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In recent years, great interest has been focused on the search for strategies aimed at tuning
the structural and acidity properties of zeolites to improve catalytic performances. The acid
sites located inside the crystals catalyse reactions exploiting the internal channel
shape-selectivity different depending on the zeolitic structure employed. On the contrary,
acid sites located on the external surface did not offer the possibility to control the size of
molecules involved in reactions. This aspect generally leads to a loss of selectivity towards
desired products and to the uncontrolled production of coke. Passivating surface acidity is
a promising way to overcome deactivation issues and to enhance zeolites catalytic
performances. In the literature, different techniques have been studied with the aim of
neutralising external acid sites such as chemical liquid and vapour deposition of tetraethyl
orthosilicate. Moreover, other post-synthetic treatments with HNOs or with NaOH,
deposition of MgO or impregnation with phosphorus have also been investigated. Recently,
the synthesis of zeolitic core-shell materials attracted great attention among researchers.
Particularly, this technique could be used to passivate external acid sites through the growth
of a layer of aluminium-free zeolite, e.g. Silicalite-1, over the surface of a starting acidic
zeolite meanwhile preserving the catalytic activity maintaining the accessibility of the
internal acid sites. Furthermore, the synthesis of core-shell type catalysts coupling different
zeolitic structures could also be useful to enhance their performances in catalytic processes.
Zeolite composites synthesis through the integration of shell zeolites with smaller pores and
core zeolites with larger pores is a rational strategy. The shell's structure is designed for
separation tasks, but it also allows for additional catalytic activities to take place in the core.
Meanwhile, the shell could also be used to neutralize the core external acidity, thereby

preventing the occurrence of unwanted side reactions.

This PhD work can be divided into two main parts. In the first part of this PhD thesis, the

synthesis of zeolite catalysts with different structures, the passivation of their external acid



ABSTRACT

sites through the employment of different techniques and the characterization of their main
properties have been reported. This section in turn includes three steps.

The first step is focused on the employment of the epitaxial growth technique to synthesise
a shell of Silicalite-1 over the surface of ZSM-5 zeolites with the aim of neutralizing external
acid sites. Firstly, an acidic ZSM-5 core with a high aluminium content (Si/Al ratio equal to
11) has been synthesized and coated with Silicalite-1. Then, a novel strategy for the growth
of Silicalite-1 has been proposed; particularly, the coating of Silicalite-1 has been performed
using an as-made form core (with the organic template still inside the channels) to prevent
the partial blockage of the pores due to the growth of Silicalite-1 crystals. Moreover, ZSM-5
zeolites with different aluminium content have been synthesised and passivated employing
the epitaxial growth technique in order to study the effect of acid sites distribution on the
properties of resulting composite ZSM-5@Silicalite-1 catalysts.

The second step of this work relates to the synthesis of BEA@Silicalite-1 samples via a steam-
assisted crystallization technique.

The third step has been focused on the use of chemical vapour deposition of TEOS to
passivate external acid sites of ZSM-5 zeolite (with a Si/Al ratio equal to 25) in order to study
the properties of passivated catalysts and to compare them with results obtained using
ZSM-5@Silicalite-1 composite materials.

All the obtained catalysts have been characterised by classical analytic techniques such as
XRD, porosimetry, TG/DTA, SEM-EDX, NHs-TPD and FT-IR. The main results are
summarized in Chapter 4.

The second part of this PhD thesis mainly focuses on the application of catalysts synthesized
for different purposes. External acidity passivation could be useful to prevent the formation
of undesired products during reaction and the deactivation of catalysts. For this reason,
parent zeolites and passivated samples have been tested for two different catalytic
applications. In a period in which accelerating the pathway toward decarbonization and
reducing the dependence on fossil fuels became essential for governments, the synthesis of
dimethyl-ether and its employment as a chemical intermediate has attracted great attention.

For this reason, methanol to DME (MTD) and DME to olefins (DTO) reactions have been
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chosen to test synthesised catalysts and to analyse the effect of the passivation via the
epitaxial growth of Silicalite-1 over samples catalytic behaviour. Interesting and challenging

results, reported in Chapters 5 and 6, have been obtained for both applications.

Finally, also a new application of BEA@Silicalite-1 materials is shown: the synthesis of
Zeolite-templated carbons (ZTCs) employing the composite as a scaffold. In this part of the
work, the “gate effect” due to the narrower pores of the Silicalite-1 layer coating the BEA
surface on ZTCs final properties has been evaluated. Samples have been characterised
through XRD, TG/DTG, SEM, FT-IR and Raman Spectroscopy. Obtained ZTC materials
have been employed as adsorbents in Carbon Capture and Storage (CCS) processes and
interesting differences have been found between samples obtained starting from a simple
BEA zeolite and samples obtained from BEA®@Silicalite-1 composite materials. The main

results of this part of the work are summarized in Chapter 7.



Table of Contents

CHAPTER 1. ZEOMItES .....coceviiiiiiiciciict s 1
1.1  Background On ZEOLLES ...........coiuiuiiiiiiiiiiiiii s 1
1.2 Materials related to this WOIK ..........ccooeuiiiiiiii e 4

121 The MFI FrameWOTK .......ccooioiiiiiiiicccttt s 4
122 The BEA FrameWOTK ........ocooiiiiiiiiiiiicccccctcctt s 6
1.3 Main properties Of ZEOLILES. .........cccccciviviiiiiiiiiiiiiicii e 9

CHAPTER 2. Tuning zeolite properties: external acidity passivation ............cccccceeveeecinnneccnnnenenene. 14

2.1 Core-shell type catalysts .........ccocoviiiiiiiiciiciccc s 15
2.1.1 Passivating zeolite external acidity via the deposition of a layer of Silicalite-1: ZSM-5@Sil-1
CALALYSES. ottt s 18
2.1.1 Others zeolite@zeolite core-shell catalysts. ..........cccccceuiiiiiiiiiiiiiiiiie 30

2.1 Other external acidity passivation teChniqUES.............cccoevviiiiiiiiiiiiicccccc s 32

CHAPTER 3. Materials and method. ... 37
3.1 Synthesis of MFI-type samples. ..........cccccuiuiiiiiiiiiiiiiiiiiiiiiiice e 37
3.2 Synthesis of BEA-type SAMPIES.........ccciuiiiiiiiiiiiiiicicce s 38
3.3 Surface acidity passivation via the epitaxial growth of Silicalite-1: ZSM5@Sil-1 samples. .............. 38
3.4 Synthesis of composite BEA@Silicalite-1 via steam-assisted crystallization. ...........cccocoevviviiiinnnes 43
3.5 Surface passivation of ZSM-5 zeolites via chemical liquid deposition of TEOS..........c.ccccouvvirunnnes 44
3.6 Catalysts Characterizations. .........cocvrurruriiiiiiiiieicie s 45

B.6. 1 XRD ...t 45
3.6.2 POrosimetric analysis........ccoiiiiiiiiiiiiiiiicc s 46
3.6.3 Chemical ANALYSIS ......cocvuiuiiiiiiiiiiiieie e 46
B.6.4 TG/DTA ..o 46
3.6.5 SEM/EDX ...ttt 46
3.6.6 TEM ..ottt 47
3.6.7 NH-TPD ...t 47
BuB.8 FT-IR ..ot 48
3.5.9 Solid-state NIMR MAS. ..ottt 49
3.5.6 Spent catalysts: soluble coke analysis. ...........ccocoviuiiiiiiiiiiiicii s 49
CHAPTER 4. Physicochemical properties of investigated catalysts. ..........ccccceeeiiiiiiiiiiiine 50

A1 ZSMB@SIL-1 ...ttt a et b et n et a e 50



ATT XRD .ottt ettt ettt sttt e h bt h bt a s a b a et ae s enn et ene 50

4.1.2 SEM-EDX @NalySsis. ...c.ccvuiiiiiiiiiiiiiiiiiiiiicccicicsscisisis s 51
4.1.3 TEM @NalySes.......ccciiiiiiiiiiiiiiiiiiciic s 56
4.1.4 Chemical analysis: AAS reSults. .........ccccciiiiiiiiiiiiiiii s 58
4.1.5 TGA QNALYSIS «..cucuieiiiiiiiicc st 60
4.1.6 POrosimetric reSULES. .......ccouoiiiiiiiicie e 64
4.1.7 NH3-TPD @nalysis.......ccccoeiiiiiiiiiiiiiiiiiiii s 67
LB FT-IR bttt 71
4.1.9 Solid-state NMR MAS. .......ccooiiiiiiiiiii s 79
4.2 BEA@SII-1 ..ottt s 80
A2 T XRD.cooiiiii e 80
4.2.2 SEM-EDX. ..ottt 81
4.2.3 POrosimetric TESUILS. .....ccuiuiiiiiiiieicicc s 83
4.2.4 Acidity evaluation: NH3-TPD and FT-IR.........ccccooiiiiiiieccccns 84
4.3 ZSM-5 passivated via CLD Of TEOS. ........ccccoviiiiiiiiiiiiiiicisssss s 86
B.3. T XRD ..ottt 86
4.3 2 SEM-EDX ..ottt 86
4.3.3 POrosimetric TESUILS. .....c.cuiuiiiiiiiiiii s 88
4.3.4 Acidity evaluation: FT-IR. ... 89
CHAPTER 5. Methanol dehydration to DME.............ccccooiniiiiiiiiiicccccee e 91
5.1 State of art: Methanol conversion to DME. ...........c.cccoiiiiiiiiiccc e 91
5.2 MTD catalytic teStS. ...c.ciiiiiiiiiiiiiiiiiccc s 101
5.3 CONCIUSIONS. ....oviiii et 116
CHAPTER 6. Catalytic applications: Dimethyl ether conversion to Olefins............c.ccccovvviniiiiiinnnnes 117
6.1 State of art: Dimethyl ether conversion to olefins. ..........cooviiiiinii 118
6.2. DTO experimental tests. ...........cccciiiiiiiiiiiiiiiicc 124
6.3 Characterization of spent catalysts and coke analysis...........ccccocoeuiiiiiiiniiiiii 134
0.4 CONCIUSIONS. ....cuiiiniiiiiiiicicicicict et acas 140
CHAPTER 7. Synthesis of Zeolite Templated Carbon (ZTC) over Beta@Silicalite-1 zeolites .................. 142
7.1 Zeolite templated carbons: state of the art. ..o 142
7.1 ZTC synthesis Procedure. ..o 145
7.2 ZTC Characterizations. .........cccceueuiiiieiiiiieiie e 147

7.2.1 CharacteriZation TESULLS. .......coouiiiiiieiiiiceeie ettt ettt e ettt e ee et e e e s aa e e s esaeessssaaeesessseesesnseesesnsnes 148



7.3 CO2 adsOrption 0N ZTCs......c.cuimiiiiiiiiiiiiic s 155

7.4 CONCIUSIONS. ..ottt 158
CONCIUSIONS ...t 159
FUtUre PerspectiVes ...t s 164
RELEIOIICES ...ttt ettt 166
APPENDIX A: Textural properties of investigated samples. ...........ccccoeieiiiiiniiiiiiies 185
APPENDIX B: Acidity properties of investigated samples. ..........ccccoeriiiiininiiiiininiiicces 199
LISt Of fIGUTES ...ttt 205
LSt Of TabIeS......cuiiiieii s 208
Related PUDLICAtIONS ........c.ciiiiiiiiiic s 209
Off-Topic PUDLICAtIONS ..ot s 210

CONTLETENCE CONTIIDULIONS. c..eeiviiieiieeeie ettt ettt ettt e st e eetteesateesateessseessessnssessssesssseessseessseessssessssesssseens 210



CHAPTER 1. Zeolites

CHAPTER 1. Zeolites

Since the aim of this thesis work mainly concerned the tuning and passivation of the external
acidity of zeolites and the use of the synthesized samples in various catalytic applications,
in this chapter an overview of zeolites and their main physicochemical properties has been
presented. Particular attention was paid to the description of the MFI and BEA frameworks,

employed in this research work.

1.1 Background on zeolites.

The International Union of Pure and Applied Chemistry (IUPAC) has classified porous
materials into three primary groups based on their pore size: microporous (dp < 2 nm),
mesoporous (2 < dp <50 nm), and macroporous (dp> 50 nm) materials [1]. Zeolites, a type of
porous material, are characterised as low-density, crystalline aluminosilicates with a
well-organized microporous structure, featuring an extremely narrow and uniform pore
size distribution. This unique property makes zeolites significant members of the
microporous materials category. Zeolites exhibit a distinctive three-dimensional structure
composed of TOs tetrahedra, where T represents a tetravalent or trivalent atom, commonly
Si** or AP [2]. These tetrahedra are interconnected by sharing oxygen atoms, forming
repeating subunits that contribute to the creation of the crystal lattice. The spatial
arrangement of these subunits results in an organized system of cavities and channels. This
system possesses well-defined dimensions that vary from one zeolite to another,
contributing to the unique characteristics of each zeolitic structure. It's crucial to highlight
that when aluminium represents the tetrahedral atom, it creates a partial negative charge
due to its trivalent nature and connection to four oxygen atoms. This negative charge is
counteracted by the presence of cationic species situated within the lattice voids. The

chemical composition of zeolites can be represented by the following general formula:

MZ/TLO 'Al203 " XSLOZ " szo
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Where M represents the cation, often an alkali metal or alkaline earth metal, # is the cation
valence charge, x can vary from 2 to infinite and y represents the number of water molecules
incorporated into the zeolite framework.
Zeolites and their structures can be categorized based on various parameters [2]. According
to the Si/Al ratio, zeolites can be divided into:
1. Low Si/Al Ratio Zeolites: with Si/Al <2
2. Intermediate Si/Al Ratio Zeolites: with 2 < Si/Al <10
3. High Si/Al Ratio Zeolites: with 10 < Si/Al <100
4. Zeolites with "Infinite" Si/Al Ratio - "Pure Silica Zeolites": with a Si/Al ratio equal
to oo, often referred to as "pure silica zeolites."
Each category of zeolite with varying Si/Al ratios may exhibit different properties and
applications, and the specific ratio can impact their performance in various industrial and
scientific contexts.
Another classification of zeolitic structures is based on the size of the pores and cavities
within them, which plays a crucial role in the adsorption of molecules by zeolites. This
classification includes:
o Small-Pore Zeolites: zeolites with pore openings formed by six, eight, or nine
tetrahedra.
e Medium-Pore Zeolites: zeolites characterized by pore structures consisting of at least
10 tetrahedra interconnected.
o Large-Pored Zeolites: zeolites with pore structures formed by at least 12 tetrahedra
connected together.
Lastly, zeolites can be categorized based on the arrangement of the channels that define their
structures in space [2]. There are three distinct channel systems:
e One-dimensional channels: channels that are arranged in space parallel to each
other without any interconnection.
o Two-dimensional Channels: channels that extend in space in two directions and

have perpendicular interconnections between them.
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o Three-dimensional channels: channels arranged in all three spatial dimensions and
can have elliptical or circular shapes.

Zeolites synthesis involves as the first step the preparation of a mixture that includes all the
required reagents. The precursor gel is composed of silicate and aluminate sources, a
mineralizer (OH7/F), organic/inorganic structure-directing agents (SDA), and water
predominantly used as the solvent [1]. The following step regards the production of zeolitic
materials starting from the prepared precursor gel and it is generally carried out at high
temperatures and autogenous pressures. This second step could be performed through
standard hydrothermal synthesis (HT) or through dry gel conversion techniques (DGC). In
the DGC technique, a thoroughly dried gel is positioned on a support within an autoclave
that contains a liquid phase, ensuring no direct mixing of the two phases. The liquid phase
at the bottom of the support may consist of either an aqueous mixture of organic SDAs,
which can later be volatilized to reach the dried zeolite gel (referred to as vapor phase
transport or VPT technique), or, for non-volatile organic SDAs, simply pure water to
generate the necessary steam for the crystallization of the dry gel, known as the
steam-assisted technique (SAC) [1]. Although achieving a thorough and comprehensive
understanding of zeolite formation remains an ongoing objective, it is generally described
as a multi-step process involving prenucleation, primary nucleation, nuclei growth, and
crystal growth. In the prenucleation step, Si and Al sources undergo dissolution/hydrolysis
with a consequent condensation process of amorphous oligomeric silicate and aluminate
species. Primary nucleation can occur homogeneously or heterogeneously within the
solution gel or solid-like materials, respectively. The final step involves crystal growth from
small nuclei, potentially accompanied by secondary nucleation.
For zeolites synthesis, different silica sources are employed (such as sodium silicate
solution, amorphous precipitated silica, colloidal silica, and tetraethyl-orthosilicate). The
choice of silica source significantly impacts crystallization rates and can influence the
formation of specific zeolite phases [3]. Aluminum sources, including sodium aluminate
and aluminum hydroxide, are also necessary for the synthesis process. A mineralizer agent

is utilized to enable the dissolution of the silica source, typically in a basic medium with a
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pH range of 8 to 12, using OH- species. Alternatively, silica mineralization can occur under
acidic conditions employing F- ions [4]. Additionally, the nature of the inorganic cation,
employed to balance the zeolitic framework charge, can influence the morphology of zeolite
crystals and impact the nucleation period [5]. Structure-directing agents (SDA) are
compounds used in the synthesis of zeolites to guide or direct the formation of specific
structures during the crystallization process. These agents, such as alkylammonium salts,
alkylammonium hydroxide, amines, alcohols, or ethers, play a crucial role in influencing
the kinetic and/or thermodynamic aspects of zeolite lattice formation. They contribute to the
organization of TO4 units around organic molecules, directing the growth of the zeolite
structure.

Finally, crystallization time and temperature are key factors that strongly influence the
zeolite synthesis process [6]. For example, increasing synthesis temperature enhances the
rates of nucleation and crystal growth paths. The relative rates of nucleation and crystal
growth are crucial in determining the final material characteristics such as the crystals size.
After having summarized the fundamental information relating to the structure,
classification, and synthesis of zeolites, in the following paragraphs further in-depth

information will be presented on MFI and BEA frameworks.

1.2 Materials related to this work.

1.2.1 The MFI framework.

The MFI structure, one of the most extensively studied zeolite topologies, holds great
significance in industries like petroleum refining, petrochemicals, and pollution control
processes. The MFI framework is built starting from the pentasil unit shown in Figure 1
[7,8]. The pentasil unit, the composite building unit of the MFI framework, is in turn up of
eight linked membered rings also called pentagons (each composed of five T atoms bonded
together). Chains of pentasil units are obtained by joining CBUs across corners (Figure 1).

The connection of adjacent chains results in the formation of sheets within the b-c plane.
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Figure 1: Pentasil unit and chains and sheets it produces [7,8].

These sheets are assembled through mirror planes, leading to the creation of 4 and
6-membered rings. This assembly of sheets gives rise to a three-dimensional framework,
establishing a system of two-dimensional 10-membered-ring (10-MR) channels (Figure 2):
1. Channels along the [010] Axis (axis b in the figure above):
o These channels follow a linear path parallel to the [010] axis.
o They are delimited by an elliptical cycle comprising ten tetrahedra.
2. Zigzag Channels along the [100] Axis (axis a in the figure above):
o These channels exhibit a zigzag pattern parallel to the [100] axis.

o They are delimited by a ring containing ten T atoms.

Figure 2: MFI channels [8].

There are several zeolites with MFI structure among which the most commonly used are
ZSM-5 and Silicalite-1 also synthesized in this thesis work. ZSM-5 zeolite was first

synthesized in 1972, five years after the Beta zeolite was synthesized through the
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employment of tetraethylammonium cations. These discoveries marked significant
developments, introducing the concept of using organic structuring agents [8]. Silicalite-1,
a pure silicious MFI zeolite, was synthesized for the first time in 1978 when Flanigen and
his colleagues employed the first time fluoride ion as a mineralizing agent instead of OH-
ions. Silicalite-1 is characterized by a strong hydrophobic nature. This property makes
Silicalite-1 well-suited for the recovery of organic compounds from various effluents [8].
ZSM-5 zeolite exhibits exceptional chemical and thermal stability, making it highly durable.
It is easily synthesized using low-cost precursors and can have a versatile Si/Al ratio [8].
Additionally, its modulable acidity and shape selectivity render it a versatile catalyst to
produce various valuable products. ZSM-5 major commercial application lies in fluidized
bed catalytic cracking of heavier crude oil fractions [9]. Beyond catalytic cracking, ZSM-5 is
utilized in various processes, including the conversion of methanol to hydrocarbons,
olefine, or gasoline, the cyclization of paraffins and light olefins for aromatic hydrocarbon
production, xylene isomerization, and the synthesis of chemical industry intermediates [10—-

13].

1.2.2 The BEA framework.

Zeolite beta stands out as one of the most intricate materials within the zeolite family,
holding significant importance. Its structure is an intergrowth of two or three polymorphs:
chiral polymorph-A, achiral polymorph-B, and polymorph-C [14,15]. These polymorphs
arise from the same centrosymmetric layer shown in Figure 3, but they differ based on how
these layers are connected. The starting secondary building units are characterized by 16 T-

atoms arranged in the plane along two directions (Figure 3).

Figure 3: Secondary building units and centrosymmetric layer [15]
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The adjacent buildings layer can be associated through a 90° rotation of the topologically
identical layer around the c-axis, which is perpendicular to its plane direction as shown in
Figure 4. Given the tetragonal nature of the layer, the view along the a-axis closely resembles

that along the b-axis.

XY XY XY wiuwone  AANAANAN
"I_/_Q\ ;/Q\ :/Q\ around ¢ axis f]ﬁm%/
a b

Figure 4: Adjacent building layers [15].
The chemical connectivity between adjacent layers could be ensured by employing three

translation modes, that occur either on the a-axis or the b-axis, shown in Figure 5:

e No Translation: The upper layer is shifted by 0 periods along the a-axis or b-axis

direction relative to the lower layer (Figure 5a).

e +1/3 Translation: The upper layer is shifted by a +1/3 period along the a-axis or b-axis

direction relative to the lower layer (Figure 5b).

e -1/3 Translation: The upper layer is shifted by the -1/3 period along the a-axis or b-

axis direction relative to the lower layer (Figure 5c).

()

Figure 5: Adjacent building layers connection modes [15].




CHAPTER 1. Zeolites

The periodic connection modes of the interphase layer on the 2D plane (ac plane or bc plane)

can be categorized into the following three types:

e Alternating Sequence: In this type (Figure 6a), the interphase layers follow the
alternating sequence +1/3, -1/3, +1/3, -1/3..., resulting in 12-membered ring channels
presenting the ABABAB... type stacking sequences when viewed on the ac (or bc)

plane.

e Consecutive Sequence: In this type (Figure 6b), the interphase layers follow the
consecutive sequence +1/3, +1/3, +1/3... (or -1/3, -1/3, -1/3...), leading to 12-membered
ring channels with ABCABC... type stacking sequences when viewed on the ac (or

bc) plane.

e No Translation: In this type (Figure 6c¢), the interphase layers arrange without any
translation, resulting in 12-membered ring channels presenting the AAA... type

stacking sequences when viewed on the ac (or bc) plane.

WaOW  NATY R
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Figure 6: Periodic connection modes of the layers on the 2D plane [15].

Ditferent polymorphs of zeolite beta are obtained based on the stacking configurations of
interphase layers on ac and bc planes. These include Polymorph-A, Polymorph-B,
Polymorph-C, Polymorph-CH (an ordered intergrowth of Polymorph-A and Polymorph-
B), Polymorph-D (an ordered intergrowth of Polymorph-B and Polymorph-C), and
Polymorph-E (an ordered intergrowth of Polymorph-A and Polymorph-C). Polymorph-A
is formed when the interphase layers follow the alternating sequence on both ac and bc
planes. Polymorph-B is formed when the interphase layers follow the consecutive sequence

on both the ac and bc planes. Polymorph-C is formed when the interphase layers are linked
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without any translation on both the ac and bc planes. Polymorph-A, the chiral variant of
zeolite beta, is in great demand for its potential uses in enantioseparation and asymmetric
catalysis. Despite its high desirability, achieving the pure form of polymorph-A in zeolite
beta remains an elusive goal.

Whatever the polymorph obtained, the channel system obtained is always
three-dimensional with 12-ring pores.

Beta zeolite was synthesized for the first time in 1967 using the hydrothermal method and
employing silicon gel, aluminum, alkali, and tetraethyl ammonium hydroxide as chemicals
[16]. Because of its unique properties such as high Bronsted acidity concentration, high Si/Al
ratio, high thermal and hydrothermal stability, and high surface area, beta zeolite has been
widely used in petrochemical, fine chemical, and environmental fields. For example, BEA
zeolite has been employed in fluid catalytic cracking and for the alkylation of benzene or
isobutene [17-19]. In the environmental field, potassium tungstophosphate supported on
BEA zeolite has been successfully employed for pesticide removal [20]. Moreover, recently
Sn-BEA zeolite and dealuminated BEA zeolites have been used to monitor environmental
pollutants using gas sensors. Gas sensors incorporating Sn-BEA and DeAl-BEA zeolites as
selective microporous layers have been developed and put through extensive testing. The
Sn-BEA-based sensor exhibited notable selectivity for NO:, while the DeAl-BEA sensor
demonstrated selectivity for CO2 and NO, even in the presence of water vapor at room

temperature [21].

1.3 Main properties of zeolites.

In this paragraph, the main properties of zeolites will be briefly discussed giving higher
attention to shape selectivity and acidity.

High internal surface area and pore volume. Zeolites are characterized by a high specific surface
area (>200 m?/g) and a high pore volume directly linked to their pore architecture. This
unique structure enables zeolites to accommodate a variety of species in their frameworks,
making them particularly appealing for different industrial uses such as separation and

catalysis.
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Shape selectivity. The extensive utilization of zeolites in catalysis can be attributed to their
remarkable molecular shape-selectivity properties. Shape selectivity in catalysis refers to the
ability of a catalyst to exhibit specificity in chemical reactions based on the size and shape
of the reacting molecules. In zeolites, shape selectivity arises from the constrained
environment of their nanoporous structure. Only molecules that can fit within the defined
pore dimensions of the zeolite can access the internal catalytic sites and undergo reactions.
In the same way, only molecules capable of exiting the crystal appear in the final product.
Synthesizing zeolites with different channel sizes involves modulating their
shape-selectivity. Different types of shape-selectivities can be identified depending on the
specific aspect of the catalytic process influenced by the channel size within the zeolite
structure. This includes scenarios where the entrance of reacting molecules is limited by the
channel size, the release of product molecules is constrained, or the formation of transition
states is affected. Shape selectivity towards products is, for example, employed in methanol
to olefins reaction. Particularly, the employment of SAPO-34 catalysts, with narrow
channels (3.8 A, three-dimensional) allows to obtain as main product ethylene and
propylene rather than heavier hydrocarbons. However, the presence of larger cages in the
framework of zeolite allows hydrocarbon pool mechanisms to occur [22]. Shape selectivity
related to the state of transition occurs when, despite the possibility of various competing
reactions, only the intermediate that fits within the size constraints of the zeolite voids is
formed. Examples of this type of selectivity include the disproportionation and trans-
alkylation of alkyl-aromatic compounds [23]. In the acid-catalyzed trans-alkylation of
di-alkylbenzene, a bimolecular reaction occurs where one alkyl group is transferred from
one molecule to another. The transition state involves the formation of di-phenylbenzene,
which can subsequently dissociate to yield either a 1,2,4 isomer or a 1,3,5 isomer of tri-
alkylbenzene, along with mono-alkylbenzene. When mordenite is used as the catalyst, the
transition state for the 1,3,5 isomer is hindered due to its size, resulting in a 100% yield of
the 1,2,4 isomer [24].

Acidity. Together with shape selectivity, the acidity of zeolites is one of their most important

properties as catalysts. Knowing the nature of acid sites, their strength, and their location
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within frameworks is fundamental for the following zeolite catalytic applications. As
already explained, zeolites are crystalline aluminosilicates with a structure formed by
connecting SiOs and AlOs tetrahedra through shared corner oxygen atoms. The presence of
trivalent AI** species in the framework leads to a net negative charge, which is counteracted
by cations like Na*, K, Mg?*, Ca?, NH*, or protons (H*). When the negative charge is
compensated by a proton a strong Brensted acid site is formed [25,26]. A Bronsted acidic
proton consists of hydrogen linked to the oxygen atom that connects the tetrahedrally
coordinated cations as shown in Figure 7. One of the most common approaches employed
to obtain Brensted acid sites involves the exchange between the zeolite counter-cation and
the ammonium ion, followed by high-temperature calcination, typically around 550°C. The
amount of Bronsted acid sites can be modulated by varying the Si/Al ratio of the zeolite [27].
Moreover, acid site strength can be tuned employing isomorphous substitutions, whether
performed during direct synthesis or through post-treatment leading to metallosilicates
with zeolite structures where some of the T sites are replaced by a trivalent element other
than Al, such as Ga, Fe, In, B, etc. Both theoretical calculations and experimental assessments
of acid strength using methods like IR spectroscopy and ammonia TPD consistently
demonstrated that acid site strength follows the order: AI(OH)Si > Ga(OH)Si > Fe(OH)Si >
In(OH)Si > B(OH)Si [28]. Lewis acid sites in zeolites are electron-deficient sites that can
therefore accept electrons during interaction with molecules. In contrast to Bronsted acid
sites, the source of Lewis acid sites in zeolites remains a topic of discussion. The uncertainty
arises from the various potential Lewis acid sites, attributed to the structural flexibility of
aluminum, leading to numerous aluminium species. Methods like steaming, high-
temperature calcination, and acid or base leaching can induce Lewis acidic character in
aluminum through post-synthesis treatments. These processes typically involve the
hydrolysis of framework Si-O-Al bonds, leading to the removal of aluminum from the
framework and the creation of 'extra-framework aluminum' (EFAl) species with Lewis
acidity [29]. An example is shown in Figure 7. Moreover, EFAI exists in several oxide and
hydroxide forms, such as AI(OH)*, AI(OH)*, AIOOH, Al:Os, and Al(OH)s. Furthermore,

studies demonstrated that framework Lewis acid sites arise from framework
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dehydroxylation [30] and that Lewis acid sites were also detected on the external surface of
extra framework-free zeolites [31]. Busca et al. found strong Lewis acid sites on low-
aluminum faujasite H-Y, suggesting that the contribution to Lewis acidity in protonic
zeolites may come from both extra-framework species and framework tetrahedral
aluminum ions [32]. It is clear that the right tuning of acid site distribution represents a key
factor for catalysis applications. It has been demonstrated, for example, that calcination
temperature influences acid sites distribution [33]. Moreover, also organic template

employed in the synthesis gel can affect the Bronsted/Lewis acidity ratio [34].
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Figure 7: Strong Brensted acid site and generation of Lewis acid sites via dehydroxylation [35]

Several techniques can be employed to analyze the acidity of zeolites. The quantification of
acid sites, including their number and strength, can be achieved through ammonia titration
(NHs-TPD measurements). However, this method cannot distinguish between Bronsted and

Lewis acid sites. To address this limitation, other techniques such as FT-IR of adsorbed
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probe molecules (e.g., acetonitrile, pyridine, ammonia, and CO) can be utilized.
Additionally, NMR analysis (including 'H-, ¥Al-, #Si-, »Na-NMR) provides a
comprehensive understanding of the origin of acid sites in zeolites.

Ion exchange Capacity. Zeolites possess a porous crystalline structure that includes ions,
specifically cations which can include H, Li*, Na*, K*, Cs*, Mg?, Ca¥, or transition metal
cations. These cations play a crucial role in neutralizing the negative charge generated when
an aluminum atom forms a tetrahedron by binding to four oxygen atoms and they can be
easily exchanged. Zeolites, with their ability to exchange ions, find applications in various
tields. For instance, zeolite A is employed in water softening, where Na* ions in the zeolite
structure are exchanged with Ca? ions from water, effectively removing calcium ions [36].
High Chemical, Mechanical, Thermal, and Hydrothermal stability. In contrast to non-crystalline
aluminosilicates, crystalline zeolitic substances have proven to be generally more adept at
withstanding the challenging conditions prevalent in numerous industrial catalytic
procedures.

