10 in Table 4.1, respectively).

The PXRD patterns of the MFI-PtSn8-10 show the formation of MFI as a pure
phase (Figure 4.4), and the corresponding FESEM and STEM images confirm
the virtual absence of amorphous tin-silicate particles (Figure 4.13).
However, the sample with the highest Sn content, MFI-PtSn8, shows
symptoms of metal aggregation after calcination, something that is not
observed at lower Sn contents. Analysis of MFI-PtSn8 by STEM confirms the
presence of significant amounts of Pt nanoparticles on the surface of the MFI
crystals (Figure 4.13.(left panel)), but the zeolite appears also full of very tiny
metal clusters of lower Z-contrast, only observable at high magnifications
(Figure 4.13.(right panel)). Taking into account that the silanol/K-siloxy nests
are inferred critical to stabilize ~1 nm Pt clusters after multiple high-

temperature reduction-oxidation-reduction cycles, one plausible explanation
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to the decreasing catalyst stability with increasing Sn contents, at K loadings
below the maximum allowed K stoichiometry of ~0.7 wt.%, is that extra-
framework Sn species outcompete Pt for occupying those positions (when Sn
is in large excess. At lower Sn contents, in contrast, brighter clusters, well-
dispersed throughout the MFI crystals, can be observed in the corresponding
STEM images after one oxidation-reduction cycle at 600°C (see MFI-

PtSn9_0600R600 and MFI-PtSn10_0O600R600 in Figure 4.13 (right panel)).
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MFI-PtSn8 MFI-PtSn8_0600 R600

MFI-PtSn9

MFI-PtSn10

Figure 4.13. FESEM images of the calcined MFI-PtSn8, MFI-PtSn9 and MFI-PtSn10 samples (left
panel). STEM images of the MFI-PtSn8, MFI-PtSn9 and MFI-PtSn10 samples after being
subjected to calcination and reduction treatments at 600°C in air and hydrogen, respectively

(O600R600) (right panel).
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ICP analysis demonstrates that the Sn and K contents in the final solids agrees
with a ~ 100 % incorporation of the metals in the synthesis gels (Table 4.1).
To test that the K and Sn fully incorporate into the zeolite crystals at these
concentrations of K and Sn in the synthesis gels, we proceeded to wash the
as-prepared samples with NaOH, as previously done, and confirmed that
content of K and Sn (as well as Pt) remain unaffected by the base-treatment.
This result is a strong indication that tin-precipitates are avoided when the
amount of K introduced in the synthesis gel is < 0.7 wt.%, even if the amount

of Sn is high.

Once the catalysts were prepared, the impact of the synthesis conditions and
the resulting metal structures on the performance of K-PtSn@MFI catalysts

for the PDH reaction was evaluated.

4.5. PDH CATALYTIC PERFORMANCE

Our results demonstrate that the distribution and uniformity of metal species
in PtSn@K-MFI samples made via one-pot methods is very sensitive to
changes in the K and Sn contents in the synthesis gels, and that these two
variables are closely interconnected due to competing amorphous phases

that precipitate as impurities when K and Sn are in excess.

To correlate these structures with their catalytic performance in the PDH
reaction, we tested catalysts MFI-PtSn3 (synthesized at high K and Sn
loadings, thus containing significant amounts of tin-silicates), MFI-PtSn8
(stoichiometric K content, and high Sn loading), MFI-PtSn9 (stoichiometric K
content, and intermediate Sn loading) and MFI-PtSn10 (stoichiometric K

content, and low Sn loading) after calcination and reduction in O, and H,,
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respectively, at 600°C for 1h. The evolution of the propane conversion with
time-on-stream is summarized in Figure 4.14 and includes data over three
consecutive reaction/regeneration cycles at 600°C in O, and H, (needed to
remove coke and reactivate the catalyst). For comparison purposes, the
performance of a Sn-free, Pt@K-MFI sample (MFI-Pt6) is also reported after

9 after three

one use, along with the performance of a PtSn/SiO, 3
reaction/regeneration cycles. The selectivity of these catalysts exceeds, in all
cases, 92 % (see Figure 4.14, D-F), except that of the MFI-Pt6 sample, which
stays 85-90 % due to enhanced hydrogenolysis and coking when Sn is absent,
consistent with the well-known role of this promoter on the selectivity of Pt
4041 Accordingly, Figure 4.14, A) shows that the time-on-stream deactivation

is also the greatest with this catalyst. The selectivity of the best catalysts in

this series, at high Sn contents, is > 96 % (see Figure 4.14 D)).
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Figure 4.14. Propane conversion (A-C) and propylene selectivity (D-F) as a function of the time-

on-stream for the direct propane dehydrogenation reaction using representative PtSn@K-MFI

catalysts. A,D) Catalysts after a first calcination in air and reduction in H, for 1h at 600°C. B,E)

Catalysts after one consecutive regeneration in air at 600°C for 1 h, followed by re-activation

in H, at 600°C for 1h; C,F) Catalysts after a second consecutive regeneration in air at 600°C for

1 h, followed by re-activation in H, at 600°C for 1h. Colour of the symbols correspond to: MFI-

PtSn3 (grey); MFI-Pt6 (white); MFI-PtSn8 (light blue); MFI-PtSn9 (dark blue); MFI-PtSn10

(yellow) and PtSn/SiO, synthesized according to Linic et al 3 (green). Catalyst compositions

indicated in Table 4.1. Reaction conditions: WHSV =17.3 h'1 (on a propane basis); atmospheric

pressure; 600°C; 3:1 N,/propane molar ratio.
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On the other hand, it is very clear that compared to other state-of-the-art
PtSn catalysts, for example, recent PtSn/SiO, catalysts®, the optimized
PtSn@K-MFI materials showed to be substantially more active after the first
H, activation (results close to 58 % conversion, very close to the theoretical
equilibrium conversion under the selective reaction conditions, vs ~40 % with
the reference PtSn/SiO; (Figure 4.14, A)), both tested at a propane WHSV of
17.3 hl1), deactivating slower over time-on-stream (~4 times slower). The
materials exhibit similar catalytic behaviour without significant deactivation
after being regenerated in O, (decay from ~58 % conversion to ~50 — 55 %,
depending on the Sn content, vs ~48 to ~13 % in the case of PtSn/SiO,) (Figure
4.14, B) and C)). Furthermore, the PtSn@K-MFI materials showed being more
selective to propylene than the reference PtSn/SiO,, particularly after O,
regeneration (~96 % vs < 90 %), as observed in Figures 4.14 D-F. STEM images
of the spent PtSn/SiO, catalyst demonstrate the transition from well-
dispersed ~ 2 nm PtSn nanoparticles, before reaction, to particles between 2
and 15 nm after reaction and regeneration (Figure 4.15). The bimodal particle
size distribution is consistent with an Ostwald-ripening sintering mechanism
typical of supports unable to stabilize atomically dispersed PtOy species in O;
at moderate-to-high temperatures 2. Similar problems affect to commercial
PtSn/Al,0;3 formulations, which must be subjected to additional
oxychlorination processes to recuperate and re-impregnate Pt after coke

burn operation, to mitigate activity loses caused by Pt sintering 2943,
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Figure 4.15. A) STEM images of the fresh PtSn/SiO; catalyst and B) after two consecutive PDH

reaction cycles.

The best PtSn@K-MFI catalysts developed here also outperform the
PtSn/SiO, reference when tested in the PDH reaction at high concentrations
of propane (Figure 4.16). More specifically, sample MFI-PtSn9 is able to attain
equilibrium conversion (close to 30 % at 550°C) at a WHSV of 300 h'!, whereas
the PtSn/SiO, reference stays at ~ 15 % conversion at a WHSV of 150 h'; and
after regeneration in air at 600°C, the zeolite-supported sample maintains a
clear conversion and selectivity advantage relative to the amorphous SiO;
counterpart (Figure 4.16). Nevertheless, we note that both TOS deactivation
and stability upon regeneration appear more challenging when highly

concentrated propane streams are reacted, as expected.
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Figure 4.16. Propane conversion (blue) and propylene selectivity (red) for the PDH reaction
using a highly concentrated propane stream for PtSn/SiO; (left) and MFI-PtSn9 (right) in their
fresh forms (filled symbols) and after being regenerated (empty symbols) using a weight hourly
space velocitie (WHSV) of 150 and 300 h! for the PtSn/SiO, and MFI-PtSn9, respectively.
Reaction conditions: T=550°C; P =1 atm; feed gas, N,: propane = 1:9 (molar). After each cycle,

the catalyst was regenerated by calcination in air at 600°C for 3 h.

Because sample MFI-PtSn8 incorporates a non-negligible amount of Pt
outside the MFI crystals (Figure 4.13), it is not surprising that this catalyst also
deactivates relatively fast both during the PDH reaction (slope of the
conversion vs time curve in Figure 4.14, A)), and upon regeneration. Samples
MFI-PtSn3 and MFI-PtSn9, in contrast, provide the slowest TOS deactivation
in this series, and a moderate loss of activity upon regeneration. These two
samples, surprisingly, behave virtually identical in the PDH test, despite
obvious differences in the composition and structures in the final solids (as
proved previously by the different procedures, and summarized in Figure
4.17). Thus, it is reasonable to speculate that both samples contain similar

active sites, even when synthesized at different nominal gel compositions,
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and even when the former incorporates impurities of K and Sn as large
external tin-silicates, which appear to behave as mere spectators. Our data
does not inform, however, if only one or otherwise various types of Sn
species, finely dispersed inside the MFI crystals, are involved in the formation

of Pt-Sn bonds during the H; treatments.
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Finally, comparison between samples MFI-PtSn8, MFI-PtSn9 and MFI-PtSn10
is interesting, because these three samples are synthesized with the correct
stoichiometric amount of K in the synthesis gels, but at increasing Sn
loadings. This situation largely avoids the formation of external tin-silicate
precipitates and induces the vast majority of the Sn to penetrate into the
zeolite pores, probably enhancing the Sn distribution/speciation within the
resultant MFI crystals and maybe explaining the shortened reduction time
observed. In this scenario, the higher the Sn content inside the zeolite, the
greater the amount of Pt that we infer escapes from the zeolite channels after
redox stress, corresponding to a loss of conversion after regeneration that
follows the order MFI-PtSn8 (greatest loss) > MFI-PtSn9 > MFI-PtSn10
(comparison of the conversions at times = 0 in Figure 4.14, A)). FESEM and
STEM images of the spent catalysts show that the abundancy of large
(undesired) Pt ensembles also follows the same order, being minimal in MFI-
PtSn10 (see Figure 4.18), where the vast majority of the metal remains as

subnanometric metal clusters after this strenuous test.

[185]



Chapter 4

A) MFI-PtSn9 - 3 PDH MFI-PtSn10 - 3 PDH
reaction cycles reaction cycles

MFI-PtSn9 - 3 PDH cycles MFI-PtSn9 - 3 PDH cycles

-

MFI-PtSn10 - 3 PDH cycles

Figure 4.18. A) FESEM and B) STEM images of the MFI-PtSn9 and MFI-PtSn10 catalysts after

three consecutive PDH reaction cycles.

Sample MFI-PtSn10, most stable upon regeneration, deactivates, however,
faster over time-on-stream. To understand the different on-stream
deactivation behaviour of MFI-PtSn9 and MFI-PtSn10, both presenting

negligible amounts of tin-silicate impurities and negligible amounts of Pt
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outside the MFI crystals, we characterized these samples by X-ray absorption
spectroscopy (XAS) to unravel the nature of the PtSn interactions after their
exposure to hydrogen at 600°C for 1 h. Extended X-ray absorption fine
structure (EXAFS) spectrum of the reduced PtSn@K-MFI samples (see Figure
4.19), along with gquantitative fitting of the EXAFS parameters in Table 4.5,
provide direct evidence of the Pt-Sn bonding, indicating that short reduction
times in H, (~1 h) at 600°C are sufficient to form the Pt-Sn bonds. The metal-
metal bond distances are found within 2.71-2.74 A for Pt-Pt, and 2.57-2.62
for Pt-Sn. Interestingly, the Pt-Pt and Pt-Sn coordination numbers for the MFI-
PtSn9 sample (1 wt.% Sn) are 4.6 and 1.5, respectively, while those for MFI-
PtSn10 (0.5 wt.%) are 5.8 and 0.6, respectively, clearly indicating the
formation of Pt-rich nanoparticles in both cases, more so when the Sn
content is the lowest (MFI-PtSn10, see Table 4.5). The increased number of
Pt-Sn bonds in sample MFI-PtSn9, containing a higher Sn content, correlates
well with the less pronounced conversion vs time deactivation in Figure 4.14,
A). This sample attains similar TOS deactivation to previous PtSn@K-MFI
catalysts, without the requirement of long activation times in H; prior to the
reaction®?. In agreement with these results, dropping the Sn content below
that of MFI-PtSn10, for example, by incorporating only 0.2 wt % Sn into the
final solid (sample MFI-PtSn11), further aggravates the TOS deactivation
problem (Figure 4.20). Moreover, in cases where the catalyst lacks sufficient
PtSn bonds after a short H; activation (i.e. typically, in catalysts that include
relatively small amounts of mobile Sn species, such as in MFI-PtSn10), it is
possible to promote the formation of new PtSn interactions by increasing the
exposure to H, (Table 4.5, and Figure 4.19, C)), which leads to decreased TOS

deactivation (Figure 4.20, B)), as previously reported.®
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Figure 4.19. Magnitude and real parts of the Fourier Transform EXAFS spectra (R-space without
phase-correction) at k-weight = 2 for the MFI-PtSn9, and MFI-PtSn10 samples after reduction
in H, for 1 h at 600°C (A and B plots, respectively), and for sample MFI-PtSn10 after reduction

in Hy for 12 h at 600°C (plot C). The green dotted lines indicate the fit window. All spectra taken
at 50°C.
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Figure 4.20. A) Propane conversion as a function of the time-on-stream for the direct propane
dehydrogenation reaction using MFI-PtSn9 (blue), MFI-PtSn10 (yellow) and MFI-PtSn11
(orange), at constant Pt and K contents of ~0.4 wt % Pt and ~0.6 wt % K, and variable Sn content
of ~1,~0.5, and ~0.2 wt % Sn, respectively, after calcination in air and reduction in H, for 1 h
at 600°C. B) Propane conversion as a function of the time-on-stream for the direct propane
dehydrogenation reaction using the MFI-PtSn10 reduced in H, at 600°C for 1h (solid yellow)
and 12 h (empty symbols) Reaction conditions: WHSV = 17.3 h! (on a propane basis);
atmospheric pressure; 600°C; 3:1 N,/propane molar ratio.
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Figure 4.17. helps to illustrate once again the importance of relationships
between gel (nominal) composition, composition and structures in the final
solids and how the PtSn alloy evolves according to the atomic proportion.
They reveal subtle, complex surface chemistries that are important to
rationalize the characteristics of K/Sn/Pt catalysts synthesized by one-pot

methodologies to maximize the catalytic activity and stability.

Table 4.5. EXAFS data at the Pt LIll edge characterizing the PtSn@K-MFI samples after being
reduced in H, for 1 h at 600°C.2

Sample Shell N R(A) A (AY)  AEo(ev)
Pt-Pt 4.6 2.74 0.01 4.9
MFI-PtSn9
Pt-Sn 1.5 2.57 0.008 0.6
Pt-Pt 5.8 2.72 0.011 4.5
MFI-PtSn10
Pt-Sn 0.6 2.62 0.003 1.9

a Notation: N, coordination number; R, distance between absorber and backscatterer atoms;
Ac?, Debye-Waller factor; AEo, inner potential correction. Error bounds (accuracies)
characterizing the structural parameters obtained by EXAFS spectroscopy are estimated to be
as follows: coordination number N, ~20%; distance R, ~0.02; Debye - Waller factor Ac?, ~20%;

and inner potential correction AEO, ~20%.

4.6. CONCLUSIONS

The K and Sn contents have been systematically varied in the synthesis of the
PtSn@K-MFI system to evaluate the metal dispersion and stability along the
MFI crystallites. Experimental and theoretical calculations demonstrate that

K is no longer incorporated in siliceous MFI crystals above ~ 0.7 wt.%,
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corresponding to a stoichiometry of ~1 K per unit cell of MFI. Above this
stoichiometry, K is not incorporated into the final solids, unless significant
amounts of Sn are simultaneously present, leading to the formation of tin-

silicate precipitates.

The performance of different optimized PtSn@K-MFI catalysts and standard
references materials was tested in the PDH reaction. Higher TOS deactivation
catalytic profiles are observed with low Sn loadings (below 0.5 wt.%), but
these materials present excellent regenerability after consecutive PDH
reactions. In contrast, Sn content close to 1 wt.% seems optimal to minimize
TOS deactivation in the PDH reaction due to the maximization of Pt-Sn bonds,
as revealed by EXAFS, but consecutive regenerations after long-time PDH
reaction cycles result in significant metal sintering. Increasing Sn contents
within MFI crystallites facilitate Pt sintering and, thus, occurring catalyst
deactivation upon regeneration cycles. The performance of optimized
catalysts in this work is also markedly superior relative to well-established
literature references, as PtSn/SiO,. The results obtained here clearly highlight
the remarkable relevance that fine-tuning rationalizations of simple one-pot
synthesis approaches can have on the final atomic and subnanometric metal
interactions, as a result of complex interconnected nucleation/crystallization
processes, and, consequently, in the catalytic and sintering-resistance
properties when exposed to highly demanding industrial conditions.

