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Tuned acidity in zeotypes
A descriptor to unravel the direct conversion of methane to methanol
Simone Creci
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

The catalyst’s acidity is crucial in countless chemical reactions, and to tune this
parameter means to take the lead on the desired catalytic reaction. Therefore,
it is not surprising that zeolites have been used since decades as catalysts for
their outstanding properties of solid acids. Alongside, zeotypes are zeolite-like
materials whose chemical composition is altered to obtain ad hoc acidity, and
are therefore of outmost interest for many catalytic reactions. Here, the chosen
reaction affected by the zeotype acidity is the direct conversion of methane to
methanol. Indeed, a lower acidity of the zeotype promotes the extraction of
methanol, whose precursors tend to remain adsorbed on the acidic sites of the
zeotype.

In this study, Al, B, Fe, Ga, and Ti are incorporated in the MFI framework of
silicalite zeotypes. The zeotype crystallites are imaged with scanning and trans-
mission electron microscopy, and the MFI framework structure is characterized
with X-ray diffraction, nitrogen sorption and Raman spectroscopy. The process
from the as synthesized samples to the corresponding materials in the acid form
is examined with in situ infrared spectroscopy, with and without ammonia and
nitric oxide as probe molecules. Furthermore, the following series of increas-
ing acidity is observed by means of infrared spectroscopy: 0 = pure silicalite =
Ti-silicalite < B-silicalite < Fe-silicalite < Ga-silicalite < Al-silicalite.

The influence of the zeotype acidity during methane exposure and temperature
programmed desorption of methanol has been investigated in situwith infrared
spectroscopy. The results show that the presence of iron promotes methane ac-
tivation and thatmethanol is more strongly bound to the zeotype in the presence
of stronger acid sites. Because methane activation and methanol extraction are
two of the key steps in the direct conversion of methane to methanol, our results
indicate that Al-free zeotypes with tuned acidity pinpoint important catalyst
design parameters needed for this reaction.

Keywords: zeolite, zeotype, infrared spectroscopy, MFI, methane, methanol,
catalysis
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1: Currently, methanol is produced
in massive facilities via syngas in a
two stages process, using high tem-
peratures and pressures. Therefore,
the DCMM at low temperature and
low pressure is desirable both from
an energy and sustainability perspect-
ive. The breakage of the strong C–H
bond in the methane molecule and
the easy over-oxidation of methanol
represent the main thermodynamic
challenges in the DCMM [7].

Introduction 1
Rön och beskrifning om en obekant bärg art, som kallas Zeolites.

Figure 1.1: Axel Fredrik Cronstedt
(1722-1765).

(Finding and describing an unknown rock type, called Zeolites.)

Axel Fredrik Cronstedt, 1722-1765

It was the year 1756 when the Swedish mineralogist Axel Fredrik
Cronstedt named a class of minerals Zeolites [1]. After him, many
scientists intensively investigated the unique properties of zeolite
minerals, but only in 1862 the first artificial zeolite was synthesized
by St. Claire Deville by hydrothermal crystallization [2]. This event
signed the start of a tremendous research on new zeolite structures
and an intense exploration of their applications. Remarkable was
when in 1954 synthetic zeolites were commercialized by Union
Carbide as a new class of industrial materials [3]. The acme in
the field of zeolites synthesis was reached in the 1980’s and the
1990’s when more then 100 new zeolite structures were artificially
prepared [4]. From 1756 to now, zeolites have found applications
in countless fields, for example in heterogeneous catalysis.

The direct conversion of methane to methanol, DCMM, has been
appointed as the "Holy Grail"[5] for catalysis or as the "Dream
Reaction"[6] of the last two decades. 1 In nature, some enzymes,
particularly the methane monooxygenases (MMO), are known
to selectively convert methane to methanol, although with low
conversion rates [8]. In light of these facts, I was not surprised in
learning from the literature that the study of such a complex and
challenging reaction as the DCMM could take large advantage
of the outstanding properties of zeolites. Indeed, it happens that
zeolites, among their various properties, show sites similar to the
active sites in the MMO enzymes. Therefore, zeolites used as het-
erogeneous catalysts have been intensively studied for the DCMM
and represent nowadays one of the most promising candidates to
unriddle this reaction.

Methane activation andmethanol extraction seem to be the limiting
steps when both high methane conversion and high selectivity
towards methanol are pursued. In particular, the acidity of the
zeolite is considered a crucial descriptor in the DCMM. In this
perspective, the challenge is to design zeolite-like materials, called
zeotypes, with ad hoc acidity capable both to dissociatevely adsorb
methane and to easily desorb methanol on and from the catalyst
internal surface. Therefore, it is of major importance to control the
material synthesis and to understand the resulting properties to
be able to maximize the catalyst performances.



2 1 Introduction

2: Example of sidenote.

The objective of this PhD thesis project is to investigate the chemical
and physical properties of synthesized zeotype samples to benefit
the fundamental understanding of thedirect conversion ofmethane
to methanol. The analysis is focused on the materials properties
and on how these might influence the DCMM. Particular attention
is given to the study of the zeotype acidity and on how this affects
the two key steps of methane activation and methanol extraction
in the direct conversion of methane to methanol.

1.1 Tips for a smooth navigation of this thesis

Structure of the manuscript This thesis is divided in Chapters
which in turns are divided in Sections and sub-Sections. On
the top-left of even pages and on the top-right of odd pages
you can find the titles of the relative Chapter and Section,
respectively.

Side column The use for the main text of a column narrower than
the page width allows the use of a side-column where notes,
figures and tables are reported. 2

Abbreviations A list of the abbreviations used in this thesis is
reported on Page III.

List of Figures A list of all figures shown in this thesis is reported
on Page V.

Take-home messages Each Section is followed by a Take-home
message, presented in a blue box, where a short summary of
the Section is reported.

The samples In Figure 3.7 a summary of all investigated samples
together with the performed experiments and the relative
Section is reported. A good way to find back the right way if
you get lost while reading!

Take-home message

In this thesis zeotypes with tuned acidity are investigated with
an eye on their application as catalysts in the direct conversion
of methane to methanol. This work is the result of the past four
years of my doctoral studies, where the most relevant results
are reported and discussed. I wish you a pleasant and enjoyable
reading!



1: e.g. Na+, NH+4 , H
+, Fe3+, etc.

2: It is clear that by increasing
the amount of Al one can increase
the amount of BASs, although the
Loewenstein’s rule forbids the pres-
ence of an –––Al–O–Al––– linkage in
the structure [12]. Therefore, the low-
est allowed Si to Al molar ratio, SAR,
is 1.

Background 2
2.1 Zeo-materials and their characteristics

Zeolites: extraordinary materials for endless applications

The word zeolite was coined by the Swedish mineralogist Axel
Fredrik Cronstedt in 1756 to describe a particular class of minerals
capable of adsorbing water and releasing it as vapor by increasing
the temperature [1]. Indeed, zeolite literally means ’boiling stone’
from the greek ��́$ (=to boil) and ��́�o� (=stone). In Figure 2.1 an
image of Stilbite-Ca-Natrolite-Laumontite zeolite is shown.

Figure 2.1: Example of mineral
zeolite (Stilbite-Ca-Natrolite-
Laumontite). This file is licensed
under the Creative Commons
Attribution-Share Alike 3.0 Unported
license. Attribution: Rob Lavinsky,
iRocks.com – CC-BY-SA-3.0

Zeolites are hydrated porous tecto-aluminosilicate minerals which
occur naturally in large amounts. China is the biggest producer
of zeolites with around 2000 thousands tons produced in 2008,
followed by Jordan, The Republic of Korea and Japan [9]. In nature,
there exist about 56 different types of zeolites, but nowadays more
than 150 additional types have been synthesized [10]. The majority
of the zeolite industry is focused in producing detergents for
removing calcium ions as ion-exchangers. Nevertheless, zeolites
are also widely used for their properties of molecular sieves (e.g.
for gas separation in air) and in the catalysis field for their high
surface area, their acidic properties and their capability to host
metals in ion-exchange position. Fluid catalytic cracking (FCC) is
an example which uses large amounts of zeolites [11].

Zeotypes: the isomorphous substitution of Si with Me3+

and Me4+

The primary unit of the zeolite structure is the SiO4−
4 tetrahedron.

The collection of primary units builds up secondary units which
in turn build up the framework structure. The presence of Al3+

in place of Si4+ in the framework structure induces a net negative
charge in the zeolite which is balanced by a counter cation 1. When
the counter cation is H+, the –––Si4+ –O(H+) –Al3+ ––– sequence is
called Brønsted acid site, BAS (see Figure 2.2). Upon dehydration,
e.g. by increasing the temperature, the BAS loses the –OH group
and gives rise to a Lewis acid site. 2

One of the most significant properties of zeolites is thus to behave
as solid acids by donating the proton of the BASs [14]. One can
tune the amount of BASs by changing the amount of Al in the



4 2 Background

Figure 2.2: Schematic representation
of the isomorphous substitution of Si
with Al in the zeolite framework, and
consequent formation of the Brønsted
acid site. Drawing produced by Vesta
[13].

O

Si

H

Al

3: e.g. B, Fe, Ga, etc.

4: The incorporation of elements
with oxidation state +4 (e.g. Ti) is not
expected to form Brønsted acidity as
no negative charges are induced in
the framework.

8: For clarity, in this work all samples
will be referred as silicalite.

framework, but for a given type of framework structure, the acidity
strength of the BASs may not be influenced by the Si/Al ratio [15].
In this perspective, elements with oxidation state +3 other than
Al 3 have been incorporated in framework position to control the
acidity strength [16–19]. 4 The term zeotypewill be used in this work
to address these microporous materials showing typical zeolite
structures but having various elements incorporated in framework
positions. 5

5: Furthermore, the term Brønsted
acid site will be used also for the acid
sites generated by metals other than
Al in framework position.

The MFI framework

The TO4−
4 tethraedrons 6

6: where T = Si or the metal incorpor-
ated in the framework.

in zeotypes are assembled together form-
ing channels and cages, which in turn form the overall framework
structure. There exist more than 200 types of frameworks, and
they are all labeled with a 3-letters code. In this work, all samples
show the framework structure schematically represented in Figure
2.3, labeled as MFI. This structure is characterized by 10-, 6- and
5-membered rings (MR) and by the presence of channels and no
cages. 7

7: The 10-MRs windows are about
5.5 Å in diameter. The average Si–O
distance is 1.57-1.62 Å and and the
average O–Si–O angle is 107.9◦ [20]. The 10-MR windows define two intersecting systems of

channels: one composed by parallel straight channels and one
composed by zig-zag channels orthogonal to the first ones. When
composed only by Si and O, the material is called silicalite [21].
When also Al is present, the commercial name is ZSM-5. 8

Take-home message

Zeolites aremicroporous aluminosilicates whose primary build-
ing blocks are SiO4−

4 tethraedrons. When an element with oxid-
ation state +3 is incorporated in the zeolitic framework in place
of Si, a counter cation is needed to balance the net negative
charge. Brønsted acid sites are generated when the counter
cation is a H+ ion. Different elements incorporated in place of Si
will therefore generate Brønsted acid sites with different acidity
strength.
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a

c

b

b

c

a

a

b

c

Figure 2.3: Schematic representations of the MFI type of framework. Drawing produced by Vesta [13].

2.2 Synthesis of zeotypes

The presence of impurities in the natural zeolite minerals and the
need of new framework structures have been the driving forces
in the field of zeotype synthesis. Furthermore, Al-free zeotypes
can not be found in nature and appropriate synthesis procedures
must be followed depending on the metal added in place of Si. In
this Section, I will focus on the synthesis by the sol-gel method
followed by hydrothermal crystallization of MFI silicalite zeotypes
as they are the materials investigated in this work.



6 2 Background

9: When high-molecular-weight
silica sources (e.g. fumed silica) are
used, metal complexes tend to form
on the external surface of the silica
source.

10: It is important to stress that the
SDA is not only an organic template,
as it actively controls the way the
metallosilicate network ordinates in
the gel during crystallization [25].

11: TPA+ is the only homoleptic tet-
raalkyl ammonium molecule, show-
ing four identical propyl chains sym-
metrically distributed in the space
around the N atom.

