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Foreword

The present thesis is focused on the development of mesostructured catalysts, catalysts featuring
well-defined ordered porous structure on mesoscopic (2-50 nm) length scales, for the one-pot
transformation of CO; into dimethyl ether (DME). The increasing levels of CO; emissions have been
widely and unanimously acknowledged by the scientific community as the main cause of
anthropogenic climate change. With the aim of reducing the emissions of CO», several measures are
being adopted by many countries, like the use of renewable power sources (e.g. solar and wind
power) and the replacement of traditional fossil fuels with green fuels. One of the most prominent
technologies in this field is the Carbon Capture and Utilization (CCU), consisting in the capture of
CO; at its main emission points in order to use it as it is or to transform it into chemicals and fuels.
Several technologies are proposed to capture CO;, but the most widespread ones are post-
combustion technologies, consisting in the sequestration of CO, from flue gases of combustion
processes (e.g. in thermal power plants). The fuels obtained from the chemical conversion of CO;
(e.g. methane, methanol and dimethyl ether) are called electro-fuels, or e-fuels. To convert CO; into
these fuels, it needs to be reduced with hydrogen using appropriate catalysts; when the hydrogen
used for the reaction is obtained from water splitting using renewable power, the combustion of e-
fuels does not give rise to net CO; emissions. Among e-fuels, DME represents a good choice: it can
be indeed used as an additive for diesel fuel and, after some proper modification to the engines, it
can even completely replace diesel fuel, providing better performances, due to its higher cetane
number. DME can also be stored and transported using the same technologies used nowadays for
LPG (liquefied petroleum gas) like pipelines, gas tanker ships and trucks. Furthermore, DME is non-
toxic and non-carcinogenic, and its combustion does not produce sulfur or aromatic compounds;

compared to diesel, it also gives rise to lower emissions of SOxand NOx.
CO; is transformed into DME via two subsequent reactions:
CO, +3H, 5 CH30H + H,0 Redox reaction

2CH30H s CH30CH; + H,0 Dehydration reaction



The first reaction is catalyzed by Cu-based redox catalysts; in these systems Cu, the active phase of
the catalyst, is usually paired with a promoter (ZnO), which increases the dispersion of Cu, and a

third phase (Al,03 or ZrOz) which enhances the chemical and thermal stability of the catalyst.

For the second reaction, solid acidic dehydration catalysts are used, mainly zeolites and y-Al>Os.
Regarding the dehydration catalysts, y-Al,03, a widely used catalyst for the syngas-to-DME process,
has a low cost but, since it presents only Lewis acid sites on its surface, it loses performances over
time; the water formed during both CO; reduction and methanol dehydration, indeed, adsorbs on
Lewis sites by forming an acid-base adduct, thus hampering methanol adsorption. Zeolites, on the
other hand, show a much higher water resistance, due to the presence of Brgnsted sites, that do
not deactivate over time; the presence of Brgnsted acid sites on zeolites is due to the insertion of

Al into the SiO, framework.

COz conversion to DME can be performed by following both an indirect (two-step) route or a direct
(one-step) one. In the two-step process the two reactions are carried out in two separate reactor
beds, each one with its catalyst. In the one-step process, on the other hand, both reactions are
performed simultaneously inside the same reactor, using a mixture of the two catalytic systems.
The one-step route presents some intrinsic advantages, like a higher CO; conversion and a lower
cost related to the management on a single reactor rather than two. For these reasons, the attention
of the scientists is mainly focused on the one-step (also known as one-pot) process. In the literature,
the one-pot conversion of CO; to DME is usually carried out using physical mixtures of the two
catalysts; however, recently, an increasing attention is being focused on composite bifunctional
(redox-acidic) catalysts, presenting an intimate contact between the two phases. These catalysts,
differently from physical mixtures, are obtained by dispersing a redox Cu-based phase onto an acidic
support through chemical methods like coprecipitation or impregnation. In this context, the use of
zeolites as scaffolds to support the redox phase, only allows the deposition of the redox phase on
the external surface, being the dispersion inside the pores hampered by the reduced pore diameter
(microporous systems). As a consequence, the size and the morphology of the particles of the redox
phase cannot be controlled and, during the thermal treatment to convert the metal precursors to
the corresponding oxides and during the reaction, sintering phenomena could occur. For these
reasons, in this thesis work mesostructured acidic systems are proposed; the larger size of
mesopores, compared to micropores, should render the mesostructured acidic catalysts able to

confine the redox phase inside the pores in form of very small nanoparticles and to control the
5



particle size by tuning the mesochannel size. The high surface area of the mesostructured acidic
scaffold, together with the highly dispersed confined redox nanophase, might also allow to improve
the accessibility of the sites to the gaseous reactants, enhancing the reactivity. Furthermore, the
mesochannels walls should hamper sintering phenomena during thermal treatments and reaction

assuring the stability and the possible regeneration of the catalysts.

In this study several mesostructured acidic catalysts with different compositions (Al-SiO», y-Al,O3,
TiO2 and Zr-TiO) and different textural properties have been developed and characterized to assess
their structural, morphological, textural, and acidic properties; particular attention has been
focused on the characterization of the acidic sites of the catalysts in terms of amount, strength and
surface density. The catalysts have been then tested for the CO,-to-DME process in form of physical
mixtures with a commercial Cu-based redox catalyst (CZA) and their catalytic performances have
been correlated with their acidic properties, in order to understand which acidic features lead to a
good catalytic activity for methanol dehydration. The mesostructured acidic catalysts have been
subsequently used as supports to obtain bifunctional composite catalysts by dispersing a Cu-based
redox phase inside their mesopores. These composites have been eventually tested for the one-pot
CO; conversion to DME and their performances have been compared with those of physical
mixtures consisting of the same redox and acidic phases present in the composite catalysts, in order
to properly compare the effect of the two different types of mixing (i.e. physical or chemical) on the

catalytic performances.
The PhD thesis is organized in five chapters organized as follows:

e Chapter 1 provides an overview on the different carbon capture technologies and on the use
of captured CO,. Particular attention has been focused on the syngas-to-DME and CO,-to-
DME processes and on the catalytic systems used for these processes.

e Chapter 2 gives an introduction on siliceous and non-siliceous mesostructured materials, on
their synthesis and on their applications, as well as on their use as supports for composite
systems.

e Chapter 3 focuses on the development on mesostructured TiO,, Zr-TiO, mixed oxides and
Al-SiO; (Al-MCM-41) describing their synthesis process, their structural, textural and
morphological characterization and the correlation of their acidic features with their

catalytic performances.



Chapter 4 is dedicated to the development of several mesostructured aluminosilicates (Al-
MCM-41, Al-SBA-16, and AI-SBA-15) with the same Si/Al ratio but different textural
properties as well as on mesostructured y-Al,0s3. The main focus is the correlation of their
textural properties with their acidic features and the understanding of how these different
properties can influence catalytic activity.

Chapter 5 describes the development of bifunctional (redox + acidic) composite catalysts by
dispersing a redox phase onto the mesostructured catalysts synthesized in Chapter 4. The
composite catalysts have been characterized and tested for the CO;-to-DME process, to
understand how the chemical composition, the textural properties and the intimate contact
between the two catalytic phases affect the catalytic properties by comparing them with
physical mixtures of the two catalysts (redox + acidic).

At the end, the conclusions about the results achieved in this thesis are given, with the
possible future perspectives of this project.

An appendix describes the technical details of the characterization techniques and the

instruments used in this work, as well as on the bench-scale plant used for the catalytic tests.



Chapter 1

Carbon Capture and Utilization (CCU) technologies and DME production from
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1.1 CCU: an overview
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During the latest decades, the increasing levels of CO; emission have strongly gathered the attention
of most of the governments all around the globe, as well as the concern of the whole scientific
community. CO,, due to its greenhouse effect, is indeed unanimously recognized as the major
responsible of current global warming, leading to climate change, with severe effects on the
environment, on marine and terrestrial ecosystems as well as on human life and activities. Due to
this fact, many governments have taken several actions aimed to the reduction of CO, emissions;
the Intergovernmental Panel on Climate Change (IPCC), has indeed established the goal of zero
global net carbon emissions for 2050, in order to keep the temperature rise below +1.5 °C by 2100
[1][2]. With the aim of reducing the global carbon emissions, several strategies need to be
implemented, like energy saving, use of renewable energy sources and Carbon Capture, Utilization
and Storage (CCUS). The last emission reduction approach is based on the capture of CO; at its main
emission points, like thermoelectric power plants and industrial plants and either its storage into
underground deposits or its utilization with the aim of obtaining various useful products like fuels,

chemicals and materials. [3]-[7]

1.1.1 Capture of CO2
Despite being still an expensive and complex process, CO, capture is constantly gaining more

attention, due to its potential in reducing anthropogenic CO, emissions into the atmosphere.



Nowadays, several technologies for CO; capture are available, at different levels of price, feasibility

and technology readiness level (TRL). [4], [5], [8]-[10]

Pre-combustion capture

Pre-combustion CO; capture consists in removing the CO; from the fuel before its combustion; this
is usually done through a partial oxidation of the feedstock in presence of water and oxygen, to
obtain syngas, a mixture mainly consisting of CO and Ha, with minor and variable amount of CO..
The obtained syngas then undergoes the water-gas shift process, leading to a mixture of CO; and
H2; CO; can be then separated from hydrogen which can be used as fuel in power plants such as gas

turbines. [4][5]

Post-combustion capture

The vast majority of CO; capture pathways are however based on post-combustion processes, in
which CO; is separated from the flue gases after the combustion of the fuel with air. The most
mature and available technology for post-combustion CO; capture is the absorption from flue gases
using amines; in this process the exhaust gas containing CO; in high concentration is sent into an
absorption column containing amines in aqueous phase. When the flue gas comes into contact with
the absorption solution, CO; bonds with the amine molecules; the resulting solution is subsequently
sent into a stripper column to separate the CO, and regenerate the amine solution, which is then
ready to perform the absorption process again. Besides amines, also metal bases, like hydroxides,
can be used to absorb CO; forming carbonates; however, their high prices and the high energy
requirements to separate CO, from carbonates limit their use. A significant drawback of CO, capture
via amine absorption is the deterioration of the equipment, due to corrosion, gradual degradation
of the amines and the energy requirements to perform the desorption of the absorbed COy;
particularly, this last aspect, can lower the global efficiency of the power plant by up to 30% of the
original efficiency. Another route to perform the post-combustion CO, capture involves the use of
membranes; this technique is currently in an earlier stage of development, compared to amine
separation, but has demonstrated to be much more environmentally friendly, requiring significantly
less amounts of energy, and thus more promising in a future perspective. Membrane separation
requires the CO; concentration in the flue gas to be higher than 10%, ideally at about 20%. Polymeric
membranes are among the most promising types of membranes for CO; separation, due to their

cheapness and ease of handling; however, their main drawback is their low resistance to
9



degradation, mainly induced by high temperatures or high pressures; particularly the former one
causes the membranes to swell, increasing their permeability to all type of gases and thus losing
their selectivity. The use of low values of pressure in the inlet gas also poses a significant problem
in the use of membranes, since their working principle is based on the difference of pressure
between the flue gas and the outlet, and a low CO; partial pressure in the flue gas would result in
low separation efficiency. Also, in case of flue gases rich in acidic species (like SOx and NOx) the
degradation process of membranes can be further accelerated. On the other hand, hybrid
membranes consisting of both polymers and inorganic materials, such as zeolites and ceramic
materials, present a much higher temperature resistance, but they are at an earlier development

stage [4][8].

Oxyfuel combustion

Another CO; capture route is the oxyfuel combustion, which consists in burning the fuel using pure
oxygen, in absence of nitrogen, resulting in an exhaust mainly consisting of CO; and H,0; the latter
product can be simply removed by condensation, obtaining almost pure CO;. The main issues
related to oxyfuel combustion is the intrinsic cost related to the use of pure O;, that needs to be
produced by using an air separation unit (ASU), requiring a parasitic energy consumption. Also,
combustion processes in pure oxygen reach much higher temperature compared with the same
process performed using air as oxidizing agent; as a consequence, different materials, with a higher

temperature resistance must be used in power plants that perform oxyfuel combustion [4].
Chemical looping combustion

CO; capture can also be performed via chemical looping combustion (CLC); this process uses an
oxygen carrier, usually metal oxide particles (Fe;03, NiO, Mn,03), that is circulated between a fuel
reactor and an air reactor. Into the fuel reactor, the oxygen carrier is reduced to its metal form by
reacting with the fuel which, on the other hand, undergoes a combustion process; the carrier is
subsequently introduced into the air reactor, where it is oxidized again to its oxide form by contact
with air. Since the fuel combustion process is carried out without direct contact with air, and
therefore in absence of nitrogen, the flue gas mainly consists of CO; and H.0, which can be easily
separated by condensation, obtaining almost pure CO,. The CLC process can be used using natural

gas, gasified biomass or even solid fuels in form of powder; the main issues consist in the formation

10



of carbonaceous residues (particularly in case of solid fuels) and deterioration of the plant due to

mechanical attrition caused by the circulation of the oxygen carrier [4].
Direct air capture

Another process that involves separation of CO; from a mixture of gases is the direct air capture
(DAC); this process consists in the sequestration of CO; from air, rather than from flue gases
resulting from a combustion process. In this case, the concentration of CO; is much lower and, as a
consequence, it cannot be separated using the same technologies employed for post-combustion
capture, as the process would be thermodynamically unfavored. DAC is usually performed using an
aqueous solution of a strong base, like NaOH, KOH or Ca(OH),, which reacts with CO, forming
carbonates; these carbonates are subsequently calcined at high temperatures (800 °C) releasing
high-purity CO, and regenerating the metal oxide, which can be easily converted to its hydroxide
form and used to perform the process again. The separation of CO; from the air has also been
performed using bulk solid alkaline species (mainly calcium and sodium oxides and hydroxides); also
in this case the process results in the formation of carbonates which are thermally treated to release
CO; and regenerate the system. Another option for DAC is the use of solid amines, on which CO; is
initially adsorbed and subsequently desorbed with a thermal treatment; in this case lower
temperatures are required, due to the lower energy of the bond between CO, and amines,
compared with the carbonate systems. The main issue associated with DAC is the high cost, mainly
related to the high energy requirements; also, the energy used to separate CO; from the sorbents
must necessarily be obtained from renewable sources, otherwise the use of energy from fossil fuels

would compromise the aim of the whole process, for obvious reasons [4][5].

1.2 Utilization of CO2
As of the utilization after its separation, captured CO; possess a wide range of use in the industrial
sector and can be used either as it is or with the final aim to transform it into a wide range of useful

products.

1.2.1 Usage of COz as solvent, refrigerant and fertilizer

An important application of CO; as it is consists in its use as a solvent [3][4]. Nowadays, the chemical
industry makes large use of solvents for many of its processes; in this context, the use of organic
solvents poses a serious hazard for both the environment and the human health, besides the costs

and the energy usage involved in the processes of separation of the solvents from the final product.
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That is the reason that pushed towards the use of CO; as a solvent, mainly in its supercritical state,
which presents chemical-physical properties similar to those of n-hexane; CO,, compared to most
organic solvents, is indeed much cheaper, more environmentally friendly and non-toxic for both
human life and environment. The use of captured CO; for this purpose, indeed, does not give rise
to net carbon emissions; the only drawback to take into account is the amount of energy required
to bring CO; to its supercritical state, at a temperature and pressure value of 304.1 K and 7.4 MPa,
respectively. Supercritical CO; is mainly used to extract natural flavors, spices and essential oils from
their vegetal sources, as well as for the decaffeination of coffee and tea and the extraction of hops;
besides all the advantages linked to the use of a non-toxic and cheap solvent, it has to be pointed
out that the amount of supercritical CO; required to perform such processes is much lower (3 to 20
times lower) than the amount that would be necessary with the use of organic solvents. Also, since
the waste materials resulting from the process have not been into contact with a toxic solvent, such
wastes can be used for other purposes, rather than discarded with a significant cost for their
disposal. The only minor drawback in using supercritical CO; for extraction processes is the higher
cost of the equipment; but this is largely compensated by all the other advantages that strongly

lower the price of the process [3][4].

Supercritical CO2 can also be used as a solvent for several reactions of industrial interest; in the case
of reactions involving gaseous reagents, the use of supercritical CO; as solvent allows to carry out
the reaction in single-phase conditions avoiding the formation of a gas-liquid interface, and thus
increasing its kinetics. Hydroformylation, the synthesis process of aldehydes starting from olefins
and syngas, is one of the industrial reactions that can be performed using supercritical CO; as
solvent; this synthesis can be carried out either in homogeneous- or heterogeneous-phase catalysis.
In the former case the separation of the catalyst from the reaction medium can be difficult when
traditional solvents are used; however, the use of supercritical CO; allows a much easier and
cheaper catalyst recovery. Hydrogenation is another reaction industrially carried out, in some cases,
using supercritical COy; it has been demonstrated, indeed, that the use of CO; as solvent allows to
increase the selectivity and yields of several hydrogenation reactions, such as the transformation of
nitrile to primary amines, avoiding the formation of undesired byproducts, and the hydrogenation
of oleic acid. Since CO; is chemically stable and cannot be further oxidized, it has proven to be a
good solvent to perform partial oxidation reactions of organic species; a solvent inert to oxidation,

indeed, does not cause the formation of byproducts and, not being consumed with time, does not

12



need to be replaced. One example is the oxidation of cyclohexane to cyclohexanol, for which
supercritical COz has shown better performances in terms of selectivity compared to other solvents
like acetonitrile and ionic liquids. Similar results have been found for the oxidation of benzyl alcohol
to benzaldehyde. Similarly to what exposed above, CO; can be used as solvent also for the synthesis
of some polymers, like PTFE, replacing the hazardous traditional organic solvents; the only drawback

is the low solubility of most polymers, especially those with a high molecular weight, in CO; [3][4].

CO; can also be used as refrigerant, replacing the hydrofluorocarbons used nowadays. Its use in this
context implies dealing with much higher pressures, but grants superior performances and minor
consequences due to potential leaks, since the Global Warming Potential (GWP) of CO2 is much

lower than that of hydrofluorocarbons [4].

Another use of captured CO; involves its application as a greenhouse fertilizer in agriculture,
enhancing plant growth and thus reducing the usage of chemical fertilizers and water [4][10].
Furthermore, CO; can be captured by algae to produce bio-fertilizers, more environmentally friendly
than chemical ones, and biomass, which can be in turn used to produce energy, biofuels,
carbohydrates, protein extracts and organic chemicals to be used in cosmetic and pharmaceutical
industries. Regarding biofuels, they mainly consist in biodiesel (obtained through
transesterification), methane and hydrogen (obtained through anaerobic digestion), alcohols and
acetone (obtained through fermentation) and bio-oil (obtained through thermochemical processes)

[4][10].

1.2.2 Chemical conversion of CO2

Besides its utilization as it is, CO2 can be chemically converted into valuable products like bulk
chemicals, polymers and electrofuels. Its transformation in such products is usually performed
through carboxylation or reduction reactions: during the carboxylation the existing C=0 bonds are
not completely broken, while during the reduction one or both C=0 bonds are broken by reaction
with reducing agents like hydrogen. The main limit of CO, chemical conversion, and particularly its
reduction, consists in its high thermodynamic stability and kinetic inertness, as indicated by its highly
negative value of AG® (=-394.38 kl/mol). For this reason, for the transformation of CO>, highly active
catalysts are required, as well as an external energy input [11]. Regarding the obtainable products,
the bulk chemicals mainly consist in urea, inorganic carbonates, propylene carbonates and salicylic

acid; among polymers, the most relevant are polycarbonate and polyurethane [4], [10].
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However, the most important products in the contest of this work are electrofuels. Electrofuels
represent a way to store excess electric energy in form of chemical energy; particularly, captured
CO; is converted into fuels by reduction with hydrogen obtained by electrolysis using energy from
renewable sources. The combustion of the obtained fuels obviously produces CO;, but with zero net
carbon emissions, since the fuels themselves are entirely obtained from captured CO; [4], [10].
Methane is one of the most important fuels that can be obtained from CO; and finds large use as
industrial and domestic fuel. CO2 methanation, also called Sabatier reaction, consists in the
reduction of CO, with hydrogen, using a H,/CO; ratio of 4; the most used catalysts for this reaction
are usually based on Ru, Fe, Ni, Co, Rh, Pd or Pt. Nickel is the most used one and is often dispersed
onto various supports like y-Al,03, SiO,, TiO2, CeO,, ZrO,, hydrotalcites, zeolites, and carbon
nanotubes to improve the efficiency of the catalyst [12]. Formic acid is another fuel that can be
obtained from CO; and finds application in low temperature fuel cells; it is obtained with a H,/CO>
ratio of 1 using homogeneous catalysts that, compared to heterogeneous ones, present higher

efficiency and require milder reaction conditions [10].
CO: conversion to methanol and dimethyl ether (DME)

Methanol and dimethyl ether (DME) are other two important electrofuels obtainable from CO;
conversion as both have large applications mainly in the transportation sector. Methanol is obtained
by using a H2/CO; ratio of 3 over Cu-based catalysts and DME is obtained from methanol by its
dehydration [4]. Compared to the synthesis of hydrocarbons, like methane, CO; conversion to
methanol and DME (usually called oxygenates due to the presence of an oxygen atom in their
structure) results to be preferable since it requires less hydrogen and has a higher atom efficiency
[13]. Particularly, methanol, despite its toxicity, can be used as a fuel in fuel cells and in
transportation, as a substitute of gasoline due to its high octane number [6]. DME, on the other
hand, is non-toxic, non-carcinogenic, non-corrosive and has a low global warming potential; for
these reasons, it is used as a propellant in cosmetic products and as a refrigerant. Furthermore, it
can be used as an additive or even substitute of diesel fuel in internal combustion engines [14]-[16].
Diesel compression ignition engines have various advantages compared to gasoline engines, like a
longer working life, higher power performance, and lower fuel consumption. However, they also
show several drawbacks, mainly related to the higher combustion temperature and the chemical-
physical properties of diesel fuel; particularly, diesel engines emit various pollutants like nitrogen

oxides (NOy), sulfur oxides (SOx), CO, particulate and hydrocarbons. If diesel is replaced with DME in
14



compression ignition engines sulfur emission are completely absent, and emissions of CO and
hydrocarbons are lower [15]. Also, since DME does not have C-C bonds, the formation of particulate
is significantly reduced, and therefore, the engine does not require the use of an anti-particulate
filter, thus facilitating the installation of a catalyst to further decrease the CO and hydrocarbons
emissions. Regarding NOy emissions, a direct comparison between DME and diesel is not easy, since
NOx emissions are significantly influenced by external parameters such as the engine conditions;
however, since DME combustion gives rise to lower emissions than diesel, a high exhaust gas
recirculation can be used, allowing to reduce NOx emissions. All these advantages are due to the

different chemical-physical properties of DME and diesel as reported in Table 1 [15].

Table 1 Physicochemical properties of DME and diesel, adapted from [15], distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license.

Property DME Diesel
Carbon content (mass%) 52.2 86
Hydrogen content (mass%) 1-3 14
Oxygen content (mass%) 34.8 0
Carbon-to-hydrogen ratio 0.337 0.516
Liquid density (kg/m?3) 667 831
Cetane number >55 40-50
Autoignition temperature (K) 508 523
Stoichiometric air/fuel mass ratio | 9.6 14.6
Normal boiling point (K) 248.1 450-643

Enthalpy of vaporization (kJ/kg) | 467.1 300

Lower heating value (MJ/kg) 27.6 42.5
Ignition limits (vol% in air) 3.4/18.6 | 0.6/6.5
Elastic modulus (N/m?) 6.37-10% | 14.86-10%
Liquid kinematic viscosity (cSt) <0.1 3

Surface tension at 298 K (N/m) 0.012 0.027

Vapour pressure at 298 K (kPa) 530 <10

Particularly, the lower boiling point of DME leads to a faster evaporation when the fuel is injected
into the engine, improving the combustion. DME, compared to diesel, also has a higher cetane

number, due to its lower auto-ignition temperature, leading to a cleaner combustion and a reduced
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noise [15]. Furthermore, in view of a potential large scale usage of DME as transportation fuel, it
has to be pointed out that, due to its chemical-physical properties similar to those of Liquified
Petroleum Gas (LPG), DME can be stored and transported using the same technologies used
nowadays for LPG, with only minor modifications [14][16]. However, the substitution of diesel fuel
with DME also presents some disadvantages. DME has a lower LHV (Lower Heating Value) than
diesel, requiring a higher amount of fuel to obtain the same amount of energy; also, the utilization
of DME in place of diesel requires to adopt important modification to the engines, like modified
gaskets to avoid leakage and replacement of some plastic parts which can be degraded by DME [15].
Nowadays, several automotive companies like Volvo, Isuzu, Hino, Nissan, Shanghai Automotive,
Navistar, and Ford are testing DME as an alternative to diesel fuel. Particularly, Volvo has been
working on DME engines since the mid-90s, building a large fleet of test vehicles, including 10 heavy-
duty trucks [17]. In the perspective of a gradual replacement of conventional fossil fuels with green
fuels, DME is considered one of the most promising green fuels and could lead to an important
development of a DME economy in the near future [13] [14]. Despite not being still a widespread
technology, DME synthesis from CO; is currently performed in some demonstration plants. One of
them is the ALIGN-CCUS demonstration plant, located at Niederaussem, in Germany, and is co-
funded by the European Horizon 2020 program ACT. This demonstration plant produces 50 kg of
DME per day using the CO; captured from a 1000 MW power plant and the hydrogen produced from
an alkaline electrolyser. In this plant, DME is produced by the direct synthesis method, consisting of
the direct conversion of CO; and H; into DME [18]. The indirect route, on the other hand consists of
the transformation of CO2 and H; into methanol and its subsequent dehydration to DME. Regarding
DME production from CO; by the indirect process, one of the production plants currently in activity
belongs to the Oberon Fuels company and is located in San Diego, USA, and produces about 22 m?3
of DME from CO; per day; in this case, however, the reduction of CO; is not performed using
electrolytic hydrogen but biogas or natural gas [17]. The details on the direct and indirect synthesis
methods will be described in the following paragraphs (1.2 and 1.3), with particular attention on the

used catalytic systems.

1.3 Syngas-to-DME process
As mentioned above, one of the most promising electrofuels that can be obtained from the
transformation of CO; is dimethyl ether. However, it needs to be pointed out as the original process

used for the production of DME is based on the hydrogenation of syngas. The synthesis of DME from
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syngas can be carried out following a two-step process (also known as indirect route) or a one-step
process (also known as direct route). In the first case CO is first reduced to methanol with an

hydrogenation process, following the reaction reported below [16], [19]:
CO +2H, S CH;0H AHJog, = —90.6 kJ /mol

The methanol obtained from the hydrogenation of CO is subsequently dehydrated to dimethyl

ether, with the following reaction:
2CH;0H S CH30CH; + 2H,0 AH;’%k = —23.4 kJ /mol

Each of these steps requires the use of solid catalysts: a redox phase for the CO hydrogenation and

an acidic one for the dehydration.

1.3.1 Redox catalysts for CO hydrogenation to methanol

For the hydrogenation of CO to methanol, a wide number of catalysts has been reported in the
literature. The first catalyst that has been reported for this reaction was a ZnO-Cr,03-based catalyst
developed by BASF in 1920s; however, this system works only under high pressure (240-350 bar)
and high temperature (350-400 °C) and is highly susceptible to poisoning from sulfur and chlorine,

which are impurities often present in syngas. [19]

Nowadays, the vast majority of catalysts reported for the hydrogenation of CO are Cu-based systems
(Figure 1); the first Cu-based catalyst for this purpose was developed by Imperial Chemical Industries
in 1960s, and, besides Cu, which is the active phase of the catalyst, also featured the presence of
Zn0, which acts as a promoter by increasing the dispersion of Cu particles, acting as a spacer
between such particles and thus increasing the number of Cu-based sites active towards methanol

synthesis [19], [20].

Cu/Zn0-based catalysts are often paired with a third phase, usually Al,Os or, less commonly, ZrOy;
this species increases the chemical and thermal stability as well as the dispersion of the active sites
and the surface area of the catalyst, allowing to carry out the methanol synthesis reaction at

relatively low values of pressure (50-100 bar) and temperature (250 °C). [19][21], [22]
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Figure 1 Promoters and modifiers used in combination with Cu for methanol synthesis from syngas. Reprinted with permission from

[19], license number 5470430040707.