Easy Regeneration. Although zeolites can deactivate during reaction because of the formation
of coke, they can be easily regenerated through processes that have little to no impact on the
original structure (e.g. calcination treatment).

Support for Metal. Zeolites can also be used as support for catalytic metal or metal oxide

allowing the production of bifunctional acid-metal catalysts.
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CHAPTER 2. Tuning zeolite properties:
external acidity passivation

Zeolites, a significant group of crystalline microporous materials, have been synthesized
since the 1940s. As already explained, they possess distinct physical and chemical properties
that make them ideal for adsorption and catalysis also because of their shape-selectivity. In
addition, the possibility to adjust acidity in a controlled structure, coupled with
hydrothermal stability, high surface area, and pore volume, promoted the applications of
zeolites in petrochemistry, gas separation, and energy applications [37]. Many efforts are
still being made to enhance the performance of such materials. In catalysis, current
investigations involve two main aspects: structure and acidity tuning. Structural
modifications mainly consist of introducing mesoporosity in the internal channels of
zeolites or changing the crystal size [38], to reduce mass limitation factors. Acidity
modifications concern both techniques used to vary the number and distribution of acid
sites [39] and techniques employed for the passivation of external acid sites [40].

The study of acid sites distribution and location, inside or outside the channels, represents
a complex topic of great interest [31,41-43]. About this aspect, Busca et al. deeply
characterized external and internal sites of H-ZSM5 zeolites (with different Si/Al ratios) via
an FT-IR study by employing different molecules as probes. Particularly, they used
pivalonitrile and other molecules with a similar critical radius because they cannot enter
ZSM-5 channels and consequently are useful to characterize external acidity. Results
obtained revealed that ZSM-5 zeolites exhibited the presence of two different types of
terminal silanol groups on their external surfaces appearing similar in their OH stretching
band but varying in Brensted acidity. Moreover, the authors stated that external surfaces of
ZSM5- zeolites, even in samples with low Al content, possess two types of Lewis acid sites,
with higher quantities of stronger external Lewis acid sites in high Al content samples. On
the contrary, no proof supporting the presence of bridging Si-(OH)-Al sites on the external
surface was found, suggesting the confinement of strong Bronsted acid sites within the

pores.
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The presence of acid sites in the channels of the zeolitic framework implies the capability to
catalyze the reactions by exploiting the fundamental characteristic of shape selectivity.
Conversely, the existence of acidic sites on the outer surface of zeolites hinders the use of
this characteristic. Therefore, the decrease in selectivity towards the desired products might
be linked to the absence of shape selectivity in external acid sites. Acid sites present on the
external surface of ZSM-5 zeolite may also prompt extensive coke formation during catalytic
reactions. This accumulation could potentially cover or obstruct the surface and pore
openings. Consequently, the acid sites within the micropores might lose their efficiency,
leading to rapid deactivation.

In this research work great attention was paid to external zeolites acidity passivation
techniques. As will be explained in the next paragraphs within the existing methodologies,
the epitaxial growth of a layer of Silicalite-1, steam-assisted crystallization (SAC), and
chemical liquid deposition of TEOS have been explored. For this reason, an overview of the
major passivation techniques studied and used in literature is drawn up in the next
paragraphs. In particular, attention was initially paid to the synthesis of core-shell type
catalysts and among these to ZSM-5@Silicalite-1 samples obtained through the epitaxial
growth technique. Moreover, fundamental information about zeolitic core-shell catalysts
composed of a core and a shell with a different framework is provided. Finally, other
passivation techniques have been described with particular emphasis on the chemical liquid

deposition of TEOS.

2.1 Core-shell type catalysts.

“Core-shell concept” involves materials composed of two distinct parts: an outer shell and
an inner core or hollow region [44]. The different properties of core (or hollow region) and
shell allow to generate of new desirable characteristics while largely preserving the original
properties of each component and results in enhanced features compared to the individual
components or their physical blends. As a result, such materials find suitability in various
fields like adsorption, catalysis, storage, and biomedical applications [45]. Figure 8
represents three types of encapsulated structures that can be obtained by combining cores,

shells, and hollow regions:
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e Core-Shell Structure: This type involves a composite nanomaterial where a single
nuclear material is uniformly coated by secondary shell material, creating a core-shell
connection.

e Hollow Structure: Unlike the core-shell structure, the hollow structure lacks a
nucleus. It can be synthesized through the treatment of the core-shell structure or by
direct synthesis.

e Yolk-Shell Structure: This structure represents a core-shell design in which the core

and shell are not connected but separated by a hollow region.

Three types of encapsulated structures

Core@shell Hollow structure Yolk@shell

Figure 8: Type of encapsulated materials [44].

Encapsulated catalysts usually consist of a part of zeolite which could be the shell, the core,

or both the shell and the core as shown in Figure 9.
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Figure 9: Position of zeolite in zeolitic core-shell catalysts.

Particular attention in this thesis work will be paid to core-shell catalysts. Among these, a
further distinction can be made. Depending on the core material, two categories can be

counted:

16



CHAPTER 2. Tuning zeolite properties: external acidity passivation

e Metal-oxide@Zeolite [46,47], suitable for safeguarding metals from harsh
environments.
e Zeolite@Zeolite [40,48-52], core-shell suitable for passivating external surface acid
sites or achieving a gradient distribution of zeolite acid sites.

Although a discussion of the main uses and synthesis techniques was addressed to all types
of core-shell, the greatest attention will be paid to the second category (zeolite@zeolite) since
they represent a strategy to achieve the neutralization of the external acid sites, the main
aim of the research.
Metal oxides such as Fe, Co, Ni, and Ru serve as catalysts in industrial hydrocarbons
production such as light olefins, liquefied petroleum gas, and gasoline. One of the main
problems related to these catalysts is their tendency to deactivate because of poisoning,
sintering, and agglomeration [53].
Coating metal oxide catalysts surface with zeolitic shells in core-shell configuration
improves catalyst stability during thermocatalytic reactions. These structures prevent core
material agglomeration, migration, and sintering, thereby maintaining active catalytic sites
and enhancing catalytic longevity. Additionally, the regular pore structure of the zeolite
shell improves site accessibility, reducing the risk of coking by facilitating the transport of
reactants and by-products [44]. Because of their unique characteristics, core-shell catalysts
have already been employed in various applications such as Fischer-Tropsch synthesis.
Co-based core-shell catalysts were synthesised by Javed et al. using a ZSM-5 zeolite as
support for the subsequent incipient-wetness impregnation with cobalt nitrate solution.
Then Co-ZSM5 catalyst was encapsulated by a microporous shell of Silicalite-1 employing
a hydrothermal synthesis technique [54]. Catalytic tests of direct synthesis of syngas into
gasoline range hydrocarbons via FIS were performed and the Co/ZSM-5@Silicalite-1
core-shell catalyst exhibited the highest selectivity (74.7%) for Cs-Cn hydrocarbons, with
notable lower CO: and CHxs selectivities compared to other zeolite supported Co-based
catalysts with no core-shell structure. Moreover, core-shell catalysts exhibited lower
deactivation over time and the higher CO conversion proving that the Silicalite-1 layer

prevented coke deposition from occurring on the metal phase [54]. In another work,
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FsOs@Silicalite-1 core-shell catalysts were prepared and the effect of the thickness of the shell
on product distribution of Fischer-Tropsch synthesis was evaluated. It was found that the
presence of a Silicalite-1 shell increased catalyst stability avoiding its cracking and sintering
[55]. Core-shell catalysts have also been used for methane co-aromatization with propane
[56]. The core-shell configuration of the Zn/SiO2@ZSM-5 catalyst led to the development of
a unique micro-macroporous system. This system facilitated the rapid diffusion of desired
products through the intraframework channels, preventing the accumulation of carbon
deposits. In brief, the Zn/SiO:@ZSM-5 catalyst, compared with a traditional Zn/ZSM-5
catalyst, showed superior methane and propane conversion as well as high aromatic
selectivity and improved stability [56].

In addition, the design flexibility of core-shell structures allows the integration of two
functional materials, enabling multi-stage catalytic performance. Particularly, by employing
the spatial confinement effect of the core-shell structure, it is possible to promote specific
reaction sequences enhancing conversion rates, product yields, and energy efficiency.
Ethanol synthesis from dimethyl ether and syngas is usually performed through a two-step
process in which firstly DME is carbonylated to methyl acetate and then the following
hydrogenation of methyl acetate produces ethanol and methanol. Employing a core-shell
catalyst consisting of a core of Cu/ZnO and a shell of H-MOR zeolite allowed to perform
successfully one-step ethanol synthesis from DME and syngas with excellent performances
[57].

Core shells consisting of both the core and the shell of different zeolitic materials allow to
combine of unique characteristics of different zeolitic structures designing high-quality
composites with multiple features. In the next paragraphs, techniques employed to

synthesise zeolite@zeolite core-shell catalysts will be discussed.

2.1.1 Passivating zeolite external acidity via the deposition of a layer of
Silicalite-1: ZSM-5@Sil-1 catalysts.

Among the various core-shell catalysts of the zeolite@zeolite type, particular attention has

been paid in this thesis work to the materials consisting of a ZSM-5 core and a Silicalite-1
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shell. Both are made of MFI structure, a shell of Silicalite-1 allows to neutralize acid sites
located on the external surface of the ZSM-5 core and meanwhile preserves the catalytic
activity not limiting the access of the molecules through the internal acid sites. In the
literature, ZSM-5@Silicalite-1 core-shell catalysts have been studied and employed for
various applications but they continue to attract the attention of researchers.

ZSM-5@Silicalite-1 catalysts are usually synthesized employing the so-called “in situ”
technique. This synthesis method consists of two steps: during the first step the core,
eventually pretreated, is immersed in the Silicalite-1 precursor solution and the
hydrothermal crystallization of the shell is carried out during the second step [45]. Structural
similarities between ZSM-5 and Silicalite-1 zeolites, both characterized by an MFI-type
framework, promote the intergrowth of the two zeolitic phases during the hydrothermal
synthesis of the shell. On the contrary, the direct growth of a shell with a zeolitic structure
different from that of the core is more difficult and challenging but, as explained in the next
paragraph, some works in literature have been published regarding the coupling of
different zeolitic frameworks. An issue in the formation of core@shell crystals, employing
the “in situ” technique, involves the competition between nucleation centers in the bulk gel
and those on the core surface, often leading to homogeneous nucleation of shell crystals [45].
Nevertheless, a solution lies in the straightforward separation of core@shell crystals from
bulk crystals by employing sedimentation or centrifugation, especially when there's a
significant difference in their sizes. To prevent the homogeneous nucleation of Silicalite-1
crystals promoting the epitaxial growth around the core, studies have demonstrated the
effectiveness of employing a high H2O/SiO: ratio in the Silicalite-1 precursor solution [58].
A low silica concentration minimizes the heterogeneous nucleation of Silicalite-1 crystal,
which is particularly beneficial for achieving uniform shell growth on larger-sized zeolite
core crystals (=3 um). However, in cases involving smaller zeolite cores (=400 nm), an
excessively high H2O/SiO2 ratio in the shell precursor solution may lead to issues like core
aggregation and separate nucleation of the shell. Hence, during the preparation of core-shell
structures, it is crucial to keep a balanced H20/SiO: ratio between the core and shell [58].

The precursor solution usually employed for the synthesis of the Silicalite-1 layer consists
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of water, an organic template (generally tetrapropylammonium hydroxide), and a silica

source commonly represented by TEOS or fumed silica. Furthermore, the addition of

ethanol can enhance the crystallization of the zeolite shell but might limit large-scale

core-shell catalyst synthesis [37]. In Table 1 Silicalite-1 precursor solutions and shell

crystallization conditions reported in the literature are summarized. Moreover, some

information about the core employed is also included.

Table 1: Synthesis conditions of ZSMb5@Silicalite-1 catalysts prepared via “in situ” hydrothermal

crystallization.
Si/Al Crystallization of the shell
Refs. type Core form of the Time T
Core synthesis gel

[h]  [K]

[52] ZSMb5@Sil-1 H-ZSM5 70 0.5 TPAOH: 120 H20: 8 EtOH: 2 SiO: 24 453
Commercial
[59] ZSMbe@Sil-1 - 1 5i02: 0.09 TPAOH: 16 EtOH: 240 H20 24 453
ZSM5
[60] ZSMb5@Sil-1 AS-ZSM5 90 12 SiO2: 16EtOH: 3.7 TPAOH: 800 H20 24 453
[61] ZSMb5@Sil-1 Zn/H-ZSM5 12.5 1TEOS: 0.14 TPAOH: 20 EtOH: 120 H20 24 453
[62] ZSMb5@Sil-1 Mo/H-ZSM5 15 20 SiO2: 3TPAOH: 80 EtOH: 1200 H20 24 453
[63] ZSMb@Sil-1 ~ Ga/AS-ZSM5 50 1 5i02: x TPAOH: 16 EtOH: 240 H:O. 24 453
[64] ZSMb5@Sil-1 H-ZSMb 75 Surfactant-directed sol-gel coating 48 453
[65] ZSMb5@Sil-1  Meso-AS-ZSM5 150 Solid-state steam-assisted synthesis 72 453
[66] ZSMb@Sil-1 ~ Meso-H-ZSM5 50 1 5i02: 0.05 TPA20: 0.6 Na20: 10 H2O 24 443
Cylinder-
shaped H-ZSM5
extruded
[67] ZSMb5@Sil-1 - 10 SiO2: TPAOH: 900 H:20: 40 EtOH 24 443
adding
amorphous

silica as binder

20



CHAPTER 2. Tuning zeolite properties: external acidity passivation

Si/Al Crystallization of the shell
Refs. type Core form of the Time T
Core synthesis gel _—
1 SiOz2: 0.3 TPAOH: 120 H20: 4 EtOH 10
[68] ZSMb5@Sil-1 - 15 463
(Ultra-fast synthesis in a tube reactor) min
Fe-ZSMb5
[69] ZSMb5@Sil-1  functionalized 40 8.3x TPAOH: x SiO2(TEOS): 230 H20 1 473
with PDDA
Various
[51] ZSMb5@Sil-1 H-ZSM5 Si/Al 2 SiOz2: 0.5 TPAOH: 8 EtOH:120 H20 24 453
ratios
x SiO2: y TPAOH: z TPABr: 8 EtOH:
[50] ZSMb5@Sil-1 H-ZSM5 100 24 453
120H20
Various
[70] ZSMb5@Sil-1 H-ZSM5 Si/Al 1 5iO2: 0.08 TPAOH: 16 EtOH: 240 H20 24 453
ratios
ZSM5 crystals
prepared both
[71]  ZSMb5@Sil-1 in fluoride 20 1 Si02-0.125 TPABr: 0.9 NH4F: 33 H20 90 453
media and
conventionally
[72]  ZSMb5@Sil-1 Meso-ZSM5 - 17 TEOS: 14 TPAOH: 9500 H20 24 373
ZSMS5 treated
[73] ZSM5@Sil-1  with an alkaline 36 2.29 Na:0: 1 TPP‘; gH‘ 155102 2237 24 453
solution ‘
[74] ZSMb5@Sil-1  Calcined ZSM5 80 0.2 TPAOH: 1 TEOS: 250 H-0 24 448
Commercial
[75] ZSMb5@Sil-1 —— 216 25 SiO2: 3 TPAOH: 100 EtOH: 1500 H20 24 453

21



CHAPTER 2. Tuning zeolite properties: external acidity passivation

Si/Al Crystallization of the shell
Refs. type Core form of the Time T
Core synthesis gel
[h]  [Kk]
[76] ZSM5@Sil-1 ZSMb5 50 1Si0O2: 0.125 TPABr: 0.9 NH4F: 33 H20 90 453
Commercial
[48] ZSMb5@Sil-1 38 1 TEOS: 0.25 TPAOH: 80 H.0 24 453
H-ZSM5
NH4-ZSM5
2,4,8,
[77] ZSM5@Sil-1  functionalized 70 1 5i02: 0.5 TPAOH: 8 EtOH: 120 H.O 433
16
with PDDA

As can be seen from the data in the table, the hydrothermal synthesis of the Silicalite-1 layer
is generally performed at 180°C for 24 hours. Moreover, the use of a rotating or tumbling
oven is frequent to improve the homogeneity of the core coating [52].

Researchers’ efforts are still dedicated to trying to optimize Silicalite-1 coating conditions in
order to obtain a homogeneous layer around the core and to avoid the growth of single
Silicalite-1 crystals. The presence of inactive Silicalite-1 crystals could drop the efficiency of
the catalysts, posing a concern for their catalytic activity. Van Vu et al. reported a substantial
increase in crystallized product mass after the coating process during their first studies on
ZSMba@Silicalite-1 synthesis. This considerable mass gain, despite the presence of a thin
Silicalite-1 layer on the surface of HZSM-5 crystals, was primarily attributed to the process
of homogeneous nucleation of Silicalite-1 occurring within the liquid phase. For this reason,
they decided to investigate the effect of the variation of molar ratios of silica source and
structure directing agent in the Silicalite-1 precursor solution on core-shell morphology [50].
Particularly they employed fumed silica or TEOS as a silica source and TPAOH and/or
TPABr as structure-directing agents. In the table below, molar ratios used in the precursor
solutions are listed. Researchers measured the mass gain after the coating as the ratio
between the mass increase after Silicalite-1 synthesis and the mass of the H-ZSM5 core. From

their data in Table 2, it is noteworthy that higher molar ratios of TPAOH/silica sources
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(A1&A2; T1&T2), lead to a significant increase in mass, primarily attributed to the formation

of Silicalite-1 crystals through homogeneous nucleation within the coating solution.

Table 2: Molar ratios employed in Silicalite-1 precursor solutions and mass gain obtained after the
coating [50].

Silica source Sample Molar ratios x SiO,:y TPAOH:z Coating time Mass gain [%]
TPABr:8 EtOH:120 - H,O

Fumed silica Al x=20,y=012,z=0 1 +167
A2 x=20,y=0.12,z=012 1 +194
A3 x =20,y =006 z=006 1 +88
Ad x=20y=0.03z=009 1 +56
AS x=10,y=012,z=0 1 +127
A6 x=05y=012z=0 1 +40
A7-1 x=05y=006,z=0 1 +51
AT-2 x=05y=006z=0 2 -
A8 x=05y=003z=0 1 +36

TEOS Tl x=20,y=05z=0 1 +180
T2 x=15y=052z=0 1 +151
T3 x=10,y=012,z=0 1 +120
T4 x=10,y=006,z=0 1 +71
T5 x=05y=012,z=0 1 +65
T6 x=05y=006z=0 1 +44
T7 x=05y=003z=0 1 +35

To obtain ZSMb5@Silicalite-1 core-shell catalysts with minimal defects, synthesis procedures
in fluoride media of both core and shell have been developed [71,76]. However, the presence
of fluoride (F) is considered environmentally dangerous and a limiting step for industrial-
scale synthesis processes.

Other techniques, different from the commonly used hydrothermal synthesis, to produce
Z5Mb5a@Silicalite-1 catalysts have been recently developed. Goodarzi et al. proposed a
straightforward solid-state steam-assisted technique aimed at producing a non-acidic
ultrathin layer of Silicalite-1 surrounding mesoporous ZSM-5 crystals [65]. The technique
used began with pulverizing the as-synthesized mesoporous ZSM-5 in a mortar and drying
it overnight to remove moisture. Then sequential impregnation with TPAOH and TEOS in
a Teflon beaker, followed by drying and heating in a Teflon-lined stainless-steel autoclave

with distilled water to generate steam at 180°C for 72 hours was carried out.
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An ultrafast post-synthesis procedure to prepare ZSM-5@Silicalite-1 core-shell catalysts was
recently proposed [68]. The process for synthesizing Silicalite-1 involved preparing a
solution by combining TEOS, TPAOH, water, and ethanol. After stirring this mixture for 2
hours, the ZSM-5 core was introduced and stirred for an additional hour. Subsequently, the
reactants were transferred into a tubular reactor with dimensions of 10 mm outer diameter
and 8 mm inner diameter. The mixture was then heated at 190°C for 10 minutes in a pre-
heated oil bath.

The synthesis of core-shell ZSM-5@silicalite-1 with a consistent and structured morphology
was achieved using a novel tandem synthesis approach. This innovative strategy involved
two sequential steps: the incorporation of nearly all aluminum sites through organ
template-free synthesis, followed by the crystallization of the remaining silica sites through
organ template-oriented synthesis [78]. In Figure 10 schematic representation of the
synthesis method is reported. In the first step, regarding the organ template-free synthesis,
chemicals including colloidal silica, Al2(SO4)3-18H20, NaOH, H:0, and seeds were mixed
and stirred at room temperature and then transferred to a stainless-steel autoclave for a
dynamic crystallization of 8 hours at 170°C. Subsequently, in the organic template-oriented
synthesis phase, a specific quantity of the template agent TPABr was added, and this

mixture was then subjected to dynamic crystallization at 170°C for 72 hours.
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Figure 10: Schematic representation of a new ZSM5@Silicalite-1 synthesis strategy [78].

Several techniques have been employed to fully characterize ZSM5@Silicalite-1 core-shell
catalysts in order to demonstrate the growth of the Silicalite-1 shell over the external surface
of the starting core and its effect on external acidity. To investigate core-shell catalyst

morphology, scanning electron microscopy (SEM), field emission scanning microscopy
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(FE-SEM), and transmission electron microscopy (TEM) were successfully employed
[562,59,62,68,74]. Van Vu et al. in one of their works employed SEM analysis to observe
Z5Mb5a@Silicalite-1 core-shell structures [52]. By using a core with different crystal sizes (5-
30 um) they found that the thickness of the Silicalite-1 layer was less than a few um and that
it did not increase so much after the second cycle of deposition. To obtain a deeper
characterization of crystalline structure, FE-SEM and TEM measurements were carried out
over small H-ZSM5 crystals coated with Silicalite-1. FE-SEM images of core-shell catalysts
revealed small Silicalite-1 crystals (10-150 nm) formed on the H-ZSM-5 crystal (300nm).
Silicalite-1 crystals have bigger development along the [001] than in [100] and [010]
directions, indicating a preferential crystalline growth rate along the c-axis direction, as
shown in Figure 11a. This finding was also confirmed by another published study [75]. In
this work, authors fixed ZSM-5 crystals over a Cu substrate and performed the coating with
Silicalite-1 under hydrothermal conditions studying the growth evolution after fixed time
intervals with FE-SEM measurements. The growth rate of the Silicalite-1 crystals was
observed to be preferential along the direction of the c-axis of ZSM-5 (Figure 11b). FE-SEM
measurements performed allowed them to hypnotize a model for Silicalite-1 layer growth
over the surface of ZSM-5 crystals (Figure 11c). The surfaces of a ZSM-5 crystal,
perpendicular to the a and c axes, were found to be coated with thin Silicalite-1 layers and
it was observed that the Silicalite-1 layer appeared thicker in the direction of the c-axis after

a synthesis period from roughly 6 to 24 hours.
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Figure 11: FE-SEM images of ZSMb5@Silicalite-1 catalysts obtained by Van Vu et al. [52] (a) and Miyamoto
M. et al. [75] (b) and proposed model for Silicalite-1 layer growth over ZSM-5 surface (c) [75].

Moreover, to demonstrate the success of the coating with Silicalite-1, techniques such as
atomic absorption, X-ray photoelectron spectroscopy (XPS), and inductively coupled
plasma spectroscopy (ICP) have been employed [62,65,66,79]. The increase of Si/Al ratio or
the absence of aluminum on the external surface of ZSMb@Silicalite-1 proved the presence
of a layer of pure Silicalite-1.

N2 adsorption/desorption isotherms have been used to estimate textural properties of
ZSMba@Silicalite-1 samples such as BET surface area, micropore area, external surface area,
and pore volume. The growth of a layer of Silicalite-1 on a ZSM-5 core allows the creation
of interconnections between the two phases which both have an MFI-type structure,
allowing on one hand the external surface acidity passivation and on the other not to alter
textural properties of the starting sample as it happens when other passivation techniques
are used [80]. However, in some published works authors underlined a decrease in
micropore volume after the coating with Silicalite-1 [61,81]. Li G. et al. suggested that the

reduction of micropores in the core-shell sample was due to the use of tetraethyl
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orthosilicate in the hydrothermal synthesis. They noted that during the crystallization
process, some of this material was lost, resulting in the formation of an amorphous silica
layer on the surface of the initial HZSM-5 zeolite [81].

To evaluate the effect of the coating with Silicalite-1 on the acidity of final core-shell samples,
NHs-TPD and FT-IR analysis have been performed [62,64,65,77,79,81]. Ammonia
temperature programmed desorption analysis has been employed to understand how the
non-acidic layer of Silicalite-1 influences the total acidity of the final core-shell samples.
Moreover, NHs-TPD analysis results also revealed the amount of weak and strong acid sites
before and after the passivation performed by the epitaxial growth of Silicalite-1 crystals. A
decrease of both peaks related to weak and strong acid sites was found for ZSMb5@Silicalite-1
samples [64,81]. The impact of successive coatings with silicalite-1 on the overall acidity was
assessed through NHs-TPD analysis. Results indicated that the introduction of Silicalite-1
led to a reduction in the total number of acid sites, demonstrating a nearly linear correlation
between the amount of acid and the number of Silicalite-1 coatings [62]. Acidity evaluation
in terms of Brensted and Lewis acid site distribution was performed via FT-IR analysis
employing different probe molecules. Among these, pyridine has been frequently utilized
because it interacts with both internal and external Brensted and Lewis acid sites. However,
to study the external acidity of samples other probe molecules have been chosen.
2,6-ditertbutyl-pyridine (DTBPy) has a diameter of 10.5 A larger than the pore size of ZSM-5
zeolites and it could easily protonate Brensted acid sites [61,62]. The band at 1615 cm™!
observed in the spectra of adsorbed DTBPy on ZSM-5 relates to the ring vibration mode of
the DTBPyH* ion. Jin Z. et al observed the decrease of this band for ZSM5@Silicalite-1
samples and with the increase of Silicalite-1 loadings (Figure 12a). In other works, 2,4,6-
collidine was employed to evaluate external acidity [77]. In fact, it is characterized by three
methyl groups and possesses a kinetic diameter of 7.4 A, larger than the pore size of MFI
zeolites (measuring 5.5 A). Consequently, this size disparity restricts the access of collidine
exclusively to acid sites located within auxiliary mesopores and the external surfaces of the
MEFI structure. FT-IR spectra collected after the adsorption of 2,4,6-collidine over ZSM5

zeolites exhibited the presence of two main bands: the band at 1632 cm™ corresponds to
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2,4,6-collidine linked Lewis acid sites and the appearance of absorption bands at 1648 cm™
refers to 2,4,6-collidine adsorbed at Brensted acid sites. Yi D. et al. employed 2,4,6-collidine
as a probe to study external acidity evolution as the crystallization time of Silicalite-1 layers
increased from 2 to 16 hours (Figure 12b). The authors found that the rise in crystallization
time resulted in a reduction of the peak areas detected at 1632 and 1648 cm™. This decline
implies a gradual covering of the Bronsted and Lewis acid sites situated on the surface of

HZSM-5 crystals by the silicalite-1 shell.
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Figure 12: DTBPy [62] (a) and 2,4,6-collidine [77] (b) FTIR spectra obtained for ZSM5@Silicalite-1
catalysts.

ZS5Mb5a@Silicalite-1 core shells have been widely used for various catalytic applications where
the neutralization of external acidity could improve catalysts' performances. Among these,
para-xylene production via toluene methylation has attracted the attention of researchers in
the last years [50-52,74,81,82]. Because of the medium size of its pores, ZSM-5 found
widespread use also in p-xylene synthesis via toluene alkylation using methanol. Its pore
structure closely matches the size of p-xylene molecules which are formed inside zeolite
channels. Nonetheless, once formed, p-xylene molecules swiftly convert into meta- and
ortho-isomers on the external surface acid sites of zeolites. To prevent this secondary
isomerization process, surface modifications have been implemented, focusing on adjusting
the acid properties and pore structure of the zeolites [83]. The epitaxial growth of a
Silicalite-1 layer over the external surface of HZSM-5 crystals contributed to reduce the

above-mentioned issues. Silicalite-1 shell serves to deactivate the external acid sites of
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ZSM-5 and extends the diffusion path for xylenes, without obstructing channels or
constricting pore sizes. The elongated diffusion pathways favor higher para-selectivity and
shape selectivity, facilitating the conversion of o-xylene and m-xylene into p-xylene and
ensuring the release of p-xylene as the primary product from the outer channels. Excellent
results and improved catalytic performances have always been obtained. Van Vu. et al.
tested uncoated and coated H-ZSM5 in different reaction conditions. ZSM5@Silicalite-1
catalysts tested exhibited remarkable para-selectivity, surpassing 99.9% under various
reaction conditions. Moreover, the toluene conversion rates remained constant employing
core-shell catalysts, indicating that the Silicalite-1 coating effectively prevented coke
formation on the external surface of H-ZSM-5 [51].

Excellent results, in terms of catalyst stability and reduction in coke production, were also
obtained by using ZSMb5@Silicalite-1 type catalysts in the conversion of methanol to gasoline
[66,79].

Catalytic fast pyrolysis of biomass over core-shell ZSMb5@Silicalite-1 has also been
performed to try to reduce external acidity while preserving the internal one [48]. Results
obtained testing the uncoated HZSM-5 and synthesized HZSM-5@silicalite-1 samples
indicated noticeable differences in product distributions. The presence of Silicalite-1 coating
notably enhanced the production of olefins and BTX (Benzene, Toluene, Xylene), especially
promoting the production of BTX. Additionally, the formation of catalyst coke and
Polycyclic Aromatic Hydrocarbons (PAHs) was significantly suppressed after applying the
Silicalite-1 coating to the HZSM-5 catalyst.

Silicalite-1 layer growth over a ZSM-5 core has been employed to reduce the occurrence of
side reactions during the catalytic cracking of hexane [84]. The authors found that by
employing core H-ZSM5 zeolite the highest conversion of hexane was obtained together
with the highest selectivities of light alkanes and BTX. On the contrary, employing core-
shell catalysts allowed to enhance selectivities of light olefins although a slight decrease in
hexane conversion was detected. External acid sites of H-ZSM5 zeolite led to the aromatics
reaction of hexane and the conversion of light olefins to aromatics and light alkanes through

oligomerization, cyclization, aromatization, and hydrogen transfer reactions. On the
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contrary, the decrease of external acid sites led to a suppression of the aromatization
reaction of hexane, resulting in decreased selectivities of BTX compounds and consequently
increased selectivities of olefins. Additionally, the deactivation of active sites on the exterior
acted as a protective measure for the formed olefins, preventing further deep reactions.

Moreover, it has been demonstrated that the coating of Silicalite-1 on the surface of ZSM-5
zeolite not only passivates external acid sites but also allows for improved hydrothermal
stability of catalysts [70,76]. In their work, Miyake K. et al. synthesized ZSM5@Silicalite-1
samples and conducted investigations into the combined effects of steam treatment and
NHs-temperature programmed desorption [70]. Notably, the NHs-TPD profiles of the
core-shells exhibited an unchanged peak area at higher temperatures even after an 8-hour
steam treatment unlike what was observed with the uncoated ZSM-5 sample. These
findings suggested that Silicalite-1 coatings significantly enhanced hydrothermal stability

avoiding the penetration of steam up to the internal Al sites.

