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Abstract

The main objective of this thesis is to find descriptors able to translate the relationship between the catalytic performance and the physicochemical properties of small pore zeolites used as catalysts in NH3-SCR -a depollution strategy employed in lean-burn engines for the purpose of reducing NOx emissions.

A thorough consultation of the literature led to conclude that Cu-exchanged small pores zeolites with 3D channel dimensionality, small channels connected by larger cages, and d6r as composite building units were highly performant. Four different zeolitic structures were, then, selected: the AEI, CHA and AFX frameworks with a 3D connectivity, and the PTT framework -a novel zeolitic structure showcasing all the aforementioned features, but with a 2D connectivity.

Different parameters have been studied, and conclusions were determined by correlating the catalytic performance to the physicochemical properties of the zeolites. An extensive array of characterization techniques was employed, providing information on the chemical composition (AAS, ICP-OES, XRF, XPS), the morphology and porous network (SEM, N2 physisorption), the structural properties ( 27 Al and 29 Si MAS NMR, XRD) and the distribution of the Cu active species (H2-TPR and NO-IR). Five research axes were followed: the effect of the Si/Al ratio on the deNOx performance of CHA zeolites; the effect of the Cu loading on the NH3-SCR performance of AEI, AFX and CHA catalysts; the effect of the hydrothermal aging on AEI and CHA zeolites; the effect of the synthesis procedure on the deNOx performance of AFX catalysts and, finally, the effect of the channel dimensionality on the NH3-SCR performance.

Several conclusions were obtained: CHA zeolites with similar Cu loadings formed less N2O when the Si/Al ratio decreased. Similarly, for a given zeolite with the AEI, AFX and CHA frameworks, higher Cu loadings increased the formation of N2O. Hydrothermal aging was also conducive to a decrease of the N2 selectivity in AEI and CHA zeolites. Employing different structuring directing agents in the synthesis of AFX zeolites led to conclude that this parameter influenced the resulting characteristics of the material and, thus, the N2 selectivity. Finally, and in line with the previous literature, for zeolites with similar Si/Al ratios and Cu loadings, a decrease in the framework's channel dimensionality resulted in a loss of activity and led to a higher formation of N2O in the PTT zeolite. Both phenomena resulted from the lower structural stability of the PTT framework.

Keywords: NH3-SCR, NOx, N2O, Cu-zeolite, hydrothermal aging

Context and outline of the work

Despite requiring lower fuel consumption and leading to a significant decrease of CO2, CO and HCs emissions in comparison to rich-burn vehicles, lean-burn engines emit higher quantities of particulate matter and nitrogen oxides, NOx. NH3-SCR (Selective Catalytic Reduction) is a depollution strategy aimed at reducing the NOx emissions from this type of vehicles. It implies the application of a catalyst to promote the decomposition of NOx, usually a metal-exchanged small pore zeolite. Several parameters can significantly impact their catalytic performance (both in terms of activity and selectivity towards N2O), namely the framework topology, the Si/Al ratio, the crystallite sizes, the framework topology and respective dimensionality, the synthesis procedure and/or metal exchange procedure, the position and nature of the metal active species, etc. However, their interdependency makes it challenging to retrieve general relationships between the activity and the physicochemical characteristics of the material, even more so when concerning their N2 selectivity. The main objective of this thesis was, thus, to determine the key parameters capable of translating this relationship.

The present report starts with an introductory chapter exposing the origins of NOx emissions and their effects on the environment and on public health. Chapter 1 presents NH3-SCR as the preferred depollution strategy to comply with the emissions thresholds imposed by legislation. Chapter 2 introduces fundamental concepts and provides a brief explanation of the different employable catalysts.

Examples of parameters capable of strongly influencing the catalytic performance are mentioned, as well as the most promising zeolitic frameworks so far applied in NH3-SCR and examples of interesting frameworks to be applicable in the future.

Chapter 3 provides an exhaustive list of the studied samples, the employed characterization techniques and details regarding the catalytic tests. In turn, chapter 4 showcases all the results (physicochemical characterization and catalytic performance) associated with the different parameters under study. Each section in this chapter is dedicated to a specific parameter. This report finishes with a general conclusion highlighting the effect of the different studied parameters on the activity/ selectivity of the selected catalysts, followed by perspectives for future works.

Introduction

Atmospheric pollution

Atmospheric pollution is a serious environmental concern, which has been extensively linked to adverse effects on human health [1][2][3]. As a result, legislation emerged with the objective of regulating the emission of atmospheric pollutants, and an important milestone occurred in 1970 with the approval of the Clean Air Act Amendments by the U.S. Congress, which led to the establishment of the country's National Ambient Air Quality Standards (NAAQS) [4,5].