1.3.2 Acidic catalysts for methanol dehydration to DME

As of the second reaction, the dehydration of methanol to dimethyl ether, the most widely used
catalysts are solid acidic systems; ideally, a good dehydration catalyst for methanol dehydration,
should show, besides the presence of acidic sites, high performances in terms of both activity and
selectivity towards DME, a hydrophobic surface and, in a large-scale production scenario, a low cost.
As observed by several authors, methanol dehydration is catalyzed by both Brgnsted and Lewis acid
sites [19]. Lewis sites, however, gradually deactivate due to the adsorption of water, which forms
an acid-base Lewis adducts by donating one of its lone electron pairs to the Lewis electron-accepting
site. Brgnsted sites, on the other hand, have shown better performances in terms of activity. Due
to their nature, consisting in a proton-donating Si-O-Al group, these sites do not give rise to water
adsorption, thus showing a higher water resistance [23][19]. A graphical representation of Brgnsted

and Lewis acid sites is given in Figure 2.

Breonsted acid sites

/ Lewis acid sites
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Figure 2 Brgnsted and Lewis acid sites on aluminosilicates, reprinted from [24].
Regarding the strength of the acidic sites involved in the reaction, those with weak and moderate

strength are preferred, since high strength could lead to the formation of undesired by-products,
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such as olefins, through the methanol-to olefins (MTO) process, and the deactivation of the catalyst
due to coke deposition. y-Al;03 is the most widely reported catalyst for this reaction; this system is
the most active one among all the polymorph species of Al;0s3, like k-Al,03 and a-Al,O3, the latter
being completely inactive towards methanol dehydration. y-Al>Os, as evidenced by several authors,
shows high selectivity to DME in methanol dehydration, without giving rise to the formation of
undesired byproducts; this catalyst, indeed, only features the presence of Lewis acidic sites, which
are highly selective to DME. However, Lewis acidic sites, as mentioned before, are prone to
deactivation due to water adsorption. This catalyst, however, is still vastly used due to its cheapness

[19].

Besides y-Al;03, zeolites have been widely proposed as methanol dehydration catalysts (particularly,
ferrierite, ZSM-5 and mordenite) and are, nowadays, the most active systems reported in the
literature. Zeolites, indeed, due to the lower hydrophilicity of their surface, compared to y-Al,Os3,
and due to the presence of Brgnsted sites, showed significantly higher activity than y-Al,0s3;
Brgnsted sites, indeed, present a much higher resistance to water adsorption than Lewis sites, giving
zeolites a higher water tolerance [19][25]. However, the presence of strong Brgnsted acidic sites
needs to be pointed out leading to those processes already described above (MTO process and coke

deposition) [19].

The mechanism of methanol dehydration depends on the complex (and not fully understood)
interaction of methanol with the acid sites. For DME formation both an associative Langmuir-
Hinshelwood (L-H) mechanism, involving the reaction of two surface species, and a dissociative
Rideal-Eley (R-E) mechanism, involving the reaction of a surface species and a gas-phase methanol
molecule, have been reported [26][27]. However, an agreement about the real mechanism of
methanol dehydration has not been reached in the literature, and the debate is still in progress. A

graphical representation of the two proposed mechanisms is given in Figure 3.
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Figure 3 Dissociative (left) and associative (right) mechanism for methanol dehydration to DME. Reprinted with permission from
[26]. Copyright 2016 American Chemical Society.

There are substantial differences in the details of specific surface species involved. The L-H
mechanism requires the adsorption of two molecules of methanol on an acid site and on an adjacent
oxygen site; these surface species subsequently react to give one molecule of DME and H;0. The R-
E mechanism requires only an acid site, which adsorbs a methanol molecule; a water molecule is

then released, leaving a surface -CH3 species which eventually reacts with a methanol molecule in
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gas phase. In this context, both mechanisms are bimolecular, since both of them involve two
molecular species, either in adsorbed or gas form. It is worth of note that, in both the articles here
reported, the associative L-H mechanism is suggested as the most prominent one; particularly, in
the most recent work [26], a computational study performed on the Brgnsted acid sites of a zeolite,
suggest that the associative mechanism is predominant at temperatures lower than 600 °C at all
pressures. Furthermore, high values of pressure favor the L-H mechanism, so, in our case, it can be

assumed that this mechanism is the most predominant one.

1.3.3 One-step syngas-to-DME process

Besides the two-step syngas-to-DME process, in which the two reactions are carried out in two
different reactors, much attention is currently focused on the one-step (or one-pot) process, which
consists in the two reactions being performed simultaneously into the same reactor. This process
has drawn so much attention due to its intrinsic advantages like the lower complexity and cost
associated with the management of a single reactor rather than two. To carry out the one-pot
process it is necessary to have both catalytic functions into the reactor; in the literature the most
widely used method to obtain such two-function catalyst consists in the simple physical mixing of
the redox and the acidic catalysts. However, the two catalytic functions can also be put together by
obtaining what in the context of this dissertation is defined as "bifunctional catalyst", called “hybrid
catalyst” by some other authors [14]; in these systems the redox phase is usually deposited onto
the acidic phase by chemical methods, rather than by physical mixing, obtaining bifunctional
catalysts with an intimate contact between the two catalytic phases. Such catalysts have been
obtained by several synthesis methods like coprecipitation [28], impregnation, coprecipitation-
impregnation, coprecipitation-sedimentation, sol-gel, sol-gel impregnation, liquid-phase synthesis
[21] and, more recently, colloidal approach, ultrasound-assisted coprecipitation, and flame spray
pyrolysis [19]. Bifunctional catalysts should ideally grant superior performances due to various
features like a higher dispersion of the redox phase, which should maximize the contact area with
the reagents, and a prompt dehydration of the formed methanol, due to the close proximity of the

redox Cu-based sites and the acidic sites.
v-Al,03-based catalysts

Cu/Zn0O/Al,03-based redox catalysts (CZA) are often paired with y-Al,0s for the one pot syngas-to-

DME process either in form of physical mixtures or as bifunctional catalysts; the reaction is usually
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carried out in a temperature range comprised between 240 and 290 °C with a pressure range of 30-
60 bar. With these reaction parameters CO conversions up to 95% and DME yields up to 61% have
been reported. Regarding the nature of the contact between the redox and the acidic catalyst,
different results were reported in the literature; some authors reported a positive effect of the
intimate contact between the two phases in composite catalysts, which showed better
performances then physical mixtures [19]. On the other hand, other authors reported a detrimental
interaction between the two catalysts and observed higher performances in physical mixtures
[19][29]. In addition to this, the lack of systematical studies and the significant differences in both
synthesis methods and reaction conditions make difficult to establish if the best way to combine the

|II

two catalytic functions is physical mixing or “chemical” mixing. Due to the intrinsic limits of the Lewis
sites present on y-Al,O3 mentioned above, several efforts have been focused on the optimization of
y-Al>Os for the syngas-to-DME process, modifying it by the insertion of heteroatoms [19] like Si [30]
and Nb [31] and anions like F~ [32], SO4% [33] and PO43 [34]. In the literature, several modifications
to the redox phase in y-Al,Oz3-based catalysts have been reported. Besides Al;03, other species have
been investigated [19], namely Zr [35]-[37], Ga [35], [36], Mn [38], [39], Pd [40], La [36], [41], Y [36],
Mg [42], Ga-Cr [30] and carbon nanotubes [43]. Taking into account the peculiar properties of
mesoporous/mesostructured materials, such as the high surface area and the relatively large pore
size, some cases of bifunctional catalysts based on mesoporous [44] and mesostructured
[45][46][47] y-Al.O3 have also been reported. Mesostructured y-Al,0s is usually synthesized by an
Evaporation-Induced Self-Assembly (EISA) approach and used as support to disperse the Cu-based
redox phase inside the mesopores, which is usually done with impregnation methods using copper
nitrate. The composite catalysts obtained by dispersing Cu on mesostructured y-Al,03 [46] showed
homogeneous and fine dispersion of the redox phase inside the mesopores (Figure 4), resulting in
better performances due to the improved mass transfer and the high dispersion of Cu. Interestingly,
in the few cases reported for mesostructured y-Al;Os, the authors only used Cu as active phase,
excluding ZnO, despite the positive effect of this species on the catalytic performances observed by
many researchers; despite the absence of the promoter, these catalysts showed good activities for
the syngas-to-DME process, presumably due to the high dispersion of copper in form of
nanoparticles mentioned above [46][19]. Although the results obtained using mesostructured y-
Al,03 were promising, the use of ordered mesoporous systems to obtain bifunctional catalysts for

DME synthesis is still not deeply investigated.
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Figure 4 STEM dark-field images of Cu nanoparticles dispersed on mesostructured y-Al,03. Reprinted with permission from [46],

license number 5463180021656.

Zeolite-based catalysts

Due to the intrinsic limits of y-Al.Os, deriving from the low water resistance of its Lewis sites and
their consequent lower activity towards methanol dehydration, many examples of either physical
mixtures or bifunctional catalysts based on zeolites as dehydration catalysts have been reported for
the syngas-to-DME process. Zeolites are crystalline microporous aluminosilicates with a framework
consisting of tetrahedral silicate groups (SiO4*) and intra-framework aluminate groups (AlOs>); like
in the structure of pure silica, metal atoms are interconnected to each other by oxygen atoms and
the presence of AI3* species in place of Si** gives rise to the formation of a negative charge, which is
compensated by the presence of a cation like H* or Na*. Acidic form of zeolites (zeolites featuring
the presence of H* as cation) are the most used for methanol dehydration. Zeolites, contrary to y-
Al,O3, have a much higher water resistance, not only due to the presence of Brgnsted acid sites,
deriving from the tetrahedrally coordinated aluminum atoms in the crystal framework, but also due
to their higher surface hydrophobicity; furthermore, y-Al,O3 shows its maximum activity for
methanol dehydration at higher temperature than the ideal working temperature of Cu-based redox
catalysts (~250 °C). Zeolites, on the other hand, can work properly at lower temperatures, making
them ideal dehydration systems to work as dehydration catalysts paired with Cu-based methanol

synthesis catalysts [19]. The difference in terms of activity of Brgnsted sites, compared to Lewis
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sites, was studied by Garcia-Trenco et al. [48] on H-ZSM-5 treated with both Na* and Co?* in order
to neutralize its Brgnsted acid sites; namely, the addition of Na* decreased both the amount of
Brgnsted and Lewis sites, while Co?* decreased the amount of Brgnsted sites, increasing Lewis sites.
By comparing the amount of both Brgnsted and Lewis acid sites with the performances of the
catalysts, the authors concluded that methanol dehydration is mostly driven by Brgnsted sites, with
a minor contribution from Lewis sites. However, it has to be pointed out that not all zeolites are
ideal methanol dehydration catalysts; the presence of strong Brgnsted sites, for example, must be
avoided, for the occurrence of those processes previously mentioned [49][30], [50]. In order to
reduce the amount of strong Brgnsted sites in the structure of zeolites, several authors, beside the
classical approach consisting in the modulation of Si/Al ratio, proposed their modification with the
insertion of basic oxides like MgO, Ca0, ZnO [51], [52] and Sb,0s [53] or transition metals like Zr [54]
and Fe [55]. The most used zeolites for methanol dehydration are ZSM-5, ferrierite, mordenite, and
zeolite-Y; particularly, ZSM-5 is the zeolite most used in the literature for this reaction due to its
intrinsic advantages like the medium size of its pores, which allows to prevent coke deposition
without limiting the diffusion of the reagents. Also, the amount and strength of the acid sites present
on ZSM-5, like on most zeolites, can be tuned by modifying the Si/Al ratio [56]. As expected, several
authors observed that the best results are obtained with low Si/Al ratio (< 50) [57], [58], since the
high amount of Al in the structure grants a high number of sites and a moderate acidic strength. It
has also been observed that the crystallite size of zeolites strongly affects the catalytic activity for
methanol dehydration and coke deposition; namely, zeolites in form of nanocrystals (crystallite size
< 100 nm) showed better performances, due to the increased mass transfer, and less coke
deposition [59]—-[61]. Some authors, however, observed a detrimental effect of the intimate contact
between the redox and acidic phase in ZSM-5-based bifunctional catalysts, due to sintering of the
redox phase particles, their oxidation, and also ion-exchange phenomena with the zeolite, which
also led to a deactivation of the acidic sites [59]. A negative interaction due to the close contact of
the two phases was also observed by other authors which observed a decrease in the number of
Brgnsted acid sites of H-ZSM-5 zeolite when it was put into contact with the dehydration catalyst
through mechanical mixing (grinding) and liquid phase mixing (slurry), resulting in a performance
drop; this negative effect was not observed, on the other hand, when the two catalysts were

separately pelletized and then mixed together [62].
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Despite not being reported as often as ZSM-5, the zeolite ferrierite (FER) has attracted the attention
of several researchers due to its high selectivity to DME and, particularly, its high stability over time,
due to the extremely limited coke deposition. In a work of Montesano et al, ferrierite and theta-1,
compared with other zeolites like ZSM-5 and mordenite, gave rise to smaller amounts of coke
deposition, due to their structure, which does not allow the accumulation of large carbonaceous
species, providing easier paths for molecular diffusion; FER and theta-1 also showed higher values
of DME selectivity [63][19]. Similar results, highlighting the superior behavior of ferrierite compared

to other zeolites, were also obtained by other authors [64][54].

1.4 CO2-to-DME process

Starting from the production process of DME from syngas, the research has recently devoted efforts
to the CO,-to-DME process, which allows to obtain DME re-evaluating CO; as a reagent rather than
as a waste [1][4][7][11]. This process can thus be considered as a part of the CCU framework
previously described. CO; transformation into DME consists in two subsequent reactions [6], [14],

[15], [65], [66]. The first one is the reduction of CO, to methanol in the presence of hydrogen:
C0, +3H, S CH3;0H + H,0 AH29g, = —49.5 kJ /mol

The second one consists in the dehydration of methanol to DME:

2CH;0H & CH30CH; + 2H,0 AHYog, = —23.4 kJ /mol

The global reaction, thus, results to be:

2C0, + 6H, S CH;0CH; + 3H,0 AHyg, = —122 k] /mol

1.4.1 Thermodynamics of the CO2-to-DME process

Despite its promising potential, the CO,-to-DME process present some chemical and
thermodynamic disadvantages, compared to the process starting from syngas. First, unlike the
syngas-to-DME process, in the CO,-to-DME process, CO; reduction to methanol competes with the

Reverse Water-Gas Shift (RWGS) reaction, that gives rise to the formation of CO:

CO,+H, SCO+H,0  AHYg, = +41.2 kj/mol
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Another disadvantage is that, as can be seen from the CO; hydrogenation reaction, the reduction of
one molecule of CO; to methanol requires three molecules of hydrogen, compared to the two
molecules required by the process starting from CO; as a consequence, the hydrogenation of CO;
also gives rise to the production of water as by-product. Also, it has to be pointed out that CO, shows
a much lower reactivity than CO; consequently, CO; hydrogenation results to be less
thermodynamically favored than CO hydrogenation, as can be seen from the values of enthalpy,
further lowering the yield to DME. Figure 5 reports the differences in terms of methanol yield and
DME vyield for the two processes (syngas-to-DME and CO,-to-DME); as can be seen, the values of
yield at the same conditions of temperature and pressure, are significantly higher for the process

starting from syngas, due to the reasons stated above [66].
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Figure 5 Methanol and DMIE yield for the syngas-to-DME and the CO,-to-DME processes. Reprinted from [66], distributed under the

terms and conditions of the Creative Commons Attribution (CC BY) license.

As mentioned above, the CO,-to-DME process gives rise to the production of significant amount of
water as by-product. In the syngas-to-DME process water is only produced by methanol
dehydration, giving rise to the formation of one molecule of water for each DME molecule formed;
on the other hand, in the CO;-to-DME process, besides methanol dehydration, water is also
produced by CO; hydrogenation, for a total of three water molecules per DME molecule.
Furthermore, the RWGS reaction is an additional source of water in the process. For this reason,
considering that the catalytic systems used for the CO>-to-DME process are similar to those used for

the DME production from syngas, water formation could give rise to significant deactivation
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phenomena of both the redox and the acidic catalyst, blocking their active sites and causing growth

and oxidation phenomena on the particles of the redox catalyst. [66]

As can be seen in Figure 6, that shows the change in CO; conversion by varying both temperature
and pressure, the CO,-to-DME process is favored by relatively low temperatures, due to the
exothermic nature of both the CO, hydrogenation to methanol and the methanol dehydration to
DME. Low values of temperature also allow to limit the endothermic RWGS reaction, that prevails
at high temperatures. Another aspect that favors DME production from CO; are high pressure
conditions, owing to the decrease in terms of number of moles between reactants and products

[14], [15], [66].
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Figure 6 CO; conversion for the CO,-to-DME process at various temperatures and pressures. Reprinted from [15], distributed under
the terms and conditions of the Creative Commons Attribution (CC BY) license.

Due to the exothermicity of methanol dehydration mentioned above, also DME selectivity (Figure

7) is positively influenced by relatively low temperatures and high pressures. On the contrary, the

formation of CO, being originated from an endothermic reaction, is favored by high temperatures

and low pressures (Figure 8) [15].
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Figure 7 DME selectivity for the CO,-to-DME process at various temperatures and pressures. Reprinted from [15], distributed under

the terms and conditions of the Creative Commons Attribution (CC BY) license.
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Figure 8 CO selectivity for the CO,-to-DME process at various temperatures and pressures. Reprinted from [15], distributed under
the terms and conditions of the Creative Commons Attribution (CC BY) license.
Selectivity to methanol, being this molecule formed from a reaction that implies a decrease in the
number of moles, is always positively influenced by an increase in pressure; however, since
methanol is produced and consumed by two different exothermic reactions, its selectivity at lower
temperatures is increased by increasing the temperature up to a maximum after which it starts

decreasing (Figure 9) [15].
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Figure 9 Methanol selectivity for the CO,-to-DME process at various temperatures and pressures. Reprinted from [15], distributed

under the terms and conditions of the Creative Commons Attribution (CC BY) license.

Like for the syngas-to-DME process, the CO;-to-DME process can be performed through both a two-
step and a one-step route; however, the intrinsic benefits of the one-step process, like the reduced
costs and the thermodynamic advantages, for the process from syngas are limited by the production
of water during methanol dehydration, which could lead to the consumption of CO to form CO>
through the water-gas shift (WGS) reaction. On the contrary, for the CO,-to-DME process, this
phenomenon is not a problem, since water is produced anyway during CO; hydrogenation.
Particularly, the two-step CO,-to-DME process features some advantages, like a higher purity of the
produced DME, which can be easily separated from water (the only by-product in significant
amounts), and an easier management of the water formed during the process. On the other hand,
however, the one-step process presents important advantages, like the use of a single reactor that,
compared to the use of two separate reactors, significantly decreases the building and management
cost of the plant; another benefit of the one-step process consists in an increased conversion of CO,,
due to the subtraction of methanol by the dehydration reaction, which shifts the equilibrium of CO;
hydrogenation towards the products. The thermodynamic advantage of the one-step process,
consisting in the increased CO; conversion, can be quantified by using a parameter called CO>

conversion gain (CPG) (Figure 10), calculated according to the equation:

xXa _ Xb
CPG = COZ,eqb CO ,eq +100
CO ,eq
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where Xcoz,eq is CO2 conversion at equilibrium at given values of temperature and pressure for the
one-step (a) and two-step (b) process. As can be seen (Figure 10), the one-step process always

results to be advantageous.
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Figure 10 CO; conversion gain for the one-step CO,-to-DME process over the two-step process. Reprinted from [15], distributed

under the terms and conditions of the Creative Commons Attribution (CC BY) license.

1.4.2 Redox catalysts for CO2 hydrogenation

Cu-based catalysts

Similarly to what has been reported in the literature regarding the catalysts used for CO
hydrogenation, Cu-based catalysts are, by far, the most widely reported systems for the promotion
of the CO; reduction to methanol. In these catalysts, Cu is often paired with one or more promoters,
among which ZnO is the most widely used. Also, several studies suggest the presence of a synergy
between Cu and Zn to form the active sites for CO, hydrogenation; these sites consist in Cu® or
partially reduced copper oxide and their formation is favored by the intimate contact with Zn species
[11], [66]. To better understand this synergy, it must be pointed out that there are two main reaction
mechanisms proposed for the CO; hydrogenation to methanol (Figure 11): the first one, called the
“formate route”, consists in the initial formation of formate species which is then hydrogenated to

form methoxy species that is finally hydrolyzed to methanol. The second reaction pathway first
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consists in the RWGS reaction, that converts CO; to CO; CO is then hydrogenated to methanol

through formyl and formaldehyde as reaction intermediates [11], [66].

COZ (g) +3 H2 (g)
&J/\formate pathway
CO +H,0 Zn0--CO,
H +l Cu“l‘ H
HEO H-COO
Yormyl) (formate)
H +l
HCOOH
HCOH (hydrocarboxyl) H,COO
(formaldehyde) . -
- l H,COOH
$}- OH
H,COH H,00
l (methoxide)
H+ l+ —
H,COH H,COH
(methanol) (methanol)

Figure 11 The two mainly proposed mechanisms for CO, hydrogenation to methanol. Reprinted from [11] distributed under the

terms and conditions of the Creative Commons Attribution (CC BY) license.

According to several studies, methanol is mainly produced through the formate path, since the high
amount of CO; in the reaction environment limits its formation by the RWGS [67]—[69]. With this in
mind, and also considering the detrimental effect of the RWGS reaction on the selectivity of the
CO,-to-DME process mentioned above, it can be concluded that the better strategy to develop
efficient CO; hydrogenation catalysts is to enhance their activity towards methanol formation via
the formate route [66]. As can be seen in Figure 12, when Cu-ZnO-based catalysts are used for CO;
hydrogenation, the two reactive species adsorb on two different active sites; namely, hydrogen
adsorbs on Cu-sites while CO; is adsorbed on ZnO sites. This is the origin of the synergy between
the two species mentioned above. For this reason, an intimate contact between the two species is

a key factor to obtain efficient catalysts.
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Figure 12 Graphical representation of the Cu-ZnO synergistic effect on methanol formation through the formate pathway. Reprinted

from [66] distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.

Since the formate route has been identified as the main reaction pathway for methanol synthesis
from CO,, the design of the catalysts needs to be tailored with the goal of limiting the amount of
sites responsible for the RWGS. To optimize the selectivity of the Cu/ZnO-based catalysts for
methanol, minimizing the sites responsible for the RWGS reaction, several strategies have been
adopted, like the addition of other chemical species as promoters/modifiers, the optimization of

the synthesis routes, and also the development of new catalysts not based on Cu [66][11].

Regarding the addition of promoters, Cu/ZnO catalysts are most often paired with Al,Os; which
increases the thermal and chemical stability of the catalyst, granting more stable performances [6],
[15], [61][66]. Furthermore, the presence of AIP* ions favors the formation of the previously
mentioned reduced ZnO sites [66]. Typically, Cu/ZnO/Al,Os catalysts feature an amount of Cu
ranging from 50 mol% to 70 mol%, 20-50 mol% of ZnO and 5-20% of Al,03 [6][14]. The second most
used promoter for Cu/ZnO catalysts is ZrO»; this modifier is considered superior to Al,03 due to its
lower hydrophilicity, that leads to a limited water adsorption, and higher basicity, which favors the
adsorption of CO;, improving methanol formation. ZrO; also facilitates the formation of oxygen
vacancies in the reduction of the catalyst, increasing the dispersion of Cu and the formation of Cu-
ZnO sites [65], [66], [70]. Ga3* has been studied as a modifier through its insertion into the crystal
lattice of ZnO and proved to be effective in promoting the formation of Cu-ZnO active sites by
favoring the reducibility of ZnO and also facilitating the adsorption of the reaction intermediates
[66]. Cu-ZnO active sites are also positively influenced by the addition of Mn?*, which increases Cu
dispersion, enhancing its contact with ZnO and lowering its reduction temperature. An increase in
hydrogen adsorption was instead observed after the addition of noble metals, but the use of such
species is limited due to their high cost [66]. Another system that has been studied to improve the

performance and stability of Cu/ZnO-based catalysts is mesostructured silica (SBA-15); this system,
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indeed, due to the relatively large size of its pores, allow a confinement of the redox catalyst inside
its ordered porous matrix in form of nanoparticles, increasing their dispersion, their contact area
with the reagents, and their stability [66][71][72]. A high dispersion of Cu/ZnO nanoparticles, leading
to a high contact area and improved reducibility was also obtained by using carbon nanotubes,

reduced graphene oxide aerogel, and carbonaceous coordination polymers [66].

Regarding the synthesis routes (Figure 13), Cu-based catalysts are most often obtained through
coprecipitation processes, consisting in the precipitation of metal hydroxycarbonates or hydroxides
obtained by adding a basic solution (usually carbonates or hydroxides) to a solution of the metal
precursors (generally nitrates). In this regard, several synthesis parameters such as the order of add
of the solutions, the chosen base, the temperature, and the pH can influence the final morphology
of the catalyst and thus its catalytic performances. The precipitation of the precursors is usually
followed by aging, during which the precipitates transition from an amorphous to a crystalline
phase; the precipitates are then washed to eliminate any impurity, mainly consisting in Na* and
nitrates, detrimental for the final catalyst since they give rise to Cu agglomeration. The precipitates
are eventually treated at high temperature to induce the transformation of the precipitated
hydroxycarbonates/hydroxides to oxides. The crystalline phases formed during the aging process
are crucial to obtain catalysts with good morphological properties, such as a high surface area and
a proper contact between Cu and ZnO. Particularly, the ideal crystalline phase to obtain a good
redox catalyst is zincian malachite; the presence of the amorphous zincian georgite also proved to
be beneficial. This phase, indeed, allows some residual carbonates to survive the calcination
process; the presence of such residues favors the maintenance of the textural properties of the
catalyst in terms of surface area and porosity. It must be pointed out that, after the synthesis, Cu is
always present in its oxide form (CuQ); for this reason, all catalysts need to be reduced with

hydrogen before being used for CO; hydrogenation [6], [11].
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Figure 13 Synthesis processes used to obtain Cu/ZnO-based catalysts. Reprinted from [6] distributed under the terms and conditions

of the Creative Commons Attribution (CC-BY-NC-ND) license Copyright © 2017 American Chemical Society.

Non-Cu-based catalysts

To overcome the thermodynamic constraints of CO, hydrogenation, some researchers have focused
on the development of catalysts for methanol synthesis from CO; not based on Cu; however, the
number of papers about this type of catalysts is really small compared to the literature focused on
traditional Cu-based catalysts [66]. The most studied non-Cu-based catalysts are based on noble
metals, mainly Pd; particularly, while the use of only Pd nanoparticles promotes the formation of
CO through the RWGS reaction, the use of Pd supported on other species, like ZnO, showed high
selectivity towards methanol production, due to the formation of the PdZn alloy, acting as active
site. Another support that has been studied for Pd-based catalysts is Ga;0s3; this system does not
only form the PdGa alloy, but also the Pd,Ga intermetallic compound, which shows high activity and
methanol selectivity. Pd/In,03 was also studied, showing an improved activity and stability
compared to Cu/Zn0O-based catalysts [11]. Another noble metal investigated as methanol synthesis
catalyst is Au, usually reported in form of nanoparticles supported on a metal oxide; in this context,
several metal oxides have been reported as supports, but the most promising ones proved to be
Zn0 and Ce0,, allowing to obtain highly selective catalysts. Some cases of bimetallic systems, mainly
based on Rh and Pt, have also been reported [11]. However, the use of noble metals, despite
showing promising performances, have a substantial drawback, consisting in their high cost; for this
reason, several researchers have been focusing on catalysts based on non-noble metals. Among

these, Co-based catalysts showed high methanol selectivity due to the presence of the CoO phase,
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which inhibits the RWGS reaction. Ni nanoparticles supported on Ga;0s showed high catalytic
activity; the highest values of methanol selectivity were observed for 10.2 nm nanoparticles, due to
the improved stabilization and hydrogenation of reaction intermediates, while smaller
nanoparticles promoted CO formation [66]. In0s is another non-Cu catalyst on which the
researchers focused on; particularly, it showed an almost complete selectivity to methanol at low
values of conversion, inhibiting the RWGS rection, due to the presence of oxygen vacancies, acting
as active sites for CO; adsorption and for the stabilization of reaction intermediates. The formation
of such vacancies was favored by the modification of In,0s with Ga, maximizing methanol yield
especially at high temperature (300-400°C). The activity and stability of In,O3 were also improved
by the addition of ZrO, [11], [66].
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Figure 14 Catalytic systems reported in the literature for the CO2 hydrogenation to methanol. Reprinted from [6] distributed under

the terms and conditions of the Creative Commons Attribution (CC-BY-NC-ND) license Copyright © 2017 American Chemical Society.
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1.4.3 Acidic catalysts for the CO2-to-DME process

Regarding methanol dehydration to DME, the solid acidic catalysts that have been reported in the
literature mainly consist in y-Al,O3 and zeolites, similarly to the catalysts used for the syngas-to-DME
process. The advantages of y-Al,O3 mainly consist in its low cost compared to other more active
dehydration catalysts, like zeolites, a high surface area, a good thermal stability and the presence of
weak and moderate Lewis acid sites on its surface [66][15]. However, as already mentioned for the
syngas-to-DME process, y-Al,03 tends to lose performances over time, due to deactivation of its
Lewis acid sites [14], [61]. This downside of y-Al;0s3 is particularly problematic for the CO>-to-DME
process due to the formation of water during the hydrogenation of CO;, for a total of three water
molecules for each DME molecule produced. Furthermore, in the CO,-to-DME process water is also
produced by the RWGS reaction; the significant amount of water produced during the process can
adsorb on the Lewis acid sites of y-Al,03, competing with methanol and deactivating the sites.
Another disadvantage of y-Al,03 consists in the fact that, due to its acidic properties, this catalyst
needs high reaction temperatures (300-400 °C), incompatible with those required by methanol
synthesis (250-300 °C) [15], [66]. In order to overcome the drawback due to deactivation of the acid
sites of y-Al,0s3, several researchers focused their attention on the modification of its acidic
properties by the incorporation of other species, like SiO,, Cu, Fe;0s, Ti, Nb, B and phosphates,
mainly in order to decrease the hydrophilicity of the surface of alumina. Despite the promising
results obtained, y-Al,O3 is not considered an ideal dehydration catalyst for the CO;-to-DME process,

and the attention of the researchers is currently focused mainly on zeolites [15], [66].