2.1.1 Others zeolite@zeolite core-shell catalysts.

The synthesis of core-shell type catalysts coupling two different zeolitic structures for the
core and the shell represents an interesting challenge. Creating zeolite composites by
combining shell zeolites, which have smaller pore sizes, with core zeolites possessing larger
pore sizes, is a rational approach. This combination aims to effectively take advantage of
both individual properties in separation and adsorption. Shell structure could be used for
separation while enabling further catalytic transformations within the core. Furthermore,
the shell, as already explained, could simultaneously passivate the external acidity of the
core avoiding the occurrence of side reactions. Recent developments have reported the
synthesis of core-shell zeolite-zeolite composites featuring different structural types [85-87].
Valtchev and co-workers prepared different core-shell zeolite-zeolite composites employing
a two-step technique: the first step was the adsorption of seeds over the surface of the
starting cores treated with a polycation agent and the second step was the hydrothermal
synthesis of the shell [86]. Various zeolitic materials were utilized to explore the impact of

framework composition and the synthesis conditions of both the core and shell crystals on
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the production of these microcomposites. Particularly, all-silica sodalite@zeolite A, zeolite
Beta@zeolite A, =zeolite Xa@silicalite-1, ZSM-5@zeolite Beta, and ZSM-5@silicalite-1
combinations were studied. Analyzing the results obtained, the authors were able to assess
that the successful formation of core-shell structures occurred in cases where the materials
had compatible framework compositions and closely aligned crystallization conditions. It
was observed that a wider overlap between the crystallization region (temperature and
Si/Al ratio) promoted the composite formation, whilst the stability range less superimposed
confirmed a difficulty in obtaining the core-shell structure (Figure 13). In other words, a
smaller overlapping area indicates greater challenges or difficulty in achieving the stable
presence of both phases and the formation of the core-shell structure as a consequence. The
formation of a FAU-MFI core-shell structure was unsuccessful because of the lack of
overlapping area between their compositions and synthesis conditions (Figure 13).
Conversely, when dealing with zeolite Beta and ZSM-5, the close similarity in their
framework compositions and synthesis conditions led to a notably easier formation of a

core-shell material.
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Figure 13: Correlation between the Si/Al ratio and crystallization temperature for various types of zeolite
structures: FAU-MFI, MFI-BEA, and MOR-MFI [86].

Recently, to overcome the complex synthesis strategies used which include the seeding
stage of the core surface, a new technique for the production of BEA@Silicalite-1 core-shell
catalysts has been developed [88]. Particularly, steam-assisted crystallization has been
employed for the growth of Silicalite-1 crystals over the surface of the starting BEA zeolite.
Firstly, the precursor solution of Silicalite-1 was prepared and heated at 80°C for 4 hours.
Subsequently, particles of zeolite Beta were immersed in this Silicalite-1 seed solution,

followed by centrifugation and drying at 80°C. Finally, the zeolite Beta particles coated with
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Silicalite-1 seeds were transferred onto a Teflon stage within a Teflon-lined stainless-steel
autoclave containing 2.0 mL of water at the bottom and heated at 140°C typically for 4 hours.
The authors studied the effect of different aspects, such as crystallization time and
temperature, on the success of synthesis and on obtained core-shell characteristics. XRD
analysis together with SEM micrographs have been employed to demonstrate the success
of Silicalite-1 coating over BEA core. Moreover, N2 adsorption/desorption tests have been
used to obtain some interesting information. Beta@Silicalite-1 uncalcined sample revealed a
lower amount of volume adsorbed compared to the calcined one; this result demonstrated
the successful coating of the core with Silicalite-1 shell that contains TPA* inside the pores
avoiding N2 adsorption. In this work, various crystallization times (0, 2, 4, 6, 12, and 24h)
were investigated. Characterizations carried out allowed researchers to establish that the
optimal crystallization temperature was 4 h. After 4 hours a homogeneous shell with an MFI
structure was observed on the surface of the starting BEA zeolite. After 6 or more hours,
however, the destruction of the BEA structure was observed and correlated to the corrosive
effect of the basic synthesis gel employed. The optimal crystallization temperature was set
at 140°C because at lower temperatures the crystallization of silicalite-1 was not complete
and, instead, higher temperatures triggered significant erosion due to the alkali present in
the dry gel. Finally, the authors demonstrated that even a minimal quantity of aluminum
within the core zeolite was necessary to avoid corrosion induced by the crystallization of

the shell dry gel at 140°C for 4 hours.

2.1 Other external acidity passivation techniques

To achieve the goal of passivating the external surface of zeolite, responsible for coke
formation and the loss of high selectivity during reactions, many other different techniques
have been employed. In this paragraph, an overview of the main procedures studied and
applied in literature has been presented. Particularly, Table 3 summarizes the major

passivation techniques and the catalytic applications of passivated catalysts.
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Table 3: Passivation techniques employed in literature and catalytic applications of passivated catalysts.

Refs.

[89]

[90]

[80]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

Zeolite to be

passivated

ZS5M-5

ZS5M-5

Z5M-5

Z5M-5

Z5M-5

Z5M-5

Z5M-5

Z5M-5

Z5M-5

Z5M-5

Z5M-5

Z5M-22

MOR

Passivation method employed

Chemical liquid deposition of TEOS

Chemical liquid deposition of TEOS

(tetraethyl orthosilicate)

Chemical liquid deposition of TEOS

HNO:s treatments

MgO and 2,4-dimethylquinoline
(2,4-DMQ) deposition
Functionalization with HDTMA and

impregnation with Phosphoric acid

Impregnation with Phosphorus

Treatments with antimony oxide

Dealumination in oxalic acid
solutions and Chemical liquid

deposition of TEOS

Desiliconization followed by
Chemical liquid deposition of TEOS
Chemical liquid deposition of TPEOS

(triphenyl ethoxy silane)
Alkaline treatment with NaOH

Chemical liquid deposition of TEOS
or of 3,5-dimethyl phenyl magnesium
bromide (DPB)
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Catalytic application

Methanol to Olefins

(MTO)

Toluene
disproportionation
Catalytic Cracking of
paraffins
Catalytic Fast Pyrolysis of
bio-derived furan
Alkylation of toluene with
methanol
Benzene alkylation with
methanol
Toluene
disproportionation
Isomerization of o-X/
Cracking of TIPB/
Competitive reaction of
EB and m-X
Methanol to Aromatics
(MTA)
Catalytic cracking of
n-decane
1-Butene Skeletal

Isomerization

Isomerization of

o-ethyltoluene
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Zeolite to be

Refs. Passivation method employed Catalytic application
passivated
Catalytic Cracking of
Chemical vapour deposition of TEOS
[101] ZSM-5 hexane and of 1,3-di-
and germanium tetraethoxide
isopropyl benzene.
Chemical liquid deposition of TEOS MPYV reduction of 4-tert-
[102] BEA
and trimethylchlorosilane butylcyclohexanone
Chemical vapour deposition of silicon  Alkylation of toluene with
[103] ZSM-5
tetrameth-oxide methanol
Chemical liquid deposition of TEOS
[104] S57-13 tramethylorthosilicate (TMOS), and Ethylene to Propylene
tetrabuthylorthosilicate (TBOS)
Chemical liquid and vapour
alkylation of ethylbenzene
[105] Z5M-5 deposition of TEOS followed by

with ethylene
impregnation with MgO

Among the various techniques summarized in Table 3, chemical liquid deposition of TEOS
has been widely used to passivate the external surface of different zeolites. Usually, the
chemical vapor deposition treatment involves mixing/stirring a specific quantity of zeolite
with hexane, followed by a heating step. Then tetraethyl orthosilicate is added to the
mixture and the silylation proceeds for a fixed time. In the last steps, hexane is removed by
evaporation and the sample is finally dried and calcined [90]. Silylation procedures are
often repeated more than once to ensure the neutralization of all external acid sites. Post-
synthesis modification via chemical vapour deposition of TEOS has also been often
employed to passivated external acid sites [101,104] but the key advantage of conducting
the reaction in the liquid phase (CLD) as opposed to the gas phase (CVD) lies in its increased
adaptability for scaling up in industrial settings to produce larger quantities more easily.

Zheng S. et al studied the mechanism of chemical liquid deposition of TEOS employing

H-ZSM5 zeolites and passivating them one or three times [90]. FT-IR measurement
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conducted employing pyridine and di-tert-butyl-pyridine (DTBPy) as probes allowed them
to propose a silylation mechanism in chemical liquid deposition. Results regarding acid site
distribution after silylation treatments showed that the reaction of tetraethyl orthosilicate
(TEOS) with Lewis acid sites precedes its reaction with silanol and bridging hydroxyl
groups. In fact, after the first deposition cycle, all the accessible Lewis acid sites were
passivated instead multicycle silylation was required to further decrease the concentration
of silanol and bridging hydroxyl groups. This is attributed to the higher accessibility of
TEOS to external surface Lewis acid sites and their probably stronger acidity. The
mechanism proposed by the authors is reported in Figure 14. During the liquid-phase
reaction, tetraethyl orthosilicate (TEOS) undergoes hydrolysis exclusively on Brensted and
Lewis acid sites, forming Si-O-Al bonds. Upon calcination, the remaining ethoxyl groups
convert into hydroxyl groups, partially merging with adjacent silanol groups to create Si-O-
Si bonds. For this reason, chemical vapour deposition of TEOS caused a decrease of
Bronsted and Lewis acid sites, as well as silanol groups within the zeolite.

Si(OC:H;);

OH‘

OH
| ' h d l 1 0H| i
OH
| M o+ Si(OC2H5)4 M’ | M
i oxidation

\ N
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T/' i
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Figure 14: Silylation mechanism

Sample passivated via chemical liquid deposition of TEOS were successfully employed for
different catalytic applications. Valtchev et al. employed silylated nanosized ZSM-5 for
methanol to olefins reactions reaching higher selectivities versus light olefins. Meanwhile,
they noticed that the repetition of the passivation process likely resulted in the narrowing

of pore mouths. This narrowing could potentially accelerate the deactivation rate compared
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to the original samples [89]. Also in other published works, the decrease of micropore area
after the chemical vapour deposition of TEOS has been underlined [96].

Post-synthetic treatments with HNOs have been used to remove Al selectively from the
external surface of ZSM-5 zeolites reducing consequently the concentration of external acid
sites and enhancing catalysts stability during the catalytic cracking of n-hexane [91].
Moreover, it was recently demonstrated that the modification of the external surface of
ZSM-5 zeolite using positively charged hexadecyltrimethylammonium resulted in selective
deposition of phosphorus on the external surface and pore entrance. This modification led
to enhanced para-selectivity in the process of alkylating toluene with methanol [93]. In
addition to those already mentioned, other innovative techniques have also been used to
passivate external acidity such as the deposition of MgO and 2,4-dimethylquinoline (2,4-
DMQ) [92] or of antimony oxide [95]. Although the passivation goal is also achieved with
these methods, the significant deposition of amorphous layers on the surface of the starting

zeolite causes a decrease in crystallinity and a narrowing of the pore's mouths.
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CHAPTER 3. Materials and methods

To comprehensively investigate the effect of surface acidity in different catalytic
applications, passivation procedures have been employed to neutralize external acid sites
of the starting parent zeolites. Zeolites with different channel systems have been
synthesized. Particularly, MFI and BEA zeolites have been prepared and syntheses of MFI
zeolites with different content of aluminium were also carried out, to investigate the effect
of the Si/Al ratio over acid sites distribution.

Particularly, based on the use of as-made “core” zeolites, a novel strategy to perform the
epitaxial growth of Silicalite-1 over the surface of zeolite crystals has been developed. This
technique will be fully explained in the following paragraphs.

All the samples investigated during this research project have been synthesized in the
laboratory using hydrothermal conditions by the employment of Teflon-lined stainless-steel
autoclaves. Before each synthesis a cleaning procedure for the autoclaves was carried out;
the first cleaning step was done using nitric acid (68%) to remove traces of organic molecules
and the second step was performed using hydrofluoric acid (48%) to remove traces of zeolite
crystals eventually left in the autoclaves from the previous synthesis. Finally, distilled water

was used to wash autoclaves until a neutral pH value was achieved.

3.1 Synthesis of MFI-type samples.

MFI-type zeolites with Si/Al ratio in the synthesis gel equal to 11, 25, and 50 were

synthesized. The synthesis gels were prepared according to the following molar ratios:

0.08 Na20 - 0.08 TPABr - 1 SiO:2 - x Al2Os - 20 H0

(where x=0,045-0.01-0.02 to set the Si/Al ratio). The chemicals used for the syntheses were
Silica gel 60 (Aldrich), sodium aluminate (NaAlO:, Aldrich), sodium hydroxide (Aldrich),
distilled water and tetrapropylammonium bromide (TPABr, VWR Chemicals) as structure
directing agent (SDA). The hydrothermal syntheses were conducted in 150 ml PTFE-lined
stainless-steel autoclave at 170 °C for 7 days (Si/Al=11), 4 days (Si/Al ratio = 25), and for 3
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days (Si/Al ratio =50). The crystalline phase was separated from the mother liquor, carefully
washed with distilled water, and dried at 90 °C overnight. To obtain the zeolites in their
acidic form, samples were firstly calcined at 550°C for 8 hours (thermal ramp of 5°C/min,
static air), subjected to a double ion exchange with NHiCl (IM), and calcined again as
previous. MFI catalysts synthesized were named Z11, Z25 and Z50. Different batches of the
same MFI samples were synthesized during this research work and used in different
applications; syntheses reproducibility was verified and samples with similar properties
were always obtained but, where necessary, characterizations of zeolites obtained from

different batches have been shown in the following paragraphs.

3.2 Synthesis of BEA-type samples.

A sample with BEA structure and a Si/Al ratio in the synthesis gel equal to 25 was prepared

starting from the following synthesis gel:
0.10Na20 - 0.2TEAOH - 15i0O:z - 0.02AL:Os — 10H20

Chemicals used were Silica gel 60 (Aldrich), sodium aluminate (NaAlO2, Aldrich), sodium
hydroxide (Aldrich), tetraethylammonium hydroxide (TEAOH, Aldrich), and distilled
water. The prepared synthesis solution was stirred for 2 hours at room temperature and
then transferred into an autoclave left in the oven at 150°C for 6 days. The product was
washed carefully with distilled water and dried at 90°C overnight. To reach the acid form,

the same procedure described in the previous paragraph was carried out.

3.3 Surface acidity passivation via the epitaxial growth of Silicalite-1:
ZS5Mb5@Sil-1 samples.

The epitaxial growth of a thin layer of Silicalite-1 was the first adopted technique to
passivate the surface acidity of the parent MFI zeolites. Silicalite-1 synthesis gel was
prepared including TEOS (TEOS, Aldrich) as silica source, tetrapropylammonium
hydroxide (TPAOH, Aldrich) as structure directing agent, and alkali source, ethanol, and

distilled water. The obtained solution was characterized by the following molar ratios:
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2 5102 -0,5TPAOH - 8EtOH - 120H0

ZS5M-5 zeolite crystals previously synthesized were then immersed in the Silicalite-1
synthesis gel and mixed for a while. The crystallization of the layer of Silicalite-1 was carried
out using a Teflon-linen stainless-steel autoclave under hydrothermal conditions at 180°C
for 24 hours in a tumbling oven (Figure 15). The solid product obtained was separated from

the mother liquor, carefully washed with distilled water, and dried at 90 °C overnight [106].

Figure 15: Steps of Silicalite-1 deposition (Created with BioRender.com).

The first efforts of this research work were focused on the coating with Silicalite-1 of a ZSM-
5 zeolite with the highest aluminum content possible [107]. Since total acidity value
increases with the decrease of the Si/Al ratio (Chapter 4, paragraph 4.1.7), the choice of
coating a ZSM-5 zeolite with a Si/Al ratio equal to 11 was done to evaluate the probably
stronger effect of passivation procedure over surface acidity of the starting catalyst. 5 grams
of zeolite in H-form were immersed in the Silicalite-1 synthesis gel with a ratio of 0.6
between the mass of zeolite to be passivated and the mass of synthesis gel. Hydrothermal
synthesis of the Silicalite-1 layer was then conducted as already explained above. The as-
synthetized composite material was then calcined at 550°C for 8 hours (using a thermal
ramp of 2°C/min under static air). A part of this sample was used for further
characterizations and was labeled as H-Z11_X where X indicated the presence of a single
Silicalite-1 layer. To increase the thickness of the layer, the passivation procedure was
repeated twice in the same conditions. The sample obtained after the second deposition

cycle was named H-Z11_XX (double X indicated the coating with two layers of Silicalite-1).
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The following step of the research concerned the idea of improving the technique used for
the epitaxial growth of Silicalite-1. Physical properties characterizations results of
passivated samples obtained (H-Z11_X and H-Z11_XX) revealed that Silicalite-1 crystals
probably grew over the pores mouths of the starting parent zeolite causing a partial
blockage of channels (see paragraph 4.1.6 for detailed discussion). For this reason, the
strategy adopted was changed, synthesizing passivated samples using an MFI zeolite with
a Si/Al ratio equal to 25 but performing the coating over the synthetised-form core and
keeping the procedure using H*-form core as a reference, to understand if the presence of
structure directing agent in the pores of the starting crystals could prevent the partial
occlusion found for the previous obtained samples. ZSM-5 zeolite crystals with the organic
template still inside the pores (AS-Z25) were then coated with a layer of Silicalite-1 following
the same procedure described above and the sample obtained was named AS-Z25_X where
AS indicated the core form during the shell deposition. Also in this case, the procedure was
repeated twice to promote the growth of a second layer of Silicalite-1 over the small crystals
of Silicalite-1 deposited during the first synthesis. For this reason, a part of the AS-Z25 X
sample was subjected to the classical procedure to obtain the H+-form, and the rest was
passivated again to obtain the AS-Z25_XX sample. The same ZSM-5 zeolite crystals in H*-
form were employed to obtain H-Z25_X and H-Z25_XX samples (H indicating the H*-form
of the core then coated with Silicalite-1). Catalysts were all characterized to deeply
investigate the effect of the organic template filling the pores of the starting zeolite on
obtained passivated sample properties.

Therefore, after having established which was the best technique for the epitaxial growth of
Silicalite-1 (see Chapter 4 for detailed discussion), the effect of the Si/Al ratio of the parent
zeolite on the passivation treatment was then analyzed. For this reason, the MFI zeolite with
a Si/Al ratio equal to 50 (Z50) was used and its surface acidity was neutralized by the growth
of two thin layers of Silicalite-1. Specifically, the zeolite was covered starting from a core
with the organic template agent filling the pores according to the procedure already

described. Moreover, the Z11 sample was also subjected to two cycles of passivation starting
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from the core with the organic template inside the pores, and sample AS-Z11_XX was
obtained.

Finally, to increase the degree of coating, MFI zeolites with a Si/Al ratio equal to 11 and 25
were coated with two layers of Silicalite-1 but doubling the ratio between the grams of the
starting as synthetized-form crystals (to be coated) and the grams of Silicalite-1 synthesis
gel used (ratio = 1,2). To identify these samples the codes AS-Z25_2XX and AS-Z11_2XX
were used. All obtained samples codes and main features are summarized in Table 4. Also,
in this case, it is useful to underline that samples AS-Z25_2XX, AS-Z11_XX and AS-Z11_2XX
were obtained starting respectively from a ZSM-5 zeolite with a Si/Al ratio of 11 and one
with a Si/Al ratio equal to 25 different from those used for the other passivated catalysts (H-
Z11_X, H-Z11_XX and H-Z25_X, H-Z25_XX, AS-Z25_X and AS-7Z25_XX).

The reproducibility of synthesis techniques of both the parent zeolites and of the subsequent
layers of Silicalite-1 was verified and the characterizations of specific samples will be shown

only if necessary.

Table 4: Synthesised H/AS-ZY_X/XX/2XX samples: where H and AS indicated the H*form or the as
synthesised-form of the core, Y indicated the Si/Al ratio of the starting core, X and XX indicated the presence
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of one or two layers of Silicalite-1 and 2XX indicated the presence of two layers of Silicalite-1 coated
employing a double quantity of Silicalite-1 synthesis gel.

Passivati To be coated
assivation
Sample code Cycle of Passivation crystals/Sil-1
treatment .
synthesis gel (g/g)
H-Z11 - - -
Sil-1 epitaxial
H-711_ One 0.6
growth
Sil-1 epitaxial
H-711_ Two 0.6
growth
Sil-1 epitaxial
AS-711_ Two 0.6
growth
H-725 - - -
Sil-1 epitaxial
H-Z25_ One 0.6
growth
Sil-1 epitaxial
H-725 _ Two 0.6
growth
Sil-1 epitaxial
AS-725 One 0.6
growth
Sil-1 epitaxial
AS-725_ Two 0.6
growth
H-Z50 - - -
Sil-1 epitaxial
AS-750_ Two 0.6
growth
Sil-1 epitaxial
AS-Z11_2XX Two 1.2
growth
Sil-1 epitaxial
AS-725_2XX Two 1.2
growth
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3.4 Synthesis of composite BEA@Silicalite-1 via steam-assisted
crystallization.

BEA crystals, previously synthesized in as made form as described in Par. 2.2, were used as
the core for the Silicalite-1 deposition via Steam Assisted Crystallization (SAC). Silicalite-1
synthesis gel was prepared and heated at 80 °C for 4 h under stirring according to the

following molar ratios:
1SiO2 - 0.33TPAOH- 30H0

2.5 g of the as-made BEA core crystals were then immersed into the Silicalite-1 precursor
solution (ratio between the mass of zeolite and the mass of the Sil-1 gel equal to 0.5), stirred
to promote the contact between the two phases, centrifuged, and dried at 90°C as shown in

Figure 16 [88].

Figure 16: First steps of BEA@Sil-1 synthesis (Created with BioRender.com).

Once dried, the sample was grounded in a mortar and transferred to a Teflon holder placed
in a Teflon-lined stainless-steel autoclave with 5.0 mL water in the bottom. SAC was then
conducted at 140°C for 4h (Figure 17). The products were rinsed repeatedly with deionized

water and dried at 90°C overnight.

Figure 17: Steam-assisted crystallization (SAC) of BEA@Sil-1 synthesis (Created with BioRender.com).
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The sample obtained after the first deposition cycle was named BEA_X. A part of this
catalyst was calcined in air at 550°C for 8 h, ion-exchanged, and then calcined again to obtain
the H*-form, instead, the remaining part was used to repeat the coating procedure in order
to increase Silicalite-1 layer thickness. The catalyst obtained from the second Silicalite-1
coating, labeled BEA_XX was then processed to obtain the H*-form. Samples obtained and

used for further investigation are summarized in Table 5.

Table 5: Parent BEA-type zeolite and composite BEA@Sil-1 samples obtained via steam-assisted
crystallization.

To be coated
Cycles of
Sample code Post synthesis treatment crystals/Sil-1
Passivation
synthesis gel (g/g)
BEA - - -

BEA_ SAC of Sil-1 One 0.5
BEA_ SAC of Sil-1 Two 0.5

3.5 Surface passivation of ZSM-5 zeolites via chemical liquid
deposition of TEOS.

MFI zeolites with a Si/Al ratio equal to 11 and 25 were also subjected to a treatment of
surface passivation through chemical liquid deposition (CLD) using tetraethylorthosilicate
(TEOS) [89]. 1 g of calcined zeolite was mixed under vigorous stirring with 25 mL of hexane
and heated at 60°C under reflux. Then, 0,15 mL of TEOS was added and the solution was
stirred for another hour. Finally, hexane was removed using a rotavapor by evaporation.
The treated sample was then dried at 90°C and then calcined at 550°C. Surface silylation
was repeated three times. Sample obtained after the surface treatments are summarized in
Table 6 and named H-Z11_S and H-Z25_S where S indicated the passivation via surface

silylation carried out.
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Table 6: Samples obtained via chemical liquid deposition of TEOS over the surface of MFI zeolites.

Passivation L.
Sample code Cycle of Passivation
treatment
H-7Z11_ CLD of TEOS Three
H-725_ CLD of TEOS Three

3.6 Catalysts Characterizations.

All the examined catalysts have been characterized utilizing various techniques. These
include X-ray diffraction (XRD), porosimetric analysis, chemical analysis,
thermogravimetric/differential thermal analysis (TG/DTA), scanning electron microscopy
(SEM), and energy dispersive X-ray analysis (EDX). Some of them were also characterized
by transmission electron microscopy (TEM). Acidity characterization of catalysts was
carried out employing thermal programmed desorption analysis of pre-absorbed ammonia

(NHs-TPD) and Fourier transform infrared spectroscopy (FT-IR).

3.6.1 XRD

Powder X-ray diffraction is a widely used technique employed to analyze the crystalline
phases within solid materials, utilizing Bragg's equation as a fundamental principle [108].
When applied to zeolite powders, this analysis enables the examination of crystallization
evolution, material purity, and the determination of sample crystal size. By utilizing this
technique, a spectrum is generated through X-ray diffraction within the atomic lattice space.
Particularly, the diffraction pattern consists of a series of peaks obtained by varying the
incidence angle (20) of the X-ray beam. Comparing this pattern with published references
facilitates the identification of the obtained phase(s). Furthermore, analyzing peak intensity
and shape allows the extraction of information regarding sample crystallinity. The XRD
patterns of the investigated catalysts were obtained using Miniflex (Rigaku, Japan) at a

scanning rate of 0.05°/min (from 5° to 40°).
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3.6.2 Porosimetric analysis

Structural properties of the samples are estimated by means of a 77 K nitrogen
adsorption/desorption isotherm in a range of relative pressure 0 — 99 P/P°. For this purpose,
the Micromeritics ASAP 2020 porosimeter was used. The specific surface area has been
estimated employing the BET model while external area, micropore area, and micropore

volume have been calculated using the t-plot method [109].

3.6.3 Chemical analysis

To determine the chemical composition in terms of aluminum and silicon in the samples,
we employed atomic absorption spectroscopy (GBC 932 AA), a technique commonly used
for quantitative analysis. In this method, the sample is exposed to radiation of a specific
wavelength within the UV/visible region, causing its intensity to decrease due to absorption
effects. This decrease correlates with the concentration of the element in the sample. Before
conducting the measurement, the zeolite undergoes dissolution in hydrofluoric acid (HF)
with a concentration of 40% and nitric acid (HNOs) with a concentration of 65%. This
dissolution process is followed by dilution to ensure that the sample's concentration aligns

with the calibration range of the instrument used for analysis.

3.6.4 TG/DTA

Thermogravimetric (TG) and differential thermal (DT) analysis have been conducted to
estimate the quantity of organic Structure-Directing Agents (SDA) confined within the
channels of the synthesized material determining their combustion temperature and to
assess the quantity of coke deposited during the reaction. Analyses were performed
employing a DSC-SDT 650 instrument and heating the sample from ambient temperature

to 850 °C (heating ramp of 5°C/min) under air flow (100 ml/min).

3.6.5 SEM/EDX
Scanning Electron Microscopy (SEM) using the Phenom Pro G6 instrument from
ThermoFisher Scientific was employed to examine the catalysts' morphology. SEM images

were captured at various magnifications subsequent to sputter-coating the samples with
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gold. Additionally, to estimate the Si/Al ratio, Energy-Dispersive X-ray (EDX) analyses were

conducted employing different voltages.

3.6.6 TEM

Some of the synthesized samples were characterized by employing Transmission Electron
Microscopy (TEM) in collaboration with Professor Svetlana Mintova of the “Laboratoire
Catalyse et Spectrochimie (LCS)” (Caen, France). Analyses were conducted using a JEOL
F200 transmission electron microscope operated at 200 kV equipped with a Gatan RIO16

camera and a JEOL Centurio EDS detector.

3.6.7 NHs-TPD

Temperature-programmed desorption of ammonia (ITPD) is a straightforward and
consistent method employed to assess both the quantity and strength of acid sites present
within zeolites. The procedure involves initially adsorbing ammonia onto the sample,
followed by its desorption using a controlled thermal ramp. The desorbed ammonia
molecules are then detected using either Thermal Conductivity Detectors (TCD) or Mass
Spectrometry (MS) detectors. The quantification of acid sites involves estimating the
quantity of desorbed ammonia, while the determination of their strength is derived from
analyzing the temperatures at which desorption peaks occur. The analyses have been
conducted employing a TPDRO 1100 instrument. Firstly, about 100 mg of dry catalysts are
placed within a quartz tubular reactor, positioned between two layers of quartz wool. The
reactor is then placed in one of the two ovens of the TPDRO to start the pretreatment of the
sample which consists of 4 steps:
e Drying: Subjecting the sample to drying at 300°C in a helium flow of 20 mL/min for
30 minutes, followed by cooling to 150°C and maintaining this temperature for 5
minutes.
e Adsorption: Introducing ammonia at 150°C using a diluted ammonia stream
(NHs/He, 10% v/v) with a flow rate of 20 mL/min for 120 minutes to allow ammonia

adsorption onto the sample.
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e Removal: Purging the sample with helium flow at 20 mL/min for 90 minutes to
eliminate physically adsorbed ammonia.

e Cooling: Cooling the sample down to 100°C.
The analysis involves the desorption of ammonia previously adsorbed on the sample. The
sample is heated in a helium stream at a flow rate of 20 cm3/min, starting from 100°C and
gradually increasing to 700°C at a heating rate of 10°C/min. Subsequently, the catalyst is
maintained at the maximum temperature for two hours. The output current from the reactor
is then examined using a Thermal Conductivity Detector (TCD) for analysis. Experimental
data are analyzed using software (PeakFit 4.12) to obtain the deconvolution of peaks and
the quantification of peaks area attributable to the ammonia adsorbed on the sample

through the use of a calibration line.

3.6.8 FT-IR

The analysis of zeolite acidity involves various techniques, with FT-IR analysis of adsorbed
probe molecules being a key method. This technique allows the discrimination between
Bronsted and Lewis acid sites on solid catalysts like zeolites. By adsorbing specific probe
molecules and analyzing the resulting FT-IR spectra, the interaction between zeolite active
sites and the probe molecules can be studied. This interaction induces changes in energy

absorption in the infrared region, enabling the identification of the type of active acid sites.

FT-IR measurements were carried out using a Nicolet iS 10 instrument equipped with a
DTGS detector. Before analysis, samples were compressed into wafers (P=3 ton) of
approximately 25 mg and pre-treated at 400°C under vacuum (10 torr). Room temperature
FT-IR spectra were then recorded under vacuum to assess silanol group characteristics in
the zeolite materials. To delve deeper into Brensted and Lewis acidity, d3-acetonitrile was
employed as a probe molecule. The adsorption of ds-acetonitrile involved exposing sample
wafers to the probe at 298 K, followed by evacuation for 1 hour at the same temperature
before FT-IR measurements. Total acid site numbers were determined using the
Lambert-Beer law, integrating the area of protonated species bands. The equation employed

is A= eNp where A is the integrated area, ¢ is the molar extinction coefficient (cm:mmol™),
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N is the concentration of the vibrating species (mmol-g™), and o is the density of the disk
(mass/area ratio of the pellet, mg-cm™). For ds-acetonitrile, molar extinction coefficients of
€=2.05 cm-umol™? for Bronsted acid sites, €=3.6 cm-umol™ for Lewis sites were used [110].
Integrated area A of peaks relating to Bronsted and Lewis acid sites was calculated by
performing a deconvolution using the software Peakfit. Particularly, Gaussian curves were
employed to identify both Lewis and Bronsted acid sites. Other two Gaussian curves have
been added, when necessary, to identify terminal Si-OH groups (2275-2280 cm) and
ds-acetonitrile physisorbed on the catalysts (2265 cm?) always maximizing the
correspondence between the curves of Breonsted and Lewis acid sites obtained through
fitting and the experimental peaks. All FT-IR spectra were normalized concerning the disc

density.