12: However it has been shown that
the presence of Na+ ions increases
the nucleation rate by increasing the
rate of dissolution of the silica source
[26].

Choice of the chemicals used for the synthesis

In a standard zeotype synthesis, the ingredients are:

I silica source;
I structure directing agent (SDA);
I metal precursors;
I water;
I pH control agents.

Low-molecular-weight silica sources (e.g. tetraethyl orthosilicate,
TEOS) are usually preferred as they produce more primary units
(SiO4−

4 ) when dissolved in water and thus they promote the forma-
tion of the metallosilicate network in the gel [22]. 9 Furthermore,
when TEOS is used as silica source, nucleation and crystal growth
occur more rapidly than when a high-molecular-weight silica
source is used [23]. TEOS also provides high purity SiO4−

4 tetrahed-
rons after hydrolysis and condensation processes at appropriate
pH values and stirring times [24].

The structure directing agent, SDA, is usually an organic molecule
and defines the zeotype framework structure by directing the crys-
tallization process. 10 The most used SDA for the MFI framework
is the tetrapropylammonium ion, TPA+, in hydroxide or salt form,
e.g. bromide. 11 A schematic representation of the TEOS molecule
and the TPA+ ion is shown in Figure 2.4.

The type of metal precursor does not significantly influence the
synthesis procedure. Usually, metal complexes like nitrates are
used as they easily dissolve inwater. High-purity water, e.g.Milli-Q
water, is recommended to avoid the presence of impurities in the
zeotype framework. The pH control agents should not severely
interact with the crystallization process. 12

From the synthesis gel to the zeotype crystals

A schematic representation of the synthesis from the sol-gel pre-
paration to the formation of the zeotype samples in the final form
is shown in Figure 2.5. The first step is the dissolution of the silica
source and the metal precursors in water in order to obtain the

Figure 2.4: Schematic representation
of the TEOS molecule and the TPA+
ion.

TEOS TPA+

Si

N

C

O
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13: Several factors might influence
this first step (stirring time, temperat-
ure, concentration, etc.), but the pH
of the solution must be carefully con-
trolled to avoid precipitation of insol-
uble metal species.

14: The reverse addition is less ef-
fective as precipitation of metal spe-
cies may occur for higher amounts of
metal [27].
15: The propyl chains interact prefer-
entially with the hydrophobic silicate
species rather thanwith the bulkH2O
molecule [28].

16: The reaction time and the tem-
perature at which the hydrothermal
crystallization is performed depend
on the zeotype. For the zeotypes syn-
thesized in this work, 5 days and 170
◦C were chosen according to literat-
ure [27].
17: In particular, two of the four pro-
pyl chains of the TPA+ ions are be-
lieved to extend in the straight chan-
nels and two in the zig-zag channels
[29].

18: Several parameters can be found
in the literature about the calcination
of the as synthesized samples. In this
work, the SDA-containing samples
were calcined at 500 ◦C for 5 h start-
ing from room temperature with a
heating ramp of 5 ◦C min−1.

19: After calcination of the SDA-
zeotype samples, the counter cations
which balance the framework dis-
charges are likely the Na+ ions used
during the sol-gel preparation as pH
control agent.

SiO4−
4 primary units and the metal ions, respectively. 13 Chains and

then networks of metallosilicates species form in this first solution.
In a second solution, the TPA+ ions are dissolved in water. During
this step, the water molecules reorganize around the propyl chains
by hydrophobic hydration of the TPA+ ions.

The TPA+-solution is then added to the metallosilicate solution. 14

As soon as the TPA+ ions get in contact with the metallosilicate
network, Van der Waals or hydrophobic interactions arise between
the two species and the liquid solution becomes a sol. 15 Once the
TPA+-solution is completely added to the metallosilicate solution,
the pH is increased to 10-11 to promote the crystallization pro-
cess. The viscosity of the sol increases and the so obtained gel is
transferred to an autoclave.

The hydrothermal crystallization takes place in autoclaves, where
the high pressure allows the silicate network to nucleate and grow
around the TPA+ ions. 16 During crystallization, it has been shown
that the TPA+ ions do not simply act as space-filling agents, rather
they rearrange the metallosilicate network in the final framework
structure. An organic-inorganic composite forms where each TPA+

ion involves 24 SiO2 units and locates itself at the 10 MR channels
intersections of the MFI structure. 17

After crystallization, the TPA+ ions are tightly enclatrated in the
zeotype channels and do not show the spacial symmetry of the
free TPA+ ions in the TPA+-solution previously prepared. The so
obtained zeotype crystals are washed with Milli-Q water, filtered
and freeze-dried overnight, and the organicmolecule is removed by
calcination in air. 18 The NH+4 -form of zeotype samples is achieved
by NH+4 -exchange of the zeotype samples in the Na+-form. 19 A
second calcination at 500 ◦C for 5 h starting from room temperature
with a heating ramp of 5 ◦C min−1 is performed to decompose
the ammonium ions and therefore to obtain the H+-form of the
zeotype samples.

Challenges in the synthesis of Al-free zeotypes

The isomorphous substitution of Si4+with Al3+ in zeolites has been
intensively studied in the literature [30–32]. It is well established
that the similar electronic configuration and ionic dimensions, and
the stability of the oxidation state of Al3+ allowminor alterations in
the framework structure when Al is in framework position. Indeed,
it is not surprising that natural zeolites are composed by Si and Al.
Ge4+ was the first cation isomorphically substituted in a zeotype
structure [33], but afterwards many tri-, tetra- and pentavalent
cations have been added during synthesis to partially substitute
Si4+ in framework position.
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Figure 2.5: Schematic representation of the synthesis steps from the sol-gel preparation to the formation of the zeotype
samples in the final form. Drawing produced by Vesta.[13]
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20: For example, the crystal ionic
radii of Si4+ and Fe3+ are 54 and
78 pm, respectively, and Fe3+ easily
changes oxidation state to +2.

21: For example, Fe tends to precipit-
ate as ferric hydroxide at pH higher
than 4 [34] and therefore it must be
added to the sol in acid conditions.
22: In zeolites synthesis, minor pre-
cautions are needed when the Al pre-
cursor is added to the sol as it does
not tend to form unwanted species in
the basic environment necessary for
the crystallization.

24: Methanol is the simplest alcohol
composed by a methyl group bonded
to a hydroxyl group. Its chemical for-
mula is CH3OH and its molar mass
is 32.04 g mol−1. At room temper-
ature and pressure it is a colorless,
flammable and volatile liquid. It is
easily biodegradable and miscible in
water [38]. In nature, it is produced
in the anaerobic metabolism of some
bacteria and is present in small quant-
ities both in the environment and in
the human body [39].

The challenges in the isomorphous substitution of Si4+ with Me3+

in zeotype structures consist in the difference of the ionic radii and
the ability of some metals to change oxidation state. 20 These two
factors make the crystal structure of the zeotype less stable than
the crystal structure of the parent zeolite.

Another reason why the addition of metals other than Al is dif-
ficult concerns the synthesis procedure. As described above, the
most common zeolite and zeotype synthesis method consists in
preparing a gel which further crystallizes in a basic environment.
Some metals tend to form unwanted species in the basic environ-
ment necessary for the crystallization 21 and therefore, the metal
precursors must be added at appropriate pH conditions. Only once
the metallosilicate network is formed, the pH can be increased to
the basic conditions necessary for the crystallization. 22

Take-home message

One way of preparing zeo-materials consists of the sol-gel
method followed by hydrothermal crystallization in autoclave.
The incorporation of Al in zeolites is facile. On contrary, ad
hoc ingredients and synthesis parameters shall be chosen to
obtain zeotypes with the desired framework structure and to
successfully incorporate the metal in the framework.

2.3 The direct conversion of methane to
methanol

Why methane and why methanol?

Methane 23

23: Methane is a tethraedral mo-
lecule composed by four identical
C–H bonds. Its chemical formula is
CH4 and its molar mass is 16.04 g
mol−1. At room temperature and at-
mospheric pressure it is an odorless
and colorless gas. In nature, meth-
ane is formed both in thermogenic
and abiotic processes (i.e. organic and
inorganic), and by enzymes in the
methanogenesis process [35].

is the main component of natural gas, followed by
other higher alkanes (mostly ethane, propane and butane), carbon
dioxide, nitrogen and hydrogen sulfides. In turn, natural gas is
highly abundant on earth. In 2014, almost 200 trillion cubic meters
of natural gas have been globally produced, with China leading
with around 18 trillion cubic meters [36]. Furthermore, although
methane has a 28 times stronger global warming potential (GWP)
than CO2, it is considered a promising alternative to crude oil as
green feed stock for the chemical and fuel industry [37].

Methanol 24 is extensively used both as chemical alone and as
primary source for the synthesis of chemicals based on longer car-
bon chains, aromatics and hydrocarbons. Methanol also represents
a promising fuel. Indeed, its liquid state at room conditions makes
it easier to store than other alternative feed stocks to crude oil, e.g.
methane or hydrogen, and it shows relatively high energy density
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Figure 2.6: Molecular structures of
methane and methanol (all bond dis-
tances are shown in Å).
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25: Several technologies have been
investigated to directly convert CH4
to CH3OH, which involve gas-phase
reactions, heterogeneous, bio- and
photo-catalysis, plasma technology
and membrane technology [41]. Nev-
ertheless, none of these methods has
shown appreciable results for pos-
sible commercialization both in terms
of high activity and high selectivity
towards CH3OH.
26: For alkanes, the dissociation en-
ergy required to cleave the first C–H
bond is highest for methane (439 kJ
mol−1) but not verymuchhigher com-
pared to e.g. ethane (423 kJ mol−1).
Abstraction of the first hydrogen from
ethene (457 kJ mol−1) and benzene
(551 kJ mol−1) is higher, despite these
compounds are more easy to activ-
ate than methane [42]. Methane is a
molecule with four sp3 hybridized
orbitals from carbon, filled with one
electron each, forming four bonding
molecular orbitals with one s electron
from each hydrogen. The methane
molecule is therefore rather stable. So
the activationdepends on the electron
structure of the entire molecule and
not only on the C–H bond strength.

27: For example, both zeolites and
zeotypes can host metals in ion-
exchange position in place of the H+

belonging to the BASs. In the case
of zeotypes containing only Si and
O, metals can be added by incipient
wetness impregnationmethods, form-
ing metal clusters inside the pores
and on the external surface of the
catalyst. Metals can also be added
in framework position as previously
discussed.

[40]. A schematic representation of the methane and the methanol
molecules is shown in Figure 2.6 .

Challenges in the one-step reaction

Nowadays, methanol is industrially produced from methane in a
multi-stage process which involves first the formation of syngas
from methane at high temperature and then the liquefaction
to methanol at high pressures. This process involves massive
industrial plants and is energy intense and costly. Therefore, the
partial oxidation of methane to methanol at lower temperatures
and pressures is desired from energy, sustainability and economic
perspectives [7]. 25

The main challenges in the direct conversion of CH4 to CH3OH,
DCMM, consist in activating CH4 and avoiding the over-oxidation
of CH3OH. Indeed, methane is the most stable hydrocarbon exist-
ing in nature and, therefore, high amount of energy is required
for its activation. 26 Furthermore, CH4 tends to form oxides more
stable than methanol, mostly CO2, when exposed to oxidizing
environment. Thus the goal is to provide a method severe enough
to dissociate the CH4 molecule and simultaneously mild enough
to prevent the CH3OHmolecule to further oxidize.

Zeolites as catalysts for the direct conversion of methane
to methanol

One of the most promising technologies investigated in literature
for the DCMM involves zeolites used as heterogeneous catalysts.
The procedure usually involves four steps (a schematic representa-
tion of this procedure is shown in Figure 2.7).

1. Catalyst preparation Metals are added to the zeolite bydifferent
methods. 27 Scanning the literature, Fe- and Cu-containing
MFI zeolites seem to be one of the most promising catalysts
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28: For example, in the case of Fe,
a pretreatment at 250 ◦C in N2O al-
lows the formation of highly reactive
sites in extra-framework position [43].
These highly reactive sites have been
shown in the literature to be able to ac-
tivate methane in the zeolite and have
therefore been intensively studied for
the DCMM [44].

for the DCMM. However, the structure of the active sites is
still under debate [37].