As already mentioned for the syngas-to-DME process, zeolites show a much higher resistance to
water adsorption than y-Al;0s3, due to both the presence of Brgnsted sites and a lower surface
hydrophilicity, especially for zeolites with high Si/Al ratios [23], [25]. Zeolites also, compared to y-
Al,03, allow to carry out methanol dehydration at lower temperatures, more compatible with
methanol synthesis (250-280 °C) [15]. However, even at relatively low temperatures, the presence
of high-strength Brgnsted sites, despite showing high activity for methanol dehydration, also give
rise to the formation of by-products, as previously explained. Besides the acid strength, the
formation of coke and by-products is strongly influenced by the zeolite structural properties,
particularly in terms of the size of pore channels and cages. For instance, zeolite beta (BEA) due to
the presence of large cages interconnected by a 3D porous network, shows a high activity, but also

rapidly deactivates due to coke deposition. On the other hand, ZSM-5 (MFI), featuring a 3D
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framework but smaller pores, and particularly ferrierite (FER), due to its small 2D pore network,
demonstrated to be the best compromise between catalytic activity, selectivity to DME, and
resistance to deactivation [66]. It has been observed, indeed, how coke formation, caused by the
production of olefins and, particularly, aromatic compounds, is favored not only by strong Brgnsted
sites but also by the presence of large cages interconnected by relatively small pores organized in a
3D framework. These cavities do not allow the formed by-products to properly exit the pore system,
building up and reacting to form carbonaceous deposits, mainly consisting in poly-methylbenzenes
[15]. In addition to the Si/Al ratio and the microporous features, crystallite size of zeolites results to
be an important factor to obtain good catalytic performances and avoid deactivation; particularly,
due to improved mass transfer, zeolites with small crystallites (in the nano-scale) shows improved
methanol conversion, DME selectivity and considerably reduced amount of coke deposition,
compared with zeolites featured by micro-crystallinity. In both its nano- and micro-crystalline form,
ferrierite showed better performances than ZSM-5 [15][61]. Coke deposition is also limited by the
presence of mesopores, which facilitates mass transfer avoiding the accumulation of coke
precursors; the positive effect of mesoporosity have been observed for zeolites with a hierarchical
structure and for a ZSM-5/MCM-41 composite material [15]. Besides the increase in aluminum
content, which showed excellent results for FER in terms of activity, the detrimental presence of
strong Brgnsted acid sites in zeolites can be inhibited by halogenation processes, desilication,

impregnation with metals like Na, Mg, Zn, Zr and impregnation with y-Al,03 [15], [66].

Alongside y-Al,03 and zeolites, other acidic catalysts like supported heteropolyacids (HPAs), ion
exchange resins, silicoaluminophosphates (SAPO) and natural clays have been proposed [15], [66].
Furthermore, some cases of other oxides and mixed oxides such as TiO,, TiO2/ZrO,, ZrO, [73][49],
sulfated zirconia (S04%/Zr0;) [74], WO/AI>03 [75], WOx/ZrO> [76], WOx/TiO2, Nb,Os, and Nb-doped
TiO2 [15], [66] have been reported. Due to the peculiar properties of mesoporous and
mesostructured materials, like the high surface area and the large pore size, some authors have
proposed such systems as methanol dehydration catalysts; some examples include
mesoporous/mesostructured y-Al,O3 [77], [78], doped mesoporous/mesostructured silica [79][80],

[81] [82] and other oxides and mixed oxides [73]-[76].
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1.4.4 Bifunctional /hybrid catalysts for the CO2-to-DME process

Like in the case of the syngas-to-DME process, when the CO;-to-DME process is performed through
a one-step route it is necessary to include both the redox and the dehydration catalyst into the
reactor [15] [14], [66]. In most cases, the two catalysts are simply physically mixed together [83]—
[85]. However, the interest of several researchers for bifunctional catalysts, in which the two phases
are in an intimate contact, is recently growing and several cases of actual bifunctional catalysts have
been reported [86], [87]. Such catalysts, often defined as “hybrid”, are usually obtained through
coprecipitation of the redox phase on the acidic catalyst (usually zeolites) used as support; however,
other synthesis routes like impregnation and sol-gel approaches have been reported [15]. In this
perspective, it is believed that the close proximity of the two type of active sites (redox and acid)
would improve the performances of the catalyst, due to a more prompt dehydration of the formed
methanol [14], [15]. An important aspect in bifunctional catalysts is the morphology and the
homogeneity of the dispersion of the redox phase on the acidic support; namely, Frusteri et al. [87]
observed how the use of ferrierite as a support allowed to obtain homogeneous dispersion of the
redox phase (Cu/ZnO/Zr0O3) on its surface due to its lamellar crystals. Other zeolites (ZSM-5 and
mordenite) presented less homogeneous dispersion, limiting mass transfer and the acid activity of
the support. However, an agreement on the better combination method of the two phases (either
physical or chemical mixing) has not been reached so far. Some authors, indeed, observed
detrimental effects deriving from the close contact between the two catalytic functions which
caused the coverage of the active sites and a decrease in the surface area of the acidic catalyst used
to support the methanol synthesis catalyst. Also, bifunctional catalysts often show deactivation
phenomena over time, due to sintering of the particles of the redox phase, coke deposition or water
adsorption [15][66]. Another detrimental effect observed on bifunctional zeolite-based catalysts
can be ascribed to ion-exchange phenomena between the H* cations of the zeolite and Cu?* cations
from the redox phase, giving rise to deactivation of both catalytic functions [70][65]. Particularly,
Bonura et al. [65] made a direct comparison of two-function CZZ/H-ZSM-5 catalysts obtained by

coprecipitation, dual bed configuration, grinding and physical mixing (Figure 15a).
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Figure 15 Combination method for redox and acidic catalysts: coprecipitation (ZZ-C), dual-bed (ZZ-D), grinding (ZZ-G), and mixing of
pelletized catalysts (ZZ-M) (a). Catalytic results (b). Reprinted with permission from [65] license number 5470440299719.

The obtained results (Figure 15b) clearly showed an extremely low amount of DME production rate
for the catalyst obtained by coprecipitation, associated with a disappearance of its weak acid sites,
caused by the ion-exchange phenomena mentioned above. On the other hand, catalysts obtained
without an intimate contact between the redox and the acidic phase did not alter the amount of

acid sites of the zeolites and gave rise to the formation of important amounts of DME.

Besides the lack of agreement in the literature about the best combination method for CO,-to-DME
catalysts, the different redox and dehydration catalysts chosen by the authors, the different reaction
conditions and the different synthesis methods make a direct comparison of the several types of
bifunctional/hybrid catalysts really difficult; most findings, however, seem to suggest that the
research on bifunctional catalysts showed promising results, but more studies are required to

optimize these systems to avoid deactivation [66][15].
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Chapter 2
Siliceous and non-siliceous ordered mesoporous materials: synthesis,

features, and possible applications

This chapter is devoted to siliceous and non-siliceous ordered mesoporous (mesostructured) oxides
providing a general overview on synthesis methods, their textural properties, and their applications

in different fields, as catalysis, sorption, and sensing.

2.1 Porous materials: an overview
According to the International Union of Pure and Applied Chemistry (IUPAC) [88], porous materials

are divided in three classes depending on their pore size:

e Microporous (pore size <2 nm)
e Mesoporous (2 nm < pore size <50 nm)

e Macroporous (pore size > 50 nm)

Although microporous materials show the highest surface area, the small pore size can limit mass
transfer when large molecules are involved in the reactions [89]. Zeolites are the most common
inorganic members of this class, with a narrow and uniform micropore size distribution, arising from
their crystalline structure. Other important members are Metal Organic Frameworks (MOFs),
inorganic-organic hybrid materials featuring micropores and ultramicropores and very high surface

area, but often suffering of thermal and chemical instabilities at mid- and high temperature.

Mesoporous materials can be considered ideal materials having high surface area but without the
intrinsic limits of their microporous counterparts, in terms of diffusion drawbacks or plugging
phenomena, making them promising candidates for catalysis, adsorption, sensor, lithium-ion
batteries, drug delivery, and nanodevices. Among them, ordered mesoporous materials, also known
as mesostructured materials, possess an ordered arrangement of the mesoporous channels and
extremely high surface area, which allows the maximization of the accessibility and, consequently,
the surface reactivity/adsorption ability toward specific species [90]. In addition to these features,
the use of these materials as hosting supports for other active phases, by anchoring nanoparticles
into the mesopores or by grafting both the inner and external surface with organic molecules, offers
the opportunity of developing multifunctional materials that may find applications in a great variety

of fields. Silica and aluminosilicates were first developed in form of mesostructured materials [89],
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due to the geometrical flexibility of the tetrahedral building blocks which provides chemical stability
and ease of synthesis. Because of the chemical inertness, silica as pure material finds a limited
number of applications, and, therefore, it is mainly used as host material for active species. For these
reasons, research is moving toward aluminosilicates and non-siliceous mesostructured materials.
The synthetic strategies used for mesoporous silica can be adapted for aluminosilicates while for
non-siliceous oxides the development of new approaches is needed. Indeed, non-siliceous
precursors are extremely reactive in the hydrolysis processes and can be subjected to side redox
reactions, or phase transitions, accompanied by thermal collapse of the mesostructure. For the
above reasons, separate paragraphs will be devoted to a description of the synthetic approaches

for the synthesis of siliceous and non-siliceous mesostructured oxides.

2.2 Mesoporous siliceous materials

The first synthesis of a mesostructured material was reported in a patent published in 1969, but its
importance was not recognized [89], [91], since 1992, when a similar material, Mobil Composition
of Matter No. 41 (MCM-41), was obtained in the Mobil Oil Corporation laboratories, making this
event as the milestone in the history of mesostructured materials [92]. A highly ordered hexagonal
array of the mesochannels with a very narrow pore size distribution, an extremely high surface area
and porous volume are its peculiar features. Since then, a large variety of mesostructured materials
with different porous structure (two-dimensional (2D) hexagonal, space group P6mm, three-
dimensional (3D) hexagonal P63/mmc, 3D cubic Pm3m, Pm3n, Fd3m, Fm3m, Im3m, and

bicontinuous cubic /a3d) have been developed Figure 16, opening new fields of application.

Figure 16 Representation of different mesoporous orders of siliceous materials. Reprinted with permission from [93], license number
5483261066899.
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The formation of mesostructured material is based on the assembly between the inorganic species
(silica precursor) and the organic templating agents (amphiphilic copolymers, surfactants). The
organic-inorganic interactions deriving from weak non-covalent bonds like hydrogen bonds, van der
Waals forces, and electro-valent bonds, is the driving force for the assembly. Two main mechanisms,
cooperative self-assembly and true liquid-crystal templating processes, have been hypothesised for
the obtainment of mesostructures, as reported in Figure 17. The cooperative self-assembly
approach involves the interaction between inorganic species and organic molecules before the
micelles formation (pathway A), while the liquid-crystal templating route is based on the formation
of liquids crystals by the assembly of the organic molecules before the interaction with the inorganic
species (pathway B) [94]. Then, for both approaches, the condensation of the silica precursor occurs
around the organic mesophase. In addition to the inorganic-organic interactions, key factors that
make silica particularly suitable for the mesostructure formation are the well-controlled hydrolysis
and condensation of the silica precursors (e.g., siliceous alkoxides), and the thermal stability of the

silica framework during the removal of the organic molecular templates (calcination).
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Figure 17 Cooperative self-assembly (A), and true liquid crystal templating process (B) for the synthesis of mesostructured silica-based
materials. Reprinted with permission from [95]. Copyright (2007) American Chemical Society.
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From a thermodynamic point of view, the whole formation of the ordered mesoporous material can

be depicted in terms of the free energy [96]:
AG = AGinter + AGwall +AGintra +AGso|

where AGinter is the energy associated with the interaction between the micelles of surfactant and
the inorganic walls, AGwai is the structural free energy for the inorganic framework, AGintra is the van
der Waals force and conformational energy of the surfactant, and AGs is the chemical potential
associated with the species in solution phase. AGs is usually considered as constant and, therefore,
the interaction between the surfactant and inorganic species, such as the matching of the charge
density, is the core of the process. The assembly process is favoured by more negative AGinter.
Detailed investigations on the inorganic-organic interaction were reported in the literature [95]. By
changing reaction conditions (pH, chemicals, inorganic precursors, and templating agents), several
routes have been developed so far for the syntheses of ordered mesoporous materials Figure 18.
The interactions between the charged inorganic phase and the head group of the surfactants in the
route (a-d) are mainly of electrostatic nature, while those between neutral inorganic species and

non-electrolyte templating molecules are given by hydrogen bonds (e, f) [97], [98].

Figure 18 Types of interactions between inorganic species and surfactant head groups in basic (a, c), acidic (b) and neutral (d) media
or via hydrogen bonds between uncharged species (e) or ion pairs (f). Reproduced with permission from [99]. Copyright 2006 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim, license number 5513611296279.
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The silica is obtained through hydrolysis and condensation reactions as indicated in the following

equations.
=Si—0OR+H,0 5=S8i—0H+ ROH (hydrolysis)
=Si—-0OH+HO-Si=s5=S8i—0-Si=+H,0 (water condensation)
=Si—-0OR+HO-Si=s=Si—0—-Si=+ROH (alcohol condensation)

2.2.1 Substitution of Si in siliceous mesoporous materials

The same synthetic strategies described for siliceous materials can be used to obtain mesoporous
systems in which Si is partially substituted by another species. This approach is of particular interest
since it allows an SiO2-based material, normally chemically inert, to gain peculiar properties. The
most common species used to partially substitute Siis Al; in the context of this thesis Al-substituted
siliceous materials have a great importance, since the introduction of aluminum in the framework
of silica grants acidic properties. Indeed, due to the similar atomic radii of AI** (0.51 A) and Si** (0.42
A), in aluminosilicates Al replaces Si assuming a tetracoordinated (AlOs>) form; consequently, to

balance the charge, an -OH group (a Brgnsted acid site) is formed [100].

2.3 Mesoporous non-siliceous materials
The success achieved for siliceous mesostructured materials by the soft template approach, have
not been similarly obtained for mesoporous non-siliceous oxides. So far, besides the soft template

route, additional synthetic pathways have been proposed in the literature for this aim Figure 19:

1. Softtemplate: based on the adaption of the synthetic method proposed for mesostructured
siliceous materials, exploiting the self-assembly phenomena of diverse surfactants or block

copolymers as templates or structure-directing agents (SDAs).

2. Hard template: based on the use of preformed scaffold of ordered mesostructured silica or

carbon as moulds [101].

3. Colloidal crystal template: based on the formation of a uniform close packing arrangement
of organic (polystyrene (PS), poly-(methyl methacrylate) (PMMA)) or inorganic (silica)
homogenously-sized spheres and the subsequent filling of the interstitial spaces by inorganic

precursors.
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4. Super lattice: based on the use of pre-formed capped nanoparticles as building blocks, and
the interaction and assembly between the capping agent of the nanoparticles and the

surfactant (or block copolymers) used as porogen agent to form the mesoporous structure.
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Figure 19 Schematic representation of the four synthetic pathways developed to obtain ordered mesoporous materials. Reprinted
from [102], Copyright (2017), with permission from Elsevier (Hard template). Adapted with permission from [103] copyright (2008)
American Chemical Society (Colloidal Crystal Template). Adapted from [104] with permission of The Royal Society of Chemistry (Super
Lattice).

The hard template and the colloidal crystal template methods are multistep approaches and their
scale-up in industrial processes might be challenging. In the super lattice method, the main limit is
related to the selection of proper capping and porogen agents promoting their interaction and the
consequent assembly. The soft template methods suffer from the major problem of losing the
porous structure after crystallization of the inorganic precursors, but this has been overcome by
using amphiphilic block copolymers with higher thermal stability than temperature of crystallization
transition, making this method promising in comparison with the others. Therefore, in the following

paragraph the attention will be paid on the soft template method.

2.3.1 From soft template methods to evaporation-induced self-assembly (EISA)

As previously mentioned, the application of the soft template method requires the adaptation of
the experimental conditions used for the synthesis of mesostructured silicas, due to the faster
hydrolysis and condensation reactions of the metal precursors compared to the siliceous
counterpart. Indeed, a wormlike porous structure is often obtained without the achievement of the

decided mesoporous order. In order to avoid macro-phase separation, the method requires a better
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control on the hydrolysis-condensation rate, and a strong interaction between the templates and
precursor. The first successful synthesis of mesostructured metal oxide other than silica was
proposed in 1995 by Antonelli et al. [105], leading to the obtainment of amorphous mesostructured
TiO2 but with a poor thermal stability. In 1998, Stucky and co-workers [106], were able to overcome
this issue by the use of amphiphilic tri-block copolymers as templates, for the synthesis of both
crystalline metal oxides (TiO2, ZrO;, Al,03, Nb;0s, Ta;0s, W03, HfO,, Sn0;) and amorphous mixed
oxides (SiAlOs 5, SiTiOs, ZrTiOa, AlLTiOs and ZrW,0g) (Figure 20). Block copolymers, such as Pluronic-
type triblock, are considered to be among the most promising templating agents for the crystal
growth of inorganic materials, allowing the obtainment of a robust mesostructure with long-range
ordering lengths [94]. Besides the proper selection of the copolymer, a key point is the accurate
control of the sol-gel transition through slow evaporation of the solvent. This approach was firstly
presented by Bricker's group for mesostructured silica in 1997 [98] and called evaporation-induced

self-assembly (EISA) [101]. A focus on this synthetic approach will be given in the next paragraph.

Figure 20 TEM images of ZrO; (c, d) and Nb,0Os (e, f) mesostructured oxides. Reprinted by permission from Macmillan Publishers Ltd
[Nature] [106], copyright (1998), license number 5510850181915.

2.3.2 Evaporation-induced self-assembly (EISA)

After its first use for the synthesis of silica thin films [98], the EISA method was later adapted to
prepare mesostructured metal oxides including TiO,, ZrO;, Al,03, Nb;0s, Ta;0s, W03, HfO,, SnO;,
and mixed oxides SiAlOs5, SiTiO4, ZrTiO4, Al2TiOs and ZrW;0g [106]. In this method, a decrease of
the hydrolysis and condensation rates of the metal precursors is achieved by using non-aqueous
volatile polar solvents (e.g., alcohols or tetrahydrofuran), in which a surfactant and then the

inorganic precursors with low polymerization degree are dissolved. At the beginning of the process,
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the initial concentration of the surfactant in this solution is kept below its critical micelle
concentration (CMC). Then, the slow evaporation of the solvent leads to a gradual increase of the
surfactant concentration. The surfactant molecules self-assemble and form a liquid-crystal phase,
capable to interact with the inorganic species. The cooperative inorganic-organic assembly is
generated by a humidity aging process, leading to a robust mesostructure [94]. Post-synthesis
treatments, as drying, calcination, pyrolysis, and solvothermal processes, are usually adopted to
control the solidification and possible crystallization of the inorganic framework, render the

mesostructured more robust, and remove the SDAs (Figure 21).

oo <. t.
metal — —-
precursur

solution evaporation

polymer

o—v-0

mesoporous mesostructured self-assembly
oxide template/metal

Figure 21 Schematic representation of the EISA synthetic approach. (a) Adapted from [107] with permission of The Royal Society of
Chemistry. (b) Reprinted from [108] with permission from Elsevier, license number 5513600777454.

Sanchez and co-workers [109] by in situ small angle X-ray scattering (SAXS) hypothesised a disorder-
to-order transition step from an isotropic sol to a worm-like phase, up to an aligned and organized
micelle phase, as the mechanism involved in the formation of mesostructured TiO,. Furthermore,
the authors found a second transition induced by the aging, from a cubic to a triclinic porous

structure (Figure 22).
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Figure 22 Schematic representation of the stages of mesostructured film formation. Reprinted with permission from [109]. Copyright
(2003) American Chemical Society.
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Since many experimental parameters are involved in the formation and transitions of the
mesophase and the inorganic mesostructured, such as reactivity of the metal precursors, humidity,
solvents, SDAs, temperature, atmosphere, surface/volume ratio of the sol, a careful control over
them is the challenge and the key for the creation of a long-range ordering of the mesoporous
structure. Moreover, even if a good control is achieved during the EISA synthesis, post-synthesis
treatments, such as the calcination step, might be responsible for retaining or not the porous
mesostructure during the amorphous-to-crystalline transition [110]. In order to overcome the
mesostructure collapse phenomena during the crystallisation step, a suitable selection of the SDAs
was demonstrated to assure the formation of a robust and thermally stable scaffold. Indeed, the
SDAs commonly used in the synthesis of mesostructured silica (e.g. cetyltrimethylammonium
bromide, CTAB) start to decompose at about 200 °C, making them unsuitable for obtainment a
stable of non-siliceous mesostructures. Among the different classes of surfactants, block
copolymers with excellent self-assembly capacity to construct robust mesostructures (Figure 23a),
due to the repellence between the two or more chemically distinct homopolymer subunits (blocks),
were selected as ideal candidates [94][111]. Amphiphilic tri-block copolymers, named as Pluronics®,
such as poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEQ), are the
most commonly proposed block copolymers due to their higher thermal stability (from about 300
°C to 400 °C), but still not sufficient for the obtainment of some mesostructured metal oxides [111].
Therefore, two main solutions have been proposed to assure high thermal stability of the scaffold
and the preservation of the porous structure: (i) the use of a Pluronic in the presence of sulphuric
acid leads to the acid carbonization of the copolymer during the thermal treatment under inert
atmosphere, producing a more stable carbon scaffold (Figure 23b) [110]; (ii) the second strategy
consists in the ad hoc design of block copolymers with improved thermal stability due to the lower
oxygen content and higher carbon content (e.g. poly(ethylene oxide)-polystyrene (PEO-PS) or
poly(ethylene oxide)-polyisoprene (PEO-PI)) (Figure 23c). This latter solution has been referred as
Combined Assembly by Soft and Hard (CASH) [112], being a strategy that combines the advantages
of soft and hard-templating approaches. The di-block copolymer consists of two units, where one
(e.g. PEOQ) is easily decomposed, whereas the second unit is a more thermally stable (e.g. PI) sp*-
carbon-containing hydrophobic block, which can be converted into a more robust amorphous

carbon scaffold when thermally treated under an inert atmosphere [112].
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Figure 23 (a) Graphical representation of the various morphologies assumed by block copolymers, including spherical and cylindrical
micelles, vesicles, spheres with face-centered cubic (space group: Fm3m) and body-centered cubic (Im3m) packing, hexagonally
packed cylinders (p6m), bicontinuous gyroid (la3d), F surface (Fd3m), P surfaces (Pm3n, Pn3m, or Pm3m), and lamella. Adapted with
permission from ref. [113] (b) Schematic illustration of the acid carbonization method. Reproduced with permission from [114].
Copyright 2010 WILEY-VCH. (c) Schematic representation of CASH method. Reprinted by permission from Macmillan Publishers Ltd:
[Nature] [112], copyright (2010).

2.4 Applications

Mesostructured materials characterized by large specific surfaces and easy pore accessibility find
various applications in heterogeneous catalysis, sorption, separation, gas sensing, optoelectronics,
host-guest chemistry, molecular electronic devices and medicine [115]. So far, due to the in-depth
knowledge about the sol-gel chemistry of siliceous materials and surfactant self-assembly, rational
design of ordered mesoporous SiO;-based materials have been successfully realized [95], and
therefore their applications result to be more widespread than those of mesostructured metal
oxides. In the following paragraphs, various potential applications of siliceous and non-siliceous

metal oxide materials will be described.

2.4.1 Functionalization of the mesostructures by organic and inorganic active phases

Functionalisation of silica with organic active phases

Although SiO; is an inert material and is not often used alone, its surface is easily activated by the
incorporation of active sites or by deposition of active species. The advantage of using
mesostructured silica consists in the presence of relatively large pores, which facilitate mass
transfer, together with the very high surface area which allows a high concentration of active sites
as a function of the mass of the material [89]. In the literature, many possible pathways have been
proposed to modify mesoporous surface with organic molecules or inorganic active phase, both

during the synthesis or post-synthesis.

The functionalisation of mesostructured silica with organic molecules follows three main pathways

(Figure 24):
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e Grafting: hybrid organic-inorganic materials are synthesized through a two-steps procedure
consisting in the synthesis of the mesostructured material and in the subsequent post-
synthesis condensation reaction between Si-OH groups located onto the pore walls and
suitable reagents such as chlorosilanes (e.g. CISiRs3), alkoxyorganosilanes (e.g. RSi(OR)3),

aminorganosilanes (NH2RSi(OR)s or silane terminated polymers (polymer-Si(OR)s)

e Co-condensation: hybrid organic-inorganic materials are synthesized through a one-pot
synthesis using the silicon alkoxide together with a trialkoxyorganosilane (R'Si(OR)3) with R’

being an active organic functions.

e Periodic mesoporous organosilicas: hybrid organic-inorganic materials are synthesized

through the use of bridged organosilica precursor of the type (R'0)3Si-R-Si(OR')s.

The approaches here described and widely diffused for silica, can be properly adapted for the non-

siliceous materials.
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Figure 24 Strategies aimed to obtain organic-inorganic hybrid mesoporous silica: 1. Grafting, 2. Co-condensation or in situ grafting
and 3. Periodic mesoporous silica. Reproduced with permission from [99]. Copyright 2006 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, license number 5513611046286.

These materials can be applied in many fields as pollutant sorbents [116], [117], catalysts at low

temperatures [118], and sensors [119], [120].

Functionalization with inorganic active phases
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Concerning the functionalisation with inorganic active phases, also in this case one or two steps
synthesis routes are possible. In the first case, the metal oxide precursor is directly added during the
synthesis of the mesostructured silica while, in the second case, a further step of impregnation with
a suitable solution of the metal precursor, has to be performed. However, the integration of a metal
oxide precursor during the silica synthesis could cause a loss of order in the porous structure. Hence,

the two-step method is preferred.

Impregnation is the most frequently used preparation route. The main advantage of this approach
is its simplicity and the production of limited amounts of waste; it consists in putting into contact a
solid with a liquid (usually a solution) containing the precursors of the species to be deposited
into/over the support. During impregnation several different processes take place at different rates

[121]:

e selective adsorption of species (charged or not) by coulomb force, van der Waals forces or

H-bonds;

e jon exchange phenomena between the charged surface and the electrolyte;

e polymerization/depolymerization of the species (molecules, ions) bonded to the surface;

e partial dissolution of the surface of the solid.

Usually, during impregnation a suitable support material is put into contact with a solution of the
precursor of the active phase. The evaporation of the impregnation solvent (usually water) induced
by drying leads the active phase precursor to adhere to the external surface, or to diffuse into the
channels of the porous support. Two different impregnation methods are most commonly adopted:

the “wet impregnation” and the “incipient wetness impregnation”.

In the wet impregnation approach the amount of precursor solution added to the porous support
exceeds its pore volume, determined by N; physisorption. Although this is the easiest impregnation
method, large fraction of the precursor tends to adhere mainly on the external surface resulting in
a heterogeneous or an egg-shell distribution of the guest phase. Such distributions can, on the one
hand, favour the accessibility to gaseous or liquid species, since reactant penetration deep inside
the catalyst bodies is unnecessary, but, on the other hand, do not hamper sintering phenomena

during the further thermal treatments or the use of these materials at mid or high temperature. The
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irreversibility of the sintering phenomena renders this material not regenerable. For this reason,
other impregnation strategy is usually required, such as the incipient wetness impregnation, also
known as dry impregnation. In this process the volume of the precursor solution exactly corresponds
to the pore volume. However, according to IUPAC definition [121], the volume of the solution can
be empirically determined as the value beyond which the catalyst begins to look wet. The use of an
amount equal to the pore volume allows to avoid the deposition of metal precursor outside the

pores, and the consequent formation of microcrystals after the thermal treatment.