3.5.9 Solid-state NMR MAS.

Some samples were characterized by solid-state NMR analysis in collaboration with Dr.
Eddy Dib of the “Laboratoire Catalyse et Spectrochimie (LCS)” (Caen, France). Solid-state
NMR spectra were obtained using a 500 MHz (11.7 Tesla) Avance III HD spectrometer. A
4.0 mm OD probe head was used for ?Si and Al NMR spectra, while a 1.9 mm OD probe
head was employed for 'H NMR spectra. The 4.0 mm rotors were spun at 12 kHz, and the
1.9 mm rotors were spun at 40 kHz. A one-pulse experiment was conducted for each
nucleus, with flip angles of 11/3, /6, and m/2, and radiofrequency powers of approximately
38, 33, and 114 kHz. Recycle delays were set at 20, 1, and 10 seconds for ¥Si, ¥Al, and 1H
spectra, respectively. The number of scans for recording *Si, ¥Al, and 1H spectra were 256,

1024, and 64, respectively.

3.5.6 Spent catalysts: soluble coke analysis.

Soluble coke species deposited after catalytic tests were detected employing a GC-MS
system (Agilent 7820 A) equipped with an HP-5 MS column (30 m x 0.250 mm x 0.25 pm).
During the analysis, a helium flow of 1 NmL/min was used, and the temperature was
increased from 40 to 300°C with a thermal ramp of 5°C/min. Before the analysis, spent

zeolites were first dissolved in an HF aqueous solution (40%), and then dichloromethane
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was used to extract the coke species. Particularly, 10 mg of zeolite was mixed with 200 ul of
HF solution and sonicated for 15 minutes until the solid completely dissolved. Following
this, 1000 pl of CH:Cl: (dichloromethane) were added. After stirring vigorously for 2
minutes, the mixture was left undisturbed for an hour to allow the extraction of the organic
phase. Then, 1 uL of the extracted solution was injected into the gas chromatograph with a
4-minute solvent delay. The molecules detected were identified by comparing their mass

spectra with the NIST98 database library.

CHAPTER 4. Physicochemical properties of
investigated catalysts.

4.1 ZSM5@Sil-1
4.1.1 XRD.

XRD patterns are reported in Figure A1-A6 in Appendix A for all parent zeolites and ZSM-
5@Sil-1 prepared samples and it demonstrated the crystallinity and purity of the zeolitic
phases. To discuss the effect of the deposition of Silicalite-1 over the structure of the starting
Z5M-5 zeolites, Figure 18 shows XRD patterns of 225, H-Z25_X, H-Z25_XX, AS-Z25_X and
AS-725 XX samples in as-synthesised form before the cycles of calcination and ion-
exchange. For each catalyst, a crystallographic pattern typical of an MFI structure has been

detected corresponding to the reference one published on http://www.iza-online.org/. It is

dutiful reminding that H-ZSM5_25 X and H-ZSM5_25_XX catalysts were obtained by
coating a calcined ZSM-5 core and, for this reason, XRD spectra referred to a sample
possessing an acid core and an uncalcined shell of Silicalite-1. Thus, the intensity of the peak
at 20=7,9 increased and that of the peak at 26=23,1 decreased for these catalysts if compared
with the signal of the samples AS, i.e. synthetised on the as-made core. No loss of
crystallinity was detected for passivated samples and, for this reason, the deposition of

amorphous silica on the core surface can be neglected.

50


http://www.iza-online.org/

CHAPTER 4. Physicochemical properties of investigated catalysts.

H-Z25_XX
W H-ZZS_X

L L

E
L
2
o=
e AS-7Z25_XX
]
E
(S
AS-725_X
Parent (Z25)
. e
5 10 15 20 25 30 35 40 45 50

20

Figure 18: XRD patterns of Z25 and passivated Z25@Sil-1 catalysts.

4.1.2 SEM-EDX analysis.

Figure 19 shows SEM micrographs of ZSM-5 parent zeolites with different Si/Al ratios. All
catalysts exhibited a morphology already observed in literature for ZSM-5 zeolites [27]. All
investigated samples appeared as 5-20 um sized round-shaped agglomerates of small
crystals of about 1 um. On the external agglomerated surface, small crystals are observed
for the Z25 and Z50 samples, which is reasonably the origin of the higher external surface

area obtained for these samples (paragraph 4.1.6).

Figure 19: SEM micrographs of parent zeolites.

In Figure 20, SEM micrographs of the Z25 sample and passivated catalysts obtained via the
epitaxial growth of Silicalite-1 (H-Z25_X, H-Z25_XX, AS-Z25_X, and AS-Z25_XX) are shown
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to understand if the coating with Silicalite-1 modified samples morphology. It is clear that
no evident differences can be highlighted between the morphology of the parent zeolite and
passivated samples using this technique. Probably, the lack of clear differences could be
related to Silicalite-1 crystals morphology, which is similar if compared to ZSM-5 zeolite, to
Silicalite-1 low crystals size, and the thin thickness of the deposited layer. In fact, the coating
of Silicalite-1 was performed at 180 °C for 24 hours as reported in Chapter 3 and low
synthesis times influence the rate of nucleation and the crystals size [111]. Moreover,
nucleation of Silicalite-1 occurred over the surface of ZSM-5 crystals and, without doubt,
their small size influenced this growth process; Silicalite-1 crystals grown after the coating
can never be larger than the starting to be coated ones unless homogeneous nucleation
occurred. Only a slight difference between samples coated starting from a core with the
organic template inside the pores and catalysts obtained passivating an H*-form core needs
to be emphasized: a much-smoothed form of crystallites was detected for AS-Z25 samples

while the crystallites of H-Z25 samples exhibited a more definite and sharper form.

Figure 20: SEM micrographs of Z25 parent zeolite and H-Z25 (X and XX) and AS-Z25 (X and XX)
passivated samples.
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The impact of increasing the ratio between the mass of crystals to be covered and the mass
of Silicalite-1 gel used was investigated as explained in Chapter 3. Figure 21 shows SEM
micrographs of samples passivated employing a greater quantity of Silicalite-1 gel.
Particularly, Figure 21 presents H-Z11_2XX and H-Z25 2XX crystals micrographies at
different magnifications ( higher magnifications used for micrographies on the left). Results
demonstrated that increasing the quantity of Silicalite-1 synthesis gel employed during the
passivation treatment, allowed the growth of small crystallites of Silicalite-1 with the typical
prismatic shape of about 800-900 um over the surface of the starting ZSM-5 crystallites
agglomerates. Moreover, despite the higher quantity of Silicalite-1 synthesis gel employed
during passivation treatments, the presence of homogeneous nucleation of Silicalite-1
crystals was not significantly observed. SEM images of the other passivated samples are

reported in Figures A10-A11 in Appendix A.
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Figure 21: SEM micrographs of AS-Z11_2XX and AS-Z25_2XX passivated samples.
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To estimate the Si/Al ratio of catalysts synthetised EDX analysis at different voltages (5 and
15 kV) were performed. In Table 7, results obtained for parent zeolites (211, Z25, and Z50)
are summarized. Si/Al ratio decreased for each investigated sample when EDX
measurements were conducted at 15 kV rather than at 5 kV. Particularly a decrease of about
27%, 16%, and 17% was detected for Z11, Z25, and Z50 respectively. This trend confirmed
that the quantity of aluminum contained in the internal channels of zeolites is always higher

than the one located on the external surface.

Table 7: EDX measurement results for parent zeolites.

Si/Al [mol/mol] Si/Al [mol/mol]
Sample Code
[5 kV] [15 kV]
711 9.2 6.7
725 23.7 19.9
Z50 36.6 30.1

Moreover, EDX measurements at different voltages were also used to check the Silicalite-1
coating, verifying if the Si/Al external surface ratio changed after the passivation treatment
of samples. Analyses were carried out using a voltage of 5 kV on a large number of different
points and crystals of the same sample and results are reported in terms of the distribution
of the Si/Al ratio in the population analyzed. Particularly, the crystals with a Si/Al ratio
lower than 9, between 9 and 15, between 15 and 25, between 25 and 100 and finally greater
than 100 were counted. Then the percentage of the various groups concerning the total was
calculated and finally, the cumulative function was constructed. Figure 22 shows
cumulative functions obtained employing EDX results at 5kV of Z25 parent zeolite, the
passivated sample obtained coating the as-made core of the starting zeolite with two layers
of Silicalite-1 (AS-Z25_XX), and the coated sample synthesized employing the same
procedure but doubling the quantity of Silicalite-1 synthesis gel employed during the
treatments. Results demonstrated that parent zeolite (Z25) was characterized by a higher

number of crystals with a lower Si/Al ratio. For example, it was calculated that half of the
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crystals of the parent zeolite had a Si/Al ratio lower than 25 while only 20% of the analyzed
crystals of the AS-Z25_XX sample exhibited a Si/Al ratio lower than 25. Moreover, it is clear
that with the increasing of the quantity of Silicalite-1 synthesis gel employed for coating the
parent zeolite, a decrease of crystals that exhibited a lower Si/Al value was detected. The

value of 500 on x-axe was used to indicate an infinite Si/Al ratio.
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Figure 22: Cumulative functions of Z25, AS-Z25_XX, and AS-Z25_2XX samples obtained via EDX
measurements at 5kV.

Figure 23 shows cumulative functions of Z25, AS-Z25_XX, and AS-Z25_2XX calculated
employing EDX measurements results obtained at 15kV. It is clear that, in this case, no
differences were detected between parent zeolite and passivated catalysts. This result
confirmed that the rise in the Si/Al resulted from the growth of Silicalite-1 over the external
surface of the catalysts as when the voltage used for analysis increased, and the X-ray
penetrated deeper into the crystals, the difference detected between coated and non-coated

samples was undetectable.
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Figure 23: Cumulative functions of Z25, AS-Z25_XX, and AS-Z25_2XX samples obtained via EDX
measurements at 15kV.

The same trend was also found for Z11 and Z50 zeolites with their corresponding passivated

samples and results are reported in Appendix A (Figure A12-A13).

4.1.3 TEM analyses.

TEM micrographs of samples Z11, H-Z11_X, and H-Z11_XX are reported in Figures 24, 25,
and 26 and represent direct evidence of the success of Silicalite-1 deposition with the
epitaxial growth technique employed during this research work.

Figure 24 reports parent Z11 micrographs and reveals the presence of agglomerates
consisting of smaller crystals of 100 nm (Figure 24a) and of bigger crystals characterized by
a thickness greater than 200 nm and a length greater than 1 um. Furthermore, the sedges of

Z11 crystals were well-defined and smooth without any detectable coating.
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Figure 24: TEM pictures of parent Z11 showing two crystals at the same magnification, M=30 nm

In Figure 25, H-Z11_X micrographs at different magnifications are reported. After the first
passivation step, it was possible to observe a thin layer of Silicalite-1 grown over the external
surface of the starting crystallites, not completely ordered and probably partially

amorphous.

i

§

100 nm

Figure 25: TEM images of H-Z11_X passivated sample showing partially covered crystals at different
magnifications, M= 100 nm (A and C) and 20 nm (B and D)
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After the second passivation step, a thin layer covering the starting crystals was detectable
and visible and within this layer crystalline domains typical of an MFI structure were
recognizable. Moreover, chemical analysis performed at different points of the sample, as
shown in Figure 26 (C and D), demonstrated that the aluminum signal was almost

undetectable in the layer covering the starting zeolite. On the contrary, the silicon signal

increased when the analysis was performed on the external surface coated with small

Cc D

300
567 2707
2407
2107

Si-K
1807

Counts
Counts

27 150 Si-K

24 1207

" |5 Al K ‘
8 K} 30 ‘
0 : 0 -““ -

1 T T T T T T T T
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

keV keV

Figure 26: TEM pictures of sample H-11_XX coated twice with Silicalite-1 showing the multi-silicalite-1
layer grown over the starting zeolite (A and B), M=30. Chemical analyses in different points of the crystal
are shown (C and D).

4.1.4 Chemical analysis: AAS results.

Si/Al ratios measured by atomic absorption analysis (AAS) technique for parent zeolites
(211, Z25, and Z25) well agreed with the starting ratio adopted for the crystallization.

Furthermore, in Table 8 results obtained for samples passivated with Silicalite-1 are
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reported. Silicon content increased with the depositions of Silicalite-1 and these results,
obtained for all passivated catalysts, represent further indirect evidence of the success of the
employed technique.

Si/Al ratio increase detected for samples AS-Z25_X and AS-Z25_XX obtained coating an as
synthetized-form core, was greater than that found for samples H-Z25_X and H-Z25_XX,
obtained passivating a H*-form core, if compared with the starting parent Z25 zeolite
confirming the better shell growth efficiency when as-made form core is employed.
Furthermore, starting from the theoretical cell composition of an MFI zeolite (HnAlnSis%n0192)
and knowing the Si/Al ratios of both passivated and non-passivated samples (Z11, ZS25,
and ZS50), it was possible to calculate the weight percentage of the synthesized Silicalite-1
layer [106] and results are reported in Table 8. It is evident that the quantity of Silicalite-1
layer coated over the starting ZSM-5 samples was very low as the goal of treatment was to
passivate the external acidity trying not to modify the properties of the parent zeolite acid

core.

Table 8: AAS measurement results for all investigated samples.

) % wt of Silicalite-1
Sample Code Si/Al bu (mol/mol) .
deposited
711 15.4 -
H-Z11_X 17.6 5.9
H-Z11_XX 27.1 25
Z25 27.6 -
H-725_X 28.6 1.7
H-725_XX 30.2 41
AS-725 X 29.3 25
AS-725_XX 31.5 6.0
Z50 44 -
AS-Z50_XX 52 7.7
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4.1.5 TGA analysis

In this paragraph, results obtained via the thermogravimetric analyses of samples are
summarised. Particularly, all the profiles reported below refer to analyses carried out
employing samples in the as-synthetised form before any calcination and ion-exchange
treatment and using an air flow of 100 ml/min as described in Chapter 3.

Figure 27 shows a comparison between parent Z25 zeolite and samples H-Z25_X (Figure
27a) and H-Z5_XX (Figure 27b) synthetized passivating the external surface of the starting
zeolitic core in H*-form, already calcined and without the organic template inside the pores.
Observing the DTG profiles, for the parent zeolite (blue profiles in the pictures) three main
peaks were detected: the first one around 100°C refers to the evaporation of water from the
zeolitic framework; the second one at about 460°C indicates the combustion of the organic
template used for the synthesis of MFI zeolite (tetrapropylammonium bromide); the last one
at about 630°C probably deals silanol dehydration that usually occurs at temperatures
higher than 550°C [112]. Profiles obtained for H-Z25_X and H-Z25_XX samples (red lines in
Figure 27a and 27b) show four main peaks. The first one, at about 80°C refers to water
evaporation, the second one at 220°C, not found for the parent zeolite, still is due to water
trapped in the starting hydrophilic ZSM-5 core and which therefore came out at higher
temperatures. Furthermore, the porosimetric analyses, described in the next paragraph,
revealed that the Silicalite-1 crystals grown on a core with empty pores caused a decrease
in the volume of the micropores, probably due to the partial blockage of the channels. For
this reason, the higher temperature outflow of water trapped in the zeolite channels, which
produced the peak at 200°C, could be attributed to this partial occlusion. For H-Z25_X and
H-725_XX samples the peak of organic combustion (at about 456°C) is wider and lower in
intensity than in the case of Z25. Since the starting core was in calcined form, the combustion
peak of the organic refers only to the TPA* derived from tetrapropylammonium hydroxide
used to synthesize the thin layer of the Silicalite-1 layer. The same evidences were found for
the sample covered by a double layer of Silicalite-1 (H-Z25_XX) as the second layer
deposition starts on the calcined H-Z25_X sample (free from organic template). By

calculating the weight loss corresponding to the exothermic combustion peak of the organic
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it was possible to estimate the quantity of SDA present on the sample after the epitaxial
growth of Silicalite-1. For both H-Z25_X and H-Z25_XX samples, the amount of TPA*found

after the passivation treatment corresponded to 1% by weight of the sample mass.
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Figure 27: TGA/DTG profiles of Z25 parent zeolite compared with H-Z25_X (a) and H-Z25_XX (b).

Figures 28a and 28b show comparisons between TGA/DTG results of parent Z25 zeolite and
those obtained for passivated AS-Z25_X and AS-Z25_XX samples. In this case profiles trend
is the same showing only the three main peaks already described above for the Z25. From
this evidence is clear that the use of an As-made core during passivation determines a
different final material. In fact, for AS-Z25_X and AS-Z25_XX samples peaks found at 460°C
refer to the combustion of the organic template of the starting core (tetrapropylammonium

bromide) that was passivated without any prior calcination step and, being the amount of

61



CHAPTER 4. Physicochemical properties of investigated catalysts.

the core organic much higher than the amount of SDA used for the synthesis of Silicalite-1,

it was difficult to detect the peak related to the combustion of TPA* derived from

tetrapropylammonium hydroxide, especially after the first passivation step (AS-Z25_X

sample). AS-Z25 XX sample was obtained by covering the already coated sample

(AS-Z25_X) a second time with Silicalite-1 without subjecting it to a treatment of calcination

but using it with the channels shield by SDA. For this reason, results relating to the double

deposition step silicalite-1 layered catalyst show an exothermic peak around 375°C (as a

shoulder of the main one) which identifies the combustion of the organic contained in the

tirst and second layer of Silicalite-1.
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Figure 28: TGA/DTG profiles of Z25 parent zeolite compared with AS-Z25_X (a) and AS-Z25_XX (b).
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Figure 29 shows a TGA/DTG comparison between Z25 parent zeolite and passivated sample
AS-725_2XX obtained by coating the starting surface of MFI zeolite with two layers of
Silicalite-1 but using a double amount of Silicalite-1 synthesis gel for each step of
passivation. In this case, the peak around 370°C is visible and well-defined and certainly is
related to the combustion of tetrapropylammonium hydroxide used in the Silicalite-1

synthesis gel.
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Figure 29: TGA/DTG profiles of Z25 parent zeolite compared with AS-Z25_2XX sample.

To confirm the temperature assignment of the peaks, differential thermal analyses (DTA)
were performed (in the same conditions as TGA analyses) for samples Z25 and AS-Z25_2XX.
Furthermore, DTA analysis was also carried out for a Silicalite-1 non calcined zeolite
synthetized using the same gel employed for the passivation treatments (Figure 30). The
silicalite-1 catalyst profile showed an exothermic peak at around 390°C relating to the
combustion of TPA* derived from tetrapropylammonium hydroxide. Contrariwise, Z25
zeolite was characterized by an exothermic peak at around 440°C related to TPA*
combustion. Passivated sample (AS-Z25_XX) DTA profile revealed the presence of two
main exothermic peaks because of the presence of Silicalite-1 (passivating layer) over a
Z5M-5 zeolite (core) and organic template inside the channels (TPA* resulting from both
TPABr and TPAOH) interacted differently with the two zeolitic phases. Observing Figure

30 it is clear that a shift of both exothermic peaks versus lower temperatures was detected
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for the passivated sample (AS-Z25_XX). To understand if the cause of this shift could be
related to the interactions between the two zeolitic phases (ZSM-5 and Silicalite-1) a
mechanical mixture of Z25 and Silicalite-1, both in as-made form, was prepared and DTA
analysis was performed. Particularly, two mechanical mixtures were prepared: the first one
with a content of about 10% of Silicalite-1 and the second one increasing this content to 20%.
Figure 30 reports DTA profiles of mechanical mixtures and reveals that the shift of
exothermic peaks observed for AS-Z25_XX samples was not detected. This result represents
an indirect proof of the deposition of Silicalite-1 because it demonstrates that the passivated
sample obtained, composed of two zeolitic phases (ZSM-5 and Silicalite-1) interacting with
each other, differs from a mechanical mixture of the same two zeolites.

TGA/DTG analysis results of ZS511 and Z50 parent zeolites and corresponding passivated
samples showed the same trend already described and are reported in Appendix A (Figure

A7-A9).

~440°C
~365°C ~430°C

Silicalite-1

MechanicalMix_20%

MechanicalMix_10%
——— AS-Z25_2XX

265 315 365 415 465 515 565
Temperature [°C]

DTA [°C]

Figure 30: DTA profiles in the organic combustion temperature range of 725, Silicalite-1, AS-Z25_2XX
passivated sample, and mechanical mixtures (composed respectively by the 10% and 20% by weight of
Silicalite-1).

4.1.6 Porosimetric results.

Adsorption isotherms of N2 at 77K of all investigated samples are reported in Figure
A14-A19 in Appendix A. All samples were characterized in terms of a superficial specific

area (B.E.T), micropore area (M.A., estimated by t-plot method), external area (E.A.,
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estimated by t-plot method), micropore volume (M.V., estimated by t-plot method) and total
pore volume (P.V.). All catalysts exhibited mixed type I/IV isotherms with Ha hysteresis at
about P/Po typical of aggregated microporous crystals with textural mesopores [113].
Moreover, the more pronounced uptake of nitrogen detected at low P/Po was associated
with the filling of the zeolites micropores. Textural properties calculated by analyzing
adsorption isotherms are reported in Table 9. Parent zeolites exhibited similar textural
properties except for the external surface area that was lower for the ZS11 catalyst. These
results agree with the SEM micrographs discussion in Paragraph 4.1.2. In fact, Z25 and Z50
samples exhibited the presence of small crystals on the external surface of bigger crystals
agglomerates, and this could be reasonably the cause of the higher external surface area
values found. The results obtained are similar to other MFI zeolites reported elsewhere
[114]. The BET surface area of sample H-Z11_X decreased by 14% if compared with the
starting parent zeolite (Z11). Micropore area and external surface area also decreased after
the deposition on the first shell of Silicalite-1. These values increased again after the
deposition of the second layer of Silicalite-1 (H-Z11_XX). The worsening of textural
properties (i.e. BET surface area and micropore area) for sample H-Z11_X can also be
identified observing the downward translation of its N2 adsorption/desorption isotherm
(Figure A14). To understand the reason of this trend found after the growth of the first layer
of Silicalite-1, the idea of coating a core with the pores closed by the presence of the organic
template agent was followed. Table 9 reports results obtained for the starting Z25 zeolite
and of passivated samples synthesized covering the Z25 core in as synthetized-form (AS-
725 _X and AS-Z25_XX) and in H*-form (H-Z25_X and H-Z25_XX). The effect of the form of
the core (acidic or as made) over the physical properties of the resulting passivated catalyst
is evident. Sample H-Z25_X exhibited the same trend found for H-Z11_X compared with
their respective non-coated starting zeolites. In fact, a decrease of 15% was found for the
BET surface area of the H-Z25_X catalyst assuming as reference the parent Z25 zeolite. This
finding could be explained by hypothesizing that a thin layer of Silicalite-1 was grown into
the empty pores of the starting zeolite after the first deposition step. Contrariwise, the slight

increase of these properties in the sample H-Z25_XX was explained by the regrowth of
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Silicalite-1 over the first synthesized shell. A similar trend was observed for the microporous
area (Smicro) and external surface area (Sext). This trend was not detected for the AS-Z25_X
sample in which the starting zeolite was covered in as-synthesized form because of the
presence of organic template filling core channels and preventing pores blockage. Inversely,
micropore volume values (Vmico) of AS-Z25 X and AS-Z25 XX samples were higher
compared with the parent zeolite (Z25) demonstrating the growth of the Silicalite-1 layer
over the core surface and not in the internal channels.

The results obtained for the other passivated samples demonstrated that the properties of
the starting zeolite have always been preserved. For the sake of completeness, textural
properties of the other two parent zeolites with Si/Al ratios equal to 11 and 25 (Z11_2 and
725_2) were also reported in this case because passivated samples AS-Z11_XX and AS-
Z11_2XX were synthetized starting from Z11_2 batch and AS-Z25_2XX catalysts were

obtained coating Z25_2 zeolite.

Table 9: Textural properties of investigated catalysts.

Sbet® SmicroP Sexb Vpe VmicroP
Catalyst
(m¥g) (m?%/g) (m¥/g) (cm?/g) (cm?/g)
711 404 310 94 0.21 0.12
H-711_X 349 267 80 0.17 0.10
H-711_XX 389 293 96 0.20 0.11
711_2 389 296 93 0.20 0.117
AS-711_XX 385 292 92 0.18 0.115
725 420 290 130 0.23 0.117
AS-725_X 423 308 115 0.21 0.123
AS-725_XX 428 308 121 0.21 0.122
H-725_X 389 245 143 0.20 0.100
H-725_XX 421 257 164 0.22 0.105
750 424 212 212 0.15 0.09
AS-750_XX 424 212 213 0.15 0.09
725 2 409 264 145 0.24 0.107
AS-725_2XX 442 294 148 0.22 0.119
AS-711_2XX 391 280 110 0.19 0.112
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*Calculated by the multipoint BET method in the Rouquerol p/p® range; *Calculated by the t-plot method;
Calculated at p/p° 0.95

4.1.7 NH3-TPD analysis

NH;-TPD measurements were employed to estimate the amount and the strength of acid
sites of samples synthesized. Moreover, this technique was used to evaluate the effect of
post-synthesis passivation treatment on the total acidity of the coated sample and the ratio
between strong and weak acid sites. In Figure 31. NH:-TPD profiles of parent zeolites (Z11,
725, and Z50) are reported. Each catalyst exhibited the typical profile of an MFI zeolite with
two main desorption peaks: the first one, at low temperatures, related to the interaction of
ammonia with weak acid sites, and the second one, at higher temperatures, related to strong
acid sites [115]. Figure 31 showed that for Z11 parent zeolite a higher peak at temperatures
lower than the others was detected proving the high amount of weak acid sites. Although
NHs-TPD analyses do not allow us to distinguish between Bronsted and Lewis acid sites, in
literature the desorption peak at low temperatures is either related to the presence of Lewis

acid sites or extra framework aluminum oxide/hydroxide species [116,117].
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Figure 31: NHs-TPD profiles of parent zeolites.
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To discuss the effect of the passivation procedure over acidity properties of samples, in
Figure 32 (a,b) profiles of the starting parent zeolite (Z25) and of layered samples obtained
coating the core in as-made form (AS-Z25_X and AS_Z25_XX, Figure 32a) and in H*-form
(H-Z25_X and H-Z25_XX, Figure 32b) are shown. NHs-TPD profiles obtained for the other
investigated samples are reported in Appendix B (Figure B1-B3). Figure 32 shows that also
passivated samples exhibited an MFI typical NHs-TPD profiles with two main desorption
peaks. Results obtained demonstrated that passivating the core in H*-form caused a stronger
decrease of total acidity already from the first deposition cycle. Moreover, ammonia
maximum desorption temperatures did not change after the growth of Silicalite-1, both for
AS-725 and H-Z25 samples. For this reason, it can be concluded that epitaxial growth of

Silicalite-1 did not strongly affect the strength of acid sites.
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Figure 32: NHs-TPD profiles of Z25 parent zeolite compared with H-Z25_X and H-Z25_XX (a) and with

AS-Z25_X and AS-Z5_XX (b).

Table 10 summarizes the quantitative results of all investigated samples obtained through
the peaks deconvolutions. It is useful to underline that samples of NHs-TPD profiles also
exhibited the presence of peaks at temperatures higher than 550°C. These peaks are usually
associated with silanol dehydroxylation [112] and to quantify the total acidity of samples,

the ones at temperatures higher than 550°C were considered only for the curve

deconvolution, not accounted for the total acidity.

For sample H-Z11_X total acidity a decrease of about 25% was detected if compared with
the starting parent Z11 zeolite. The second deposition of Silicalite-1 did not cause a strong

decrease in total acidity and on the contrary, a slight increase of this value was found.
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Similarly, H-Z25_X and H-Z25_XX passivated catalysts exhibited a lower value of total
acidity than the starting Z25 parent zeolite. Particularly a decrease of 28% and 33% was
detected respectively. In both cases (Z11 and Z25 and correspondingly passivated H-Z
samples) the decrease in total acidity was less pronounced after the second growth of
Silicalite-1 than the first one. This trend confirms the hypothesis that covering a core with
empty pores causes a partial occlusion of the same due to the growing Silicalite-1 at the
pores' mouth. For this reason, the strong decrease in total acidity obtained after the first
coating is probably not due to a real decrease but is caused by the inability of ammonia to
reach the acid sites. On the contrary, the total acidity of AS-Z25_X and AS-Z25_XX catalysts
measured via NHs-TPD analysis decreased only by 6% and 10% respectively if compared to
the parent Z25 zeolite. This was due to the presence of the organic template agent which, by
protecting the zeolite channels, allowed passivation of only the superficial acid sites
pursuing the initial goal of the treatment. The purpose was to neutralize external acid sites
without strongly modifying the properties of the catalysts and without decreasing the
number of active acid sites for catalysis. AS-Z50_XX sample, synthesized coating with
Silicalite-1 and ZSM-5 with a Si/Al ratio of 50, showed an acidity value 7% lower than the
parent zeolite (Z50). As the Si/Al ratio increased, the decrease in total acidity obtained after
the growth of the Silicalite-1 layer decreased and this trend will also be confirmed by the

results of the FT-IR analyses reported in the following paragraph.
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Table 10: Quantitative data obtained from NHs-TPD analysis of investigated samples.

Weak acid Strong acid WS
+
SAMPLE sites (W) sites (S) S/W
(umol gear™)
(pmol gear?) (pmol gear™)

711 299 424 683 1.6
(290 °C) (456 °C)

H-Z11_X 207 299 506 1.4
(280°C) (445°C)

H-711_XX 195 524 519 1.7
(290°C) (450°C)

AS-711_XX 176 436 611 1.7
(290°C) (460°C)

725 155 478 633 3.1
(280 °C) (470 °C)

H-725_X 116 342 458 3.0
(280 °C) (460 °C)

H-725_XX o8 517 415 3.2
(290 °C) (470 °C)

AS-725 X 141 454 595 3.2
(290 °C) (465 °C)

AS-725_XX 150 418 568 2.8
(290 °C) (465 °C)

Z50 20 230 340 2.8
(250 °C) (440 °C)

AS-750_XX 78 238 316 3.0
(250 °C) (440 °C)

2 From NHs-TPD profiles: weak sites NHs desorption range 100-300 °C, strong sites NHs desorption

above 300 °C. Values into brackets are desorption temperature peaks (°C);

4.1.8 FT-IR

In this paragraph, the main results obtained from performing FT-IR analysis of samples are
reported. Particularly FT-IR spectra were collected before and after Ds-acetonitrile
adsorption. Figure 33 shows spectra of parent zeolites in the OH-stretching region acquired
at room temperature after a pre-treatment at 400°C for 2 hours under vacuum and before
the adsorption of the probe. A band at 3745 cm™ was detected for each sample related to the

presence of silanols group located at the external surface of catalysts [43,118]. A small band
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at about 3735 cm™ was detected for Z25 zeolite and it could be attributed to the presence of
internal silanols groups located within micropores [118]. Each catalyst exhibited a band at
3610 cm™ corresponding to the acidic bridging Si-(OH)-Al groups. Although quantitative
analysis is not possible in this region, the intensity of this band could be correlated with
various factors such as the Si/Al ratio in the synthesis gel or the crystals size. The Z11 sample
exhibited a lower intensity band at 3610 cm™! despite the higher aluminum content in the
synthesis gel. Moreover, a band at 3665 cm™ was found in the spectra of the Z11 sample

associated with the presence of extra-framework Al-OH species [41].
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Figure 33: FT-IR spectra in the OH stretching region before the adsorption of ds-acetonitrile of parent
zeolites.

To make a comparison between passivated and non-passivated samples, Figure 34 shows
spectra of Z25 parent zeolites and coated samples in the OH region obtained before the
adsorption of ds-acetonitrile. Particularly, results of both samples obtained coating an H*-
form core (H-Z25_X and H-Z25_XX) and an as synthesized-form core (AS-Z25_X and AS-
725_XX) are reported. A slight decrease of the band at 3610 cm™ was detected for all
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catalysts passivated with one or two layers of Silicalite-1. Moreover, an increase of the band
at 3665 cm, associated with extra-framework Al-OH species, was found for samples
H-725_X and H-Z25_XX. This result demonstrates that coating a calcined zeolite with
empty pores through the growth of Silicalite-1, carried out by hydrothermal synthesis,
probably causes an escape of aluminum from the zeolitic framework and then an increase

of the Al-OH extra-framework species.