Air pollution is intimately connected with anthropogenic activities. For instance, atmospheric pollutants are often interconnected with the combustion of fossil fuels, which is still the largest energy source used to date (Figure 1) [START_REF] Ritchie | Fossil Fuels[END_REF]. Subsequently, a large quantity of the greenhouse effect gases is emitted to the atmosphere.

Yet, the consumption of fossil fuels as the main source of energy for key sectors of human activity, such as industry and transportation, will still continue to be a reality in the near future [START_REF] Ritchie | Fossil Fuels[END_REF][START_REF] Ritchie | [END_REF]. Moreover, energy consumption has experienced a steep temporal evolution [START_REF] Ritchie | [END_REF] (Figure 1), in line with the increase in demographic growth and technological advances. Despite significant efforts on the development of alternative energy options, there are still constraining aspects that hinder their real-life applicability (e.g. their economic feasibility and their efficiency). As such, significant efforts have focused on attempting to optimize or create technologies and processes that reduce the environmental impact of fossil fuels consumption. An example is the post-treatment of exhaust gases, aiming at preventing the release of greenhouse gases (e.g. N2O) and other environmental pollutants (e.g. NO, NO2) to the atmosphere.

As an introductory context, main sources of nitrogen oxides, the temporal evolution of their emissions and restrictions, and a brief presentation of NH3-SCR will be provided.

Pollution Sources

Among the current environmental concerns, some of the most impactful are the depletion of the stratospheric ozone and the greenhouse effect. The former was found in 1974 [START_REF] Molina | Stratospheric sink for chlorofluoromethanes : chlorine atomic-catalysed destruction of ozone[END_REF] to be linked with the release of chlorofluorocarbons (CFCs) used at the time in aerosol sprays and as coolants in refrigerators. These compounds would suffer photolytic decomposition, creating free radicals (e.g.

• + • [START_REF] Molina | Stratospheric sink for chlorofluoromethanes : chlorine atomic-catalysed destruction of ozone[END_REF]), which would lead to the decomposition of ozone. Following up to these findings, the Montreal Protocol was signed in 1987 [START_REF]The Montreal Protocol on Substances that Deplete the Ozone Layer[END_REF], aiming at regulating the consumption of these compounds or alternatives thereof.

In turn, the greenhouse effect is strongly linked to a number of other environmental concerns, namely the increase of the global temperature, which further leads to sea level increase, ocean and soil acidification, loss of marine diversity, etc. [START_REF]Cimate Change[END_REF]. This effect is a result of both natural and anthropogenic sources, with the contributions of the latter having steadily increased since the Industrial Revolution [START_REF] Watson | Greenhouse Gases and Aerosols[END_REF].

The most troubling greenhouse gases (GHG) are considered to be carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and fluorinated compounds (namely those contributing to ozone depletion [START_REF]Overview of Greenhouse Gases[END_REF]). Adding to this, tropospheric water vapour is the most important greenhouse gas, but its atmospheric concentration is not significantly influenced by direct anthropogenic emissions [START_REF] Watson | Greenhouse Gases and Aerosols[END_REF].

The greenhouse effect of a gas can be translated by the Global Warming Potential (GWP). The GWP is a measure of the total amount of energy that the gas is capable of absorbing (preventing its escape towards space) over a particular period of time (usually 100 years), in comparison to carbon dioxide [START_REF]Atmospheric Lifetime and Global Warming Potential Defined[END_REF]. The larger the GWP, the more severe is the greenhouse effect. A comparison between some GHG's lifetime and GWP is given in Table 1.

Table 1:

Comparison between greenhouse gases lifetime and GWP.

Greenhouse gas Atmospheric Lifetime (years)[15] GWP (100 years)[16]

Carbon dioxide 50-200 11

Methane 12 28

Nitrous oxide 120 265

NOx sources and their effects on the environment and human health

NOx often refers to nitric oxide and nitrogen dioxide, NO and NO2, respectively. This classification also comprises other compounds [START_REF] Bosch | Formation and Control of Nitrogen Oxides[END_REF]. A list is contained in Table 2 [START_REF]Clean Air Technology Center. Nitrogen Oxides (NOx), Why and How They Are Controlled[END_REF]. Despite a significant decrease of the total amount of emissions in 2017 when compared to 1990, the most contributing sectors continue to be the road transportation and the energy sector, including production and distribution. Emissions originating from these sectors are related to combustion.

