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Abstract

Zeolites are aluminosilicate materials possessing well-defined pore sizes, hydrothermal
stability, and structural tunability. Due to the combination of unique characteristics, they hold
a central place in heterogeneous catalysis and continue to find an impressive number of
potential applications. The role of zeolites as acid catalysts originates from the co-presence of
Lewis acid sites (LAS) and Brgnsted acid sites (BAS). The structure of BAS is well defined as
the hydroxyls bridging the framework of silicon and aluminum. In contrast, LAS is less defined
owing to the multiplicity of their structure and origin. Understanding the nature, origin, and
activity of acid sites is crucial in tuning the structure of zeolites for end applications. The Lewis
acidity of zeolites remains an extensive area of research and application. In comparison, the
Lewis acidity of aluminum in zeolites is ambiguous and demands thorough investigation. In
particular, many essential questions about the nature and the quantitative structure-performance

relations of extra-framework aluminum (EFAI) motifs must be carefully addressed.

The present work, thus, explores the Lewis acidity of aluminum in zeolites while emphasizing
the dedicated design of EFAI LAS and understanding their structure, acidity, and catalytic
performance. Chapters 1 and 2 discuss the existent literature about the structure and applications
of Lewis acidic zeolites, different ways of incorporating Lewis acidity, and open questions
related to the Lewis acidity of EFAI species. Chapter 3 explains the required characterization
techniques and synthesis protocols employed in the present work. These chapters determine the
scope of the thesis.

The ultra-stable zeolite Y (USY), prepared by post-synthetic steaming, shows much higher
hydrothermal stability and catalytic activity than non-steamed Y. In Chapter 4, Lewis acidity
was introduced into zeolite Y by facile ion-exchange of aluminum cations. FTIR and NMR
spectroscopies were employed to evaluate the Lewis acidity and coordination of introduced
aluminum. A quantitative agreement was observed between the concentration of these
introduced EFAI species with the total Lewis acid content from pyridine-FTIR and with the
catalytic activity in Meerwein—Ponndorf-Verley (MPV) reduction of 4-tert butyl
cyclohexanone. This illustrates that the newly introduced aluminum LAS adopt octahedral
coordination under the conditions of NMR measurement and are responsible for enhanced
Lewis acid catalytic activity of the aluminum exchanged zeolites. The preservation of Brgnsted



acid sites after treatments further endorses the charge neutrality of these extra-framework

aluminum complexes.

The efficiency of the aluminum-exchange route to introduce the EFAI LAS while retaining the
zeolite’s framework and inherent porous characteristics depends on many factors. The work
presented in Chapter 5 explores the generation of aluminum-exchanged EFAI LAS in zeolite Y
employing different Si/Al ratios and cationic forms of parent zeolite and different aluminum-
exchange conditions. A constant stirring of the zeolite in an aluminum-exchange solution and
higher Si/Al ratios of parent zeolite favor the maximum incorporation of catalytically active
EFAI LAS, followed by maximum zeolite structure retention. The presence of sodium co-cation
not only hampers the incorporation of acid sites but also negatively affects the crystallinity and
pore structure. The catalytic performance depends equally on the number of EFAI LAS and the

retention of the inherent framework of zeolite.

These fundamental insights about the rational design of EFAI LAS were employed in Chapter
6 to introduce Lewis acidity into zeolites of different morphologies. This work aimed to
evaluate the factors affecting the generation and activity EFAI LAS in zeolites. The increase in
EFAI LAS in BEA and Y was appreciable, whereas MOR and MFI showed minimal uptake of
aluminum. This quantitatively follows the catalytic activity for MPV reduction of 4-tert butyl
cyclohexanone. The incorporation of EFAI LAS and their catalytic activity depend on the
zeolite framework type, pore size, and aluminum location within the framework. Likewise, the
selectivity towards cis and trans 4-tert butyl cyclohexanols was affected by the zeolite's pore
size and framework type and not by the number or structure of LAS. Irrespective of zeolite
morphology, aluminum-exchange incorporates neutral LAS.

The MPV reduction of ketones occurs under mild conditions as it uses secondary alcohols for
the hydride transfer reaction; thus, it can also be catalyzed by weak and medium-strength LAS
(Chapters 4-6). Therefore, Chapter 7 explores the strength and hydrothermal stability of
aluminum-exchanged EFAI LAS in activating the C-H bond during n-butane dehydrogenation.
Aluminum-exchange significantly increases the conversion of n-butane with enhanced
selectivity to dehydrogenation products. No significant change in selectivity by lowering the
BAS content of aluminum-exchanged samples by Na-I1E proposes that dehydrogenation occurs
on EFAI LAS. The preservation of structure and Lewis acidity of EFAI species in the
regenerated catalysts confirms that the thermal stability and strength of neutral EFAI LAS,
produced by Al-IE, are capable of cleaving the C-H bonds of alkanes.



Zeolite BEA is an efficient catalyst for MPV reaction, and the aluminum species partly
connected to the framework (FA-AI) (and not the EFAI) are usually reported as active sites.
The aluminum-exchange produces EFAI LAS without affecting the content of FA-AL In
Chapter 6, an increase in EFAI LAS in BEA follows an increase in MPV activity. Therefore,
Chapter 8 explores the distribution of aluminum LAS and the associated activity of BEA after
alumination (by aluminum-exchange), dealumination (by acid treatment), and realumination by
aluminum-exchange). The aluminated and dealuminated-realuminated BEA significantly
increase the activity during MPV reduction. The correlations of catalytic activity with the total
content of LAS from pyridine- and CO-FTIR and the content of EFAI and FA-AI species from
2’ Al NMR suggest that both EFAI and FA-AI can serve as MPV active sites. The Lewis acidity
and catalytic activity of parent BEA are mainly due to FA-AIl species. In contrast, the
alumination and realumination by aluminum-exchange increase the catalytic activity and the
number of LAS due to the introduction of EFAI. The EF-Al were systematically distinguished
from EFAI by characterizing the zeolites under different cations forms.

The insights about the structure of the MPV active site were employed to revisit the so-called
‘very high frequency’ (VHF) hydroxyls at ~3780 cm™ of zeolites and the structure of aluminum
species attached (Chapter 9). The literature describes These hydroxyls in many ways, but the
exact assignment is unclear. In BEA, these hydroxyls are considered highly acidic as they are
proposed to be connected to the MPV active site. Therefore, this chapter aims to systematically
explore the evolution of VHF in hydroxyl and base stretching regions under different
conditions. The FTIR spectroscopy of adsorbed carbon monoxide and pyridine on dehydrated
zeolites, in combination with 2’Al-*H HETCOR NMR spectroscopy on evacuated zeolites,
describes that the VHF-OH band correlates neither to the strongly acidic FA-AI species nor to

the EFAI species generated by aluminum-exchange.

In conclusion, this work provides significant insights into the rational design of EFAI LAS in
zeolites without Brensted acidity of zeolite. Evaluating the factors affecting the generation of
aluminum-exchanged LAS guides the pathways towards maximizing the Lewis acidity yet
preserving the intrinsic properties of zeolite. A combination of different spectroscopic
techniques, catalytic evaluation, and diverse treatment conditions can be used to quantitatively
discern the different Lewis acidic aluminum species and address the open questions related to

the Lewis acidity of extra-framework aluminum in zeolites.



Zusammenfassung

Zeolithe sind Aluminosilikatmaterialien mit genau definierten PorengréRen, hydrothermischer
Stabilitdt und struktureller Einstellbarkeit. Aufgrund der Kombination einzigartiger
Eigenschaften nehmen sie eine zentrale Stellung in der heterogenen Katalyse ein und finden
weiterhin eine beeindruckende Anzahl potenzieller Anwendungen. Die Rolle von Zeolithen als
Saurekatalysatoren beruht auf der gleichzeitigen Anwesenheit von Lewis-Sdure-Zentren (LAS)
und Brgnsted-Saure-Zentren (BAS). Die Struktur von BAS ist gut definiert als die
Hydroxylgruppen, die das Gerist aus Silizium und Aluminium Gberbriicken. Im Gegensatz
dazu sind LAS aufgrund der Vielfalt ihrer Struktur und Herkunft weniger definiert. Das
Verstdndnis der Natur, Herkunft und Aktivitdt saurer Zentren ist entscheidend fur die
Abstimmung der Struktur von Zeolithen fiir Endanwendungen. Die Lewis-Aciditdt von
Zeolithen bleibt ein umfangreiches Forschungs- und Anwendungsgebiet. Im Vergleich dazu ist
die Lewis-Aciditdat von Aluminium in Zeolithen nicht eindeutig und erfordert eine grundliche
Untersuchung. Insbesondere mussen viele wesentliche Fragen zur Natur und den quantitativen
Struktur-Leistungs-Beziehungen von Extra-Framework-Aluminium-Motiven (EFAI) sorgfaltig

beantwortet werden.