Indeed, after the impregnation process, regardless to the specific adopted method, the
impregnated support needs to be thermally treated to allow the precursor to be converted into the
final chemical phase. It should be noted that the experimental conditions during drying or
calcination can affect the solvent diffusion inside the pores and, consequently, the extent of the
homogeneity of the guest phase distribution into/onto the support. Since mesostructured materials
with pore sizes below 10 nm offers a relatively large pore volume, impregnation appears to be a
suitable method for the incorporation of active phase(s) inside the mesopores. In particular,
incipient wetness impregnation is the most appropriate strategy, since it should offer the
advantage, at least in principle, to let the guest phase deposit completely inside the pores of the

support material.

In the framework of incipient wetness impregnation strategy, the so-called “two-solvent” or
“double-solvent” strategy, has attracted a considerable interest [122], [123], [124] since the loading
of the pores with a metal precursor solution is facilitated by the use of an apolar solvent (alkane)
[125] (Figure 25). It is based on the dispersion of the dried hydrophilic porous support in a first
hydrophobic solvent (n-pentane, n-hexane or cyclohexane) followed by the addition of a proper
volume of the metal precursor agqueous solution, evaluated on the basis of the porous volume of
the support by nitrogen physisorption measurements. The mixture is submitted to a mild
temperature (40 °C — 80 °C) treatment up to the complete evaporation of the hydrophobic solvent.
An exhaustive study was carried out on the mesoporous silica/hydrophobic solvent/aqueous
solution system to understand the processes involved in the double solvent technique [125]. It was
proposed that in the presence of a hydrophobic solvent, the water traces are pushed against the
hydrophilic silica walls favouring the rehydroxylation of the surface, that then interact with the
aqueous solution introduced afterward. Most of the surface groups of dry SBA-15 consist of isolated

silanols, accompanied with a smaller contribution of geminal and hydrogen-bonded silanols. The
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addition of the hydrophobic solvent seems to modify the surface by increasing the amount of
geminal and hydrogen-bonded silanol groups, consequently rendering silica more hydrophilic. This
should result in an improved dispersion of the metal oxide nanoparticles, obtained after drying and
calcination. Concerning these latter steps, it has been also pointed out the crucial importance of the
drying step in removing all traces of residual solvent that if present might limit the efficacy of the
calcination process. Another study was instead devoted to the effect of the use of different alkane

solvents on the incorporation and the dispersion of the particles [125].

The two-solvent incipient impregnation approach was proposed for the effective and homogenous
dispersion of ZnO and Fe,0s inside the silica mesochannels in SBA-15 and M41S (MCM-41, MCM-
48) to build up sorbents for different environmental applications as the removal of toxic gaseous
species from gas mixture and the removal of pollutants from liquid media [126]—[133]. In the case
of Fe203-based systems, the combined use of STEM-EDX chemical mapping, DC magnetometry, and
>’Fe Mdssbauer spectroscopy allowed to evidence the high homogeneity in both the particle size
and the dispersion into the silica mesostructure, together with the presence of very tiny particles
(2-5 nm. This confirmed the efficacy of the two-solvent strategy and the action of the silica

mesochannels in limiting and controlling the growth of the guest phase.

Drying
Calcination

Hexane

Figure 25 Schematic representation of the two-solvent impregnation strategy on mesostructured materials. Adapted with permission
from [134].

Another possible alternative to the two-solvent method is represented by a combination of
impregnation with a sol-gel or solution self-combustion process, set up by the Solid State Chemistry
and Nanomaterials group of the University of Cagliari. Sol-gel/solution combustion synthesis was
first proposed in the mid-1980s and can be described as a complex self-sustained chemical process,

occurring in a homogeneous solution of precursors Figure 26.
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Figure 26 Schematic representation of the sol-gel nitrate/citrate-based self-combustion for the obtainment of CoFe,04 nanoparticles;
reprinted with permission from [135].

It involves self-propagating exothermic redox reactions deriving by the use of suitable oxidizer and
reductant species. Here, we report the most common oxidizers and reductants (fuels) proposed in

the literature Table 2.

Table 2 Most commonly used oxidizers and reductants (fuels) for the sol-gel/solution self-combustion process. Reprinted with
permission from [136], Copyright © 2016 American Chemical Society.

oxidizer fuel solvent
metal nitrates or urea (CH,;N,O) water (H,0)
nitrate hydrates: glycine (C,HNO,) hydrocarbons:
Me*(NO;),nH,0 sucrose (C,H5,04,) kerosene
v - metal valence glucose (CgH ,04) benzene (CcHg)
citric acid (CsH305) alcohols:
ammonium nitrate hydrazine-based fuels: ethanol (C,H:O)
(NH,NO,)
carbohydrazide (CH,N,O) methanol (CH,0)
oxalyldihydrazide furfuryl alcohol
(CHgN,0,) (CsHs0,)
nitric acid (HNO,) hexamethylenetetramine 2-methoxyethanol
(CeHN,) (C3H{0,)
acetylacetone (C;H,O,) formaldehyde
(CH,0)

The obtained products are in form of a voluminous powder (Figure 27) and a large amount of non-
toxic gas are released. Noteworthy, this approach allows to synthesize a variety of nanoscale
materials, such as oxides, metals, alloys, and sulfides, which find important application in several

fields [136].
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The self-combustion-impregnation strategy involves a first step of impregnation of the metal nitrate
(precursor of the desired guest phase) aqueous solution containing the reductant agent on the
porous support, followed by a combustion step induced by a sudden ignition. The solution/gel burn
in a self-propagating process, quickly converting the precursor mixtures into the voluminous powder
product. Citric acid and glycine are most frequently used reductant due to their low temperature
decomposition and the good capability to chelate metal cations [137]-[140]. Therefore, some
reductants play two important roles: they are at the same time fuels and chelating agent able to
prevent the precipitation of hydroxylated compounds. This strategy has been successfully applied
for the development of ZnFe,04@SBA15 sorbents for removal of H,S from syngas [126], [127] and
CuO/Zn0/ZrO,@SBA15 [72] catalysts for methanol production from CO; hydrogenation.

Figure 27 Flameless self-combustion process (volcano) (a) and tree-like structure of the obtained powder (b-c). Reprinted with
permission from [141] license number 5513660814399.

2.4.2 Application of siliceous and non-siliceous materials

Si02-MexOy composites (where Me is a metal) obtained by impregnation strategies are largely used
in different fields as catalysts [89], sorbents [128][127][126], and sensors. In the last few years, the
design of nano-sized silica particles, showing dimension lower than 100 nm, has opened the way for
further applications in biomedical field, especially as drug delivery systems [142]. Up to now, some
examples in which SiOz-based systems have been employed in the industrial field are already
present. For instance, in the Catalin Inc. (Albermarle Catilin) a pilot plant has been developed in

which mesostructured silica nanoparticles-based catalysts are employed in an environmentally-
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friendly process for biodiesel production [142]. Regarding Al-substituted mesostructured silica, due
to its acidic properties mainly finds application in catalysis for acid-catalyzed reactions like methanol

dehydration [79][143], transesterification [144], alkylation, isomerization [145] and cracking [146].

Non-siliceous mesostructured metal oxides have attracted considerable attention due to their
diverse, and often unique properties, functionalities, and potential applications, in comparison with
their siliceous counterparts. Even though in the last ten years substantial achievements have been
made concerning their synthesis and structural characterization [104], just in some cases, the
application of the mesostructured metal oxides is presented, due to the fact that the main aim in
most of the cases is the presentation of the synthetic pathway able to generate the mesostructure.
Moreover, in many types of applications, the mesostructure is often lost during the repeated cycles
causing a remarkable drop in the initial performances. However, some examples can be reported.
Mesostructured SnO, materials have been prepared by using both surfactant [147]-[149] and
mesoporous silica [150] as template, and the potential applications as Hz, H> and NOy, CO sensors
[147]-[149] and batteries [150] have also been showed. Nanocasted mesoporous cobalt oxide
materials showing high surface areas up to 300 m?g! have been used as catalysts [151], (50 % of
their activity was lost after 4 hours use due to the loss of the surface area) and as negative electrodes
in rechargeable lithium-ion batteries [152]. Mesoporous ZnO with a wurtzite-like nanocrystalline
framework has been synthesized by using Schiff-base amine as templating agents [153]. The
obtained material showed photoconductivity and photoluminescence at room temperature under
irradiation with visible light [153]. Nevertheless, due to its unique photocatalytic properties, the
availability of its appropriate commercial precursors to generate the mesostructure, as well as its
easier handling compared to other metals precursors, mesostructured titanium oxide is the most
studied and employed metal oxide. Its applications include photocatalysis, dye-sensitized solar cell,
electrochromic and photoelectrochromic devices, chemical energy storage (e.g. Li ion batteries
[154], [155] and supercapacitor [156]), luminescent devices [156][157], and drug delivery [158].
Another non-siliceous ordered mesoporous oxide that has attracted a considerable interest is Al;0s.
This system mainly finds application as a catalyst; furthermore, due to its high hydrolytic stability, it
is often used as a support to host other phases with various applications in catalysis and adsorption
[104][159]. Yuan et al. reported the synthesis of different ordered mesoporous Al,O3 samples,
obtained with an EISA approach using different non-ionic block copolymers as templating agents,

different aluminum precursors and different acidic species as catalysts for the EISA process. The
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synthesized systems showed high thermal stability up to 1000 °C and were used as supports to host
a Ru-based catalyst for various hydrogenation reactions [160]. As reported in Chapter 1, in the
context of this thesis, y-Al,Osz finds application not only as an acidic catalyst for methanol
dehydration, but also, when obtained in a mesostructured form, as a support to host the redox

phase inside its pores [45][46][47].
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Chapter 3
Development of TiO2- ZrxTi1-x02- and Al-SiO2-based mesostructured

acidic dehydration catalysts
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3.1 Introduction

This chapter is focused on the development of mesostructured acidic metal oxides as catalysts for
the methanol dehydration physically mixed with a commercial Cu-based redox catalyst (CZA) and
tested for the CO;-to-dimethyl ether (DME) one-pot production. The regular porous structure of
mesostructured catalysts, their ideal pore size, and high surface area should in principle render the
active sites easily accessible for methanol dehydration. Furthermore, the mesostructured acidic
supports should be ideal in terms of pore size to disperse a redox phase inside the mesopores for
the development of bifunctional nanocomposite catalysts. Sintering phenomena of the redox phase,
due toitsincorporation in the mesochannels should thus be prevented and the material made stable

and regenerable.

Al-MCM-41, TiO; and TiOz-ZrO; with different Ti:Zr molar ratio have been obtained through the sol-
gel method in its conventional or EISA (Evaporation-Induced Self-Assembly) approach. Few cases of
TiO, ZrO; and Zr-TiO; [49][161] have been reported in the literature, together with some studies on
mesostructured aluminosilicates [81][162][79][80][143]. TiO2, ZrO,, and Ti-Zr mixed oxides feature
only Lewis acidic sites, weaker than those of y-Al,03 [161], and thus less prone to be deactivated
due to water adsorption. Therefore, they are responsible for higher amounts of DME produced,
whereas the mesostructured aluminosilicates have shown both Lewis and Brgnsted acidity
[163][164][165][166]. Withthe aim of understanding how the different textural and
acidic properties of these systems can be correlated with the performances and eventually
design efficient dehydration catalysts, a careful study on the acidic sites has been performed by
both adsorption microcalorimetry with ammonia and FTIR-monitored adsorption of pyridine. The

results of this chapter have been published in [73].
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3.2 Synthesis methods
Synthesis of AI-MCM-41

The mesostructured aluminosilicate AI-MCM-41 was synthesized by properly changing the sol-gel
strategy reported by Cara et al. for the synthesis of MCM-41 [128]. Typically, 0.2314 g of aluminum
isopropoxide were dissolved in 3.79 mL of TEOS, while 1 g of the templating agent CTAB was
solubilized in 200 g of bi-distilled H,0 into a separate flask by stirring at 300 RPM for 3.5 h at 30 °C.
After the addition of 69.1 g of absolute ethanol (EtOH abs), the solution was stirred for other 20
minutes, and then, 21 mL of NHs were added. The precursors’ solution, previously prepared, was
immediately poured into the flask hosting the CTAB solution, and the stirring increased up to 600
RPM and kept for additional 5 minutes, until a milky white mixture was produced. The magnetic
stirring was then set back to 300 RPM and the reaction let to continue for 19 h at 30 °C. The obtained
material was washed with a 1/1 water/ethanol solution and separated by centrifugation at 4500
RPM for 3 times. Eventually, the solid was dried and calcined at 550 °C to induce the decomposition

of CTAB.
Synthesis of mesostructured TiOz- and Zr,Ti1-«02-based catalysts

Inspired by the sulfuric acid carbonization approach proposed by Zhao et al. for TiO; [110], the
synthetic process was modified to obtain mixed titania-zirconia oxides having a Ti:Zr molar ratio of
77:23 (Tio.77Zr0.2302), 23:77 (Tio.23Zro.7702), and 50:50 (Tio.s0Zro.5002). In a typical synthesis, 1 g of
Pluronic® P123 was dissolved in 30 g of EtOH abs, 1.4 g of HCI 37 wt% and 0.46 g of H,SO4 44 wt%
were added under vigorous magnetic stirring (400 RPM) and the mixture heated at 40 °C for 3 h
under a N2. Then, Ti(OPr)sand Zr(OBr4) (for the amounts see Table 3) were added dropwise and left
for further 20 h at the same temperature. The corresponding sol was poured into a Petri dish and
evaporated for two days at 40 °C in air under 50-60% of relative humidity (RH). The resultant film
was aged at 100 °C for 2 days. The obtained product was treated at 450 °C (heating rate 1°C min‘t)
under N3 for 2 h, and then calcined at 380 °C (2 °C min) under air for 2 h. After the N; treatment
the samples showed a black shining color, suggesting the formation of an amorphous carbon

scaffold. Conversely, they appeared light-yellow after calcination.
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Table 3 Synthetic details of the sol preparation for mesostructured TiO, and mixed oxide Tig.772ro.2302 Tio.50Zr0.5002 and Tig 23Zro.7,0, by

EISA approach [73].

Pluronic P 123 | Ethanol | HCl | H,SO, | Ti(OPr)s | Zr(OBu),
Sample
(8) (8) (8) | (g) (8) (8)
TiO; 1 30 1.4 | 0.46 3 -
Tio,77zro,z302 1 30 1.4 0.46 2.180 1.126
Tio,5ozro,5002 1 30 1.4 0.46 1.500 2.455
Tio,z3zro,7702 1 30 1.4 0.46 0.706 3.800

3.3 Structural, textural and morphological characterization

Wide-angle X-ray diffraction (WA-XRD) patterns (Figure 28a, Figure 29a) of the samples AI-MCM-41,
TiO2, and Tio.77Zr0.2302, the most promising binary Ti-Zr oxide in terms of degree of mesoporous
order (see Figure 29g, Figure 29h, Figure 30e-h) and ferrierite, shown for comparison, are reported
in Figure 28a and Figure 29a. Concerning the binary oxides, TEM images (Figure 30) showed a lower
degree of mesoporous order for the samples Tio.23Zro0.7702 and Tio50Zro.5002, and, therefore, the
attention was focused only on Tio.77Zr0.2302. The WA-XRD pattern of the ferrierite sample (PDF card
N. 00-039-1382) shows sharp diffraction peaks (Figure 28a), confirming its microcrystalline nature.
On the contrary, the sample AI-MCM-41 is amorphous and features a broad band centered at about
23° (20). TiO2 sample is nanocrystalline and, specifically, formed by 4 nm anatase nanocrystals (PDF
card N. 00-021-1272). The mean crystallite size was obtained by Scherrer equation, assuming K
equal to 0.9, and by fitting the most intense peaks by PseudoVoigt function, through a 1:1 Gaussian:
Lorentzian ratio (mu = 0.5). Tio.77Zr0.2302 is again amorphous, as confirmed by the two broad bands
at about 30° and 55° (Figure 29a). Small angle XRD (SA-XRD, Figure 28b and Figure 29b) showed the
presence of a well-defined mesoporous order, for all samples but ferrierite. Nitrogen physisorption
analysis further confirmed the mesoporous nature of the three samples, and the microporosity of
ferrierite (Figure 28c-d and Figure 29c¢-d). Table 4 reports the textural properties of the samples: the
highest surface area (1246 m?gl) was found for the AI-MCM-41, three times higher than that of
ferrierite (415 m2g). TiO2 and Tio.77Zr02302 show surface areas of 273 and 183 m?g?, respectively.
The substitution of Ti by Zr caused a decrease in the lattice spacing (dioo) and lattice parameter (ao)
of the mesostructure, with a remarkable decrease in the wall thickness (Tw) values, whereas the

pore sizes are close (Table 4). Figure 28e-h report representative TEM micrographs of the
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aluminosilicate samples (ferrierite, AI-MCM-41), with the ferrierite particles showing an elongated
morphology, whereas for the AI-MCM-41 spherical particles with a well-defined mesostructure are
visible. TEM analyses on the TiO; and Tio.77Zro.2302 samples revealed a well-defined honeycomb

structure with 4 nm-sized pore (Figure 29e-h).
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the aluminosilicate samples ferrierite (e,f) and AI-MCM-41 (g,h) [73].
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Table 4. Surface area (SA), pore volume (Vp), pore diameter (D,), wall thickness (T,), lattice spacing (di00), and hexagonal unit cell

parameter (ag) for all the samples [73].

Sample T\_/pology of SA Vp Dp Tw d100 ao
isotherm (m?>g?) | (ecm?g?) | (nm) | (nm) | (nm) | (nm)
Ferrierite I 415 0.1 0.4 - - -

Al-MCM-41 IVB 1246 0.7 22 | 16 | 33 | 3.8
Tio, IVA 273 0.3 39 | 48 | 75 | 87
Tio.772r0.2302 IVA 183 0.2 42 | 36 | 68 | 7.8
Tio.232r0.7702 IVA 234 0.2 34 | 20 | 54 | 6.2
Tio.s0Zr0.5002 IVA 242 0.28 38 | 25 | 63 | 7.3

Relative standard deviation: %RSD(SA)=2.1%; %RSD (V,)=1.1%; %RSD (Dp)=1.8%. d100 and ao were obtained from X-ray

diffraction data.

Experimental details on the nitrogen physisorption measurements and SA-XRD

The lattice parameter of the mesostructures was calculated from the SA-XRD using the equation

_ 2di00

ag = 73

diameter (Dp), obtained from nitrogen physisorption through BJH method, from the hexagonal cell

, assuming hexagonal porours structure. Ty was calculated by subtracting the mean pore

parameter (ao).

Prior to the nitrogen physisorption analyses, ferrierite and AI-MCM-41 samples were thermally
treated for 12 h under vacuum at 250 °C (heating rate, 1 °C min), while the TiO,/ZrO, samples were
heated at 120 °C. The Brunauer—Emmett—Teller (BET) specific surface area was calculated from the
adsorption data in the P/Po range 0.05-0.17 for AI-MCM-41 and 0.05-0.3 for the TiO2/ZrO; samples.
Due to the microporous features of ferrierite, the specific surface area was estimate by using the
Dubinin-Radushkevich model and the total pore volume and pore size by the Horvath-Kawazoe
model. For AI-MCM-41, TiO, and Tio.77Zro.2302 the total pore volume (V,) was calculated at P/Pg =
0.875, while mean pore diameter was determined by employing the Barrett- Joyner-Halenda (BJH)

model to the desorption branch isotherm.

3.4 Study of the acidic properties

As previously mentioned, the ammonia-adsorption microcalorimetry and FTIR-monitored pyridine
adsorption were adopted to study the acidic properties of the samples. The calorimetric curves
obtained by plotting the differential heat of adsorption (Qgirf) vs. ammonia coverage (na, umol g1)

are shown in Figure 31. All samples showed high initial values of Quits (> 230 kJ mol?), suggesting the
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existence of a small fraction of very strong acidic sites. A quasi-plateau was observed between 150
and 110 kJ mol* and 87 and 77 kJ mol* for ferrierite and TiO,, respectively, indicating the presence
of isoenergetic acidic sites. For the other samples, a continuous Qqif decrease was shown with
increasing coverage extent. This suggested an energetical heterogeneity of the surface acidic sites.
A threshold value between specific and non-specific (physisorption) adsorbent/adsorbate
interaction was assumed equal to 70 kJ mol}, i.e., the initial heat released during NH3; adsorption
experiments on a non-acidic reference sample of pure silica [144]. Therefore, the ammonia uptake
corresponding to differential heat values below this cut-off value was neglected in the assessment
of the acidic sites concentration na. The results are listed in Table 5. The most acidic sample was
found to be ferrierite, featuring the highest NHs uptake (1539 umol g!). Moderately lower amount
of total acidic sites was observed for the TiO, sample (1168 umol g?). Less than halved amounts of
total acidic sites were found for Tio.77Zro2302 (504 pumol g?), and AI-MCM-41 (416 pumol g?).
Furthermore, the irreversibly adsorbed NHs (nairr) was calculated from the microcalorimetric data
(Table 5). TiO2 showed the highest concentration of nairr (934 umol g?), which is about the 80% of
the total acidic sites, far from the value of 49% calculated for Tio.77Zr0.2302. A high percentage of nairr
(69%) was also observed for AI-MCM-41. Ferrierite was responsible for the lowest percentage of
irreversible acidic sites (45%). However, by normalizing the ammonia coverage for the surface area
(umol m2) (Figure 31b), the values of najirr were found in the order TiO; (3.42 pmol m2) > Ferrierite
(1.67 pmol m2) > Tio.77Zr0.2302 (1.36 pmol m2) >> AI-MCM-41 (0.23 umol m™). It is worthy to note
that the surface concentration of acidic sites on which NHs is irreversibly adsorbed for AI-MCM-41

is one order of magnitude lower than that of the other catalysts.
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Figure 31. Differential heat (Quif) vs. uptake for ammonia adsorption expressed in umol g (a) and umol m? (b) for the samples
ferrierite, AI-MCM-41, TiO; and Tio.77Zr0.2302. Open symbols refer to readsorption after overnight evacuation. Dash lines refers to the

cut-off value between physisorption and chemisorption (70 kJ mol) [73]. For further details on the analysis setup, see the Appendix.

Table 5. Ammonia-adsorption microcalorimetric results for the samples ferrierite, AI-MCM-41, TiO, and Tig.772r.2302 [73].

nA,tota nA,tota l"A,irrb nA,irrb rIA,irr/ Na tot
Sample
(nmol g) (rmol m?) (nmol g) (rmol m?) (%)
Ferrierite 1539 3.71 694 1.67 45
Al-MCM-41 416 0.32 286 0.23 69
TiO, 1168 4.27 934 3.42 80
Tio.772r0.230> 504 2.75 248 1.36 49

4 Total amount of acidic sites: Quigs > 70 kJ/mol.

b Amount of irreversibly adsorbed NHs.

The acidic properties of the catalysts were further investigated through FTIR-monitored pyridine
(probe molecule) adsorption. The FTIR spectra, recorded in the 1700-1400 cm™ range after a
pyridine saturation-desorption run at room temperature, are displayed in Figure 32. Different FTIR
signals ascribable to pyridine in its coordinatively bonded (Lewis), pyridinium ion (PyH*, Brgnsted)

or hydrogen-bonded form (physisorption) [161], [167] are visible.
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Figure 32. FTIR spectra of the samples after saturation and subsequent desorption: ferrierite and AI-MCM-41 (a); TiO, and Tio.772r0.2302

(b). B, L and H-bond labels are associated with Brgnsted acidity, Lewis acidity and hydrogen bonding, respectively [73].

In the case of ferrierite, Brgnsted acidity (1543 cm™), and almost neglectable Lewis acidity (1455
cm?) were observed (Figure 32a). The quantification of the two contributions was performed
according to [168], in which molar extinction coefficients 2.22 and 1.67 cm umol* were used for
Lewis and Brgnsted acidic sites, respectively. As expected, almost all the acidic sites were found to
be of Brgnsted nature (96%), with only a 4% of Lewis acidity. On the contrary, both Brgnsted (1543
cm) and Lewis acidity (1455 cm™) were observable for the sample AI-MCM-41, together with a
pronounced H-bond fraction (1445 cm™) (Figure 32a). To quantify these contributions, the reference
[169] was taken into account (excluding H-bond from the quantification and using the previously-
mentioned molar extinction coefficients). 66% and 34% of Lewis and Brgnsted acidic sites were
estimated, in agreement with reference [169]. In the literature, the presence of Brgnsted acidic sites
in silica-alumina catalysts (zeolites and amorphous aluminosilicates) is usually ascribed to
unsaturated tetracoordinated aluminum species. Actually, in the case of amorphous systems, the
explanation may become complex if other species are present, such as penta-coordinated
aluminum, whose amount, generally low, can be tuned according to the synthetic approach [170].
Concerning zeolites, the presence of extra-framework aluminum oxide or aluminum bonded with
less than four SiO4* tetrahedra can instead justify the Lewis acidity [169]. Therefore, a high
percentage of tetracoordinated aluminum (96% of Brgnsted acidic sites) in ferrierite was ensured
by its crystal structure, whereas the amorphous nature of AI-MCM-41 led to a high amount (66%)

of Lewis acidic sites. Typical bands centered at about 1445, 1575 and 1607 cm™, ascribable to Lewis
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acidity, were visible in the FTIR spectra of TiO, and Tio.77Zr0.2302 (Figure 32b). According to the
literature [161], the two intense bands at about 1445 and 1607 cm™ are related to strong Lewis
sites, while the band at 1575 cm™ is due to weak Lewis sites. However, the presence of a broad and
weak band at about 1540 cm™ does not exclude a minor amount of Brgnsted acidic sites, probably

due to unsaturated surface metal atoms, bonded to -OH groups [171], [172].

3.5 Study of the catalytic performances

Physical mixtures of CZA with the different acidic dehydration catalysts (ferrierite, AI-MCM-41,
mesostructured TiO,, or mesostructured Tio.77Zr0.2302) were tested for the CO-to-dimethyl ether
(DME) one-pot process. Taking as a reference the CZA alone, similar CO; conversion (Xco2) values
were obtained for all physical mixtures, but the CZA-TiO;, which showed a lower Xco> (Figure 33).
Ideally, the dehydration catalyst in this system should convert all the produced methanol into DME,
further inducing the production of more methanol and lowering the CO production. Indeed, a 10
mol% drop in CO selectivity was observed as a consequence of the addition of ferrierite to CZA
(Figure 33), due to the consumption of methanol that on the one hand favors the conversion of CO;
to further methanol, and on the other hand limits its decomposition to CO over the CuO-based redox
phase [173]. Conversely, the mixture with the other acid catalysts did not produce any remarkable
change in the CO selectivity. The results in terms of DME formation indicated better performance
(Some = 38 mol%) of the CZA-ferrierite mixture compared to the other physical mixtures (CZA + Al-
MCM-41/TiO2/Tio.77Z2r0.2302), whose DME selectivity (Some) was found in the range 7.5 - 10.5 mol%.
These results can be explained taking into account the amount, strength, and nature of the acidic

sites, and the structural and textural properties of the dehydration catalysts.
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Ncm3 gea bl in the case of CZA test and 6000 Ncm? g.qc? h™t for the physical mixtures tests. Weight Ratio CZA: dehydrant: 1:1 [73].

The higher catalytic performances of the CZA-ferrierite mixture in terms of Spme (37.8 mol%) can be
justified due to its acidic site type (Brgnsted, Figure 32), their high amount (1539 umol g, Table 5),
and the presence of an isoenergetic sites. Although, in the literature, the performances of ferrierite
are reported as less affected by the coke formation than those of other zeolites (MFI and MOR),
thanks to its 2D pore structure [61], [174]—-[176], in our experiments, a slight worsening of the
catalytic performances was encountered with a decrease in the Spme from 39.1 mol% (value at 3 h)
to 36.5 mol% (value at 36 h), as shown in Figure 35. To exclude the contribution of coke, CHN
analyses were performed on the CZA-ferrierite physical mixture before and after the catalytic test,
as shown in Table 6. The carbon content (1.19 w/w%) in the CZA-ferrierite mixture can be totally
ascribed to the carbon present in CZA, and no coke formation was found, confirming the results
from other authors [175]. Therefore, the observed decrease in Spme can be associated with a slight
decrease in the surface area and the pore volume, due to the hydrogenation reaction, as highlighted
by the comparison of the N,-physisorption isotherms of the pristine and used mixture (CZA, a-Al,03

and ferrierite, Table 7, Figure 35b).
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Figure 35. Conversion of CO; and selectivity to CO, methanol (MeOH) and dimethyl ether (DME) vs Time for the sample Ferrierite (a).
Na-physisorption isotherms of the mixture CZA/a-Al,O3 and ferrierite before (DME_ferrierite_fresh) and after the catalytic test
(DME _ferrierite_used (b) [73].