2. Catalyst activation Before being exposed to methane, the cata-
lyst often needs to be activated at high temperature in oxid-
izing environment, e.g. O2, N2O or NO. 28

3. Methane activation Once the active site is formed, the catalyst
is exposed to CH4, usually at around 200-250 ◦C to promote
the adsorption of the molecule. Depending on the active site
and the supportmaterial, methane is dissociatevely adsorbed
and oxidized on the active sites on the catalyst surface by
cleavage of one C–H bond of the molecule. Therefore the
aim is to adsorb CH4 as methoxy groups and avoid their
overoxidation [45–47].

4. Methanol extraction It has been shown that after methane is
activated on the surface,most of the reaction products remain
adsorbed on adsorption sites [48]. The extraction ofmethanol
by use of solvents, e.g. water, and/or increasing the catalyst
temperature is thus a necessary step in the DCMM for
appreciable amounts of the desired product.

Catalyst 
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CH3OH
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Figure 2.7: Schematic representation of a standard procedure for the direct conversion of methane to methanol.
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Our idea

Assuming that CH4 activation and CH3OH extraction are the two
key steps in the DCMM, it is clear that the ability of the zeolite
to desorb methanol after dissociatevely adsorbing and partially
oxidizing methane is of major importance. A parameter that can
influence such ability is the acidity of the zeolite. As discussed in
Section 2.1, only by adding a metal other than Al in framework
position prior to crystallization one can tune the acidity strength
of the BASs. In this perspective, we want to investigate whether
the lower acidity of zeotypes containing ad hocmetals compared
to the parent zeolites facilitates the desorption of methanol due to
the lower adsorption strength of the zeotype towards methanol, or
its precursor.

Take-home message

The direct conversion of methane to methanol is desirable from
energy, economy and sustainability perspectives, and zeotypes
are among the most promising catalysts for this reaction. How-
ever, most of the methanol precursors tend to remain adsorbed
on the zeolite surface after methane is activated by the act-
ive sites present in the zeotype structure. The lower acidity
of zeotypes compared to their parent zeolites promotes meth-
anol desorption, and therefore is a key descriptor of the direct
conversion of methane to methanol.



2: In Fe/Al-S, the ratios Si/Al= Si/Fe
= 100 were used.

3: See Papers I and IV for more de-
tailed synthesis procedures.

Methodology 3
3.1 Synthesis of the zeotype samples

Preparation of the samples in the H+-form

Silicalite samples were prepared with sol-gel synthesis method fol-
lowed by hydrothermal crystallization by incorporating Al (Al-S),
B (B-S), Fe (Fe-S), Ga (Ga-S) and Ti (Ti-S) in the MFI framework. 1

1: Additionally, a pure silicalite
sample (S) and a sample containing
both Fe and Al (Fe/Al-S) were pre-
pared.

The chemicals used for the synthesis are shown in Table 3.1.

Name Formula Use

TEOS 0 Si(OC2H5)4 silica source
TPAOH 1 C12H29NO SDA
Sodium aluminate 2 NaAlO3 Al precursor
Boric acid 3 H3BO3 B precursor
Iron nitrate 4 Fe(NO3)3 · 9H2O Fe precursor
Gallium nitrate 5 Ga(NO3)3 Ga precursor
Titanium ethoxide 6 Ti4(OCH2CH3)16 Ti precursor

Table 3.1:Chemicals used for the syn-
thesis.
0 Tetraethyl orthosilicate, reagent

grade, 98%, Sigma Aldrich;
1 Tetrapropylammonium hydrox-

ide, 1.0 M Lsg. in water, Sigma-
Aldrich;

2 Technical, anhydrous, Sigma Ald-
rich;

3 Fluka Chemicals;
4 98+% metal basis, Alfa Aesar;
5 Ga 9-10 wt.%, Alfa Aesar;
6 Aldrich.

Oxalic acid (98%, Sigma-Aldrich) and sodium hydroxide (pellets,
98%, Alfa Aesar) were used to adjust the pH value. The calculated
molar ratio Si:Me:TPA+:H2O = 1:0.02:0.300:24.86 was kept constant
in all syntheses (Me = Al, B, Fe, Ga or Ti). 2 The basic idea was
to use the same molar amount of substituting metal for each
sample in order to be able to better compare the resulting materials
properties.

In a standard synthesis procedure, the silica precursor was mixed
with the structure directing agent, SDA, and the metal precursor in
aqueousmedium. The so obtained gel was crystallized in autoclave
and the product was washed, filtered and dried. The SDAwas then
removed by calcination and the NH+4 -form of the zeotypes was
obtained by NH+4 -exchange. The active H

+-form of the zeotypes
was obtained by further calcination in air of the NH+4 -form of the
zeotypes. The NH+4 -exchange and the latter calcination were not
performed for the pure silicalite sample. 3

Addition of Fe to the zeotype samples

Fe was added to 0.5 g of calcined silicalite sample by incipient
wetness impregnation. The Fe source and the Si/Fe ratio used for
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the impregnation were the same of the ones used for the synthesis
of Fe-S. The so obtained wet sample powder was freeze-dried
over night to remove the solvent and calcined for 2 hours at 500
◦C, starting from room temperature with a heating rate of 5 ◦C
min−1.

Fe was also added by aqueous ion-exchange to all samples in the
H+-form. The Fe source was the same of the one used for the
synthesis of Fe-S and the ratio Si/Fe = 3 was used. In particular,
1 g of sample was mixed with 100 ml of water and the Fe source
for 24 h at room temperature. The so obtained wet powder sample
was washed, filtered and freeze-dried over night to remove the
solvent.

Take-home message

Pure silicalite and Al-, B-, Fe-, Fe/Al, Ga- and Ti-silicalite
samples with the MFI framework were synthesized with sol-gel
method and hydrothermal crystallization. The pure silicalite
sample was further impregnated with Fe and all samples in the
H+-form were ion-exchanged with Fe.

3.2 Characterization of the zeotype samples

Electron microscopy

Electron microscopy is based on the interaction of electrons with
matter. In the scanning mode, the primary electron beam hits the
sample and the scattered electrons are detected. In particular the
secondary electrons and the backscattered electrons give informa-
tion about the morphology and the chemical composition of the
sample, respectively. In the transmissionmode, the electrons which
are transmitted through the sample are collected by the detector
to form the image.

In this work, scanning and transmission electron microscopy,
SEM and TEM, were used to characterize the morphology of the
synthesized zeotype crystals. The SEM images of the crystallites
were takenwith a Zeiss Ultra 55 FEG scanning electronmicroscope.
The TEM images of the crystallites were taken with a FEI Tecnai
T20 transmission electron microscope.

X-ray diffraction

X-ray diffraction

d

θ

θ
θd sin

X-ray

Figure 3.1: Schematic representation
of the Bragg’s relation.

is based on the elastic scattering of X-ray photons
by atoms in a crystal lattice. When the X-rays hit the sample, the
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4: where n is an integer called order
of reflection, � is the wavelength of
the X-rays, d is the distance between
the crystal planes and � is the angle
between the normal to the reflecting
crystal plane and the incoming X-rays.
Because n, � and � are known values,
d can be calculated and thus the crys-
tal lattice parameters identified.

5: In ideal conditions, this monolayer
forms simultaneously in all pores.
Nevertheless, capillary pore condens-
ation depending on the pore sizes
and multilayer grow may occur in
real porous materials.

6: For example, microporous mater-
ials like zeolites show an hysteresis
loop generated by the adsorption and
desorption isotherms after the forma-
tion of the monolayer, due to the ca-
pillary condensation effects of the ad-
sorbate molecules at high pressures.

7: The scattered light can have lower,
higher or the same energy of the incid-
ent light (namely Stokes, anti-Stokes
and Rayleigh scattering phenomena).

scattered monochromatic X-rays that are in phase give constructive
interference. The lattice spacings between the crystal planes is
derived using the Bragg relation, illustrated in Figure 3.1: n� = 2d
sin�. 4 X-ray diffraction is a technique used to identify crystalline
phases as well as to obtain information about particle size.

In this work, powder X-ray diffraction was used to confirm the
MFI type of framework structure of the as synthesized samples
and to confirm the hydrothermal stability of the calcined silicalite
sample and of the metal-containing zeotype samples in the H+-
form after calcination. The X-ray diffractograms were taken with a
Bruker XRD D8 advanced instrument with monochromatic CuKα
radiation scanning from 5 to 55◦.

Nitrogen sorption

In nitrogen physisorption experiments, N2 molecules are phys-
isorbed on the internal surface of a porousmaterial and the amount
of molecules needed to form a complete monolayer is calculated. 5

The measurement is performed isothermally and the volume of
adsorbed (desorbed) nitrogen increasing (decreasing) the pressure
is measured. The shape of the isotherms in the plot of adsorbed
N2 volume versus relative pressure gives information about the
porous structure of the analyzed sample. 6

The Brunauer-Emmett-Teller (BET) theory [49] is used to obtain
information about the surface area and the pore volume of a porous
material. This theory is based on several assumptions and for this
reason is not strictly valid for microporous materials like zeolites.
Nevertheless, it can be used as comparative method between
different zeolite and zeotype samples.

In this work, N2 physisorption was used to compare the specific
surface area and the micropore volume of the silicalite samples.
Moreover, the adsorption isotherms gave further information
about the microporous structure and the metal incorporation
in the framework. The nitrogen isotherms were measured by a
Micrometrics Tristar 3000 instrument at -196 ◦C after degassing in
N2 at 220 ◦C for 5 h.

Polarized Raman spectroscopy

When infrared radiation interacts with matter, it can be trans-
mitted, reflected, scattered or absorbed (see Figure 3.2). Raman
spectroscopy is based on the inelastic scattering of infrared light,
and most spectrometers are equipped with detectors capable of
collecting the Stokes-scattered light. 7 The incident light induces a
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8: Raman spectroscopy experiments
were performed for Fe-S and Fe/Al-S
as well. For these samples, the high-
frequency laser had to be used to
avoid fluorescence phenomena. How-
ever, polarized experiments could
not be performed since only the low-
frequency laser was equipped accord-
ingly.

9: The law which regulates the vi-
brations in the classical model is the
Hooke’s law, where the force of the
chemical bond depends on the elastic
force constant and the masses repres-
enting the atoms.

dipole moment in the molecule or group of molecules investigated
and therefore, the scattered light is characteristic for each type of
chemical species and bonds.

θ θ

θ

γ

θ γ

primary
IR beam

reflection

absorption

transmission

scattering

Figure 3.2: Schematic representations
of the interaction of infrared light
with matter.

The induced dipole moment (−→� ) in a certain chemical species
is proportional to the induced electric field (

−→
� ) as: −→� = 

−→
� ,

where α is called polarizability. In standard Raman spectroscopy,
α is considered as a scalar as no distinction is made among the
polarization directions of the incident light, which therefore is said
circularly polarized. In polarized Raman spectroscopy, instead,
the incident light is polarized and therefore the polarizability
becomes a tensor (A3,3). Therefore, anisotropic vibrations will
result in emphasized peaks in the Raman spectrum depending
on the polarization of the incident light. In this way, information
about the local structure of a sample can be derived. Furthermore,
by placing an analyser between the sample and the detector, the
scattered light can be polarized as well, and therefore information
about the direction of the anisotropy can be deduced.

In this work, polarized Raman spectroscopy was used to further
characterize the microstructure of the zeotype samples. Particular
attention was given to the anisotropy of pure silicalite and to the
influence of the incorporation of Al in the MFI framework on the
localmicrostructure. 8 Amore detailed description of the technique
and the experimental set-up is reported in Paper II. The Raman
spectra were recorded with an InVia Reflex spectrometer from
Renishaw.