NOx originated from combustion can be divided into three categories: thermal, fuel and prompt NOx [START_REF] Bosch | Formation and Control of Nitrogen Oxides[END_REF]. Thermal NOx is formed by oxidation of N2 at high temperatures (usually above 1300K) [START_REF] Roy | Catalysis for NOx abatement[END_REF] and can be translated by the Zeldovich mechanism (Figure 3) [START_REF] Bosch | Formation and Control of Nitrogen Oxides[END_REF]. Its formation is enhanced when the temperature increases [START_REF] Bosch | Formation and Control of Nitrogen Oxides[END_REF]. On the contrary, the formation of fuel NOx is not temperature dependent [START_REF] Bosch | Formation and Control of Nitrogen Oxides[END_REF]. It results from the oxidation of nitrogen contained in fuels (Figure 3), such as coal and heavy oils [START_REF] Roy | Catalysis for NOx abatement[END_REF]. Finally, prompt NOx is formed at lower temperatures according to the Fenimore mechanism [START_REF] Roy | Catalysis for NOx abatement[END_REF],

from the intermediate formation of hydrogen cyanide (HCN) by reaction of nitrogen oxides with hydrocarbons, followed by its oxidation to NO [START_REF] Bosch | Formation and Control of Nitrogen Oxides[END_REF]. Posteriorly, NO can react with O2, leading to the formation of NO2 or N2O [START_REF] Roy | Catalysis for NOx abatement[END_REF]. Aside from anthropogenic sources, NO emissions can also result from natural phenomena (i.e. soil nitrification and denitrification processes, lightning, natural fires and volcanic activities) [START_REF]Clean Air Technology Center. Nitrogen Oxides (NOx), Why and How They Are Controlled[END_REF]. NO quickly oxidizes to NO2 by radicals formed by the photoreaction of volatile organic compounds (VOCs). When NO2 is hit by a photon of ionizing radiation from sunlight, it will react with an oxygen molecule, generating tropospheric ozone and being reduced back to NO [START_REF]Clean Air Technology Center. Nitrogen Oxides (NOx), Why and How They Are Controlled[END_REF].

Tropospheric ozone should not be mistaken with stratospheric ozone, which is needed for the filtration of ultraviolet rays and to the regulation of the planet's temperature. In fact, the former leads to the increase of the temperature in the lower layers of the atmosphere, and is one of the constituents of smog [START_REF]Clean Air Technology Center. Nitrogen Oxides (NOx), Why and How They Are Controlled[END_REF]. It causes irritation of the eyes and of the airways, with reported cases of throat irritation, cough and migraines as a side effect to short exposure to this pollutant [22,[START_REF]Health Effects of Ozone Pollution[END_REF]. Long term exposure has been related to chronic lung damage [22,[START_REF]Health Effects of Ozone Pollution[END_REF].

On another note, all of the compounds in Table 2 will react with atmospheric water and produce nitric acid (HNO3) and nitrous acid (HNO2) [START_REF]Clean Air Technology Center. Nitrogen Oxides (NOx), Why and How They Are Controlled[END_REF]. All of these contribute to the nefarious effects of acid rains, namely forest damage or acidification of both soils and water streams. Moreover, deposition of NOx (in the form of nitrates) can cause alterations in the nitrogen cycle and severe chemical unbalance of nutrients in water bodies, stimulating algae growth in a process known as eutrophication [START_REF]Clean Air Technology Center. Nitrogen Oxides (NOx), Why and How They Are Controlled[END_REF][START_REF]Report on the Environment : Nitrogen Oxides Emissions[END_REF].

Additionally, nitrates created by NOx are contributors to particulate matter with dimensions inferior to 2,5 μm (PM-2,5) [START_REF] Liu | A Critical Review of Recent Progress and Perspective in Practical Denitration Application[END_REF], known to impair the respiratory and cardiovascular systems, with recent evidence indicating harmful effects on the central nervous system [1]. Furthermore, they can also contribute to haze and loss of visibility in air [START_REF] Liu | A Critical Review of Recent Progress and Perspective in Practical Denitration Application[END_REF][START_REF]Basic Information about NO2[END_REF], characteristic of large metropolises.