Table 6. CHN analysis on the spent CZA-ferrierite physical mixture and on its components before the catalytic test [73].

Sample Carbon w/w% | Hydrogen w/w% | Nitrogen w/w%
CZA 3.83 0.20 0.26
a-Al;0; 0.11 0.24 0.31
Ferrierite 0.16 0.34 0.35
CZA-ferrierite 1.19 0.07 0.08
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Table 7. Surface area (SA), pore volume (Vp), BJH-calculated pore diameter (D,), of the tested mixture CZA/a-Al,03 and the dehydration

catalyst. Fresh stands to the pristine mixture, whereas used indicates the 36 hours used mixture [73].

SBET VP
Sample
(m%*g?) | (cm’g?)

CZA-ferrierite_fresh 117 0.13

CZA-ferrierite_used 97 0.12

CZA-Al-MCM-41_fresh 781 0.56

CZA-Al-MCM-41_used 597 0.46

CZA-TiO,_fresh 111 0.14

CZA-TiO,_used 60 0.11

CZA-Tio_77Zl‘o_2302_fI'ESh 87 0.13

CZA-Tio,77Zro,z3Oz_USEd 74 0.11
CZA-Tio.z3Zro.7702_frESh 83 0.11
CZA-Tio,z3Zro,77Oz_USEd 68 0.11

Among the mesostructured catalysts, AI-MCM-41 was found to be the best one in terms of DME
selectivity, though less selective (10.5 mol% Spme) than ferrierite (37.8 mol% Spwme), despite the better
textural properties. This is mainly ascribable to the much higher total number of acidic sites and the
presence of a group of moderately strong isoenergetic Brgnsted sites on the zeolite, arising from its
crystal structure. Contrarily, being the AI-MCM-41 amorphous, both the energetic heterogeneity of
the acidic sites and the co-presence of Brgnsted (66%) and Lewis sites (33%) are reflected in the
lower catalytic activity in terms of Spme. Moreover, the progressive deactivation of its Lewis acidic
sites, due to the formation of carbonaceous residues and/or to the gradual collapse of its pore
structure (Figure 36b, Table 7), can be the reason behind the gradual lowering of the DME
production, observed during the first 7 h of test (Figure 36a). However, the occurrence of stable
performances during the following 29 h (Figure 36a), in agreement with previous observations [79],

[177], revealed the formation of carbonaceous species according to Bedoya et al. [177].

70



~ CZA - A-MCM-41

IS
o
S

DME_A-MCM-41_fresh

S et i St L atiee st et Dt {—o— DME_AI-MCM-41_used

i i i 300
504 @ SCO 4
S CH,OH i i i W
@ SDME : i : A a0
T e —,a - as§ L i ii--Ph]zoE 930
200 e

Selectivity & Conversion (%)

100

Quantity Adsorbed (cm®/g STP)

30 1 ~ 1T~ T 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,)

Time (h)
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The worst performances were observed for the CZA-TiO, mixture. In particular, during the first hours
of the test promising catalytic performances were revealed but, then, a remarkable worsening
followed in terms of Xco2, from 19.7 mol% to 13.8 mol%, and Spme selectivity, from 16.3 mol% to 5.1
mol%, (Figure 37a). These results are compatible with the significant worsening of the textural

properties observed in the mixture after the reaction (Figure 37b, Table 7).
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Figure 37. Conversion of CO; and selectivity to CO, methanol (MeOH) and dimethyl ether (DME) vs Time for the sample TiO; (a). N,-
physisorption isotherms of the mixture CZA/a-Al;0Os and TiO, before (DME_TiO,_fresh) and after the catalytic test (DME_ TiO,_used)
(b) [73].

Tio.772r0.2302 showed steady performances (Figure 38a), a mean value of Spme close to that of TiO;,
and the lowest CO selectivity (58.8 mol%) among all mesostructured catalysts, even slightly lower

than that of pure CZA (61.1 mol%). After the test, the textural properties of Tio.77Zr0.2302 were not
71



strongly affected (Figure 38b, Table 7). Despite the presence of Lewis acidic sites in both TiO; and
Tio.77Zr0.2302, the different behavior of these two catalysts can be associated with the remarkable
differences in terms of their amount (1168 and 504 umol g of total acidic sites, respectively) and
strength (934 and 248 umol g* of irreversible acidic sites, respectively) (Table 5). Indeed, the high
amount of total acidic sites can be responsible for the higher initial catalytic activity of TiO», but the
high percentage of irreversible acidic sites (about 80%), (Table 5), led to a strong deactivation with
the water molecules produced during the hydrogenation and dehydration reactions. On the
contrary, the initial lower and then steady performances of Tio.77Zr0.2302 can be justified in terms of
lower amount and percentage of irreversible acidic sites (about 50%) that led to a better water
tolerance. This effect might be due to the presence of zirconium, as already reported by other
authors [161] for the application of non-mesostructured Ti-ZrO; samples in the dehydration of

methanol to DME at atmospheric pressure.
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Figure 38. Conversion of CO; and selectivity to CO, methanol (MeOH) and dimethyl ether (DME) vs Time for the sample Tio.772ro.2302
(a). Nx-physisorption isotherms of the mixture CZA/a-Al,03 and Tio.772r0.2302 before (DME_ Tio.77Zr0.2302_fresh) and after the catalytic
test (DME_ Tl.o,77Zf'g_2302_US€d) (b) [73]

Based on this discussion, a Ti-Zr mixed oxide with a higher amount of Zr (Tio.23Zro.7702) was tested
and as expected, its catalytic performances (Figure 39a) were the most stable. A slight worsening of

its textural properties after the reaction, similarly to Tio.77Zr0.2302 was observed (Figure 39b).
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Figure 39. Conversion of CO, and selectivity to CO, methanol (MeOH) and dimethyl ether (DME) vs Time for the sample Tig.23Zr0.7702.

(a). Na-physisorption isotherms of the mixture CZA/a-Al;03 and Tip 23Zr0.7705 before (DME_ Tio.23Zr0.7;02_fresh) and after the catalytic

test (DME_ Tio.23Zro.770,_used) (b) [73].

These findings suggest that several aspects need to be taken into account when evaluating the

catalysts, such as: (i) its stability, (ii) CO2 conversion, (iii) CO, CH30H, and DME selectivity, with the

last two considered in the yield. Indeed, the yield can be reasonably expressed as both DME vyield

and DME + CH3OH yield, being also methanol a valuable product (Table 8). These values reveal that

Al-MCM-41 is the catalyst showing the highest DME yield (2.0%), while the highest DME + CH3OH

yield (7.6%) was found for Tio 77Zr0.2302, which also accounts for steady performances during the

test.

Table 8 DME yield (%) and DME + methanol yield (%) of pure CZA and CZA + dehydration catalyst (Ferrierite, Al-MCM-41,

Tio.77Zr0.2303, TiO3) physical mixtures [73].

Sample DME Yield (%) | DME + CH3OH Yield (%)
CZA - 7.5
Ferrierite 7.5 9.5
Al-MCM-41 2.0 6.7
TiO, 1.2 6.2
Tio.772r0.230> 1.4 7.6
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3.6 Conclusions

In this work, different mesostructured oxides were synthesized, characterized, and tested as
dehydration catalysts in mixture with a commercial redox catalyst (CZA) for the one-pot DME
production from CO,. The samples differed for both their chemical composition and textural
properties. A commercial dehydration zeolite catalyst (ferrierite) was used as a reference for the

comparison of their catalytic performances. In the light of the findings, we can conclude that:

1) The microporous crystalline material (ferrierite) demonstrated much better catalytic
performances for methanol dehydration than the mesostructured amorphous aluminosilicate (Al-

MCM-41), due to the high amount of isoenergetic Brgnsted acidic sites.

2) Although the mesostructured crystalline TiO2 and the amorphous Ti-Zr oxide Tio.77Zr0.230; feature
mostly Lewis acidic sites, with a higher amount for TiO», this latter catalyst shows a gradual decrease
in its activity, probably due to a higher acidic strength, which causes a deactivation due to
irreversible water adsorption. The presence of Zr in the TiO, framework (Tio.77Zro2302) led to less

strong acidic sites and, consequently, steady catalytic performances.

3) The comparison between the amorphous AI-MCM-41 and Tio.77Zr0.2302, showing different nature
(Brgnsted vs. Lewis) but comparable amount of the acidic sites (416 pmol g vs 504 pumol g,

pointed out a higher activity for Brgnsted acidic sites.
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Chapter 4
Development of Al-SiO2- and Al203-based mesostructured catalysts

with different textural properties

4.1 Introduction

In this chapter, we designed five different mesostructured acidic materials to be used as methanol
dehydration catalysts for the one-pot CO>-to-DME process, as physical mixtures with CZA. The
mesostructured acidic catalysts consist in two mesostructured y-Al,03 samples, different for their
pore size, and three mesostructured aluminosilicates with the same Si/Al ratio (= 15) but
significantly different textural properties (namely AI-MCM-41, Al-SBA-15, and Al-SBA-16). So far, y-
Al>O3 has been widely proposed in the literature as methanol dehydration catalyst due to its low
cost, and the presence of Lewis acid sites of moderate strength, which lead to high DME selectivity.
On the contrary, strong Brgnsted sites, although they show a higher activity in methanol
dehydration, lead to a lower selectivity, due to the methanol-to-olefins (MTO) process and a
potential deactivation arising from coke formation that generates hydrocarbons [19], [30], [49],
[50]. Therefore, y-Al,03 has been widely reported for the methanol-to-DME [178]-[180], the syngas-
to-DME [44], [181], [182], and CO;-to-DME processes [183]-[185]. Nevertheless, y-Al,03
performances tend to worsen over time, due to deactivation of its Lewis acid sites caused by the
formation of a Lewis acid-base adduct as a consequence of the adsorption of water molecules [14],
[61]. This is particularly disadvantageous for the CO,-to-DME process due to the formation of water
molecules in a ratio with respect to DME molecules of 3:1. In the previous chapter, in agreement
with the results from other authors [23], [25], Brgnsted sites showed much higher water tolerance
and better dehydration performances, compared to the Lewis counterparts. In this context,
aluminosilicates (mainly zeolites), featuring Brgnsted acid sites, have proven to be better catalysts,

also due to their lower surface hydrophilicity [23], [25]. Moderate or weak-strength Brgnsted acid
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sites can be considered ideal, to avoid the formation of by-products [23]. Again, in this chapter the
attention was paid on the characterization of the acid sites by FTIR-monitored pyridine adsorption
and NHs-microcalorimetry. Some of the results reported in this chapter have been published in

[186].

4.2 Synthesis methods
Synthesis of AI-MCM-41

Aluminum-doped MCM-41 (AI-MCM-41) with a Si/Al ratio of 15 was synthesized as reported in

Paragraph 3.2.
Synthesis of Al-SBA-16

Al-SBA-16 was synthesized based on the synthesis proposed by Wang et al. [187] for Al-SBA-15 and
changed for the purpose. The selection of a Si/Al ratio (= 15), not investigated in the original work,
led to the obtainment of a cubic SBA-material (SBA-16) instead of a hexagonal one. Namely, to
prepare =1.5 g of product, 2.36 g of P123 were first dissolved into 45 mL of absolute ethanol into a
round-bottom flask under continuous stirring at room temperature. After two hours, the following
reactants were added: 5.34 g of TEOS, 0.38 g of AlCl3:6H,0, and 0.5 mL of water. The stirring was
kept for 24 h, then the solution was poured into a 21 cm Petri dish and left at room temperature
into a controlled-humidity chamber (RI=40%). After 2 days, the as-formed gel was recovered from

the Petri dish, heated at 600 °C with a heating ramp of 2 °C/min, and calcined for 5 h.
Synthesis of Al-SBA-15

AI-SBA-15 was synthesized through the solvothermal procedure proposed by Meloni et al. [144],
[145]. Firstly, a solution of P123 (4 g) and NaCl (6.7 g) into 126 mL of 1M HCl was prepared under
continuous stirring at 40 °C. 8.5 g of TEOS were then added dropwise, and the stirring kept for 24 h
at 40 °C. Elapsed this time, 1.02 g of Al(NO)3-9H,0 were added and the system left under stirring for
other 24 h. The mixture was then poured into the Teflon liner of a 300 mL autoclave, which was
subjected to a solvothermal treatment at 100 °C. After 48 h, the autoclave was left to cool down
and the pH of the mixture was modified by adding concentrated ammonia (28-30%) till a value of 5
was reached. Then, the autoclave was sealed again and treated for a second solvothermal step

under the same conditions (100 °C for 48 h). Once the autoclave was cooled, the obtained solid was
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separated by centrifugation at 4500 RPM for 10 min, washed twice with distilled water and dried

overnight at 60 °C. Then a calcination at 600 °C (4 °C/min) for 5 h was carried out.
Synthesis of mesostructured y-Al;03

Two samples of Al,O3 were synthesized through an EISA method, adapted from [160], using two
different templating agents, namely P123 (Al,Os_P) and F127 (Al,Os_F) in order to induce the
formation of a mesostructured with different pore size. Typically, about 1.5 g of mesostructured
Al,03 was obtained by dissolving the triblock copolymer (3 g of P123 or F127) in 75 mL of absolute
ethanol under continuous stirring at room temperature. After 2 h, 4.8 mL of HNOs and 6.24 g of
aluminum isopropoxide were added and the resulting solution was kept under stirring at room
temperature for 24 h. Then, the sol was then transferred into a Petri dish inside a controlled-
humidity chamber (RH=20%) standing on a heating plate at 70 °C. After 48 h the gel was recovered
and first treated at 400 °C (heating ramp of 1 °C/min) in static air for 4 h (Al,Os_P_400; Al,Os_F_400),
to remove the templating agent, and secondly at 900 °C (1 °C/min) for 2 h (Al,0s_P_900;

Al,03_F_900) for the obtainment of the desired crystalline alumina phase (y-Al;0s3).

4.3 Structural, textural, and morphological characterization
This paragraph in focused on the characterization of the mesostructured acidic systems by SA-XRD,
WA-XRD, N3 physisorption, TEM, calorimetry and FTIR spectroscopy with ammonia and pyridine as

probe molecules.

SA-XRD patterns, reported in Figure 40a, show a mesoporous order for all samples. A hexagonal
mesostructure (p6mm), revealed by the main peak (100) located at 0.9° 20 value, and two low-
intensity peaks (110, 200) located at 1.5° and 1.8°, was obtained for the AI-SBA-15 sample. A cell
parameter of 10.8 nm was calculated (Table 9). To the AI-SBA-16, a cubic pore arrangement (Im3m)
[100], [188] was inferred due to the presence of a main peak (110) located at 1.2°, associated with
a cell parameter of 10.6 nm, and a peak (200) at 1.3°. A significantly smaller cell parameter (3.9 nm
was showed by AI-MCM-41, as indicated by a broad peak located at about 2.6°. In this case, the pore
arrangement geometry could not be clearly attributed, due to the lack of additional signals.
However, a hexagonal arrangement was hypothesized on the basis of the selected synthesis

conditions that, in the absence of Al, led to a hexagonal mesostructure (MCM-41) [128].
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A mesoporous order was also present in both y-Al,03 samples (Figure 41a). In the SA-XRD patterns,
a main peak located at 26 values in the range 0.7°-1.1° and a shoulder located at higher values,
suggest the formation of a hexagonal mesostructure with a relatively pour mesoporous order. The
position of the bands is in agreement with the data presented in the literature for y-Al,03 with a
hexagonal mesoporous structure [160], [189], [190]. The systems obtained with the two Pluronics
strongly differ for the cell parameter (Table 9). As expected, a shift towards higher 28 values was
observed for both samples when the synthesis temperature reached 900 °C, indicating that the
formation of a crystalline phase is associated with a decrease of the cell parameter of the
mesoporous structure. Specifically, ap drops from 10.8 nm for Al;0s_P_400 to 9.3 nm for

Al,03_P_900, and from 14.4 nm to 13.1 nm for the F127 counterparts.

Figure 40b depicts the WA-XRD of the three mesostructured aluminosilicates, with a main broad

band located at a 26 value of about 23°, revealing their amorphous nature.

Also the Al;03 samples thermally treated at 400 °C (Figure 41b) have amorphous nature, whereas
the 900 °C treatment induced the formation of a cubic y-Al,O3 phase (PDF card 00-047-1292) in form
of very small nanocrystals. The Rietveld refinement (Figure 42a) on the Al,Os_P_900 pattern
permitted to calculate a mean crystallite size of 5.1(1) nm and a cell parameter of 7.879(4) A, slightly
smaller than that reported in the PDF card (#00-047-1292, a = 7.9448 A). A similar result in terms of
cell parameter (7.886 (4) A) was obtained for Al,0s_F_900 (Figure 42b), together with a slightly
smaller mean crystallite size (4.5 (4) nm). The refinement also highlights the presence of two broad

bands at about 36° and 63°, ascribable to the presence of a residue of amorphous alumina.
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Figure 40 Small-angle (a) and wide-angle (b) X-ray diffraction patterns of the aluminosilicate samples.
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Figure 42 Rietveld refinement of the WA-XRD pattern of Al,05_P_900 (a) and Al;O0s_F_900 (b).

The mesoporous nature of all samples (Figure 43a, Figure 44a) was confirmed by the shape of the
N2 physisorption isotherms, featuring a capillary condensation branch. Furthermore, for all
aluminosilicates, a multilayer adsorption is preceded by a microporous contribution. The capillary
condensation branch of AI-MCM-41 sample (type IVb isotherm), located at the lowest value of
relative pressure (<0.3) among all samples, indicates a smaller mean pore diameter (2.1 nm). The
two Al-SBA samples show IVa isotherms located at 0.5-0.6 for Al-SBA-16 and 0.7-0.8 for Al-SBA-15,

indicating pore sizes larger than those of AI-MCM-41. A narrow hysteresis with very steep and
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perpendicular branches (type H1, according to IUPAC classification) was obtained for the Al-SBA-15,
indicating a narrow pore size distribution and a well-defined arrangement of the mesochannels
[145], [146]. On the contrary, Al-SBA-16 showed an H2 hysteresis type according to IUPAC, with a
less steep adsorption branch, typical of SBA-16 materials [188], [191], [192]. The textural properties
of the samples are listed in Table 9. Al-SBA-15 showed the highest pore volume (1.07 cm3/g) and
pore diameter (6.9 nm). AI-MCM-41showed the highest surface area (1262 m?/g) and the lowest
pore diameter (2.1 nm). For all the aluminosilicate mesostructures, a narrow pore size distribution
calculated with BJH method (Figure 43b) was found. Finally, Al-SBA-16 features an intermediate

mean pore size of 4.6 £ 0.5 nm.

The series of F127-Al,03 samples shows type IV isotherms with a steep capillary condensation and
parallel hysteresis branches, followed by a plateau (Figure 44a). The P123 systems presented less
steep capillary condensation curves and no plateau (Figure 44a), suggesting a lower degree of
mesoporous order and a possible macroporous contribution with inter-particle capillary
condensation [193]-[195]. As expected, the 900 °C treatment caused a partial mesostructure
collapse, highlighted by a decrease in the surface area (from 274 to 197 m?/g for Al,05_P and from
309 to 194 m?/g for Al,03_F) and pore volume (from 0.76 to 0.57 cm3/g for Al,03_P and from 0.83
to 0.57 cm3/g for Al,Os_F). In addition, a gradual decrease in the mean pore size was observed as a
consequence of the thermal treatment at 900 °C: the mean pore diameter decreased from 7.8 nm
to 5.6 nm for the samples obtained with P123, and from 9.3 nm to 8.7 nm, for the samples obtained

using F127.

Table 9 BET surface area (SA), pore volume (V,), cell parameter (ap), mean BJH pore diameter (D,) and wall thickness (T,,) of the

samples,
Sample SA (m?/g) Vp (cm3/g) ao (nm) Dy (nm) Tw (nm)
Al-MCM-41 1262 0.77 3.9 2.1+0.7 1.7
Al-SBA-16 437 0.52 10.6 46105 4.6
Al-SBA-15 673 1.07 10.8 6.9+0.5 3.8
Al,Os_P_400 274 0.76 10.8 7.8+ 1.9 3.0
Al,05_P_900 197 0.57 9.3 5.6+1.7 3.9
Al,Os_F_400 309 0.83 14.4 9.3+ 1.0 5.1
Al,03_F_900 194 0.57 13.1 87127 4.4

Relative standard deviation: %RSD (SA) = 2.1%; %RSD (V;) = 1.1%; %RSD (D;) = 1.8%.

80



1000 - 0.18 -
o —a— Al-MCM-41 a —a— AI-MCM-41 b
5 —4— AlI-SBA-16 0.164 | —~— AI-SBA-16
800 - —e— Al-SBA-15 20.14_ —eo— AI-SBA-15
z E
S ‘"’E 0.12-
5 6007 <0.10
o ()
= € 0.08-
3 400- 2
o S 0.06 -
> o i
_:é 200- D? 0.04
® 0.02 1
S
O 0 1 T T T T T 0100 ] T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 20 40 60 80 100
Relative pressure (p/p?) Pore width (A)
Figure 43 Nitrogen physisorption isotherms (a) and BJH pore size distribution (b) for the aluminosilicate samples.
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Figure 44 Nitrogen physisorption isotherms (a) and BJH pore size distribution (b) for Al,03 samples.
Experimental details on the nitrogen physisorption measurements and SA-XRD
. . . 2d
The lattice parameter of the mesostructures was calculated using the equation a, = \/%00, for the

samples that showed a hexagonal pore structure (AI-MCM-41, AI-SBA-15 and all Al,03 samples)
[128], [196]; the formulaa, = d;10V2 was used for Al-SBA-16, that showed a cubic porous structure
[191], [197].

Prior to the nitrogen physisorption analyses all samples were thermally treated for 12 h under
vacuum at 250 °C (heating rate, 1 °C min't). The Brunauer—-Emmett—Teller (BET) specific surface area
(SA) was calculated from the adsorption data in the P/Po range 0.05-0.17 for AI-MCM-41 and 0.05-

0.25 for the other samples. The total pore volume (V;) was calculated at P/Po = 0.9975, while mean
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pore diameter (Dp) was determined by applying the Barrett-Joyner-Halenda (BJH) model to the
desorption branch isotherm for all samples except for Al-SBA-16 for which the adsorption branch
was used [197]. The pore wall thickness (Tw) was calculated using the formula T, = a; — D, for the

samples with a hexagonal mesostructure and Ty, = a, ¥3_ D, for AlI-SBA-16 [188], [198]. Rietveld
2 p

refinement was carried out on the XRD pattern of y-Al,O3 using the software MAUD [199]. LaBs from
NIST was used as standard reference for determining the instrumental parameters. The CIF

structure used for the refinement was 1200015 from Crystallography Open Database [200].

TEM analyses proved the presence of an ordered mesoporous structure for all samples (Figure 45,
Figure 46). AI-MCM-41 featured spherical particles (Figure 45a-c) of about 250 + 20 nm in size (Figure
47) and the smallest pore diameter (Figure 45d). Significantly higher pore diameter can be detected
in the TEM micrographs of AI-SBA-15 and AI-SBA-16. AI-SBA-16 shows a cubic mesopore
arrangement (Figure 45e-h). Although electron microscopy in transmission mode can lead to an
underestimation of the pore size and an overestimation of the wall thickness, due to the thickness
of the sample, mean pore diameter was estimated for all samples but AI-MCM-41. For the SBA-16,
a narrow distribution with a pore diameter of 3.0 + 0.3 nm was estimated by TEM micrographs
(Figure 45h). This value was lower than that calculated with BJH method (4.6 nm), probably due to
the intrinsic limit mentioned above, and/or by the cubic porous structure with large cages
interconnected by smaller channels. Since the cages are hidden by the pore walls and only the
interconnecting channels are visible, the pore size estimated by the TEM micrographs results to be
lower. In some TEM micrographs (Figure 45h), thanks to a low thickness of the sample in that zone,
the presence of the cages interconnected by pore channels are clearly visible, with the size of the
cages estimated as 5.2 + 0.4 nm. The value of wall thickness was 4.5 + 0.5 nm, in very good
agreement with the data obtained from the cell parameter and BHJ pore diameter (4.6 nm). Al-SBA-
15 featured a mesostructure with a hexagonal arrangement, visible as honeycomb-like structure
and a parallel arrangement of the channels in the TEM micrographs (Figure 45i-I). It also exhibited
the highest pore diameter of 6.7 + 0.8 nm and an associated wall thickness of 4.1 + 0.5 nm, in
agreement with the nitrogen physisorption data. The slight mismatching between the data obtained
by the two techniques can be ascribed, besides the above-mentioned intrinsic limit of TEM
microscopy, to the fact that the electron beam is not perfectly aligned with the Ce axis of symmetry

[201].
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All Al,03 samples also show a hexagonal mesoporous structure (Figure 46), but with a degree of
mesoporous order much lower than that showed by AI-SBA-15: some areas with a disordered
mesoporosity are visible. This finding agreed with the observations based on nitrogen physisorption.
The comparison of the micrographs acquired before (Figure 46a,b,e,f) and after the thermal
treatment at 900 °C (Figure 46¢,d,g,h) highlighted the retainment of the mesostructure. The mean
pore size for Al;0s_P_900 was 5.0 £ 0.5 nm with a wall thickness of 4.1 £ 0.5 nm, close to the values
calculated by N; physisorption and SA-XRD (Dp=5.6 nm, Tw=3.9 nm, Table 9). Moreover, the
calculated wall thickness is also in good agreement with the crystallite size of about 5 nm obtained

by Rietveld refinement.
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Figure 45 TEM images of AI-MCM-41 (a-d), AI-SBA-16 (e-h), Al-SBA-15 (i-l).
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Figure 46 TEM images of Al,03_P_400 (a,b), Al,05_P_900 (c,d), Al,05_F_400 (e,f), Al,05 _F_900 (g,h).
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Figure 47 Particle size distribution of AI-MCM-41 obtained from transmission electron microscopy.

EDX chemical mapping (Figure 48), performed on the three aluminosilicate samples, revealed a
homogeneous distribution of Si and Al atomic species throughout the samples. Semi-quantitative
analysis performed by EDX points out a Si/Al ratio of 15+1 for all samples, confirming the theoretical

ratio used in the synthesis processes.
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Figure 48 EDX chemical mapping of AI-MCM-41 (a-d), AI-SBA-16 (e-h), and Al-SBA-15 (i-1).