Die vorliegende Arbeit untersucht daher die Lewis-Aciditdt von Aluminium in Zeolithen und
betont gleichzeitig das spezielle Design von EFAI LAS sowie das Verstandnis ihrer Struktur,
Aciditét und katalytischen Leistung. In den Kapiteln 1 und 2 wird die vorhandene Literatur Gber
die Struktur und Anwendungen von Lewis-sauren Zeolithen, verschiedene Mdglichkeiten zur
Einbeziehung der Lewis-Aziditat und offene Fragen im Zusammenhang mit der Lewis-Aziditat
von  EFAI-Spezies  besprochen.  Kapitel 3  erlauterten die  erforderlichen
Charakterisierungstechniken und Syntheseprotokolle, die in der vorliegenden Arbeit verwendet

werden. Diese Kapitel bestimmen den Umfang der Arbeit.

Der ultrastabile Zeolith Y (USY), der durch postsynthetisches Dampfen hergestellt wurde, zeigt
eine viel hohere hydrothermale Stabilitat und katalytische Aktivitat als nicht geddmpftes Y. In
Kapitel 4 wurde die Lewis-Aciditat durch einfachen lonenaustausch von Aluminiumkationen
in Zeolith Y eingeflhrt. FTIR- und NMR-Spektroskopien wurden eingesetzt, um die Lewis-
Aciditdt und Koordination des eingefiihrten Aluminiums zu bewerten. Es wurde eine
quantitative Ubereinstimmung zwischen der Konzentration dieser eingefilhrten EFAI-Spezies
und dem gesamten Lewis-Saure-Gehalt aus Pyridin-FTIR und mit der katalytischen Aktivitét
bei der Meerwein-Ponndorf-Verley (MPV) -Reduktion von 4- tert -Butylcyclohexanon
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beobachtet. Dies zeigt, dass die neu eingefiihrten Aluminium-LAS unter den Bedingungen der
NMR-Messung eine oktaedrische Koordination annehmen und flr eine erhdhte Lewis-S&ure-
katalytische Aktivitat der mit Aluminium ausgetauschten Zeolithe verantwortlich sind. Die
Erhaltung der Brgnsted-Sdure-Zentren nach der Behandlung bestatigt zusétzlich die

Ladungsneutralitat dieser Aluminiumkomplexe auBRerhalb des Gertists.

Die Effizienz des Aluminiumaustauschweges zur Einflihrung des EFAI-LAS unter
Beibehaltung des Gerlsts und der inharenten porésen Eigenschaften des Zeoliths hdngt von
vielen Faktoren ab. Die in Kapitel 5 vorgestellte Arbeit untersucht die Erzeugung von mit
Aluminium ausgetauschtem EFAI LAS in Zeolith Y unter Verwendung verschiedener Si/Al-
Verhéltnisse und kationischer Formen des Ausgangszeoliths sowie verschiedener
Aluminiumaustauschbedingungen. Ein standiges Ruhren des Zeoliths in einer
Aluminiumaustauschlésung und hohere Si/Al-Verhéltnisse des Ausgangszeoliths begunstigen
die maximale Einbindung von katalytisch aktivem EFAI LAS, gefolgt von einer maximalen
Beibehaltung der Zeolithstruktur. Das Vorhandensein von Natrium-Co-Kationen erschwert
nicht nur den Einbau von Séaurezentren, sondern wirkt sich auch negativ auf die Kristallinitat
und Porenstruktur aus. Die katalytische Leistung hangt gleichermallen von der Anzahl der
EFAI-LAS und der Beibehaltung des inharenten Gerlsts des Zeoliths ab.

Lewis-Aciditat in Zeolithe unterschiedlicher Morphologie einzufuhren . Ziel dieser Arbeit war
es, die Faktoren zu bewerten, die die Erzeugung und Aktivitat von EFAI LAS in Zeolithen
beeinflussen. Der Anstieg von EFAI LAS in BEA und Y war deutlich, wohingegen MOR und
MFI eine minimale Aluminiumaufnahme zeigten. Dies folgt quantitativ der katalytischen
Aktivitat fur die MPV-Reduktion von 4- tert. -Butylcyclohexanon. Der Einbau von EFAI LAS
und ihre katalytische Aktivitat hdngen vom Typ des Zeolithgerdists, der PorengroRe und der
Position des Aluminiums innerhalb des Gerlsts ab. Ebenso wurde die Selektivitat gegentiber
cis- und trans -4- tert -Butylcyclohexanolen durch die PorengréfRe und den Gerlsttyp des
Zeoliths und nicht durch die Anzahl oder Struktur von LAS beeinflusst. Unabhéngig von der
Zeolithmorphologie wird beim Aluminiumaustausch neutrales LAS eingebaut.

Die MPV-Reduktion von Ketonen erfolgt unter milden Bedingungen, da sekundare Alkohole
fur die Hydridtransferreaktion verwendet werden; daher kann es auch durch schwache und
mittelstarke LAS katalysiert werden (Kapitel 4-6). Daher untersucht Kapitel 7 die Starke und
hydrothermale Stabilitdt von mit Aluminium ausgetauschtem EFAI LAS bei der Aktivierung

der CH-Bindung wéhrend der n-Butan-Dehydrierung. Durch den Aluminiumaustausch wird die



Umwandlung von n-Butan deutlich erhoht und die Selektivitdt gegeniber
Dehydrierungsprodukten erhoht. Keine signifikante Anderung der Selektivitat durch Senkung
des BAS-Gehalts von mit Aluminium ausgetauschten Proben durch Na-IE lasst darauf
schlielen, dass eine Dehydrierung auf EFAI-LAS stattfindet. Die Erhaltung der Struktur und
der Lewis- Aciditat der EFAI-Spezies in den regenerierten Katalysatoren bestatigt, dass die
thermische Stabilitat und Festigkeit des neutralen EFAI-LAS, hergestellt durch Al-IE, in der

Lage ist, die CH-Bindungen von Alkanen zu spalten.

Zeolith BEA ist ein effizienter Katalysator fur die MPV-Reaktion, und die teilweise mit dem
Gerust verbundenen Aluminiumspezies (FA-AI) (und nicht das EFAI) werden normalerweise
als aktive Zentren angegeben. Der Aluminiumaustausch erzeugt EFAI LAS, ohne den Gehalt
an FA-AI zu beeinflussen. In Kapitel 6 folgt ein Anstieg von EFAI LAS in BEA einem Anstieg
der MPV-Aktivitat. Daher untersucht Kapitel 8 die Verteilung von Aluminium-LAS und die
damit verbundene Aktivitdst von BEA nach Aluminierung (durch Aluminiumaustausch),
Dealuminierung (durch S&urebehandlung) und Realuminierung durch Aluminiumaustausch.
Das aluminierte und dealuminierte-realuminierte BEA erhdht die Aktivitat wahrend der MPV-
Reduktion deutlich. Die Korrelationen der katalytischen Aktivitat mit dem Gesamtgehalt an
LAS aus Pyridin- und CO-FTIR und dem Gehalt an EFAI- und FA-AI-Spezies aus dem 2’ Al-
NMR legen nahe, dass sowohl EFAI als auch FA-AI als aktive MPV-Zentren dienen kdnnen.
Die Lewis-Aciditat und die katalytische Aktivitat des Ausgangs-BEA sind hauptsachlich auf
FA-AIl-Spezies zuriickzufuhren. Im Gegensatz dazu erhdhen die Aluminierung und
Realuminierung durch Aluminiumaustausch die katalytische Aktivitat und die Anzahl der LAS
aufgrund der Einfihrung von EFAI . Die EF-Al wurden systematisch von EFAI unterschieden,

indem die Zeolithe unter verschiedenen Kationenformen charakterisiert wurden.

Die Erkenntnisse Uber die Struktur des aktiven Zentrums von MPV wurden genutzt, um die
sogenannten ,,Very High Frequency* (VHF)-Hydroxylgruppen bei ~3780 cm " von Zeolithen
und die Struktur der gebundenen Aluminiumspezies erneut zu untersuchen (Kapitel 9). In der
Literatur werden diese Hydroxyle auf vielfaltige Weise beschrieben, die genaue Zuordnung ist
jedoch unklar. In BEA gelten diese Hydroxylgruppen als stark sauer, da angenommen wird,
dass sie mit dem aktiven Zentrum von MPV verbunden sind. Daher zielt dieses Kapitel darauf
ab, die Entwicklung von VHF in Hydroxyl- und Basenstreckungsregionen unter verschiedenen
Bedingungen systematisch zu untersuchen. Die FTIR-Spektroskopie von adsorbiertem
Kohlenmonoxid und Pyridin auf dehydrierten Zeolithen in Kombination mit 2* Al- 1 H
HETCOR-NMR-Spektroskopie auf evakuierten Zeolithen beschreibt, dass die VHF-OH-Bande
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weder mit der stark sauren FA-AI-Spezies noch mit der EFAI-Spezies korreliert erzeugt durch

Aluminium-Austausch.