3610
3745 3665

AS-725 X

AS-725 X

I I I I
3800 3600 3400 3200 3000
wavenumber [cm™]

Absorbance [-]

Figure 34: FT-IR spectra in the OH stretching region before the adsorption of ds-acetonitrile of parent
zeolite (Z25) and passivated samples (H-Z25 and AS-Z25).

In Figure 35, spectra obtained after the interaction of analyzed parent zeolites (211, Z25, and
750) with ds-acetonitrile are reported in the wavenumber range 2400-2200 cm™!. Three main
peaks are detected as usual: the first one at 2320 cm™ related to ds-acetonitrile reacting with
Lewis acid sites, the second one at 2290 cm™ referred to Brensted acid sites linked to the
probe, and the third one at 2275 cm! indicating the presence of terminal silanols group

reacting with ds-acetonitrile [110].
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Figure 35: FT-IR spectra of parent zeolites in the LAS/BAS region (d3-acetonitrile probe) after evacuation
at room temperature.

Figure 36 (a,b) compares spectra of passivated samples and the starting parent zeolite (Z25)
interacting with d3-acetonitrile. Particularly spectra collected for Z25 and corresponding
coated samples are shown to underline the main differences found; spectra collected for all
the other investigated samples are reported in the 2400-2200 cm™ range in Appendix B
(FigureB5-B9). Results shown in Figure 36 confirmed NHs-TPD results already discussed
as coating the core in H*-form had a stronger effect over the total acidity of the starting
zeolite. Particularly, when the core was passivated in acidic form a decrease of the band
intensity related to both Brensted and Lewis acid sites was detected. On the contrary, when
the starting zeolite was coated with the organic template inside the pores the higher
decrease detected was for the band linked to Lewis acid sites; instead, only a slight decrease

of the band at 2290 cm™! was found.
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Figure 36: FT-IR spectra in the LAS/BAS region (d3-acetonitrile probe) after evacuation at room
temperature of parent zeolite (Z25) compared to AS-Z25 passivated samples (a) and H-Z25 passivated
samples (b).

Quantitative results obtained via the deconvolution of peaks related to Brensted and Lewis
acid sites for all investigated samples are reported in Table 11. Comparing parent zeolites,
the effect of the Si/Al ratio on the total acidity appeared clear: with the increase of the Si/Al
ratio, total acidity decreased. However, the different quantity of aluminum in the synthesis
gel, only a difference of about 6% between Bronsted acid sites was found between Z11 and
725 samples. On the contrary, Z11 catalysts exhibited a quantity of Lewis acid sites about

40% higher than the Z25 sample probably due to the presence of Al extra-framework
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species. Moreover, the ratio between Bronsted and Lewis acid sites increased with the
increase of the Si/Al ratio.

Results summarized in Table 11 revealed that the effect of the passivation procedure
depends on the form of the core. In the case of AS-Z25_X and AS-Z25_XX, only a decrease
of Lewis acid sites was detected of about 26% and 28% respectively if compared with the
parent Z25 zeolite. Contrariwise, a strong reduction of both Bronsted and Lewis acid sites
was found for H-Z25 catalysts. Whatever the technique of passivation used, the reduction
of acidity detected was more evident after the first deposition of Silicalite-1 than after the
second cycle of passivation.

It is also useful to analyze how the Si/Al ratio influenced the success of the passivation
method in terms of a decrease in total acidity value. Comparing parent zeolites (Z11, Z25,
and Z50) with the respectively passivated samples (AS-Z11_X, AS-Z25_XX, and AS-
Z50_XX) the effect of the Si/Al ratio was detectable. In the case of AS-Z11_XX and
AS-725_XX coated samples, a decrease of about 10% in total acidity was found if compared
with the parent zeolites. On the contrary, although the increase was found in the Si/Al ratio
after the passivation process (highlighted in Paragraph 4.1.4), no significant differences
were detected between the acidity of Z50 and AS-Z50_XX samples. It appeared clear that
the passivation procedure over the parent zeolites with a Si/Al ratio equal to 11 and 25
influenced more Lewis acid sites as already explained. This evidence agrees with results
already reported by Busca et al. [42] according to which since no bridging Si-(OH)-Al sites
were found on the external surface of ZSM-5, the presence of strong Bronsted acid sites is
limited to the internal channels of zeolites. Besides, in the same work, it was found that two
types of Lewis acid sites exist on the surface of ZSM-5: Lewis acid sites bonded to
tetrahedrally or trigonally coordinated Al** cations and Lewis acid sites with incompletely
coordinated octahedral AI* cations, due to extra framework alumina species. The first ones
are stronger, and they are much more abundant in samples with a higher Al content [42].
As showed in Table 11, Z50 already exhibited a much lower number of Lewis acid sites than
725 and Z11. Consequently, a smaller number of strong Lewis acid sites already exist on the

surface of ZSM5 zeolite with a Si/Al ratio equal to 50. It is probably for this reason that the
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growth of Silicalite-1 (AS-Z50_XX) over the starting catalyst (Z50) did not strongly affect
Lewis acidity.

Quantitative results obtained for AS-Z25 2XX and AS-Z11_2XX demonstrated that
employing a higher quantity of Silicalite-1 synthesis gel during passivation procedure,
caused a greater decrease of total acidity. Comparing passivated samples (AS-Z25_2XX and
AS-7Z11_2XX) with the starting parent zeolites also in this case a greater effect of passivation
procedure over Lewis acid sites rather than over Bronsted acid sites detected. Furthermore,
quantitative results summarized in Table 11 demonstrated that, after the coating with
Silicalite-1, the ratio between Bronsted and Lewis acid sites always increased as a

consequence of the stronger effect of the passivation procedure over Lewis acid sites.

Table 11: Bransted and Lewis acid sites distribution of the catalysts via FT-IR measurements.

Bronsted . )
o Lewis Acid
Acid Sites? . BAS+LAS
SAMPLE Sites (LAS)® BAS/LAS
(BAS) (umol geat?)
(pmol gear™)
(umol gear?)
711 436 214 650 2.0
AS-7Z11_XX 420 170 590 2.5
725 411 155 566 2.7
H-725_X 298 114 412 2.6
H-Z25_XX 271 97 368 2.8
AS-725 X 399 115 514 3.5
AS-725_XX 395 112 507 3.5
750 270 49 319 5.5
AS-750 XX 276 46 322 6.0
AS-Z25 2XX 356 90 446 3.9
AS-Z11 2XX 406 149 556 2.7

aBrensted acid sites (IMEC= 2.05 cm/umol, [110])
bLewis acid sites (IMEC= 3.6 cm/umol, [110])
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To assess the strength of the acid sites and to deeply investigate the effect of the epitaxial
growth of Silicalite-1, FT-IR spectra CDsCN after desorption at different temperatures were
performed and results are reported in Figure 37 (a, b, ¢, d) in terms of the fraction of covered
sites, referred to the sites measured at 25°C (assumed to be completely covered). Desorption
spectra are reported in Appendix B (Figure B9). A significant reduction of Brensted acid
sites was found already at 150°C for all investigated catalysts. Only a residual adsorbed
fraction below 20% remained at 400°C. On the contrary, the decrease of Lewis acid sites was
less strong, and at 400°C a fraction of about 50% remained adsorbed. This trend confirmed
that Lewis acid sites are stronger than Bronsted acid sites also after the deposition of
Silicalite-1. After the deposition of Silicalite-1 over the core in as synthetised-form, a
decrease in the strength of Brensted acid sites was found. In fact, at 150°C a decrease of
covered Bronsted acid sites more pronounced for AS-Z25_X and AS-Z25_XX was detected
if compared with the starting parent zeolite. This trend was not observed for Lewis acid
sites as the curves obtained are always similar. For, what concerns H-Z25_X and H-Z25_XX
catalysts, the behavior found was more incoherent. Bronsted acid sites strength increased
after the first deposition cycle as a higher fraction of covered sites was found at 150°C for
the H-Z25_X sample. The fraction of covered Bronsted acid sites decreased at 150°C for the
sample passivated with two layers of Silicalite-1 but it was higher at 200°C, 300°C and 400°C
if compared with the parent Z25 sample (Figure 37b). For what concerns Lewis acid sites
(Figure 37d), the double coating of the core in acidic form caused a weakening of the Lewis
acid sites. These results confirmed the idea according to which coating a core with the
organic template inside the pores allowed to obtain passivated catalyst with a tidier
structure and with properties close to that of the starting zeolite. In fact, only a small
difference of about 60 umol/g was detected between Z25 and AS-Z25_XX samples related
to the neutralization of external acid sites while the total acidity value was preserved.
Moreover, reducing the strength of Brensted acid sites could be useful in catalytic
applications where mainly Brensted acid sites cause coke formation and catalysts

deactivation [119].
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Figure 37: Fraction of covered Bronsted (a and b) and Lewis acid sites as a function of the desorption
temperature.

4.1.9 Solid-state NMR MAS.

In Figure 38 ¥Si NMR spectra of Z25 parent zeolite and passivated H-Z25 XX and
AS-Z25_XX are reported. Parent zeolite and coated catalyst obtained starting from an as
synthetised-form core (AS-Z25_XX) exhibited the same Si local environment. On the
contrary, a slight broadening in the Q* region was detected for the H-Z25_XX sample. Al
NMR spectra also reported in Figure 38 show the same trend: Z25 and AS-Z25_XX samples
exhibited the same Al environment while a slight distortion was observed for the H-Z25_XX
catalyst. High-resolution "H-NMR spectra were also acquired and are shown in Figure 38.
The peak at 3.7 ppm, related to isolated Bronsted acid sites, decreased by 40% for sample H-
Z25_XX if compared with the parent zeolite. On the contrary, only a slight decrease of 4%
was found for sample AS-Z25_XX. These results are in line with d3-acetonitrile FT-IR
quantitative results already explained in paragraph 4.1.8. Furthermore, broad bands were

detected at high chemical shifts (above 5.8 ppm) for the AS-Z25_XX sample probably related
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to the formation of some nests due to the links between Silicalite-1 and the starting parent

ZSM-5.
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Figure 38: NMR spectra (Si-NMR, AlI-NMR, and H-NMR) of parent zeolite (Z25) and passivated samples
(AS-Z25_XX and H-Z25_XX)

4.2 BEA@Sil-1
4.2.1 XRD.

Figure 39 shows XRD patterns of investigated BEA-type samples before (BEA) and after
(BEA_X and BEA_XX) the Silicalite-1 deposition. Moreover, to underline the growth of the
MEFTI structure over the starting BEA zeolite, the Silicalite-1 pattern was also reported in
Figure 39. BEA catalyst exhibited a crystallographic pattern typical of BEA-type zeolite with
characteristic peaks at 20=7.6 and 20=22.4 according to the reference pattern published on

http://www.iza-online.org/. BEA_X and BEA_XX samples pattern also showed the classic

BEA pattern with the addition of typical MFI peaks at 20 values of 7.9°, 8.8° and 23.1°.
Moreover, MFI-type peaks intensity increased with the increasing of steam-assisted

crystallization procedures carried out. No trace of amorphous silica was observed in any

sample.
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Figure 39: XRD spectra of investigated samples.

4.2.2 SEM-EDX.

Figure 40 shows samples crystals morphology observed by means of scanning electron
microscopy. Both BEA and coated samples (BEA, BEA_X and BEA_XX) consisted of crystals
with a size of 100-200 nm and with a flattened spheroid shape. Although the presence of
Silicalite-1 crystals grown over the surface of the starting zeolite was impossible to be
detected with this technique, SEM micrographs of BEA_X and BEA_XX did not demonstrate
the presence of two distinct phases (BEA and MFI) and, for this reason, homogeneous

nucleation of Silicalite-1 can be denied.
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Figure 40: SEM micrographs of BEA, BEA_X and BEA_XX samples at different magnifications.

EDX measurements for BEA parent zeolite and coated BEA_XX sample were performed at

different voltage to evaluate the Si/Al ratio (Table 12). The Si/Al ratio obtained for parent

zeolite was higher than the one employed in the synthesis gel (equal to 25). A decrease in

the Si/Al ratio was detected for the BEA@Sil-1 sample and demonstrated that a thin layer of

Silicalite-1 grew over the external surface of parent zeolite. For both investigated catalysts,

an increase in Si/Al was found with the increasing of voltage employed during EDX

measurements proving that the quantity of aluminium is higher in the internal channels

rather than on the external surface.

Table 12: EDX measurements results of investigated catalysts.

Si/Al [mol/mol] Si/Al [mol/mol] Si/Al [mol/mol]
Sample Code
[5 kV] [7 kV] [10 kV]
BEA 11.1 10.2 10.2
BEA_XX 13.2 12.1 12.0
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4.2.3 Porosimetric results.

N2 adsorption/desorption isotherms of BEA, BEA_X and BEA_XX catalysts are shown in
Appendix A (Figure A20). The main physical properties of catalysts are summarized in

Table 13.

Table 13: Textural properties of investigated catalysts.

SBETa Smicrob Sextb ‘]pC VmicroP
Catalyst
(m?/g) (m?/g) (m¥g) (cm?/g) (cm?/g)
BEA 576 428 148 0.37 0.170
BEA_X 662 449 212 0.40 0.180
BEA_XX 616 442 174 0.37 0.177

“Calculated by the multipoint BET method in the Rouquerol p/p° range; *Calculated by the t-plot method; “Calculated
at p/p® 0.95

As shown in Table 13, no evident changes were detected between parent zeolite and coated
samples micropore area values and this result demonstrated that the growth of Silicalite-1

over the external surface of BEA-type zeolite did not cause any occlusion of pores.
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4.2.4 Acidity evaluation: NHs-TPD and FT-IR.

NHs-TPD profiles, normalized by the weight of the analysed sample, of parent zeolite and
coated catalysts are shown in Figure 41. Each catalyst exhibited the typical profile of a
BEA-type zeolite with two main peaks: the first one at lower temperatures related to weak
acid sites and the second one at higher temperatures linked to the presence of strong acid

sites[120]. A decrease in total acid sites appeared clear after each deposition step.
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Figure 41: NHs-TPD profiles of BEA parent zeolite and coated samples (BEA_X and BEA_XX).

Quantitative results obtained via peaks deconvolution are summarized in Table 14. Total
acidity values confirmed the decreasing trend exhibited after each deposition treatment.
Moreover, both weak and strong acid sites decreased for BEA_X and BEA_XX samples if
compared with the parent zeolite and the ratio between weak and strong acid sites did not
change significantly after the coating with Silicalite-1. Although the reduction in total
acidity, maximum desorption temperatures remained unchanged for BEA, BEA_X and

BEA_XX samples.
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Table 14: Acidity of parent zeolite and coated samples: NH3-TPD analysis and FT-IR ds-acetonitrile.

NHs-TPD (umol/gcat)
D-Ac FT-IR (umol/geat)
Catalyst
Weak 2 Strong 2 Total Be Le Total
250 421
BEA 671 518 214 731
(280) (405)
243 368
BEA_X 611 429 202 631
(280) (405)
239 356
BEA_XX 595 358 170 528
(280) (405)

a From NH3-TPD profiles: weak sites ammonia desorption range 100-300 °C, strong sites ammonia
desorption above 300 °C.

Values in parenthesis are desorption temperature peaks (°C);

b B: Bronsted acid sites (IMECs=2.05 cm/pmol); L: Lewis acid sites IMECt= 3.6 cm/pumol)

Figure 42 shows FT-IR spectra of investigated samples after ds-acetonitrile adsorption in the
wavenumber range 2400-2200 cm™. Three main peaks were detected as usual: the first one
at 2320 cm™ related to ds-acetonitrile reacting with Lewis acid sites, the second one at 2290
cm! linked to Brensted acid sites linked to the probe and the third one at 2275 cm™ indicating
the presence of terminal silanols group reacting with ds-acetonitrile. A decrease of both
Bronsted and Lewis acid sites was detected after each step of Silicalite-1 deposition as

confirmed by quantitative results summarised in Table 14.
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Figure 42: FT-IR ds-acetonitrile spectra of parent zeolite (BEA) and coated samples (BEA_X and BEA_XX).
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4.3 ZSM-5 passivated via CLD of TEOS.

4.3.1 XRD

XRD spectra of parent Z11 and Z25 zeolites and samples treated with chemical vapour
deposition of TEOS are reported in Appendix A (Figure A5-A®6). It is clear that passivation
carried out with chemical vapour deposition of TEOS caused neither a substantial loss in

crystallinity nor the appearance of a new crystalline phase.
4.3.2 SEM-EDX

SEM micrographs of parent zeolites and their passivated counterparts are reported in
Figure 43. Chemical vapour deposition of TEOS did not affect the morphology of the sample
as no evident differences were detected for treated samples if compared with the starting
parent zeolites except for the presence of very few amorphous silica traces deposited over

the starting crystals agglomerates.

Figure 43: SEM micrographs of parent zeolites (Z11 and Z25) and passivated samples (H-Z11_S and H-
725_S).
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EDX measurements were performed for all investigated catalysts at 5 and 15 kV in order to
estimate the Si/Al ratio and results are reported in Table 15. For the H-Z11_S sample, a slight
increase in the Si/Al ratio was detected both at 5kV and 15kV. This trend was not found for
the H-Z25_S catalyst which exhibited the same Si/Al ratio of the parent zeolite at 5kV and a
higher Si/Al ratio at 15kV. Results agree with characterization data already reported in the
literature demonstrating that no substantial differences in the Si/Al ratios were detected

after a treatment of CLD of TEOS over ZSM-5 zeolites [96].

Table 15: EDX measurement results (at 5kV and 15kV) of investigated samples.

Si/Al [mol/mol] Si/Al [mol/mol]
Sample Code
[5 kV] [15 kVI]
711 9.2 6.7
H-Z11_S 11.6 8.5
725 23.7 19.9
H-Z25 S 23.6 16.6
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4.3.3 Porosimetric results.

The main textural properties of catalysts are summarized in Table 16. Chemical vapour
deposition of TEOS caused a decrease in BET surface area and micropores area (higher for
AS-Z11_S concerning the starting Z11 parent zeolite) concerning the starting zeolites
probably due to a partial blockage of channels. This result agrees with data already
published in the literature about the chemical vapour deposition of TEOS [96]. N2

adsorption/desorption isotherms are reported in Appendix A (Figure A21-A22).

Table 16: Textural properties of investigated catalysts.

Sbet? Smicro? SextP \lpC Vmicro?
Catalyst
(m?%/g) (m?/g) (m?%g) (cm?®/g) (cm?/g)
711 389 296 93 0.200 0.117
AS-711_S 350 230 121 0.20 0.092
725 409 264 145 0.24 0.107
AS-725_S 367 257 113 0.19 0.102

“Calculated by the multipoint BET method in the Rouquerol p/p? range; *Calculated by the t-plot method; “Calculated at
p/p? 0.95
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4.3.4 Acidity evaluation: FT-IR.

Acidity distribution evaluation was performed via FT-IR analysis employing ds-acetonitrile
as a probe. Figure 44 (a, b) reports FT-IR spectra of investigated samples in the wavenumber

range 2400-2200 cm™.
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Figure 44: FT-IR spectra after d3-acetonitrile adsorption of Z11 and its passivated counterpart (a) and of
725 and its passivated counterpart

Three main peaks were detected as usual: the first one at 2320 cm! related to ds-acetonitrile
reacting with Lewis acid sites, the second one at 2290 cm™ linked to Brensted acid sites
linked to the probe and the third one at 2275 cm™ indicating the presence of terminal silanols
group reacting with ds-acetonitrile. From the deconvolution of the peaks related to Brensted

and Lewis acid sites quantitative results have been obtained and results are summarized in

Table 17.
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Table 17: Acid sites distribution of parent zeolites and passivated samples

Bronsted Acid Lewis Acid Sites
BAS+LAS

SAMPLE Sites? (BAS) (LAS)® BAS/LAS
(umol geat?)

(umol geat?) (nmol geat?)
711 380 246 626 1.5
AS-711_S 202 133 334 1.5
725 423 146 570 2.9
AS-725 S 335 124 459 2.7

aBrensted acid sites (IMEC= 2.05 cm/umol)

bLewis acid sites (IMEC= 3.6 cm/pmol)

A strong decrease in both Bronsted and Lewis sites was found for AS-Z11_S and AS-Z25_S
samples if compared with the starting untreated parent zeolites. The ratio between Bronsted
and Lewis acid sites remained unchanged after the chemical deposition of TEOS. These
findings did not agree with another work published by Valtchev et al. where a decrease of
only Bronsted acid sites was found after the treatment [89]. The reduction of Lewis acid sites
detected could be related to the fact that starting parent zeolites (Z11 and Z25) were
characterised by a high number of Lewis acid sites (higher than that exhibited by zeolites
studied by Valtchev et al.) and part of these acid sites were neutralized during the

deposition steps.
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CHAPTER 5. Methanol dehydration to DME.

Research efforts dedicated to the investigation of methanol dehydration reaction to
dimethyl ether could be divided into two different parts. The first part of the work
concerned the employment of high aluminum content H-ZSM5 zeolites (Si/Al ratio in the
synthesis gel equal to 11) then passivated using the technique of Silicalite-1 epitaxial growth
and tested in a bench-scale packed bed reactor operated at 160-240 °C under atmospheric
pressure. The development of the innovative passivation technique via Silicalite-1
deposition over a starting ZSM-5 zeolite (Si/Al ratio equal to 25) with the organic template
still filling the channels was the central point of the second part of the research work. To
understand the effect of passivation treatment used over catalytic performances, passivated
samples obtained coating the ZSM-5 zeolite in synthesized form and H*-form were tested in
a methanol dehydration reaction. Furthermore, parent zeolites (Z11, Z25, and Z50) were
tested as references, also to assess the effect of the Si/Al ratio on methanol conversion and

DME selectivity.

5.1 State of art: Methanol conversion to DME.

Nowadays, because of global warming and environmental pollution, the world community
is looking for sustainable and renewable energy sources. This critical situation is attracting
governments’ and scientists’ interest. Particularly, greenhouse gas emissions continue to
increase; although the growth rate was higher in the first decade of this century (2.6%), from
2012 to 2019 greenhouse gas emissions grew at an average rate of 1.1% [121]. Furthermore,
2019 was the second warmest year in the last 140 years with an increase in global land and
ocean surface temperatures of 0.95°C. The International Energy Agency (IEA) produced a
detailed report about CO:2 emissions and showed that although a decrease was registered
because of the pandemic situation in 2020, the rapid recovery of the world economy in 2021
caused a rebound of CO: emissions of more than 6% (Figure 45) [122]. In 2022 CO: emissions

grew by 0.9% reaching the new high of 36.8 Gt.
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Figure 45: Worldwide CO: emissions from energy combustion and industrial processes and their annual change
during the years 1900-2022 [122].

In this context, it is dutiful to underline that the transportation sector causes much of the air
pollution and it still depends on fossil fuel. It was estimated that 21% of global CO:
emissions in 2021 originated from the transportation sector [122]. Meanwhile, energy
demand is strongly increasing because of the continued growth of the world population,
industrialization and fast-growing emerging economies development (e.g. India). In fact,
global energy consumption growth increased in 2022 by 2.1% and although it halved in
2021, it remained higher than the average 2010-2019 rate (1.4%/year) [123]. Furthermore,
geopolitical tensions caused a great increase in energy prices especially in Europe. For all
these reasons, to accelerate the pathway toward decarbonization and to reduce the
dependence on fossil fuels became essential for governments. In this regard, a big effort has
been made in these years for the implementation of clean and renewable energy sources
such as solar, wind, geothermal, CO:, biomass, and biofuels. As already explained, global
energy consumption has increased dramatically in recent years but with it so the renewable
energy consumption (Figure 46). It has been expected that by 2050 renewable energy
consumption will increase and will reach about 247 exajoules (almost 6 times higher than

the consumption in 2000) [124].
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Figure 46: Energy consumption worldwide from 2000 to 2019, with a forecast until 2050, by energy source
(in exajoules) [124].

Among the rising alternative fuels, dimethyl ether (DME) seems to be the one with the
largest potential impact on society, produced from biomass-derived syngas or non-biogenic
COz it could replace conventional fossil-based fuels. DME is the simplest ether with no C-C
bonds. The absence of C-C bonds in the DME structure allows to obtain combustion
emissions with a lower quantity of NOx, PM, and SOx if compared with traditional diesel
emissions [125]. DME is an organic compound, but it is non-carcinogenic, non-teratogenic,
non-mutagenic, and non-toxic. It is gaseous under standard atmospheric conditions of 0.1
MPa and 298 K but it can be easily condensed with a pressure of 0.5 MPa. For this reason, it
could be stored and transported in pressurized tanks in liquid form. DME characteristics
are close to that of liquefied petroleum gas (LGP) and nowadays blends of DME and LGP
are already handled using the existing infrastructures employed for LGP. DME can also be
used to replace diesel fuel in compression-ignition engines because of its characteristics. Its
higher content of oxygen promotes the occurrence of combustion without the production of
soot. If compared with diesel fuel, DME is characterized by a lower boiling point at
atmospheric pressure (248.1 K), and for this reason, it evaporates rapidly when it is injected
into the engine cylinder. Moreover, DME is characterized by a relatively high cetane number

between 55 and 60 and its auto-ignition temperature is approximately the same as diesel
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fuel (350°C). The reduction of polluting emissions represents one of the advantages linked
to the use of DME [126]. On the other hand, some disadvantages have also been identified.
First of all, DME exhibits a lower combustion enthalpy if compared with diesel fuel (27.6
J/kg and 42.5 J7kg respectively). For this reason, a larger amount of injected volume and a
longer injection period are needed for DME to get the same amount of energy obtained with
a lower quantity of diesel fuel. Moreover, some other disadvantages are linked to the
necessity of making some changes in engine configuration to substitute diesel fuel with
DME. In fact, DME is characterized by a lower viscosity that makes necessary the employ
of special gaskets to avoid leak of material from the storage tanks. DME modulus of
elasticity is lower than diesel fuel one and this implies a higher DME compressibility and a
greater compression work of the fuel pump [126].

It is well known that employing diesel-fueled compression ignition (CI) engines rather than
gasoline-fueled spark ignition (SI) engines offers some advantages (like fuel economy and
higher predictable life) but also some disadvantages linked to the production of higher
quantity of harmful pollutants such as nitrogen oxide (NOx), particular matter (PM),
hydrocarbon compounds (HC), carbon monoxide (CO) and sulfur oxides (SOx). Studies
conducted by Park et al. demonstrated that emissions of HC and CO were lower if DME
was used as fuel instead of diesel [127]. Moreover, DME fuel does not contain sulfur and
thus SOx-free exhausted gas is obtained when it is used. As already mentioned, the higher
content of oxygen in DME leads to better combustion performances reducing the formation
of C-C bonds responsible for soot emissions. Results already published in the literature
proved that employing DME particulate yield obtained (0.026%) was always lower than the
value reached with both diesel and bio-diesel fuels (0.51%) [128]. Well-to-wheels analysis
(WTW) conducted, consisting of a well-to-tank (WTT) and tank-to-wheels analysis (TTW)
suggested DME as one of the best alternatives for several vehicles technologies witha WIW
efficiency (calculated as the ratio between the energy of the fuel and the total energy
consumption of all the steps from feedstock recovery to fuel distribution) comparable with
liquefied petroleum gas and compressed natural gas [126]. DME also represents a suitable

chemical intermediate for olefins and synthetic gasoline production. In most cases, DME
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can be employed in all the processes in which methanol is used as a reactant because it is an
intermediate of most of the reactions involving methanol. For example, DME could be
employed to produce light olefins and gasoline replacing methanol in MTO (methanol to
olefins) and MTG (methanol to gasoline) processes. Substituting methanol with DME allows
them to perform a more sustainable process starting from a non-toxic compound.
Industrially, the MTG reaction is performed at around 400°C at a pressure of 20-30 atm
employing HZSM-5 as a catalyst. Instead, to increase the production of olefins higher
temperatures are required and SAPO-34 is usually employed as a catalyst for the reaction
[129]. DTO reaction has been widely discussed in Chapter 6.

Nowadays, growing attentions are developing on hydrogen production as it can be
considered the energy carrier of the future because of its high energy content per unit of
mass and because it could be employed in fuel cells to produce electricity with a very low
quantity of pollutant emissions [130,131]. DME can also be used as a hydrogen source
because high-quality syngas can be produced through DME steam reforming [132,133].
Lastly, dimethyl ether is also a candidate to be used as fuel for power generation in gas
turbines because of the low emissions of particulate matter, NOx, and CO during its
combustion due to the simplicity of its short carbon chain. DME heat value is lower than
that of conventional diesel fuel and, for this reason, modifications of the fuel supply system,
injection system, and combustion system of the gas turbine are needed to employ it as an
alternative fuel [134].

Dimethyl ether can be produced via indirect and direct synthesis processes as shown in
Figure 47. In the direct route, methanol synthesis and dehydration reactions are performed
in one step while in the indirect route, two steps are required [135,136]. The starting point
of both direct and indirect routes is syngas, a mixture of carbon monoxide and hydrogen,
that can be produced from different feedstocks such as natural gas, coal, oil residues but
also biomass [137,138]. Particularly, syngas can be produced via steam reforming of natural
gas but also from biomass gasification or biogas (CHs and CO2) dry reforming [125]. If the
starting feedstock employed to produce syngas is not fossil-derived, DME can be considered

a sustainable and renewable product.
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Figure 47: DME production via direct and indirect methods [125].

The indirect process is the traditional way to produce DME and it consists of two main steps:
methanol synthesis from syngas employing Cu/Zn-based catalysts and methanol
subsequent dehydration to DME using an acid catalyst. Methanol produced after the first
step should be purified from unreacted gas and water. Similarly, to obtain the desired DME
purity, DME from methanol dehydration should be separated from water and unreacted
methanol [136].

Methanol is produced via the hydrogenation reaction of carbon oxides. Industrially this
reaction is conducted at high pressure (50-100 bar) and in a temperature range of 200-300°C
[139]. Cu/ZnO/ALOs (CZA) is the catalyst commonly used for methanol synthesis from
syngas. Cu represents the active sites, ZnO is a textural promoter because it improves Cu
dispersion and prevents its agglomeration while Al2Os is a structural promoter needed to
stabilize Cu and ZnO avoiding sintering. Although CZA is a state-of-the-art catalyst for
methanol production, many works to study how to improve its catalytic performance are
still being published. Liu et al. prepared some copper/zirconia catalysts using three different
methods: deposition-precipitation, co-precipitation, and simple impregnation [140]. Results
demonstrated that ultra-fine particles obtained via the deposition-precipitation method
allowed to obtain a higher catalytic activity. In another work, authors studied the effect of
calcination temperature over CuO/ZnO/ZrO: catalyst, and they demonstrated that copper

dispersion decreased with the increase of calcination temperature. They identified the
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catalyst calcined at 400°C as the one that exhibited the best catalytic performances [141]. A
lot of efforts have been dedicated to analyzing the effect of adding a promoter on catalysts
properties. Sloczynski et al. prepared Cu/Zn/Zr catalyst adding Mg and Mn as promoters.
Researchers defined a factor combining adsorptive properties and catalytic activity of
catalysts and demonstrated that this factor increased in this order: CuZnZr < CuZnZrMg <
CuZnZrMn [142]. In another work, ZrOz-doped CuZnO catalysts have been synthesized
using a successive precipitation method and tested in the reaction of CO:2 conversion to
methanol. Doped catalysts showed a higher CO: conversion if compared to CuZnO one
because copper active species had better dispersion when Zr was added [143]. Furthermore,
palladium incorporation in Cu-Zn based catalysts has been explored and, also in this case,
adding a promoter allowed to achievement of better catalytic performance in terms of
methanol yield found [144].