The results obtained from this chapter have been published in “Journal of
American Chemical Society” in the work entitled “Resolving complex K-Pt-Sn
interactions in PtSn@K-MFI catalysts for alkane dehydrogenation”, which DOI
is: https://doi.org/10.1021/jacs.5c01536.
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5.1. ZEOLITE PARTICLE SIZE AND METAL STABILIZATION:
STATE OF ART

Various strategies and approaches have been discussed in the introduction of
the present thesis to enhance the final properties of zeolite-based catalysts,
with the primary goal of maximizing their catalytic performance (i.e., activity,
selectivity, reusability or stability under reaction conditions). Among these
approaches, maximizing the dispersion of active sites through rational
modifications of the synthesis gel composition has been deeply explored in
Chapter 4, enabling the synthesis of MFI-type catalyst with optimal PtSn

bimetallic dispersion by controlling the potassium role.

Herein, the synthesis of zeolite-based catalyst with different zeolite particle
sizes following one-pot metal encapsulation strategy has been studied, as
well as the influence of their properties in catalytic applications where having
adequate diffusive pathways can be key to enhance the catalytic
performance. In general, different approaches have been described in the

literature to selectively control the zeolite accessibility, mainly classified in:

- Bottom-up methodologies: From simple and small initial precursors,

larger and more complex architectures can be generally built by
classical hydrothermal synthesis procedures®. The resulting particle
size of the crystallized microporous materials can be fine-tuned by
adequately controlling target synthetic parameters (as it will be
discussed later).

- Top-Down methodologies: Involving already formed or pre-formed

complex structures as the starting point, which will be broken down

into smaller units through various post-synthetic strategies, such as
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the selective removal of specific species by chemical processes,
strategies for reorganizing crystalline particle agglomerates, or
tribochemical treatments to modify the size and morphology of the

particles?.

The adequate selection of the appropriate methodology depends on the
desired final properties of the target materials. For applications requiring
materials with homogenous morphological, textural, and chemical features,
the bottom-up approach is generally more convenient. Conversely, certain
top-down procedures, such as desilication, dealumination, or metal
extraction, may result in an undesired alteration of the final properties of the
materials if not carefully controlled. This thesis has emphasized the bottom-
up methodology. Although the methodology can offer advantages for
producing nanozeolites with consistent properties, obtaining a precise
regulation of crystal size remains one of the major challenges due to the
inherent complexity of the crystallization process and the multitude of factors

that influence it, as discussed in Chapter 1.

Figure 5.1 below shows a scheme summarizing the most relevant factors that
can have a direct influence in controlling the final size of the crystalline
particles when rationalizing a reaction medium for zeolite crystallization, as

generally described in the literature®®.
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Si and Al sources and Si/Al ratio

pH media (OH-, F-) and other counterions (CO;%, HPO,%*, C,0,%...)
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Figure 5.1. Summary of those controllable factors in the zeolite synthesis process that can

tailor the final properties of the zeolite-type material.

Controlling the particle size can offer an enhancement of different key
properties, including a significant increase of the external surface area and
improving the accessibility of reactants to the active centres, a fact that can
boost the activity”®. Moreover, the decrease of the reaction path length along
the “nanoreactor” also facilitates the release of the reaction products before
they undergo undesirable secondary reactions, which in many cases lead to

catalyst deactivation due to blockage or poisoning of the active sites®.

The current challenge in controlling the final zeolite crystal size arises from
the complexity of the crystal formation/growth mechanisms, involving many
parallel reactions and condensation steps that are unique for every specific
crystalline system. In a common hydrothermal synthesis, the crystal
formation and growth processes are mainly ruled by kinetic and
thermodynamic factors'®. Indeed, minor variations in the synthesis gel
composition and for the operational conditions can lead to very significant

changes in the crystallization kinetics, resulting in undesired phases.
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The literature provides numerous examples demonstrating how those
variations in the thermodynamic and kinetic parameters of a system are
induced by the use of precursors of different nature, influencing directly in
the crystallization process, and maybe leading to obtain different particle
sizes. Some of the reported studies have extensively examined the influence
of the Si precursor species on the final particle size, revealing that Si sources
with higher activity, higher specific surface area and more soluble (i.e., TEOS,
fumed SiO,) promote faster nucleation processes (in absence of seeds of the
desired phase), thereby yielding smaller particle sizes compared to those
syntheses employing more polymerized silicon sources, such as silica

polymeric sources which promote the crystal growth steps!'12,

Alkalinity, directly linked to the dissolution capacity of precursor species, is
another factor that significantly influences the final size of the zeolites
obtained. Elevated alkalinity facilitates the deprotonation of Si-O bonds in the
precursor species, leading to the formation of electrically charged silicate ions
within the reaction medium. These ions polymerize into silicate frameworks
in the presence of OH™ anions. High alkalinity conditions favour an increased
dissolution of Si species, and consequently, the decrease of the viscosity of
the synthesis gel**!4. This process markedly accelerates nucleation times®,
as observed in studies reported by Martin et al.*® and Gallego et al.’, where
only synthesis conditions with noticeable high alkalinity were able to produce
the targeted CHA-type zeolites with the smallest crystalline particle sizes.
However, it is important to acknowledge that the rapid nucleation kinetics
induced by the alkalinity excess in the medium also heightens the risk of
forming nuclei of undesired crystalline phases due to charge imbalances in

the crystallization environment. The H,0/Si ratio also plays a pivotal role in
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the synthesis process, as it directly influences the pH of the medium, thereby
affecting the solubility of Si species. While a decrease in pH generally restricts
the dissolution of Si species, combining a high pH (particularly in the absence
of mineralizing agents such as alkaline inorganic cations) and an
intermediate-high dilution level (H,O/Si = 20-40) provides an adequate
rheological environment, promoting the formation of smaller crystalline

particles®819,

In addition to the difficulties of controlling the phase obtained from the
chemical composition variations, there are no characterization tools that can
provide clear and unequivocal information about the nucleation phenomena
associated with the formation of zeolite crystals at nanoscale levels in the gel
medium. In general, the combination of different techniques, such as HRTEM,
AFM, High Energy XRD, Solid State NMR and Computational Calculations are
employed to elucidate the formation mechanism of a given crystalline

system?9-22,

Among the factors outlined in Figure 5.1 that can influence the final particle
size of zeolites, temperature and crystallization time are the most easily
traceable. By maintaining the composition of the synthesis gel unchanged
(specifically its composition and rheological properties), the kinetics of the
synthesis process (arranging both initial nucleation and subsequent growth
steps) can be systematically studied, provided that the synthesis temperature
is high enough to surpass the energetic threshold required for

crystallization?324,

In previous studies reported by X. Zhang et al.?>, meticulous research about

the impact of key factors such as chemical composition, temperature, and
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crystallization time on the final zeolite particle size obtained was conducted.
The study revealed several noticeable insights, with two main points being
outlined. In one hand, under isothermal conditions, the system requires a
specific induction period to generate a sufficient number of nuclei, which is
essential for achieving measurable crystallinity in the final material. On the
other, temperature plays an even more relevant role in every step involved in
the crystallization process of zeolitic structures. It accelerates the kinetic
constants governing species dissolution, nucleation, and crystal growth
processes carried out during hydrothermal synthesis. By increasing the
reaction kinetics through increasing the crystallization temperatures, the
system can reach rapidly the crystallization equilibrium, thereby reducing

synthesis time and typically yielding larger crystalline particles?®%?’

, although
the chance to reach other phase energy barrier is feasible, subsequently
leading to form additional crystalline phases. Likewise, Petushkov et al.
conducted screening studies that established a measurable and intuitive
correlation between the synthesis temperature and crystallization time while
maintaining the same composition and precursors, and the resulting
crystalline particle size in MFI zeolites®. Their findings, illustrated in Figure 5.2

below, identify the influence of the synthesis parameters for achieving the

smallest possible particle size.
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Figure 5.2. Correlation between crystallization time and temperature to modulate the final
particle crystal size in MFI zeolites developed by Petushkov et al°. Percentage numbers
represent the degree of previous evaporation carried out before hydrothermal synthesis

process.

Conversely, lower temperatures favour nucleation over crystal growth. For
zeolites belonging to the MFI family, as explored in this chapter, a
temperature of 80°C has been described previously by Hu et al. as adequate
for fostering the maturation of the precursor species and the formation of

crystal nucleus®.

In Metal@Zeolites systems, as illustrated in Figure 5.3, metal species are
mainly categorized into two types according to their final size: encapsulated
metallic structures and fixed metallic structures. Encapsulated metals include

extra-framework isolated atoms and extra-framework nanoclusters (<1 nm),
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whose dimensions are smaller than the size micropores/cages present in the
zeolite. On the other hand, fixed metals are metal nanoparticles with higher
sizes than the micropore (>1nm) of the zeolite in which they are stuck,
breaking the zeolite framework lattice to fit the nanoparticle inside the

crystal®.
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Figure 5.3. Metal@Zeolite systems with encapsulated and structure-fixed metals. Scheme for
isolated metal centres A), for encapsulated nanoclusters B) and for nanoparticle fixed in the

zeolite matrix C). Figure presented by Wang. H et al*°.

Depending on the size, geometry or electronic structure of the metallic
species within the support, it will be possible to maximizing the catalytic
activity of those processes catalysed by metal centres. For instance, Corma et
al. studied the importance of achieving the adequate metal particle size in
the final catalytic activity for CO oxidation and the Water-Gas Shift reaction
(WGS). In the first case, the Pt-containing catalyst was more active for CO
oxidation when the Pt active sites were in nanoparticle form, being almost
inactive when the Pt sites were dispersed as isolated atoms within the

structure®!. For the WGS study, improved performance was observed for Au
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nanoparticles of ~2nm, where the activation of the reactant was achieved

even at low temperature®.

As the influence of the metallic particle size, especially in noble metal-
catalysed reactions, is of a relevant importance, controlling the dispersion
and stability of the expensive Pd and Pt elements has received large
attention. Examples of reactions involving these noble metals and where the
particle size influences catalytic activity are the non-oxidative alkane
dehydrogenation, discussed previously in Chapter 4, the utilization of liquid
organic agents as hydrogen carriers (i.e., methylcyclohexane, ammonia)®%,
and the selective semihydrogenation of multifunctional molecules of

significant interest, such as phenylacetylene3¢-3 (see Figure 5.4).

This chapter pursues to study how controlling the size of the zeolite particles
would affect the final catalytic performance of metal-encapsulated zeolites.
Herein, Silicalite-1 (pure silica MFI) was synthesized at different
temperatures, resulting in different crystal sizes and, therefore, diffusion
pathway lengths. The effect of crystal size modifications was evaluated in the
selective semi hydrogenation of a bulky molecule as phenylacetylene

(involving steric hinderance of the zeolite support).

5.2. SYNTHESIS AND CHARACTERIZATION OF THE NOBLE
METAL CONTAINING ZEOLITES AT DIFFERENT
TEMPERATURES: CONTROLLING ZEOLITE PARTICLE SIZE

The one-pot synthesis of Pt and Pd containing purely siliceous Silicalite-1were
carried out at different crystallization temperatures (80, 100, 150 and 175°C),
as described in sections 3.2.3.1.3 and 3.2.3.1.4. in Chapter 3. First, the

synthesis of the Pt-containing molecules has been explored. Figure 5.4 shows
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the diffractograms of the PtK@Silicalite-1 materials synthesized at different
temperatures after 4 days. The expected trend is observed in these
diffractograms, where the intensities of the most characteristic peaks of the
MFI structures increase as the crystallization temperature also increases,
especially for the two peaks located within the 7-9 degrees and in the trident-

like peak above 23°C.

#_#J ﬂ n 175°C
___j h , 150°C

100°C

80°C

5 10 15 20 25 30 35
26(°)

Figure 5.4. PXRD patterns of the different PtK@S-1 type materials synthesized at different

temperatures varying from 80 to 175°C.

The composition of the materials obtained in this initial study is presented in
Table 5.1. At lower synthesis temperatures (80—-100°C), it was necessary to

adjust the theoretical quantities of the synthesis gel to achieve a final
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incorporation of 0.6% wt% of K and 0.4% wt% of Pt in the crystallized
material. As stated previously, low temperatures favour nucleation vs. crystal
growth but, in addition, the low temperatures also hinder the incorporation
of Si species in the S-1 framework crystallites, resulting in lower solid yields

(~ 55-60%).

Conversely, at higher synthesis temperatures, the overall incorporation yields
were significantly higher, almost matching the desired theoretical
proportions in the synthesis gels.

Table 5.1. Theoretical compositions in the synthesis gels and experimental chemical

compositions of the PtK@S-1 materials, obtained by ICP spectroscopy for the different

synthesis temperatures studied.

Synthesis gel Solids (ICP)
Temperature (°C) K (wt%) Pt (Wt%) K (wt%) Pt (Wt%)
80 0.3 0.24 0.65 0.40
100 0.3 0.24 0.62 0.41
150 0.6 0.4 0.70 0.48
175 0.6 0.4 0.59 0.44

To evaluate the effect of the different crystallization temperatures on the final
zeolite particle size and the metal encapsulation within the pores, the as-
prepared materials were first subjected to calcination in air at 600°C to
remove the organic molecules. The calcined samples were subsequently
examined by FESEM. Figure 5.5 presents the dark-field FESEM images
obtained for all the zeolitic supports at different temperatures where not only
the zeolite particle sizes can be evaluated, but the potential undesired metal
sintering on the external zeolite surfaces can also be observed. A gradual

increase in the zeolite particle sizes is observed as the crystallization
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temperature rises (see Figure 5.5). The absence of bright spots in the dark-
field images, generally associated to the presence of denser metal particles,
such as metal agglomerates with higher atomic weight compared to the
zeolitic matrix, suggests that massive migration or sintering of Pt has not
occurred during the calcination process with air to remove the OSDAs

molecules.

Figure 5.5. FESEM dark-field images of PtK@S-1 catalysts prepared at different crystallization

temperatures and maintaining the crystallization time for 4 days.

The average zeolite particle sizes measured for the PtK@S-1 materials
synthesized at different crystallization temperatures has been estimated by
qguantifying 100 measurements from different images for each material,
resulting in a range of particle sizes from 84 to 335 nm for the PtK@S-1

materials synthesized at 80 and 175°C, respectively.
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The textural properties of these materials have been determined by N,

BET Micropore External Micropore
Temperature Particle Area Area Surface Volume
(°C) Size (hnm)  (m?/gr)  (m?/gr) (m?/gr) (cm®/gr)
80 84+ 8.9 543 460 83 0.18
100 158 + 17 459 394 65 0.17
150 290+ 38 397 371 26 0.17
175 336+ 43 393 372 21 0.17

adsorption analysis and illustrated below (see Table 5.2).

Table 5.2. Textural properties of the S-1 materials synthetized at different temperatures using

N, adsorption technique.

As expected, the materials with lower particle size present higher external
surface area (~ 83 m?/gr, see Table 5.2) while the external surface area is
significantly lower for the materials prepared at higher temperatures (~ 20

m?/gr for the sample prepared at 175°C, see Table 5.2)3%42,

The presence of nanoparticles and their dispersion within the zeolite
supports was examined using High-Angle Annular Dark Field (HAADF) TEM
across all materials synthesized at different crystallization temperatures
(Figure 5.6), after being calcined in air at 600°C followed by a reduction
treatment with hydrogen at 600°C (Chapter 3.2.3.3.3) After the reduction
step, the distribution of Pt metal nanoparticles was assessed, and their sizes

were studied within the Silicalite-1 (see Figure 5.6).
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Figure 5.6. High-Angle Annular Dark Field (HAADF) TEM images of reduced PtK@S-1 catalysts
for the different crystallization temperatures after being calcined in air at 600°C and reduced

in H at 600°C.

The dispersion of Pt nanoparticles within the Silicalite-1 matrix remains
homogenous, regardless of the crystallization temperature used to synthesize
the zeolites. The average experimental size of the Pt nanoparticles is
comparable across all materials studied, being close to ~ 1 nm (see Figure
5.6). These outcomes indicate that the crystallization temperature does not
significantly influences the dispersion or final size of the Pt nanoparticles.
Instead, the primary factor governing the dispersion of Pt nanoparticles is the

43-46

presence of K* ions, as demonstrated by previous works and corroborated

in Chapter 4 of this manuscript.
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Similarly, Pd-containing Silicalite-1 catalyst were synthesized at the lowest
(80°C, KPd@nS-1) and at the highest temperatures (175°C, KPd@uS-1) of the
study to obtain the materials with the most differentiated diffusive properties
and to compare them with their Pt-containing counterparts (maintaining the
same Pd active centres moles than the Pt active sites contained in the PtK@S-
1 catalysts . The chemical and textural properties of the Pd-containing
Silicalite-1 with different zeolite particle sizes and Pt-containing nanosized
after being calcined are shown in Table 5.3. The Pd and K contents are
analogous for both Pd-containing S-1 materials, but as it could be expected,
the external surface area of the material prepared at lower temperatures (~
80 m?/gr) is larger than the external surface area of the sample synthesized
at 175°C (~ 30 m?/gr).

Table 5.3. Chemical and textural properties of the KPd-containing S-1 materials synthetized at

different temperatures using N, adsorption technique and chemical composition analysis

obtained by ICP technique.

Ext.
Micropore  Surface Micropore
ICP K ICPM  BET Area Area Area Volume
Sample  (wt%)  (wt%)  (m’/g) (m*/q) (m’/g) (cm’/g)
KPd@
0.6 0.2 518 437 81 0.18
nS-1
KPd@
0.6 0.2 402 368 34 0.16
us-1
KPt@
0.65 0.4 543 460 83 0.18
nS-1
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The samples were reduced as described in Chapter 3.2.3.3.4, employing H;
in a gas flow of 100 ml/min, a heating ramp of 10°C/min until reaching 600°C
and then, maintained for 3 hrs. The samples were characterized using HAADF
TEM to evaluate both the dispersion and the metal nanoparticle size gained

in each reduction treatment (see Figure 5.7).