4.4 Study of the acidic properties

All the mesostructured systems presented in this chapter were subjected to characterization of the
acid sites with FT-IR spectroscopy using pyridine as probe molecule (Py-FTIR). In the literature FTIR
spectroscopy with a probe molecule is a widely used characterization technique that allows to
assess the typology of the acid sites present in the investigated samples; however, quantification,
despite being possible, is not always performed [202]. Furthermore, the few systematic works
usually focus on the investigation of the same type of material (e.g. AI-SBA-15 [146], [164], [165],
[202] or AI-MCM-41 [203]) with different Si/Al ratios or on the comparison of very different
materials as amorphous vs crystalline aluminosilicates (zeolites) vs. y-Al,O3 [165], [204], [205]. In
agreement with what previously observed for AI-MCM-41 [73] in Chapter 3 and for Al-SBA-15
samples [164], [169], [202], all aluminosilicate samples show the presence of both Lewis and

Brgnsted acid sites (Figure 49a-c, Figure 50a-c).
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Figure 49 FTIR spectra of adsorbed pyridine for AI-MCM-41 (a), AlI-SBA-15 (b), Al-SBA-16 (c), Al,O3_P_900 (d), and Al,03_F 900 (e).
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The RT spectra point out the presence of pyridine molecules physically adsorbed on silanol groups
by H-bond, with their weak nature testified by their disappearance at 100 °C. A gradual decrease in
the intensity of the signals related to both Lewis and Brgnsted acid sites was observed by increasing
the temperature from 25 to 300 °C (Figure 50a-c, Table 10, Table 11, Table 12), due to a progressive
desorption of pyridine from both types of acid sites but prominent for Brgnsted sites. Indeed, the
Brgnsted/Lewis ratio (Figure 50a-c, Figure 51a, Table 10, Table 11, Table 12) progressively
decreases, clearly suggesting that Lewis sites are remarkably stronger than Brgnsted ones, in
agreement with previous studies on samples featuring only Lewis sites [14], [61]. The progressive
decrease of Brgnsted/Lewis ratio with an increase in temperature was also observed by Occelli et
al. [203], who, however, found that not all investigated samples showed that trend, as it really
depends on the synthesis method and the precursors used. An opposite trend of the Brgnsted/Lewis
sites ratio along with increasing temperature was instead observed by other authors for AI-SBA-15
[164]. In the present work, for all investigated temperatures, the value of Brgnsted/Lewis ratio and
the total amount of acid sites (Brgnsted + Lewis) expressed in terms of pmol/m? increase in the
order AI-SBA-16 > AI-SBA-15 > AI-MCM-41 (Figure 51a, Table 10, Table 11, Table 12). An inverse
behavior is observed for the total amount of acid sites in terms of umol/g at RT: AI-MCM-41 (210
umol/g) > AI-SBA-15 (164 umol/g) > AI-SBA-16 (143 umol/g). However, this trend is almost
exclusively ascribed to the decrease in the number of Lewis sites (from 108 umol/g for AI-MCM-41
to 72 umol/g for AI-SBA-15 and 55 umol/g for AlI-SBA-16), being the amount of Brgnsted sites almost
constant (94 £ 7 umol/g). This fact suggests that, for the same Si/Al ratio, the remarkable differences
in the textural properties mainly affect the amount of Lewis sites. This trend was also observed at
100 °C, temperature at which the presence of physisorbed pyridine is excluded. At 100 °C, the
amount of Brgnsted sites was almost constant (84 + 7 umol/g) among the three aluminosilicates
while the number of Lewis sites decreases from 85 umol/g (AI-MCM-41) to 53 umol/g (Al-SBA-16).
Even at higher temperatures, no remarkable differences in the amount of Brgnsted sites were
detected. To conclude, these data highlighted that Brgnsted sites of similar strength are present on
the different samples. With regards to the y-Al,03 samples, FTIR spectra only show bands ascribable
to Lewis acid sites (Figure 49d), in agreement with previous findings [206]-[208]. The use of the
Pluronic P123 instead of the F127 one led to a significantly higher amount of acidic sites
(Al,03_P_900vs. Al,0s_F 900). Interestingly, in this case, an increase in the desorption temperature
from 25 to 300 °C caused a progressive shift from 1448 cm™ to 1453 cm™. This fact can be attributed

to the desorption of pyridine from either weak Lewis sites or surface hydroxyl groups. Analogous
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shift is also observable for the Lewis band located at 1613 cm™ at RT, associated with the
disappearance of the band at 1596 cm, that different authors attributed either to H-bonded
pyridine [209] or weak Lewis sites [207]. With this in mind, we can presumably conclude that the
amount of Lewis sites at RT is overestimated. Moreover, from the quantitative analysis, it can be
pointed out that the Lewis sites present on y-Al,03, indeed, show a much more remarkable decrease
of their number with the increase in temperature (Figure 50d, Table 13, Table 14) than that shown

by aluminosilicates, suggesting that the Lewis sites on y-Al,03 are much weaker than those of the

aluminosilicates, in agreement with the literature [165].

Table 10 FTIR results of adsorbed pyridine for AI-MCM-41.

Brgnsted sites Lewis sites Total sites Total sites .
Al-MCM-41 Brgnsted/Lewis
(umol/g) (umol/g) (umol/g) (kmol/m?) /
RT 102 108 210 0.166 0.94
100 °C 91 85 176 0.139 1.07
200 °C 53 79 132 0.105 0.67
300 °C 13 73 86 0.068 0.18
Table 11 FTIR results of adsorbed pyridine for AI-SBA-15.
Brgnsted sites Lewis sites Total sites Total sites .
Al-SBA-15 Brgnsted/Lewis
(umol/g) (umol/g) (umol/g) (kmol/m?) /
RT 92 72 164 0.244 1.28
100 °C 77 66 143 0.212 1.17
200 °C 38 55 93 0.138 0.69
300 °C 11 48 59 0.088 0.23
Table 12 FTIR results of adsorbed pyridine for AI-SBA-16.
Brgnsted sites Lewis sites Total sites Total sites .
Al-SBA-16 Brgnsted/Lewis
(nmol/g) (rmol/g) (rmol/g) (rmol/m?) /
RT 88 55 143 0.327 1.60
100 °C 83 53 136 0.311 1.57
200 °C 42 52 94 0.215 0.81
300 °C 12 45 57 0.130 0.27
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Table 13 FTIR results of adsorbed pyridine for Al;05_P_900.

.0, p oo | Bronsted sites | Lewissites | Totalsites [ Totalsites | gy i
RT - 359 359 1.822 -
100 °C - 171 171 0.868 -
200 °C - 56 56 0.284 -
300 °C - 28 28 0.142 -
Table 14 FTIR results of adsorbed pyridine for Al;05_F_900.
w0; F ogp | Bronstedsites | Lewissites [ Totalsites | Totalsites | g1y e
RT - 197 197 1.015 -
100 °C - 72 72 0.371 -
200 °C - 15 15 0.077 -
300 °C - - - - -
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The acidic properties were also investigated by ammonia-adsorption microcalorimetry (Figure 52,
Figure 53, Figure 54, Table 15), a technique widely reported for acidic samples such as
aluminosilicates and y-Al,03 [144], [210]—-[212]. Similar amounts of acid sites on all aluminosilicates,
namely 420, 446, and 422 umol/g were obtained for AI-MCM-41, AI-SBA-15, and AI-SBA-16,
respectively, reasonably due to the selection of the same Si/Al ratio (=15). Interestingly, the amount
of acid sites on which NHs is irreversibly adsorbed at 80 °C shows the same trend (AI-MCM-41 > Al-
SBA-15 > AI-SBA-16, see Figure 52a) observed for the total amount of acid sites (Brgnsted + Lewis)
determined by FTIR-monitored pyridine adsorption at 100 °C. The higher amount of irreversible acid
sites on AI-MCM-41 and AI-SBA-15 can be ascribed to a higher number of Lewis sites, since they
appeared to be stronger than Brgnsted sites by FTIR measurements. AI-MCM-41 and Al-SBA-16
showed the highest and the lowest percentage or irreversible acid sites (68% and 52%, Table 15),
respectively. Noteworthy, the quantitative data obtained on the acid sites by the two different
techniques are comparable (Figure 51b) despite the experimental differences in terms of basic
strength and steric hindrance of the probe molecule (pyridine vs. NHs) and the different
temperature (100 °C vs. 80 °C). As expected, since the three aluminosilicates feature remarkably
different surface area values, an opposite trend is shown by the surface density of total acid sites,
i.e. the amount of acid sites expressed as umol/m? (Figure 52b, Table 15), which decreases in the
order Al-SBA-16 > AI-SBA-15 > AI-MCM-41. In particular, for AI-SBA-16 a significantly higher acid site
surface density of 0.97 umol/m? was obtained because of its relatively low surface area. On the
other hand, AI-MCM-41 showed the lowest surface density of acid sites (0.33 umol/m?). As
expected, the same trend is observed for the surface density of irreversible acid sites (Figure 52b,
Table 15). Lower amounts of irreversible acid sites were found for the two y-Al,0s; samples
(Al,03_P_900 and Al;03_F_900), confirming the presence of much weaker Lewis acid sites compared
to those of the aluminosilicate samples, as indicated by FTIR. Since the calorimetric measurements
are carried out at 80 °C, we can deduce that, at this temperature, a large portion of acid sites is not
strong enough for ammonia to be adsorbed on them. These samples exhibited very high initial Qi
values (>> 150 kJ/mol, generally taken as the threshold for highly strong acid sites), indicating the
presence of a small amount of very strong sites. However, a sharp and progressive Qgirf decrease
with increasing ammonia uptake is then observed, indicating a more energetically heterogeneous
surface, with respect to the aluminosilicates. In agreement with the Py-FTIR measurements, the
results showed that the sample Al,0s_F 900 has slightly lower acidity than the Al,O3_P_900, in

terms of numbers of total sites (ntwt) and sites responsible for an irreversible ammonia adsorption
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(nirr) (Table 15). The values of nit agree with those reported in previous works [213], [214]. Previous

FTIR studies on the NHs-adsorption microcalorimetry on alumina proved that only Lewis acid sites

are present [165], [215]. This feature was confirmed by our pyridine-FTIR measurements and by

several works reported in the literature [165], [204], [208]. Accordingly, it can be assumed that NH3

is coordinatively adsorbed on unsaturated Al** cations (Lewis sites) also in the present case. Due to

their low surface area, y-Al,03 samples show the highest surface density of total acid sites.
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chemisorption (75 ki/mol).

92



L —e— Al,O, P_900 ads d L —e— Al,O, P_900 ads b
350 -\‘ —o— Al,O;_P_900 reads 350 —\‘ —o— Al,O;_P_900 reads
200 \ —=— AlL,O, F_900 ads \ —=— AlLO, F_900 ads
I ~o ALO, F_900 reads 300 o ALO, F_900 reads
|
3 S 250
£ £
2 <2 200
5 5 15018
o
e, o 150 1
100 1
o 50
O T T T T T T T T 1 O T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
NH; uptake (umol/g) NH, uptake (umol/m?)

Figure 54 Differential heat (Qaig) vs. uptake for ammonia adsorption expressed in umol/g (a) and umol/m? (b) for Al,03_P_900 and

Al,O3 F_900. Open symbols refer to re-adsorption after overnight evacuation. Dash lines refers to the cut-off value between

physisorption and chemisorption (60 kJ/mol).

Table 15 Ammonia adsorption microcalorimetric results for all samples.

Sample Na tot Nairr % Nairr Na tot Nairr BET surface
(rmol/g) (rmol/g) (rmol/m?) (rmol/m?) area (m?/g)
Al-MCM-41 420 286 68% 0.333 0.227 1262
Al-SBA-15 446 244 55% 0.663 0.363 673
Al-SBA-16 422 219 52% 0.966 0.501 437
Al,0s_P_900 401 78 20% 2.04 0.40 197
Al,0s_F_900 372 64 17% 1.92 0.33 194

4.5 Study of the catalytic performances

The results of the catalytic tests for methanol dehydration in the CO,-to-DME process for all the acid
catalysts in the form of physical mixtures with a commercial CuO/Zn0O/Al,0s-based redox catalyst
(CZA) are depicted in Figure 55 and Figure 56. The catalytic tests were performed using 0.2 g of
dehydration catalyst mixed with 0.05 g of CZA and 3.2 g of a-Al,03, an inert material, to reach a total
bed volume of =3 cm3. The gas hourly space velocity (GHSV) was 48000 Ncm? geat® ht. Physical
mixtures were reduced inside the reactor in a stream of a Hz/N2 mixture (H2, 15 vol% in N;) at 250

°C for 2 h under atmospheric pressure. The reaction was carried out at 250 °C, 3.0 MPa with a H3

and CO; (molar ratio of 3:1) mixture for 36 h.
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The catalysts show comparable CO; conversion values (5.1 + 0.2%), as a consequence of the use of
the same redox catalyst, which is the main responsible for the production of methanol by
hydrogenation reaction of CO,, catalyzed by Cu. A first important difference is observed for the CO
selectivity, an undesired by-product deriving from the RWGS reaction. Indeed, AlI-SBA-16 can be
considered the best methanol dehydration catalyst, since it shows a significantly lower CO selectivity
(38.7%) with respect to the other catalysts (42.6-45.2%) and the highest value of DME selectivity
(26.6% vs. <12%). Consequently, it also shows the lowest value of selectivity to methanol (34.7%).
The worst performances are shown by y-Al,O3, featuring a DME selectivity of about 2% associated
by the highest methanol and CO selectivity values (45.2% and 53.1% for Al,Os_P_900, 46.1% and
51.8% for Al,03_F 900, respectively).

The comparison between the catalytic performances and the acidic properties highlights the
absence of correlation between the dehydration activity (AlI-SBA-16 >> Al-SBA-15 = Al-MCM-41 >>
y-Al,03) and the total amount of sites (sites with Qgif = 75 kJ mol?) determined with NHs-
microcalorimetry (Figure 52, Table 15). Furthermore, although the total number of acid sites
determined by Py-FTIR at 100°C (temperature at which the contribution of physisorbed pyridine can
be excluded) increases in the order y-AlLO3 = AI-MCM-41 > AI-SBA-15 > AI-SBA-16, the DME
selectivity shows an opposite trend (Figure 50, Figure 55). In the literature [73], it was demonstrated
that the dehydration activity is related to the amount and strength of Brgnsted acid sites, being the
Lewis sites strongly affected by deactivation due to water adsorption. Accordingly, the lower activity
of Lewis sites is presumably the reason behind the worse performances of y-Al,O3, as evidenced by
Py-FTIR measurements, indicating the exclusive presence of Lewis sites (Figure 49d-e, Figure 50d).
On the contrary, the dehydration activity of aluminosilicates was not directly justified based on the
amount of Brgnsted sites, being similar in the three samples at all temperatures, presumably due

to the same Si/Al ratio.

The obtained DME selectivity values could instead be associated with the surface density of acid
sites. Indeed, the methanol dehydration involves two molecules of methanol, and the acid sites
proximity might promote the reaction, allowing faster kinetics. Particularly, the two mechanisms for
methanol dehydration described in Chapter 1 cannot be considered to justify this finding, since they
involve either a single acid site or an acid site with an adjacent oxygen site. However, it is important
to point out that a variant of the L-H model hypothesized for zeolites has been proposed for sulfonic

ion exchange resins, featuring Brgnsted sites [27], [216], [217]. This mechanism, involving the
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adsorption of two different methanol molecules on two adjacent Brgnsted acid sites, could be also
proposed in our case, justifying the increase of methanol dehydration performances due to the
proximity of Brgnsted sites. However, to hypothesize a different mechanism involving two Brgnsted
acid sites, further studies and a careful characterization would be required, also considering the lack
of agreement in the literature about the mechanism of methanol dehydration on aluminosilicate
systems. Taking into account our assumption on the proximity of the acid sites, being Al-SBA-16 the
aluminosilicate with the lowest surface area and the best activity, we can conclude that a surface
area maximization is detrimental. The data determined from Py-FTIR at 100 °C and NHs-
microcalorimetry, reported in Table 16, point out that the AI-SBA-16 is the sample with the highest
Brgnsted acid sites surface density (0.19 umol/m? vs. 0.11 pmol/m? for Al-SBA-15 and 0.07 umol/m?
for AI-MCM-41), and the highest surface density of the sites on which ammonia is irreversibly
adsorbed (0.501 umol/m? vs. 0.363 umol/m? for AlI-SBA-15 and 0.227 umol/m?for AI-MCM-41). The
trend for Brgnsted acid sites is also confirmed at higher temperatures (Table 10-Table 14).
Accordingly, AlI-SBA-16 has the highest surface density of its Brgnsted acid sites, and therefore acts

as the best methanol dehydration catalyst.
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Table 16 Correlation of the acidic features of the samples with the catalytic performances.

Py-FTIR Py-FTIR NHs-Cal NHs-Cal Some
Sample tot. sites at 100 °C | Brgnst. sites at 100 °C Vtot Virr
(Lmol/m?) (rmol/m?) (rmol/m?) (rmol/m?) (mol%)

Al-MCM-41 0.139 0.072 0.333 0.227 9.9
Al-SBA-15 0.212 0.114 0.663 0.363 11.7
Al-SBA-16 0.311 0.190 0.966 0.501 26.6
Al,03_P_900 0.868 - 2.04 0.40 1.7
Al,Os_F 900 0.371 - 1.92 0.33 2.2
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In order to gather information about possible differences between the used and fresh catalytic
mixtures, WA-XRD, Thermo-Gravimetric Analysis (TGA) and FTIR analysis were carried out on all
spent catalytic mixtures, as well as nitrogen physisorption on both the fresh and the spent physical

mixture of AI-SBA-16 (i.e. 0.05 g CZA + 0.2 g AlI-SBA-16 + 3.2 g a-Al,03).

The characterization of the used physical mixtures is affected by the fact that the main component
of the mixture is the inert material (a-Al>03), accounting for 92.8% of the total weight of the physical
mixture, while only 7.2% of its weight consists of the actual catalyst (1.4% CZA + 5.8% dehydration
catalyst). Furthermore, due to the fine mixing of the three materials, it is not possible to separate
the actual catalysts from the inert material. This problem is particularly relevant for XRD; in the first
case, indeed, a-Al;03 not only is, by far, the most abundant phase, but also present much sharper
and intense diffraction peaks than CZA. Regarding dehydration catalysts, aluminosilicates do not
present diffraction peaks, being they amorphous materials, and y-Al,03, being it a nanocrystalline
material, features much less sharp peaks than a-Al,0s. For these reasons, the XRD patterns of the
spent mixtures (not reported) only show the signals attributable to a-Al,0s, giving no information
about the catalyst itself. A similar issue affects TG analysis (not reported); in this case a weight loss
of only about 1-1.5% is observed for all samples, with a gradual decrease which does not give any
information about any thermal decomposition or crystalline transition. This finding is due to the
inertness of a-Al,Os in the investigated temperature range (25-900 °C), and, again, to the fact that
it is the main component of the mixture. FTIR characterization (Figure 57) on spent mixtures, as
expected, shows a main contribution located at wavenumber values lower than 870 cm™ attributed
to the Al-O stretching of a-Al;03, the main component of the mixture, indicated by the black arrows.
All spent mixtures (except for CZA+Al,03_P_Used and CZA+Al,Os_F_Used) also show a contribution
attributed to the aluminosilicate (900-1300 cm™, red arrows), as clearly evincible from the
comparison with the FTIR spectra of the aluminosilicates, added as references. The bands attributed
to aluminosilicates in the spent mixtures do not show any significant difference with those present
in the spectra of the aluminosilicates, suggesting that the dehydration catalysts are not affected by
the reaction process. The spectra of the y-Al,03 samples (Al,03_P_900 and Al;0s_F 900) do not
show any significant difference with that of o-Al,03; consequently, the spent mixtures
CZA+Al;03_P_Used and CZA+Al;0s_F_Used present spectra similar to those of Al,0s_P_900 and
Al,03_F_900. The signals attributed to CZA (1260-1600 cm™) are not visible in the spectra of the

spent mixtures, reasonably due to the low amount of CZA in the mixtures (1.4%).
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Figure 57 FTIR characterization on the physical mixtures after the reaction and on their corresponding components.

Nitrogen physisorption measurements were carried out on the spent and fresh mixtures based on
CZA and AI-SBA-16, in order to assess any difference in terms of textural properties due to the
reaction process. The physisorption isotherms and the pore size distribution curves are reported in
Figure 58, the results for CZA have been reported in separate graphs (Figure 59) due to significant
differences in terms of scale; the textural properties (i.e. BET surface area and pore volume) are
reported in Table 17. As can be seen by the comparison of the textural properties of the fresh and
the spent mixture, no significant differences can be seen before and after the reaction; particularly,
the values of pore volume are identical, and the values of surface area are within the 3%
experimental error associated with the measurement. The values of surface area and pore volume
are significantly lower than those showed by CZA and AI-SBA-16 due to the presence of a-Al;0s3,
which is the main component of the mixture and features extremely low values of surface area and
pore volume. The presence of AI-SBA-16 in the mixtures, however, is still visible from the presence

of a capillary condensation branch, with an associated hysteresis cycle.

98



189 e CZA+AI-SBA-16 Fresh
16 J—=— CZA+AI-SBA-16 Used
T {4 0-ALO,
144
o
T 12+
S
- 10
[0
£
3 81
®
2z 97
2
S 44
&
2 .
0 e A A A AA
0.0 0.2 0.4 0.6 0.

Relative pressure (p/p°)

sansasd

8

3.0x10°

2.5x107%

A)

2.0x10%

1.5x10°

1.0x10°

Pore Volume (cm?/g

5.0x10™

0.0 1
1.0 20

—e— CZA+AI-SBA-16 Fresh
—m— CZA+AI-SBA-16 Used

A a-Al,O,

Pore width (A)

Figure 58 Nitrogen physisorption isotherms (a) and BJH pore size distribution (b) of the fresh and used Al-SBA-16-based physical
mixtures (i.e. 0.05 g CZA + 0.2 g AlI-SBA-16 + 3.2 g a-Al,03) and of a-Al;0s.

_3_
o] A 20410
& 190 25x0°] I
n ~ ] \4
o < y
Z 100 2.0x10%1 T Y
T g0- = ! \
k! 21sx0° | ¥
2 o 3 [
T 601 2 A
> 2 1.0x10° | \
= 40 (o)
< 1
S 5. 5.0x10'4—’i
4 1 *\ —
0 T T T T T 0.0 T A a2 T = |
0.0 0.2 04 0.6 0.8 1.0 0 200 400 600

Relative pressure (p/p°)

Figure 59 Nitrogen physisorption isotherms (a) and BJH pore size distribution (b) of CZA.

Pore width (A)

Table 17 BET surface area (SA) and pore volume (V,,) of the fresh and used Al-SBA-16-based physical mixtures (i.e. 0.05 g CZA+0.2 g
AI-SBA-16 + 3.2 g a-Al;03), Al-SBA-16, a-Al,03 and CZA.

Sample BET surface area (m?2/g) Pore volume (cm3/g)
CZA+AI-SBA-16_Fresh 19.8 0.026
CZA+AI-SBA-16_Used 18.6 0.026

CZA 97.7 0.214
Al-SBA-16 437 0.52
a-Al,0; 0.5 0.001
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On the basis of the characterization performed, mainly nitrogen physisorption and FTIR, can be
inferred that the catalytic physical mixtures do not undergo any significant textural and/or structural

transformation during the reaction process.

4.6 Conclusions

In this chapter three mesostructured aluminosilicates, featuring different textural properties but
the same Si/Al ratio (= 15), were synthesized, characterized, and tested for the CO»-to-DME one-pot
process in form of physical mixture with a commercial redox catalyst (CZA), and compared with two
y-Al,03 samples, with the aim of correlating their textural and acidic properties (amount, strength
and typology of the acid sites) with their catalytic performances for methanol dehydration to

dimethyl ether. To sum up, the following conclusions can be stated:

(i) Catalysts bearing Brgnsted sites (i.e. the aluminosilicates, Some = 9.9 — 26.6%), as expected, show
better performances than those with Lewis sites (i.e. y-Al,03, Some = 1.7-2.2%). On the same sample,
Py-FTIR also pointed out how Lewis sites have an overall higher strength than Brgnsted sites, with

consequently a higher water resistance of the latter ones.

(ii) Surface density of acid sites is the key feature on which the synthesis should act to improve the
methanol dehydration performances. The three aluminosilicates, despite providing similar amounts
of Brgnsted sites, show significantly different catalytic performances (Spme = 9.9 — 26.6%), with the
Al-SBA-16 found to be the best methanol dehydration catalyst (Some = 26.6%), thanks to the highest

surface density of acid sites.
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Chapter 5
Development of mesostructured composites as bifunctional catalysts
for the one-pot CO2-to-DME process

Mesostructured
_, Acidic catalyst
= AI-SiO, , y-AlL,0,

) Redox phase
czz

Mesostructured
Composites

5.1 Introduction

This chapter is focused on the development of composite bifunctional catalysts (chemical mixtures)
for the one-pot conversion of CO, to DME and on the comparison of their performances with those
of physical mixtures. The focus has been put on mesostructured acid systems since the large size of
mesopores should lead to an efficient impregnation of the dehydration catalysts, allowing the
deposition of redox catalyst nanoparticles inside the pores, consequently maximizing the contact
area. Furthermore, the impregnation inside the mesopores, should hamper growth phenomena of
the redox phase particles, keeping their size in the nano-range. Impregnation on zeolites,
conversely, would lead to a deposition of the redox phase only on the surface of the support, due
to the small size of micropores, leading to a lower contact area and also not allowing the
confinement of the redox phase particles inside the pores, putting no limit to their growth during

the functionalization process of the support.

All the Al;Os- and aluminosilicate-based mesostructured acidic systems described in the previous
chapter were used as supports for functionalization with a CuO-, CuO/ZnO- or CuO/Zn0/Zr0; (CZZ)-
based redox phase. With the aim of obtaining composites with a homogeneous dispersion of the
redox phase inside the mesochannels of the acidic catalysts supports, two different impregnation
approaches were investigated. The first one consists of a two-solvent impregnation, while the
second one is based on a proper combination of an impregnation strategy and a self-combustion

process. Different parameters, such as loading, redox species and their molar ratio were explored.
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The mesostructured nanocomposites presenting the most homogeneous dispersion of the redox
phase and the best textural and morphological features were tested and compared with physical
mixtures made up of the selected acidic support and a CuO/Zn0O/ZrO;-based redox phase (CZZ)
prepared with the same synthetic strategy but in the absence of the support. Some of the results

reported in this chapter have been published in [186].

5.2 Development of mesostructured composites on AI-MCM-41 and AI-SBA-16 using a two-
solvent impregnation route

The first attempt to obtain bifunctional composite catalysts was performed using a two-solvent
impregnation technique on Al-MCM-41 and AI-SBA-16. The two-solvent impregnation (see also
Paragraph 2.4.1) consists in the initial dispersion of the pre-dried siliceous support into a non-polar
solvent such as n-hexane, cyclohexane or n-pentane. An aqueous solution of the precursors is then
added to the support dispersed into the non-polar solvent; to allow the complete incorporation of
the precursors inside the pores, the volume of the solution is chosen to be equal to the pore volume
of the support, assessed by nitrogen physisorption measurement. The subsequent evaporation of
the non-polar solvent should favor the diffusion of the aqueous solution into the mesopores and
the final composites were obtained by a proper thermal treatment. The two-solvent method was
previously used to develop nanocomposites on MCM-41 and SBA-15, by impregnating them with a
metal oxide phase [126]-[128] [131]. The choice of this particular impregnation method, rather than
other more common routes, like the wet impregnation and the incipient wetness impregnation,
comes from previous results on ZnO@SBA-15 composites, which showed a significantly improved
dispersion of the metal oxides inside the mesochannels [126]. The better results obtained with this
route have been ascribed to the presence of the non-polar solvent, which pushes the aqueous phase

inside the pores against the siliceous pore walls, causing a rehydroxylation of the surface [125].

5.2.1 Synthesis of AI-MCM-41- and Al-SBA-16-based composites by two-solvent impregnation
method

In a typical synthesis, the support (AI-MCM-41 or Al-SBA-16) was firstly dried in an oven at 120°C
overnight in order to almost completely eliminate the adsorbed water; 0.25 g of material were then
submerged in 20 mL of a non-polar solvent, namely hexane, into a covered beaker and kept under
stirring at 450 RPM for 2 h; then an appropriate amount of a metal nitrate solution corresponding
to the pore volume of the support was added drop-wise and the stirring was increased to 500 RPM.

The concentration of the precursor solution was established keeping in mind that a volume of
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solution corresponding to the pore volume of the support must contain the amount of metal
precursors necessary to obtain the desired final wt% loading. After 1.5 h the beaker was uncovered
and the temperature was raised to 80°C, to allow the evaporation of the hexane; when almost all
the solvent had evaporated, the beaker was put into an oven at 80°C overnight. Eventually, the

obtained powder was calcined at 500°C for 2 h with a 2°C/min ramp.

5.2.2 Characterization of AI-MCM-41-based composites obtained by two-solvent impregnation
Five different AI-MCM-41-based composites with various loadings (10-20%) in terms of CuO and
CuO/Zn0 wt% were prepared following the procedure described in paragraph 4.2.1. as reported in
Table 18. The 2/1 Cu/Zn ratio was chosen since ratios close to this value have been reported as the

most promising ones for methanol synthesis catalysts [218], [219][220].

Table 18 AI-MCM-41-based composites synthesized by the two-solvent impregnation method.