The second step of indirect DME synthesis is methanol dehydration reaction:

2CH3;0H < CH30CH3 + H,0

It is an exothermic reversible reaction (- AHP (298 K) = 23.5 kJ/mol) without moles
variation and for this reason pressure does not influence equilibrium conversion while low
temperatures have a thermodynamic positive effect. Methanol dehydration is an
acid-catalysed reaction and, depending on the catalyst employed, it could be performed
both in vapor and liquid phase (temperature range: 100-300°C and pressure up to 20 bar).
v-Al20s is the most common catalyst used for methanol dehydration reactions because of its
weak and medium-strength Lewis acid sites [136]. Even if y-Al:Os exhibits a high selectivity
versus DME also at reaction temperatures up to 400°C, its activity is not so high at low
reaction temperatures. In fact, a temperature of 250-270°C is necessary to increase methanol
conversion [145]. Furthermore, y-Al2Os presents a hydrophilic character and, for this reason,
water produced in the dehydration reaction can reduce its acidity and also adsorb on its
surface instead of methanol [136]. Lots of studies have been conducted to modify y-ALOs
properties such as increasing its acidity or decreasing its hydrophilicity. Meanwhile, other
catalysts have been studied and tested for the reaction of methanol dehydration and among

these zeolites. The most studied zeolite is HZSM-5 characterised by both Brensted and
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Lewis acid sites. Unlike y-AlOs, this zeolite does not deactivate due to the water produced
and thanks to its stronger acid sites it shows higher activity even at lower temperatures
[146]. The presence of strong acid sites causes the shift of the reaction versus the production
of by-products leading to the formation of coke; in fact, DME is an intermediate for the
production of olefins as well explained in the following Chapter. For this reason, lots of
efforts have been dedicated to tune zeolites' acidity properties decreasing the total acidity,
or modifying acid sites strength and distribution [147]. Neutralizing external acid sites of
zeolites could also be a route to inhibit coke formation as already elucidated in Chapter 2
and it has been the technique employed to tune properties of ZSM-5 catalysts synthetised
for this research work and employed for DME synthesis. Zeolites structure represents a key
factor to inhibit successive undesired reactions. It has been demonstrated that 3D-
framework BEA-type zeolite exhibited a higher conversion of methanol but, with its larger
pores, led to the formation of a greater amount of coke. 2D-framework FER-type zeolites
with its small pores exhibited the best catalytic performance in terms of DME selectivity and
lowest coke formation if compared with MFI-type and BEA-type zeolites [114]. In Figure 48
the scheme of process for indirect DME synthesis is reported. It usually consists of two
distillation columns: the first one for DME purification and the second one to separate

methanol from water and to recycle the alcohol to the reactor [148].
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Figure 48: Scheme of indirect DME synthesis process [148].
DME direct routes are characterized by fewer chemical units because only one reactor is
needed to produce DME directly from syngas and because no purification units are required

for unreacted CO: and syngas as in the indirect process [125].
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In Table 18, reactions involved in the direct synthesis process are listed: reaction (c) is the
synthesis of methanol from syngas, reaction (d) is the dehydration reaction of methanol to
DME, and reaction (e) is the water-gas shift reaction. When reaction (e) does not take place,
the overall process is described by reaction (b); on the contrary, when water-gas-shift occurs,

reaction (a) represents the overall process [149].

Table 18: Reactions involved in DME direct synthesis [149].

Reaction heat

Reaction
(kJ/mol)
(a) 3C0O+3Hy — CH30CH3+CO2 -246
(b) 2C0O+4H2 — CH30CH3+H20 -205
(c)  2C0+4H, — 2CH30H “182
(d) 2CH30H — CH3OCH3+H-20 -23
(e) CO+H;0 — CO3+H> -41

Methanol conversion is the most equilibrium restricted and as it is exothermic and occurs
with a decrease in the number of moles, it is favored at low reaction temperatures and high
pressures. The effect of reaction temperature on syngas equilibrium conversion for DME
direct synthesis and methanol synthesis has been calculated and for both reactions, the
negative effect of increasing the temperature has been demonstrated. Moreover, results
showed that DME direct synthesis allowed to obtain a higher syngas equilibrium
conversion than that obtained for methanol synthesis [149]. Catalysts used for DME direct
synthesis need to combine two catalytic functions: a metallic function to produce methanol
from syngas and an acid function for the reaction of methanol dehydration to DME. The
commonly employed catalyst for DME direct synthesis is a redox/acid bifunctional catalyst
operating at the same conditions as methanol synthesis (250-280°C and 5-10 MPa).
Particularly, the catalyst for DME direct synthesis is a combination of the CZA catalyst
described above and an acid catalyst such as zeolites or y-Al:Os. Methods used to combine
acid and metallic functions influence the activity of the final catalyst. First of all, to obtain a
hybrid catalyst the mechanical mixture of the metallic and acid functions can be prepared

and subsequently pelletized [136]. However, many other techniques can be employed such
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as co-precipitation, sol-gel, and impregnation. In this case, many parameters have to be
considered affecting the final properties of hybrid catalysts. For example, in a published
work the effect of copper source has been clarified demonstrating that employing copper
acetate rather than copper nitrate or chloride allowed to preserve acidity properties of the
final bi-functional catalyst [150]. Also, the effect of calcination temperature has been studied
identifying the best one at 623 K (for 2 hours) to obtain the greatest dispersion of small
copper particles [151]. Ordomsky et al. demonstrated that acid sites on the external surface
of zeolite employed promoted copper sintering, and, for this reason, the neutralization of
these acid sites could be a promising route to improve catalyst stability [152]. The
passivation of external acid sites is the key topic of this thesis and proves to be a
fundamental aspect in several fields of application including the use of zeolites with
neutralized external surfaces in the synthesis of hybrid catalysts in which contact between
acid sites and metal function is avoided. In the last years, the use of core-shell type catalysts
attracted great interest [153-155]. There are many advantages to the use of core-shell
catalysts. First of all, since the core is generally the metallic phase and the shell is the acidic
phase, methanol produced in the core passes through the shell and the water produced by
the dehydration reaction does not encounter the metallic phase causing its deactivation.
Moreover, the unfavorable synergistic effect due to the close contact between small particles
of both functions is minimized by employing core-shell catalysts. For example, in an already
published work, the comparison between a core-shell type hybrid catalyst (CuO-ZnO-
Zr02@SAPO-11) and the physical mixture counterpart has been investigated testing them in
the direct conversion of CO and CO: to DME. Results demonstrated that core-shell catalyst
allowed to obtain a higher COx conversion and higher stability during time-on-stream tests
[153].

In Figure 49, a scheme of direct DME synthesis process is reported [148]. In this case, only a
reactor is employed and products of the direct DME synthesis are firstly treated in an
adsorption column with water to separate the gas phase (Hz, N2, CO, CO2, and CH.),

partially recycled to the reactor, to liquid phase (DME, methanol and water). As in the direct
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process, two distillation columns are required to obtain DME in the desired purity and to

separate methanol from water.
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Figure 49: Scheme of direct DME synthesis process [148].

In our work, methanol to DME reactions have been investigated. Particularly, the effect of
acid site distribution over methanol conversion has been first explored. Furthermore,
passivated catalyst obtained coating starting ZSM-5 zeolites with a layer of Silicalite-1 were
tested to evaluate the impact of external acid sites neutralization over catalysts

performances in terms of stability and coke formation.

5.2 MTD catalytic tests.

Firstly, catalytic results obtained testing parent zeolites will be discussed to understand the
effect of Si/Al ratio and thus of different acid sites distribution over catalyst behavior in
terms of methanol conversion, DME selectivity, and in terms of stability, and deactivation.
Particularly, catalytic tests were conducted in the temperature range of 140-240°C using a
bench scale system operating at atmospheric pressure. 70 mg of each parent zeolite in the
form of pellets (300-500 um) were loaded in a U-shaped quartz-packed bed reactor (ID =15
mm, L=40 mm) and pretreated at 240°C for two hours to remove adsorbed water. A nitrogen
flow (60 STP mL/min) was bubbled through liquid methanol kept in a thermostatic bath
(Julabo F12-ED). The methanol molar fraction in the feed stream was controlled by varying
the temperature of the bath. Particularly, an initial methanol vapor fraction of 0,06 was fixed

and tests were conducted by using a weigh hourly space velocity (WHSV) of about 5 gmeon
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(geat h)1. Products stream was analyzed by using GC (Agilent 7890 A) equipped with a
specific column (J&W 125-1032) and a FID detector using helium as carrier. Methanol

conversion and DME selectivity have been calculated using the following equations:

converted MethOH (gmol - min™1)
feed MethOH (gmol - min~1)

(1)

Methanol conversion =

2 DME outstream (gmol - min™1)

(2)

DME selectivity =
setectivity converted MethOH (gmol - min~1)

In Figure 50 methanol conversion obtained by testing parent zeolites at different
temperatures is reported. At each reaction temperature investigated, methanol conversion
was coherent with the total acidity trend (paragraph 4.1.8). The Z11 sample was
characterized by the same total acidity as the Z25 sample but exhibited a higher number of
Lewis acid sites. For this reason, it could be stated that both Lewis and Brensted acid sites

are responsible for methanol conversion.
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Figure 50: Methanol conversion over Z11, Z25 and Z50 samples.

Turnover frequency calculations were performed using the following equation:

TOF (k1) = S‘;%‘

(3)

where SV is the space-time velocity of methanol (mmolwmeon - h! -gear?), x is the conversion

and A is the sum of Bronsted and Lewis acid sites. TOF results obtained at 200°C are

reported in Figure 51. Particularly, data obtained are reported as a function of the ratio

between Lewis acid sites and Brensted acid sites. An increased trend of turnover frequency

was found with the increasing of Lewis acid sites also related to the presence of

extra-framework aluminum species.
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Figure 51: Methanol TOF as a function of LAS/BAS ratio at a reaction temperature of 200°C.

To compare parent ZSM-5 zeolites and passivated samples obtained employing the epitaxial
growth technique other additional MTD tests were conducted. Catalysts employed in the
first part of this research work are summarized in Table 19. Z11 zeolites and coated samples
synthetized starting from an H*-form were employed to assess the effect of neutralization
of external acid sites over the catalytic behavior of catalysts. In this case, 140 mg of catalyst
was loaded in the reactor, and the weigh hourly space velocity (WHSV) was fixed to a value

of about 2.3 h'l.

Table 19: Samples tested.

Surface acidity passivation

Code Core theoretical Si/Al ratio via Epitaxial growth of
Silicalite-1
711 11 -
H-711_X 11 1 layer of Silicalite-1
H-7Z11_XX 11 2 layers of Silicalite-1
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Figure 52 shows results obtained in terms of methanol conversion and dimethyl ether

selectivity for Z11 and passivated catalysts (H-Z11_X and H-Z11_XX).
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Figure 52: Methanol conversion (left) and DME selectivity (right) of parent Z11 and passivated samples
(H-Z11_X and H-Z11_XX).

For each investigated catalyst, methanol conversion increased with the increasing of
reaction temperature reaching the equilibrium conversion at 240°C. Z11 parent zeolite
exhibited the highest value of conversion at any reaction temperature below 240°C. This
result was attributed to the parent zeolite acidity value that was greater if compared with
passivated catalysts (paragraph 4.1.7) [156]. Although H-Z11_X acidity was higher than the
double-step silicalite-1 layered sample (H-Z11_XX), methanol conversion reached using this
catalyst was slightly lower. This finding could be attributed to H-Z11_X textural properties
as the decrease in micropore volume found for this catalyst (paragraphs 4.1.3 and 4.1.6) was
related to reduced channel accessibility due to the growth of a partially amorphous layer
over the pore mouth of the starting core. No differences were detected in DME selectivity
between tested samples at lower reaction temperatures. However, at higher temperatures
(220°C and 240°C) where the deactivation of catalysts is usually more pronounced [157,158],
H-Z25_XX exhibited the highest DME selectivity (98.4% and 96,9% respectively). This
higher value of DME selectivity could be associated with a lower catalyst deactivation due

to the neutralization of its external acid sites where the lack of special restrictions causes
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coke formation [119]. On the contrary, employing H-Z11_X catalysts a decrease in DME
selectivity was detected. Also, in this case, the textural properties of the H-Z11_X sample
must be considered. Although the H-Z11_X sample displayed a lower acidity, the
amorphous layer grown over its surface could be the cause of an increase in pore tortuosity.
This led to an enhanced residence time of produced DME inside the channels causing its
conversion versus light olefins in the presence of active acid sites. To prove this hypothesis
light olefin production was evaluated and results for all investigated samples at each

reaction temperature are reported in Figure 53 in terms of C2-Cs area detected.
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Figure 53: Olefin formation on investigated catalysts at each reaction temperature.

As expected, light olefins production was undetectable at lower reaction temperatures for
each investigated catalyst [159]. It appeared clear that employing H-Z11_X led to a higher
production of C>-Cs byproducts, and this result confirmed the assumption explained above
about DME blockage and conversion inside the channels of the catalyst coated once with a
layer of Silicalite-1. Furthermore, reduced acidity of H-Z11_XX catalysts led to a decrease of
light olefins produced if compared to both parent zeolite (Z11) and H-Z11_X samples

showing at this temperature the same methanol conversion.
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The amount of coke deposited over on the spent catalysts after catalytic tests (about 5 hours
of reaction) was measured by TGA analysis. Spent catalysts were treated under air flow
until 850°C and the weight loss in the range 250-850°C was measured and associated to the
quantity of coke species formed. TGA/DTG profiles in the range of 200-850°C of parent
zeolite and coated spent catalysts are reported in Figure 54. DTG curves contained two main
peaks: the first one (323°C-335°C) was probably linked to light coke species produced

during the reaction and the second one (546°C-556°C) was associated with heavier coke

species.
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Figure 54: TGA/DTG profiles of spent catalysts.
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TGA results were employed to calculate the amount of coke formed per gram of catalyst

and the amount of coke deposited per gram of DME produced at the end of catalytic tests

(after 5 hours of reaction) and data obtained are summarized in the histograms of Figure 55.

It is clear that the H-Z11_X sample exhibited a higher amount of coke deposited and this

107



CHAPTER 5. Methanol dehydration to DME.

result could be attributed to its worst textural properties and particularly to the presence of
a thin amorphous layer on the surface of this catalyst which probably led to a faster
deactivation (paragraph 4.1.3). On the contrary, H-Z11_XX spent catalyst was characterized
by the lowest amount of coke species trapped inside its channels and on its surface.
Although the conversion reached at high reaction temperatures employing parent zeolite
and coated catalyst (H-Z11_XX) was almost equal, the passivated catalyst showed better
performances in terms of coke species formed. This trend means that the H-Z11_XX sample
deactivated slowly thanks to the decrease of external surface acidity that generally leads to

the formation of coke species during reactions [89].
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Figure 55: Coke formations on spent catalysts.

Moreover, qualitative analysis of soluble coke species was performed employing gas
chromatography-mass spectrometry (GC-MS) dissolving spent zeolites in HF and using
dichloromethane to extract soluble coke species. Chromatograms obtained are shown in
Figure 56. The presence of poly-substituted benzenes was detected, and this result is in
agreement with findings already published in the literature about coke species formed
during MTD reaction over ZSM-5 zeolites [160]. Tetramethyl-benzene was detected only
from the analysis on H-Z11-X sample probably because it was formed inside the channels
of zeolite and remained trapped inside because of the presence of the amorphous layer

partially blocking the pores. Pentamethyl-benzene and hexamethyl-benzene were also
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found in the coke analyses of each tested catalyst. The peak area associated with this
compound refers to the quantity detected, and it appeared clear that the H-Z11_XX catalyst
exhibited the lower content of this coke species generally formed on the external surface of
ZSM-5 zeolites [160]. Moreover, this result agreed well with TGA quantitative results
demonstrating that neutralizing eternal surface acid sites of the starting zeolite allowed to
obtain a more stable catalyst which deactivated slower because of the lower coke formation

on its external surface.
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Figure 56: GC-MS chromatogram of spent catalysts.

In the second part of this research work, efforts were dedicated to the development of a
novelty technique to grow Silicalite-1 over the external surface of the starting ZSM-5 zeolite.
The idea was to cover the starting core with the organic template still inside the channels to
protect pores from clogging found for samples coated in H*-form. For this reason, Z25
zeolite (with a Si/Al ratio in the synthesis gel equal to 25) was passivated starting from a as
synthetised-form (AS_Z25 X and AS_Z7Z25 XX) and from H*form (H_Z25_X and
H_725_XX) as described in Chapter 3. Samples obtained summarized in Table 20, after

109



CHAPTER 5. Methanol dehydration to DME.

characterizations, were tested in the reaction of methanol to dimethyl ether in order to study

the effect of passivation technique employed on catalytic performances.

Table 20: Investigated samples.

Surface acidity passivation
Code Core theoretical Si/Al ratio via Epitaxial growth of
Silicalite-1
725 25 -

H-Z25_X 25 1 layer of Silicalite-1
H-725_XX 25 2 layers of Silicalite-1
AS-725 X 25 1 layer of Silicalite-1

AS-725 XX 25 2 layers of Silicalite-1

The initial activity of catalysts was evaluated through catalytic tests in the range of
180°C-240°C. Also in this case, 140 mg of catalyst was loaded in the reactor and pretreated
at 240°C for 2 hours. Nitrogen was used as carrier gas and methanol molar fraction was kept
at 0.06 for all tests. Catalytic test results are reported in Figure 57 in terms of methanol
conversion and DME selectivity. Parent zeolite and passivated catalysts exhibited the same
methanol conversion trend that increased with the increase of reaction temperature.
Moreover, at low reaction temperatures, it is clear the effect of reduced acidity of coated
samples that showed a lower methanol conversion value. This difference was not detected
at 240°C where the conversion of all catalysts approached the equilibrium one. No evident

differences were detected between catalysts in terms of DME selectivity reached.
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Figure 57: Catalysts' initial activity in MTD reaction (180°C-240°C).

To study catalysts' stability and their tendency to deactivate, time on stream (TOS) tests of
70 hours at 240°C were performed. Results in terms of methanol conversion profiles during
the entire time on stream tests are shown in Figure 58. It appeared clear that the initial
methanol conversion reached employing parent zeolite was higher if compared with values
obtained testing AS-Z25_X and AS-Z25_XX passivated catalyst. Parent zeolite exhibited an
initial methanol conversion value of about 86% at the beginning of time on stream test but
after 70 hours of reaction, it decreased to a value of 84%. On the contrary, employing
AS-725_X and AS-Z25_XX samples allowed us to obtain a lower initial methanol conversion
value (about 84%) but constant for the entire time on stream tests. This trend demonstrated
that passivated AS-Z25 catalysts did not deactivate during the time on stream tests of 70
hours and that the neutralization of external acid sites improved catalyst stability already
from the first deposition cycle. Moreover, DME selectivity on average values was calculated
for each sample, and data are summarized in Table 21. Employing parent zeolite, a DME

selectivity of 93% was reached on average but this value increased to 96% and 97% when
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testing AS-Z25_X and AS-Z25_XX respectively. In the case of H-Z25_X and H-Z25_XX
samples, a different trend was observed. H-Z25_X sample rapidly deactivated with a drop
in methanol conversion value after 5 hours of reaction. This result was in agreement with
the already shown results of the first part of the research work on MTD. H-Z11_X sample
also exhibited the worst catalytic performances if compared to the starting parent zeolite
(Z11). Also in this case, testing sample obtained coating the H*-form core of the starting
parent zeolite (Z25) led to the worst catalytic performance and this finding could be
attributed to its lower value of micropore area and volume (paragraph 4.1.6). On the
contrary, the H-Z25_XX catalyst exhibited a trend similar to those observed for AS-Z25

coated samples.
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Figure 58: Time on stream tests of parent zeolite and passivated samples (T=240°C, atmospheric pressure,
methanol fraction=0.06, N2 carrier gas).

The amount and type of coke species deposited over spent catalysts after time on stream
tests were evaluated through TG analyses and GC-MS analysis respectively. TG analyses
were conducted from 25°C to 850°C in air flow and TG/DTG profiles obtained are shown in
Figure 59. Weight loss detected between 200°C and 850°C indicated the presence of coke
species on spent catalysts. DTG profiles of AS-Z25 coated samples exhibited three main
peaks: two peaks in the temperature range of 200°C-350°C and a wider peak at 445°C.
H-Z25_XX spent catalyst exhibited the same trend observed for AS-Z25_X and AS-Z25_XX

samples with a more pronounced peak at 305°C and the same secondary peak detected at
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around 444°C. On the contrary, the H-Z25_X sample revealed a profile different from all the

other catalysts with the presence of two main peaks at higher temperatures (333°C and

516°C).
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Figure 59: TG and DTG profiles of spent catalysts.

The weight loss detected was used to calculate the amount of coke formed. Particularly the
weight losses detected between 200°C and 350°C were associated with coke species that
decompose at low temperatures (CLT) while weight losses between 350°C and 850°C were
attributed to coke that decompose at high temperatures (CHT). Quantitative results are
reported in Table 21 in terms of milligrams of coke formed per gram of catalyst. AS-Z25_X
sample exhibited an increase in the total amount of coke formed concerning the parent
zeolite (Z25) but a different distribution of species formed was detected. In fact, a greater
quantity of Cir was found together with a decrease in Cur. H-Z25_X catalyst with the worst

microporosity and catalytic performance, showed a significant increase of both Crr and Cur
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concerning the parent zeolite. On the contrary, whatever the coating procedure used,
samples coated with a double layer of Silicalite-1 (AS-Z25_XX and H-Z25_XX) exhibited a
lower amount of coke species produced during the time on stream tests. Analyzing coke
relative distribution (Table 21), it appeared clear that catalysts coated with two layers of
Silicalite-1 showed the formation of similar coke species (about 50% of Crr and 50% of Cwr).
On the contrary, H-Z25_X coke species distribution was like that of parent zeolite (more
than 70% of Cur) with a significantly higher amount of coke produced per gram of catalyst
(about 35 mg/gcat). This finding proved the formation of different coke species depending

on the different acid sites distribution and external acidity.

Table 21: Quantitative analysis of coke formed on spent catalysts after 70 h time on stream tests.

Methanol DME
Catalyst Conversion* selectivity*

[-] [-]

Crr? Cur? (Crt+ Cur)?
(mg/gca)  (Mg/gea)  (MG/Geat)

450 11.94

725 0.84 0.93 16.44
(28%) (72%)
10.09 7.64

AS-Z25 X 0.85 0.96 17.73
(57%) (43%)
7.9 7.55

AS-Z25_XX 0.84 0.97 15.54
(51%) (48%)
8.09 26.59

H-Z25_X 0.75 0.86 34.68
(24%) (76%)
5.42 6.46

H-725_XX 0.84 0.96 11.88
(46%) (54%)

* Calculated as an arithmetical average over the entire period of reaction
2 Calculated from TGA weight loss. Data in brackets are relative distributions of CLT and CHT.

Coke species formed on spent catalysts were analyzed by GC-MS analysis after zeolite
dissolution in HF followed by an organic phase extraction using dichloromethane [38]. The
effect of external acidity found with quantitative evaluations done via TG analyses was also

confirmed by GC-MS analysis results reported in Figure 60. Chromatogram of all catalysts
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revealed the presence of only poly-substituted benzenes among soluble coke species which
is common at low temperatures [160]. Moreover, the effect of the deposition of one and also
two layers of Silicalite-1 appeared clear. In fact, Z25 and AS-Z25_X chromatograms showed
the presence of pentamethyl and hexamethyl benzene but also of 1,4 dimethyl-2 ethyl
benzene that with ethylic branches cannot access the channels of MFI zeolites and be formed
on the external surface because of the presence of external acid sites. On the contrary,
although the second cycle of passivation seemed not to improve catalytic activity in terms
of methanol conversion and DME selectivity reached, AS-Z25_XX exhibited the presence of
only pentamethyl benzene with a very lower abundance concerning the other investigated
catalysts. H-Z25_X also showed in this case the worst performances in terms of coke species
formed and abundance while an improvement in catalyst efficiency was found after the

second deposition of Silicalite-1 (H-Z25_XX).
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Figure 60: GC-MS analysis of spent investigated catalysts.
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5.3 Conclusions.

In the first part of this work, catalysts obtained by passivating the external surface acidity
of high aluminum-content ZSM-5 zeolite (Si/Al=11) were employed in the reaction of
methanol dehydration to produce dimethyl ether. If compared with Z11 parent zeolite,
catalytic performances of the sample obtained coating the H-Z11 core with a single Silicalite-
1 layer (H-Z11_X) got worse. H-Z11_X catalyst exhibited a lower methanol conversion and
DME selectivity and a higher amount of coke deposited concerning uncovered ZSM-5. The
responsibility for these worse catalytic performances was attributed to the growth of a thin
amorphous layer after the first coating with Silicalite-1. The deposition of the second
Silicalite-1 layer positively influences catalyst behavior. H-Z11_XX catalyst exhibited
improved DME selectivity and a lower quantity of coke deposited on its surface.

Since characterizations and catalytic results carried out employing passivated samples
obtained coating the starting zeolite in acidic form showed that Silicalite-1 also grew in the
empty pores of the core strongly affecting final catalysts properties, a novel technique for
passivating external acid sites was developed. Particularly, a parent zeolite with a Si/Al ratio
equal to 25 was passivated employing the epitaxial growth technique of Silicalite-1 but
coating the starting core both with and without the organic template inside the channels.
Textural analysis and acid site characterizations proved that coating the zeolite in a
synthetised-form gave significant improvements in final catalysts properties. Samples
obtained (H-Z25_X and XX and AS-Z25_X and XX) were also tested in the reaction of
methanol dehydration to DME. Catalytic results demonstrated that AS-Z25 samples
exhibited methanol conversion and DME selectivity values close to that of parent zeolite but
tended to form less quantity of coke and to deactivate slowly. On the contrary, the H-Z25_X
sample, because of its textural properties, showed the worst performance in terms of
deactivation and coke deposited on its surface while the H-Z25_XX behavior was close to

that of AS-Z25 catalysts.
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Figure 61: Graphical Abstract
This part of the research work, summarized in Figure 61, was dedicated to the employment
of ZSM-5 zeolites with different Si/Al ratios and of their passivated counterparts in the
reaction of dimethyl ether to olefins. Particularly, two ZSM-5 zeolites with a Si/Al ratio equal
to 25 and 50 were synthesized according to the procedure described in Chapter 3 (paragraph
3.1). Then, the technique of the epitaxial growth of Silicalite-1 (paragraph 3.3) was employed
to study the effect of surface passivation on the catalytic behavior of samples in terms of
stability and coke production for the reaction of dimethyl ether conversion to olefins. The

catalysts used are summarized in the Table below.

Table 1: Investigated samples.

Surface acidity passivation
Code Core theoretical Si/Al ratio via Epitaxial growth of
Silicalite-1
725 25 -
AS-725_XX 25 2 layers of Silicalite-1
750 50 -
AS-750_XX 50 2 layers of Silicalite-1
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Samples were tested at different reaction temperatures between 300°C and 375°C to
understand the effect of the different acid site distributions and the passivation procedure
on catalysts performances. Analysis revealed that within hydrocarbons, propylene was the
product obtained in greater amounts although methanol was also detected as a result of the
dehydration reaction of DME. Dimethyl ether conversion increased with the increasing of
reaction temperature but samples with higher acidity showed faster deactivation, especially
at 375°C. Catalysts characterized by a Si/Al ratio equal to 50 were more stable although they
exhibited higher selectivity versus methanol and lower initial activity, especially at lower

reaction temperatures.

6.1 State of art: Dimethyl ether conversion to olefins.

Light olefins like propylene and ethylene are fundamental intermediates for the petroleum
industry. Ethylene represents one of the chemicals mostly produced in the world and,
because of its high number of applications, its production is frequently employed to analyze
the performances of the whole chemical industry [161]. Ethylene is mainly used to produce
polyethylene, ethylene oxide, ethanol, ethylbenzene, efc. Industries of transportation,
packaging, textile, construction, and many others employ ethylene-based products.
Propylene is used to produce polypropylene, the most useful polymer because of its
chemical and mechanical properties, and to obtain acrylonitrile, propylene oxide, efc. In
Figure 62 the main uses of light olefins as platform molecules in the chemical industry are

summarized.
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Figure 62: Light olefins employment like platform molecules [161]
Light olefins are traditionally produced by the stream cracking of petroleum hydrocarbons
including ethane, naphtha, and gas oil since also propane and other hydrocarbons could be
employed as feedstocks [162]. Regardless of the feedstock used, the yield of propylene
achieved by steam crackers is always low and new technologies have been developed for
years to enhance the productivity of propylene such as the “Olefins Conversion
Technologies” developed by ABB Lummus 6 [162]. Because of their employment in different
applications, global consumption of ethylene and propylene is always high. Ethylene and
propylene global demand were about 168 and 110 million tons in 2018 and data demonstrate
that light olefins global demand is increasing year by year [163,164]. Besides this increasing
trend, greenhouse gas emissions are getting higher and higher and with them the climate
change problems. In a “post-0il” society the need to employ alternative carbon sources
arises and for this reason, olefin production will depend more and more on other
sustainable pathways and the employ of renewable energy sources. In 2019 hydropower,
solar, wind, geothermal, tide/wave/ocean, biofuels, and waste were employed to produce
26% of global electricity (Figure 63) [165]. During the last decades, renewable electricity
generation showed a continuously increasing trend, and in Figure 63 pie charts demonstrate
changes that occurred between 1973 and 2019 in the sources used to produce the world's

electricity. Electricity produced employing renewable sources passed from = 1300 to = 7000
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TWh between 1973 and 2019. In this context, storage technologies, and among these
chemical storage, play a fundamental role in the framework of Power-to-X technologies to

transform the surplus renewable electricity.

1973 2019
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Figure 63: Share of world electricity generation by source in 1973 and 2019

Power-to-X process is simplified in Figure 64: electricity produced through the employment
of renewable energy sources is converted into hydrogen via water/steam electrolysis. Then
hydrogen could react with captured carbon dioxide allowing to obtain different products
according to the reaction conditions and catalysts used. Recently CO: and CO have been
used as raw materials for the synthesis of fuels and chemicals and among these light olefins.
Three main synthesis paths are followed: direct hydrogenation of CO:z to olefins employing
a hybrid catalyst, synthesis of methanol or dimethyl ether (DME) followed by the reaction
of methanol or DME to olefins (MTO/DTO) using an acid catalyst, and the Fisher-Tropsch
synthesis with CO and CO:2 [166]. Producing light olefins through the reaction between
captured CO2 and green Hz or from methanol or DME, already produced by the reaction
between green Hz and stored CO:, means following a sustainable pathway and contributing
to the chemical storage of renewable electricity.

In literature, great efforts have been made over the years to study the production of light

olefins through catalytic dehydration of methanol [4-6] or dimethyl ether.
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Figure 64: Power-to-X scheme

The employment of DME instead of methanol as feedstock for olefins production could be
advantageous for some reasons. DME could be produced directly from syngas through a
thermodynamically favored one-stage process instead of a two-step process involving
methanol production followed by DME synthesis via methanol dehydration [170]. The one-
step DME synthesis also allows valorizing syngas with a lower H2/CO ratio [171]. Moreover,
DME is considered the most reactive intermediate in the synthesis of olefins from syngas;
DME is characterized by a higher proton affinity than methanol and by a high ability to
react with reaction intermediates leading to the formation of propylene. For these reasons
employing DME allows to achieve a faster formation rate of olefins in comparison with that
obtained with methanol.