KPd@nS-1_H600

Figure 5.7. High-Angle Annular Dark Field (HAADF) TEM images of reduced K-Noble Metal
containing@S-1 catalysts for the different crystallization temperatures after being calcined in

air at 600°C and reduced in H; at 600°C with a heating rate of 10°C/min (samples H600).

Good dispersion of metallic nanoparticles was achieved for the Pd-containing
zeolites, with almost the totality of the Pd species being effectively
encapsulated within the zeolite crystals. The nanoparticle sizes estimated,
resulting in similar nanoparticles sizes of ~ 1.8-2 nm (see Table 5.4) for both
Pd-containing Silicalite-1 materials. Although currently, a definitive
explanation is not available of why the average Pd nanoparticles are slightly
larger than the Pt nanoparticles (~ 1 nm), the similar sizes in both Pd-
containing S-1 materials would allow a fair comparison of these materials in

the catalytic tests.
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Table 5.4. Average metal nanoparticle sizes determined for Pt- and Pd-containing S-1 catalysts,
considering different zeolite particle sizes, reduced in H, at 600°C with a heating rate of

10°C/min.

Catalyst @ (nm)

KPt@nS-1_H600 1.0+0.2
KPd@nS-1_H600 1.8+0.4
KPd@uS-1_H600 2.0+0.3

It is worth noting that larges metal nanoparticle sizes have been previously
reported in the literature for Pd-encapsulated species compared to Pt in
zeolite crystals*’. Once the catalysts with different crystallite particle sizes and
incorporating encapsulated metal nanoparticles have been prepared and
characterized, the impact of these parameters on catalytic performance and

their stability upon reuse is examined in the following section.

5.3. SELECTIVE REDUCTION OF FUNCTIONAL BULKY
MOLECULES IN LIQUID PHASE: HYDROGENATION OF
PHENYLACETYLENE

To investigate the influence of diffusional pathways associated to zeolite
particle sizes of S-1 supports synthesized at different temperatures, the
materials prepared at 80°C and 175°C with encapsulated Pt or Pd have been
selected. This selection intended to examine rationally the effect of the
diffusive properties and the choice of the metal as active centre in the catalyst
for the transformation of a bulky model molecule, phenylacetylene. The
phenylacetylene molecule has been selected given its potential to produce

styrene, a valuable intermediate extensively used in the plastic industry*°,
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As shown in Figure 5.8, styrene is the primary product, but susceptible of
being further hydrogenated to ethylbenzene. Thus, the selectivity to styrene
will strongly depend on its residence time within the zeolite structure, which
is directly dependent on the crystal size and diffusional path lengths of the

zeolite.

Phenylacetylene Styrene Ethylbenzene

Figure 5.8. Hydrogenation mechanism described for phenylacetylene molecule.

The catalytic tests were carried out as described in Chapter 3.4.2. To achieve
this, catalytic tests were conducted on both nanoscaled and microscaled

zeolites (see Figure 5.9).
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Figure 5.9. Catalytic behaviour of noble metal containing catalysts reduced at 600°C with a
ramp of 10°C/min, employed for the reaction of semi-hydrogenation of phenylacetylene to
produce styrene. The study includes A) the progression of catalytic activity over time, B) the
evolution of selectivity for styrene formation as a function of phenylacetylene conversion, and
C) the normalization of reacted phenylacetylene with respect to metal content, with the
turnover frequency (TOF, in hr™") calculated from the slope of the turnover number (TON) at

short reaction times.

The enhancement of diffusive properties in the materials is clearly reflected
in the catalytic performance, with the KPd@nS-1 sample exhibiting higher
conversion rates at earlier stages and maintaining higher selectivity towards
the styrene formation, even at high conversion values, compared to its

submicron-sized counterpart (see Figure 5.9A and Figure 5.9B). This disparity
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in reaction rates is particularly evident when analyzing the TOF values, where
the TOF of the Pd nanozeolite is 1.5 times greater (see Figure 5.9C) than that
of the KPd@uS-1 sample. In contrast, Pt nanoparticles demonstrate
significantly lower catalytic activity, yielding intermediate levels of both
activity and selectivity (~50% in both cases) for styrene formation, indicating
substantially lower reactivity compared to Pd nanoparticles, despite the
enhancement of the diffusional properties provided by the small zeolite

crystal size in KPt@nS-1 catalyst.

Once the reaction was finished, the spent catalysts were recovered by
filtration using EtOH to remove residual phenylacetylene and dodecane
adhered to the catalyst, and dried at a temperature of 100°C for 16 hrs. The
Pd-containing materials were then subjected to a reusability test to assess
their catalytic stability after being used. The catalytic performance of the
materials after reuse and the comparison with the fresh catalyst activity is
illustrated in Figure 5.10, where it is observed that the catalytic activity of the
different catalysts does not decline noticeably during the second reaction
cycle, exhibiting conversion values comparable to those obtained with the
fresh catalyst (see Figure 5.10, A)). However, differences emerged in the
selectivity toward styrene formation, with a significant decline in the initial
selectivity observed upon reuse of the KPd@uS-1 sample (see Figure 5.10,
B)). As depicted in Figure 5.10, C), a reduction in TOF values was noted for
reused catalysts, confirming that the initial activity of the catalysts has been
reduced upon their use, despite remaining the activity similar to the fresh

catalysts.
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Figure 5.10. Catalytic behaviour of noble metal containing catalysts reduced at 600°C with a
ramp of 10°C/min, employed for the reaction of semi-hydrogenation of phenylacetylene to
produce styrene. The study includes A) the progression of catalytic activity over time for fresh
catalyst and re-utilized in a second reaction cycle, B) the evolution of selectivity for styrene
formation for fresh catalyst and re-utilized in a second reaction cycle as a function of
phenylacetylene conversion, and C) the normalization of reacted phenylacetylene with respect
to metal content, with the turnover frequency (TOF, in hr™") calculated from the slope of the

turnover number (TON) at short reaction times.

To determine whether the catalyst reuse resulted in any loss of chemical
species through leaching into the liquid reaction medium, the catalysts were
recovered and analysed chemically using ICP. The results of this analysis are

presented in Table 5.5 below.
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Table 5.5. Chemical compositions in the KPd-S-1 materials employed as catalysts for the semi-
hydrogenation of phenylacetyene molecule obtained by ICP spectroscopy for both the fresh

and the re-used materials.

Catalyst ICP K (Wt%) ICP Pd (Wt%)
Pd@nS-1_H600 0.60 0.20
Pd@nS-1_H600_Re-used 0.53 0.19
Pd@uS-1_H600 0.60 0.20
Pd@uS-1_H600_Re-used 0.53 0.20

The compositional analysis confirms the retention of metallic species within
the materials, with loss of the 11% of potassium species (0.53 wt% in the re-
used catalyst), regardless of zeolite particle size, thereby excluding metal
leaching phenomenon. Consequently, the state of the metallic nanoparticles
after reaction recycle was examined to determine whether sintering
phenomena took place following exposure to the reaction conditions by
High-Angle Annular Dark Field (HAADF) TEM. The images obtained of the

materials are shown in Figure 5.11 below.
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Figure 5.11. HAADF TEM images of the different Pd-containing materials for the catalytic
reusability study, both in fresh state and re-used after been recovered and dried overnight at

temperature.

In the KPd@nS-1 samples, an increase in the size of Pd nanoparticles is
observed after recovering the material from the recycle reaction, along with
the emergence of a few particles on the zeolite surface (see KPd@nS-
1_H600_Re-used in Figure 5.11). These observations, combined with the ICP
analyses confirming the maintenance of metallic species (Pd, K*), rule out
leaching phenomena. However, they indicate the phenomena of undesired

surface sintering. In contrast, the KPd@uS-1 sample does not exhibit Pd
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nanoparticles on its surface, and its composition remains unchanged, further

confirming the stability of the incorporated species.

Given the promising catalytic behaviour of nanosized materials in the semi-
hydrogenation reaction due to their high values of activity and selectivity, it
is crucial to develop alternative strategies for stabilizing Pd nanoparticles
within the zeolite framework, thereby preventing migration and surface
sintering. One of the most effective approaches to mitigate these issues
involves the creation of external protective coatings, as for instance, by
means of the preparation of core-shell structured materials. The following
section explores the application of ultrafast hydrothermal synthesis
technology as an innovative method for generating hydrophobic crystalline
coatings, which could enhance the confinement of Pd nanoparticles within

the S-1 zeolite matrix, particularly for nanosized crystals.

5.4. DEVELOPMENT OF CORE-SHELL ZEOLITES THROUGH
ULTRA-FAST SYNTHESIS TECHNIQUE TO IMPROVE CATALYST
ACTIVITY. STATE OF ART.

Various strategies can be employed to tailor the final physicochemical
properties of materials, focusing on the rational design of their architecture.
These approaches range from functionalization with chemical species, which
reduce the effects of the reaction medium on the material, to the
development of protective crystalline layer coatings composed of chemically
inert species, significantly enhancing the materials resistance to potential
adverse conditions. One of the most widely adopted strategies involves the
fabrication of core-shell hybrid materials. Core-shell zeolites represent a type

of composite materials in which crystals of one zeolitic structure (shell) grow
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on the surface of another zeolite (core), forming a continuous and protective

outer layer®°,

These hybrid materials have garnered significant interest due to their ability
to integrate the advantageous properties of the shell zeolite with the unique
properties of the core zeolite. This synergy enables the production of novel
composite materials with tailorable multifunctional properties, while
maintaining the typically diffusive properties of the microporous materials,
making them more suitable for specific catalytic applications than individual

zeolitic structures°2.

Among the examples described in the state of the art of how the successful
strategic development of zeolitic core-shell catalysts has improved catalytic
behaviour and stability we can highlight: (i) the development of composed
materials formed by a SAPO-34 core and a ZSM-5 shell for the ethanol
dehydration reaction to produce propylene, increasing the selectivity to
propylene formation and the stability of the catalyst by favouring the
diffusion of the product molecules as they move from a small-pore to a
medium-pore channel system, decreasing the coke formation®3; (ii) the
preparation of a ZSM-5@S-1 core-shell structure by coating MFI zeolite
crystals containing acidic centres with a hierarchical Silicalite-1 shell®, a
modification that neutralized surface acidity while enhancing molecular
diffusion due to the presence of mesopores. As a result, the catalyst exhibited
significantly improved stability and catalytic performance in the production
of light aromatic compounds, including benzene, toluene, ethylbenzene,
xylene, and naphthalene, from volatile products derived from the pyrolysis of
lignocellulose®?; (iii) the fabrication of hydrophobic S-1 coatings with varying

thicknesses surrounding Fe-ZSM-5 cores, materials that were explored for the
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NH;-SCR reaction®. This modification not only improved catalytic activity but

also ensured its stability even in the presence of water vapor>>.

The development of zeolite-zeolite core-shell materials represents a
promising strategy for enhancing zeolitic catalysts in industrial processes.
However, its widespread application remains constrained by several
challenges, including difficulties in achieving uniform coatings across the
entire crystal surface (particularly in large crystals surfaces), the unintended
migration of active species from the core due to partial redissolution®, the
non-desired secondary crystallization where new nucleus are made instead
of developing the crystalline shell and the potential loss of diffusive
properties resulting from disruptions in the continuity of porous channel
systems caused by uncontrolled desilication®’. These phenomena frequently
happen as a result of long secondary crystallization times, which can trigger
undesirable secondary processes. Therefore, it is essential to develop
strategies to accelerate the crystallization process and mitigate the

emergence of these secondary chemical phenomena.

In order to mitigate the challenges associated with different time-dependent
phenomena happened during crystallization and crystal growth, the
implementation of ultra-fast hydrothermal synthesis technology presents a
viable solution. This innovative approach, developed and patented by the
Okubo-Wakihara research group at the University of Tokyo, optimizes heat
transfer efficiency, enabling significantly accelerated crystallization

processes.

Conventional autoclaves offer a safe environment to hold the typical

conditions under which a traditional hydrothermal synthesis needs to be
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carried out. However, their main container is made of Teflon, offering a low
thermal conductivity and requiring long induction periods for the autoclave
to reach the actually required synthesis temperature, making difficult to
determine, in an accurate way, the changes happening in the crystallization
process during these stages prior to reaching the desired temperature. For
this reason, the Okubo-Wakihara group changed the conventional design of
the autoclave for a stainless-steel tubular reactor of 13.5 cm of effective
length, sealed by two caps provided by the Swageslok® company (see

Chapter 3.2.3.4.4 of this manuscript).

Those feature changes are based on the objective of optimizing the heat
transfer capacity thought increasing the surface-to-volume ratio, enhancing
many times the heat transfer rate as shown in Figure 5.12, where a heating
rate comparison between the tubular reactor and a Parr Instrument

Company conventional Teflon-lined autoclave is analysed.
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Figure 5.12. Temperature profile for A) ultrafast synthesis stainless steel reactor and B)
conventional hydrothermal synthesis in a stainless autoclave with a Teflon cylinder. Reproduced

from Liu Z et al?.
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Asshowninthe Figure 5.12, the thermalinduction periodis decreased to the
range of one minute if working in a pre-heated oil bath, whereas the
required time decreases from 100 min to 20 min if working in conventional
air convection ovens. This improvement not only allows observing changes
at short times, but in combination with a rational selection of the
precursor species included in the synthesis gel (i.e. seeding or aging), also
permits decreasing the necessary crystallization time to the order of

minutes. Figure 5.13 summarizes the different steps involved during the

fast crystallization synthesis.
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Figure 5.13. Scheme for a typical ultrafast synthesis procedure, encompassing the events taking

place at different stages under temperatures and time scales. Reproduced from Liu et al*é.
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As shown, several factor must be taken into account to develop a fully
controlled synthesis, such as rationalizing the precursor species and the
intermediate steps required (stirring, seeds, aging...). The ultrafast synthesis
was demonstrated to offer promising results in the zeolite synthesis with

adequate properties®%2,

The same fundamental principle behind ultrafast hydrothermal synthesis for
zeolite crystal formation can be extended to the fabrication of zeolite-based
crystalline coatings. Indeed, the Okubo-Wakihara group employed the
ultrafast synthesis methodology to produce ZSM-5@Silicalite-1%%. In that
work, they achieved a pure silicious coverage over an Al-containing MFI core
zeolite. A time screening was performed to study the evolution of the shell
thickness, and the resultant materials were tested for the cumene and 1,3,5-
triisopropylbenzene (TIPB) cracking reactions. The results reported by the
group show the cumene cracking yield remains the same while the TIPB
cracking vyield decreases with increasing the covering time as a result of
decreasing the surface acidity®®. The evolution of the Silicalite-1 shell

formation at different times of ultrafast heating is shown in Figure 5.14.
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Figure 5.14. SEM images of ZSM-5@S-1 products reported by Ce Peng et al®®* employing
commercial ZSM-5 (HSZ- 840NHA, Tosoh Chemicals) as core. A) Core ZSM-5 (Si/Al=19); B)
Coated for 3 min (Si/Al=21); C) Coated for 5 min (Si/Al=23); D) Coated for 20 min (Si/Al=26).

Based on the idea of using the ultrafast synthesis methodology, this
section of the chapter reports the results obtained during the PhD
International Trainee Internship performed in the Okubo-Wakihara
research group at the University of Tokyo. The Research Internship topic
focused on the study of the influence of the water content in the synthesis
gel to grow Silicalite-1 shells with controlled thickness, and to apply this
strategy to the metal-containing Silicalite-1 zeolites with different
crystallite sizes presented in the previous sections of this chapter. Thus, in
the first stage, the optimal amount of water in the synthesis gel during the
coating process was studied as a function of the size of the metal-free
zeolites used as core. Once the initial screening was done, the coating
process was applied to Pd-containing Silicalite-1 materials to provide
them a coating that could help improving the catalyst stabilization against

the undesired surface sintering phenomena observed before.
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5.5. STUDY OF WATER CONTENT CORE PARTICLE SIZE ON
THE SILICALITE-1 SHELL THICKNESS.

To evaluate the thickness of the Silicate-1 shell in the core-shell zeolite
systems, two different MFI-type core materials were selected, a nano and a
submicronsized, as reported in Chapter 3. For this preliminary study, the
selected core samples were metal-free S-1, which were prepared as the nano-
and micron-sized metal-containing S-1 samples described previously but
without adding the metallic component. Once the core zeolites were
obtained, they were coated by the ultra-fast synthesis process described in
Chapter 3, but modifying the H,O/Si molar ratio at 20, 40, 80 and 120. To
facilitate the identification of the materials along the section, the selected
nomenclatures were: nS-1, for the nanosized Silicalite-1 synthesized at 80°C

uS-1, for the submicronsized Silicalite-1 (synthesized at 175°C).

Firstly, the ultra-fast coverage has been explored on the nS-1 materials. The
Si content of the core and the Si content added for the coverage has been
fixed at 1:1. However, the yield of the solid collected after the ultra-fast

procedure varies with the H,O/Si ratio (see Table 5.6).

Table 5.6. Experimental mass measurements of the nanosized as-prepared S-1 seeds (core),
the shell theoretical mass content added during the synthesis and the amount of core-shell

material obtained (as prepared) for the different H,O/Si ratios studied.

Core seeds Shell added Solid Collected

Sample (mg) (mg SiOz) (mg)
nS-1@S-1 H20/Si=20 226 232.6 368
nS-1@S-1 H.0/Si=40 136 138.8 216
nS-1@S-1 H20/Si=80 76 81.2 120
nS-1@S-1 H.0/Si=120 58 60.3 74
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The different materials were characterized by PXRD (see Figure 5.15),
presenting in all cases similar diffractograms after the coating process
employing the ultrafast synthesis with different water contents in the
synthesis gel. The PXRD patterns indicate that all the samples kept the
crystallinity, confirming that the as-prepared nS-1 particles used as core did

not dissolve during the process.
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Figure 5.15. PXRD pattern of the different nS-1@Silicalite-1 structures obtained by ultrafast
synthesis covering methodology carried out at 190°C for 10 min with different H,O/Si molar

ratios.