Diffuse reflectance infrared Fourier transform
spectroscopy

As mentioned above, the IR radiation can be transmitted, reflected,
scattered or absorbed when it interacts with matter. When the
IR beam is absorbed, it makes the bonds of the atoms and the
molecules composing thematerial to vibrate. In the classical model,
the chemical bonds between two atoms can be represented by two
masses whose centers are kept together by a weightless elastic
spring. 9 Because electrons are not considered in the classical
model, a more accurate model is needed to describe the interac-
tion of the IR radiation with matter. In the quantum model, the
electronic configuration of an atom is represented as a landscape
of discrete energy levels. In this perspective, the IR photons may
cause energy transitions, whose intensity corresponds to the IR
frequency between the vibrational levels of a chemical bond. Each
chemical bond is characterized by specific energy transitions of the
vibrational levels, which in turn are sensitive to the surrounding
environment.
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In IR spectroscopy, the phenomenon of IR absorption of matter is
exploited to obtain information about the chemical composition of
the sample. The IR beam hits the sample and makes the chemical
bonds of the sample to vibrate at specific frequencies as described
above. Thus, the IR spectrum of a substance can be considered as
the "fingerprint" of the substance where each peak represents the
vibrational modes of a unique species. 10

10: Probe molecules (e.g. NH3, NO,
CO, etc.) can be adsorbed on the
sample and their interaction with
the sample surface can give fur-
ther information about the functional
groups. Commonly, a background
spectrum is recorded as reference and
is subtracted to the following spectra
to better visualize the evolution of the
chemical species.

The most common mode of operation for IR spectroscopy is trans-
mission, where the IR beam is transmitted through the sample. 11

11: A typical IR spectrum has
wavenumbers [cm−1 ] (∝ 1/frequency,
ν) in the x axis, whilst the quantity
reported in the y axis depends on
the mode of operation of the instru-
ment. When in transmission mode,
the transmittance,T(ν) (i.e. the ratio of
the intensity of the light transmitted
through the sample and the intensity
of the source radiation) or the absorb-
ance, A(ν) (A(ν) = log10(1/T(ν))) is
plotted as a function of the wavenum-
bers in a standard spectrum.

Although in transmission IR spectroscopy quantitative measure-
ments aremore accessible, it is difficult to study the evolution of the
surface species when adsorbing probe molecules on the sample.
When, instead, IR spectroscopy operates in diffuse reflectance
mode the evolution of adsorbed surface species can be followed
in situ. The incident IR radiation is scattered by each particle in
the combined process of diffraction, refraction and reflection. The
fraction of the radiation which reemerges from the surface is said
to be diffusely reflected. 12

12: Similarly to the transmittance, the
reflectance, R(ν), is given as the ratio
between the intensity of the light dif-
fusely reflected by the sample and
the intensity of a non-absorbing ref-
erence, i.e. KBr, and is plotted as a
function of the wavenumbers.

In this work, all IR spectra were recorded by an FTIR spectrometer
in diffuse reflectance mode (diffuse reflectance infrared Fourier
transform spectroscopy, DRIFTS). In particular, the spectra were
recorded using a VERTEX 70 spectrometer (Bruker) equipped with
a liquid nitrogen cooled mercury cadmium telluride (MCT) de-
tector (bandwidth 600-12000 cm−1), a Praying Mantis™ accessory
and a high-temperature stainless steel reaction chamber (Harrick
Scientific Products, Inc.). The setup of DRIFTS used in this work is
schematically illustrated in Figure 3.3b. The IR beam is generated
by an IR source and goes through a Michelson interferometer.
A Praying Mantis™ element consisting of several mirrors focus
the IR beam on the sample surface, which diffusely reflects the
radiation. The reflected radiation is then directed to the detector

1: IR source

2: IR beam

3: mirrors

4: sample

1

2
3

3

3

3

4

5

67

8

5: detector

6: gas inlet

7: gas outlet

8: dhome
Figure 3.3: Schematic representations
of theDRIFTS setup used in thiswork.
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Figure 3.4: Schematic representation of the experiments performed by DRIFTS (B.s. = background spectrum, B.s.s.=
background subtracted spectra).

13: The entire process from the re-
moval of the SDA from the frame-
work to the activation of the zeo-
type into the acid H+-form was ex-
amined by DRIFTS. Furthermore, ex-
perimentswithNH3 andNOasprobe
molecules were also performed and
the adsorbed surface species were in-
vestigated with DRIFTS.

14: The CH3OH-TPD experiments
were performed for all samples in
the H+-form, S and all Fe-exchanged
samples.

by mirrors and Fourier transformed to the final spectrum. A high-
temperature stainless steel reaction chamber (Harrick Scientific
Products, Inc.) is used to control the sample temperature and the
gas flow throw the sample. A schematic representation of all IR
experiments performed in this work is shown in Figure 3.4. 13

Take-home message

The zeotype crystallites were imaged with SEM and TEM and
their microstructure characterized with XRD, N2-sorption and
polarized Raman spectroscopy. The elimination of the SDA
from the microsctructure and the activation of the zeotype from
the NH+4 - to the H+-form were followed in situ with DRIFTS.
Particular attention was given to the O–H stretching region
of the spectra of the samples in the H+-form to investigate the
Brønsted acidity.

3.3 Temperature programmed desorption of
methanol with DRIFTS

DRIFTS was used to monitor the evolution of the surface species
during methanol temperature programmed desorption (CH3OH-
TPD). Albeit aware that CH3OH-TPD does not fully reproduce the
last step in the DCMM reaction cycle, this experiment is performed
to simulate the extraction of CH3OH in the DCMM. In particular,
each sample 14 was exposed to methanol and the evolution of the
formed surface species was followedwith DRIFTSwhile increasing
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Figure 3.5: Schematic representations of the CH3OH-TPD experiments with DRIFTS used to simulate CH3OH extraction in
the DCMM (B.s. = background spectrum, B.s.s.= background subtracted spectra).

15: These experiments were per-
formed only on the aforementioned
samples since they belong to the first
synthesis batch. Further investiga-
tion on B-S, Ga-S and Ti-S, and the
Fe-exchanged samples would give a
more detailed overall view on the
CH4 exposure experiments.

temperature from 30 to 450 ◦C. A schematic representation of the
experiments is shown in Figure 3.5.

Take-home message

The evolution of the surface species during temperature pro-
grammed desorption of methanol was followed in situ with
DRIFTS for all samples in the H+-form and for all Fe-exchanged
samples.

3.4 Methane exposure with DRIFTS

In order to investigate whether the zeotype samples are capable of
activating CH4 or not, S, Al-S, Fe-S and Fe/Al-S were exposed to
CH4 at 250 ◦C and the surface species were examinedwith DRIFTS.
15 As for the previous experiments, albeit aware that CH4 exposure
does not fully reproduce the first step in the DCMM reaction cycle,
this experiment is performed to simulate the activation of CH4 in
the DCMM.

A schematic representation of the experiments is illustrated in
Figure 3.6. The pretreatments in O2 and N2O were performed to
clean the surface of the samples from possible impurities and to
form the reactive sites in the Fe-containing samples, respectively.
After CH4 exposure, all samples were exposed to water to examine
the tendency of the zeotypes internal surfaces to desorb the reaction
products.
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Figure 3.6: Schematic representations of the CH4 exposure experiments with DRIFTS used to simulate CH4 activation in the
DCMM (B.s. = background spectrum, B.s.s.= background subtracted spectra).

Take-home message

The formation and evolution of methoxy ad-species were invest-
igated with DRIFTS while exposing the samples in the H+ form
to methane and to water.

3.5 Bird’s-eye view on the experiments
performed on the zeotype samples

In Figure 3.7 a summary of all experiments performed in this study
is reported, together with the relative Sections in this thesis.
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Figure 3.7: Summary of the samples investigated and the techniques used to characterize them, with reference to the relative
Section in this thesis.





1: Remarkable is that we could ob-
serve with TEM the 10 MRs of the
straight channels of the MFI frame-
work of S, as shown on the top left of
Figure 4.1.

2: The crystals of S and Al-S (15 and
25 μm) are in average larger than the
crystals of B-S (10 and 20 μm)

3: The Fe-containing samples are
more controversial though, since as
discussed later in this Section and
as it will be further considered in
Section 4.2, some Fe used in the syn-
thesis gel was not successfully incor-
porated in the framework in place
of Si, but formed instead oxide and
hydroxide clusters. Therefore, these
additional features might also consist
of extra framework Fe species which
have not been incorporated in the zeo-
type framework during synthesis.

Materials characterization 4
4.1 Structural and morphological

characterization

Images of the zeotype crystallites

The SEM images showhigh crystallinity of the zeotype samples (see
Figure 4.1 and 4.2). 1 However, some differences can be observed
depending on themetal added during synthesis regarding both the
crystal morphology and the presence of impurities on the external
facets of the crystals formed after calcination.

Regarding the morphology, S, B-S and Al-S show individual crys-
tals with homogeneous geometry, and a uniform particle size
distribution with dimensions ranging between 10 and 25 μm. 2.
Further, the crystals of these samples show predominantly the
typical MFI crystal shape of two elongated parallelepipeds embed-
ded one in each other [50]. The Fe-containing samples (Fe-S and
Fe/Al-S) additionally show crystals with a spherical shape, whilst
Ga-S shows interconnected crystals with irregular shapes and a
wider particle size distribution. Lastly, Ti-S shows overall more
brittle crystals, with features of both B-S and Ga-S. These differ-
ences in the crystals morphology might be caused by the different
metal precursors used during synthesis, but further investigations
should be done to determine a solid correlation.

Regarding the impurities on the external facets of the crystals, all
samples show formation of additional features after calcination, but
in different amounts. S and Al-S show minor additional features
than the crystalline material, whilst B-S, Fe-S, Fe/Al-S, Ga-S and
Ti-S show that irregular structures are formed on the external
facets of the zeotypes crystals during calcination. These structures
might be due to the migration of the metals from the T-sites
due to instability in the MFI framework. However, since we can
conclude from theDRIFTS experiments thatmetal is still in theMFI
framework of the samples in the H+-form, these structures might
also consist of SDA or other synthesis residues which were not
completely eliminated during calcination. 3 Whatever the nature
of these structures, it is noteworthy that the overall morphology of
the crystals is maintained after calcination, indicating the thermal
stability of the MFI framework.
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B-silicalite

Al-silicalite

6 μm 6 μm

20 μm

2 μm

20 nm 6 μm

20 μm 2 μm

Pure silicalite

Figure 4.1: SEM images of the zeotype crystallites in the as synthesized form (left column) and H+-form (right column), and
TEM image of the 10 MR of a portion of pure silicalite crystallite, together with schematic representation of the 10 MR.
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Fe-silicalite

Fe/Al-silicalite

Ga-silicalite

Ti-silicalite

3 μm 2 μm

3 μm 2 μm

20 μm 20 μm

20 μm 2 μm

Figure 4.2: Continuation of Figure 4.1.
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Analysis of the MFI framework and the microporous
structure

The MFI type of framework structure of all samples is confirmed
by XRD [21]. 4

4: Several synthesis attempts were
made before the one described in Sec-
tion 3.1 and indeed, that is the result
of an optimized synthesis procedure
in terms of various parameters. Many
samples synthesized after ineffective
hydrothermal crystallization showed
either amorphous phases either the
typical MFI diffractogram but with a
large bump distributed over a wide
range of 2θ values. As example, the
X-ray diffractogram of the as synthes-
ized material after ineffective hydro-
thermal crystallization is shown in
Figure 4.3.
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Figure 4.3: X-ray diffractogram of the
as synthesized material after ineffect-
ive hydrothermal crystallization

The X-ray diffractograms of S before and after
calcination are shown in Figure 4.4, together with theMiller indices
of the crystal planes associated to the diffraction peaks with the
highest intensities (indices taken from the Database of Zeolite
Structure [51]). The X-ray diffractograms associated to the metal
containing samples are shown in Figure A1. The thermal stability of
the zeotype structure is confirmed by the absence of any peak shifts
in the diffractograms of the samples after calcination compared to
the diffractograms of the as synthesized samples. The changes of
the intensities of some peaks as well as the disappearance of peaks
at low 2θ values in the diffractogram of the calcined sample are due
to the elimination of the SDA by calcination [51]. Extra peaks were
expected in the diffractograms of the metal-containing samples if
additional crystal phases to theMFI framework formed in sufficient
amount to be detected by XRD. Also, peak shifts were expected
if metals were incorporated in the MFI framework in sufficient
amount to be detected by XRD. The absence of peak shifts and
additional peaks suggests that the amount of metals incorporated
in the MFI framework and the amount of any additional crystalline
phases other than MFI are too low to be detected by XRD.