In the last years, several works in literature have been focused on the study of dimethyl
ether conversion to olefins. SAPO-type zeolites have been mostly investigated, as they have
been generally used as industrial catalysts in the MTO process. Hirota et al. studied the
effect of crystal size distribution on the deactivation of catalysts [172]. Particularly, they
compared a SAPO-34 nanocrystals zeolite (crystal size: 75 nm) and a SAPO-34 with a crystal
size of 800 nm highlighting that SAPO-34 nanocrystals exhibited a higher activity both for
MTO and DTO reactions. Authors attributed the better lifetime of nanocrystals zeolites to
their lower diffusion length; for crystals with a higher size, the hydrocarbons' residence time

is longer, and aromatics, that cannot escape from the pores, could polymerize giving rise to
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products that cause zeolite pores blocking and then catalyst deactivation. Instead, inside
small crystals, olefins produced easily diffuse out; C2 and Cs already out of the crystals
cannot re-enter because their diffusivity is lower compared with that of methanol and DME
[172]. Manipulating nanocrystals into hierarchical structures has been a successful way to
obtain higher activities and better selectivities in MTO/DTO processes. In literature,
different methods have been used to prepare hierarchical zeolites; particularly, Cui et al.
employed a facile one-step hydrothermal synthesis using polyethylene glycol (PEG) as
mesopore generating agent to produce hierarchical SAPO-34 [173]. The larger pores
obtained allowed to improve reactants and products diffusion within the catalyst channels
and to promote not only the activity of the catalyst but also the selectivity to olefins [173].
In an already published work, researchers analyzed the effect of the presence of a binder on
the activity of the SAPO-34 catalyst [174]. They prepared a SAPO-34/ZrO: composite
catalyst adding different ZrO: contents to the synthesis gel of SAPO-34 zeolite. They
obtained well-formed SAPO-34 crystals despite the presence of the binder inside the
synthesis gel. Moreover, SAPO-34/ ZrO: composite catalysts provided a higher selectivity
to olefins and exhibited a higher lifetime if compared with the performances shown by other
catalysts used in DTO processes. The authors stated that the binder filling the spaces
between SAPO-34 crystals allowed to provide new diffusion paths for reactants and
products versus the internal active sites of the zeolite. Instead, a free SAPO-34 zeolite is
characterized by a pure microporous structure with many active sites on the external
surface. For this reason, at the beginning of the reaction, a lot of intermediates will be formed
close to each other on the external surface of the zeolite. One of the intermediates of the
reaction is hexamethylbenzene which can polymerize to poly-aromatic or poly-alkyl
aromatic species causing pores blockage and catalyst-fast deactivation [174]. A kinetic
mechanism for coke formation during dimethyl ether conversion to olefins has already been
studied obtaining a kinetic equation that correlates the rate of coke formation with DME
partial pressure, reaction temperature, and coke content inside the catalyst employed [175].
Zhao et al. studied the performances of AEI/CHA intergrowth zeolites and the effect of

phase composition on the reaction of dimethyl ether to olefins [176]. Particularly they
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synthetised SAPO zeolites with different SAPO-18/SAPO-34 ratios mixing two different
organic templates: diethylamine (DEA) and N, N”-diisopropylethylamine (DIEA).
Although all SAPO catalysts exhibited more or less the same DME conversion and products
distribution, authors were able to establish that the presence of a higher quantity of the
slightly wider AEI cages led to a higher formation of propylene and butene while the
presence of the narrower CHA cages led to a preferential production of ethylene. Zhang et
al. employed mechanochemical bead-milling and a subsequent porogen-assisted
recrystallization over SAPO-34 crystals derived from inexpensive morpholine obtaining
nanocrystalline particles that exhibited enhanced stability and better propylene selectivity
[177]. It is clear that the whole literature devoted to the study of SAPO zeolites employment
in the reaction of dimethyl ether to olefins asserts that these catalysts deactivated very fast
making continuous regeneration cycles necessary and exhibited higher selectivities versus
olefins with an ethylene to propylene ratio always higher if compared with other zeolite
structures.

Furthermore, in the open literature, several works have been reported regarding the testing
of H-ZSM5 zeolites in the DTO process. Cordero-Lanzac et al. employed a catalyst prepared
agglomerating H-ZSM5 crystals with a mesoporous matrix of y-Al2Os. Authors concluded
that the presence of y-Al20s mesoporous matrix allowed to reduce of the deactivation of
catalyst due to coke species formed over the mouth of zeolite channels favoring the
deposition of the carbonaceous structures on the mesoporous surface of the matrix [178].
Pérez-Uriarte et al. compared SAPO type and H-ZSM5 zeolites performances [179].
Particularly, they synthesized the catalysts agglomerating zeolites crystals (H-ZSM5, SAPO-
34, and SAPO-18) with bentonite and alpha-alumina. Authors obtained higher selectivities
versus light olefins, especially propylene, with H-ZSMb5-based catalysts if compared with
SAPO-based catalysts and with other silicoaluminophosphate based catalysts employed in
the same reaction conditions. In another work, the same authors investigated the effect of
the acidity of HZSM-5 and of the binder employed to agglomerate zeolite crystals [180].
Specifically, they employed HZSM-5 zeolites with SiO2/Al2Os ratios equal to 30, 80, and 280

and bentonite or boehmite as binders. H-ZSM5 zeolite with a lower content of aluminum
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favored the production of ethylene, propylene, and butenes while decreasing the
selectivities to light paraffins, aromatics, and Cs: aliphatic fraction. Moreover, although a
decrease in DME conversion was detected using H-ZSM5 zeolite with 5iO2/Al:Os ratio equal
to 280, the deactivation of catalyst was significantly reduced as the lower acidity allowed to
slow down the rate of coke precursors condensation reactions. Finally, they obtained a more
active catalyst using boehmite to agglomerate zeolite crystals. In the open literature, a
kinetic model for DTO reaction over an H-ZSM5 zeolite has already been proposed [171]as
well as deactivation kinetics [181]. Chen et al. proposed a novel strategy to synthesize
nano-sized hierarchical ZSM-5 zeolite through consecutive freezing and vacuum cycles
without the use of a hierarchization agent and, employing this catalyst, they obtained
improved stability and higher propylene production [182]. The effect of the addition of
promoters like La, Ca, and Mg to HZSM-5 has also been investigated [183,184]. Authors
demonstrated that the addition of Ca and La species caused changes in the distribution of
acid sites of zeolite promoting the formation of weak Bronsted acid sites and new Lewis
acid sites; moreover, Ca and La species also promoted the formation of some basic sites on
the H-ZSM5 framework. Ca-enriched HZSM-5, because of its higher density of weak and
medium acid sites, allowed us to obtain the highest selectivity versus light olefins.
Recently, also other structures have been investigated for the DTO process such as MCM-
68 [185], MOR [186,187], and EU-1 [188-190].

In our work, the effect of acidity distribution over H-ZSM5 zeolites has been investigated
for the reaction of dimethyl ether to olefins. Moreover, the epitaxial growth of Silicalite-1
over the surface of the starting H-ZSM5 zeolites has been performed to assess the effect of
surface acidity passivation over catalysts activity and stability. The effect of external surface
acid sites neutralization over coke formation and catalysts deactivation have been deeply

studied.

6.2. DTO experimental tests.

Time-on-stream tests of about 14 hours at different reaction temperatures have been

performed for all the investigated catalysts. Particularly, DTO tests were performed using a
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bench-scale system with precise control of flow rate, temperature (up to 500°C), and
pressure (up to 30 bar). A catalytic bed (50 mg) was placed in a 4 mm quartz reactor within
a pressure-resistant stainless steel jacket, heated by an electric oven. A sealed thermocouple
monitored and controlled the operating temperature inside the reactor. Before testing, each
sample underwent pretreatment at 380°C for 2 hours under a nitrogen flow. Operating
conditions included a pressure of 2 bar, and the inlet flow rate was adjusted to achieve a
space-time of 1 gearh/molc, using a 3 vol-% DME in the N2 mixture. Catalytic behavior was
assessed at four temperature values (300, 325, 350, and 375°C), with a fresh catalyst sample
for each test. Products stream was analyzed using a chromatograph with two columns
(HP-5 and HP-PLOT/Q) for separating non-condensable gases and light hydrocarbons, a
thermal conductivity detector (TCD), and a flame ionization detector (FID). DME
conversion (Come), yield (1), and selectivity (oi) for the i-th product were calculated

employing the following equations:

_ NpME,in—NDME,out
(DME - . (4)
NpME,in
ni — fl?,i,out — NC:i'hi,out (5)
Ncin 2 NpME,in
o_i — flC,i,out _ NC,i'ﬁi,out (6)

flC,conv 2'(leME,in_leME,out)

Where 7y in and nipyg oye represent the inlet and outlet DME molar flow rates, 1; 4y, is the
molar flow rate of the i-th product and N ; is the number of carbon atoms in the i-produced
species.

Figure 65 shows DME conversion and cumulative products distribution obtained at 300 °C,
325 °C, 350 °C and 375 °C employing Z25 parent zeolite as catalyst. DME initial conversion
(calculated after 1.5 hours) was equal to 21% at 325 °C and increased with the increase of
reaction temperature (=2 99% at 375 °C) because of a kinetic effect. Moreover, the DME
conversion value exhibited a decreasing trend with time, especially at higher reaction
temperatures. At 375 °C, DME initial conversion was about 99% and it dropped to a value

of 51 % after about 14 hours of reaction. This detected trend was probably due to coke
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formation and consequently to catalyst deactivation which is more marked at high

temperatures.
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Figure 65: Product distribution (colored bars) and DME conversion (black line) over time on stream for
725 sample at 300 °C (a), 325 °C (b), 350 °C (c), and 375 °C (d). Olefins selectivity in the range C2-Cs is
represented with bars having a double diagonal texture.

Results obtained employing Z50 are summarized in Figure 66. It appeared clear that the Z50
catalyst exhibited a higher stability, even at higher reaction temperatures. In fact, only a
slight decrease in DME conversion value was detected during TOS tests although the initial
DME conversion values (at 1.5 hours) were lower at 350°C and 375°C if compared with the

725 sample. This trend agreed with other literature findings reporting a higher catalyst
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deactivation rate when a catalyst with a higher acid strength and a higher acid sites density
was employed [191].

Reaction pathways leading to the formation of hydrocarbons have been far studied in
literature especially when methanol was used as reactant. For what concerns H-ZSM5
zeolites, findings based on transient ?C/3C switching experiments demonstrated that when
an H-ZSM5 was used as a catalyst, a modified hydrocarbon-pool mechanism was the
predominant source of ethylene. On the contrary, it was proved that propylene and higher
alkenes were mostly produced from methylation and cracking reactions of akenes [192]. A
dual cycle hydrocarbon-pool mechanism has been accepted to explain how olefins,
paraffins, and aromatics are formed during MTO [193]. Ethylene and polymethyl benzenes
are mainly formed from methylation and dealkylation reactions involving lower
methylbenzene (aromatic-based cycle). Propylene, butenes, and heavier olefins are
produced through consecutive methylation and cracking reactions involving olefin (alkenes
cycle). The two cycles of the dual-cycle mechanism are interconnected because through
H-transfer and cyclization reactions olefins are converted into paraffins and aromatic. For
what concerns products distribution, it must be specified that all the species with a carbon
number equal or higher than 6 (including paraffins, olefins, and aromatics such as toluene,
xylenes, and polymethyl benzenes) have been involved in the group named Ce:. Within the
products also methanol (pink bar) has been detected in a significant amount and its
production could be attributed to the DME hydration reaction which occurs employing
water produced from DTO reaction pathways [115]. Moreover, methanol production is
higher at lower reaction temperatures; in fact, methanol selectivity, calculated at about 1.5
hours of reaction, was 31 % at 300 °C, 18 % at 325 °C, 4 % at 350 and 1 % at 375 °C. This trend
could be explained by knowing that methanol also participates in the reaction pathways
leading to the production of hydrocarbons and its conversion increased with the increasing
of reaction temperature. Furthermore, an increasing trend of methanol selectivity was
observed especially at temperatures higher than 325 °C. Since the increase in methanol
selectivity was found together with a DME conversion decrease, it could be related to

catalyst deactivation due to the formation on its surface of heavy coke species that, causing
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the partial occlusion of zeolite pores, prevented the formation of hydrocarbons thought the
“hydrocarbon pool” mechanism [194]. Pores clogging caused a decrease in available acid
sites of zeolites strongly influencing reaction pathways leading to the production of
hydrocarbons rather than of methanol. At higher reaction temperatures (350°C and 375°C)
initial methanol selectivity detected employing ZSM5_25 was always lower if compared
with ZSM5_50. However, because of ZSM5_25 faster deactivation, this trend was reversed
during the time on stream tests.

Within hydrocarbons produced, propylene selectivity was the highest at each investigated
reaction temperature. This result is in accordance with already published works in literature
in which H-ZSM5 zeolites are used as catalysts for DTO reaction [38-40]. The ratio between
ethylene and propylene remained below 1 for the entire time on stream test at each tested
temperature. Furthermore, ethylene and butene selectivity decreased with time and this
trend was clear, especially at 350°C and 375°C. This decreasing trend, detected together with
the decreasing of DME conversion, suggested that catalyst deactivation had a higher effect
over reaction pathways leading to the formation of ethylene (aromatic-based cycle) and the

formation of butene (probably mostly produced from the methylation of propylene).
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To elucidate the effect of surface passivation, Figure 67 reports DME conversion over Z25

Figure 66: Product distribution (colored bars) and DME conversion (black line) over time on stream for
375°C. The effect of passivation was unmistakable for ZSM-5 zeolite with a Si/Al ratio equal
to 25 and negligible for ZSM-5 zeolite with a Si/Al ratio equal to 50. This result could have
been predicted because, for the Z25 sample, a faster deactivation was detected. In fact, many
works in the literature reported the formation of graphitic coke on the surface of MFI
zeolites when catalysts were employed at temperatures higher than 350°C [192]. For this
reason, the coating with Silicalite-1 of the Z25 sample, neutralizing the effect of surface acid

and AS-Z25 XX



CHAPTER 6. Catalytic applications: Dimethyl ether conversion to Olefins.

sites mainly responsible for coke production, allowed preserving catalyst activity for a
longer time (PAS_25). In the case of the Z50 sample, good stability was found even without
the growth of Silicalite-1, probably linked to the lower acidity of the zeolitic core surface.
Moreover, the concentration of acid sites was lower for the Z50 catalyst and, therefore, it is

quite impossible to appreciate the impact of the growth of Silicalite-1 over its surface.
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Figure 67: DME conversion at 375°C for Z25 and AS-Z25_XX (a) and for Z50 and AS-Z50_XX (b)

In Table 22 the average of the sum of the selectivities of C>-Cs olefins (ethylene, propylene,
and butenes) is reported for all the investigated samples at each reaction temperature. Data
obtained at low reaction temperatures (300°C and 325°C) where catalysts did not deactivate,
showed a clear trend with the acidity of the investigated sample: the higher the acidity the
greater the selectivity of light olefins. This conclusion cannot be drawn for higher reaction
temperatures where an evident trend related to acidity was not found.

At high reaction temperatures (350 °C and 375°C) stronger deactivation led to a decrease in
ethylene, butenes, and heavier hydrocarbons (Ce-) selectivities together with the increase of
methanol selectivity and with a drop in DME conversion (especially for Z25 and AS-Z25_XX
samples). This could be explained by the hypothesis according to which coke production
and consequently catalyst deactivation had a stronger effect on the aromatic-based cycle
responsible for producing ethylene and part of Cs+ compounds. Moreover, butenes are

mainly produced from propylene methylation or heavier olefin cracking. The decrease with
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time of butene selectivity, together with a detected increase of propylene, could be related
to a stronger effect of deactivation over the reaction of propylene methylation to butenes.

Table 22: Average light olefins selectivity (Cz--Cs-) during TOS for each tested catalyst at different
reaction temperatures.

C:-Cs olefins selectivity

300 °C 325 °C 350 °C 375 °C

ZSM5_25 43.0 % 47.6 % 53.7 % 57.7 %
PAS_25 41.0 % 47.4 % 52.3 % 55.8 %
ZSM5_50 39.0 % 45.6 % 52.0 % 58.6 %
PAS_50 38.2 % 43.0 % 53.5 % 59.6 %

As already mentioned, propylene was the hydrocarbon produced in the highest quantity
for all the investigated catalysts. To acquire more information about the quantity of
propylene obtained its productivity has been evaluated through yield (Eq. 5) and its specific
productivity (moles of propylene per hour per kg of catalyst) for all the investigated samples
at 375°C. Propylene yield and specific productivity were calculated using product
composition obtained after 1.5 hours of reaction when the catalyst performance was not
altered by deactivation. Furthermore, to obtain an integral production (per unit of catalyst
load) for the tested samples, the propylene flow rate was integrated over the entire time-on-
stream. These results are reported in Table 23. Propylene productivity was higher for
samples with a lower acidity probably because of a higher selectivity exhibited by these
samples. Integral propylene production values demonstrated that Cs olefin productivity
increased with the increase of the Si/Al ratio of the investigated sample. Z50 and AS-Z50_XX
allowed to obtain the higher production of propylene per g of catalyst, and this could be

related to their reduced deactivation at 375°C.
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Table 23: CsHe yield, specific productivity, and integral production values at 375 °C for all investigated
catalysts.

Gl CsHe specific CsHsintegral
.3 ‘ productivity production
yield
(molcsne-kgear-h?) (g c3H6 Geat™)
725 27.2 % 91 53
AS-725 XX 264 % 88 55
Z50 32.0 % 107 64
AS-7Z50_ XX  34.0 % 113 67

The olefin share was calculated as the ratio between the olefin amount and the totality of
the hydrocarbons produced with the same number of C atoms for hydrocarbon classes
between Cz: and Cs. For example, for Cz class the olefin share was calculated as the ratio
between ethylene flow rate and the sum of ethylene plus ethane flow rates. This calculation
was done for all the investigated samples at each reaction temperature but in Figure 68
results obtained at 375°C are shown. Particularly, Figure 68 presents the olefin share (left y
axe) and the grouped Cz-Cs olefin share (right y axe, light blue bars) obtained as an average
of the olefin share of each class. The olefin share increased with the decrease in the number
of C atoms. Particularly, Cz olefin share was always close to 100% because almost no ethane
was detected. Although Figure 68 shows results obtained at 375°C, described trends were
found at each reaction temperature for all tested samples. The increase of the olefin share
with the decreasing of C atom numbers could be explained using the theory according to
which paraffins are mainly produced from olefin hydrogen transfer reactions. As this step
involves two olefins, lighter paraffins like C2Hs and CsHs are not easily formed, while the
production of alkanes from Cu is higher. [192]. Cs olefin share increased during the time on
stream tests of samples that exhibited a higher deactivation (Z25 and AS-Z25_XX at 375°C).
Moreover, Cs class olefin share showed a decreasing trend for Z25 and AS-Z25_XX. This
tinding could be related to the reduction in butenes selectivity and consequently the
reduction of their methylation reactions that, among the other pathways, leads to the

production of pentenes.
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Besides, C2>-Cs olefin share calculations (light blue bar in Figure 68) demonstrated that
during the entire time on stream test, the ratio between C2-Cs olefins produced and the total

amount of C2-Cs hydrocarbons was always above 80%.
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Figure 68: Olefin shares for hydrocarbon classes between C:z and Cs at 375 °C for Z25 (a), AS-Z25_XX (b),
750 (c), and AS-Z50_XX (d).

The dataset obtained from all the TOS carried out demonstrated that the ethylene to
propylene ratio was always lower than 1 and confirmed findings of the already published

literature when MFI zeolites are used as catalysts for the MTO or DTO reaction. Moreover,
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the number of light olefins produced during TOS was always higher than heavier
compounds (Ce+) and this conclusion leads to the hypothesis according to which alkene cycle
is favored when an MFI structure is used to perform DTO tests. Moreover, deactivation,
observed for samples with high acidity, had a stronger effect over the aromatic cycle of the
hydrocarbon pool causing a decrease in ethylene selectivity. Light olefin selectivity
increased with temperature, but deactivation observed at 350°C and 375°C caused a drop in
DME conversion and an increase in methanol selectivity probably because also methanol

conversion to hydrocarbons was influenced by coke production.

6.3 Characterization of spent catalysts and coke analysis.

Thermogravimetric analyses were performed to characterize spent catalysts. Particularly, as
already done in Chapter 5, percentage weight loss in the range of 150-850°C has been
estimated and employed to evaluate the quantity of coke produced during the time on
stream tests. Results for all reaction temperatures are reported in Figure 69 (a, b). An
increasing trend of the weight loss with reaction temperature, and then of the quantity of
coke produced, was found for each investigated catalyst. Z25 and AS-Z25_XX samples
exhibited almost the same weight loss for all temperatures below 375°C. At 375°C, where
the deactivation of catalysts was stronger, the effect of the passivation procedure of Z25
sample was clear as the amount of coke estimated for AS-Z25_XX spent catalyst was about
20% lower if compared with the parent zeolite. However, the growth of Silicalite-1 did not
improve performances in terms of coke produced by the Z50 sample. Furthermore, samples
characterized by lower acidity values led to a lower formation of coke species as a

consequence of their slight deactivation.
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Table 24: Coke production refers to the total amount of dimethyl ether converted during the entire TOS
test.

Formed coke (mg coke - gdme converted '1)

300 °C 325°C 350 °C 375 °C
725 0.84 0.29 0.23 0.35
AS-725_XX 0.85 0.31 0.23 0.26
750 0.44 0.15 0.12 0.11
AS-750_XX 0.69 0.26 0.17 0.16

Combining results obtained from TGA analyses and the total amount of DME converted
during the entire time on stream test, milligrams of coke produced per gram of DME
converted were calculated and data are summarized in Table 24. For samples Z50 and
AS-750_XXthe amount of produced coke decreased with temperature because of the higher
DME conversion. For Z25 and AS-Z25_XX catalysts, the decreasing trend inverted at 375°C
probably because the great coke production was not compensated by the higher conversion.
For all investigated temperatures, samples with a Si/Al ratio equal to 50 were allowed to

obtain a lower specific coke production.
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Figure 69: Coke amount estimated at all reaction temperatures for (a) Z25 and AS-Z25_XX and (b) Z50 and
AS-750_XX.

Figure 70 (a, b, ¢, d) shows DTA analysis profiles for all tested catalysts at each reaction
temperature. Observing profiles obtained for Z25 and AS-Z25_XX spent catalyst tested at
low temperature (below 350°C) three main peaks can be identified: the first one at around
100°C is endothermic and referred to the water trapped inside the pores of the catalysts, the
second (=~ 270°C) and the third (=540°C) peaks are exothermic and related to coke species
combustion. The exothermic peak detected at higher reaction temperatures could be
associated with the presence of heavier coke species [192]. When the reaction temperature
was above 350°C, the exothermic peak observed at lower temperatures ~270°C) shifted

towards higher temperatures (~370°C), and the exothermic peak at 540°C started to be
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higher and definite. This trend, instead, was not so clear for Z50 and AS-Z50_XXprobably

because of the lesser quantity of coke produced.
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Figure 70: Differential thermal analysis results for: (a) Z25 (b) AS-Z25_XX (c) Z50 and (d) AS-Z25_XX.

GC-MS analysis of soluble coke extracted from spent catalysts using dichloromethane were
performed and results are reported in Figure 71. The only species trapped inside the spent
catalysts and detected during the analyses were pentamethyl and hexamethylbenzene at
each reaction temperature. Probably tracks of other coke precursor species were trapped
inside the spent sample but, because of their very low quantity, it was not possible to detect
them. A decreasing trend with temperature of the intensity of the two peaks related to
pentamethyl benzene and hexamethylbenzene was found for all samples. This result
confirmed the hypothesis according to which at higher reaction temperatures stronger
deactivation of catalysts was caused by the formation of big coke compounds not soluble in

CH:Clz and probably formed on the surface of the catalysts.
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Figure 71: GC-MS analysis results of coke species confined in the framework of (a) Z25 (black line) and
AS-725_XX (grey line) and (b) Z50 (black line) and AS-Z50_XX (grey line) at each investigated
temperature.

In order to understand how catalyst acidity distribution changed after a time on-stream test
of 14 hours, AS-Z25_XX spent catalyst (tested at 350°C) was regenerated via TGA under an
air flow of 100 ml/min, and acidity was then assessed through d3-acetonitrile FT-IR analysis.
Particularly, the AS-Z25_XX catalyst was heated employing a thermal ramp of 5°C/min
under air flow until 650°C (temperature at which no further weight loss was detected) and
kept at this temperature for 1 hour. TGA analysis results of this regeneration step are

reported in Figure 72.
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Figure 72: Regeneration via TGA of AS-Z25_XX spent catalyst.

A comparison between the acidity distribution of fresh and regenerated AS-Z25_XX
samples is reported in Table 25. Only a slight decrease of Bronsted acid sites was detected
after the regeneration cycle and this could be related to high temperatures reached during
the regeneration that probably led to silanols dehydroxylation (usually found at
temperatures above 550°C). The lack of the band at 2275 cm™ (usually associated with
external silanols linked to d3-acetonitrile) for the regenerated sample (Figure 73) is further

proof that silanols dehydroxylation occurred [112].

Table 25: Acid sites distribution of the AS-Z25_XX fresh and regenerated samples evaluated through
ds-acetonitrile FT-IR measurements.

BAS LAS BAS+LAS
SAMPLE
(umol geat?) (umol geat?) (nmol geat?)
Fresh 387 76 463
Regenerated 326 81 411
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Figure 73: FT-IR spectra of fresh and regenerated sample (AS-Z25_XX) after ds-acetonitrile adsorption

6.4 Conclusions.

In this part of the research work the role of acidity and the effect of surface acid sites
passivation for dimethyl ether conversion to olefins were deeply studied. To reach this goal
two MFI zeolites with a Si/Al ratio equal to 25 and 50 were synthesized. Moreover, the
surface acidity of these parent zeolites was neutralized through the coating with a layer of
Silicalite-1 obtained via the employment of the epitaxial growth technique. Characterization
of samples shown in Chapter 4, confirmed that the passivation process occurred with
success. Catalysts were tested for the reaction of dimethyl ether conversion to olefins during
the time on stream tests of about 14 hours at four different reaction temperatures: 300 °C,
325°C, 350°C, and 375°C. Light olefins (i.e., ethylene, propylene, and butenes) selectivity
reached were always above 60% for all catalysts and for each investigated temperature.
Methanol was always detected within products, especially at low reaction temperatures as
an effect of the DME hydration reaction, and methanol selectivity increased when the
catalyst employed started to deactivate. Propylene was the product obtained in higher
amounts at each reaction temperature tested and during the entire time on stream tests

confirming the hypothesis according to which the alkene-based cycle is predominant when
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an MFI zeolite is employed as a catalyst for MTO or DTO processes. DME conversion
reached at a space-time of 1 gecarh-molc? with MFI-type zeolites synthesized is higher than
the values reported for other zeolite catalysts like SAPO-34. The coating with Silicalite-1 of
the ZSM5 zeolite with a Si/Al ratio equal to 25 allowed to enhance catalyst stability,
especially at higher reaction temperatures. Moreover, the amount of coke detected for AS-
Z25_XX spent catalyst at 375°C was lower if compared to Z25. These results confirmed the
idea according to strong deactivation, which occurred at higher reaction temperatures, was
caused by the formation of heavy coke compounds on the surface of zeolites that occluded
pores and made zeolite active sites inaccessible. Z50 sample, because of its lower acidity,
showed higher stability even at higher reaction temperatures but also lower initial activity
and higher production of methanol (especially at 300°C and 325°C). Contrary to the results
obtained for Z25 zeolite, the passivation procedure did not improve Z50 catalytic

performances in terms of stability and coke formation.
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CHAPTER 7. Synthesis of Zeolite Templated
Carbon (ZTC) over Beta@Silicalite-1 zeolites

BEA parent zeolite and BEA@Silicalite-1 composite materials have been employed as
matrices for the subsequent synthesis of microporous carbon materials known as
zeolite-templated carbons (ZTC). The effect of the Silicalite-1 layer over the properties of
obtained ZTCs such as framework order and crystallinity and oxygen content have been
evaluated. Moreover, ZTCs synthesized were also employed for CO: adsorption at different

temperatures.

7.1 Zeolite templated carbons: state of the art.

ZTCs, or zeolite-templated carbons, are innovative structured microporous carbon
materials synthesized by utilizing zeolite as a sacrificial template. Unlike mesoporous
carbons, produced starting from mesoporous silica materials, ZTCs are composed ideally of
curved, single-layer sp? graphene frameworks. This structure led to unique properties such
as well-developer microporosity (= 1.7 cm®/g) and exceptionally high surface area (= 4000
m?/g) [198]. ZTCs exhibit favorable compatibility with chemical modifications, enabling the
expansion of their functionality through processes such as heteroatom doping or the
incorporation of active species by introducing additional compounds [199]. Moreover, ZTCs
are characterized by chemical stability both in acid and in basic environments,
hydrophobicity, and also good electrical and thermal conductivities. Thanks to these
distinctive characteristics, ZTCs find applications in diverse fields such as hydrogen storage,
methane storage, CO: capture, liquid-phase adsorption, catalysts, electrochemical
capacitors, batteries, and fuel cells but also as catalyst support [200-208]. Figure 74
illustrates a standard schematic representation of the synthesis process for ZTCs.
Employing zeolites as matrices, the synthesis process involves chemical impregnation or
deposition and leads to the production of a composite material in which carbon molecules
are loaded inside the channels of zeolite. Through the removal of the zeolite, a negative

replica is obtained, resulting in the formation of a ZTC.
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Carbon introduction into zeolite channels can be performed following three main methods
[199]:

e Impregnation-carbonization method

e Chemical vapour deposition (CVD)

e Two-steps method

pore entrance size : 0.74 nm
size of supercage : 1.3 nm

carbon
loading

zeolite Y zeolite/carbon composite zeolite templated carbon
(ZTC)

Figure 74: ZTCs synthesis process [199].

The impregnation-carbonization method involves the insertion of organic monomers into
zeolite channels, leading to the formation of a polymer/zeolite composite when increasing
the temperature. In fact, zeolites active sites allow the conversion of various organic
compounds into polymers and subsequently into carbonaceous substances. Monomer
introduction can occur through vapor or liquid phases. Different compounds have been
investigated for the liquid phase method such as pyrene, and acetonitrile but the most
employed is furfuryl alcohol (FA) chosen for its ease of introduction into zeolite micropores
under vacuum conditions. After the introduction of FA inside zeolites channels any excess
of carbon precursor outside the zeolite is eliminated using a solvent with a larger molecular
size than the zeolite's pore entrances. Following this, the impregnated zeolite undergoes
carbonization under N2 flow within a temperature range of 700-900 °C to stabilize the
framework.

Chemical vapour deposition is another employed method to synthesise ZTCs samples.

ZTCs synthesized by CVD replicate the zeolitic network topology, displaying an ordered
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periodic structure with distinct reflections and minimal amorphous carbon. In a typical
synthesis, zeolite undergoes an initial treatment under an inert gas, like N2, at temperatures
between 500-700 °C to eliminate impurities. Subsequently, a carbon source is introduced at
high temperatures at different times. Common carbon precursors for CVD include ethylene,
propylene, butylene, acetonitrile, and methane. Finally, the two-step method involves firstly
impregnation-carbonization method and then chemical vapour deposition.

After the carbon introduction, the resulting zeolite/ZTC composite materials are commonly
purified using hydrofluoric acid (HF) to dissolve the zeolite matrix and extract the carbon
phase. However, HF is toxic, prompting recent efforts to explore safer dissolution methods,
such as using lower HF concentrations or alternative reagents like NaOH. While NaOH is
effective for high-silica zeolites, it faces challenges with high aluminum-content zeolites.
Despite safety concerns, NaOH treatment introduces oxygen-functional groups on ZTC
surfaces, altering their electrical characteristics.

Three categories have been identified to classify ZTC materials according to the degree of a
replica of the obtained zeolite: Type I, Type II, and Type-III [199].

Type-1 ZTCs consist primarily of a well-ordered framework replicated from the zeolite
template. Type-II ZTCs are a mix of Type-I structures and additional carbonaceous
components formed outside or within the zeolite template. Type-III ZTCs lack or rarely
contain the Type-I structure, though some researchers use the term "ZTC" for such
disordered materials. Usually, the impregnation-carbonization method employed for the
synthesis allows to produce of Type-III ZTCs.