In addition to the PXRD characterization, thermogravimetry test were carried
out on the as-prepared composites to determine, through the mass of the

solid recovered, whether there had been an increase in mass that could help
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empirically to determine a feasible process of incorporation of more species

in addition to the seeds, developing the shells.

Employing the experimental weight measurements of the recovered dry
solids (see Table 5.6), in combination with the thermogravimetric analysis

III

(see Table 5.7), it was possible to determine the “core-shell” yields and the
ratio between the core and shell materials by employing the equations Eq.5.1

and Eq.5.2.

Msolid collected' 0T GAsolid collected
Rcore-shen = Eq 5.1

Core Mcore zeolite'0TGACore zeolite

; Msolid collected 0T GAsolid collected
%Yleldcore_shell — ( solid collecte solid collecte . 100 Eq 5-2

o Mwsio,
Mcore zeolite' 0T GAcore zeolite +mTEOS'MWTEOS

Where:

- Msolid collected: dry mass of the core@shell material collected after
centrifugation.

- Mcore zeolite: Z€0lite Mmass added during the synthesis.

- %TGAsolid collected: % Of the core@shell sample recovered after the
thermogravimetry essay.

- %TGAcore zeolite: % Of the zeolite sample recovered after the

thermogravimetry essay.

The experimental values of the inorganic mass recovered after the
thermogravimetry essays for the different samples are shown in Table 5.7,

revealing a similar weight loss in all cases.
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Table 5.7. Inorganic solids obtained after the thermogravimetric essays (as percentage of the
initial mass loaded), mass ratios estimated between the mass of the materials recovered and

the amount of zeolite incorporated as core, as well as the yield of the core-shell materials.

Sample %Solid TGA  Rcore-shell/core % Yieldcore-sheil
Parent 83
nS-1@S-1 H20/Si=20 83.7 1.64 73.1
nS-1@S-1 H20/Si=40 83.3 1.59 71.6
nS-1@S-1 H20/Si=80 83.4 1.59 69.3
nS-1@S-1 H.0/Si=120 83.5 1.28 57.1

The trend observed has to be noted, as the more concentrated synthesis
seems more productive in terms of mass gained within the whole core-shell
composite, compared to the materials obtained under more diluted
conditions. These results suggest that more concentrated media favour the
formation of thicker Silicalite-1 shells. To evaluate this point, the samples
were studied by Scanning Electronic Microscopy, whose images are shown in

Figure 5.16.

A perceptible increase of the crystallite particle sizes is observed through the
SEM images after the covering treatment. Indeed, the more concentrated
synthesis gels (lower H,O/Si ratio) result in the higher increase of final particle
size of the core-shell materials. The presence of additional particles is not
shown in the SEM images, suggesting that undesired secondary nucleation
processes have not occurred during the synthesis process. The overall
particle size distributions can be observed in the following 3-D histogram

(Figure 5.17).
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Figure 5.16. SEM images of the nS-1 samples coated using different H,0/Si molar ratios in the

synthesis gels for 10 minutes at 190°C by ultrafast synthesis.
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Figure 5.17. nS-1@S-1 composites particle size distribution measured by SEM microscopy
(N=100 along different SEM images) for the samples prepared with different H,0/Si ratios in

the synthesis gels and carried out at 190°C for 10 min.

The particle size distribution trend observed after characterizing the
materials clearly shows that concentrated media favor the increase of the
thickness of the Silicalite-1, revealed by the increment of the particle size and
also by preserving the highest mass of the collected solids after the synthesis.
The average particle sizes of the materials obtained under different

conditions are shown in Table 5.8, values that confirm that the lowest H,O/Si
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ratio favours the higher mass deposition and also the higher final core-shell

composite particle size.

Table 5.8. Average particle sizes standard deviation obtained for the nS-1@S-1 composites

synthetized with different H,O/Si ratios with the ultrafast-synthesis process.

Sample Average Particle Size (hm) Standard Deviation (nm)
Parent 89.7 8.0
nS-1@S-1 H,0/Si=20 135.2 +10.6
nS-1@S-1 H20/Si=40 126.0 +10.2
nS-1@S-1 H.0/Si=80 121.5 8.9
nS-1@S-1 H20/5i=120 110.0 18.7

Similarly, uS-1 material was covered using the ultra-fast approach and the
same H,0/Si ratios, while maintaining unaltered the other synthesis
conditions. The obtained core-shell materials were characterized similarly to
the nS-1-type composites. As in the case of the nS-1 sample, the mass content
of the uS-1 zeolite powder added as core and the equivalent SiO, content
added as shell were fixed at 1:1. After the coverage procedure, the

composites were recovered after centrifugation and dried overnight at 80°C.

Table 5.9. Experimental mass measurements of the amount of micronsized as-prepared S-1
zeolite (core), the shell theoretical mass content added during the synthesis and the amount

of core-shell material obtained (as prepared) for the different H,0/Si ratios studied.

Core seeds Shell added Solid Collected

Sample (mg) (mg SiO2) (mg)
uS-1@S-1 H,0/Si=20 226 229.8 394
uS-1@S-1 H,0/Si=40 136 137.8 235
uS-1@S-1 H.0/Si=80 76 76.5 104
uS-1@S-1 H.0/Si=120 58 56.1 77
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The different materials were characterized by PXRD (see Figure 5.18), and
present, in all cases, similar diffractograms after the coating process
employing the ultrafast synthesis procedure with different water contents in
the synthesis gel. The PXRD patterns evidence the high crystallinity of all the
samples, confirming that the as-prepared uS-1 particles used as core does
not dissolve during the process. Similarly to the previous nS-1@S-1 materials,
the core-shell composites show analogous PXRD diffractograms, but with the
intensity of the peaks being generally higher than that observed for the nS-1
type composites, as could be expected due to the larger zeolite particle sizes

of uS-1@sS-1.
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Figure 5.18. PXRD patterns of the different pS-1@S-1 materials composites obtained by
ultrafast synthesis covering methodology carried out at 190°C for 10 min with different HO/Si

molar ratios in the synthesis gels.
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To determine the efficiency of the coverage, the same quantification
parameters presented previously (Rcore-shelijcore and Yieldcore-shet) wWere
employed here by using the results obtained through the thermogravimetry
essays of the uS-1@Silicalite-1 samples. Considering the mass weight loss of
the TGA analysis, different indicators to quantify the efficiency of the coating
process were calculated by applying Eq. 5.1 and Eq. 5.2, as shown in the Table
5.10 below.

Table 5.10. Inorganic solids obtained after the thermogravimetric essays (as percentage of the

initial mass loaded), mass ratio estimated between the mass of the materials recovered and

the amount of zeolite incorporated as core, as well as the yield of the core-shell materials.

Sample %Solid TGA  Rcore-shelifcore  %6Yieldcore-sheli
Parent 87
uS-1@S-1 H.0/5i=20 85 1.7 78.3
uS-1@5-1 H.0/Si=40 84.5 1.68 78.0
uS-1@S-1 H,0/Si=80 85 1.34 61.6
uS-1@5S-1 H.0/Si=120 84.7 1.29 61.4

A similar trend is observed as compared to the nanometre-sized composites,
and the syntheses conducted in more concentrated media allowed higher
recovered mass quantities than those composites prepared under more
diluted conditions. Noticeably, the core-shell synthesis yields were generally
higher at bigger core particle size than those obtained when using nS-1
zeolite as core materials (78.3% for uS-1 versus 73.1% for nS-1 under the
more concentrated conditions, whereas 61.4% versus 57.1% in the more
diluted conditions, respectively). While this difference is evident, it is not
large enough to indicate that the surface area of the core zeolites could
significantly impact the nucleation and crystallization mechanisms of the

coatings. This suggests that the covering effect is more closely related to the
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applied technique and minimally influenced by the surface area of the seeds.
In any case, future research could approach the use of larger MFI core
materials within the micron-meter sizes in order to evaluate if lower surface
areas than those studied here can clearly reveal the positive/negative roles

of the external surface area.

Figure 5.19 shows the SEM images of the core-shell composites synthesized
using submicrometric Silicalite-1 seeds for the different studied water

contents in the synthesis gels.

H,0/Si=120

Figure 5.19. SEM images of the uS-1 samples coated using different H,O/Si molar ratios in the
synthesis gels for 10 minutes at 190°C by ultrafast synthesis. Red squares show a magnification

area of crystal surface.

In general, larger sizes are observed in the core-shell composites prepared
under more concentrated media (see Figures 5.19 and 5.20), while those
prepared under more diluted conditions reveals the appearance of dots on
the surface of the crystalline particle (see H,0/Si=80 and H,0/Si=120 in
Figure 5.19). The appearance of these dots suggests that the crystallization

mechanism under diluted conditions might induce some secondary growth.
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Conversely, the absence of these dots on the surface of the materials would

suggest that high alkaline media would preferentially promote the epitaxial

growth. However, further characterization (TEM images of the particle
surface) may be needed before accepting this assumption.
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Figure 5.20. uS-1@S-1 composites particle size distributions measured by SEM microscopy

(N=100 along different SEM images) for the samples prepared with different H,O/Si ratios in
the synthesis gel and carried out at 190°C for 10 min.

The particle size distribution trend observed after characterizing the
materials clearly shows that concentrated media favour the increase of the

thickness of the Silicalite-1, revealed by the increment of the particle size and
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also by preserving the highest mass of the collected solids after the synthesis.
The average particle size of the materials obtained under different conditions
are shown in Table 5.11, where it is confirmed that the lowest H,0/Si ratio
favours the highest mass deposition and also the largest final core-shell

composite particle size.

Table 5.11. Average particle sizes standard deviation obtained for the uS-1@S-1 composites

synthetized with different H,0/Si ratios with the ultrafast-synthesis process.

Sample Average Particle Size (nm) Standard Deviation (nm)
Parent 254.6 +12.9
uS-1@S-1 H>0/Si=20 343.5 +12.6
uS-1@5-1 H.0/Si=40 317.6 +13.8
uS-1@5-1 H>0/Si=80 278.5 +16.6
uS-1@5-1 H-0/Si=120 262.0 +16.9

For comparison purposes, the crystalline coating process of uS-1 zeolite was
attempted in a conventional autoclave, aiming to confirm the benefits of the
ultrafast crystallization technique as a novel proposal to favour the
preparation of zeolitic core-shell material systems over conventional

hydrothermal synthesis to produce crystalline shells.

The composition of the synthesis gels to grow the Silicalite-1 shell was:
1Si02:4 EtOH:0.3 TPAOH:40 H,0

keeping the SiO; shell/SiO; core mass ratio ~ 1.

The conventional hydrothermal syntheses to study the S-1 covering evolution
were evaluated at different times: 10 min, 1 hr, 24 hrs and 96 hrs, respectively

at 190°C. The diffractograms of the resultant solids are shown in Figure 5.21.
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Figure 5.21. PXRD patterns of the pS-1@S-1 materials prepared following hydrothermal

synthesis at different times: 10 min, 1 hr, 24 hr and 96 hr, respectively.

The persistence of the peaks confirms that the material does not suffer
undesired amorphization at any stage when exposed to alkaline
environments during the hydrothermal synthesis. These materials were also
characterized by SEM microscopy to evaluate their morphology and particle

size distribution (see Figure 5.22).
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Figure 5.22. SEM images of uS-1 after being covered with S-1 by conventional hydrothermal

synthesis at different times at 190°C.

Contrary to the core-shell covering achieved via ultrafast synthesis, the
conventional synthesis does not yield any discernible growth of the
crystalline particles after 10 min. This fact can be explained by the induction
period required to reach the desired temperature, as previously showed in
Figure 5.12. After 1 hour (Figure 5.22, 1 hr), the appearance of small
crystalline particles, significantly smaller than the original seed particles,
began to become noticeable. The formation of these additional particles
suggests the occurrence of secondary crystallization issues as new crystalline
nuclei rather than promoting the homogenous deposition of silica species on
the surfaces of pre-existing crystalline particles, to obtain the core-shell

zeolite composites.

As the synthesis time progresses (Figure 5.22, after 24 hrs and 96hrs,
respectively), an uncontrolled growth of crystals was observed with very
large dimensions, elongated mainly in one direction. This behaviour strongly

indicates that employing conventional hydrothermal synthesis for producing
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zeolite-type core-shell materials, at least under the selected conditions,
present significant challenges to avoid secondary crystallization and/or

undesired crystal growth.

In contrast, ultrafast synthesis technique, by maximizing the heating rate and
ensuring more uniform temperature distribution due to the higher surface to
volume ratio of the reactor, promotes the formation of homogeneous surface
coatings on already existing particles. Consequently, this approach vyields
zeolitic core-shell composites with a remarkable particle size distribution

uniformly.

5.6. COVERING OF KPd-CONTAINING ZEOLITES WITH A
HYDROPHOBIC SHELL OF CRYSTALLINE ZEOLITE USING
ULTRAFAST SYNTHESIS METHODOLOGY.

After studying the influence of the water content in the gel on the formation
of the Silicalite-1 shell on cores with different sizes, the nanosized Pd-
containing S-1 reported previously (KPd-nS-1) has been coated here by the
ultrafast method. The idea behind this strategy is to provide a shell that could
enhance the Pd nanoparticles stability against the metal sintering surface

phenomena suffered and described in the previous sections.

For this purpose, the coating was carried out using the ultrafast crystallization

methodology with the following composition:
1S5i0,:4 EtOH:0.3 TPAOH: 40 H,0

keeping the SiO, shell/SiO, core mass ratio ~ 1.
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As described previously in this Chapter, the coating was carried out at 190°C
for 10 min. X-Ray diffraction shows the presence of the characteristic peaks

of MFI crystallin structure (see Figure 5.23).

Covered zeolite
(H,0/Si=40)

w R

10 20 30
26 (°)

Figure 5.23. PXRD patterns of KPd-containing nanosized Silicalite-1 in the as-prepared form

(parent) and after performing the covering with the ultrafast-synthesis methodology.

The variation of the chemical composition that must occur in the core-shell
composite was measured to quantify the increase of the overall silica because
of the shell formation. The composition of the materials, determined by ICP,

is presented below in Table 5.12.
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Table 5.12. Chemical composition of the parent zeolite (KPd-nS-1) and the covered zeolite

(KPd-nS-1@S-1).

Sample ICP K(wt%) ICP Pd(wt%)
KPd-nS-1 0.62 0.22
KPd-nS-1@S-1 0.36 0.12

The decrease of the proportion of the different heteroatoms is noticeable
after the coverage, a sign that the amount of Silicon increased due to the
covering process. In order to assure that, the calcined and reduced samples
were further characterized by High Annular-Dark Field Transmission
Electronic Microscopy to verify that the metal particles hosted within the
zeolitic matrix of the core material remained confined within the “core” after
the obtention of the S-1 shell coating by ultrafast-synthesis technique. The

corresponding image is shown in Figure 5.24.

KPd@nS-1 Covered

Figure 5.24. High Annular-Dark Field STEM images of the reduced KPd-nS-1 zeolites, both

parent and covered with ultrafast-synthesis technique.
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The transmission electron microscopy images obtained for both types of
materials reveal a noticeable contrast in the distribution of metallic
nanoparticles. In the parent material (KPd-nS-1), a homogenous dispersion of
metal nanoparticles is observed within the crystal agglomerates. In contrast,
in the core-shell material, a concentrated region of metallic particles is clearly
evident in the core area, exhibiting the highest contrast, as shown in Figure
5.24. A less dense region of uniform thickness, surrounds this core,
corresponding to the shell layer, where total absence of metal nanoparticles

is observed.

Future research includes the characterization of the textural properties of
these materials to unravel if the diffusive properties and accessibility of the
porous channels in the parent zeolite were preserved after adding the shell
layer. Deterioration of the diffusive properties could happen due to the
growth of the new crystalline phase with planes oriented in different
directions from those of the core structure or from the collapse of the
interface between the core and the shell, potentially caused by surface
dissolution of the crystalline particles under alkaline conditions at higher

temperatures.

5.7. CONCLUSIONS.

In the first part of this chapter, S-1 zeolites with controlled crystalline
nanoparticle sizes were successfully prepared by regulating the synthesis
temperature, enabling a targeted modification of the final textural and
diffusive properties of the obtained materials. This rational approach was

applied to synthesize S-1 with enhanced diffusivity and encapsulated Pd
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nanoparticles via direct synthesis. These properties were systematically

evaluated in the semi-hydrogenation of the bulky phenylacetylene molecule.

Zeolitic materials with smaller particle sizes exhibited significantly improved
catalytic performance, demonstrating higher activity and enhanced
selectivity toward styrene formation compared to their larger counterparts.
The results remark the critical role of rational catalyst design, particularly in
tailoring textural and diffusive properties to achieve maximum conversion

and selectivity values for the target reaction.

In the second part of this chapter, ultrafast synthesis methodology has been
introduced as a potential methodology for hydrothermal zeolite synthesis.
This approach significantly reduces the crystallization time required by
maximizing the heat transfer surface area-to-volume ratio, allowing to
produce uniform crystalline zeolite coatings that serve as a protective layer
of the core zeolites in the resulting hybrid systems. A careful screening study
was conducted to evaluate the effects of the synthesis gel concentration
(expressed as the H,0/Si ratio) and the size of the seed zeolite crystals used
as crystallization centres, on the final dimensions of the core-shell materials
obtained. The outcomes revealed that more concentrated media resulted in
higher crystallization yields and larger final particle sizes compared to those

obtained under diluted conditions.