To improve clarity on the formation of NOx taking place in the atmosphere, some of the mentioned reactions are schematically presented in Figure 4. N2O is not only a large contributor to the greenhouse effect (Table 1 in section 1.1.1), but it is also a stratospheric ozone depleting agent: it can be oxidized by O3 at any temperature, forming both O2 and either two NO molecules or N2O2 [START_REF]Clean Air Technology Center. Nitrogen Oxides (NOx), Why and How They Are Controlled[END_REF]. These molecules are quickly oxidized to NO2, which will form tropospheric ozone as previously described. In contrast with NO2 and NO, N2O mainly results from biogenic sources such as plants and yeast, with a small contribution of approximately 5% of total emissions arising from the transportation sector (as seen in Figure 5). NOx (x = 1 or 2) are strong irritants of the respiratory airways [28,29]. For instance, short term exposure to NO2 can lead to adverse health effects such as decreased lung function and airway inflammation, whereas long term exposure has been linked to the development of asthma and bronchitis [START_REF]Basic Information about NO2[END_REF]. Furthermore, both NO2 and NO are strong eye irritants [28,29]. NO also causes failure of oxygen absorption into the blood stream [START_REF]Clean Air Technology Center. Nitrogen Oxides (NOx), Why and How They Are Controlled[END_REF]29]. On the contrary, N2O, also known as laughing gas, does not pose major health concerns, as it is can be used in medical and dental procedures as an anaesthetic, or as a propellant in the food industry [START_REF]Nitrous oxide[END_REF].

Emissions and legislations temporal evolution

Environmental legislations on air pollutants initially emerged in 1967 in the U.S. to fight urban smog.

These were inserted in the Clean Air Act, which introduced emission limits for CO and hydrocarbons (HCs) [4]. Around the same time, the Environmental Protection Agency (EPA) was founded. In 1973, limits on NOx were added, while 1967's CO and HCs emission limits were further reduced in 10% [4].

Amendments to the Clean Air Act were issued in 1990, focused on four main topics: air quality, acid rain and regional haze, toxic air pollution and protection of the ozone layer. These amendments proved to be extremely successful, as it is estimated that by 2011 more than 230.000 premature deaths linked to these concerns were avoided [START_REF]THE CLEAN AIR ACT -Highlights of the 1990 Amendments[END_REF].

Similarly, the first limits on exhaust gases in Europe were issued by the European Commission in 1970, further reduced in 50% by 1982 [4]. The "Evolution of Regulations -Global Approach", ERGA, was set up in the same year, and concluded that 70% of CO, 20-50% of NOx and 20-40% of HCs emissions originated from vehicles [4]. Other important milestones were the establishment of the Gothenburg protocol in 1999, which fixed emission ceilings (for SO2, NOx, NH3, NMVOCS -Non Metal Volatile Organic Compounds) for the year of 2010 [START_REF] Vestreng | Evolution of NOx emissions in Europe with focus on road transport control measures[END_REF]. By 2001, the European Commission put in motion the National Emission Ceilings Directive (NECD) [START_REF] Vestreng | Evolution of NOx emissions in Europe with focus on road transport control measures[END_REF]. The evolution of NOx emissions until 2010 in the member countries of the European Union (EU-28) and of the European Economic Area (EEA-33) can be consulted in Figure 6 [START_REF]Emission trends of nitrogen oxides[END_REF]. As previously stated, a large portion of NOx emissions continues to be originated from transports, in particular on-road transportation. As a result, specific norms concerning the emission of CO, HCs, NOx and PM have been issued in the European Union for both diesel and gasoline powered vehicles, according to their classification [START_REF] Vestreng | Evolution of NOx emissions in Europe with focus on road transport control measures[END_REF][START_REF] Dieselnet | Emission Standards : EU: Heavy-Duty Truck and Bus Engines[END_REF][START_REF] Dieselnet | Emission Standards : EU: Cars and Light Trucks[END_REF], and constantly being updated since their creation in 1992.

As an example, the restrictions applied for passenger vehicles [START_REF] Dieselnet | Emission Standards : EU: Cars and Light Trucks[END_REF][START_REF] The | STANDARDS : Limits to improve air quality and health[END_REF] can be consulted in Figure 7. 

NOx abatement technologies

Up to 95% of the NOx emitted from burning processes consist of NO, with the remaining 5% accounting for NO2 [START_REF] Bosch | Formation and Control of Nitrogen Oxides[END_REF][START_REF] Skalska | Trends in NOx abatement : A review[END_REF]. However, these proportions will vary when concerning mobile sources, as they will be dependent on the vehicle type and operating conditions [START_REF] Skalska | Trends in NOx abatement : A review[END_REF]. Henceforth, NOx abatement strategy strategies will be discussed for two main sources: stationary and mobile.

Stationary sources

Pre-combustion, combustion modifications and post-combustion techniques are commonly employed in power plants [START_REF] Skalska | Trends in NOx abatement : A review[END_REF]. Pre-combustion techniques can refer to the utilization of a fuel with lower nitrogen content, e.g. replacing air by pure oxygen, known to effectively prevent the formation of thermal and prompt NOx [START_REF] Skalska | Trends in NOx abatement : A review[END_REF].