Sample Redox phase | Loading (wt%) | Cu/Zn molar ratio
CulO@AI-MCM-41_TS CuO 10% -
Cu20@AI-MCM-41_TS CuO 20% -
CuZn10@AI-MCM-41_TS | CuO/Zn0O 10% 2/1
CuzZn15@AI-MCM-41_TS | CuO/Zn0O 15% 2/1
CuZn20@AI-MCM-41_TS | CuO/Zn0O 20% 2/1

Wide-angle XRD (WA-XRD) (Figure 60a) measurements point out, besides the amorphous band of
Al-MCM-41, the presence of narrow and intense peaks for both the samples functionalized with Cu
(Cu 10% and Cu 20%); indicating that CuO (tenorite; PDF card 00-045-0937) crystallized in form of
particles much larger than the size of the mesopores (2-3 nm), necessarily located outside the
mesoporous structure. On the other hand, CuzZn 10% does not show any crystalline reflections,
indicating that both metal oxides were dispersed onto the support in form of small nanoparticles,
presumably inside the mesopores. CuZn 15% shows two weak peaks between 30° and 40°, where
main peaks of CuO (002 and 111) are located, indicating that, with a 15% loading, at least a fraction
of CuO starts to crystallize outside the pores. At a 20% loading (CuZn 20%) the peaks of tenorite are
much more intense, and the other minor peaks are visible, pointing out the crystallization of a
significant amount of CuO outside the mesoporous structure. In all cases, no signal attributed to
ZnO are visible, suggesting the formation of an amorphous phase or a crystalline phase consisting

of either very small nanoparticles or a very thin layer. This finding was previously observed on
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ZnO@SBA-15 composites and ascribed to the high affinity of ZnO for the silica surface [127][126],
as confirmed by XPS and 2°Si MAS NMR studies [127][221], that suggest the deposition of ZnO inside
the pores as an amorphous thin layer. Other authors [220] observed a similar phenomenon on
CuO/Zn0. Considering the XRD measurements on CuZn 15% and comparing them with the pattern
of Cu 10%, since they have about the same amount of CuO it can be inferred that the homogeneous
distribution of ZnO inside the pores also favors the dispersion of CuO in form of small nanoparticles.
The deposition of ZnO inside the pores is also confirmed by small-angle XRD (SA-XRD)
measurements (Figure 60b); a gradual decrease in intensity of the 100 mesostructure signal,
associated with an increase in loading, is indeed observed for the samples impregnated with

CuO/Zn0. This trend, on the other hand, in not observed for the samples only functionalized with

CuO.
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Figure 60 WA-XRD (a) and SA-XRD (b) patterns of AI-MCM-41-based composites synthesized by two-solvent method.

5.2.3 Characterization of Al-SBA-16-based composites obtained by two-solvent impregnation

The two-solvent impregnation process was subsequently used on Al-SBA-16, as it demonstrated to
be the most promising mesostructured acidic system in terms of catalytic performances for the
dehydration of methanol (Chapter 3). Four different Al-SBA-16-based composites with two loadings
(10-15%) in terms of CuO and CuO/ZnO wt% were prepared following the procedure described in

paragraph 4.2.1. as reported in Table 19. The 2/1 Cu/Zn ratio, as previously reported, was selected
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on the basis of the literature data [218], [219][220], while the loading was kept below 20% according

to the previous results on AI-MCM-41 composites shown in Paragraph 4.2.2.

Table 19 Al-SBA-16-based composites synthesized by the two-solvent impregnation method.

Sample Redox phase | Loading (wt%) | Cu/Zn molar ratio
CulO@AI-SBA-16_TS CuO 10% -
Cul5@AI-SBA-16_TS CuO 15% -
CuZnl0@AI-SBA-16_TS | CuO/Zn0O 10% 2/1
CuzZnl5@AI-SBA-16_TS | CuO/Zn0O 15% 2/1

As can be seen from Figure 61a, all wide-angle XRD patterns show the clear presence of sharp and
intense diffraction peaks, attributable to CuO in its crystalline phase tenorite (PDF card: 00-045-
0937), with increasing intensity by increasing the loading. The presence of narrow peaks suggests
that the redox phase (CuO, CuO/ZnO) is partially or completely deposited onto the surface of the
mesoporous support, even at the lowest loading (10%). All small-angle XRD patterns (Figure 61b)
show the clear presence of a 110 main peak, together with a 200 peak, indicating that the
mesoporous order was maintained after the functionalization process; no differences with the
loading are observed, confirming that most of the redox phase crystallized outside the pores. The
different behavior with respect to AI-MCM-41-based systems, clearly evincible from the comparison
between the two composites with a 10% CuO/ZnO loading (CuZn10@AI-MCM-41 vs. CuZn10@Al-

SBA-16), can be ascribed to the lower surface area and pore volume of Al-SBA-16 (Table 9).
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Figure 61 WA-XRD (a) and SA-XRD (b) patterns of Al-SBA-16-based composites synthesized by two-solvent method.
TEM analysis confirms the findings gathered from XRD data about the presence of particles of redox
phase outside the mesoporous aluminosilicate matrix. As an example we report, in a panel related
to CuZn15@AI-SBA-16_TS (Figure 62), two bright-field images showing the presence of large dark
particles near the mesostructured support (black arrows); the high contrast given by these particles
suggests a different phase contrast, and consequently a different (namely more dense) chemical
composition. EDX chemical mapping confirmed that these particles are composed of CuO and ZnO;
CuO is completely absent in the mesostructured aluminosilicate matrix, whether a small amount of
Zn0O has been detected, indicating that ZnO has a greater affinity than CuO for the support. The
interplanar distance determined for CuO particles from HR-TEM images shows a value of 2.50 A,

very close to the value associated to the [002] crystal planes (2.53 A).
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Figure 62 TEM (a,b), HR-TEM (c) micrographs and EDX chemical mapping of CuZn15@AI-SBA-16_TS (d-f).

5.3 Development of mesostructured composites on Al-SBA-16 using a self-combustion
impregnation route

Since the two-solvent impregnation technique did not show promising results for the development
of composite materials with a homogeneously dispersed redox phase, a second attempt was done
using an impregnation technique based on a self-combustion reaction [72], [136], [140], [222],
[223]. This approach consists in the dispersion of the pre-dried support into an aqueous solution of
the metal nitrates and glycine; in this context, glycine acts both as a complexing agent, by bonding
to the metal ions with its carboxyl group, and as a reducing agent. Differently from the two-solvent
impregnation described above, in this case the transformation of the nitrates to oxides does not
consists in a thermal decomposition of the nitrates, but in an auto-propagating oxidation-reduction
reaction between the nitrates (oxidating agent) and glycine (reducing agent). Due to the exothermic
nature of the reaction, nitrates are rapidly converted into crystalline oxides. The “glycine-nitrate”
method was previously reported for CUO@SBA-15 [224], Fe;O3@SBA-15 [225], LaCoO@SBA-15

[226] and, in the context of CO, hydrogenation, for Cu-based methanol synthesis catalysts dispersed
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onto SBA-15 support [72] but, to the best of our knowledge, never on other mesostructured

materials or acidic aluminosilicates.

5.3.1 Synthesis method of the Al-SBA-16-based composites.

To obtain Al-SBA-16-based composites with the self-combustion glycine-nitrate approach, the
method described in [72] was followed. In a typical synthesis, 1 g of the mesostructured support,
previously dried overnight at 120 °C, was submerged with 10 mL of the precursor solution containing
the metal nitrates (Cu(NOs)2*2.5H,0, Zn(NOs),*6H,0 and ZrO(NOs)z) and glycine into a beaker
under vigorous stirring. The concentration of metal nitrates depends on the weight loading of the
composite and the amount of glycine is determined from the amount of metal ions in the solution,
according to a glycine/metal ions molar ratio of 1.44. Water was then let evaporate until a viscous
gel was obtained. The resulting gel was then sonicated for 5 minutes and eventually submitted to a

sudden temperature raise at 300°C, by putting it into a pre-heated oven.

Since higher amounts of redox phase allow to obtain higher values of CO, conversion, for these
composites a weight loading of 20% was chosen. Namely, three different composites were
prepared, with a Cu/Zn loading of 20%, two different Cu/Zn ratios (1/1 and 2/1) and the effect of
the presence of Zr was investigated. The parameters used for the impregnation are reported in Table

20.

Table 20 Al-SBA-16-based composites synthesized by the self-combustion impregnation method.

Sample Redox phase | Cu/Zn loading (wt %) | Cu/Zn(/Zr) molar ratio
Cu1Zn;20@AI-SBA-16_SC Cu0/Zn0O 20% 1/1
Cu,Zn;20@AI-SBA-16_SC Cu0/Zn0O 20% 2/1
CuzZn;20_Zr@AI-SBA-16_SC | CuO/Zn0/ZrO; | 20% 2/1/1.3

5.3.2 Structural and morphological characterization

Wide-angle XRD measurements (Figure 63a), do not show any crystalline peaks attributable to any
copper- or zinc-based phase, unlike what was observed for the composites obtained through the
two-solvent impregnation described in Paragraph 4.2. Only in the patterns of CuzZn120@AIl-SBA-
16_SC and CuzZn120_Zr@AI-SBA-16_SC, the ones with the highest amount of copper, a weak and
broad band located at 26 values between 30° and 40° was noticed, corresponding to the two main

peaks (002; 111) of the tenorite (CuO) phase. These findings highlight that the redox phase has been
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deposited onto the support in form of small nanoparticles, not observable from XRD measurements,
or as an amorphous phase. Like in the case of the composites obtained with the two-solvent
impregnation, the ordered mesoporous structure was maintained after the functionalization
process, as can be evinced from the small-angle X-ray patterns (Figure 63b). In this case, however,
an evident decrease in terms of intensity of the mesostructure 110 and 200 signals was observed
for the composites compared to the support, suggesting that the redox phase has been incorporated
into the mesopores. This intensity decrease, on the other hand, was not observed for the
composites obtained on the same support (Al-SBA-16) with the two-solvent impregnation, since this
approach did not lead to a proper dispersion of the redox phase inside the pores, as evidenced in
Paragraph 4.2.3. Furthermore, a slight shift (0.02°) of the mesostructure 110 signal towards higher
values of 26 is observable for the composites obtained with the self-combustion approach (Figure
63b). This shift can be ascribed to a decrease of the mean pore diameter as a consequence of the
impregnation process, suggesting that the redox phase has been deposited inside the pores in form

of a thin layer or very small nanoparticles.
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Figure 63 WA-XRD (a) and SA-XRD (b) patterns of Al-SBA-16-based composites synthesized by self-combustion method.

TEM micrographs point out that the mesostructure was maintained after the impregnation process,
as already evidenced by SA-XRD patterns; furthermore, differently from the composites obtained
with the two-solvent impregnation technique TEM images do not show the presence of large dark
particles ascribed to the redox phase outside the pores. The absence of these large particles is also

confirmed by EDX mapping, which, on the contrary evidenced a homogeneous dispersion of the
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elements of the redox phase (Cu, Zn and Zr) throughout the whole support for all three samples
(Figure 64). The absence of large crystalline particles of redox phase was also highlighted by the lack

of bright spots in the SAED pattern (insets in Figure 64a, d, and g).

200 nm

¢ D < )

Figure 64 EDX chemical mapping of Cu1Zn;20@AI-SBA-16_SC (a-c), CuzZn120@AI-SBA-16_SC (d-e), and CuzZn;20_Zr@AI-SBA-16_SC
(g-i) composites.

5.3.3 Study of the catalytic performances
All the three composites obtained through the self-combustion impregnation technique were tested
for the direct synthesis of dimethyl ether from CO; and Hz. The catalytic tests on composite catalysts
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were performed using 0.25 g of catalyst mixed with 3.2 g of a-Al,0s, an inert material, to reach a
total bed volume of =3 cm?3. The resulting gas hourly space velocity (GHSV) resulted to be 48000
Ncm? geat? hl. Composite catalysts were reduced inside the reactor in a stream of a Ha/N2 mixture
(H2, 15 vol% in N3) at 300 °C for 2 h under atmospheric pressure. The reaction was carried out at 250

°C, 3.0 MPa with a H2 and CO (molar ratio of 3:1) mixture for 36 h.

Since important considerations about the stability of the catalysts over time have to be made the
values of CO; conversion (Figure 65a) and selectivity to CO (Figure 65b), methanol (Figure 65c) and
DME (Figure 65d), as well as DME yield (Figure 66a), are here reported in form of activity vs time

plots; furthermore, the histograms of mean values are also reported (Figure 66b).
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Figure 65 Values of CO; conversion (a) and selectivity to CO (b), methanol (c) and DME (d) over time for the composites obtained
with self-combustion process on Al-SBA-16.
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In terms of CO; conversion, a first important comparison can be made between Cu1Zn120@AI-SBA-
16_SC and Cu2Zn120@AI-SBA-16_SC; these two composites have the same wt% loading of redox
phase (20%) but different Cu/Zn ratios, 1/1 and 2/1 respectively. As can be seen from the X CO>
values (Figure 65, Figure 66b), Cu2Zn120@AI-SBA-16_SC showed a higher value of CO; conversion
(2.4%) than Cu1Zn120@AI-SBA-16_SC (1.7%), as expected according to the literature, suggesting that
a Cu/Zn ratio of 2/1 is more effective than a 1/1 ratio, being Cu® the actual active phase of the
catalyst. It is also important to notice that both CuzZn-based catalysts showed a gradual decrease in
terms of CO; conversion, as can be clearly seen from the plot (Figure 65). On the contrary, this
decreasing trend was not observed for CuZn120_Zr@AI-SBA-16_SC, suggesting that the presence
of Zr could contribute to significantly increase the stability of the catalyst over time, as suggested in
the literature, in which a third phase (usually Al,Os or, like in our case, ZrO;) in redox catalysts is
proposed to increase the thermal and chemical stability of the systems. Another significant
difference ascribable to the addition of Zr is the improvement in terms of selectivity to methanol,
associated to a decrease in selectivity to CO (Figure 65, Figure 66b), as already observed in the
literature [72]. Cu2Zn120_Zr@AI-SBA-16_SC shows indeed values of MeOH and CO selectivity of
50.3% and 46.2%; on the other hand, the two other catalysts show values of methanol (=40%) and
CO selectivity (=56%) very similar to each other, but significantly different from those of
CuzZn120_Zr@AI-SBA-16_SC. In terms of selectivity to DME, Cu2Zn120_Zr@AI-SBA-16_SC shows the
more stable values Figure 65; on the other hand, the two other catalysts show values of DME
selectivity gradually increasing over time. This finding can be presumably attributed to the
significant decrease in terms of CO, conversion described above for these two catalysts; lower
values of conversion, indeed, lead to an overestimation of molecules like DME and an
underestimation of species like CO by the gas chromatographic system. The increasing trend in DME
selectivity showed by CuiZni20@AI-SBA-16_SC and Cu;Zni120@AI-SBA-16_SC could be thus
attributed to an overestimation of this value, rather than an actual increase in dehydration activity
of the catalysts. DME yield values reported in Figure 66a suggest that the better catalyst in terms of
DME production is Cu2Zn120_Zr@AI-SBA-16_SC, which shows an initial DME yield similar to that of
Cu2Zn120@AI-SBA-16_SC but a better stability.
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Figure 66 Values of DME yield over time (a) and mean values of CO, conversion and selectivity to CO, methanol and DME (b) for the
composites obtained with self-combustion process on Al-SBA-16.

5.4 Development of composites on different mesostructured supports (Al-MCM-41, Al-
SBA-15, Al-SBA-16, y-Al203) using self-combustion impregnation

Since the self-combustion impregnation demonstrated to be much more effective than the two-
solvent impregnation for the aim of obtaining composite bifunctional catalysts with the redox phase
homogeneously dispersed inside the mesopores of the acidic catalyst, we chose to use this
impregnation technique to synthesize bifunctional catalysts by impregnating all the five different
mesostructured supports showed in Chapter 3. Considering the results obtained in Paragraph 5.3,
since a Cu/Zn ratio of 2/1 proved to be more efficient than a Cu/Zn ratio of 1/1, and the presence
of zirconium demonstrated to increase the stability of the catalyst over time, all the supports were
impregnated chosing the same parameters used for CuzZn120_Zr@AI-SBA-16_SC. Since there are no
differences in the redox phase of the composite systems prepared in this paragraph, for brevity the

redox phase is here indicated as CZZ; all information is reported in Table 21.
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Table 21 Composites synthesized on different mesostructured acidic supports by the self-combustion impregnation method.

Sample Support Redox phase | Cu/Zn loading (wt %) | Cu/Zn/Zr molar ratio
CZZ@AI-MCM-41_SC | AI-MCM-41 | CuO/Zn0O/ZrO; | 20% 2/1/1.3
CZZ@AI-SBA-16_SC | AI-SBA-16 Cu0/Zn0O/Zr0O, | 20% 2/1/1.3
CZZ@AI-SBA-15_SC | Al-SBA-15 Cu0/Zn0/Zr0O, | 20% 2/1/1.3
CZZ@Al,03_P_SC Al,03_P_900 | CuO/Zn0/Zr0O; | 20% 2/1/1.3
CZZ@Al,03_F_SC Al,05_F_900 | CuO/Zn0/Zr0O; | 20% 2/1/1.3

5.4.1 Structural, textural, and morphological characterization

Wide-angle X-ray patterns (Figure 67, Figure 68) for all composites do not show any sharp diffraction
peak attributable to the redox phase; as already seen in Paragraph 5.3.2, only a broad and weak
band attributable to CuO at 20 values between 30° and 40° is observed, the range where the main
diffraction peaks (002 and 111) of tenorite are located. No other contributions attributed to the
redox phase are observed, pointing out that the redox phase is in form of very small nanocrystals.
Comparing the aluminosilicate-based composites to each other (Figure 67), this band appears to be
more visible for CZZ@AI-SBA-16_SC, presumably due to the lower pore volume of the support Al-
SBA-16, compared to AI-MCM-41 and AI-SBA-15. In the case of y-Al,03-bases composites (Figure
68) the CuO band overlaps with the signals of y-Al,Os, resulting in a single wide band located

between 25° and 40°.

As expected from the previously reported XRD data on Al-SBA-16-based composites, SA-XRD (Figure
67, Figure 68) proved that the mesostructure was maintained after the impregnation process in all
cases, as demonstrated by the presence, of the same bands present in the patterns of the
mesostructured supports. A decrease in the intensity of the main signal of the mesostructure and a
slight shift towards higher values of 20 was observed for all composites compared to their

corresponding supports.
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Figure 68 WA-XRD (a) and SA-XRD (b) patterns of composites synthesized by self-combustion method on Al,O3; P_900 and

Al,05_P_900.

Textural properties data, extrapolated by the nitrogen physisorption measurements, are reported

in Table 22. Nitrogen physisorption measurements showed a significant decrease of both surface

area and pore volume for all samples (Table 22 Figure 69-Figure 73), after functionalization with the

redox phase, as clearly indicated by the drop of the physisorption isotherms to much lower values
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of adsorbed volume. Also, a minor decrease in terms of mean pore diameter was observed,

attributable to the deposition of the redox phase on the inner walls of mesopores.

Table 22 BET surface area (SA), pore volume (V,,), and mean BJH pore diameter (D,) of all the mesostructured supports and their
composites obtained by self-combustion impregnation.

Sample SA (m?/g) Vp (cm3/g) Dy (nm)
Al-MCM-41 1262 0.77 2.2
CZZ@AI-MCM-41_SC 586 0.31 1.7
Al-SBA-16 437 0.52 4.6
CZZ@AI-SBA-16_SC 260 0.33 4.3
Al-SBA-15 673 1.07 7.0
CZZ@AI-SBA-15_SC 376 0.68 6.7
Al,03_P_900 197 0.57 5.6
CZZ@Al,03_P_900_SC 161 0.35 5.0
Al,0s_F_900 194 0.57 8.7
CZZ@Al,0s_F_900_SC 153 0.34 6.7
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Figure 69 Nitrogen physisorption isotherms (a) and BJH pore size distribution (b) of CZZ@AI-MCM-41_SC and its support.
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Figure 73 Nitrogen physisorption isotherms (a) and BJH pore size distribution (b) of CZZ@AI,03_F_SC and its support.

TEM imaging (Figure 74, Figure 76), EDX chemical mapping (Figure 75, Figure 77) and EDX linear
profile (Figure 78) evidenced, as expected from the previous results obtained for the composites on
Al-SBA-16, the overall homogeneity of distribution of the redox phase throughout the
mesostructured matrix for all samples. The ordered mesoporous structure was maintained after the
functionalization process, as can be seen from the TEM micrographs; the process, also did not give
rise to any separation of Al,Os particles for aluminosilicates. The impregnation route, as can be seen
from EDX chemical mapping of Cu, Zn and Zr, resulted in a homogeneous functionalization; the lack
of large particles attributable to the redox phase outside the mesopores of the supports, together
with the absence of diffraction peaks in the low angle XRD patterns, suggests that the redox phase
has been homogeneously dispersed inside the pores in form of small nanoparticles. The particles of

the redox phase (CuO, ZnO and ZrO;) are not visible in TEM images since these species are finely
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dispersed onto the support in form of either very small nanoparticles or as a homogeneous layer,
as already suggested by WA-XRD measurements. Only a slight difference in TEM micrographs can
be seen in terms of lower contrast between pore and pore walls, indicating the presence of the

redox phase within the mesochannels (white circles in Figure 76).

Figure 74 TEM micrographs of CZZ@AI-MCM-41_SC (a-c), CZZ@AI-SBA-16_SC (d-e), and CZZ@AI-SBA-15_SC (g-i) composites.
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Figure 75 EDX chemical mapping of CZZ@AI-MCM-41_5C (a-c), CZZ@AI-SBA-16_SC (d-e), and CZZ@AI-SBA-15_SC (g-i) composites.

120
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CZZ@Al,0,_F_SC

Figure 77 EDX chemical mapping of CZZ@AI,O3 P_SC (top row) and CZZ@AIl,03_F_SC (bottom row) composites [186].
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Figure 78 EDX linear profile of CZZ@AI,0;_P_SC (top) and CZZ@AI,0;_F_SC (bottom) composites [186].

5.4.2 Synthesis and characterization of the CZZ redox catalyst

Besides synthesis of the composites, an unsupported CuO/Zn0O/ZrO; (molar ratio of 2/1/1.3) redox
catalyst with the same composition of the redox phase incorporated into the acidic mesostructures,
named CZZ, was synthetized also by employing the same self-combustion method described in
Paragraph 5.3.1 for the synthesis of composite catalysts; however, in this case, no support was used
during the self-combustion process, leading to the formation of an unsupported redox catalyst, in
form of a black powder. The CZZ pure redox catalyst was synthesized in order to test it in form of
physical mixtures with the acidic supports used in this Paragraph (AI-MCM-41, Al-SBA-16, Al-SBA-
15, and y-Al;03). The catalytic tests of these physical mixtures, alongside with those of the
composite bifunctional catalysts, will allow to perform a direct comparison between the physical
and the chemical mixing methods, leading to a better understanding of the effect of the intimate

contact between the two phases in composite catalysts.

Figure 79 reports the wide-angle X-ray diffraction pattern of the CZZ redox catalyst; as can be seen,
the pattern clearly shows the presence of several diffraction peaks, attributable to different
crystalline phases. The phase identification points out that each atomic species of the redox catalyst
(namely Cu, Zn and Zr) gave rise to the formation of phases with different crystal structure and
different oxidation state. Particularly, Cu was present as metallic copper (Cu), cuprite (Cu;0) and

tenorite (Cu0), zinc was only present in its zincite form (ZnO) and Zr was present as Baddeleyite
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(monoclinic ZrO3) and cubic ZrO,. A Rietveld refinement of the pattern was performed in order to

guantify the phases and the results of the analysis are reported in Table 23).
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Figure 79 Rietveld analysis on the wide-angle XRD pattern of the unsupported CZZ redox catalyst.

Table 23 Weight composition of the crystalline phases present in the unsupported CZZ redox catalyst determined by Rietveld
analysis.

Phase Cu Cu20 CuO Zn0O Monoclinic ZrO, | Cubic ZrO-

Amount (wt%) | 3.2+0.1 | 28+2 142+0.8 |19.0+0.0 | 19.2+£0.9 15.6+0.9

Figure 80 depicts the TEM images and EDX chemical mapping of unsupported CZZ redox catalyst. As
can be seen, the self-combustion reaction carried out without using a support gave rise to the
formation of large particles of irregular shape and also caused a clear separation of the phases,

leading to an inhomogeneous dispersion of the redox species into each other.
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Figure 80 EDX chemical mapping of the unsupported CZZ redox catalyst.

5.4.3 Study of the catalytic performances

The catalytic performances of aluminosilicate-based composites for the one-pot CO;-to-DME
process have been evaluated and compared with the performances of physical mixtures consisting
in the mesostructured acidic supports together with CZZ, a pure redox catalyst obtained with the
same self-combustion process used for the functionalization of the supports, as described in
Paragraph 5.4.2. This comparison allowed to understand how the catalytic performances are
influenced by the nature of the contact between the two phases (either physical, in the case of
physical mixtures, or chemical contact, in the case of bifunctional composite catalysts). The catalytic
tests on composite catalysts were performed using 1 g of catalyst; the tests on physical mixtures
were performed using 0.333 g of unsupported CZZ redox catalyst and 0.667 g of mesostructured
dehydration catalyst. 2.5 g of a-Al,03, an inert material, were added to the catalytic systems in order
to have a total bed volume of =3 cm3. The resulting gas hourly space velocity (GHSV) was 12000

Ncm? geat™? h'l. Both composite catalysts and physical mixtures were reduced inside the reactor in a
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stream of a Hz/N2 mixture (Hz, 15 vol% in N3) at 300 °C for 2 h under atmospheric pressure. The

reaction was carried out at 250 °C, 3.0 MPa with a H, and CO; (molar ratio of 3:1) mixture for 36 h.

As can be seen from the data reported in Figure 81 and Figure 82, all the composites showed a
higher value of CO, conversion compared to the corresponding physical mixtures, presumably due
to the superior dispersion of the Cu/ZnO/ZrO,-based redox phase. In the first case, indeed, the redox
phase is dispersed in form of small nanoparticles inside the mesopores of the support, giving rise to
high dispersion and thus a high contact area of the active sites of the redox catalyst with the
reactants. In the second case, on the other hand, being the CZZ redox catalyst obtained without a
previous impregnation into a support, the active phase results to be much less dispersed and
consists in much larger particles, as evidenced by XRD and TEM data, hence giving rise to a lower
area of contact with the reactants and, consequently, a lower CO; conversion. Particularly, the
composite catalyst CZZ@AI-SBA-15_SC showed the highest value of CO, conversion among the three
composites, presumably as a consequence of the high pore volume of the support, that allows a
better dispersion of the redox phase. All composite catalysts, however, showed lower values of
selectivity and yield to DME, compared to their corresponding physical mixtures (Figure 81, Figure
82, Figure 83) and, consequently, higher values of methanol selectivity. The cause of this drop in
Some can be ascribed to the coverage of the acidic sites of the supports due to the functionalization
process; after this process, the acid sites present on the surface of the supports, which are
responsible for the methanol dehydration to DME, are covered by the deposition of the
nanoparticles of redox phase, being consequently no longer able to adsorb methanol molecules.
This hypothesis is further confirmed by the fact that the composite catalyst that showed the highest
Some is CZZ@AI-MCM-41_SC, likely due to its very high surface area, that allows to have a higher
amount of uncovered acidic sites after the impregnation process. Besides the coverage of the acid
sites, ion-exchange phenomena between the redox phase and the Brgnsted sites present on
aluminosilicate supports cannot be excluded. On this regard, very low performances in terms of
DME production rate were also observed by Bonura et al. [65] for a bifunctional catalyst obtained
by a coprecipitation method from H-ZSM-5 and Cu/ZnQ/ZrO;; the authors attributed this behavior
to an ion-exchange phenomenon between the zeolite and the metal cations of the redox phase,
which caused the disappearance of the Brgnsted acid sites of H-ZSM-5 with moderate strength, only
leaving strong sites, unable to promote methanol dehydration [65][227]. Other authors observed a

performance drop over time due to the intimate contact between the redox and acidic phase in H-
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ZSM-5 physically mixed by grinding with a Cu/ZnO/Al,Os-based redox phase for the syngas-to-DME
process; this fact was attributed to sintering of the redox phase particles, their oxidation and also
the ion-exchange phenomena with the zeolite mentioned above, which led to a deactivation of the
acidic sites of the dehydration catalyst [59]. Similar results, associated with a decrease in the
number of Brgnsted acid sites, were also observed when H-ZSM-5 was put into contact with the
dehydration catalyst through mechanical mixing (grinding) and liquid phase mixing (slurry), resulting
in a performance drop; this negative effect was not observed, on the other hand, when the two
catalysts were separately pelletized and then mixed together [62]. This difference in DME selectivity
also shows effects on CO selectivity, which is higher for composite catalysts. This is probably due to
equilibrium effects; the subtraction of methanol from the reaction environment due to its
dehydration to DME, pushes the equilibrium of the reaction towards the formation of more
methanol, thus lowering the CO selectivity. In the case of composite catalyst, having a low Spwme,
methanol remains in the reaction environment and Sco, thus, results to be higher. Due to their
significantly higher selectivity to DME, all tested physical mixtures showed higher DME yields than
their corresponding composites. As expected, the bifunctional catalyst with the highest Ypme is

CZZ@AI-MCM-41_SC.
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Conversion and selectivity (mol%)

Figure 81 Mean values of CO, conversion and selectivity to CO, methanol and DME (b) for the composites and physical mixtures
based on aluminosilicates
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Figure 82 Values of CO; conversion (a) and selectivity to CO (b), methanol (c) and DME (d) over time for the composites and physical
mixtures based on aluminosilicates.
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Figure 83 Values of DME yield over time for the composites and physical mixtures based on aluminosilicates.
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Like previously done with aluminosilicate-based composites, y-Al,0s-based composite catalysts
were tested and their performances were compared with those of physical mixtures consisting of
the mesostructured y-Al,03 support and the unsupported CZZ redox catalyst. The catalytic tests on
composite catalysts were performed using 0.25 g of catalyst; the tests on physical mixtures were
performed using 0.083 g of CZZ redox catalyst and 0.167 g of mesostructured dehydration catalyst.
3.2 g of a-Al;03, an inert material, were added to the catalytic systems in order to have a total bed
volume of =3 cm3. The resulting gas hourly space velocity (GHSV) resulted to be 48000 Ncm?3 geat™ h-
!, Both composite catalysts and physical mixtures were reduced inside the reactor in a stream of a
H2/N2 mixture (Hz, 15 vol% in N3) at 300 °C for 2 h under atmospheric pressure. The reaction was
carried out at 250 °C, 3.0 MPa with a H; and CO; (molar ratio of 3:1) mixture for 36 h. Also in this
case, composite catalysts show significantly higher values of CO2 conversion than the corresponding
physical mixtures with CZZ (Figure 84a, Figure 85b), suggesting a positive effect deriving from the
dispersion of the redox phase inside the mesopores in form of small nanoparticles. It can be
observed that the CZZ@AI,0s_P_SC catalyst shows a higher conversion (4.5 mol%) and methanol
selectivity (43.8 mol%) compared to CZZ@AI,03_F_SC (Xco, = 3.4 mol% and Sweon = 40.4 mol%).
Despite the same redox phase loading and the similar textural properties in terms of surface area
and pore volume (Table 22) of the two composite catalysts, the different values of CO, conversion
could be ascribed to the differences in pore size and pore size distribution, that may lead to a
different dispersion of the redox phase inside the mesopores. Taking into account that the pore size
of both the composite catalysts is significantly larger than that of the molecules involved in the
reaction, the difference in terms of pore size should not affect the mass transfer phenomena, which
can therefore be neglected. Due to the lower CO; conversion, both physical mixtures show
fluctuating values of selectivity towards CO, methanol and DME; on the other hand, composite
catalysts feature more stable selectivity values. Similarly to what was observed for aluminosilicate-
based composites, y-Al,03-based bifunctional catalysts show lower values of DME selectivity and
yield (Figure 84d, Figure 85) than their physically mixed counterparts. Also in this case, this finding
could be explained considering that the accessibility of the acidic sites of the walls of
mesostructured y-Al,03 to methanol molecules is hampered due to the deposition of the CZZ redox
phase by the post-synthesis self-combustion impregnation process, thus hampering the
dehydration reaction. Considering the combined results of XRD, TEM and nitrogen physisorption

characterization, it can be assumed that the CZZ phase is homogeneously dispersed inside the
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mesopores as a thin layer rather than as nanoparticles. In this case, the deactivation of acid sites
due to ion-exchange phenomena observed by other authors [65] can be excluded, since y-Al,03 only
presents Lewis acid sites; therefore, the very low performances in terms of DME selectivity of the

composite catalysts can be attributed to the coverage of the acid sites of the dehydration catalyst.