Zusammenfassend liefert diese Arbeit wichtige Einblicke in das rationale Design von EFAI
LAS in Zeolithen ohne Brgnsted-Aciditat von Zeolithen. Die Bewertung der Faktoren, die die
Erzeugung von Aluminium-ausgetauschtem LAS beeinflussen, weist den Weg zur
Maximierung des Lewis-Aciditdtsgrads bei gleichzeitiger Wahrung der intrinsischen
Eigenschaften von Zeolithen. Eine Kombination verschiedener spektroskopischer Techniken,
katalytischer Auswertung und verschiedener Behandlungsbedingungen kann verwendet
werden, um die verschiedenen Lewis-sauren Aluminiumspezies quantitativ zu unterscheiden
und die offenen Fragen im Zusammenhang mit der Lewis-Aziditat von Aluminium aul3erhalb

des Gerusts in Zeolithen zu beantworten.

Vi
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Chapter 1

Introduction

1.1. Zeolites

Zeolites represent a broad range of crystalline aluminosilicate materials of natural or synthetic
origin and belong to tectosilicate-type minerals 1. Due to their three-dimensional (3D)
framework structures, they form well-defined pores of molecular dimensions. They exhibit
unique physical and chemical properties, including large micropore volume, thermal stability,
compositional tunability, and commercial availability. These features put zeolite materials in
the hotspot of many applications in different domains, predominantly catalysis reactions 2 3,

ion-exchange *, gas adsorption °, and separation .
1.1.1.  Structure and Composition

The skeleton of aluminosilicate zeolite comprises TO4 tetrahedra as the primary building
blocks, where T are usually Al or Si atoms %, The silicon and aluminum tetrahedra are
interconnected through the bridged oxygen atoms to form secondary and more complex
structures with uniform channels and cages (Figure 1.1). While silicon tetrahedra are neutral,
the presence of tetrahedrally coordinated aluminum creates a negative charge in the zeolite
framework. The negative charge is balanced by extra-framework cations located in the cavities

or channels 12,

AL

® Sit* © AP* © O @M™

Figure 1.1: (a) Structural representation of corner-sharing silicon and aluminum tetrahedra in
aluminosilicate zeolites™. (b) 3D structure of zeolite ZSMS5 representing well-defined channels

and cages.
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If the cation compensating for the negative charge of the framework is a proton located on the
oxygen bridge between the silicon and oxygen atoms (Si - O - Al), an Brensted acid site (BAS)
is formed 14 15, If the negative charge is compensated by another inorganic cation or a structural
defect has occurred, a Lewis acid center (LAS) is formed (Figure 1.2). The empirical formula
of an aluminosilicate zeolite is represented by M2/hO.Al203. xSiO2. yH20, where ‘M’ is a
cation with an ‘n’ positive charge (i.e., H*, K*, Mg?*, Na*) or a proton. As Al-O-Al bonds are
not allowed in aluminosilicates according to Lowenstein’s rule, the value of X’ is typically
limited to 0 <x <0.5 %, The aluminosilicate zeolites are classified as low-, medium- and high-
silica zeolites, having Si/Al ratios < 2, between 2-5, and > 5, respectively. As the T atoms can
differ from Si and Al, many compositional variants of zeolites also exist with structures

analogous to or different from aluminosilicate zeolites 1" 18,

BAS LAS
................ |V|+—H+|
| 0 0] 0
O\ e O N o\ L Si Al Si
i Al Si / \ 7
\ \ VRN 0O O O OO0 O

Figure 1.2: Structural representation of the generation of typical (a) Brgnsted acid sites (BAS)
and (b) Lewis acid sites (LAS) in zeolites. The structure of LAS is debated.

1.1.2. Pore structure of zeolites

The fundamental property of zeolites that makes them applicable as catalysts, adsorbents, and
ion exchangers is their structural porosity '°. The pores of zeolite are the void spaces inside the
framework, not occupied by framework atoms. With their pore dimensions typically below 2
nm, zeolites are microporous materials, according to the classification of porous materials by

the International Union of Pure and Applied Chemistry (IUPAC) 2% 21,

Table 1.1: Classification of zeolites according to their pore size ?2.

Pore Size Structure type ~ Cage Size (A) Example
Small 8-MR 4 SSZ-13
Medium 10-MR 5.5 ZSM5
Large 12-MR 7.5 FAU
Extra-large >12-MR >7.5 NUD-1
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The accessibility of zeolite pores to different molecular motifs differs based on their size,
connectivity, topology, and geometry. The pores with window sizes smaller or equal to 6-
membered rings (6R) are called cages, whereas the cavities are the polyhedral units with a
maximum window aperture larger than 6R. Channels are the pores that extend indefinitely in
one direction and allow the diffusion of guest motifs. Each zeolite type has a unique yet
precisely defined microporous structure with pores of one or more dimensions. Based on the
minimum window size of the largest pores in their system, zeolites are classified as small-pore,
medium pore large pore and extra-large-pore zeolites, as presented in Table 1.1. Within these
groups are many zeolite structures with different pore sizes and shapes. Typical examples of

zeolites belonging to these classes are presented in Figure 1.3.

Figure 1.3: Representation of typical examples of small, medium large, and extra-large pore

zeolites listed in Table 1.1.
1.1.3. Zeolites in catalysis

Zeolites are an essential class of heterogeneous catalysts because of their intrinsic
characteristics, such as catalytic activity, hydrothermal and thermal stability, large micropore
volume, and the structural pores' suitability and/or tunability for catalytic reactions. Their
catalytic activity originates from the crystalline aluminosilicate structure, which vyields
Bransted acid sites (BAS), and defects may give rise to Lewis acid sites (LAS) 224 The
combination of unique chemical features and catalytic flexibility makes zeolites the backbone
of the catalytic industry, especially in oil refining, petrochemistry, and processes at their
interface. The replacement of conventional catalysts in many processes by zeolites is due to
improvements that these materials introduce in the catalytic activity and selectivity % 2% 26,
Zeolites with BEA, MFI, FAU, and MOR topologies are the ones that have found more
application niches. Figure 1.4 gives an overview of some important catalytic processes

employing zeolites.
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Zeolites were used as industrial catalysts for the first time in the 1950s when zeolite X was
established to outperform the available amorphous silica-alumina catalysts in the cracking of
hydrocarbons. Soon after that, zeolites emerged as the benchmark catalysts in oil refineries 2
28 particularly in fluid catalytic cracking (FCC) reactions % 3, hydrocracking ?°, dewaxing of

% and catalytic reforming of naphtha 3!. The petrochemical industry

lubricants and fuels
extensively utilizes zeolites for some important catalytic processes, i.e., alkylation and
isomerization of hydrocarbons 323, hydro-liquefaction, methanol-to-olefins *°, and methanol-

% and biomass conversion 30, Especially zeolites are widely utilized for

to-gasoline
sustainable intention and renewable energy generation. Typical examples include (1)
sustainable hydrogen production via ethanol/bioethanol reforming %42 (2) Conversion of CO>
to methanol and hydrocarbons via modified Fischer-Tropsch synthesis**** and methanol-

mediated route 4647,

Figure 1.4: Representation of some important catalytic applications of zeolites 2 3 283240,
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1.1.4. Characterizing the structure and acidity of zeolites

To understand the catalytic performance of zeolites, it is imperative to characterize and quantify
the structure and geometry of their active sites. Similarly, information about the acidity
associated with these active sites and the strength, concentration, and type of the acidic centers
is also essential to design a suitable zeolite for the given catalytic process. Many
characterization tools are used for this purpose such as temperature programmed desorption of
ammonia, X-ray absorption spectroscopy (XAS)*, FTIR spectroscopy of adsorbed molecules
4 MAS NMR aluminum °°, X-ray photoelectron spectroscopy (XPS) °% %2 UV-Vis IR %2
Following section discusses the MAS NMR spectroscopy and FTIR spectroscopy in detail.

Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) Spectroscopy: Solid-
state 2’Al MAS NMR is the most extensively employed characterization technique to identify
the aluminum species in different coordinative environments in zeolites >-*°. The typical 2’Al
MQMAS NMR spectrum of a hydrated zeolite typically shows two resonances, one due to
tetrahedrally coordinated framework aluminum and the other due to octahedrally coordinated
aluminum around 0 ppm. However, different overlapping resonances also appear depending
upon the nature of the zeolite and post-synthetic conditions . Due to the quadrupolar nature
of the aluminum nucleus, it is not easy to quantify aluminum in different geometric
environments, which appear as overlapping MAS NMR signals. Therefore, 2’Al MQMAS
NMR spectroscopy is usually performed to calculate the quadrupolar coupling constants and
isotropic chemical shifts. This information is utilized to deconvolute and quantify species in
different coordination. Figures 1.5a and 1.5b show an example of a typical 2’Al MAS NMR
and 2’Al MAS MQNMR spectrum of a zeolite in proton form, respectively. Zeolites typically
show a sharp resonance in the region ~55-60 ppm due to tetrahedral aluminum species and at
0.1-1 ppm due to octahedral aluminum, which appears on the diagonal in Al MQMAS NMR
spectra (where F1=F2) 512 Furthermore, zeolites also show a broad resonance at ~60.0-64
ppm due to distorted-tetrahedral aluminum and a small peak at ~30-35 ppm due to pentahedral
aluminum 0 86 Apart from NMR of Al, the #Si and *H MAS NMR spectroscopy is also
performed to evalute the structure of and acidity of zeolites respectively. While 2°Si NMR gives
useful insights about structural environment of silicon and aluminum, *H MAS NMR

differentiates the hydroxyl groups based on their acidic strength 7 68,
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Figure 1.5: Typical (a) 2 Al MAS NMR spectrum and (b) 2’Al MAS MQNMR spectrum of
MOR zeolite in proton form; the F1 axis is an isotropic dimension, and the F2 axis is the
anisotropic dimension with second-order quadrupolar interactions.