Figure 4.4: X-ray diffractograms of S
before and after calcination, together
with the Miller indices of the crystal
planes associated to the diffraction
peakswith thehighest intensities. The
disappearance of thepeaks associated
to the SDA after calcination is shown
by the grey circle and arrow.
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The results obtained by the nitrogen physisorption experiments
(see Figure 4.5) show that all values are reasonable for the MFI
type of framework structure [52]. It can be observed from Figure
4.5 and Table 4.1 that the values of BET surface area decrease with
increasing crystal ionic radius of the metal incorporated in the MFI
framework [53] (with Ti4+ being an outlier in the list). Therefore
that the zeotype samples show different values of BET surface area
might be due to the size of the element in framework position.
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Figure 4.5: Specific BET surface area
(SSA) and micropore volume of the
samples in the H+-form.

Table 4.1: Crystal ionic radii (A8) of
the elements incorporated in the MFI
framework.

Ion A8 [pm]

B3+ 41
Al3+ 67
Ga3+ 76
Fe3+ † 78
Ti4+ 74

† Assuming low spin state of
Fe3+.

7: As mentioned in Section 4.1 the
Fe-containing samples actually show
both parallelepiped and spherical
shapes. However, the crystals do not
show agglomerates and therefore
the microporous structure with well-
defined channels is likely maintained.

Regarding the micropore volume, the samples can be grouped in
three categories:

I High micropore volume: S, Al-S, Fe/Al-S, S and Ga-S;
I Intermediate micropore volume: B-S and Fe-S;
I Low micropore volume: Ti-S.

However, no correlation with the crystal ionic radius can be out-
lined in this case. Nevertheless, the variation of the values of
micropore volume is minor among the zeotype samples, being
again Ti-S an outlier in this case as well. 5

5: That Ti-S shows much lower val-
ues of BET surface area and micro-
pore volumemight be due to the pres-
ence of Ti species in extra-framework
position, that either have not been suc-
cessfully incorporated in the frame-
work during synthesis, or migrated
from the framework during calcina-
tion. However, further investigation
should be done in this matter.

The N2 sorption isotherms of all samples (see Figure 4.6) are of
Type IV of the IUPAC classification [54] and therefore further con-
firm the microporous structure of the zeotype samples. However,
different types of hysteresis can be observed according to the metal
incorporated in the MFI framework: 6

6: For clarity, the isotherms for one
sample per category are shown in
Figure 4.6.

I Type H1 of hysteresis: S, Al-S, B-S, Fe-S, and Fe/Al-S;
I Type H4 of hysteresis: Ga-S;
I Combination of Type H1 and H4: Ti-S.

Type H1 of hysteresis indicates the presence of well-defined chan-
nels with uniform sizes and shapes [54, 55]. Since the majority of
the zeotypes show this type of hysteresis, including the pure silic-
alite sample, it is reasonable to assume that S, Al-S, B-S, Fe-S, and
Fe/Al-S present a more similar microporous structure to the pure
MFI framework. Type H4 of hysteresis, instead, indicates materials
containing both micropores and mesopores and is often found in
zeolitic materials with aggregated crystals [54, 56]. Therefore, the
microporous structure of Ga-S seems to present a less uniform geo-
metry. The interpretations from the nitrogen sorption isotherms are
indeed supported by the SEM images (Figures 4.1 and 4.2), where it
was observed that S, Al-S, B-S, Fe-S, and Fe/Al-S are characterized
by independent single crystals, whilst Ga-S shows agglomerates
of crystals that might cause the formation of mesopores. 7 In this
perspective, the isotherms of Ti-S suggest the presence of both a
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Figure 4.6: Nitrogen adsorption-
desorption isotherms for the calcined
pure, Ga- and Ti-silicalite samples.
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8: See Paper I for a more detailed
explanation of this paragraph.

well-defined porous structure, and mesopores. Indeed, the SEM
images of Ti-S show both well-separated crystals and agglomerates
of crystals.

More insights about the metal incorporation in the zeotype struc-
ture can be deducted by considering the N2 adsorption isotherm
of each sample (see Figure 4.7). 8 It has previously been found that
the electrostatic interactions between the N2 molecules and the
internal surface of the zeolite can influence the shape of the ad-
sorption isotherms [57]. For example, it has been found that ZSM-5
zeolites with high Si/Al ratios show at high relative pressures a
second transition bump in the adsorption isotherm from liquid- to
solid-like state of the adsorbate [58]. In particular, the increase of
the amount of Al leads to a shift of this second transition towards
higher relative pressures. In the present study, we observe a similar
behavior, suggesting that different metals can influence the shape
of the isotherms in a similar way as the Si/Al ratio does. In this

Figure 4.7: Nitrogen adsorption iso-
therms of the pure, Fe- and Al-
silicalite samples.
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9: For clarity, the isotherm of one
sample per trend is shown in Figure
4.7.

10: The Polarized Raman spectro-
scopy experiments were not per-
formed by me and therefore only
the results that are most relevant for
this thesis are reported here below. A
more comprehensive interpretation
of the results from the polarized Ra-
man spectroscopy experiments can
be found in Paper II.

11: Indeed, the vibrations of the 10, 6,
5 and 4MR of the MFI framework are
energetically close to each other, and
depend on several factors, e.g. bond
angle, ring size and type of sub-unit
connection.

perspective, three trends can be observed regarding the position
and shape of the aforementioned second transition bump in the
adsorption isotherm: 9

I Pronounced bump at higher relative pressure: S, B-S and
Ti-S;

I Modest bump at lower relative pressure: Al-S and Ga-S;
I Intermediate behavior: Fe-S and Fe/Al-S.

Therefore, it seems that the incorporation of some metals in the
MFI framework leads to different adsorbate-adsorbent electrostatic
interactions. The parallelisms that these interactions might have
with the acidity of the samples will be further discussed.

Investigation of the local anisotropy of the zeotype
crystals

Polarized Raman spectroscopy has been used in order to charac-
terize the local anisotropy of the crystals of S and Al-S. 10 Indeed,
since the MFI framework is not isotropic in the different crystal
axes, bands related to elements that predominantly occur in one
direction can be emphasized by polarizing the incident light. The
Raman spectra of the pure silicalite sample recorded without ana-
lyzer at different polarization configurations are shown in Figure
4.8. It is well established in the literature that the Si –O–Si bending
and the O–Si–O and Si–O–Si stretching regions are observed
below and above 600 cm−1, respectively [59–62]. Furthermore,
the peaks in the region below 600 cm−1 are expected to red shift
with increasing ring size, and their intensities to increase with the
frequency [63]. However, a clear assignment of some vibrational
modes, for example of the ones related tomember rings of different
size, is still under debate. 11

B

200 400 600 800 1000

Raman shift [cm  ]-1

R
am

an
 in

te
ns

ity
 (

a.
u.

)

Circular

Orthogonal (y)
Normal (x)

294

383

472

803
832 Figure 4.8: Raman spectra collected

from the upper a-c plane of a single
crystal of S with the incident light
being circularly (black line), normally
(blue line) and orthogonally (red line)
polarized.
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12: See Figure 2.3 for a detailed rep-
resentation of the MFI framework.

13: The 4 MR are only present in the
a-c plane of the silicalite crystal, and
therefore, in the laboratory coordin-
ates, are visible only when the incid-
ent light is normally polarized.

14: Another difference in the spectra
of S and Al-S is the presence of a
peak at 974 cm−1, assigned toAl–OH
stretching with the Al sitting at the
positions shared between 5 MRs.

15: Here the O–H stretching region
could be recorded thanks to a high
frequency laser coupled with appro-
priate grating.

Based on these considerations and in linewith previous studies, the
peaks at 472, 383, 360 and 294 cm−1 of Figure 4.8 are assigned to the
Si –O–Si bending vibrations of the 4, 5, 6 and 10 MR, and the peak
at 832 cm−1 to the stretching of the Si –O–Si bonds shared between
5 MRs. 12 The novelty of Figure 4.8 consists on the dependence of
the intensity of the aforementioned peaks on the polarization of
the incident light. For example, the peak at 472 cm−1, and the peaks
at 383 and 832 cm−1 are emphasized when the incident light is
normally and orthogonally polarized, respectively. 13 Moreover, as
expected, the intensities of these peaks are intermediate when the
incident light is circularly polarized. These aspects are therefore
a direct manifestation of the anisotropy of the MFI framework
structure and have not been shown before in the literature.

The Raman spectrum of Al-S shows that the characteristic frequen-
cies and the relative intensities are the same of the ones of the
Raman spectrum of S (Figure 4.9a), confirming the integrity of the
MFI framework after the isomorphous substitution of Si with Al.
However, the peaks of the spectrum of Al-S are overall broader,
indicating an increased disorder in the MFI framework. The peak
at 472 cm−1 is the least affected by this line broadening, suggest-
ing that the 4 MRs are the least probable sites for the Al atoms.
14 Further information about the local anisotropy of Al-S could
be obtained by considering different polarization of the incident
light (see Figure 4.9b). 15 The peak at 3611 cm−1 is assigned to the
O–H stretching vibration of the Brønsted acid sites generated by
Al, and will be discussed in detail in the results of the DRIFTS
experiments in Section 4.2. The peak at 3663 cm−1 is not observed
in the DRIFTS experiments and is assigned to the O–H stretching
of Al species in extra-framework position [64]. Both peaks are more
emphasized when the incident light is polarized along the a-axes
of the zeotype crystal, suggesting that the –OH groups are likely
oriented towards this direction.

Take-home message

The SEM and TEM images showed high crystallinity of all
prepared zeotype samples, and that the use of different metal
precursors led to some differences in the crystals morphology.
XRDconfirmed that all samples show theMFI type of framework
structure. The microporous structure was further confirmed
by N2 sorption, that gave additional information about metal
incorporation. Polarized Raman spectroscopy allowed to clarify
previous assignments found in the literature of some peaks
related to the n-member rings of the MFI framework and to
speculate on the position of the Brønsted acid sites in the
Al-silicalite sample.
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Figure 4.9: a) Raman spectra collec-
ted from single crystals of S and Al-S
with the polarization of the incident
light parallel to the c-axis. b) High
frequeny range of Raman spectra re-
corded at parallel conditions with the
polarization of the incident laser par-
allel to the c-axis (IGG) or the a-axis
(IHH).

16: See Paper I form a more detailed
explanation of this paragraph.

17: The difference in temperature at
which the doublet of peaks at 2330
and 2440 cm−1, and the peaks at 2880,
2944 and 2980 cm−1 appear, might be
related to the Van der Waals interac-
tions between the SDA and the chan-
nels in the as synthesized zeotype
discussed in Section 2.2. Indeed, by
increasing the temperature in an ox-
idizing environment, the SDA likely
first loses contact with the framework
and only at higher temperatures it
oxidizes, ultimately to CO2.

4.2 Chemical characterization of the samples
using DRIFTS

From the SDA- to the H+-form of the zeotype samples

The removal of the SDA from the zeotype channels by calcination
was followed by DRIFTS for all samples. 16 As example, the spectral
series of S is presented in Figure 4.10. The doublet of absorption
peaks at 2330 and 2440 cm−1 which appears at around 350 ◦C
clearly indicates the formation of CO2 and thus the complete
oxidation of the propyl chains of the TPA+ ions. The negative
absorption peaks at 2880, 2944 and 2980 cm−1 are assigned to C–H
stretching vibrations of the propyl chains of the TPA+ ions [65, 66]
and thus indicate elimination of the SDA. 17 The positive absorption
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Figure 4.10: Background subtracted
IR spectra of the as synthesized silic-
alite sample recorded during calcin-
ation in 10% O2/Ar from 250 to 500
◦C. The background spectrum was
taken at 200 ◦C in 10% O2/Ar.
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18: These absorption peaks are not
present in the spectra of B-S, Ga-S and
Ti-S (see Paper IV), suggesting that
most of the SDAwas removed during
the calcination of the as synthesized
sample. However it should be noted
that in Figure 4.11 the intensities of
these absorption peaks are very weak.