Combustion modifications translate to alterations of the operating conditions, such as the temperature of combustion (lower temperatures create less NOx), air to fuel ratio (work in oxygen deficit), mixing degree of air, or the distribution of fuel and combustion products [START_REF] Yalcin | A perspective on fossil fuel based flue gas emission reduction technologies[END_REF][START_REF] Skalska | Trends in NOx abatement : A review[END_REF][START_REF]THE CLEAN AIR ACT -Highlights of the 1990 Amendments[END_REF].

Post-combustion methods can be alternatives or supplementary to the aforementioned processes, and aim at removing NOx from flue gas by absorption or adsorption processes, or the destruction of NOx and their conversion to benign products by means of Selective Catalytic Reduction (SCR) [START_REF] Yalcin | A perspective on fossil fuel based flue gas emission reduction technologies[END_REF][START_REF] Skalska | Trends in NOx abatement : A review[END_REF][START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF].

Another example is Selective Non-Catalytic Reduction (SNCR), a method that appeared in the mid-1970s and which uses ammonia, aqueous urea or cyanuric acid. In contrast with SCR, it is carried out in the absence of a catalyst and at higher temperatures [START_REF] Yalcin | A perspective on fossil fuel based flue gas emission reduction technologies[END_REF][START_REF] Skalska | Trends in NOx abatement : A review[END_REF]. Despite its facile implementation, its low efficiency, limited temperature range, and the possible emissions of N2O and CO have strongly limited its applicability [START_REF] Skalska | Trends in NOx abatement : A review[END_REF].

Mobile Sources

Different abatement strategies are used depending on the type of engine, as different engines will form different pollutants in variable proportions and will be subjected to distinct legislation (Figure 7).

Stoichiometric or rich-burn engines

Gasoline engines operate under stoichiometric conditions, i.e. with an air/ fuel ratio of 1. For these, the Three Way Catalyst, TWC, allows the simultaneous removal of NOx, CO and HCs (expressions 

(
+ → + (1.2.2.1.2) 2 → + (1.2.2.1.3)
These catalysts consist of a monolith substrate with a honeycomb structure usually made of cordierite, a high surface area washcoat with oxygen storage promoter materials, an active catalyst (platinum group metals), and promoter materials [START_REF] Rood | Recent advances in gasoline three-way catalyst formulation : A review[END_REF]. The washcoat contains a doped alumina-based material (Al2O3), with high surface area, good thermal stability and resistance to sintering. Ceria (CeO2)

or ceria-based materials are used as promoters due to ceria's oxygen storage capacity, and for widening the range of oxygen to fuel ratio at which a good conversion of all the compounds is obtained (CO and HCs are converted to CO2 under oxidizing conditions, in contrast with the reducing environment needed for the conversion of NOx to N2) [START_REF] Rood | Recent advances in gasoline three-way catalyst formulation : A review[END_REF]. Cerium ions can easily switch between +3 and +4 oxidation states by creation and regeneration of oxygen vacancies. This allows the storage of oxygen from the exhaust stream when it is in excess, promoting conversion of NOx. When a deficit is obtained, oxygen is released to the exhaust stream, promoting conversion of CO and hydrocarbons to CO2 [START_REF] Rood | Recent advances in gasoline three-way catalyst formulation : A review[END_REF].

Despite being very effective, TWC catalysts struggle during cold-start, when the exhaust temperature is not high enough (T < 250°C) to ensure a satisfactory performance (good conversions are achieved at T > 300°C) [START_REF] Rood | Recent advances in gasoline three-way catalyst formulation : A review[END_REF]. The NOx emitted during this period can account to up to 50% of total emissions generated by the engine, especially concerning short distance trips -in fact, a significant share of urban driving takes place while the engine is cold [START_REF] Reiter | The problem of cold starts : A closer look at mobile source emissions levels[END_REF].

Lean-burn engines

Rich-burn engines release high amounts of CO2 (equations (1.2.2.1.1) and (1.2.2.1.2)), which is a major contributor to the greenhouse effect (section 1.1.1). The introduction of lean-burn engines (using diesel or gasoline) brought a significant decrease of CO2, CO and HCs emissions, and required lower consumptions of fuel (up to 30% reduction). Nevertheless, lean-burn engines emit higher quantities of NOx and particulate matter, which are both under increasingly stricter regulations (section 1.1.3).