Fourier Transform Infrared (FTIR) spectroscopy: The types of individual acidic sites and
their concentrations can be determined by infrared spectroscopy, with the help of the adsorption
of specific molecules and knowledge of their extinction coefficient. Thus, FTIR spectroscopy
of adsorbed molecules is a well-established and powerful tool to study the acidic properties of
zeolites, yielding their nature, number, and strength %%, The acidity of zeolites is analyzed
based on the interaction of acidic centers with a base molecule. Strongly basic molecules, which
form a conjugated ion pair with the acid center, are also often used to measure the strength of
acid centers. Pyridine is among the most widely used probe molecules; it can withstand a broad
range of analysis conditions, form distinguishable complexes with acid sites differentiating
BAS and LAS, and its use provides quantitative information *°. However, due to its high
basicity, it equally probes the acid sites of variable strength, and, at times, it cannot access some
of the acid sites in the smaller zeolite channels because of its bulkiness.

Choosing a probe molecule of relatively weaker basicity and smaller size, such as carbon
monoxide and nitrogen, is helpful in distinguishing acids sites of varying strength > 73, Weak
basic molecules interact with the acidic center by electrostatic forces, which do not lead to
proton detachment but hydrogen bond formation. Usually, the vibration of the OH group shifts
due to the binding of the probe molecule. Weaker bases, such as nitrogen and carbon monoxide,
can differentiate multiple Lewis acid sites, including three-coordinated and octahedral

aluminum species "47°.
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Figure 1.6a illustrate the typical FTIR spectrum on an evacuated FAU zeolite which shows
distinct bands at 3747 cm™, 3630 cm™, 3565 cm™, and 3597 cm™. These bands correspond to
terminal Si-OH groups, low frequency (LF) bridging Si-OH-Al, high frequency (LF) bridging
Si-OH-and EF species interacting with OH/Si-OH groups, respectively 7-"°. The typical FTIR
difference spectra in the pyridine and carbon monoxide vibrations regions are presented in
Figures 1.6b and 1.6c, respectively. In the region of pyridine vibrations, the bands at 1455 cm”
tand 1621 cm? are due to LAS, and the bands at 1545 cm™ and 1634 cm™ correspond to BAS.
The band at 1500 cm™ is a superposition of LAS and BAS and is structure-insensitive ((Figure
1.6b).

In the region of carbon monoxide vibrations, the bands at 2230, 2195, 2180 cm™, and 2157 cm
L are due to three-coordinate LAS, five-coordinate LAS, BAS, and CO-SiOH, respectively. All

the other bands below 2180 cm™ are due to physisorbed carbon monoxide 7 (Figure 1.6c).
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Figure 1.6: Typical FTIR spectra of a zeolite (a) in the hydroxyl stretching region of an
evacuated zeolite. The difference FTIR spectrum in (b) pyridine ring deformation region (c)

carbon monoxide stretching region.

1.2. Lewis acidic zeolites

Lewis acid zeolites are versatile catalysts used to activate and convert oxygenated molecules.
Over the years, much research has been devoted to Lewis acid zeolites in terms of structural
analysis and tailoring their potential in catalysis. Following sections focus on the applications
of Lewis acidic zeolites in heterogeneous catalysis and the most established ways of

incorporating Lewis acidity in zeolites.
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1.2.1. Applications of Lewis acidic zeolites

Lewis acidic zeolites are extensively explored for biomass valorization reactions, such as

hydride transfer reactions ', conversion of cellulose to glucose &, glucose to fructose &2,

trioses to alkyl lactates, and Baeyer-Villiger (BV) oxidation of ketones and aromatic

aldehydes 84 8 and Meerwein—Ponndorf-Verley reduction of aldehydes and ketones and

Oppenauer's oxidation of alcohols (MPVO reactions) . Some examples of zeolites for the

conversion of renewables to chemicals are listed in Table 1.2. The following section discusses

the characteristics of alkane dehydrogenation and MPV reduction in detail.

Table 1.2: Applications of Lewis acidic zeolites for biomass valorization reactions. Adapted
with permission from ref.8” Copyright Royal Society Of Chemistry, Etc.]

Reactant

Product

Nature of Transformation Ref.
Glyceraldehyde Dihydroxyacetone 88
Glyoxal Glycolic acid 89
Alkyl glycolates 89
1 2-H shift Dihydroxyacetone Lactic acid %0
Erythrose Erythrulose a
Galactose Tagatose 92
Glucose Fructose 9
Oxidation + 1,2-H shift Glycerol Lactic acid %
Glucose Mannose 9
1,2-C shift ) .
Arabinose Ribose %
1,5-H shift Glucose Sorbose o7
(Retro)-aldolisation Sugars Methy! lactate %
H-transfer with solvent 5-HMF Furan derivatives 9
donor Methyl levulinate Valerolactone 100
alkyl cyclohexanones alkyl cyclohexanols 81
Diels—Alder cycloaddition +Furan derivative +p-Xylene derivative 88
dehydration ethylene
Meerwein—Ponndorf-Verley reductions and Oppenauer's oxidations: Meerwein—

Ponndorf-Verley reduction of aldehydes/ketones and Oppenauer's oxidation of alcohols
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(MPVO reactions) are the traditional technologies for redox reactions to realize the selective
hydrogenation of carbonyl groups through hydrogen transfer between ketones/aldehydes and
alcohols . In MPV reduction (a mechanism of transfer hydrogenation or hydrogenolysis), a
carbonyl group (C=0) is reduced with an alcohol reductant, whereas in Oppenauer oxidations,
an alcohol is oxidized with a ketone oxidant!®!, Owing to the use of secondary alcohol as a
hydrogen source, MPV reduction is a milder hydrogenation technique when compared with
hydrogenation under Hz atmosphere 1%,

Lewis acid
Il I | Il
R-C-R' + R%-CHR® === R-CHR' + R2C-R®
\\ ) ) /
Ra = 5 3
: .-H._ 7 aR
i
o. 0
—Me™—
I I A B B S AR Y B B Y B Y A |

Figure 1.7: Schematic representation of a general mechanism of MPVO reactions over a Lewis
acidic center.

An easily oxidizable secondary alcohol, e.g., isopropanol, serves as the reductant of a hydrogen
donor, whereas simple ketones, e.g., acetone, are employed as oxidants 1°°. The homogeneous
MPV reductions use Lewis acidic metal alkoxides such as, e.g. aluminum and titanium alkoxide
derived from secondary alcohols 1, whereas metal tert-butoxides are used for oxidations 1%.
A significant advantage of heterogeneous over homogeneous catalyzed MPVO reactions is the
easy separation of catalysts from the liquid reaction mixture. Different Lewis acidic zeolites
have been utilized as heterogenous catalysts for MPVO reactions, including zeolite X, Y, Beta,
MOR, and ZSM5 105 72.103,106 |n particular, Beta zeolite with Al, Sn, and Ti Lewis acid sites

exhibit excellent catalytic activity, compared with other MPVO heterogeneous catalysts 8 8
102

Figure 1.7 presents the schematic of a generally accepted heterogeneous MPVO reaction
mechanism. The reaction initiates by the coordination of the reducing alcohol on a Lewis acidic
center to form an alkoxide species. This is followed by the coordination of the ketone, resulting
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in a six-membered ring transition state, to undergo hydride ion transfer from the alkoxide to the
carbonyl group of the ketone 1%°. The MPVO reactions are widely involved in organic synthesis
to produce valuable chemicals, especially in asymmetric synthesis and biomass conversion.
Additionally, Lewis acid sites of zeolites are extensively evaluated utilizing MPVO reactions
as the benchmark Lewis acid-catalyzed reactions. The widespread use of these reactions to
explore Lewis acidic zeolites is due to the following reasons: (i) these reactions are highly
selective, and any reducible group, except carbonyls (e.g., unsaturated carbon-carbon bonds
and carbon-halogen groups) does not react 8 (ii) Lewis acid sites provide the precursor to form

the active site for the hydride transfer mechanism .