Following this preliminary investigation, Pd-containing Silicalite-1 catalyst,
previously described, was coated with a hydrophobic Silicalite-1 layer. The
resulting core-shell zeolite-type composite was preliminarily characterized,
demonstrating the retention of the metal nanoparticles within the core.

Future research will focus on assessing the preservation of the materials’
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textural properties and its effectiveness in enhancing catalyst lifetime under
severe reaction conditions, findings that may reinforce the promising utility
of this new coating approach to enhance catalyst deactivation resistance and
improving overall performance in demanding applications like

semihydrogenation of bulky molecules in liquid phase.
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CHAPTER 6:

DESIGN OF BIFUNCTIONAL Ni-
ZEOLITES FOR ETHYLENE
OLIGOMERIZATION.
CONTROLLING NICKEL
SPECIATION AND ZEOLITE
PROPERTIES THROUGH ONE-
POT SYNTHESIS AND POST-
SYNTHETIC NICKEL
INCORPORATION
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6.1. INTRODUCTION.

Light olefins (C;™-C¢”) are unsaturated molecules with the empiric chemical
formula of ChH., presenting at least one double bond. These organic
compounds are “key” building-blocks, used as intermediates to synthetize
high value industrial organic molecules employed in the production of

plastics, textiles, drugs or fuels®.

The current estimated global Market of ethylene is 316.8 million Tons in 2023,
a demand that is predicted to rise up to 406.5 million Tons in 2030.
Traditionally, light olefins are obtained by steam cracking processes of
different feedstocks, including light paraffins (C;-C3) and petroleum liquids
(naphtha and distillate fuel oil)?3, with ethylene and propylene yields ranging
between 23%-42% and 14%-21%, respectively depending on the feedstock.

Besides steam cracking, other on-purpose processes have been widely
studied for the production of olefins, such as the direct transformation of
methanol following the Methanol-to-Olefins (MTO)* or Methanol to
Propylene (MTP)® routes, or the direct obtention of heavy olefins in the
Methanol to Gasoline reaction (MTG) yielding a mixture of hydrocarbons with

a similar composition to conventional gasoline®.

Although there is an increasing demand for light olefins, the high energy
required in the conventional routes (40 GJ/ton C,H4) such as steam cracking
and the carbon foodprint associated (1.8-2 kg of CO,/kg C,H4)", forces the
development of new and more long term sustainable chemical routes to
obtain them, such as photocatalytic conversion of CH4 or their production

from biomass-derived products (mainly intermediates with alcohol
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functional groups)®. Some industrial trends or demands are summarized in

Figure 6.1.

Steam Cracking (Naphtha, Light
Hydrocarbon)

X Fossil Fuels derived
Traditionall Deep Catalytic Cracking/Catalytic Feedstock
\/ | Pyrolysis Process (Heavy Oils)

Oxidative Coupling of Methane

L-:-------:---:---:---------

Light Olefins

(G- C) Fischer-Tropsch to Olefins (Syngas)

I
' Methanol to Olefins/Propylene
Biomass derived
Feedstock
Ethanol Dehydration
:\

L e e e e e e e e e e e e e e e e e e e o 1

Figure 6.1. Flowchart of the different pathways to obtain olefins. Figure adapted from the info

obtained from Corma et al*® and Zhao et al’.

The “green ethylene” processes that nowadays can be industrially scalable
are mainly classified in two goups??, (i) direct routes from bioalcohols and (ii)
indirect routes, in which the biomass and syngas are transformed into
methane and dimethyl ether, being converted into bioethanol through

methyl acetate hydrolysis.

The next step after producing ethylene should involve an efficient
transformation into higher olefins. The oligomerization of light olefins is the
most relevant industrial pathway since different key products can be
obtained, including liquid fuels (gasoline, diesel or the currently high
demanded jet fuel), plasticizers, solvents or other intermediates easy to be

functionalized, thanks to its high versatility in terms of the olefin fed and the
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number of the oligomerization steps, directly influencing the final molecular

weight range of the products*®*14

Generally, the commercial processes for the ethylene oligomerization to
obtain long-chain olefins involve the use of homogenous catalysts, such as
trialkylaluminium (Chevron-Phillips)*® and Nickel organometallic complexes
(Shell Higher Olefin Process)®. Currently the search of novel and efficient
heterogeneous catalysts is a matter of great interest for industry and
academia, revealed by the numerous research works that are published every

year (see Figure 6.2).

Ethylene Oligomerization Research Publications
100 -

80 (4

60- [ ..

404

Documents Published

20 Rig fe9

r 1 = T » T - T v T v T . 1
1976 1984 1992 2000 2008 2016 2024
Year

Figure 6.2. Research paper published in the last 50 years on oligomerization of light olefins.

Data supplied by Scopus Database.

Considering the green chemistry principles, the use of heterogenous catalysts

is a more environmentally friendly alternative due to the easy separation of
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the catalyst from the reaction media, fact that facilitates its recyclability and
reuse. In this sense, different solid catalysts have been employed for olefin
oligomerization, including alumina, supported phosphoric acid, microporous
sulphonic resins and more recently, zeolites. Zeolite catalysts are very
promising heterogenous catalysts for ethylene oligomerization due to their
tuneable properties, such as the Brgnsted or Lewis acidity, the high surface
available and the diffusional and confinement advantages that the
microporous channels can offer. These properties and the shape selectivity
given by the zeolite framework are well-known to facilitate the formation of
products with certain characteristics'”!8, for instance the high-quality diesel
fractions composed by high value linear or low-branched hydrocarbons
obtained when medium pore zeolites were used or the production of highly
branched bulkier products when tri-dimensional large-pore zeolites were
employed!®?!, leading to fast deactivation problems as soon as the pore
system is blocked by high molecular weight products. Decreasing zeolite
particle size substantially reduces the diffusional pathways, allowing the
molecules to escape before undesired consecutive reactions can take place

and increasing significantly the zeolite resistance against deactivation?>%,

Although solid acid catalysts show excellent catalytic behaviour for the
oligomerization of olefins with more than 3 carbons, the rate of
oligomerization of ethylene at mild temperatures is negligible as compared
to other olefins. To circumvent this problem, different transition metals (Co,

Cr, Fe, Ni) based catalysts?*?°

were proposed due to their capability to
activate C=C, being Ni, the most employed transition metal considering

economic cost and high activity and selectivity towards dimerization.
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The reaction mechanism of ethylene dimerization in the presence of Ni-based
catalyst follows the Cosse-Arlman mechanism described in the Figure 6.3,
where two ethylene molecules interact with a Ni active site, forming a Ni-di-
ethene complex that result in the formation of a 1-butene molecule
(coordination step). Additionally, another ethylene molecule present in the
media can coordinate to the Ni active site while the previous butene remains

attached, steeping towards higher olefins (insertion step).

N inserted

N inserted

Figure 6.3. Cosse-Arlman Mechanism for Ni sites involved in the dimerization process26.

Kinetic modelling and theoretical calculations have revealed that the acid
sites present in the zeolitic support play a key role in the Cosse-Arlman
mechanism?, since they would help stabilizing the Nickel species attached as
cations, counterbalancing the net negative charge of the zeolitic framework

given by trivalent aluminium atoms placed in framework positions?’.
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Unravelling the oxidation state of Ni under working conditions is one of the
most controversial issues in the ethylene oligomerization reaction. The first
approaches to this topic in the 80’s claimed that the Ni atoms with zero
valence were the active ones, according to results obtained by electron
paramagnetic resonance techniques?®?°. This hypothesis was rebutted later

by several works that proved the role of Ni cations. Moreover, the roles of the

N'+ 30-35 2+ 36-40

i or Ni were not fully clarified for years, but recent spectroscopy
studies using CO as probe molecule revealed that the metallic active centres

were Ni?* cations.

However, it must be remarked that Ni?* cations are not always connected in
the same way to the zeolite host. On the one hand, Ni* in ion exchange
positions attached to the acid centres, show stronger Lewis acidity and are
more active in the first stages of the reaction and then deactivate fast due to
the fact that longer alkyl complexes adsorbed on the Ni?* are no able to be
detached from the Ni?* active site. On the other hand, Ni** species also can

be grafted to silanols with milder acidity**.

Although the Cosse-Arlman mechanism has been widely associated with
Nickel (II) complexes for the ethylene dimerization, Moussa and co-workers
recently proposed an alternative mechanism for Beta zeolite based on the
Ni?* grafted to silanol groups. (Figure 6.4). This proposal relies on the in situ
FTIR spectroscopy and kinetics modelling and supports that the ethylene
molecule coordinates with Ni?* site via n-coordination with the subsequent

formation of a Nickel ethenyl hydride intermediate®?.
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Figure 6.4. Simplified dimerization mechanism carried through Ni?* active sites grafted to

zeolitic silanol groups on Ni-Beta zeolites proposed by Moussa et al*2.

It is worth noting that, when the oligomerization is performed by bifunctional
zeolites with both Brgnsted acid centres and Ni?* cationic sites, once the
olefin begins to grow on the Ni active site following any of the mechanism
showed to an olefin presenting more than 3 carbons, the resulting carbanion
is prone to be converted through different side/consecutive acid reactions
catalysed by the acid sites (Figure 6.5)%®, modifying the final product
distribution. Thus, developing zeolite-based catalysts with controlled acidity
and/or fine tunned Ni/Al ratios may modify the reaction towards light olefins
or the formation of higher molecular weight hydrocarbons. Thus, the
optimization of the yields towards desired oligomerization products with

specific size, molecular weight and branching degree®?, could be achieved by
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properly designing the zeolite-based support with the adequate pore

topology and zeolite particle size.

-H i
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Y
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Figure 6.5. Acid catalysed reactions promoted by the zeolite acid sites for carbanions with

more than 3 carbons?6,

Traditionally, Ni is incorporated in the zeolite particles via post-synthesis
methodologies like ion exchange or impregnation procedures?®#%6  |n
addition, post-synthetic heterogenization of well-defined Ni-complexes on
different zeolites with different pore topologies, as zeolite Y (FAU)*’, ZSM-5
(MF1)*, Beta (BEA)*® or ITQ-2 (delaminated MWW)>® has been described,
showing adequate catalytic behaviour for the ethylene dimerization reaction.
However, incorporation of Ni species via one-pot synthesis strategies in high
silica zeolites, their characterization and their catalytic evaluation for the

ethylene oligomerization reaction has not been studied so far, even though,

several one-pot metal approaches to improve metal dispersion and metal
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stability within microporous materials have been developed in the last years

51-53

In this chapter, a rational design of different Ni-containing zeolitic materials
following diverse synthesis strategies is presented. Two different crystalline
structures (MFI and BEA) with two crystal particle sizes (from micron- to
nano-sized particles) and variable chemical composition to obtain different
acidities (Si/Al molar ratios from 10 to 40) are selected where Ni will be
incorporated by different methods. On the one hand, Ni species will be added
by the classical post-synthetic approaches and, on the other hand, the Ni
species will be added by one-pot synthesis approaches employing N-ligand
molecules. All the materials will be further characterized and tested for the

54

ethylene oligomerization reaction under low>* and high pressure

conditions®®.

6.2. SYNTHESIS AND CHARACTERIZATION OF THE NICKEL
CONTAINING ZEOLITES

The following section details the synthesis procedures and the
characterization results of selected zeolite-based catalysts. Zeolites with MFI
(Section 3.2.3.1.1) and Beta (BEA) (Section 3.2.3.2.1) structure and
nanosized crystals have been prepared following the recipe described
elsewhere®®. Ni structure was introduced in these materials following two
methods: post-synthetically via wet impregnation (Section 3.2.3.3.3.2), and
directly during the synthesis process by using a Ni-polyamine complex in the
synthesis gel (Sections 3.2.3.1.2 and 3.2.3.2.2.2). Additionally, commercial

42,46,57

materials have been selected for comparison purposes , where Ni

species were incorporated post-synthetically, either by ion exchange in Al-
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rich commercial zeolites (as detailed in Section 3.2.3.3.3.1) or by wet

impregnation in more siliceous zeolites (Section 3.2.3.3.2). For clarification,

a summary of the prepared catalysts is presented in Tables 6.1 and 6.2, along

with their corresponding names.

Table 6.1. Nomenclature of the MFI-type zeolite materials.

Sample
Name

Structure

Catalyst

MFI15-H

Ni-MFI15_ps

MFI25-H

Ni-MFI25_ps

MFI30-H

MFI

Ni-MFI30_ps

nMFI30-H

Ni-nMFI30_ps

Ni-MFI30_op

Commercially available MFI zeolite (CBV3024) in
acidic form (Si/Al=15)

Commercially available MFI zeolite (CBV3024)
with = 1 wt% Ni added via ion exchange
Commercially available MFI zeolite (CBV5524) in
acidic form (Si/Al=25)
Commercially available MFI zeolite (CBV5524)
with = 1 wt% Ni added via wetness impregnation
Commercially available MFI zeolite (CBV8020) in
acidic form (Si/Al=30)
Commercially available MFI zeolite (CBV8020)
with = 1 wt% Ni added via wetness impregnation
Nanosized MFI zeolite synthetized in acidic form
(Si/Al=30)

Nanosized MFI zeolite synthetized (Si/Al=30) with
= 1 wt% Ni added via wetness impregnation
Nanosized MFI zeolite synthetized (Si/Al=30) with
= 1 wt% Ni added via one-pot encapsulation
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Table 6.2. Nomenclature of the BEA-type zeolite materials.

Structure Sample Name

Catalyst

BEA11-H

Ni-BEA11_ps

nBEA15-H

Ni-nBEA15_ps

BEA

Ni-nBEA15_op

nBEA30-H

Ni-nBEA30_ps

Ni-nBEA30_op

Commercially available BEA zeolite (CP814) in
acidic form (Si/Al=11)

Commercially available BEA zeolite (CP814) with
= 1 wt% Ni added via ion exchange
Nanosized BEA zeolite synthetized in acidic form
(Si/Al=15)

Nanosized BEA zeolite synthetized (Si/Al=15)
with = 1 wt% Ni added via wetness impregnation
Nanosized BEA zeolite synthetized (Si/Al=15)
with = 1 wt% Ni added via one-pot encapsulation
Nanosized BEA zeolite synthetized in acidic form
(Si/Al=30)

Nanosized BEA zeolite synthetized (Si/Al=30)
with = 1 wt% Ni added via wetness impregnation
Nanosized BEA zeolite synthetized (Si/Al=30)
with = 1 wt% Ni added via one-pot encapsulation

The resultant as-prepared MFI and BEA samples present the characteristic

PXRD patterns of both structures (see PXRD patterns of MFI- and BEA-type

materials in Figure 6.6, A) and 6.6, B) respectively). The presence of broader

but less intense peaks suggests the crystallization of these materials as

nanosized crystals, as reported previously in the literature®®. In addition, the

incorporation of Ni species thought direct synthesis approaches does not

alter the crystallization processes obtaining similar diffractograms when

comparing the same synthesis in presence or absence of Ni-complex in the

gel (see for instance nMFI30_ap and Ni-nMFI30_op in Figure 6.6, A)).
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Ni-MFI15_ps Ni-BEA11_ps

A) B)
Ni-nMF|30_op Ni-nBEA30_op
Ni-nMFI30_ps
Ni-nBEA30_ps
Ni-MFI30_ps Ni-nBEA15_op
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Figure 6.6. PXRD patterns of the different MFI A) and BEA zeolites considered in the present
study B).

To assess the final size of the zeolite particles, the morphological
characterization has been initially conducted by FESEM (see images of MFI
and BEA zeolites, in Figure 6.7 and 6.8, respectively). The nanosized MFI and
BEA synthesized following the recent methodology described by Gallego et
al’® clearly shows the framework of agglomerates of small particles,
approximately 10 nm in size (see nMFI30, nBEA15, and nBEA30 samples in
Figures 6.7 and 6.8). Although FESEM provides a close estimation of the
particle sizes within the agglomerates, further analysis was required using
brightfield transmission electron microscopy. Images from the transmission

electron microscopy confirm an average size of 10 nm for the primary
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particles of these nanozeolites (see Figure 6.9), consistent with the previous

description of Gallego et al*®.

In the case of the MFI-type samples, a noticeable difference in crystal size
was observed between the synthesized (=10 nm) and the commercial
samples (0.1-0.2 um) (see Figure 6.7). This size variation, along with
differences in chemical composition, is expected to significantly impact the
final catalytic performance. In fact, recent findings by our research group
have demonstrated that the use of nanozeolites with sizes ranging from 10 to
20 nm as acid catalysts in the oligomerization of larger olefins, such as 1-
pentene, significantly enhances the resistance to deactivation and increases

the yield of liquid products within the gasoline and diesel range®®>°,

In contrast, for the BEA-type zeolites, the BEA11l sample also exhibits a
relatively small crystal particle size (=25-30 nm) closely resembling that of the
synthesized nMFI30, nBEA15 and nBEA30 samples (10 nm) (see Figure 6.8
and Figure 6.9), but still larger. There are no significant differences between
the sizes of the nanozeolites crystallites synthesized without Ni (nBEA15 and
nBEA30, see Figure 6.8) and with Ni (Ni-nBEA15_op and Ni-nBEA30_op, see
Figure 6.8 and Figure 6.9) in good agreement with their similar PXRD patterns

(see Figure 6.6, B).
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Ni-MFI25_ps

Ni{MFI30_ps:

-

Ni-nMFI30: op

Figure 6.7. FESEM images for the MFI-type materials. Left column images are taken in bright
field to estimate the crystal zeolite size. Right column is the dark field FESEM images taken to

assure the absence of agglomerated Ni species on the zeolite crystal surface.
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Ni-BEA11. ps

Ni-nBEA15_ps

Ni-nBEA15_op

Ni-nBEA30_ps

Ni-nBEA30_op

Figure 6.8. FESEM images for the BEA-type materials. Left column images are taken in bright
field to estimate the crystal zeolite size. Right column images are the dark field FESEM images

taken to assure the absence of agglomerated Ni species on the zeolite crystal surface.
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Ni-nMFI30_ps Ni-nMFI30_op

Figure 6.9. Bright Field Transmission Electronic Microscopy Images of the synthesized

nanosized MFI and BEA zeolites.