TWC catalysts cannot be used in lean-burn engines, due to the oxygen rich environment under which these operate. SCR, previously used as a deNOx strategy for stationary sources, has been proposed since the 1990s [START_REF] Epling | Overview of the Fundamental Reactions and Degradation Mechanisms of NOx Storage/Reduction Catalysts[END_REF][START_REF] Liu | A review of NOx storage/reduction catalysts : Mechanism, materials and degradation studies[END_REF].

Selective Catalytic Reduction (SCR)

Despite being thermodynamically unstable, NOx does not decompose due to its high activation energy, thus requiring a catalyst to lower the activation energy and facilitate decomposition [START_REF] Roy | Catalysis for NOx abatement[END_REF][START_REF] Brandenberger | The State of the Art in Selective Catalytic Reduction of NO x by Ammonia Using Metal-Exchanged Zeolite Catalysts[END_REF].

An ideal NOx abatement technology would be to directly decompose NO to O2 and N2. Nevertheless, this reaction is very difficult to be carried out in the presence of oxygen, so a reductant is required [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF][START_REF] Beale | Recent advances in automotive catalysis for NOx emission control by small-pore microporous materials[END_REF]. Different reductants can be used, such as ammonia (NH3-SCR), carbon monoxide (CO-SCR), hydrogen (H2-SCR) or hydrocarbons (HC-SCR) [START_REF] Liu | A Critical Review of Recent Progress and Perspective in Practical Denitration Application[END_REF][START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF].

Carbon monoxide is an effective reactant for NOx reduction. CO is formed during combustion processes. As it is present in the exhaust gas, its usage as a reactant translates to a more simplified feeding system and to lower costs, with CO and NOx being simultaneously removed [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF]. Hydrogen may also be present in exhaust-gases and has become an increasingly interesting reducing agent for SCR under oxygen rich conditions, due to its high efficiency, reduction of NOx at lower temperatures (T < 200°C) and high N2 selectivity. Furthermore, it is viewed as an environmentally friendly technology, as only water is formed during combustion [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF][START_REF] Kim | Current Catalyst Technology of Selective Catalytic Reduction (SCR) for NOx Removal in South Korea[END_REF].

However, neither the reduction of NO with CO or with H2 is selective, and undesired compounds like N2O or NH3 (in the case of hydrogen) are generated [START_REF] Pârvulescu | Catalytic removal of NO[END_REF]. Furthermore, excess of oxygen in the exhaust gas may prevent the reduction of NO, and lead to the oxidation of CO or H2 by O2 or NO [START_REF] Pârvulescu | Catalytic removal of NO[END_REF]. Moreover, the most promising catalysts for CO-and H2-SCR are those containing rhodium, which, aside from being expensive, are susceptible to poisoning [START_REF] Pârvulescu | Catalytic removal of NO[END_REF].

Hydrocarbons are also contained in the exhaust gas. One of the main advantages of using these is to work with gas mixtures that are similar to those found in the exhaust gases [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF][START_REF] Kim | Current Catalyst Technology of Selective Catalytic Reduction (SCR) for NOx Removal in South Korea[END_REF].

Some of the best catalysts for the SCR process are zeolites containing metals such as Cu, Co, Ce or Pt. However, similarly to the previously mentioned for H2-SCR and CO-SCR, these catalysts exhibit catalytic activity on a limited range of temperature, and are sensitive to water and several poisoning compounds, such as sulphur [START_REF] Pârvulescu | Catalytic removal of NO[END_REF].

The most widely used reductant is ammonia (NH3-SCR). This technology was first patented in 1957 in the U.S. by the Engelhard Corporation [START_REF] Gao | A Review on Selective Catalytic Reduction of NOx by NH3 over Mn-Based Catalysts at Low Temperatures : Catalysts, Mechanisms, Kinetics and DFT Calculations[END_REF][START_REF] Byrne | Selective catalytic reduction of NOx using zeolitic catalysts for high temperature applications[END_REF]. Its development for stationary emissions started in Japan around the 1970s, with the first pilot scale tests in the U.S. ensuing by the 1980s [START_REF] Skalska | Trends in NOx abatement : A review[END_REF]. Later on, it was applied for mobile sources, remaining to this day one of the most widely used deNOx strategy, largely as a result of its high efficiency (between 80-90%) and stability, as well as a relatively simple installation and reasonable operating costs [START_REF] Liu | A Critical Review of Recent Progress and Perspective in Practical Denitration Application[END_REF][START_REF] Gao | A Review on Selective Catalytic Reduction of NOx by NH3 over Mn-Based Catalysts at Low Temperatures : Catalysts, Mechanisms, Kinetics and DFT Calculations[END_REF]. Despite being a more mature technology, it still shows several drawbacks. Examples are difficulties related to the distribution and slip of ammonia [START_REF] Skalska | Trends in NOx abatement : A review[END_REF].