A direct comparison between the y-Al,03-based composite catalysts here reported with other y-
Al>Os-based catalysts proposed in the literature may be difficult due to the important differences in
terms of reactions conditions (e.g. GHSV, redox/acid phase ratio, pressure, temperature, and type
of reactor). Nevertheless, it can be observed how y-Al;03, in comparison with other acidic catalysts
like zeolites, does not show good performances in terms of DME selectivity, due to the previously
mentioned deactivation of Lewis acid sites caused by water adsorption. In this regard, some authors
[184] tested two different physical mixtures made up of a redox catalyst (CuO/ZnO/Al,03) together
with y-Al;03 and H-ZSM-5 as dehydration catalysts, respectively. The physical mixture with y-Al,03
showed a very low DME yield (0.4%); this value is better than the ones obtained in this thesis (0.02%
for CZZ@AIl,05_P_SC), but it is worth of note that this is probably due to the significantly lower value
of GHSV used by the authors (3000 NmL/g * h) compared to ours (48,000 NmL/g * h). Regarding
bifunctional composite catalysts reported in the literature, da Silva et al. [183] developed composite
catalysts based on non-mesoporous alumina with interesting results. The authors proposed two
composite bifunctional catalysts synthesized by impregnating a y-Al,Os support with a CuO/ZnO
redox phase using either a precipitation or a wet impregnation method. The catalyst synthesized by
the precipitation approach did not show any methanol dehydration activity; on the other hand, at
the same values of temperature and pressure used in this thesis (250 °C, 30 bar), the catalyst
synthesized by impregnation showed a DME selectivity of 35%. Also in this case, however, the
significantly lower value of GHSV used by da Silva et al. (12,000 NmL/g * h) and the lower loading of
redox phase (6.9 wt%) make a direct comparison in terms of DME selectivity difficult. As regards
composite bifunctional catalysts based on mesostructured y-Al;0s, only four works deal with this
type of materials; however, three of them focus on the DME synthesis from syngas, and only one
concerns the CO,-to-DME process [77]. The Cu/y-Al,Os bifunctional catalyst presented in [77] was
tested at two different GHSV values, namely 2000 and 4000 NmL/g*h. At 2000 NmL/g*h, the
catalyst showed a DME selectivity of 12.6% but at GHSV = 4000 NmL/g*h this value decreased to
about 2%, strongly indicating an effect of GHSV on product selectivity, consequently explaining the

low values of Spme obtained on our catalysts using a much higher GHSV value (48,000 NmL/g * h).
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Figure 84 Values of CO, conversion (a) and selectivity to CO (b), methanol (c) and DME (d) over time for the composites and physical
mixtures based on y-Al;0s.
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5.5 Conclusions

In this chapter two different impregnation approaches have been used with the aim of synthesizing
bifunctional composite catalysts for the CO;-to-DME reaction by dispersing a redox phase onto the
supports described in Chapter 4. A first attempt, performed using a two-solvent impregnation on
both AI-MCM-41 and Al-SBA-16, has not given promising results, since it led to the formation of
large particles of redox phase outside the pores of the support material, according to XRD and TEM
data. An impregnation route based on a self-combustion reaction has been applied to Al-SBA-16, by
testing different loadings; in all cases this method gave rise to a homogeneous dispersion of the
redox phase throughout the mesoporous structure, suggesting that the redox phase is deposited in
form of a thin layer or very small nanoparticles, as indicated by the lack of diffraction peaks in WA-
XRD patterns and by TEM and EDX measurements, maximizing the intimate contact between the
two functions (redox-acidic). The catalytic results point out that, regarding the redox phase, a Cu/Zn

ratio of 2/1 is more active than a 1/1 ratio and the addition of ZrO; grants a better stability of the

catalyst over time.

The most promising redox phase has been than used to load mesostructured aluminosilicates and
y-Al,03 supports. All the three mesostructured aluminosilicates (AI-MCM-41, Al-SBA16, Al-ABA15),

as well as y-Al>0s obtained by two different Pluronics proved to be good supports, in terms of well-
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defined porous structure (hexagonal or cubic and narrow pore size distribution), high surface area,
dispersion of aluminum into the silica network, for the dispersion of a Cu/ZnO/ZrO,-based redox

phase inside the mesopores by a self-combustion reaction.

Composite bifunctional catalysts have been compared with physical mixtures consisting of the
corresponding support mixed with the unsupported CZZ redox catalyst. Composite catalysts show a
higher CO; conversion but a lower DME selectivity if compared with the corresponding physical
mixtures. The first fact can be attributed to the higher dispersion of the redox phase in form of
nanoparticles, which allows a higher area of contact with the reagents and thus a higher conversion.
The second finding can be ascribed to the coverage of the acidic sites of the mesostructured
supports after the functionalization process with the redox phase, which decreases the ability of the

system to adsorb and dehydrate methanol.
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Conclusions and future perspectives

This thesis aims to contribute to the field of carbon capture and use (CCU) technologies by
developing, synthesizing, and carefully characterizing new porous catalysts with well-designed
features on the mesoscale for the one pot CO,-to-DME conversion. Particular attention has been
paid on the development of acidic mesostructured materials to be used as dehydration catalysts or
bifunctional catalysts when coupled with a redox phase incorporated (chemical mixture) or in simple
contact (physical mixture). By changing the chemical composition and textural properties of the
diverse mesostructures it has been possible to correlate the material features, the acidic properties,
and the catalytic activities with the aim of understanding how catalytic performances are affected
by the nature of the contact between the redox and the acidic functions and determining the key-

parameters governing the entire process.

A first comparison has been done between a commercial zeolite ferrierite (microporous crystalline
aluminosilicate), the most promising methanol dehydration catalyst to date, and three different
mesostructured acidic catalysts, namely an aluminosilicate (AI-MCM-41, prepared with a room
temperature sol-gel route), a TiO; in anatase phase, and a Zr-TiO, mixed oxide (both synthesized
with an EISA approach). The characterization of acid sites, performed by the combined use of
ammonia-adsorption microcalorimetry and FTIR-monitored pyridine adsorption, evidences the
presence of only Brgnsted acidic sites in ferrierite; TiO2 and Zr-TiO3, on the other hand, only feature
Lewis acidic sites, while AI-MCM-41 presents both the typologies of sites. Due to the high amount
of isoenergetic Brgnsted sites, as a consequence of its crystalline nature, the zeolite ferrierite shows
the best catalytic performances in terms of selectivity to DME. AI-MCM-41 and Zr-TiO,, both
amorphous oxides, have very similar amounts of acid sites, but Zr-TiO, features only Lewis sites,
while AI-MCM-41 has also Brgnsted sites. Since AI-MCM-41 shows better performances than Zr-
TiOy, the higher activity has been attributed to the presence of Brgnsted sites that, also according
to the literature, have demonstrated to be much more active than Lewis sites for methanol
dehydration. Regarding TiO», it shows a very high amount of Lewis sites and most of the sites feature
a high strength; on the other hand, Zr-TiO; shows a much lower amount of sites and also a lower
acidic strength, indicating how the substitution of Ti by Zr in TiO2 causes a decrease in both the
number and the strength of acid sites. While the two oxides show comparable mean values of DME
selectivity, TiO, gradually loses performance over time, presumably due to the deactivation of its

Lewis sites as a consequence of water adsorption, more prominent in the case of strong Lewis sites.
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Zr-TiO,, on the other hand, shows stable performances, suggesting a higher water resistance of the

moderate and weak Lewis sites than the strong ones.

Since AI-MCM-41 has demonstrated to be the most promising mesostructured acidic catalyst, a
second study has been focused on different aluminosilicates with the same Si/Al ratio (=15) and
different textural properties. The studied systems are AI-MCM-41 (synthesized by a sol-gel route),
AI-SBA-16 (prepared with an EISA approach), and Al-SBA-15 (obtained with a solvothermal sol-gel
method). These systems have been compared with two mesostructured y-Al,03; samples, obtained
by two different Pluronics (P123, F127). The characterization of the acid sites points out that the
aluminosilicates show the presence of both Brgnsted and Lewis acid sites, while y-Al,03 only shows
Lewis sites. As expected from the previous results, the aluminosilicates show much higher activity
towards methanol dehydration than y-Al,O3, thanks to the presence of Brgnsted sites. The three
aluminosilicates show similar amounts of Brgnsted sites, but important differences can be observed
for Lewis sites; particularly AI-MCM-41 shows the highest number of Lewis sites, while Al-SBA-16
shows the lowest amount. Despite this difference, AlI-SBA-16 features the highest DME selectivity
among all mesostructured aluminosilicates, also showing a global DME + MeOH selectivity higher
than that of ferrierite, thanks to its low selectivity to CO. AI-SBA-16 also shows the highest surface
density of acid sites (i.e. the amount of sites as a function of the surface area of the catalyst) among
all aluminosilicates. These results suggest that the key factor to obtain good dehydration catalysts
is the surface density of acid sites, rather than their number; indeed, being methanol dehydration a
bimolecular reaction, it can be assumed that the proximity of acid sites plays a fundamental role in

promoting this reaction.

The aluminosilicates and the y-Al,03 samples have been used as supports to prepare bifunctional
composite catalysts by incorporating a Cu-based redox phase onto them. First, a two-solvent
impregnation route has been used on both AI-MCM-41 and AI-SBA-16; this method, however, has
not shown promising results, since a heterogeneous composite has been obtained with the redox
phase in form of large particles outside the pores. More interesting results have been obtained using
an impregnation process based on a self-combustion reaction, which allowed to obtain a
homogeneous dispersion of the redox phase in form of either an amorphous layer or small
nanoparticles inside the mesopores. Catalytic tests on bifunctional composites based on Al-SBA-16
have pointed out that a CuO/ZnO ratio of 2/1 shows a higher CO, conversion than a 1/1 ratio and

that the addition of ZrO; to the redox phase enhances the stability of the catalyst. The self-
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combustion impregnation has then been used on all the three mesostructured aluminosilicates and
on the two mesostructured y-Al,03 samples; all of them have proved to be good supports for the
homogeneous dispersion of a Cu/Zn0O/ZrO,-based (CZZ) redox phase inside the mesopores. All the
composite bifunctional catalysts (chemical mixtures) have been tested and compared with physical
mixtures consisting of the CZZ redox phase (obtained by a sol-gel self-combustion procedure in the
absence of the support) and the acidic mesostructured catalyst. Composite catalysts show a higher
CO; conversion if compared with the corresponding physical mixtures. This finding can be attributed
to the higher dispersion of the redox phase in form of nanoparticles in the case of composites, which
leads to a higher area of contact with the reactants and thus a higher conversion. However,
composite catalysts also show a lower DME selectivity; this result can be ascribed to the coverage
of the acid sites of the mesostructured supports after the functionalization process, which decreases

the ability of the system to adsorb and dehydrate methanol.

With the aim of improving the acidic properties and, consequently, the catalytic performances of
the acidic supports, a study on the effect of the Si/Al ratio, varying the amount of Al precursor to
obtain Si/Al ratios ranging from 10 to 20 on AI-MCM-41, Al-SBA-15 and AI-SBA-16 is currently in

progress.

In light of the above, future experiments will involve an optimization of the loading of the composite
catalysts, in order to reduce the coverage of the acid sites which lower the methanol dehydration
activity. Also, the use of non-acidic mesostructured supports (MCM-41, SBA-15) may be the ideal
condition to disperse a redox phase, obtaining highly active redox catalysts to be used in form of
physical mixtures with dehydration catalysts, not leading to the coverage of acid sites. Furthermore,
to lower the costs of the synthesis of the mesostructured silicas, sustainable synthetic routes
involving the use of waste as silicon precursor and the recovering of the SDAs will be considered,
taking into account the recent results obtained for MCM-41 from hexafluorosilicic acid [130], a
waste from the fertilizers industrial chain. Considering the high dehydration activity of zeolites,
future attempts will be focused also on the synthesis of zeolites using silicon and aluminum
industrial wastes. As new future perspectives, this thesis is the starting point for the development
of mesostructured catalysts for other CO, conversion processes. Preliminary results have pointed
out that mesostructured silica as well as mesostructured alumina can be successfully used as

supports to obtain very promising CO, methanation catalysts (high CO2 conversion and high stability
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over time), consisting of Ni- and Ni/CeO,-based composites prepared with the impregnation

strategies selected in this thesis.
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Appendix

Chemicals, characterization techniques, methods, and experimental setup

This section is devoted to the details on the chemicals, instruments, characterization techniques

and scale-lab plant to test the materials for CO, conversion to DME employed during the PhD work.
Al. Chemicals

All  chemicals employed were used as received without further purification.
Hexadecyltrimethylammonium bromide (CTAB, 98%), poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG, Average MW=5800 g-mol-1, Pluronic® P-123),
ethanol (EtOH, azeotropic 95.6% and EtOH, absolute >99.8%), titanium (IV) isopropoxide Ti(OPr)a,
97%, tetraethyl orthosilicate (TEQOS, 98%), ammonia solution (28-30% wt% of NHszin
H,0), hydrochloric acid (HCI, 36.5-38.0% wt%), Nitric acid (HNOs) 265% (Honeywell Fluka), sulfuric
acid (H2S04, 95.0-98.0 wt%) were purchased from Sigma-Aldrich. Aluminum chloride hexahydrate
(AICI3-6H20) 99% (Alfa Aesar), aluminum isopropoxide >98% (Alfa Aesar), aluminum nitrate
nonahydrate (AI(NO3)3-9H,0) >98% (VWR BDH Chemicals), zirconium (IV) tert-butoxide Zr(OBu)s,
97%. Copper-based methanol synthesis catalyst (CZA), and zeolite ferrierite with molar
ratio SiO2:Al>03 20:1 were supplied by Alpha Aesar. Copper nitrate (Cu(NOs)2 2.5H,0, Aldrich, 98%)
zinc nitrate (Zn(NO3s)2 6H20, 98%), ZrO(NOs), xH,0 (Aldrich, 99%), glycine (Aldrich, 99%) were used

for the self-combustion based-synthesis.
A2. Small-Angle (SA-XRD) and Wide-angle (WA-XRD) Powder X ray diffraction

The mesostructured supports were studied by Small-Angle XRD (SA-XRD) to get information about
the ordering of the mesoporous channels and the active phase incorporated or deposited into/onto
the porous supports. For this reason, the X-ray scattering phenomena have been exploited in the
“small-angle mode”: the X-rays are collimated towards the sample in the 0.4°-6 angular range paying
attention to the use of proper slits in order to avoid any damage of the detector. Indeed, in this
angular range, according to the Bragg’s equation, it is possible to investigate distances in the 1.5 -
10 nm range, which is the magnitude order of magnitude of the d-spacings in the hexagonal and

cubic porous lattices of mesostructured SBA15, SBA16 and MCM-41. The lattice parameter of the

. . 2d
mesostructured was calculated using the equations a, = % and ay = dllo\/i for the samples

137



featuring a hexagonal structure (Al-MCM-41, Al-SBA-15, TiO», TixZr,02 and y-Al;03) and a cubic one
(Al-SBA-16), respectively.

Small-angle (SA-XRD, 26 = 0.7° — 6°) X-ray diffraction patterns were collected on a Seifert X3000

instrument with a 6-8 geometry and a Cu anode.

Wide-angle X-ray diffraction (WA-XRD, 28 = 10°- 80°) patterns were recorded using a PANalytical
X’pert Pro (Malvern PANalytical, Malvern, UK) equipped with Cu Ka radiation (1.5418 A). WA-XRD
measurements were employed to verify the effectiveness of the impregnation process, i.e. to check
the presence of the reflections typical of metal phases guest into/over the support, to get
information about their crystallinity and, whether it is possible, to identify the specific crystalline

phase and to estimate the crystallite size. Particle size is calculated by Scherrer’s equation:

<D =
ARD B - cos@

where K, is a constant taking into account the crystallite shape, A is the wavelength of the X-rays
and B is the half-maximum line breadth of the peak. The crystallite size of mesostructured titania

were calculated by using Scherrer equation.

Rietveld refinement were carried out on the XRD pattern of mesostructured y-Al,Os; and
unsupported CZZ using the software MAUD [199]. LaBs from NIST was used as standard reference

for determining the instrumental parameters.
A3. N2-physisorption

The textural properties as surface area, pore volume, mean pore diameter and pore size distribution
have been obtained by Na-physisorption. All nitrogen adsorption—desorption isotherms have been
obtained at 77 K by means of a Micromeritics 2020 system. Prior to the nitrogen physisorption
analyses, ferrierite and AI-MCM-41, AI-SBA15, AI-SBA16 and the corresponding composites were
thermally treated for 12 h under vacuum at 250 °C (heating rate, 1 °C mint), while TiO, and
TiO2/ZrO; samples were heated at 120 °C. The Brunauer—-Emmett—Teller (BET) specific surface area
(SA) was determined from the adsorption data in the 0.05-0.25 P/Po range for Al-SBA-15, Al-SBA16,
v—Al>03-based samples, in the 0.05-0.17 P/Pg range for those based on AI-MCM-41 and in the 0.05—
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0.3 for the TiO2/Zr0O; samples. The total pore volume (Vp) was calculated at P/Po = 0.9975, and the
Barrett-Joyner-Halenda (BJH) model was applied to the desorption branch isotherm to determine
the mean pore diameter (D) for all samples but AI-SBA-16 for which the adsorption branch was

used instead. The pore wall thickness (Tw) was calculated as the difference T,, = ag — D, or T, =

a \/2—5 — D, for the samples with a hexagonal meso-order or a cubic one, respectively [188], [198]

Due to the microporous features of ferrierite, the specific surface area was estimate by using the
Dubinin-Radushkevich model and the total pore volume and pore size by the Horvath-Kawazoe

model.
A4. Transmission electron microscopy (TEM)

The morphology, the textural properties, the microanalysis and the distribution of the different
phases in the composites were studied by TEM. TEM images were obtained on a JEOL JEM 1400-
PLUS microscope operating at an accelerating voltage of 120 kV equipped with EDX detector and
and on a field emission gun FEI TALOS F200S microscope at an acceleration voltage of 200 kV. The
FEI TALOS F200S instrument is equipped with an integrated EDS system with two silicon drift
detectors, for qualitative and semi-quantitative chemical analysis. Finely ground powders of the
samples were first dispersed in n-octane and sonicated. The resulting suspensions were dropped

onto 200 mesh carbon-coated copper (Cu-free samples) or nickel grids (Cu-bearing samples).
A5. FTIR-monitored pyridine adsorption

The nature (Lewis or Brgnsted) and the amount of acidic acid sites of the materials were studied by
Fourier Transform Infrared spectroscopy (FT-IR) measurements in the presence of a probe molecule,
namely pyridine (Py-FTIR) employing a Nicolet iS50 spectrometer manufactured by Thermo Fischer
Scientific. The spectrometer was equipped with a custom-made glass cell (Figure 86); the sample
can be positioned in two different sections of the cell, to be either thermally treated or to undergo
the acquisition of the FTIR spectrum. The cell was kept under high vacuum (<1.3-103 Pa) by a
rotative pump and a turbomolecular pump. FT-IR spectra were acquired with a range between 1700
cm™ and 1400 cm. Before the analysis, 15-20 mg of each sample were pressed with a hydraulic
press (2500-3000 kg for 2-3 minutes) to form a circular self-supported pellet with a diameter of 13
mm, inserted into the cell and then subjected to a thermal treatment at 250 °C for 1 h (with a 7.5

°C/min ramp) under high vacuum in order to ensure a total desorption of the water molecules
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previously adsorbed on the sample. The sample was subsequently put in the measurement position,
let to cool down to room temperature constantly keeping it under high vacuum, and its spectrum
was acquired as a background. The sample was subsequently brought to saturation, bringing the
whole cell at a pressure of about 267 Pa with pyridine for about 10 min. After evacuating the cell at
room temperature, the spectrum of the sample was acquired; the spectrum of the sample was
subsequently acquired again after heating the sample at various temperatures (100 °C, 200 °C, 300
°C) under high vacuum. After each thermal treatment, the sample was let to cool down to room
temperature before acquiring the spectrum. The thermal treatments performed at increasing values
of temperature allowed to quantify the progressive desorption of pyridine from the acid sites of the
sample. The areas of IR signals corresponding to each type of acid sites were used to determine the
guantity of acid sites still occupied by pyridine at each temperature. Namely, the band located at
about 1455 cm™ was used to determine the amount of Lewis acid sites, using an Integrated Molar
Extinction Coefficient (IMEC) of 2.22 cm/umol; the band located at about 1545 cm™ was used to

quantify the Brgnsted acid sites, with an IMEC of 1.67 cm/umol [168].
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Figure 86 Glass cell used for FTIR-monitored pyridine adsorption.

A6. NHs adsorption microcalorimetry

A Tian-Calvet heat flow calorimeter (Setaram) equipped with a volumetric vacuum line was
employed for the ammonia microcalorimetric measurements. Each sample (0.1 g, 40-80 mesh) were
thermally pre-treated for 12h at 300 °C under vacuum (1 Pa) prior to the introduction of successive
small amounts of the probe gas (ammonia). The equilibrium pressure relative to each adsorbed
amount was measured by means of a differential pressure gauge (Datametrics) and the thermal
effect recorded. The run was stopped at a final equilibrium pressure of ca. 133 Pa. The adsorption

temperature was maintained at 80 °C in order to limit physisorption phenomena. After overnight
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outgassing at 80°C, a second run was carried out. The adsorption and calorimetric isotherms were
obtained from each adsorption run. The adsorption isotherm (relating the amount of probe gas with
the corresponding equilibrium pressure) and the calorimetric isotherm (relating the integral heat of
adsorption with the corresponding equilibrium pressure) were obtained from each adsorption run.
The overall uptake of the probe gas on the solid was assessed from the first isotherm (natot); the
amount of the probe gas irreversibly adsorbed (na,irr) was calculated by subtracting the second
isotherm, obtained after outgassing the sample, from the first one. Combining the adsorption and
calorimetric data, a plot of the differential heat of adsorption as a function of the adsorbed amount
was drawn, which gave information on the influence of the surface coverage on the energetics of

the adsorption.
A7. Catalytic Tests

The DME synthesis experiments were carried out in a customized Microactivity Effi (PID Eng&Tech)
bench-scale plant Figure 88, employing a high-pressure fixed-bed stainless steel reactor (length
304.8 mm, inner diameter 9.1 mm). A porous plate (made of Hastelloy C, 20 um) and quartz wool

were used to support the catalytic bed inside the isothermal temperature zone of the reactor.

When the catalytic tests were carried out using physical mixtures of catalysts both the redox and
the dehydration catalysts were first separately ground into an agate mortar to obtain fine powders,

and then mixed together with the inert a-Al,0Os using a steel spatula inside a Teflon weighing boat.

To exclude any possible effect of the inert material on catalytic tests, a blank test was performed,
pointing out the lack of any catalytic activity for a-Al,O3 (Figure 87). The test was carried out using

3.2 g of a-Al;03 at 250 °C, 30 bar.
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Figure 87 Blank catalytic test on the inert material a-Al>;Os.

Before the catalytic tests, all fresh catalysts were reduced in-situ in a stream of a H2/N2 mixture (Ha,
15 vol% in N3) at 250-300 °C for 2 h under atmospheric pressure. Upon completion of the reduction
process, the system was brought at 250 °C, and the reaction gas mixture containing H, and CO;
(molar ratio of 3:1) and 10 vol% of N; (used as internal standard for gas chromatographic analysis)
was fed and the pressure was allowed to reach 3.0 MPa. After allowing the system to reach the
steady state in 1 h on stream, analysis was periodically performed within the run. Runs were carried
out for at least 36 h. The reaction stream was analyzed by a 7890B (Agilent) gas chromatograph
equipped with a flame ionized detector (FID) for carbon-containing compounds and with a thermal
conductivity detector (TCD) for permanent gases. Two columns connected in series were used to
identify the components of the outlet gas mixture. In particular, CO;, methanol, DME, ethane, and
propane were separated by a HP-PLOT Q (Agilent) column (length 30 m, inner diameter 0.53 mm,
film thickness 40 um), while a HP-PLOT Molesieve (Agilent) column (length 30 m, inner diameter
0.53 mm, film thickness 50 um) was used for Hy, N2, CHs, and CO. To avoid condensation of
condensable products, the connection lines between the plant gas outlet and gas chromatograph
inlet were heated at 180 °C. CO; conversion (Xco2), products selectivity (Se, with P: CH30OH, DME, or

C0), and products yield (Yp, with P: CH30H or DME), were calculated as follows:

Xco, (mol%) =
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where n;i, and 70 are the number of moles of the i-th species in the feed or in the gas mixture
exiting from the reactor, respectively, and v; is the stoichiometric coefficient of the i-th species in

the corresponding balanced equation.

Feed mixture preparation (consisting in a certificate gas bottle mixture) is carried out with a
dedicated mass flow controller: Bronkhorst “Mini Cori Flow” with an accuracy of + 0.2%. The
pressure control is based on a high-speed precision servo-controlled valve with an accuracy of £ 0.1
bar. In order to provide a correct measurement of uncertainty (designed to combine uncertainties
from multiple variables, i.e. gas-chromatographic analysis and flowrates), the propagation of error
has been carefully evaluated. The calculated uncertainty of the experimental flow rates together
with that related to the gas-chromatographic reading of CO,, CH3OH, CH3zOCHs, CO gives a value not

exceeding 2%.

In order to assess the error associated with the catalytic tests, a catalytic run using commercial
catalysts was performed three times obtaining a relative standard deviation in the 2-5% range for

both conversion and selectivity [228].
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