The average particle sizes for each nanosized material has been calculated

using at least 60 different particle measurements (see Table 6.3).
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Table 6.3. Crystal particle size statistical summary

Sample Av. Part. Size (nm) Std. dev (nm)

Ni-nMFI30_ps 8.3 2.1
Ni-nMFI30_op 8.6 1.5
Ni-nBEA15_ps 8.8 2.1
Ni-nBEA15_op 10.1 3.0
Ni-nBEA30_ps 8.1 2.1
Ni-nBEA30_op 9.2 2.6

The ICP analysis permitted the estimation of the chemical composition of the
different Ni-containing materials synthesized either by one-pot or post-
synthetic approaches. The results indicate that the Si/Al ratios in the
synthesized solids were similar to the target compositions in the synthesis

gels (see nMFI30, nBEA15, and nBEA30 in Table 6.4 and Chapter 3).

Table 6.4. Physico-chemical properties of the different Ni-containing zeolite catalyst.

Micropore External Micropore

Catalyst Si/Al NI BET;A rea Area Surface Volume
wt%  (m?/g) 5 5 3

(m*’/g)  (m°/g)  (cm’/g)
Ni-MFI15_ps | 14.1 0.92 411 369 42 0.16
Ni-MFI25 ps | 259 1.1 414 369 45 0.16
Ni-MFI30_ps 29 11 408 357 51 0.15
Ni-nMFI30 ps | 243 1.1 523 280 243 0.11
Ni-nMFI30 op | 28.1 1.2 528 320 208 0.13
Ni-BEA11 ps | 10.8 1.1 633 441 192 0.18
Ni-nBEA15 ps | 14 0.95 590 331 259 0.14
Ni-nBEA15 op | 12.9 1.2 714 403 311 0.17
Ni-nBEA30_ps | 22.2 1.2 668 358 310 0.15
Ni-nBEA30_op | 21 13 744 433 311 0.18

ps: post-synthesis, op: one-pot
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After calcining the materials in air at 580°C to remove occluded organic
molecules, Ni was added via post-synthetically (ion exchange/wetness
impregnation, being referred the samples with the Ni added by post-synthetic
treatments as ps), exhibiting approximately 1 wt% of Ni after undergoing wet
impregnation, as confirmed by ICP analysis (Ni-nMFI30_ps, Ni-nBEA15_ps,
Ni-nBEA30_ps in Table 6.4). Similarly, the commercial materials that had
undergone post-synthetic Ni addition showed a final Ni incorporation close
to 1 wt% (Ni-MFI15_ps, Ni-MFI25_ps, Ni-MFI30_ps, and Ni-BEA11 ps,

respectively).

According to the findings reported by Gallego et al*®, in the as-prepared
nanoscale BEA structures with a Si/Al molar ratio of 15, the entire Al atoms
were tetrahedrally coordinated. After calcining at 580°C, approximately 80%
of the Al remained in framework positions. Comparing those previous results
with the 2’Al MAS NMR spectra obtained in this study (Figure 6.10), the
proportion of Al in extra-framework positions was found to be 26% for
nBEA15-H and 19% for Ni-nBEA15_op. This suggests that the presence of Ni
species in the synthesis gel partially stabilizes the zeolite structure against
undesired dealumination. A plausible explanation for this stabilization is the
formation of cationic Ni species during calcination, occupying then charge

compensating sites, as it will be discussed more in detail later.
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Figure 6.10. Al MAS NMR spectra of the calcined nBEA15-H and Ni-nBEA15_op samples.
Integration of the bands assigned to tetrahedrally (~59 ppm) and octahedrally coordinated Al
(~0 ppm) for both samples result in 26 and 19 % of extra-framework Al for the acid and the Ni-

loaded nano-Beta, respectively.

As expected, the external surface areas of the synthesized nanosized zeolites
were significantly larger than those of the commercial zeolites, due to their
smaller particle size (Figures 6.7 and 6.8). Specifically, the external surface
areas for the synthesized MFI-type zeolites ranged from 200 to 250 m?%g,
while those for the BEA-type nanosized zeolites ranged from 260 to 310 m%g.
In contrast, the commercial MFI zeolites (Ni-MFI15_ps, Ni-MFI25_ps, and Ni-
MFI30_ps) exhibit surface areas of 40 to 50 m?%g, and the commercial Beta

zeolite (Ni-BEA11_ps) has a surface area of approximately 190 m%g.

The Brgnsted and Lewis acidity of the different nickel-containing zeolites
were determined using FT-IR combined with adsorption and desorption of
pyridine at different temperatures. These values are summarized in Table 6.5,
and the corresponding IR spectra in the pyridine region are shown in Figure

6.11.

[281]



Chapter 6

All samples exhibit bands at 1545 and 1455 cm™, corresponding to the
protonation of the basic probe molecule by the zeolite Brgnsted acid sites
(BAS) and the coordination of the pyridine molecule with Lewis acid sites,
respectively. In commercial zeolites with Ni added post synthetically, a
marked decrease of the Brgnsted acid band and a corresponding increase in
the Lewis acid band are observed, particularly for zeolites with lower Si/Al
ratios (Ni-MFI15_ps and Ni-BEA11_ps). This trend suggests that a noticeable
portion of the added Ni was incorporated as Ni** species stabilized in
exchange positions, “neutralizing” the acidic sites and reducing then

Brgnsted acidity, compared to protonated parent zeolites**.
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Figure 6.11. A) FTIR-pyridine spectra after the desorption treatment at 150°C for the MFl and
the B) BEA-type materials, including the parent zeolites in acidic form (H, solid trace), as well
as the Ni-containing zeolites where Ni was incorporated either post-synthetically (ps, dot trace)

or through one-pot synthesis (op, dash trace).
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Table 6.5. Acidity of the different Ni-free and Ni-containing zeolites as determined by FT-IR
combined with pyridine adsorption/desorption. 2 Acidities calculated as pmol of pyridine
retained after desorption treatment at 150°C.  Ratios of umol of pyridine retained after

desorption treatment at 350 and 150°C.

Brgnsted
acidity® Lewis acidity”
Sample B3so/B1so® Lsso/Lise’
(umol Pyr/g (umol Pyr/g cat)
cat)

MFI15-H 548 0.7 16 1.0
Ni-MFI15_ps 104 0.4 477 0.2
MFI125-H 461 0.8 38 0.8
Ni-MFI25_ps 153 0.9 143 0.6
MFI30-H 372 0.8 38 0.6
Ni-MFI30_ps 200 0.6 208 0.3
nMFI30-H 382 0.8 133 0.6
Ni-nMFI30_ps 259 0.5 406 0.5
Ni-nMFI30_op 400 0.7 120 0.7
BEA11-H 469 0.5 269 0.8
Ni-BEA11 ps 74 0.1 366 0.5
nBEA15-H 345 0.6 227 0.8
Ni-nBEA15_ps 146 0.5 306 0.6
Ni-nBEA15_op 355 0.5 346 0.8
nBEA30-H 244 0.7 172 0.7
Ni-nBEA30_ps 169 0.4 352 0.6
Ni-nBEA30_op 272 0.5 166 0.8

In addition, all the commercial Ni-containing zeolites present a common band
centred at 1610 cm™, assigned in the literature to pyridine coordinatively

bonded to Ni?* cations (Figure 6.11)%%. The same bands are observed in those
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nanosized materials where Ni was incorporated by wetness impregnation (Ni-

nMFI30_ps, Ni-nBEA15_ps, Ni-nBEA30_ps).

Conversely, in materials with lower Al content, where Ni was incorporated
through direct encapsulation (Ni-nMFI30_op, Ni-nBEA30 op), the final
density of Brgnsted and Lewis acid sites did not significantly decrease
compared to their protonated forms. This, along with the low intensity of the
1610 cm™" bands in their respective spectra (Figure 6.11), suggests that direct
incorporation of Ni primarily leads to the formation of NiO species rather
than promoting the formation of extra-framework Ni cations in charge

compensation sites.

In the case of the synthesized high Al-containing nanosized Beta (Ni-
nBEA15 op), an intermediate behaviour was observed. While the Brgnsted
acidity is similar to the Ni-free parent zeolite, the intensity of the band
associated with Ni?* cations is similar to that observed in the Ni-impregnated
samples. This, combined with the increased Lewis acidity, suggests the
coexistence of both NiO and Ni** cations. The presence of cationic Ni species
is also linked to the stabilization against dealumination observed in Ni-
BEA15 op, due to the presence of the Ni-EDA complex. Thus, Ni that does
not form NiO species likely remains as Ni?*, either grafted to silanol groups or
occupying charge compensation sites, keeping its Brgnsted acidity alongside

its increase in Lewis acidity.

The same trend in the final Ni speciation is observed in the samples,
independently from samples being MFI or Beta zeolites, only depending on
the way in which Ni is incorporated. The results showed that post-synthetic

incorporation of Ni favours the formation of cationic Ni?* species, either in
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charge-compensating positions or grafted to silanol groups. In contrast, Ni
direct incorporation during synthesis predominantly leads to the formation

of NiO species, regardless of the zeolite's crystalline structure.

To further investigate the Ni speciation within the materials, the samples
were characterized by FTIR spectroscopy using CO as a probe molecule. The
analyses were conducted both at low CO dosage, useful for identifying
metallic species, and at CO saturation, which allows the identification of

other zeolite species.

The first samples studied were the Ni-free commercial MFI zeolites with
different Si/Al ratios (see MFI15, MFI25 and MFI30 in Figure 6.12 CO-Low
dosage). In the protonated form, these zeolites exhibit signals at 2175 and
2138 cm®, which have been assigned in the literature to CO adsorbed on the
Brgnsted acid sites and to CO condensed within the zeolite pores (“liquid-
like” behaviour), respectively®?. Moreover, the commercial zeolite with lower
Al content presents an additional signal at 2160 cm™, which has been
identified as CO attached to silanol groups®. Notably, when CO is added in
low dosage levels, those signals are almost totally absent in the FTIR spectra
(Figure 6.12 CO-Low dosage), as the CO concentration is insufficient to show

the Brgnsted acid sites and silanol groups signals.

Following the post-synthetic incorporation of Ni, the infrared spectrum of the
Al richest sample displays two specific signals located at 2204 and 2212 cm™?,
associated with the interaction between the CO and the Ni?* in exchange

4163 \whereas a band is observed at 2192 cm?, assigned to Ni%*

position sites
grafted to the silanol groups within the zeolite structure*®3, This is even more

clear in the CO low dosage spectra (see MFI15, MFI25 and MFI30 in Figure
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6.12 CO-Low dosage) where only the signals of the CO interacting with the
metal are displayed, concluding that the samples presenting high density of
Brgnsted acid sites, such as Ni-MFI15_ps, favour the incorporation of the
metal incorporated as Ni** in exchange position sites. As the amount of
Brgnsted acid sites decreases and less ion-exchange sites are available, the Ni
speciation is prone towards the formation of silanol grafted Ni?* species

(22190 cm™) and NiO nanoparticles (2150 cm™).

Indeed, a significant decrease of the bands associated to the Brgnsted acid
sites is clearly observed in Figure 6.12 at CO-saturation levels when
comparing the commercial MFI samples in their protonic form and with the
Ni species added by impregnation, (see Ni-MFI15_ps, Ni-MFI25_ps and Ni-
MFI30_ps) being these results in good agreement with the decrease of the
Brgnsted acid site band observed in FTIR-pyridine experiments®, implying a
decrease of the available Brgnsted acid centres as result of the Ni%* species
incorporated in exchange positions. Regarding the nanosized MFI samples,
the spectra obtained for nMFI30 in its protonated form and the one for the
sample with Ni added by one-pot synthesis are quite similar at CO saturation
levels (see nMFI30_H and Ni-nMFI30_op in Figure 6.12)). The intensity of the
band at 2175 cm™ in the Ni-nMFI30_op sample is slightly higher than in the
parent nMFI30 spectrum. This band, typically associated with the interaction
of CO with the Brgnsted acid sites of the zeolite, has also been related in the
literature to the presence of NiO species®®. The intensity increase observed
in the Ni-nMFI30_op spectrum supports the presence of these NiO species,
a hypothesis further reinforced by the signal around 2150 cm™ in the

spectrum at lower CO coverage (see Figure 6.12).
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Figure 6.12. FTIR spectra using CO as probe molecule at CO low dosage adsorption (left
column) and at CO saturation (right column) for the Ni-containing nanosized MFI zeolites. The
panels include the parent zeolites (solid trace) and the Ni-containing zeolites where Ni has
been added via post-synthetic (dot trace) and/or one-pot methods (dash trace).
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Moreover, this sample exhibits a small fraction of Ni?* species attached to Si-
OH groups, as deduced from the signal at 2192 cm™, which appears in both
the CO saturation spectrum (see Ni-nMFI30_op in Figure 6.12)) and the low
CO dosage spectrum (see Figure 6.12). In contrast, the spectrum of the Ni-
nMPFI30_ps sample shows a significant decrease in the intensity of the band
associated with Brgnsted acid sites (2175 cm™, see Ni-nMFI30_ps in Figure
6.12 CO-Saturation)). This supports the conclusion obtained from the
observed decrease in the Brgnsted acid band in the FTIR-pyridine experiment
(Figure 6.11 A)). Furthermore, the appearance of a characteristic band at
2168 cm™ (Ni-nMFI30_ps in Figure 6.12 CO-Saturation), associated with the
formation of Ni*-CO species®, suggests a self-reduction phenomenon during
vacuum and high-temperature pretreatment, consistent with previous

studies reported by various authors*%6265,

Similar patterns are observed in the BEA-type materials (see Figure 6.13). The
spectrum of the parent nBEA30 sample displays two signals at 2175 cm™ and
2160 cm™, corresponding to CO interactions with Brgnsted acid sites and
silanol groups, respectively (see nBEA30_H in Figure 6.13 CO-Saturation) The
same signal as in the commercial MFI zeolites is observed at 2138 cm™,
attributed to condensed CO within the pores. However, unlike the nMFI30
spectrum, post-synthetic incorporation of Ni does not result in a decrease in
the Brgnsted acid band (see nBEA30_H and Ni-nBEA30_ps in Figure 6.13 CO-

Saturation).

The reason this band is preserved in the CO experiment, despite the
reduction in Brgnsted acid site density observed in the pyridine experiment,
is the formation of NiO species, whose interaction with CO amplifies the

signal at the same wavenumber. Indeed, the spectrum measured at low CO
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concentration (Figure 6.13 CO-Low dosage) reveals the presence of NiO
species. The broadening of the 2204 cm™ band suggests that a significant
fraction of the Ni species is in the form of Ni** cations grafted to silanol
groups, as proposed by Martinez et a/®®. Additionally, a characteristic band at
2137 cm™ is observed in the spectra of the nBEA30 samples, prepared by
both post-synthetic and direct incorporation of Ni (see nBEA30 sample in
Figure 6.13 CO-Low dosage), indicating the presence of the Ni*-CO complex,
along with another shoulder in the spectrum associated to these species at

2109 cm™" 6256,

The increase in the band at 2175 cm™ in the Ni-nBEA30_op spectrum,
associated with Brgnsted acid sites and the formation of NiO species (Figure
6.13 CO-Saturation)), is further supported by the appearance of a signal
around 2150 cm™, more pronounced in the CO low dosage spectrum (Figure
6.13 CO-Low dosage). This trend is similar to the one observed in Ni-
nMFI30_op, both at CO saturation and low dosage levels, with the effect
being particularly noticeable at low CO concentrations (Ni-nMFI30_op in

Figure 6.12 CO-Low dosage and Figure 6.13 CO-Low dosage).
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Figure 6.13. FTIR spectra using CO as probe molecule at CO-Low dosage adsorption (left
column) and at CO-Saturation (right column) for the Ni-containing nanosized BEA zeolites. The
panels include the parent zeolites (solid trace) and the Ni-containing zeolites where Ni has

been added via post-synthetic (dot trace) and/or one-pot methods (dash trace).

For the high Al content nanosized Beta zeolites (nBEA15), there is a notable
contribution of the band at 2212 cm™ derived from the CO interaction with
Ni?* at exchange positions, especially in the Ni-NBEA15 ps sample, as
observed in the IR spectrum under CO low dosage coverage. In contrast, the
sample with Ni incorporated via direct encapsulation shows a stronger signal

at 2175 cm™, similarly to what was observed in Ni-nBEA30_op. The
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persistence of this band within this range (see nBEA15 samples in Figure 6.13
CO-Low dosage), despite the decreased intensity for the same band in the
Ni-nBEA15_ps spectrum, suggests the formation of NiO species, as indicated
by the isolated contribution of this signal in the CO low dosage spectrum of
Ni-nBEA15_op (Figure 6.13 CO-Low dosage). Pairing this result with the slight
decrease in Brgnsted acidity observed in the FTIR-pyridine spectrum (see Ni-
nBEA15 op in Figure 6.11) reinforces the conclusion that a portion of the Ni
species are present as NiO rather than Ni?*, which could otherwise block
available Brgnsted acid sites. This trend is similar to what was observed for

nBEA30, though more pronounced.

The analysis of the Ni-containing zeolites using FT-IR at low temperatures and
CO molecule as a probe molecule reveals that, regardless of the zeolite's
topological structure (MFI or BEA), the Ni incorporation methodology plays a
decisive role in determining its final speciation within the zeolitic support.
One-pot encapsulation promotes the formation of NiO species, while post-
synthetic incorporation methodologies favour the formation of cationic Ni
species, being high Al content materials more prone to estabilize Ni?* species
in exchange positions, attached to Brgnsted acid centres and low Al content

more favoured to form Ni?* species grafted to silanol groups.