The employed catalysts are also prone to deactivation, which strongly limits their activity and lifespan.

The complex composition of the exhaust gas can easily deactivate the catalyst, with special regards to sulphur poisoning or degradation induced by water [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF].

Overview

This chapter provided an introductory global view regarding the main environmental concerns related to NOx, as well as the health concerns from them arising. Some NOx abatement technologies were also mentioned, divided in stationary and mobile strategies.

The following chapter will focus on NH3-SCR. The fundamentals of this technology and different types of applicable catalysts will be concisely discussed. Among these, zeolites will be further discussed, starting by a brief introduction of their properties, followed by a selection of different zeolitic structures which have shown promising results in NH3-SCR, as well as hypothetical structures that may be interesting to study.

NH3-SCR 2.1 Fundamentals

NH3-SCR is a deNOx technology that has been primarily applied in stationary sources. Its transposition to mobile sources had several constraints, all largely associated to the injection of ammonia, namely its storage, transport, slip risk, or its toxic and corrosive nature [START_REF] Skalska | Trends in NOx abatement : A review[END_REF][START_REF] Held | Catalytic NOx Reduction in Net Oxidizing Exhaust Gas[END_REF].

The substitution of ammonia by urea has been suggested since the 1990s [START_REF] Held | Catalytic NOx Reduction in Net Oxidizing Exhaust Gas[END_REF]. Urea is a nontoxic compound, biodegradable, stable and soluble in water [START_REF] Held | Catalytic NOx Reduction in Net Oxidizing Exhaust Gas[END_REF]. It is easily manipulated, not expensive and readily obtained by industrial processes. This compound is used for several applications, among which the most significant is its application as a fertilizer. Additionally, it is also used in the cosmetic industry.

An aqueous solution with 32.5 wt.% of urea commercially known as AdBlue® is used for NH3-SCR.

Its decomposition starts with formation of molten urea by evaporation of water (expression (2.1.1)) [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF].

Then, molten urea is heated up, and its thermolysis leads to the formation of isocyanic acid (HNCO) and ammonia (expression (2.1.2)) [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF][START_REF] Kim | Current Catalyst Technology of Selective Catalytic Reduction (SCR) for NOx Removal in South Korea[END_REF][START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF]. The hydrolysis of HNCO (expression (2.1.3)) gives rise to another NH3 molecule and to CO2. Therefore, two NH3 molecules are formed per one urea molecule.

--
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This process can also give rise to unwanted by-products, such as biuret and cyanuric acid at 300°C.

In addition to these, ammelide, ammeline and melanine can be formed by substitution of the OH groups in cyanuric acid by, respectively, one, two and three NH3 groups [START_REF] Kim | Current Catalyst Technology of Selective Catalytic Reduction (SCR) for NOx Removal in South Korea[END_REF].

Main reactions

Most of the nitrogen compounds contained in exhaust gases are in the form of NO. The main SCR reaction (Standard SCR) is considered to be the following [START_REF] Brandenberger | The State of the Art in Selective Catalytic Reduction of NO x by Ammonia Using Metal-Exchanged Zeolite Catalysts[END_REF][START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF][START_REF] Grossale | Ammonia blocking of the "Fast SCR" reactivity over a commercial Fe-zeolite catalyst for Diesel exhaust aftertreatment[END_REF]:

4 + 4 + → 4 + 6 (2.1.1.1)
A faster reaction (Fast SCR) takes place when an equimolar mixture is present (NO2/NO = 1) [START_REF] Brandenberger | The State of the Art in Selective Catalytic Reduction of NO x by Ammonia Using Metal-Exchanged Zeolite Catalysts[END_REF][START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF][START_REF] Grossale | Ammonia blocking of the "Fast SCR" reactivity over a commercial Fe-zeolite catalyst for Diesel exhaust aftertreatment[END_REF]:

4 + 2 + 2 → 4 + 6 (2.1.1.2)
When the NO2/NO ratio > 1, another reaction takes place (NO2-SCR) [START_REF] Brandenberger | The State of the Art in Selective Catalytic Reduction of NO x by Ammonia Using Metal-Exchanged Zeolite Catalysts[END_REF][START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF][START_REF] Grossale | Ammonia blocking of the "Fast SCR" reactivity over a commercial Fe-zeolite catalyst for Diesel exhaust aftertreatment[END_REF]:

4 + 3 → 7 2 + 6 (2.1.1.3)
However, a very pronounced increase of the NO2 content is not advantageous for two reasons: NO2-SCR has a much lower reaction rate than Fast SCR (hence why it is also commonly called Slow SCR), and side reactions can occur and form N2O (expression (2.1.1.4)) [START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF].