19: See Figure S3b in the Supplement-
ary Information of Paper IV.

peak at 3740 cm−1 is assigned to the O–H stretching vibrations
of the terminal silanol groups (–––Si –OH) and is typical for silica
based materials [67]. This peak forms and evolves concurrently
with the absorption peaks in the C–H stretching vibrations region
assigned to the elimination of the SDA. This fact suggests that the
silanol groups become IR visible as soon as the TPA+ ions lose
contact with the internal surface of the zeotype and thus is in
line with the fact that the TPA+ ions interact via Van der Waals
interactions with the surface of the zeotype.

The activation of the zeotypes from the NH+4 - to the H+-form by
calcination was followed by DRIFTS for all samples. As example,
the spectral series of Fe-S is presented in Figure 4.11. The negative
absorption peaks at 2880 and 2944 cm−1 are again assigned to the
C–Hstretchingvibrations of thepropyl chains of theTPA+ ions and
thus indicate that not all SDA was removed during the calcination
of the as synthesized sample. 18 The negative absorption peak
at 3370 cm−1 is assigned to N–H stretching vibrations and thus
indicates the activation of the zeotype from the NH+4 - to the H+-
form. Absorption peaks other than the absorption peak assigned
to terminal silanol groups appear in the O–H stretching vibration
region. The facts that the position of these peaks depends on the
metal added during synthesis and that they evolve together with
the absorption peak at 3370 cm−1 suggest that these –OH groups
belong to the zeotype Brønsted acid sites, BASs (–––Si –O(H)–Me––– ,
Me = Al, B, Fe, Ga). Ti-S shows only one sharp absorption peak
in the O–H stretching vibration region at 3735 cm−1, assigned to
the O–H stretching of Si –OH. 19 Indeed Ti-S is not expected to
present any Brønsted acidity, since the oxidation state of Ti is +4
and therefore the electroneutrality of the framework is maintained
when Ti4+ substitutes Si4+ [68].

Figure 4.11: Background subtracted
IR spectra of Fe-S in the NH+4 -form
recorded during calcination in 10%
O2/Ar from 250 to 500 ◦C.The back-
ground spectrum was taken at 200
◦C in 10% O2/Ar.
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Acidity of the zeotype samples

In Figure 4.12 the spectra recorded at room temperature in Ar
after calcination of all samples in the NH+4 -form are presented.
As previously mentioned, the position of the absorption peak
assigned to the O–H stretching vibrations of the –OH groups
belonging to the BASs depends on the metal incorporated in the
MFI framework during synthesis. The position of the BASs peak
is caused by the different influence the heteroatoms have on the
–OH groups belonging to the BASs (see Section 2.1 for a more
detailed explanation). Finally, the following series of increasing
acidity can be outlined: 20

20: The fact that Fe/Al-S shows
a broader and less intense peak
centered at 3620 cm−1 is likely due
to the presence of two types of BASs
(one generated by Fe and one by Al)
whose absorption peaks overlap in
the IR spectrum. S and Ti-S show no
peaks other than the peak assigned
to the terminal silanol groups in this
region. Indeed, as mentioned before,
S and Ti-S are not expected to present
any Brønsted acidity.

0 = S = Ti-S < B-S < Fe-S < Fe/Al-S < Ga-S < Al-S
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Figure 4.12: IR spectra recorded at
room temperature in Ar of the cal-
cined zeotype samples and schematic
representation of the Brønsted acid
sites and the O–H stretching vibra-
tion. Drawing produced by Vesta.[13]
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21: A complete assignment of the
peaks of the entire spectra after NH3
adsorption can be found in Paper I.

Additional experiments were performed to further investigate the
O–Hstretching vibration region of the IR spectra of all samples and
to confirm that the BASs are actually generated by the heteroatoms
in framework position. Particular attention was given to Fe-S as
nitrogen sorption, SEM and NO adsorption show the presence of
Fe in extra framework position.

After exposing the samples to NH3, the absorption peak assigned
to the silanol groups and the BASs partially and completely dis-
appears, respectively. As example, the IR spectra of Fe-S in the
H+-form before and after NH3 adsorption are shown in Figure
4.13a. This indicates that some terminal –––Si –OH remain intact
whilst the BASs are totally substituted by –––Si–O(NH4) –Fe––– spe-
cies, confirming the stronger adsorption strength of the BASs
compared to terminal –––Si –OH. 21

The IR spectra of Fe-S in the Na+- and the NH+4 -forms reported
in Figure 4.13b and c do not show any peaks other than the peak
assigned to the terminal –OH in the O–H stretching vibration
region. These facts further confirm that in Fe-S some Fe is in
framework position in place of Si and that the acidic properties
discussed in this work are only related to the Fe incorporation in
the zeotype structure. 22

22: Indeed, if one speculates the pres-
ence of some Fe species other than
framework species capable to influ-
ence the zeotype acidity, it is reas-
onable to assume that these Fe spe-
cies are present already in the as syn-
thesized material, or at least after the
elimination of the organic template.
Contrary, the –OH groups with acid
properties are present only after the
calcination of the zeotype in theNH+4 -
form.

An IR spectrum of the Fe-impregnated silicalite sample was re-
corded after O2 pretreatment at room temperature in Ar to fully
exclude the possibility that extra framework Fe species could influ-
ence the zeotype acidity (Figure 4.13d). Again, no peaks other than
the peak assigned to the terminal silanol groups can be identified
in this region.
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Figure 4.13: a) IR spectra recorded in Ar at room temperature before and after NH3 adsorption on Fe-S in the H+-form.
b) Background subtracted IR spectrum of Fe-S after elimination of the SDA recorded at room temperature in Ar (the
background was taken at 200 ◦C in 10% O2/Ar). c) IR spectrum of Fe-S in the NH+4 -form recorded at room temperature
in Ar. d) IR spectrum of the Fe-impregnated silicalite sample recorded at room temperature in Ar after 1 h 10% O2/Ar
pretreatment at 500 ◦C.
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23: The same experiments were per-
formed on S and Al-S for comparison.
The entire spectra are reported in the
Supplementary Information of Paper
I.

24: i.e. to the fact that the Al-BASs
donate protons easier than the Fe-
BASs in favor of NO+ species.

Investigation of the Fe species in the Fe-silicalite sample

To further investigate the Fe species in the Fe-containing samples,
NO adsorption experiments were performed with DRIFTS on Fe-S
and Fe/Al-S (see Figure 4.14). 23 The doublet of absorption peaks
at 1580 and 1615 cm−1 and the absorption peak at 2135 cm−1 are
assigned to bridging and bidentate nitrates[69], and NO+ species
occupying cationic position in the microporous structure[70], re-
spectively. The doublet of absorption peaks at 1580 and 1615 cm−1

suggests the presence of extra framework Fe species capable of ox-
idizing NO to NO−3 , but further experiments should be performed
to clarify the nature of these Fe species. The fact that the absorp-
tion peak at 2135 cm−1 can only be observed in the Al containing
samples might be due to the higher acidity of the Al-BASs. 24
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Figure 4.14: Background subtracted
IR spectra recorded at room temper-
ature in Ar after NO adsorption on S
andAl-S, Fe-S and Fe/Al-S in theH+-
form. The background spectra were
taken before each experiment at room
temperature in Ar.

Further investigation of the Fe-exchanged samples with
DRIFTS

In Figure 4.15
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Figure 4.15: IR spectra recorded at
room temperature in Ar of Ga-S and
Fe4G-Ga-S.

the O–H stretching region of the spectra of Ga-S in
the H+-form and after Fe-exchange is shown. With comparison to
the absorption peak assigned to the Si –OH, the absorption peak
at 3617 cm−1 assigned to the Ga-BASs decreases in intensity after
Fe-exchange. Assuming that the Fe-exchange does not significantly
affect the terminal silanol groups, this indicates the successful
addition of Fe in ion-exchange position. However, the presence of
the peak at 3617 cm−1 in the spectrum of Fe4G-Ga-S suggests that
some Brønsted acid sites are still present in the zeotype sample
and, thus, that the ion-exchange was not complete. Similar results
have been obtained after Fe-exchanging Al-S, B-S and Fe-S.
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Take-home message

The in situ IR spectra collected during the elimination of the
TPA+ from the as synthesized samples showed that TPA+ ions
are enchlatrated in the MFI framework, functioning indeed as
directing agents rather than organic templates. The IR spectra
collected during the activation of the NH+4 -form of the zeotypes
showed that –OH groups with acidic properties are present
when Si is isomorphically substituted by a metal with oxidation
state +3 in the MFI framework. A series of increasing acidity
could be outlined and further IR experiments confirmed that the
acidity of the samples derives only from the metal in T position.
That the intensity of the peak assigned to the BASs decreased
after Fe-exchange of all samples confirmed the successful ion-
exchange.



1: where 3 indicates that the order
of the rotational axis is 3 and v indic-
ates that there are only vertical mirror
planes containing the main axis.

2: where S indicates that there is only
one mirror plane.

3: Indeed, in previous studies, the
absorption peaks assigned to the
C–H stretching vibrations of meth-
oxy groups adsorbed on zeolites oc-
cur both in triplets and in doublets,
depending on the type of adsorption
site.

Ad-species during
methanol-TPD and methane

exposure with DRIFTS 5
5.1 Symmetry of methoxy groups

Temperature programmed desorption of CH3OH and CH4 expos-
ure experiments followed by DRIFTS were performed in order to
investigate two of the key steps in the direct conversion of methane
tomethanol, namely the extraction of CH3OH and the activation of
CH4. To better understand the evolution of the methoxy ad-species,
particular attention was given to the –CH and the –OH stretching
regions of the spectra. Therefore, it can be helpful to shortly de-
scribe the symmetries of the vibration modes of the –CH3 group
to more clearly discuss the results from the CH3OH-TPD and the
CH4 exposure experiments.

The symmetry of methyl groups (–CH3) belongs to the rotational
group C since there is only one rotational axis. Furthermore, in
most chemical structures, the three C–H bonds of a methyl group
are equivalent and therefore the –CH3 group has C3E

1 type of
symmetry [71]. Thus, a methyl group usually shows one symmetric
and two degenerate antisymmetric C–H stretching modes. In a
free molecule of methanol, instead, the three C–H bonds are not
equivalent because of the contribution of the oxygen atom and
therefore the –CH3 group has C( 2 type of symmetry. Thus, three
absorption peaks are expected to be present in the C–H stretch-
ing vibration region of the IR spectrum of CH3OH: one for the
symmetric, one for the out-of-plane antisymmetric and one for
the in-plane antisymmetric C–H stretching vibration. Therefore,
the symmetry of the –CH3 groups belonging to methoxy groups
formed on adsorption sites in zeolites, and thus the number of
relative absorption peaks, depends on the structure of the adsorp-
tion site and the surrounding local environment. 3 A schematic
representation of the different types of symmetries of the methoxy
groups adsorbed on adsorption sites, together with the molecule
of methanol, is reported in Figure 5.1.
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Figure 5.1: Schematic representation
of the methanol molecule and meth-
oxy groups adsorbed on BASs (Me =
metal), other metal sites and terminal
silanol groups (from left to right). The
presence and the absence of the blue
mirrors indicate the C3E and the C(
type of symmetries, respectively, of
the –CH3 groups.
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4: For clarity, the IR spectra related
to the intermediate temperature steps
are not shown as they would not give
additional information to the study.
Furthermore, the spectral series of S
and Fe/Al-S are not shown since the
first shows similar features to B-S and
the latter shows intermediate beha-
vior between Fe-S and Al-S.

Take-home message

Methoxy groups show different symmetry depending on the ad-
sorption site, and therefore different numbers of non-degenerate
absorption bands are expected in the relative IR spectra.

5.2 Temperature programmed desorption of
methanol with DRIFTS

In Figure 5.2 the complete spectral series of Ga-S collected during
CH3OH-TPD is shown. It is clear that the C–H and the O–H
stretching regions are the most relevant in order to investigate the
evolution of the surface species during the experiment. Therefore,
particular attention will be given to these two regions for the
spectral series of the other samples.