In addition to analysing the spectra in the specific region of CO interactions,
potential changes in T-OH stretching region of the spectra, related to the
presence of aluminols and silanols, were examined to assess the final
speciation of Ni species based on their interactions with these functional
groups. A noticeable decrease in the intensity of signals around 3600 cm™,
corresponding to the hydroxyl groups responsible for the Brgnsted acidity of

the zeolite, was observed in all MFI-type commercial samples where Ni was
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incorporated post-synthetically. Additionally, these spectra reveal a decrease
in the signal intensities attributed to isolated internal silanol groups (=3738
cm™)%788 while the intensity of signals associated with isolated external

silanols (*3750 cm™) remained unchanged.

These results are consistent with those evidenced by low-temperature FTIR-
CO spectra, reassuring that Ni2* are preferentially grafted to isolated silanols
within the micropore structure, especially in more siliceous zeolites. On the
other hand, more Ni?* species are positioned in exchange sites on zeolites
containing higher Al contents, interacting with the aluminols of the Brgnsted

acid centres.
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Figure 6.14. FTIR spectra in the —OH stretching region for commercial MFI zeolites and
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and the Ni-containing zeolites where Ni has been added via post-synthetic (dot trace) and/or
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Regarding the synthesized zeolites, a decrease in the signals associated with
aluminols linked to Brgnsted acid centres is observed in the spectra of both
nMPFI30 (Figure 6.14) and nanosized Beta (see nBEA15 and nBEA30 samples
in Figure 6.14). This decrease is more pronounced in the Ni-nMFI30_ps
sample, where the signal disappears entirely. Although there is a slight
increase in this signal for the Ni-nMFI30_op sample, the overall trend across
the other materials is a decline in this signal intensity. Indeed, a reduction of
the Si-O-Al signal values is observed in the nanoBEA samples regardless the
employed Ni incorporation methodology, especially in the sample with the

highest Al content when Ni is added post-synthetically (Figure 6.14).

In terms of the isolated silanol signals (23750 cm™), most of the synthesized
samples exhibit a decrease in this signal, with the exception of Ni-nMFI30_op
where an increase is observed. For the Beta zeolites, a decrease in the
intensity of the band associated with isolated external silanols is observed
when compared to their Ni-free counterparts. Similar to the phenomena
observed in the commercial zeolites spectra, the synthesized samples follow
the same pattern, where Ni?* cations are present in both forms. In the higher
Al-content synthetized Beta, a higher proportion of Ni?* cations might occupy
exchange sites, while in the lower Al-content materials, Ni®* cations are
predominantly grafted onto the silanols. In contrast, in those samples where
the Ni was added by one-pot synthesis, the decrease of those bands is much
softer, suggesting that Ni could be incorporated as NiO species, remaining

part of the silanol and aluminol groups free.

The potential presence of agglomerated Ni particles on the external surfaces
of the synthetized MFI and BEA samples was initially investigated using

scanning electron microscopy with an ESB darkfield detector (see Figure 6.7).
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In contrast, the infrared spectra indicated the existence of NiO species for
those samples where Ni was added by direct encapsulation. The samples
were further examined through dark-field transmission electron microscopy
(see Figure 6.15) to confirm the presence of encapsulated nanosized NiO
particles within the zeolite crystal. Ni nanoparticles were not detected in the
commercial samples Ni-MFI15_ps, Ni-MFI25_ps, and Ni-MFI30_ps, aligning
these observations with the infrared spectra results, supporting that the
majority of Ni species remained as divalent cationic form (see Ni-MFI15_ps,
Ni-MFI25_ps and Ni-MFI30_ps in Figure 6.12). As for the synthesised
nanoMFI (see Figure 6.15), STEM imaging confirmed the absence of particles
when Ni was added by post-synthetic treatments, while in the Ni-nMFI30_op
sample (see Figure 6.15), encapsulated NiO nanoparticles within the zeolite

crystal were clearly observed.
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Ni-MFI15_ps,

Ni-nMFI30_op

Figure 6.15. Dark field STEM images of the different Ni-containing MFI-type zeolites.
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A similar trend is observed for BEA-type zeolites, particularly for Ni-
BEA11l ps, Ni-nBEA15_ps, and Ni-nBEA30_ps. In case of the materials where
Ni was incorporated post-synthetically, the formation of encapsulated
particles was not detected, aligning these evidences with the results obtained
by the infrared spectroscopy. The direct incorporation via one-pot synthesis
primarily promotes the speciation of Ni as NiO while post-synthetic favours

the formation of Ni?* species.
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Ni-BEA1l ps Ni-nBEA15_ps

Ni-nBEA15_op

Ni-nBEA30_op

Figure 6.16. Dark field STEM images of the different Ni-containing BEA-type zeolites.
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Temperature-programmed reduction (TPR) tests using H, were performed to
investigate the metal-support interaction. By analysing the temperature at
which metal species in the materials undergo reduction, it is possible to
identify the different metal speciation. According to the literature, external
bulky NiO nanoparticles with weak interactions with the support are reduced
at temperatures below 300°C***¢970 However, the reduction of Ni(ll) to
Ni(0) requires a higher energy input, typically occurring between 360 and
600°C, depending on the location of the cationic species and their degree of

interaction with the support***6>6970 (see Figure 6.17)
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Figure 6.17. H,-TPR profiles for the Ni-containing A) MFI-type and B) BEA-type materials.

All the Ni-containing samples exhibit the major reduction peaks within this
intermediate temperature range of 350 to 600°C, associated to the Ni?*

reduction. Notably, samples where Ni was incorporated post-synthetically
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show higher hydrogen consumption near the upper limit of this range (Figure
6.15), suggesting a strong interaction between the Ni?* cations and the zeolite
structure®’. In contrast, materials synthesized through one-pot synthesis
display significant hydrogen consumption at lower temperatures, indicative
of NiO nanoparticles on the external surface, as well as a prominent
reduction peak above 600°C. This last peak is associated with the reduction
of encapsulated NiO nanoparticles (Figure 6.15, Figure 6.16 and Table 6.6),
showing a much stronger interaction with the support framework, consistent

with findings by Li et al. on directly encapsulated Ni species’*.

Table 6.6. Relative hydrogen consumption estimated from the TPR measurements at the low,

medium and high temperature regions for the different Ni-zeolites.

%Ni Low T % Ni Intermediate T % Ni High T
Sample
(T<300-350°C) (300-525°C) (T>525°C)
Ni-MFI15_ps 30 58 12
Ni-MFI25_ps 15 79 6
Ni-MFI30_ps 7 90 3
Ni-nMFI30_ps 8 67 25
Ni-nMFI30_op 39 2 59
Ni-BEA11_ps 3 67 30
Ni-nBEA15_ps 2 53 45
Ni-nBEA15_op 12 23 65
Ni-nBEA30_ps 6 60 34
Ni-nBEA30_op 26 34 40
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These final results, together with those obtained by the FTIR spectroscopy,
using both CO and pyridine as probe molecules, and by the STEM strongly
evidence that the final state of Ni species within the same zeolite framework
is mainly dependent on the incorporation method. Additionally, the Brgnsted
acid density of the materials is shown to vary based on the Ni incorporation

strategy too.

6.3. THE INFLUENCE OF THE Ni SPECIES AND PHYSICO-
CHEMICAL PROPERTIES OF ZEOLITE SUPPORTS ON THE
CATALYTIC ACTIVITY AND FINAL PRODUCTS SELECTIVITY IN
ETHYLENE OLIGOMERIZATION REACTION.

The catalytic performance of the Ni-containing zeolites, with fine tunned Ni
species and physicochemical properties (surface area, particle size, crystal
structure or Brgnsted/Lewis acidity), was investigated for the ethylene
oligomerization reaction under different conditions (see Chapter 3, Table
3.1). In a first approach, the reaction was examined at near-ambient
pressures with a low ethylene partial pressure and high space velocity. Based
on previous studies, high selectivity towards the dimerization of ethylene into
butenes was expected working under these conditions, even for materials
exhibiting elevated Brgnsted acidity>*. Additionally, the materials were tested
under more demanding conditions, including high pressure, increased
ethylene concentration, and lower space velocity, approaching the conditions
to those employed in industry. According to the literature, these harsher
conditions are expected to favour the formation of oligomers with molecular
weights in the range of liquid fuels, where the acidity has a more significant

contribution to the catalytic behaviour®®%,
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Figure 6.18 illustrates the ethylene conversion obtained by the different MFI
and BEA catalysts. A noticeable pattern observed is that all the catalysts
exhibit an initial decrease in their activity within the first 50 minutes of time-
on-stream (TOS) and after that, the catalysts become stable. This initial
activity drop is more pronounced in MFI zeolites compared to Beta zeolites
and is more severe in samples with lower Si/Al ratios. Once the catalyst
activity became stable, the final ethylene conversion values reached by the

different materials appear to be similar.

A) B)
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—B— Ni-MFI15_ps —m— Ni-BEA11_ps
—o— Ni-MFI25_ps —@— Ni-nBEA15_ps
27 —A— Ni-MFI30_ps 274 —O— Ni-nBEA15_op
—&— Ni-nMFI130_ps —&—Ni-nBEA3O_ps
—O— Ni-nMFI30_op —O— Ni-nBEA30_op

15+ T T T T T 1 T T T T 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300

15 T

Time (min) Time (min)

Figure 6.18. Reacted ethylene in Ni-containing A) MFI and B) BEA materials under near-
ambient pressure. Reaction conditions: 180°C, 2.5 bar, WHSV = 16.3 hr, Q; = 600 mL/min
(%vol N, = 97.5, %vol CoHg = 2.5%), mest = 63 mg.

To gain a deeper understanding of the role played by the different Ni species
in each catalyst, Figure 6.19 presents the conversion values normalized to the

Ni content of the respective materials.
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Figure 6.19. Reacted ethylene (mol) normalized by Ni content in Ni-containing A) MFl and B)
BEA materials under near-ambient pressure. Reaction conditions: 180°C, 2.5 bar, WHSV =16.3
hrt, Q; = 600 mL/min (%vol N, = 97.5, %vol CoHg = 2.5%), meat = 63 mg.

Figure 6.19 presents similar trends to the observed in the previous graph
showing conversion versus TOS (Figure 6.18). An initial drop of the activity for
all materials is again evident, but this time it is more noticeable that
deactivation is more pronounced in materials with higher Brgnsted acidity.
This initial decrease in catalytic activity could be attributed to the formation
of Ni-alkyl complexes with long carbon chains. These reaction intermediates
are unable to desorb, partially blocking the Ni?* active centres*. A similar
behaviour was previously reported by Moussa et al.*?, where the loss of
activity was related to the adsorption of high molecular weight reaction
intermediates on Ni?* species in ion exchange positions, with strong Lewis

acidity.
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As the Si/Al ratio of the materials increases, a decrease in stationary TOF
values (also the initial value at TOS = 0 min) is observed. It has been widely
reported that Ni?* species are catalytically effective for ethylene activation’*
7. Numerous studies have emphasized the role of aluminium in the support
structure in promoting this Ni** speciation. Indeed, the FTIR spectra of
materials with higher Si/Al ratios reveal a tendency toward the formation of
NiO, whereas materials with a greater concentration of acid sites display
stronger indications of stabilizing Ni%*. Thus, the activity trends observed and
the FTIR-pyridine results evidences that the highest loss of Brgnsted acid site
density and the highest increase in Lewis acidity were observed for the most
active sample (Ni-MFI15_ps), which is in agreement with the highest
proportion of Ni?* cations in ion exchange sites according to the low
temperature CO-FTIR experiments. On the other hand, higher Si/Al ratios and
smaller crystal sizes favoured the silanol grafted Ni** species, with weaker
Lewis acidity. These Ni cations were described as the ones remaining active
at longer TOS for the ethylene oligomerization reaction**2, The presence of
these cationic species grafted to the silanol groups could justify the milder
deactivation of the materials, as the adsorbed species exhibit weaker
interactions with the Lewis acid sites. This reduced interaction minimizes the

degree of irreversible deactivation caused by the blockage of active sites.

Regarding the particle size, similar activities for the nanocrystalline MFI (Ni-
nMFI30_ps) and the commercial-based Ni-MFI30_ps are observed, but the
nanosized suffers slower deactivations, as expected from shorten the
diffusional pathways. And finally, regarding the Ni incorporation
methodology, the Ni-nMFI30_op is the material with the lowest activity due

to the low proportion of Ni%* species and the higher proportion of NiO
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encapsulated nanoparticles, species reported as inactive for ethylene

molecule activation®’.

Similar general trends are observed for the BEA type catalysts (see Figure
6.18 B) and 6.19 B)). Regarding the Beta nanocrystalline zeolites, the sample
with the highest Al-content and Ni post-synthetically added showed the
highest activity among the synthesized zeolites due to a higher amount of Ni
stabilized as divalent cations. On the other hand, Ni-nBEA15_op sample was
able to stabilize Ni species both as NiO nanoparticles and Ni?* cations, despite
possessing Ni added by one-pot synthesis, due to the high concentration of

Al in the zeolite structure.

The catalytic activity of the synthesized catalysts with higher Si/Al ratios is
aligned with the trend observed previously for MFI synthesized materials. Ni-
nBEA30_ps shows the higher activity, explained by the proportion of Ni?*
species stabilized within the zeolite, than Ni-nBEA30_op, which exhibits
lower activity, as the reduced Al content during synthesis favours the
stabilization of Ni as NiO nanoparticles. The commercial sample, Ni-
BEA11l ps, demonstrates a moderate activity between the nanocrystalline
Beta sample with Si/Al ratios of 15 and 30. Although Ni-BEA11_ps possesses
higher Lewis acidity (see Table 6.5), it also shows lower activity and slightly
more pronounced initial deactivation, likely due to its larger particle size.

These trends are consistent with previous studies on olefin oligomerization®.

Regarding the product distribution obtained with the MFI type materials (see
Figure 6.20), at longer times on stream (TOS > 120 min), butenes are the
dominant products, with selectivities exceeding 75%, primarily due to

ethylene dimerization. However, at initial TOS, when catalytic activity is
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higher, other fractions such as Cs, Cs, Cs, and to a lesser extent, Cy, are also
detected. The presence of products with odd carbon numbers suggests that,
in addition to oligomerization occurring at the Ni?* active sites, secondary
reactions like cracking, isomerization, or further oligomerization of the
primary products have also taken place, promoted by the Brgnsted acid

sites’®.

The formation of small isobutane fractions in the early stages of the reaction
supports the contribution of carbocation-based mechanisms in the overall
product distribution. The deactivation observed within the first 60 minutes
of reaction, followed by the stabilization of the ethylene conversion at higher
TOS, along with evolution of the product distribution (decrease in Cs;
proportions and an increase in Cs and Cs fractions), suggests that the
Brgnsted acid sites, responsible for parallel isomerization and cracking
reactions, deactivate much faster than the active Ni species. Among the MFI-
type catalysts studied, Ni-nMFI30_op exhibits the lowest selectivity towards
butenes and the highest towards Cs. products, likely due to its higher
Brgnsted acidity, which is preserved when Ni is incorporated via direct

synthesis (see Table 6.5), despite having the lowest activity.

[306]



Ni-MFI15_ps

-
o
o

& =23 =3
=] o o

Product Distribution (%)
N
o

0 35 70 105 140 175 210 245 280
TOS (min)

Ni-MFI30_ps

» =2 -3
o o o

Product Distribution (%)
N
o

0 35 70 105 140 175 210 245 280 310
TOS (min)

Ni-nMFI30_op
100

» =2 =
o o o

Product Distribution (%)
N
o

0 35 70 105 140 175 210 245 280
TOS (min)

Results

Ni-MFI25_ps

-
[=3
o

» (=23 @
=] o (=]

Product Distribution (%)
N
o

0 35 70 105 140 175 210 245 280 310
TOS (min)

Ni-nMFI30_ps

-
H» L2 o (=3
o o o o

Product Distribution (%)
N
o

0 35 70 105 140 175 210 245 280
TOS (min)

Il >c12
Blci2
Il c1o
A Co

B c4
BBl isobutane
i Cs

Figure 6.20. Product selectivities for Ni-containing nanosized MFI materials under near-

ambient pressure. Reaction conditions: 180°C, 2.5 bar, WHSV = 16.3 hr, Q; = 600 mL/min

(%vol N, = 97.5, %vol CoHg = 2.5%), Mt = 63 mg.
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In the case of the overall product distribution obtained for the Beta-type
catalysts (Figure 6.21), butenes remain as the predominant product.
However, the selectivity toward butenes is notably higher compared to the
MFI-type catalysts, over 90% once the reaction reaches steady-state for most
of the samples. At short time on stream (TOS <36 min), minor fractions of C5
and more noticeable fractions of Cs, Cs, and C; hydrocarbons were obtained.
These odd carbon number distributions result from isomerisation/cracking
reactions of heavier oligomers (>Cs), probably occurring at the channel
intersections. Furthermore, isobutane formation is also observed at short
TOS in higher proportions than in ZSM-5 catalysts, phenomena attributed to

the greater hydrogen transfer capacity of the larger-pore Beta zeolites®.
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After examining the catalytic behaviour of the entire range of materials under
near-ambient pressure conditions with low ethylene partial pressure and
high space velocities, it can be concluded that all catalysts with Ni added post-
synthetically exhibit superior catalytic performance compared to those with
Ni encapsulated through one-pot synthesis. The post-synthetic incorporation
of Ni enhances stabilization of the Ni species as divalent cations, particularly
in materials with lower Si/Al ratios, a conclusion evidenced by the
combination of various characterization techniques (i.e. “in-situ” IR

experiments with different probe molecules, H,-TPR, and STEM).