The Si/Al ratio of the zeolite employed for the synthesis of ZTC material is a crucial factor
influencing carbon replica in zeolites. Highly acidic zeolites (Si/Al < 20) promote amorphous
carbon formation, leading to ZTC Type-II or Type-III. Similarly, low-acid zeolites (Si/Al >
50) result in amorphous carbon due to insufficient acidity to catalyze the polymerization
reactions. Optimal conditions for carbon replica require the employment of zeolites with a
Si/Al ratio around 20-30. Moreover, the choice of zeolite cation type significantly influences
the carbon replica. The H-form leads to direct polymerization with no deposition of carbon

on the zeolite surface, while the Na-form is preferred for producing ZTC Type-I with high
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surface area. Other alkali metals like K, Ca, and Li also serve as effective scaffolds for ZTC
synthesis, with variations in cation forms impacting the properties of the resulting carbon
structures.

As already explained before, because of their exceptional properties ZTCs find applications
in different fields. They have been a focal point in research as potential electrode materials
for supercapacitors [209]. In catalysis, ZTCs have demonstrated promising results in various
reactions, such as methanation of carbon monoxide and selective oxidation of furfural to
2-furoic acid [210]. Hydrogen storage is critical for clean energy, and the method of
adsorption in porous solids, particularly carbon materials, is noteworthy. Recent research
underscores that ZTCs exhibit the most significant hydrogen uptake capacity among porous
materials. Considering hydrogen's viability as an eco-friendly alternative to fossil fuels, it is
imperative to explore materials like ZTCs, where properties can be adjusted during
synthesis to enhance adsorption [211]. Moreover, ZTCs have been widely used both for CO:
storage and for electrocatalytic reduction. In this research work ZTCs synthetised have been

investigated for CO: adsorption at different temperatures.

7.1 ZTC synthesis procedure.

ZTC samples were produced using the Chemical Vapour Deposition (CVD) technique, with
Ethylene serving as the carbon precursor [212]. The synthesis occurred in a horizontal
quartz reactor placed within a laboratory-scale furnace, as depicted in Figure 75. In a
standard synthesis, 1.50 g of Na-zeolite was placed in the reactor vessel, loaded into the
quartz reactor tube, and positioned inside the furnace. To energize the reactor, the zeolite
was heated from room temperature to 700°C at a rate of 20°C/min under a nitrogen flow of
455 mL/min for 1 hour. Following this step, a mixture of nitrogen and ethylene (0.03 mol of
ethylene, total flow of 515 mL/min) was introduced for 3 hours to induce carbon deposition.

After the carbon deposition process, the system was cooled under nitrogen flow for 1 hour.
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BEA or BEA_X or BEA_XX
Na* form
Si/Al=25

Figure 75: ZTCs synthesis set-up

ZTCs obtained and the corresponding zeolitic matrices employed for the synthesis are

summarized in Table 26.

Table 26: ZTCs obtained.

Sample code Zeolite Employed Synthesis Method
ZTC BEA Ethylene CVD
ZTC X BEA_X Ethylene CVD
ZTC_XX BEA_XX Ethylene CVD

After the synthesis, samples were subjected to a purification treatment in order to obtain the

complete dissolution of the carbon matrix. Purification procedure consisted of two steps:

1. A polyethylene bottle containing 1 g of composite material (zeolite/ZTC) was

subjected to stirring with 40 mL of HF (27 M) at room temperature for 12 hours.

Following the treatment, the samples were filtered, washed with copious amounts of

distilled water, and dried overnight at 90°C.

2. After drying, the ZTC was mixed with HCI (22 M; 40 mL/g) under stirring at room

temperature for 6 hours. Similar to the first step, after the treatment, the samples were

tiltered, washed thoroughly with distilled water, and dried overnight at 90°C.
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7.2 ZTC Characterizations.

The ZTCs produced were characterized employing X-Ray Powder Diffraction (XRD),
Nitrogen Physisorption at 77 K, Thermogravimetric Analysis (TGA/DTA), Fourier
Transform Infrared Spectroscopy (FT-IR), Raman Spectroscopy, and Scanning Electron
Microscopy (SEM).

Instruments and methodologies applied for the characterizations were the same as those
previously described for zeolitic catalysts (Chapter 3). The only differences concern TGA
analyses, FT-IR measurements, and Raman spectroscopy that have been employed only to
characterize ZTCs. TGA analyses were performed using a nitrogen flow of 100 ml/min and
heating the sample (about 10 mg) from room temperature to 800°C (thermal ramp of
5°C/min).

FT-IR measurements were performed by diluting ZTC samples in KBr (0.2 wt.%) and
compressing the physical mixture of ZTC and KBr into a self-supporting wafer (13 mm
diameter) using a hydraulic press (10 ton). Before the analysis, samples were dehydrated at
105°C for 1 hour and then examined at room temperature in the range of 4000-400 cm™ with
an optical resolution of 4 cm™. In a typical ZTC spectrum (between 1160 and 3600 cm™) it is
possible to identify several adsorption bands that can be attributed to the different
functional groups located within the ZTC structure. In this research work, peaks detected
in ZTC spectra were deconvoluted and attributed to the functional groups as described in
Table 27 [213]. In this way, a semiquantitative analysis of functional groups was obtained
and used to understand differences between ZTCs synthesized starting from a BEA or a
BEAG@Silicalite-1 zeolite. It is dutiful underline that some “filling” peaks (P1, P5, P6, and P7)

have been added to the deconvolution to realise a better fitting.
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Table 27: FT-IR peaks attribution [213].

Peale Lower Bound Upper Bound Probable assignment Attribution
number (cm?) (cm™)
P1 1040 1120 v (C-OH) C-OH
P2 1120 1170 v (C-0-0); epoxy (-C-0O-C-);
P3 1180 1215 vas (C-0-C) epoxy (-C-0O-C-)
P4 1250 1290 v (C-0) epoxy (-C-O-C-)
P5 1320 1360 6/p (O-H or C-OH) OH from alcohol
P6 1430 1450 Basly (C-H) C-C sp?
P7 1450 1530 v (C=C) C=C sp?
P8 1580 1610 v (C=0) C=C
P9 1630 1660 v (C=0) C=C
P10 1705 1715 v (C=0) Ketones or -COOH
P11 1760 1790 v (C=0) Aldehyde (-CH=0)

Raman spectroscopy was employed to analyse ZTC (Zeolite-templated carbon) samples,
with the primary goal of examining vibrational modes and identifying key bands,
specifically the D and G bands which are indicative of structural and bonding
characteristics. The investigation employed a DXR TM 3xi Raman Imaging Microscope from

Thermo Scientific, equipped with a 900 lines/mm diffraction grating.

7.2.1 Characterization results.

XRD patterns of ZTC samples and BEA parent zeolite are shown in Figure 76 to make
comparisons. BEA_X and BEA_XX patterns have been already discussed in Chapter 3
(Paragraph 4.2.1). ZTCs exhibited two peaks around 20 =7° and 20 =15° in the same position
as the main peaks of Na-Bea zeolite which correspond to the crystal planes of (201) and (202)

respectively [214]. The presence of graphite, usually related to a peak around 26=26, can be
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denied. No peaks related to MFI structure of Silicalite-1 was detected for ZTC_X and
ZTC_XX samples. The layer of Silicalite-1 grown over the BEA surface was very thin and
peaks related to MFI structure were not very intense even in Bea@Silicalite-1 starting zeolites
(see Chapter 4, paragraph 4.2.1). Therefore, if any characteristic peak of Silicalite-1 was

preserved, it might overlap with those of BEA.
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Figure 76: XRD patterns of BEA zeolite and ZTC samples.

N2 adsorption isotherms of ZTCs are shown in Figure 77. Each sample exhibited the typical
I/IV isotherm of micro-mesoporous materials. The high quantity of N2 adsorbed for values
of P/PO < 0.1 suggested the high quantity of micropores contained in the materials. BET
surface area, micropore area, and volume values have been evaluated and summarized in
Table 28. BET surface area decreased when BEA_X and BEA_XX were employed as
scaffolds if compared with ZTC obtained starting from the parent BEA zeolite. Conversely,
micropore volume and micropore area showed an increasing trend. The ratio between
micropore area and total surface area was also calculated and shown in Table 28. This ratio

also increased for ZTC_X and ZTC_XX samples.
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Figure 77: N2 adsorption/desorption isotherms

Table 28: Porosimetric results.

Micropore Micropore Micropore

B.E.T.2
Sample (m/g) Area? Volume? area/B.E.T.
5 (m*/g) (cm?/g)
ZTC 2334 1595 0.73 0.68
ZTC X 2176 1639 0.75 0.75
ZTC_XX 2132 1712 0.79 0.80

caleulated by the multipoint BET method in the Rouquerol p/p0 range;

calculated by the t-plot method,

In Figure 78, SEM micrographs of ZTC samples are shown. Each ZTC exhibited the same
morphology as the starting BEA zeolite. However, as noted for the BEA@Silicalite-1 zeolites,

the low presence of Silicalite-1 made it challenging to discern two distinct phases.
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Figure 78: SEM micrographs of ZTCs samples.

N2-DTG profiles are also shown in Figure 79 to underline some differences between the ZTC
reference sample and ZTC_X and ZTC_XX. DTG profiles give information about various
types of oxygenated functional groups present in ZTC samples. For the ZTC reference
sample, two broad peaks were detected at around 270°C and 330°C attributed to the
presence of acids or anhydrides [215]. Moreover, a symmetrical but wide peak between
500°C and 800°C was detected. This peak probably indicated the overlap of various peaks
linked to different functional groups such as lactones (450°C-500°C) or ethers and phenols
(500-800°C). ZTC_X sample exhibited the presence of another peak at 430°C probably due
to the higher presence of acid anhydride on the ZTC external surface. Instead, peaks at
330°C and 430°C were not detected in the ZTC_XX DTG profile. Both ZTC_X and ZTC_XX
showed the presence of a shoulder at 570°C relater to a higher presence of lactones
functional groups. N2-DTG results demonstrated that the different matrix used in the

synthesis influences the functional groups of the final material.
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Figure 79: DTG profiles of investigated samples.

In Figure 80, FT-IR spectra of analyzed samples are shown in the range 500-3500 cm-!.
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Figure 80: FT-IR spectra in 1000-1800 cm™ region

Instead, in Figure 81 deconvolutions made in the range 1000-1800 cm™! are reported to obtain
a semiquantitative analysis of the amount of carbon-oxygen functional groups present in
the materials. Particular, areas related to the C=O bond (1755 and 1718 cm™), C=C (1645 and
1590 cm™), and the overlapping of the C-O-R bond (1279, 1200, and 1123 cm™) have been
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evaluated. Then the ratios C-O-R/C=C and C=0O/C=C were calculated, and the results are
summarized in Table 29. A decrease in the C-O-R/C=C ratio between ZTC parent and

ZTC_X and ZTC_XX samples was found while the C=O/C=C ratio remained almost

unchanged.
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Figure 81: FT-IR deconvolution of A) ZTC parent, B) ZTC_X, and C) ZTC_XX.

Raman spectra obtained for the three samples (Figure 82) exhibited the two characteristic
bands of carbon materials: the first one around 1600 cm™ referred to the vibrational E2g

mode observed in graphene-like structures of sp? bonded carbons (G band) and the second

one around 1360 cm™ related to framework disorder (D band) [216,217].
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Figure 82: Raman spectra of investigated ZTCs.

Deconvolution of spectra has been carried out (Figure 83) and allowed identification of three
additional Lorentzian curves: D" (= 1610 cm™) characteristic of “graphene-like” layers or sp?
nanostructures, D” (= 1480 cm) which intensity is inversely proportional to sample
crystallinity, D* (= 1290 cm™) which represents the vibration of carbon sp?® restricted by

oxygen-containing groups [218].
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Figure 83: Raman peak deconvolution of A) ZTC parent, B) ZTC_X, and C) ZTC_XX.
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Results obtained are summarized in Table 29 as the ratios between D bands and G band
intensity. In fact, in other works already published in literature it was demonstrated that the
In/Icratio indicates structure ordering/disordering, Io//Ic refers to crystallinity recovery
from the amorphous phase, In+/Ic is related to structure defectivity, and Io/Ic is an index of
the presence of sp?carbons [219].

A gradual decrease of In/Ic was detected with the increase of Silicalite-1 layers over the
surface of the starting BEA matrix. This decrease could be related to an increase in the
structural order of the material due to the “gate effect” promoted by Sicalite-1 coating over
the BEA surface. Moreover, the Ip/Ic ratio increased for the ZTC_X sample and decreased
again for the ZTC_XX sample. The increase of this ratio indicated a corresponding increase
of sample defectivity probably due to the incomplete crystallization of Silicalite-1 after the
first deposition cycle over the BEA zeolite. The decreasing trend found for Ip’/Ic also
demonstrated a reduction of the amorphous phase in ZTC samples obtained starting from

a BEA@Silicalite-1 matrix.

Table 29: FT-IR and Raman data obtained.

FT-IR R
ZTC Sample aman
area ratio intensity ratio
C-O-R/C=C /C=C In/lc  Ipvlc Ip/lc  Ip/lc

ZTC 1.81+0.01 0.08+0.01 089 006 0.30 0.19

ZTC_X 1.76 £0.07  0.07 +0.01 087 004 0.26 0.23

ZTC_XX 155+0.02 0.07+0.01 083 004 0.26 0.19

7.3 COz adsorption on ZTCs.

CO: adsorption/desorption measurements were conducted using a customized Sievert-type

apparatus known as the f-PcT (volumetric) employing ZTC, ZTC_X, and ZTC_XX samples.
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CO: isotherms were carried out for three temperature values (5°C, 25°C, and 40°C) in a
pressure range between 0-15 bar. Moreover, after the third deposition cycle, ZTCs employed
were treated at 200°C for 12 hours to remove CO: reversibly adsorbed. After this treatment,
the three deposition cycles were repeated. Figure 84 shows CO: isotherms obtained by
testing each ZTC sample at each temperature investigated. As it is possible to observe CO2

uptake increased with the increasing of pressure. Contrariwise, the increasing of

temperature hurt ZTC performances in terms of CO: adsorbed.

No evident differences between CQO: isotherms obtained before and after the treatment at

200°C were detected for each ZTC employed.
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Figure 84: CO: multiple adsorption isotherms obtained employing ZTCs at different temperatures and in

a pressure range of 0-15 bar.

156



CHAPTER 7. Synthesis of Zeolite Templated Carbon (ZTC) over Beta@Silicalite-1 zeolites

In Table 30, the maximum value of CO2 uptake (P=15 bar) is reported (in terms of percentage
and of mmol of CO: per gram of ZTC) for each sample and the three investigated
temperatures. As it is possible to observe, no evident differences were found between tested
ZTC. Results obtained appear promising if compared with other carbon-based materials

already tested in CO2 adsorption such as graphene oxide [220].

Table 30: Maximum CO: uptake reached employing ZTCs.

5°C 25°C 40°C

Sample CO: CO: CO: CO: CO: CO:
uptake uptake uptake uptake uptake uptake
(wt%)  (mmol/g) | (wt%) (mmol/g) | (Wt%) (mmol/g)

ZTC 89.8 20.41 87.8 19.95 59.3 13.41
ZTC X 78.3 17.79 69.2 15.72 43.3 11.20
ZTC_XX 89.5 20.84 79.4 16.45 60 13.73

To fully characterize ZTCs behavior in CO:z adsorption, adsorption enthalpy was estimated.
After a fitting done employing the Toth Method, low-pressure values, around CO: uptake
of 0.0011% were identified and employed to obtain a curve In (P) versus 1/T. Finally, the
Clausius-Clapeyron equation was employed to calculate the adsorption enthalpy. The
results obtained are shown in Figure 85. Adsorption enthalpy increased from a value of 25.6
kJ/mol of the ZTC parent sample to 31.4 k]J/mol of the ZTC_X and ZTC_XX samples. Since
adsorption enthalpy provides information about the interaction between CO: and the
surface of carbon materials, it is possible to conclude that ZTC_X and ZTC_XX exhibited a
higher affinity with carbon dioxide. This finding could be related to the presence of
Silicalite-1 grown over the surface of the starting BEA zeolites that allows to obtain of a more

ordered material.
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Figure 85: Enthalpy of adsorption calculated for ZTCs investigated.

7.4 Conclusions.

In this part of the research work, BEA parent zeolite and BEA@Silicalite-1 composite
materials have been employed as matrices to synthesize ZTC samples. In particular, the
“gate effect” due to the narrower pores of the Silicalite-1 layer coating the BEA surface on
ZTCs final properties has been evaluated. FT-IR measurements demonstrated that ZTCs
synthesized starting from BEA@Silicalite-1 samples were characterized by a lower number
of C=0 groups compared with ZTC parent. Moreover, Raman spectroscopy revealed that
ZTC_XX was characterized by a higher structural order and a lower amorphous phase if
compared to ZTC synthesized starting from BEA zeolite. No evident differences were found
between ZTCs performances in terms of CO: adsorption although adsorption enthalpy
calculated for ZTC_X and ZTC_XX was significantly higher than that obtained for ZTC

sample demonstrating their better affinity with carbon dioxide.
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Conclusions

This PhD work aimed to study different techniques of passivation of external acidity of
zeolites with particular attention versus the epitaxial growth of Silicalite-1. The fundamental
goal was not only to apply procedures already employed in the literature but also to try to
optimize the technique. Moreover, the effect of the passivation of external acidity of zeolite
catalysts over their properties and over their behavior in different applications was

assessed. A summary of the main results is reported below.

The study of acid sites distribution and location within zeolites framework represents a
topic of great interest among researchers. The presence of acid sites within the channels of
zeolitic structures allows for the catalysis of reactions, leveraging the inherent feature of
shape selectivity. On the other hand, acidic sites located on the external surface of zeolites
can hinder the utilization of this property. Thus, a reduction in selectivity towards the
desired products may be associated with the lack of shape selectivity at external acid sites.
Acidic sites on the outer surface of zeolites could also lead to significant coke production
during catalytic processes. For these reasons, various techniques have been proposed to
neutralize acid sites located on the external surface of zeolites. Among these, chemical liquid
and vapour deposition of TEOS have been widely used; Moreover, other techniques such
as post-synthetic treatments with HNOs or with NaOH, deposition of MgO, or
impregnation with phosphorus have also been investigated. The synthesis of zeolitic core-
shell type catalysts characterized by an acidic core and an aluminium-free shell of Silicalite-
1 represents an interesting alternative to neutralize external acid sites and this technique has
been employed and improved in this PhD thesis. Among the methods used to grow the shell
of Silicalite-1 over the surface of a starting zeolite, hydrothermal synthesis, and steam-
assisted crystallization have been deeply described and then employed for the synthesis of

catalysts employed in this work.

In this work, parent zeolites with different structures have been synthesized (MFI and BEA).

Particularly, ZSM-5 zeolites with different Si/Al ratios (i.e. 11, 25, and 50) have been
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prepared and employed for the following passivation treatments. To challenge the
technique, a ZSM-5 with a low Si/Al ratio (equal to 11) was employed in acidic form as the
core for the following coating with Silicalite-1. Then, the passivation technique has been
improved and the idea of coating a ZSM-5 zeolite (with a Si/Al ratio equal to 25) both in as-
made form and in H*-form has been pursued; in the literature, zeolites are commonly coated
with empty pores and the decision to change this aspect has been made to set the effect of
the presence of structure directing agent (SDA) on the properties of the obtained
Z5M-5@Silicalite-1 samples trying to avoid the blockage of the pores of the starting core due
to the growth of Silicalite-1 crystals. To study the effect of the acid sites distribution of the
starting-to-be-covered zeolite on the success of passivation treatment, a ZSM-5 zeolite with
a Si/Al ratio equal to 50 was also employed and coated with Silicalite-1. Chemical vapour
deposition of TEOS was also performed on ZSM-5 zeolites (with Si/Al ratio equal to 11 and
25) to highlight specific features of different passivation techniques. Finally,
BEAG@Silicalite-1 composite materials have been synthesized employing an innovative
steam-assisted crystallization technique (SAC). All of the investigated catalysts were
characterized by XRD, SEM-EDX, TEM, TG/DTA, chemical analysis by atomic absorption,
textural analyses (B.E.T surface area, micropore volume) by nitrogen adsorption isotherm,
and acidity analyses by NHs-TPD (acid sites concentration, distribution and strength) and

FT-IR (Brensted and Lewis acid sites).

XRD patterns demonstrated the high crystallinity and purity of catalysts also after the
passivation treatments. In the case of BEA@Silicalite-1 XRD analysis highlighted the
presence of both BEA and MFI frameworks. EDX measurement conducted at 5kV allowed
us to obtain an estimation of the superficial Si/Al ratio of samples before and after the
coating with Silicalite-1. Particularly, EDX measurements proved the growth of Silicalite-1
over the surface of the starting zeolites showing a decrease of aluminium content on the
surface of coated catalysts. Moreover, TEM micrography showed the presence of an ordered
microporous layer of Silicalite-1 over the surface of the starting zeolite. A particular
discussion was dedicated to the physical properties of catalysts calculated through the

analysis of N2 adsorption/desorption isotherms. Results obtained, in terms of BET surface
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area, micropore area, and volume, revealed that coating a core with the structure directing
agent still inside the pores allowed to preserve of the properties of the starting zeolite
without blocking the pores. Porosimetric data obtained for ZSM-5 zeolites passivated via
CLD of TEOS showed a slight decrease of BET surface area and micropore volume probably
due to a partial blockage of the pores due to the deposition of a thin amorphous silica layer
during the silylation. NHs-TPD and FT-IR analyses were employed to study the effect of
passivation treatments over the number, strength, and distribution of acid sites. NHs-TPD
results revealed that the coating with Silicalite-1 allowed to decrease in the total number of
acid sites not influencing their strength. FT-IR analyses conducted employing ds-acetonitrile
as a probe demonstrated that the epitaxial growth of Silicalite-1 over the surface of ZSM-5
zeolites caused a preferential decrease of Lewis acid sites especially when the core was
coated in as-made form. On the contrary, ZSM-5 zeolite passivated via CLD of TEOS
exhibited a strong reduction of both Bronsted and Lewis acid sites probably caused by a
partial occlusion of the pores with prevented the probe from reaching all the acidic sites. A
decrease of both Bronsted and Lewis acid sites was detected for BEA@Silicalite-1 samples if

compared with the nude core of BEA zeolite.

ZSM-5@Slicalite-1 and parent ZSM-5 zeolites were tested as catalysts in the reaction of
methanol dehydration to DME. The sample obtained coating ZSM-5 core (Z11) with a
Silicalite-1 layer (H-Z11_X) exhibited the worst catalytic performances resulting in
decreased methanol conversion, DME selectivity, and increased coke deposition compared
to the uncoated ZSM-5. The drop in performance was linked to the formation of an
amorphous layer from the first Silicalite-1 coating. However, adding a second Silicalite-1
layer (H-Z11_XX) improved selectivity for DME and reduced coke formation. Also, ZSM-5
zeolite with a Si/Al ratio equal to 25 (Z25) and passivated samples obtained coating the
parent zeolite both in as-made (AS-Z25) and acidic form (H-Z25) have been tested. Catalytic
tests results showed that the AS-Z25 samples performed similarly to the parent zeolite in
terms of methanol conversion and DME selectivity, but with less coke formation and slower
deactivation. The H-Z25_X sample (obtained coating once the core in acidic form) exhibited

the worst performance due to its textural properties, while the H-Z25_XX (obtained coating
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twice the core in acidic form) sample performed similarly to the AS-Z25 catalysts, indicating
the effectiveness of the novel passivation technique, enhancing catalyst stability and

performance.

The influence of acidity and the effect of surface passivation treatments on the conversion
of DME to olefins have also been assessed employing ZSM-5 zeolites with Si/Al ratios equal
to 25 (Z225) and 50 (Z50) and the passivated samples obtained via epitaxial growth technique
of one or two layers of Silicalite-1. The catalysts were evaluated for DME to olefins
conversion over 14 hours in a temperature range of 300°C-375°C. Results showed high
selectivity (>60%) for light olefins (ethylene, propylene, and butenes) across all
temperatures. Methanol, a byproduct of DME hydration, was also detected, especially at
lower temperatures and as the catalysts began to deactivate. Propylene was consistently the
most produced olefin, supporting the theory that the alkene-based cycle predominates in
MFI zeolite-catalysed MTO or DTO processes. The synthesized ZSM-5 zeolites
demonstrated higher DME conversion rates than other catalysts, like SAPO-34. Coating the
ZSM-5 zeolite (Si/Al=25) with Silicalite-1 improved its stability at higher temperatures and
reduced coke formation at 375°C compared to the uncoated Z25. This suggests that
deactivation at high temperatures is mainly due to heavy coke formation blocking zeolite
pores. The Z50 sample, with lower acidity, showed greater stability at high temperatures
but lower initial activity and higher methanol production, particularly at 300°C and 325°C.
The passivation did not enhance the catalytic performance of the Z50 in terms of stability

and coke formation, unlike its effects on the Z25 zeolite.

As a final application of the passivation technique, BEA parent zeolite and BEA@Silicalite-1
composite materials were used as bases for synthesizing Zeolite Templated Carbons (ZTCs).
The study particularly focused on investigating the "gate effect" created by the Silicalite-1
layer's narrower pores on the properties of the ZTCs. FT-IR analysis showed that ZTCs
made from BEA@Silicalite-1 composites had fewer C=O (carbonyl) groups than those
derived directly from BEA zeolite, indicating a chemical composition difference. Raman
spectroscopy results indicated that ZTCs developed from BEA®@Silicalite-1 had a higher

structural order and contained less amorphous phase compared to ZTCs synthesized from
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BEA zeolite alone. Despite these differences in chemical composition and structural order,
no significant differences were observed in the CO: adsorption performance of the ZTCs.
However, the adsorption enthalpy for ZTCs obtained from BEA@Silicalite-1 matrices was
notably higher than that of the ZTC parent sample, suggesting their better affinity for carbon

dioxide.

As a summary, the results discussed in this PhD thesis show how surface passivation is an
effective way to improve the performance of zeolitic catalysts in different applications.
Particularly, the growth of a layer of Silicalite-1 on the external surface of a starting core is
a method that has proven effective not only for neutralizing the external acidic sites but also
for preserving the properties of the starting zeolite. This technique, which still attracts a lot
of attention from researchers, can be even more deeply studied and employed in numerous
different applications. The effect of the ratio between the Silicalite-1 layer and the starting
core could be extensively investigated as well as the effect of the crystallization time used
for the growth of Silicalite-1 crystals. Moreover, a layer of Silicalite-1 could be useful in the
synthesis of hybrid catalysts to separate the two catalytic functions and overcome problems
due to the interaction between metallic and acidic phases which represents one of the most

frequent catalyst deactivation causes.
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Future perspectives

The passivation of the external acidity of zeolites and, more generally, the synthesis of

composite zeolitic materials opens the way towards challenging and interesting study

opportunities for those aspects which are still to be deeply covered:

First of all, several aspects regarding the deposition of the Silicalite-1 layer can still
be investigated, including the crystallization time employed for hydrothermal
synthesis. Besides, the effect of the ratio between the amount of zeolite to be coated
and the Silicalite-1 gel used needs to be further examined. But also the synthesis of
composite zeolitic materials composed of a core and a shell with different
frameworks (for example MFI and BEA or FER and MFI) could open a new
application field. Steam-assisted crystallization (SAC) could also be used for the
synthesis of ZSM-5@Silicalite-1 catalysts and results reached in terms of properties
compared with samples obtained by epitaxial growth of Silicalite-1.

Catalysts treated via chemical liquid deposition of TEOS need to be tested in catalytic
applications such as methanol dehydration to DME or DME to olefins to highlight
differences between the catalytic behaviour of passivated samples obtained
employing different techniques.

Further acidity investigations are needed to be employed to fully characterise
passivated catalysts. FT-IR measurements with different probes having proper
kinetic diameter must be used to quantify external acidity and to better assess the
effect of passivation treatments in terms of BAS and LAS distribution.

Finally, following the examples of metal supporting-core passivation, the growth of
Silicalite-1 could be employed in the synthesis of hybrid catalysts for CO: directly
hydrogenation to DME. Particularly, research activities have been started for the
synthesis of an innovative hybrid catalyst characterized by a metallic Cu-based core
and an acidic zeolitic shell separated by a layer of Silicalite-1. Moreover, hybrid

catalysts will also be synthesised employing mesoporous supports (such as MSM-41)
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containing the metallic phase coated with Silicalite-1 and subsequently employed as

the core for the growth of the zeolitic ZSM-5 phase.
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Figure A 2: XRD patterns of Z50 and passivated AS-Z50_XX samples.
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Figure A 3: XRD patterns of Z25 and passivated AS-Z25_2XX samples.
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Figure A 4: XRD patterns of Z11 and passivated AS-Z11_2XX samples.
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Figure A 5: XRD patterns of Z11 and passivated H-Z11_S obtained via CLD of TEOS.
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Figure A 6: XRD patterns of Z11 and passivated H-Z11_S obtained via CLD of TEOS.

188



APPENDIX A:

100
98
96
94
92

90

TGA [%]

88

86

84

82

80

100

98

96

94

92

90

TGA [%]

88

86

84

82

80

Textural properties of investigated samples.

0 100 200 300 400 500 600 700 800
Temperature [°C]
Figure A 7: TGA-DTG results of Z11, H-Z11_X and H-Z11_XX samples.
Z11
| AS-7Z11_XX
- ;! i

i \,_\‘-:.;::\\ / // \qﬁ‘-"__..»-:‘“\.

| ~= /1, Femr =TT N

' Tl \\\\‘.':;—* ______
0 100 200 300 400 500 600 700 800

Temperature [°C]

189
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Figure A 9: TGA-DTG results of Z50, and AS-Z50_XX samples.
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Figure A 10: SEM micrographs obtained at 5kV for Z50 and AS-Z50_XX samples.
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Figure A 12: Cumulative functions of Z11 and AS-Z11_2XX samples obtained via EDX measurements at 5
kV (a) and 15kV (b).
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Figure A 13: Cumulative functions of Z50 and AS-Z50_XX samples obtained via EDX measurements at 5
kV (a) and 15kV (b).
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Figure A 14: N2z sorption isotherms of parent (Z11) and passivated H-Z11_X and H-Z11_XX samples.
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Figure A 15: N2 sorption isotherms of parent (Z25) and passivated H-Z25_X and H-Z25_XX samples.
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Figure A 16: N2 sorption isotherms of parent (Z25) and passivated AS-Z25_X and AS-Z25_XX samples.
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Figure A 17: N2 sorption isotherms of parent (Z50) and passivated AS-Z50_XX sample.
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Figure A 18: N2 sorption isotherms of parent (Z11) and passivated AS-Z11_2XX sample.
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Figure A 19: N2 sorption isotherms of parent (Z25) and passivated AS-Z25_2XX sample.
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Figure A 20: Nz sorption isotherms of parent (BEA) and coated BEA_X and BEA_XX samples.
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Figure A 21: N: sorption isotherms of parent (Z11) and passivated (H-Z11_S) samples.
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Figure A 22: N2 sorption isotherms of parent (Z25) and passivated (H-Z25_S) samples.
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Figure B 4: FT-IR spectra of Z25 and AS-Z11_XX samples after ds-acetonitrile adsorption.

201



APPENDIX B: Acidity properties of investigated samples.

—Z50 —AS-Z50_XX

Absorbance [-]

2400 2375 2350 2325 2300 2275 2250 2225 2200
Wavenumber [ecm™]

Figure B 5: FT-IR spectra of Z50 and AS-Z50_XX samples after ds-acetonitrile adsorption.
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Figure B 6: FT-IR spectra of Z25 and AS-Z25_2XX samples after ds-acetonitrile adsorption.
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Figure B 7: FT-IR spectra of Z11 and AS-Z11_2XX samples after ds-acetonitrile adsorption.
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