Dehydrogenation of light alkanes: The dehydrogenation of light alkanes involves the
breaking of two carbon—hydrogen bonds with a simultaneous release of a corresponding alkene
together with a molecular hydrogen %7, This process is of prime significance as lower alkanes
are readily available feedstocks from petroleum and gas resources and can serve as precursors
to many value-added chemicals. However, non-polar C-C and C-H bonds of alkanes, with strongly
localized electron pairs, can only be activated under severe reaction conditions, which makes the direct
dehydrogenation of alkanes an energy-intensive process %. A non-oxidative heterogeneous

dehydrogenation of alkanes has the following reaction scheme;
CnH2n+2 - CnH2n + HZ (11)

This endothermic reaction requires ~110-140 kJ/mol of energy to activate the C-H bond and
remove two hydrogen atoms. The C-H bond activation of alkanes can lead to several essential
reactions useful for the petrochemical industry, i.e., cracking, isomerization, alkylation, and
aromatization. Commercially, several solid acid catalysts are employed for the catalytic
dehydrogenation of light alkanes, including oxides based on platinum and chromium % 110,
However, using zeolite catalysts becomes more advantageous because of a well-defined
structure, making % 112jt easy to deduce the structure-activity relationships. Activating C-H

bonds in light alkanes involves cooperative catalysis of LAS and BAS of zeolites.
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Figure 1.7: Schematic representation of C-H activation paths in propane using zeolites.
Reproduced with permission from Ref. 1% Copyright 2016 Elsevier B.V. All rights reserved.

Figure 1.7 presents the schematic of C-H bond activation pathways in zeolite catalysts. The
two generally documented pathways for C-H activation over zeolites are the monomolecular
(protolytic) mechanism and the bimolecular (carbenium chain) mechanism. High temperature
and lower partial pressures of reactant usually favor unimolecular dehydrogenation mechanism,
whereas low temperature and high partial pressures favor bimolecular mechanism for the
dehydrogenation of alkane on zeolites. However, in the presence of BAS, each mechanism
undergoes some side reactions, including dimerization, oligomerization, isomerization &
aromatization 1*3. In the unimolecular mechanism, an alkane is directly protonated, forming a
carbonium-ion intermediate. The mechanism involves the insertion of a proton either to a C-C
bond or a C-H bond of an alkane. The insertion of proton to a C-C bond results in the cracking
of alkane followed by the regeneration of acid sites 1. In contrast, the protonation of a C-H
bond generates a carbenium ion and H,. From here, the alkene can desorb from the intermediate
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to regenerate the active site. Alternatively, the carbenium ion intermediate enters the
bimolecular conversion path: the active site remains attached to alkoxide, whereas the C-H
bond activates by another alkane molecule by hydride transfer, thus forming another alkoxide.

The cycle may be terminated by olefin desorption 14 115,

1.2.2. Generation of Lewis acidity in Zeolites

Incorporation of heteroatoms into zeolite framework: Lewis acidity in zeolites can be

created by hydrothermal synthesis!®

and post-synthetic incorporation of heteroatom into the
framework of zeolites, wherein isolated acid sites serve as LAS 111 This approach usually
involves the insertion of heteroatoms, such as zirconium, tin, and titanium, into the framework
of as-synthesized zeolites in liquid-solid, solid-solid, or gas-solid systems. This method is based
on the framework dealumination or desilication combined with the isomorphous substitution of
framework atoms by post-synthetic treatment under certain conditions. During the removal of
Si or Al species by desilication or dealumination, certain types of voids or defect sites are
created in the zeolite framework. Hence, the incorporation of appropriate metal complexes into
the zeolite framework becomes favorable. For example, selective dealumination of zeolite BEA
was performed by acid leaching, using nitric acid as a dealuminating agent. The solid-state
incorporation (SSI) method incorporated Lewis acidic Sn metal in a dealuminated zeolitic
framework (Figure 1.8)'%. However, generating isolated acid sites via heteroatom substitution
is not trivial and has been limited to a few zeolite frameworks 17 118 121122 - Additionally,
depending on the dealuminating/desilicating agent and the conditions applied, these methods
may lead to imperfect zeolite structures and generation of inadequate defect sites, i.e., ‘hydroxyl
nest,” which can thus create secondary mesoporous zeolites 122
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Figure 1.8: Typical example of incorporating heteroatom into zeolite framework. Reproduced
with permission from Ref.12® Copyright 2021, King Fahd University of Petroleum & Minerals.
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Incorporation of heteroatoms at extra-framework positions: Another most important
emerging way of adding or enhancing the intrinsic Lewis acidity is by introducing heteroatoms
at extra-framework positions of zeolites by ion exchange or impregnation. This method is based
on the ability of zeolite lattices to act as ligands stabilizing cationic species in their micropores.
The acidic protons inside zeolite micropores can be replaced by other cationic species, including
transition metal-containing complexes or multinuclear species, giving rise to well-defined

Lewis acid or/and redox sites in zeolite micropores 24,

Sodalite Cage

Type I

Supercage Typel

Figure 1.9: Structure of Faujasite showing central super-cage surrounded by sodalite cages,
along with positions of exchangeable (extra-framework) cation sites. Reproduced with
permission from Ref.}?® Copyright © 2010, © SAGE Publications.

The distributions of these extra-framework motifs depend mainly on the distribution of lattice
anions and, therefore, on the location of framework aluminum species (Figure 1.9) % The
charge of these EF cations may directly alter the acid strength of BAS and/or affect the
adsorptive attitude of the zeolite *2”. Consequently, these EF cations play a significant role in
determining the catalytic properties of zeolites '?*. By choosing a particular zeolite topology
and exchangeable cations, zeolites with desired properties can be obtained for practical
applications. For instance, incorporating Ga®* or Zn?* in zeolites can generate strong Lewis acid
sites active in dehydrogenation and dehydro-aromatization of light alkanes 2. Recent research

has been conducted on basic and rare earth cations and transition metals as exchangeable cations

129-132

22



Post-synthetic modifications: Typically, most zeolites are synthesized in aluminum-rich
form. Such as-synthesized low silica zeolites usually exhibit weak Brgnsted acidic strength and
low hydrothermal stability. Therefore, different post-synthetic treatments are performed on
zeolites to reduce aluminum content in the framework and improve zeolite's acidity and
hydrothermal stability. Lewis acidity can also stem from post-synthesis treatments, such as
high-temperature calcination, acid/base leaching, and steaming, which can result in removing

some framework aluminum and forming extra-framework species 13313,

Kuhl 3% proposes the formation of Lewis acid sites in two steps (Figure 1.10). The first step
involves dehydroxylation at adjacent bridging hydroxyl groups. In the second stage, zeolite
attains a stable state with the aid of an adjacent framework aluminum center. As the existence
of the closest neighboring aluminum atoms turns the under-coordinated atoms to be less stable,
this leads to the detachment of aluminum from the zeolite framework. The second step can
conveniently occur in zeolites with a low Si/Al ratio, with plenty of adjacent aluminum centers.
However, this step seems less preferable in zeolites with a high Si/Al ratio, as they mostly
contain isolated BAS *1%, Further details on the nature and acidity of such species are

discussed in the following sections.
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Figure 1.10: A two-step mechanism for the formation of extra-framework Al species: I)
dehydroxylation and I1) dealumination. Inspired from Ref. 1%

1.3. Aluminum Lewis acid sites in zeolites

While the Lewis acidity is usually incorporated in zeolites by non-trivial protocols of

incorporating heteroatoms 17119 | ewis acidic aluminum in zeolites can be formed without
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tedious synthesis procedures and is not restricted to specific zeolite topologies. However, unlike
Brensted acid sites (BAS), which originate from a hydroxyl group bridging framework silicon
and aluminum atoms 24, the structure of Lewis acid sites (LAS) still remains ambiguous. This
is due to the multiplicity of aluminum structures responsible for Lewis acidity in zeolites, as
presented in Figure 1.11 2. Even though considerable research has been carried out on the
Lewis acidity of zeolites, the literature still lacks a sound understanding of the structure and
strength of aluminum Lewis acid sites in zeolites ° 13%-14! Different proposals about the
aluminum motifs responsible for Lewis acid sites have been put forward, including framework-
associated aluminum (FA-AI), framework aluminum (F-Al), and extra-framework aluminum
(EFAI). A recent work by Ravi. M. et al. 62 compiles the available literature about Lewis acidic
aluminum species and discuss different proposals in detail, providing the latest field
information. The following sections discuss the proposed characteristics of LAS corresponding
to different aluminum structures, whereas Figure 1.12 presents the proposed schematic of these

LAS.
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Figure 1.11: Representation of multiplicity of aluminum Lewis acid sites (green hexagons).
Bransted acid site (blue hexagon), Lewis acid site of framework heteroatom (pink hexagon).

1.3.1. Framework aluminum Lewis acid sites

Typically, aluminum in the framework, with tetrahedral coordination, is associated with BAS.