Interesting differences were observed when the catalytic tests were
conducted under conditions more similar to those carried out in industry,
characterized by remarkably higher pressures, high temperature, lower space
velocities, and higher ethylene partial pressure in the reaction mixture. The
initial conversions were substantially higher under these conditions.
However, comparing with the study conducted at near-ambient pressure
conditions, all materials experienced a much more severe deactivation (see
Figure 6.22). With lower space velocity and a larger amount of catalyst used,
the TOF values were expected to be significantly lower than those obtained
under low-pressure conditions due to the high ethylene/Ni ratio employed in
these catalytic tests (see Figure 6.23), in good agreement with findings

reported in previous studies*?.

It is important to remark that the reaction carried out at high pressures and
at high ethylene concentrations in the feed stream will lead to the formation
of significantly larger oligomers. This effect has been reported previously*” to
be the factor that contributes to most of the drop of the catalysts activity.

Under these conditions, it is expected that, in addition to the speciation of Ni
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on the supports, other factors such as the particle size and the remanent

Brgnsted acidity will also impact the final catalytic behaviour of the

bifunctional Ni-catalysts studied.
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Figure 6.22. Reacted ethylene (mol) normalized by Ni content in Ni-containing A) MFl and B)

BEA materials under high-pressure conditions. Reaction conditions: 200°C, 35 bar, WHSV = 2.1

hr1, Q¢ = 100 mL/min (%vol N, = 85, %vol CoHg = 15%), meat = 500 mg.

In contrast to the activity curves gathered under low-pressure conditions,

where the samples with the lowest Si/Al ratios exhibited the highest activity

due to the role of aluminium in stabilizing Ni?*, the behaviour at high pressure

differs substantiality. Under low-pressure conditions, lower Al-containing

samples showed reduced initial activity and deactivation rate, suggesting that

factors like crystal size or diffusive properties were not relevant. However,
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this trend has not been repeated in the high-pressure study. As shown in
Figure 6.22 A), during the catalytic evaluation of Ni-MFI catalyst under high
pressure and ethylene concentration, the two nanocrystalline samples were
the ones that demonstrate the highest initial activity and experienced the
lowest deactivation degree, maintaining a more stable performance at high
TOS as compared to the other MFI samples. In this case, it seems that the
main factor improving the final catalytic behaviour is the crystal size,
shortening the heavier intermediates pathway and delaying the catalyst

deactivation.

To assess the influence of Ni species on the catalytic activity of the materials
under these harsh conditions, stabilization curves were plotted using the TOF

against the TOS.

Figure 6.23 presents the stabilization curves normalized by the Ni content of
the materials, highlighting the differences in initial activity among the MFI
samples (Figure 6.22 A)). The nanosized synthetized zeolites display the
highest initial activity, indicating that the presence of Ni%* species does not
mitigate material deactivation. Notably, Ni-nMFI30_op demonstrates higher
initial activity than all the commercial MFI zeolites (which have micronsized
crystal particles). This suggests that, in reactions conducted under high
pressure, high ethylene concentration and low space velocity, the most
relevant factor determining the stability of the materials over time is the

particle size.
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Regarding Beta zeolites, as all the materials exhibit nanometric crystals
(ranging between 10-30 nm), higher activity is observed than for the MFI-
based catalysts values (see Figures 6.22 B) and 6.23 B)). In this case, the
impact of the Ni species is more noticeable, with Ni-nBEA15_ps showing the
highest catalytic activity, followed by Ni-nBEA11l ps. This enhanced
performance is attributed to their higher capability to stabilize the Ni species
as Ni?* cations, as the elevated Al concentration allows for better stabilization

of the metallic species in their cationic form.

[313]



Chapter 6

100

©
o

60

»
o

»n
o

g
S
<
c
o
2
>
r=}
s
-
1]
(=]
-
[}
3
3
Il
o

0

-

00

Product Distribution (%)

-
£ o © =3
o o o o

Product Distribution (%)
N
o

0
0

0 35 70 105 140 175 210 245 280 307

Ni-MFI15_ps Ni-MFI25_ps
100

©
o

(=2}
o

40

Product Distribution (%)
N
o

35 70 105 140 175 210 245 280 70 105 140 175 210 245

TOS (min) TOS (min)

Ni-MFI30_ps Ni-nMFI30_ps
00

-

Product Distribution (%)

0
0 35 70 105 140 175 210 245 280 307

TOS (min) TOS (min)
Ni-nMFI30_op

Bl -c12
EEci2
Il c1o
B Co
B Cs
Bscr
(] cs
e
2 c4
B isobutane
i C3

35 70 105 140 175 210 245 280
TOS (min)

Figure 6.24. Product selectivities for Ni-containing nanosized MFI materials under high-

pressure conditions. Reaction conditions: 200°C, 35 bar, WHSV = 2.1 hr1, Q; = 100 mL/min

(%vol N, = 85, %vol C2Hs = 15%), Mea = 500 mg.

Figures 6.24 and 6.25 illustrate the product distributions for all MFl and Beta-

type Ni-zeolites. Under these harsh reaction conditions, noticeable
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differences in the overall product distribution appeared, compared to those
obtained under near-atmospheric pressure. The results suggest that both the
crystalline particle size and Ni speciation played a role in shaping the final

hydrocarbon distribution.

For the commercial MFI samples, the product distribution remains similar to
that obtained under lower pressure conditions, with products with 5 or more
carbon atoms (Cs* > 60%) formed on the fresh catalysts at short TOS and
butenes selectivity values approaching 70% at extended TOS. However, the
higher ethylene concentration and high pressure promote consecutive
ethylene oligomerization steps and the extension of side cracking reactions
are reduced, resulting in the formation of trimers and tetramers (Cs and Cg)
and reducing the formation of Cs hydrocarbons during the initial stages. In
fact, the low selectivity to C3 hydrocarbons obtained under these conditions
suggest that the C; compounds participate in the formation of the large

oligomers.

In the case of nanosized MFI samples, their higher selectivity towards the
formation of heavier hydrocarbons (Cs*), as compared to their micronsized
Ni-catalysts with similar Si/Al ratios has to be remarked. This is attributed to
the enhanced diffusive properties of theses catalysts resulting from
shortening the diffusional path lengths, facilitating the elution of heavy
oligomers from the zeolite porous channels (see Figure 6.24). Notably, the
catalyst where Ni was incorporated through one-pot synthesis, retaining
higher Brgnsted acid density than its post-synthetically Ni-added
counterpart, extends the oligomerization products range, resulting in a

increased formation of Ci,* hydrocarbons at prolonged TOS (see Figure 6.24).
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The differences observed in the product distributions for the Ni-Beta catalysts
are even larger when comparing the catalytic results obtained under the two

reaction conditions.

Under near-ambient pressure, specifically in those materials where the Ni
was incorporated via post-synthetically impregnation, the product selectivity
was predominantly favoured towards the formation of butenes (>90%).
However, under high-pressure conditions, and once the reaction surpassed
the initial stages of the reaction (TOS > 36 min), the selectivity evolved
towards the formation of oligomers with a higher carbon number (see Figure
6.25). For materials where Ni was added via one-pot synthesis, the same
trend was observed for the Ni-nBEA15 op and Ni-nBEA30_op samples
compared to Ni-nMFI30_op sample. The higher density of Brgnsted acid sites
(see Table 6.5) enhanced oligomerisation steps, increasing the proportion of
Ci2 and Cy2" hydrocarbons significantly, more than those obtained with their
counterparts where Ni was introduced post-synthetically. These findings
suggest that, similarly to the nanoMFI catalysts, the catalytic behaviour under
high-pressure conditions, with elevated ethylene concentration and low
space velocity, is more influenced by crystal size and Brgnsted acid density

than by Ni speciation.

Under more severe reaction conditions, bimolecular processes like hydrogen
transfer are more favoured compared to milder conditions, leading to a
higher fraction of isobutane in the early stages of the reaction. It was
observed in both conditions that MFI-type catalysts are less selective for
isobutane formation than Beta-type catalysts. Among the Beta catalysts,
materials with Ni encapsulated via one-pot synthesis exhibit higher selectivity

for isobutane production, attributed to their higher Brgnsted acid sites
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density. After 1 hour of TOS, the isobutane fraction stabilises at below 5%,
probably as result of having some of these Brgnsted acid sites blocked by the

alkyl-complexes.

It can be concluded that the rational synthesis of Ni-containing zeolites, in
which factors such as zeolite topology, crystal size, final density of Brgnsted
acid centres, and Ni speciation can be controlled through the synthesis
conditions and the method of Ni incorporation (either via post-synthesis or
encapsulation), enables the improvement of both the initial catalytic
performance and the catalyst lifetime. This approach also increases the
selectivity toward olefins with molecular weights in the liquid fuel range (Cs*)

when operating under conditions similar to those used in industry.

Under mild conditions (low ethylene concentration, ambient pressure, and
low space velocities), crystal size plays a minimal role since there are only a
few oligomerization steps that produce light oligomers (Cs-Cg). However,
when reaction is carried out under industrial conditions (high pressure, high
ethylene concentration, and low space velocity), crystal size becomes a

critical factor in the catalyst stability enhancement.

Diffusive properties were improved through the synthesis of nanometric MFI
and BEA zeolites, and the study allowed to corroborate that the final Ni
speciation in the material was entirely dependent on the incorporation
method employed, for both structures, and for two Si/Al ratio, as

demonstrated in the case of Ni-nBEA.

For all conditions that have been studied, higher initial activities for ethylene
transformation were obtained in those samples where Ni was added post-

synthetically, as this method allowed the stabilization of Ni species primarily
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as Ni?* within the different structures. Additionally, the method of Ni
incorporation also controlled the Brgnsted acid site density in the materials,

with higher density levels achieved when Ni was added via direct synthesis.

This physico-chemical property directly affected both the catalyst
deactivation rate and the final product distribution under high-pressure
conditions. It favoured the formation of Cs* fractions when Ni was
incorporated post-synthetically, while C;,* fractions were observed in

samples that maintained acidity through direct encapsulation of Ni.

6.4. CONCLUSIONS

A wide set of Ni-containing catalyst was rationally prepared, varying
crystalline structures, crystal sizes, Si/Al ratios, and incorporating the Ni
species by different methods. Different complementary characterization
techniques revealed that the post-synthetic impregnation procedure favours
the formation of Ni?* species at ion exchange sites, particularly in materials
with higher Al content, enhancing Ni incorporation. In contrast, the one-pot
synthesis approach leads to the formation of encapsulated NiO nanoparticles
within the zeolite pores. The catalytic performance of these materials for
ethylene oligomerization was then evaluated under two distinct reaction

conditions.

On the one hand, under mild conditions (near atmospheric pressure, low
ethylene concentration, and high space velocity) it was observed that crystal
size and improved diffusion properties did not influence the catalytic activity.
Materials with Ni post-synthetically incorporated showed higher activity
compared to those with Ni added via one-pot synthesis. This is attributed to

the stabilization of Ni as Ni?*, particularly in high-Al-content materials, species
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that are the most active towards ethylene activation and subsequent

dimerization.

Secondly, under harsher conditions, more similar to the industrial conditions
(high pressure, elevated ethylene concentrations, and low space velocity) a
large number of oligomerization steps are favoured, producing heavier
hydrocarbons and leading to a faster catalyst deactivation. In this scenario,
crystal size and good diffusive properties became critical, with the nanosized
zeolites demonstrating greater stability than commercial zeolites with larger
crystal sizes. Moreover, under these severe conditions, the method of Ni
incorporation influenced both catalytic activity and product selectivity. While
post-synthetically incorporated Ni%* cations remained being the species most
active, the direct synthesis of NiO nanoclusters allowed to preserve higher

Brgnsted acid sites density, influencing significantly the product distribution.

The results obtained from this chapter have been published in “Journal of
Catalysis” in the work entitled “Design of bi-functional Ni-zeolites for
ethylene oligomerization: Controlling Ni speciation and zeolite properties by
one-pot and post-synthetic Ni incorporation”, which DOl is:

https://doi.org/10.1016/j.jcat.2023.07.010.
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Conclusions

This doctoral thesis has introduced various innovative methodologies for
synthesizing zeolitic materials, enabling precise control over their crystalline
structure and particle size, as well as their textural and physicochemical
properties. Furthermore, these methodologies have facilitated the selective
positioning of homogeneously distributed metallic active centres within all
zeolite crystalline particles. Due to these features, the synthesized materials
show promising prospects for application as heterogeneous catalysts in

chemical processes of significant industrial relevance.

Each chapter comprehensively compiles the conclusions drawn from a
thorough and critical analysis of the results obtained along the research.
Below, the most significant conclusions derived from this PhD thesis are

outlined.

> Resolving Complex K-PtSn Interactions in PtSn@K-MFI Catalysts for

alkane dehydrogenation.

In Chapter 4, three-dimensional medium-pore zeolites with MFI crystalline
structure were synthesized in their purely siliceous form (S-1), incorporating
Pt nanoclusters as active centres and varying atomic compositions of K*
cations and Sn species. By optimizing the atomic balance within the synthesis
gel, the interaction between the active sites and the alloying species was
enhanced, thereby maximizing catalytic activity and stability in the non-

oxidative dehydrogenation of propane, an industrially relevant reaction.

Increasing Sn content in the absence of K* resulted in a deficiency of PtSn
alloys and a non-homogeneous distribution of these species within the
zeolitic matrix, promoting the sintering of metal centres during catalytic use.

Conversely, an excess of K* and Sn beyond the stoichiometric assimilable
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threshold led to the precipitation of Sn silicate impurities, which sequestered
catalytically active species and reduced PtSn interactions. This, in turn,

diminished catalytic activity and reduced resistance to sintering upon reuse.

Optimal catalyst compositions, characterized by K* levels close to the
maximum stoichiometric uptake (~0.7 wt% K) and intermediate Sn
concentrations (~1 wt% Sn), facilitated the homogeneous dispersion and
stabilization of PtSn bimetallic centres. This resulted in superior catalytic
performance, exhibiting higher activity and selectivity towards the propylene
formation at extended time-on-stream (TOS), and possessing enhanced

resistance to sintering across multiple regeneration cycles.

These findings underscore the critical importance of atomic-scale catalyst
design during synthesis and crystallization to satisfy the rigorous demands of
modern industrial processes. Such an approach extends catalyst lifetime and
enhances process sustainability by reducing deactivation and improving

overall efficiency.

> One-pot encapsulated metal zeolite with controlled zeolite particle

sizes: from nano to submicron zeolite particles

In the second chapter of this doctoral thesis, three-dimensional medium-
pore zeolites with MFI structure were synthesized in their purely siliceous
form (S-1). These materials exhibit different zeolite crystalline particle sizes
and incorporate Pd nanoparticle-based active centres. The objective of this
study was to investigate the impact of the catalysts” diffusive properties on
their activity and final selectivity in the semi-hydrogenation of

phenylacetylene. Precise control of the diffusive properties of the S-1
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supports was achieved by modulating the final crystalline particle size

through the rational adjustment of the crystallization temperature.

A decrease in crystalline particle size resulted in enhanced catalytic activity
and improved selectivity towards the semi-hydrogenation of phenylacetylene
to styrene, as the smaller particles facilitated the rapid release of product

molecules.

Additionally, ultrafast hydrothermal synthesis methodology was successfully
employed to develop hydrophobic crystalline coatings of controlled
thickness, regulated by the degree of hydration of the synthesis gel. This
innovative approach provided an effective strategy for enhancing the

stabilization of metal nanoparticles.

> Design of bifunctional Ni-zeolites for ethylene oligomerization.
Controlling Nickel speciation and zeolite properties through one-

pot synthesis and post-synthetic Nickel incorporation.

In the final chapter of this PhD thesis, nanocrystalline zeolites of both MFI
and BEA crystalline structure, with varied physicochemical properties, were
synthesized employing specific OSDAs. These properties were tailored by
adjusting the Si/Al ratio in the synthesis gel and utilizing a specific method for
incorporating Ni. This approach enabled the precise control over crystalline
particle size and the strategic positioning of active centres at the atomic scale,
optimizing the diffusive properties for the light olefin oligomerization
reaction. The synthesized materials were compared to commercially
available zeolites, where Ni incorporation was achieved through post-

synthetic procedures.
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The method used for Ni incorporation significantly impacts the final state of
the material. Post-synthetic incorporation promotes the formation of Ni%*
centres, whereas direct synthesis leads to the formation of both Ni%* cations
and homogeneously dispersed NiO nanoparticles (with a higher

concentration of Ni%* at lower Si/Al ratios).

The chemical state of the Ni active centres is critical in the low-pressure
ethylene oligomerization reaction. Ni** centres are the active species,
maintaining stable catalytic activity over long reaction times in materials with
higher Ni?* content, which is grafted to zeolite silanol groups. Under these
conditions, the particle size and topology of the material do not significantly
influence the activity, with all catalysts showing a product distribution
predominantly between C4 and Cg. The variations in activity can be attributed

to the differing Ni?* concentrations in the materials.

Under near-industrial conditions, the importance of optimizing diffusive
properties through the combined effects of topology and particle size
reduction becomes relevant. While Ni?* centres are responsible for activating
the double bonds of the ethylene molecules, the formation of higher
molecular weight hydrocarbons (>Ci2) on the Brgnsted acid sites cause a
faster decline in catalyst activity. Nanocrystalline BEA-type catalysts (large
pore) and nanocrystalline MFI-type catalysts (medium pore) exhibit the
highest stability over time, as they enable efficient diffusion of higher
molecular weight products before channel blockage by deposition of coke

precursors, aided by the influence of reduced crystal size.
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