In Figure 5.3a, the C–H stretching region of the IR spectra of all
samples recorded at 50, 250 and 450 ◦C after CH3OH adsorption
is shown. 4 It can be observed that the higher the acidity of the
samples, the more intense are overall the absorption peaks in

Figure 5.2: Complete background
subtracted CH3OH-TPD IR spectral
series recorded in Ar from 25 to 450
◦C (steps of 25 ◦C) of Ga-S in the H+-
form. The background spectrum was
taken in Ar at room temperature after
the 10% O2/Ar pretreatment and be-
fore CH3OH adsorption.
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5: Ti-S shows additional absorption
peaks around 2930 and 2830 cm−1.
With regard to the first peak, a pro-
nounced shoulder at 2930 cm−1 has
previously been assigned to an over-
tone or a combination of the bending
modes of themethoxy species belong-
ing to methanol adsorbed at room
temperature on pure silicalite [73]. To
the authors’ knowledge, no assign-
ment has previously been done in the
literature to absorption peaks around
2830 cm−1 for silicalite samples after
CH3OH adsorption. However, this
peak markedly decreases in intens-
ity as the temperature of the DRIFTS
cell is increased, and ultimately disap-
pears at 200 ◦C. It is thus reasonable
to assume that the adsorbed species
whose vibrations result in the peak
around 2830 cm−1, are not strongly
bound to the surface of Ti-S.

the IR spectra, and therefore the higher the adsorption strength
of the samples towards the adsorbed species. In particular, the
spectra of S and Ti-S show similar trends and absorption peaks
with overall lower intensity. Indeed, both S and Ti-S have shown
no Brønsted acidity, as revealed in Figure 4.12, and therefore they
are not expected to have strong adsorption sites.

As mentioned in Section 5.1, liquid methanol shows methyl groups
with C( type of symmetry. Indeed, three absorption peaks at 2980,
2946 and 2834 cm−1 are observed in the C–H stretching region
of the IR spectra of liquid methanol, which are assigned to the
out-of-plane antisymmetric, the in-plane antisymmetric and the
symmetric C–H stretching vibration, respectively [72]. At 50 ◦C,
methanol is hydrogen bonded to the zeotype surface and the
methyl groups have therefore a C( type of symmetry as well. The
absorption peaks for all samples in Figure 5.3a at 2998 and 2954,
and 2852 cm−1 are thus assigned to the two antisymmetric and
the symmetric C–H stretching vibrations of methanol hydrogen
bonded to the zeotype surface. 5 The blueshift of the absorption
peaks in the spectra of adsorbed CH3OH in Figure 5.3a compared
to liquid CH3OH [72] is due to the interaction of the molecule
with the zeotype surface and has previously been observed in the
literature [74, 75].

As the temperature of the DRIFTS cell is increased, the physisorbed
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Figure 5.3: a) Background subtracted CH3OH-TPD IR spectra recorded in Ar at 50, 300 and 550 ◦C of Al-S, B-S, Fe-S, Ga-S
and Ti-S in the H+-form. The background spectra were taken in Ar at room temperature after the 10% O2/Ar pretreatment
and before CH3OH adsorption; b) Background subtracted CH3OH-TPD IR spectral series recorded in Ar from 200 to 550
◦C (steps of 50 ◦C) of Ga-S in the H+-form. The background spectrum was taken in Ar at room temperature after the 10%
O2/Ar pretreatment and before CH3OH adsorption.
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6: Assuming a C3E type of symmetry
of the adsorbed methoxy groups, two
peaks are expected for each type of ad-
sorption site (two degenerate for the
antisymmetric and one for the sym-
metric C–H stretching vibrations).

7: The spectra of Al-S show similar
behavior, but the negative absorp-
tion in the O–H stretching region is
centered at 3610 cm−1.
8: It should be noted that the intens-
ities of the peaks at 2855 and 2956
cm−1, on one side, and the intens-
ity of the peak at 2978 cm−1, on the
other side, are generated by species
that occur in different amounts in
Ga-S and Al-S (Si/Al = Si/ Ga = 50).
Furthermore, the peaks at 2855 and
2956 cm−1 clearly appear already at
a lower temperature and decrease
in intensity during the TPD exper-
iments, whilst the peak at 2978 cm−1

appears only at higher temperatures.
For these reasons, a direct compar-
ison of the intensities of the afore-
mentioned peaks might lead to misin-
terpretations. Therefore, we suggest
that the formation of the peak at 2978
cm−1 at 250 ◦C and its disappear-
ance at higher temperatures indicate
the high adsorption strength of Ga-
and Al-BASs towardsmethanol in the
form of methoxy groups.

methanol desorbs, leaving only the methoxy species that are more
strongly bound to the zeotype adsorption sites. Two and three
absorption peaks can be observed in the spectra of Ti-S, B-S and
Fe-S, and in the spectra ofGa-S andAl-S, respectively. This suggests
that methoxy groups are adsorbed on one type of adsorption site in
Ti-S, B-S and Fe-S, and on two types of adsorption site in Ga-S and
Al-S. 6 The absorption peaks at 2956 and 2855 cm−1, in common for
all samples, have previously been assigned to the antisymmetric
and symmetric C–H stretching vibration of –––Si –O(CH3) species,
respectively [46, 75]. Absorption peaks around 2980 cm−1 were
previously observed after CH3OH adsorption on Al-containing
ZSM-5 zeolites. It is widely accepted that the latter absorption peak
is assigned to the antisymmetric C–H vibration ofmethoxy groups
strongly bound on BASs generated by Al after CH3OH adsorption
[75–78]. Furthermore, as it will be discussed in Section 5.3, an
absorption peak at 2978 cm−1 is assigned to the antisymmetric
C–H vibration of methoxy groups adsorbed on BASs generated
by Fe after CH4 exposure. Therefore, it seems that the type of
metal which generates the BASs does not significantly influence
the position of the peak assigned to the C–H stretching of the
methoxy groups adsorbed on the BASs.

Based on these considerations, the absorption peaks in the spec-
tra of Ga-S and Al-S at 2978 cm−1 in Figure 5.3a are assigned
to the antisymmetric C–H stretching of –––Si –O(CH3) –Al––– and
–––Si–O(CH3) –Ga––– species, respectively. This assignment is fur-
ther supported by Figure 5.3b,where theO–HandC–H stretching
regions of the CH3OH-TPD IR spectral series of Ga-S are shown
with smaller temperature-steps than in Figure 5.3a. 7 As soon as
the positive peak at 2978 cm−1 forms at around 250 ◦C, a negative
peak at 3618 cm−1 forms as well, and these two peaks evolve to-
gether as the temperature of the DRIFTS cell is increased. Since the
absorption peak at 3618 cm−1 was assigned to the O–H stretch-
ing vibration of Ga-BASs (Figure 4.12), Figure 5.3b clearly shows
that methoxy groups become IR visible at the expenses of –OH
groups belonging to Ga-BASs, confirming our assignment of the
absorption peak at 2978 cm−1. 8 It is noteworthy that B-S and Fe-S
show no peaks other than the ones assigned to the C–H stretching
vibration of –––Si –O(CH3), suggesting that B- and Fe-BASs are not
strong adsorption sites towards CH3OH.

The IR spectra of Ga-S and Al-S are the only ones showing clear
absorption peaks at 450 ◦C, indicating some methoxy groups are
still adsorbed on the zeotype surface. B-S, Fe-S and Ti-S show
absorption peaks with lower intensities, suggesting that most
methoxy species are desorbed in the last step of the TPD exper-
iments. That the spectrum of Ga-S shows the absorption peak
at 2978 cm−1 and the spectrum of Al-S does not, is still unclear.
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9: The CH4 exposure experiments
were performed only for S, Al-S, Fe-S
and Fe/Al-S in the H+-form. Indeed,
they belong to the batch of samples
I synthesized earlier in my doctoral
studies, and therefore more time was
available for amore extensive investig-
ation of their properties. Further stud-
ies should be carried on B-S, Ga-S and
Ti-S and the Fe-exchanged samples to
obtain a more complete overall char-
acterization.

Indeed, as shown in Figure 4.12 and supported by the literature, the
Ga-BASs are weaker than the Al-BASs, and therefore are expected
to show weaker adsorption strength towards the methoxy groups.
Therefore, further investigations should be done regarding this
matter.

In Figure 5.4 the C–H stretching region of the IR spectra of
Fe4G-Ga-S recorded at 50, 250 and 450 ◦C after CH3OH adsorption
is shown. These spectra are very similar to the spectra of Ga-S
recorded during CH3OH-TPD (see Figure 5.3).
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Figure 5.4: Background subtracted
CH3OH-TPD IR spectra recorded in
Ar at 50, 250 and 450 ◦C of Fe4G-Ga-S.
The background spectrumwere taken
in Ar at room temperature after the
10% O2/Ar pretreatment and before
CH3OH adsorption.

Indeed, at 50 ◦C,
the peaks at 2998, 2954 and 2852 cm−1 are assigned to the C–H
stretching vibrations of CH3OH hydrogen bonded to the zeotype
surface. At 150 ◦C the absorption peaks at 2956 and 2855 cm−1

are assigned to the C–H stretching vibrations of –––Si –O(CH3)
species. The presence of the absorption peak at 2978 cm−1 assigned
to the C–H stretching vibrations of ––Si –O(CH3) –Ga–– species
confirms that Fe4G-Ga-S still shows BASs and that they are capable
of binding CH3OH as methoxy groups. At 450 ◦C, the spectrum
shows still absorption peaks, indicating that methoxy groups are
still adsorbed on the zeotype surface. Similar results have been
obtained for Al-S, B-S, Fe-S, Fe/Al-S and Ti-S in the Fe-exchanged
form. Therefore, further investigations on Fe-exchange samples
should be done in order to better investigate the influence of the
ion-exchange on CH3OH-TPD experiments.

The IR spectra recorded during the CH3OH-TPD experiments
showed that the lower the acidity of the sample, the lower the
overall adsorption strength towards methanol. Furthermore,
methoxy groups are formed at high temperatures on BASs only
in the samples showing stronger Brønsted acidity. This indicates
that acidity is indeed a descriptor for CH3OH desorption from
zeotype surfaces. Further investigation should be done on the
Fe-exchanged samples since no significant differences from the
parent materials in the H+-form could be observed.

5.3 Methane exposure with DRIFTS

CH4 exposure experiments were performed to evaluate whether
the samples are capable of adsorbing methane and therefore to
gain knowledge on the CH4 activation step in the direct conversion
of methane to methanol. 9 The samples were also exposed to
water to simulate the last step in the DCMM, i.e. the extraction of
methanol using a solvent. Before exposing the samples to CH4, the
samples were pretreated in N2O at 200 ◦C as it has been shown in
literature that Fe-containing zeolites form active species towards
the DCMM in these conditions. In this Section, the abbreviations
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10: The IR spectra recorded after 30
minutes of CH4 exposure are not
shown as they would not give ad-
ditional information to the study. The
background subtracted spectra re-
corded in Ar before exposing the
samples to CH4 are also reported
to confirm the absence of impurities,
which could mislead the interpreta-
tion of the spectra.

11: Indeed, Fe-S contains twice the
amount of Fe than Fe/Al-S and there-
fore it is reasonable that the latter
shows lower activity for CH4 activa-
tion.

12: In those studies, CH4 activation
by zeolites where Fe is not incorpor-
ated in the MFI framework was in-
vestigated.

Fe-BASs and Fe-extra will be used. Fe-BASs refers to Brønsted acid
sites generated by Fe in the MFI framework. Fe-extra refers to iron
species in extra-framework position present in the channels and
cages of the zeotype. The latter iron sites are the result of the
instability of the metal in the MFI framework, which therefore
tends to migrate from framework to extra-framework position.

In Figure 5.5 theC–Hstretching regionof the spectra recorded after
CH4 and H2O exposure are reported for S, Al-S, Fe-S and Fe/Al-S.
10 S andAl-S shownoabsorptionpeaks,meaning that these samples
are not capable of activating CH4. The Fe-containing samples,
instead, show absorption bands in this region, indicating formation
of methoxy groups on adsorption sites of the zeotype samples.
The presence of four absorption bands in the C–H stretching
region of the spectra of the Fe-containing samples suggests that
methoxy groups are adsorbed on at least two different types
of Fe-sites. Furthermore, Fe/Al-S shows generally less intense
absorption peaks in this region compared to Fe-S, indicating that
fewer methoxy groups are adsorbed on the adsorption sites. 11 This
further confirms the inactivity of the Al sites of the Al-containing
zeotype samples for CH4 activation.