However, post-synthetic modifications like steaming, high-temperature calcination, and acid
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leaching can result in defective aluminum centers in the zeolite framework that can serve as
Lewis acid sites (Figure 1.11, structure L) 3% 142144 The distorted and/or perturbed aluminum
in the framework, like that of (SiO)sAIOH species in ferrierite and chabazite zeolites, can
dehydroxylate at relatively mild temperatures and act as Lewis acidic centers (Figure 1.11,
structure K) **°. Furthermore, another possibility has been put forward for framework Lewis
acidity where a framework with tetrahedral coordination, upon exposure to a base molecule
under high vacuum conditions, can acquire extra coordination with the base (Figure 1.12,

structure J) 3. However, experimental literature is still not available to support this proposal.
1.3.2. Extra-framework aluminum Lewis acid sites

Extra-framework aluminum (EFAI) correspond to aluminum species that are not part of
zeolite’s framework. These species are usually generated in zeolites when they undergo
different post-synthesis treatments for desired end applications. As a consequence of these
treatments, e.g., high-temperature calcination, acid/base leaching, and/or steaming, some of the
aluminum species are entirely dislodged from the framework and exist as extra-framework
species 133135 A prominent example is zeolite Y, one of the benchmark catalysts for the
petrochemical industry!®®. High-temperature steaming on zeolite Y is traditionally performed
to improve its hydrothermal stability and catalytic activity, and the resultant zeolite Y is
typically termed ultra-stable Y (USY). This treatment leads to a part of lattice Al migrating to
the extra-framework positions in zeolite pores. The presence of such extra-framework Al

(EFAI) species promoted the acidity and catalytic performance 146148,

The enhanced acidity is attributed to the generation of EFAI in USY zeolite. These LAS were
attributed to assist the improvement of catalytic performance in two possible ways (1) either
these LAS promote the intrinsic acid strength of the vicinal BAS via polarization effect, (2) an
alternative promoting effect of EFAI species has been attributed to the decrease of the effective
size of the super-cage cavities, resulting in tighter confinement and, accordingly, more efficient
dispersive stabilization of the transition states during catalytic reactions 14148, Such EFAI
species in zeolite Y have been reported to exist in many different forms: AI**, Al-(OH)**,
Al(OH)?*, AIOOH, AI(OH)s, and AlO3 (Figure 1.12, Structure B, C, D, M).14% 149151,
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The EFAI aluminum is widely associated in the literature with Lewis acidity. While this is true
in most cases, some of the reported literature explains that only some EFAI are Lewis acidic
153155 Of all the possible forms, the cationic extra-framework species AI**, AI(OH)?* and
Al(OH)?* are regarded as strong LAS capable of hydrocarbon conversion by a hydride transfer
mechanism %1% Moreover, the factors like Si/Al ratio 8%, type of co-cation (e.g., Na*, H,
NH," etc.) % 142161 and the nature and severity of post-synthetic treatment 133 153, 155 162-167

significantly affect the Lewis acidity of EFAL.
1.3.3. Framework-associated Aluminum Lewis acid sites

Framework-associated aluminum (FA-AI) are octahedrally-coordinated aluminum species that
can be re-introduced into a tetrahedrally framework site. The characteristic feature of these
species is their ability to adopt tetrahedral or octahedral coordination depending on the
conditions applied ). °® 1% Additionally, their existence in either coordination can be
reversibly transformed to the other as a function of conditions (Figure 1.12, structure E, F &
H). °6.66.168.169 |y the presence of charge-balancing cations other than a proton, i.e., potassium,
sodium, and ammonium, these aluminum species adopt a tetrahedral geometry, characterized
by resonance at ~60 ppm in 2’ Al NMR spectrum of a hydrated zeolite. However, in the presence
of protons as charge-compensating cations, these structures acquire octahedral coordination,
characterized by a sharp resonance at ~0 ppm of 2’Al NMR spectrum of a hydrated zeolite 5
60, 66, 142, 169 " A study on zeolite MOR, employing 2’Al NMR and FTIR on adsorbed probe
molecules, confirms the linear correlation of FA-AI to Lewis acidity %°. Similarly, SSZ-33
zeolite with FA-Al species also showed a significant concentration of LAS 142, Apart from FTIR
and NMR techniques, X-ray photoelectron spectroscopy (XPS) and in situ, X-ray absorption

spectroscopy also demonstrate this reversibility of coordination °6: 170-173,

The generation and stabilization of these species depend on the zeolite morphology, location of
T-sites, and Si/Al ratio *7* 175 The process of reinsertion of these species again into the
framework of zeolite follows (1) an increase in the intensity of tetrahedral resonance at ~60
ppm and disappearance of resonance at ~60 ppm 2’Al NMR and (2) an increase in the intensity
of BAS in IR spectra 178, This suggests that not only the coordination but the associated acidity
of FA-AI is also reversible, implying a Brgnsted-Lewis acid site conversion. As FA-Al is a
precursor to a LAS formed upon heating; after which it is cannot be converted back to its

original structure.

The tetrahedral-octahedral reversibility or an associated BAS-LAS conversion of FA-AIl

species becomes an ultimate criterion to distinguish FA-Al from EFAI species . Both FA-AI
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and EFAI exist in octahedral coordination in protonic zeolite 142, The species reverting to the
zeolite framework are FA-Al upon interaction with ammonia (or wet ammonium ion-
exchange). In contrast, the species that retain their octahedral coordination independent of
conditions are termed true EFAI species. In a typical example, zeolite Y possesses FA-AI after
high-temperature calcination. While still connected via three framework coordination, such
species coordinate with three water molecules to acquire octahedral coordination (Figure 1.12,
structure F). These species are converted to a tetrahedral environment after ammonia
adsorption. However, upon an increase in the severity of thermal treatments, the FA-AI species
completely dislodge from the framework, resulting in the generation of EFAI, whose

coordination cannot be reversed by ammonia exposure 7178,
1.4. Research gaps associated with aluminum Lewis acidic zeolites

Zeolites hold a central place in heterogeneous catalysis because of the combination of unique
characteristics: their role as adsorbents °, their molecular sieve properties °, and their widely
used ion-exchange properties . The most important role of zeolites as acid catalysts stems from
the co-presence of LAS and BAS. However, many open questions are associated with the Lewis
acidity of aluminum motifs, highlighted as follows.

I. Aluminum LAS are usually generated by conventional high-temperature calcination or
steaming. The high-temperature calcination results in the dehydroxylation of the BAS.
Similarly, LAS obtained by steaming completely dislodges the aluminum from the zeolite
framework. Even mild steaming also reduces the number of BAS. Thus, the Lewis acidity is
only enhanced at the expense of BAS. Moreover, these approaches usually lead to a
substantial heterogeneity of aluminum species and the formation of many lattice defect sites.

Il. The generation of LAS at the expense of BAS is unsuitable for catalytic processes, which
entail cooperative catalysis employing both acid sites, e.g., biomass valorization. A typical
example is the conversion of glucose to 5-hydroxymethylfurfural (HMF)!"®. This cascade
reaction involves two steps (1) isomerization of glucose to fructose and (2) dehydration of
fructose to HMF. This reaction occurs on a bi-functional catalyst where aluminum LAS
catalyzes the first step and the second employs BAS.

I11. Complications in establishing the sound relation between the structure and performance of
aluminum LAS originates from the varying effectiveness of post-synthetic modifications for
zeolites of different structure types % 8. Most importantly, the role of EFAI as LAS is
hampered by the difficulty to unambiguously identifying their structure, as the conventional

methods allow limited control over the fate of FA-AIl or EFAI.
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IV. The generation of LAS by introducing heteroatom at framework or extra-framework
positions also entails limitations: (1) in the case of the former, the generation of isolated acid
sites via heteroatom substitution is not trivial and has been limited to a few zeolite
frameworks 17 118 121122 pyrthermore, by using this approach only limited amount of
heteroatom can be introduced ( typical Si/M ratios are 30-100). (2) in the later, heteroatoms
usually occupy charge-compensating positions resulting in loss of BAS. Although different
ways of generating LAS in zeolites 12132 are extensively explored, more attention should be
paid to the rational design of aluminum LAS to counter the challenges posed by conventional
methods (high-temperature calcination, acid treatments, or steaming).

V. While EFAI is usually associated with Lewis acidity, the literature indicates that the
quantitative correlation of the content of EFAI to the concentration of Lewis acid sites and
the performance in a catalytic reaction is still missing. This lack of correlation stems from
two reasons: (1) most of the literature overlooks the types of aluminum structures that can
serve as Lewis acid sites. In this respect, systematic experiments to distinguish EFAI LAS
from FA-AI LAS are not usually employed while explaining the Lewis acidity of aluminum
zeolites. (2) Al MAS NMR usually assesses the aluminum structure under hydrated
conditions, and the Lewis acidity is characterized by FTIR under dehydrated and evacuated
conditions. In contrast, catalytic activity is assessed under high-temperature conditions.
Therefore, it is very likely that not all aluminum structures might necessarily be present

under all conditions.

To address these open questions clearly defined, systematic research is essential that can provide
(1) a more profound understanding of the nature and role of aluminum LAS, (2) new prospects
for the design of efficient aluminum LAS in zeolites, (3) experimental evidence to distinguish
different types of LAS.
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Chapter 2

Scope of the thesis

Though the Lewis acidity of zeolites remains an extensive area of research and application, the
Lewis acidity of aluminum in zeolites remains ambiguous and needs thorough investigation.
Many essential questions about the activity and nature of extra-framework species remain open.
Therefore, the present work extensively explores the aluminum Lewis acidic in zeolites.
Particular emphasis is on the rational design of extra-framework aluminum (EFAI) Lewis acid
sites in zeolites. The main goal is understanding the nature of extra-framework aluminum
(EFAI) species and their associated Lewis acidity and catalytic performance. Figure 2.1

presents the central areas of research that are being explored in this thesis.

A. As the post-synthetic treatments do have very little control over the generation and
heterogeneity of extra framework aluminum, their correlation to Lewis acidity becomes
difficult. Even though cation exchange is extensively used to incorporate heteroatom Lewis
acid sites in zeolites, aluminum ion-exchange has been rarely employed for this purpose.
The work in Chapter 4 aims to tune the Lewis acid sites in zeolites through a facile
aluminum ion-exchange procedure. The introduced aluminum species' structure and nature
are thoroughly characterized to correlate their structure to Lewis acidity and catalytic

activity.

B. The generation of LAS by post-synthetic treatments has been established to be affected by
different factors, including the nature of treatment conditions, the nature of co-cation, and
the Si/Al ratio of a zeolite. In light of this, Chapter 4 and Chapter 5. investigate different
factors affecting the generation of extra-framework aluminum Lewis acid sites by aluminum
ion-exchange protocol, e.g., conditions of aluminum exchange, nature of co-cation, and
concentration of aluminum-exchange precursor, etc. A particular question of interest was to
evaluate how the protocols used to introduce Lewis acidity in this work affect the intrinsic

Brensted acidity of zeolites.
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C. The consequences of post-synthetic modifications are not the same for all zeolite structures.
This can be because of different reasons, including the framework structure, pore sizes,
location of aluminum sites, etc. Chapter 6 explores the effectiveness of the aluminum-
exchange procedure in introducing Lewis acidity in zeolites of different morphologies and

pore dimensions.

D. As the zeolite is composed of aluminum and silicon, introducing the additional aluminum
might affect the structure and acidity of already existing aluminum species. Therefore, it is
essential to characterize the newly introduced aluminum species and quantitatively
distinguish extra-framework aluminum species from framework-associated aluminum.
Additionally, most of the post-synthetic modifications influence the structural integrity,
porosity, and Bregnsted acidity of zeolite in one way or the other. Thus, Chapters 4-7
evaluate the structure of aluminum species in different environments and quantify their
acidity, whereas the porous crystalline structure of zeolite is also evaluated during aluminum
modifications. In particular, Chapter 8 thoroughly investigates the distribution of extra-
framework and framework-associated aluminum motifs in zeolite and their associated
acidity in different cationic forms of a zeolite synthesized by different routes. Furthermore,
combining (a) FTIR spectroscopy using different probe molecules and (b) 2’Al NMR under
hydrated and evacuated conditions provides valuable information on the generation, nature,
and strength of acid sites. Consequently, the EFAI LAS are These pieces of evidence were
used in Chapter 9 to revisit the literature assignment about the aluminum species associated

with very high-frequency (VHF) hydroxyls of zeolites.

E. The introduction of aluminum by ion-exchange generated Lewis acidity, which FTIR
confirmed. However, whether or not these aluminum species are active, accessible, and
stable under actual reaction conditions is essential. Therefore, the activity of the introduced
LAS was tested primarily in the MPV reaction, which is a benchmark reaction to explore
LAS (Chapters 4, 5, 6, and 8). However, the MPV reactions occur under mild conditions
and involve the activation of the C-C bond. Thus, these reactions don't require very strong
and/or stable LAS. Therefore, in (Chapter 7) the strength and thermal stability of Lewis
acid sites have also been evaluated in the alkane dehydrogenation process, which is an

energy-intensive reaction involving the activation of the C-H bond.
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Figure 2.1: Schematic representation of the scope of the thesis. (A) Incorporation of EFAI
species in zeolites by ion-exchange and their correlation to Lewis acidity (B) How can zeolite's
Si/Al ratio, the presence of co-cation, and the synthesis conditions affect the structure,
generation, and activity of EFAI LAS? (C) Distribution of framework, framework-associated
and extra-framework aluminum and their associated acidity and activity; how does the
generation of LAS affect the inherent BAS of a zeolite? (D) Factors affecting the incorporation
of ion-exchanged Lewis acid sites in different zeolite morphologies. (E) Is the strength and
thermal stability of ion-exchanged Lewis acid sites capable of activating C-C and C-H bonds?

32



Chapter 3

Materials and Methods

This chapter discusses the details of the material synthesis procedures and characterization
methods used to study the zeolite materials in this work. The respective chapters will contain
separate "Materials and Methods" sections to specify each chapter's techniques and synthesis

procedures.
3.1.  Synthesis Procedures

This work involves the modifications of zeolite samples through various post-synthetic
procedures, including aluminum-exchange, sodium-exchange, ammonium-exchange, and acid
treatments. The general details of the synthesis protocols used in the coming chapters are

discussed in the following section (unless otherwise specified in the respective chapters).
3.1.1. Aluminum lon-exchange Procedure

In their proton forms, zeolite powders were aluminum-exchanged using a facile aluminum ion-

exchange (AI-1E) procedure 18 8L Figure 3.1 presents the schematic of the Al-IE procedure.

Zeolite
(H* form)

[ A'(Nog)g ] Aluminum
solution ion-exchange

Air calcination]

L 2

I I
Method 1 Method 2
multiple-lE- one-lE-
one-calcination one-calcination

W A 4

[Aluminum-exchanged zeolite ]

Figure 3.1: Schematic representation of the aluminum-exchange procedure.
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Zeolite powder was immersed in AI(NO3)s solution (72 mL gzeolite *) at room temperature for 6
hours. The pH of zeolite containing ion-exchange solution was constantly kept around 4 by
dropwise addition of 0.2M solution of ammonium acetate. The resultant suspension was filtered
and washed with deionized water to remove all the nitrates and dried overnight at about 373K
under a high vacuum. The ion-exchanged zeolite powder was calcined at 823K in static air for
6 hours at a 1K/min heating ramp. The zeolite powders were ion-exchanged 1 to 5 times by two
methods of ion-exchange: (1) multiple IE followed by single calcination and (2) Multiple IE,

with each IE followed by one calcination step.

3.1.2.  Ammonium lon-exchange Procedure

In their proton forms, zeolite powders were converted to ammonium form by ammonium ion-
exchange (NH4*-IE) procedure. Zeolite powder was stirred in 0.2 M solution of ammonium
nitrate (100 mL gzeolite *) OVernight at 353 K with pH monitoring. The resultant suspension was
then filtered at room temperature and rinsed thoroughly with deionized water to remove all

nitrates. This procedure was repeated twice to obtain the zeolites in their ammonium form.

3.1.3.  Sodium lon-exchange Procedure

Zeolite powders, in their proton forms, were converted to sodium form by ammonium ion-
exchange (Na-IE) procedure. Zeolite powder was allowed to stir in 0.1 M solution of sodium
nitrate (60 ML Qzeolite *) OVernight at room temperature with pH monitoring. The suspension
was then filtered and washed thoroughly with deionized water to remove all nitrates. This
procedure was repeated twice. The zeolite was dried overnight at 373 K in a drying oven and

then calcined in static air at 823K for 6 hours at a 1K/min heating ramp.

3.1.4. Dealumination Procedure

Zeolite powders, in their proton forms, were dealuminated under drastic conditions. Zeolite
powder was stirred in a 13M HNO3 solution (20 mL gzeolite 2) at 373 K for 20 hours. The powder
was filtered, washed thoroughly with deionized water, and dried at 373 K overnight, followed
by calcination at 823K in static air at a heating ramp rate of 1 K/min to obtain dealuminated

zeolites.
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3.2.  Material Characterization

The zeolite materials are studied employing various characterization techniques. To avoid
recurrence, the following section discusses the standard details of the working principle and the
experimental conditions. Any change in experimental conditions in the respective chapters will

be addressed accordingly.
3.2.1. Fourier Transform infrared (FTIR) spectroscopy of adsorbed molecules

Working Principle: Fourier Transform Infrared (FTIR) Spectroscopy identifies the molecular
structures based on the atom vibration and rotation 82, Figure 3.2 presents the schematic of the
basic principle of the FTIR spectrometer. A polychromatic source directs infrared radiations to
a beam splitter, dividing the incident beam into two beams: one beam reflects to a moving
mirror and the other to a fixed mirror. The beam recombines after being reflected at each mirror.
This generates constructive or destructive interference based on the distance between the
movable and the fixed mirror. Two beams are produced from here; one goes back to the source,
and the other directs to the samples. The detector measures the latter, followed by the generation
of an interferogram and conversion by a Fourier transform to a conventional transmittance or

absorbance spectrum.
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Figure 3.2: Schematic representation of the basic principle of FTIR spectroscopy. To produce
a transmittance spectrum, FTIR spectrometers can either be a double beam (where the
background is continuously subtracted from the sample) or a single beam (where the
background has to be subtracted from the sample). Most systems multiply the transmittance
value by 100 to give percent transmittance (T). However, the absorbance (A) scale,
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where A=—In(T/100), is more frequently used for quantitative analysis, as according to Beer's
law, absorbance is linearly related to the sample concentration 8% 184 Reproduced with
permission from ref.8 Copyright 2012 Springer Science + Business Media, LLC.