The assignment of the absorption peaks in the C–H stretching
region of the spectra recorded after CH4 exposure has been chal-
lenging. Other research groups have previously performed CH4 ex-
posure experiments followed by IR spectroscopy on Fe-containing
zeolites [44, 76, 79]. However, although there are some similarities
between those studies and the study described here, 12 the activa-
tion of CH4 by zeotypeswith Fe incorporated in theMFI framework
has not been investigated in the literature to my knowledge, and
therefore the absorption peaks of Figure 5.5 represent a novelty
in the field. As shown in Figure 5.5, four absorption peaks in the
spectra of the Fe-containing samples appear after CH4 exposure,

Figure 5.5: Background subtracted IR
spectra recorded at 250 ◦C in Ar after
exposing S, Al-S, Fe-S and Fe/Al-S
in the H+-form to 2% CH4/Ar at
250 ◦C for 0 and 1 hours and to 4%
H2O/Ar at 250 ◦C for 30 minutes.
The background spectra were taken
in Ar at 250 ◦C after the pretreatment
in 500 ppm N2O/Ar and before CH4
exposure.
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13: This is supported in literature by
the fact that Fe-containing zeolites
and zeotypes have predominantly
shown formation of methoxy groups
upon CH4 exposure experiments.

14: This is supported by the absence
of any absorption peaks in the C–H
stretching region of the spectra col-
lected after CH4 exposure of S and
Al-S.

15: Previous research groups assign
one symmetric and two antisymmet-
ric vibrations for the C–H stretch-
ing of methoxy groups adsorbed on
Fe-extra sites. The latter suggests a
C( type of symmetry of the –CH3
groups belonging to the methoxy
groups adsorbed on Fe-extra sites.
This is further confirmed by the reac-
tion sequence (proposed in [76] and
supportedbyDFTcalculations in [80])
for the formation of methoxy species
on Fe sites during the oxidation of
CH4 by N2O.

16: As seen in in the previous Section,
it is well established that methoxy
groups adsorbed on BASs show C3E
type of symmetry.

centered at 2978, 2936, 2915 and 2876 cm−1. Other research groups
have previously assigned peaks at 2964 and 2920, and 2823 cm−1

to the two antisymmetric and the symmetric C–H stretching vibra-
tion of methoxy groups adsorbed on N2O-activated Fe-containing
zeolites upon methane exposure. In order to follow these results
from previous literature, the rationale for the assignment of the
absorption peaks in Figure 5.5 is built on the following:

I Methoxy groups are the most likely species formed upon
CH4 exposure on the Fe-containing silicalite samples; 13

I Methoxy groups are formed only on Fe-species in the Fe-
containing samples; 14

I The Fe-BASs and the Fe-extra sites are the most plausible
adsorption sites for the methoxy groups. Indeed, it was
shown that some Fe is in framework position in Fe-S and
Fe/Al-S and it is shown in literature that Fe-zeolites show
the formation of Fe-extra upon N2O exposure;

I Five vibration modes, and thus five distinct absorption peaks
in the C–H stretching region of the spectra of Fe-S and
Fe/Al-S of Figure 5.5, are expected: one symmetric and two
antisymmetric for the Fe-extra, 15 and one symmetric and
two degenerate antisymmetric for the Fe-BASs 16.

Based on these considerations, the absorption peaks at 2978 and
2876 cm−1 in Figure 5.5 are assigned to the antisymmetric and
symmetric C–H stretching vibrations ofmethoxy groups adsorbed
on Fe-BASs. This is the most plausible assignment since:

I Absorption peaks in these positions have not been ob-
served for Fe-containing zeolite samples where Fe is in
extra-framework position, upon CH4 exposure;

I Adsorption of methoxy groups on Fe-BASs has not been
investigated in literature before, to my knowledge;

I Absorption peaks centered at 2978 and 2867 cm−1 have pre-
viously been assigned to the antisymmetric and symmetric
C–H stretching vibrations of methoxy groups adsorbed on
Al-BASs.

The negative absorption peak at 3630 cm−1 for Fe-S (see Figure
5.6) further confirms this assignment. Indeed, it was shown in
Figure 4.12 that the O–H stretching vibration of the Fe-BASs in
Fe-S results in an absorption peak centered at 3630 cm−1. Therefore,
the aforementioned peak in Figure 5.6 suggests the loss of –OH
groups belonging to Fe-BASs in favor of the adsorption of methoxy
groups.

The absorption peaks centered at 2936 and 2915 cm−1 in the
spectra of Figure 5.5 are assigned to the antisymmetric C–H
stretching vibrations of methoxy groups adsorbed on Fe-extra sites.
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The relative symmetric vibration might be covered by the other
vibrations whose
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Figure 5.6: O–H stretching region of
the background subtracted IR spec-
tra recorded at 250 ◦C in Ar after
exposing Fe-S in the H+-form to 2%
CH4/Ar at 250 ◦C for 0 and 1 hours.
The background spectrum was taken
in Ar at 250 ◦C after the pretreatment
in 500 ppm N2O/Ar and before CH4
exposure.

absorption peaks are adjacent in the spectra, e.g.
the peak assigned to the symmetric C–H stretching vibration of
the methoxy groups adsorbed on Fe-BASs. A possible explanation
is the different IR setup used in this study compared to the one
used in the previous literature. 17

17: Indeed, it is not unusual that
the relative intensities of absorption
peaks in IR spectroscopy differ from
diffuse reflectance and transmittance
mode [81].

Furthermore, since the structure
of the Fe-extra active towards CH4 activation is still under debate, I
do not exclude the possibility that the methoxy groups adsorbed
on Fe-extra sites show a C3E type of symmetry. In the latter case,
the absorption peaks centered at 2936 and 2915 cm−1 in Figure
5.5 could be assigned to the antisymmetric and symmetric C–H
stretching vibrations of methoxy groups adsorbed on Fe-extra
sites.

Regarding the role of the different Fe sites during the CH4 exposure
experiments, that the Fe-BASs are active towards CH4 dissociative
adsorption and partial oxidation is unlikely. Following also pre-
vious literature, it is, instead, likely that only Fe-extra are active
towards CH4 activation. In this case, the Fe-BASs would solely
aid as adsorption sites for methoxy groups previously formed on
Fe-extra sites. 18

18: It should also be noted that the ab-
sorption peak centered at 2978 cm−1

is the most pronounced and intense
of the quadruplet in the spectra of
Figure 5.5 after 1 h of CH4 exposure.
Therefore, it is reasonable to assume
that there are more Fe-BASs where
methoxy groups are adsorbed than
Fe-extra sites. In this perspective, Fe-
BASs seem to act as efficient methoxy-
storage sites once CH4 is activated by
the Fe-extra.

Moreover, it is noteworthy that the intensities of
all absorption peaks decrease after H2O exposure, suggesting that
some methoxy groups are protonated and desorb from the adsorp-
tion sites of the zeotype samples. A more pronounced decrease of
the intensity of the absorption peak centered at 2978 cm−1 after
H2O exposure compared to the absorption peak centered at 2936
cm−1 is observed. Therefore, one could speculate on the higher
adsorption strength of the Fe-extra sites towards CH4 and the more
facile desorption of the methoxy groups during H2O exposure
from the Fe-BASs.

Take-home message

In the CH4 exposure experiments, absorption peaks could only
be observed in the spectra of Fe-S and Fe/Al-S, suggesting that
the presence of Fe promotes CH4 activation. The assignment
of the peaks led to the conclusion that methane is activated by
extra-framework Fe species, and eventually further adsorbed
on the Fe-BASs.
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6.1 What have I shown?

Silicalite zeotypes with the MFI framework have been synthesized with Al, B,
Fe, Ga and Ti in framework position. A pure silicalite sample, i.e. only with Si
and O, have been prepared for comparison. The SEM and TEM images have
shown high crystallinity of all prepared zeotype samples, and that the use of
different metal precursors has led to some differences in the crystals morphology.
XRD confirmed that all samples show the MFI type of framework structure. The
microporous structure is further confirmed by N2 sorption, that gave additional
information about metal incorporation. Polarized Raman spectroscopy allowed to
clarify previous assignments found in the literature of some peaks related to the
n-membered rings of the MFI framework and to speculate on the position of the
Brønsted acid sites in the Al-silicalite sample.

A delay between the elimination of the structure directing agent and the formation
of CO2 as its ultimate combustion product has been observed in the IR spectral
series recorded during the removal of the organic molecule by calcination from the
zeotype framework of the as synthesized samples. This fact suggests that the TPA+

ions first lose contact with the internal surface of the zeotype as consequence of
the breakage of the Van derWaals interactions, and then at higher temperature are
oxidized toCO2. The simultaneous disappearance of –NHspecies and appearance
of acid –OH species in the IR spectral series recorded during calcination of the
NH+4 -form of the zeotype samples suggest the assignments of the latter peaks
to the O–H stretching vibration of the Brønsted acid sites of the zeotypes. The
absence of any acidic –OH groups in the zeotype samples both in the Na+- and
NH+4 -forms and in the Fe-impregnated silicalite sample, and the NH3 adsorption
experiments confirm this assignment. Therefore the following series of increasing
acidity could be outlined: 0 = pure silicalite = Ti-silicalite < B-silicalite < Fe-
silicalite < Fe/Al-silicalite < Ga-silicalite < Al-silicalite. That the intensity of the
peak assigned to the BASs has decreased after Fe-exchange of all samples has
confirmed the successful ion-exchange.

The IR spectra recorded during the temperature programmed desorption of
methanol has shown that the lower the acidity of the sample, the lower the
overall adsorption strength towards methanol. Furthermore, methoxy groups
are formed at high temperatures on BASs only in the samples showing stronger
Brønsted acidity. This indicates that the acidity is indeed a descriptor for CH3OH
desorption from zeotype surfaces. Further investigation should be done on the
Fe-exchanged samples since no significant differences from the parent materials in
the H+-form could be observed. In the methane exposure experiments, absorption
peaks could only be observed in the spectra of the samples where Fe was added in
the MFI framework, suggesting that the presence of Fe promotes CH4 activation.
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The assignment of the peaks has led to the conclusion that methane is likely
activated by extra-framework Fe species, and eventually further adsorbed on the
Fe-BASs.

In conclusion, the ultimate goal of this study was to design a model catalyst
for the direct conversion of methane to methanol (DCMM). In this perspective,
zeotypes with custom-made properties have been synthesized and characterized
with various techniques. By making use of the prepared materials, the entangled
DCMM reaction has been unraveled to more easily accessible experiments to
pinpoint the catalyst design principles needed for this reaction. We have shown
that aluminum-free zeotypes containing iron are promising catalysts for the
DCMM reaction, and that the acidity of the material is a descriptor for methanol
desorption.

6.2 What next?

Further investigations of the zeotype samples prepared in this work shall be
performed. About the materials characterization, polarized Raman spectroscopy
would give additional information about the position of the BASs generated by B
and Ga, and maybe about the position of Ti in the MFI framework. Calorimetry
and NH3-adsorption experiments would help to better understand the addition
of the metals in the framework and to make quantitative analyses of the acidity of
the zeotype samples. About the DCMM, methane exposure experiments shall be
performed on the Fe-exchanged silicalite samples to investigate the synergy of
Fe in ion-exchange position and BASs with tuned acidity. Furthermore, a deeper
analysis of the CH3OH-TPD experiments on the Fe-exchanged samples shall be
carried.

On-going experiments involve the synthesis of zeotypes with the MFI framework
with other metals in framework position (i.e. La, Ce, Y, Sc and Mg). These samples
shall be characterized to confirm the microporous structure and the incorporation
of the metals in the framework. The idea is to further extend the zeotype series
with tuned acidity and thus obtain a better understanding of the influence of the
acidity on the direct conversion of methane to methanol.
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Figure A1: X-ray diffractograms of all samples a) before and b) after calcination.