Experimental Conditions: FTIR spectra of zeolites using probe molecules were measured in
an in-situ FTIR setup with a Thermo Nicolet iS50 FTIR spectrometer with a DTGS detector.
Figure 3.3 presents the schematic of this in-situ FTIR setup for measuring FTIR spectra over
adsorbed pyridine, ~20 mg of zeolite powders was used to make self-supporting discs. The
discs were placed in an IR transmission cell attached to a vacuum line and activated at 723 K
for 4 h. The activated zeolites were dosed with pyridine by exposing them to 3 torr of pyridine
at about 423 K for 0.5 h and then evacuated for 0.5 h. The FTIR spectra of zeolites before and

after pyridine adsorption were acquired at an optical resolution of 4 cm™ by taking 128 scans.
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Figure 3.3: Schematic representation of in-situ FTIR setup used to acquire FTIR spectra of
samples with absorbed probe molecules. It consists of a vacuum rig, including a turbomolecular
pump and oil pump 1.5 with pressure control, IR spectrometer, and temperature controller. The
in-situ IR cell is made of quartz, which enables high-temperature treatment of the sample up to
873K. The electrical furnace uses a 48V AC source for the heating, which is controlled by a
temperature-programmed controller. The system of magnets can manipulate the sample inside
the cell.
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For the measurement of FTIR spectra over adsorbed carbon monoxide, a similar method was
followed to activate the samples, as described above, using pyridine as the probe molecule. A
low-temperature vacuum cell, cooled with liquid nitrogen, was used for carbon monoxide
adsorption. The calibrated aliquots of carbon monoxide were introduced stepwise until
complete saturation of the active sites, and the spectra were recorded immediately; a Pfeiffer
gauge monitored pressure.The processing software package OMNIC 9.3 was used to obtain the
difference spectra by subtracting the spectra of activated samples from the spectra of zeolites
with pyridine/carbon monoxide. All the presented FTIR spectra were normalized to the mass

of sample discs.
3.2.2. Solid-state NMR spectroscopy

Working Principle: Nuclear magnetic resonance (NMR) spectroscopy probes the chemical
structure, three-dimensional assembly, and motion of molecules and materials. When a nucleus
with non-zero spin is placed in an external magnetic field, the degenerate nuclear spin states

exhibit dissimilar energies, with a difference AE according to the following equation.
AE = yh(1 —0)By) (3.1)

where vy is the ratio of a nucleus’ magnetic moment to its angular momentum, called
gyromagnetic ratio, a characteristic property of each isotope. ¢ is the chemical shielding around
a nucleus, and By is the strength of the external magnetic field (typically 5-28T). Upon
electromagnetic radiofrequency irradiation, transitions can be induced between these nuclear
spin states, which are sensitive to the electronic distribution of a nucleus. These transitions
correspond to nuclear magnetic resonance (NMR) 8 187 As the different nuclei of a given
isotope in a sample have different chemical shielding (o), they exhibit different resonances that

identify the chemical structure.

Figure 3.4 presents the schematics of the working mechanism of solid-state NMR. Among the
spectroscopic techniques that can be utilized to characterize solid catalysts, solid-state NMR
(SSNMR) spectroscopy has emerged as a powerful technique with atomic-level resolution in
the structural investigation of catalysts 18 8% Magic-angle spinning (MAS) aids the acquisition
of high-resolution SSNMR spectra. In the MAS NMR technique, the powdered samples are
allowed to spin at ~10 to 100 kHz about an axis oriented at 54.74° with respect to the applied
magnetic field (Figure 3.4b). This significantly reduces the orientation-dependent anisotropic

interactions, substantially narrowing the solid-state NMR spectra .
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Figure 3.4: Schematic representation of the working mechanism of solid-state NMR.
Reproduced with permission from ref.2% Copyright 2021, Springer Nature Limited. Solid
samples, packed in cylindrical rotors, are usually placed in the NMR probe, which is then
inserted into the superconducting magnet. The oscillatory signals generated by the nuclear spin
are then amplified and converted through Fourier transform to conventional NMR spectra.

Experimental Conditions: Solid-state 2’Al MAS NMR spectroscopy was performed at a
resonance frequency of 79.5 MHz for aluminum (?Al) nucleus using a Bruker AVANCE IlI
HD spectrometer and Bruker 400 MHz Ultra-Shield magnet. Prior to experiments, 20-50 mg of
zeolite sample was packed into 4 mm zirconia rotors at room temperature. The 2’Al MAS NMR
spectra were recorded by spinning the packed rotors at a rate of 10 kHz for 3000 scans. The
2TAl chemical shift was referenced to AINH4(SOa)2-12H20. Similarly, solid-state multiple
guantum magic angle spinning nuclear magnetic resonance (MQMAS NMR) spectra were
recorded using a Bruker 700MHz Ultra-Shield spectrometer. The 2.5 mm zirconia rotors packed
at room temperature, with 2-8 mg of zeolite powders, were allowed to spin in a 2.5 mm MAS
probe with 20 kHz spinning speed, and the 2’Al MAS NMR spectra were recorded for 1440

scans. Spectral analysis and deconvolutions were performed using Topspin 4.0.9 software
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package (provided by Bruker) and dmfit32 software, respectively '°*. The deconvolution of
MQMAS spectra was done using the Czjzek line shape model *°? to determine the quadrupolar

coupling constant (Qcc) and isotropic chemical shift (Siso).
3.2.1. X-ray diffraction (XRD)

Working Principle: X-ray diffraction relies on the elastic scattering of photons from crystalline
materials' atomic planes, thus treating them as mirrors. Figure 3.5a presents the schematic of
the X-ray diffraction principle. An X-ray wavelength A strikes the atomic planes of spacing d
at an incident angle 6. The beam scatters from the planes at an angle 6, equal to the incident
angle with respect to the crystalline plane. As the wavelength of X-rays is of the same order of
magnitude as the interatomic distances in crystals (0.15 — 0.5 nm), the scattering leads to
constructive and destructive interference phenomena %, The geometric considerations show
that constructive interference will occur for certain angles, 6g, depending on the interplanar
spacing d (Figure 3.5a). Bragg’s equation relates the angular position of diffracted X-rays to
the lattice spacing and determines the structure of crystalline materials. For X-ray powder
diffraction, the diffractometers typically use Bragg-Brentano optics (Figure 3.5b), where a

high-intensity divergent X-ray beam is focused on the fixed sample to obtain strong diffraction

signals 1%,
A
/) (a) Bragg’s equation o<
. ™ Detect
/2/(/ nA=2dysinGg i o

. \0 ~ tube

0% ld

Figure 3.5: (a) Schematic representation of X-ray diffraction principle. The relative phase shifts
between X-rays scattered from the first and second planes are due to the red-marked distance.
In Bragg’s equation, ‘Og’ is the Bragg angle, ‘n’ is the order of the diffraction maxima, and hkl
are the Miller indices of the crystallographic plane '*°. (b) Bragg-Brentano geometry for powder
X-ray diffractometers. In a 0:0 instrument (e.g., PANalytical X Pert Pro), the sample is fixed,
the tube rotates at a rate - 6 °/min, and the detector rotates at a rate of 6 °/min. In the Bragg-
Brentano geometry, the diffraction vector (s) that bisects the angle between the incident and
scattered beam is always normal to the sample's surface. It is inspired by ref 1%,

Experimental Conditions: The XRD technique characterized the crystalline structure of the

zeolites. XRD patterns were obtained at room temperature on a PANalytical X'Pert PRO MPD
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diffractometer with Cu Ko (A = 0.15418 nm) radiation. The 26 scans covered the range 3-60°
with a scan rate of 1°/min; the accelerating voltage and applied current were 40 kV and 100
mA, respectively. Before measurement, the samples were pressed into sample holders. Origin

software was used to calculate the diffraction parameters using the XRD data.

3.2.2. N2 physisorption

Working Principle: The technique used to analyze the specific surface area of materials is
based on the Brunauer-Emmett-Teller (BET) theory which explains the physical adsorption of
gas molecules on a solid surface. Depending on the available solid surface and the relative
pressure, gas molecules fill the sample’s surface layer by layer. Filling the first layer enables
the measurement of the material’s surface area, as the amount of gas adsorbed when the mono-
layer is saturated is proportional to the sample’s entire surface area. The complete
adsorption/desorption analysis is ca