4 + 4 → 2 + 2 + 6 (2.1.1.4)

Side reactions

In fact, the formation of N2O is not exclusive to expression (2.1.1.4), and can be a result of either ammonia oxidation or ammonium nitrate decomposition.

Ammonia oxidation, also referred to as non-selective NH3 oxidation, is a side reaction that is enhanced at temperatures above 350°C [START_REF] Gao | Current Understanding of Cu-Exchanged Chabazite Molecular Sieves for Use as Commercial Diesel Engine DeNOx Catalysts[END_REF]. In these conditions, NH3-SCR is more selective towards the following reactions than to NOx reduction [START_REF] Byrne | Selective catalytic reduction of NOx using zeolitic catalysts for high temperature applications[END_REF][START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF]:

4 + 3 → 2 + 6 (2.1.2.1) 4 + 5 → 4 + 6 (2.1.2.2) 2 + 2 → + 3 (2.1.2.3)
The formation of ammonium nitrate is linked to Fast SCR -when there is a very significant increase of NO2, N2O will be formed according to expression (2.1.1.4). The mechanism behind it is often associated with the formation of ammonium nitrate (expressions below [START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF][START_REF] Grossale | Ammonia blocking of the "Fast SCR" reactivity over a commercial Fe-zeolite catalyst for Diesel exhaust aftertreatment[END_REF]). By combination of expressions (2.1.2.4) and (2.1.2.9), one arrives at the supra mentioned expression (2.1.1.4).

2 + 2 → ↓ + + (2.1.2.4) 2 ↔ (2.1.2.5) + ↔ + (2.1.2.6) + ↔ [ ] → + 2 (2.1.2.7) + ↔ (2.1.2.8) → + 2 (2.1.2.9)
The presence of ammonium nitrate leads not only to pore blockage upon deposition, but its decomposition at low temperatures (T < 250ºC) [START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF] is also responsible for the formation of N2O (expression (2.1.2.9)) [START_REF] Grossale | Ammonia blocking of the "Fast SCR" reactivity over a commercial Fe-zeolite catalyst for Diesel exhaust aftertreatment[END_REF].

SCR components

As mentioned in section 2.1.1, Fast SCR occurs when NO2/NO = 1. As most of the engine-out NOx is composed of NO, it is interesting to increase the concentration of NO2, which can be done by the Diesel Oxidation Catalyst (DOC) preceding the SCR catalysts [START_REF] Grossale | Ammonia blocking of the "Fast SCR" reactivity over a commercial Fe-zeolite catalyst for Diesel exhaust aftertreatment[END_REF]. This catalyst, usually consisting of Pt on a honeycomb support [START_REF] Grossale | Ammonia blocking of the "Fast SCR" reactivity over a commercial Fe-zeolite catalyst for Diesel exhaust aftertreatment[END_REF], is not only responsible for the oxidation of a significant fraction of NO to NO2, but as well for the conversion of CO and non-burned hydrocarbons (notably preventing their poisoning effect on the SCR catalyst) [START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF].

Additionally, a Diesel Particulate Filter (DPF) is placed before or after the SCR catalyst. DPFs are composed of porous materials that allow the exhaust gas to pass through, while retaining ash and carbonaceous-based soot particles of small dimensions [START_REF] Beale | Recent advances in automotive catalysis for NOx emission control by small-pore microporous materials[END_REF]. The DPF requires a periodic regeneration via soot oxidation. For this, the DOC can provide heat to carry out the oxidation [START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF].

On another note, despite solving several constraints associated with handling ammonia, using urea is not devoid of hindrances either, with issues related to its incomplete decomposition resulting from a more difficult dosage [START_REF] Kim | Current Catalyst Technology of Selective Catalytic Reduction (SCR) for NOx Removal in South Korea[END_REF], thus leading to lower efficiency and loss of the catalyst's activity due to formation of deposits, or related to freezing of the solution during winter in very cold climates [START_REF] Beale | Recent advances in automotive catalysis for NOx emission control by small-pore microporous materials[END_REF].

Furthermore, issues related to the injection of urea lead to efficiency loss, or to ammonia slippage from the exhaust gas. To prevent this, an Ammonia Slip Catalyst (ASC) can also be incorporated downstream of the SCR system to oxidize NH3 to N2 (expression (2.1.3.1)).

4 + 3 → 2 + 6 (2.1.3.1)
An example of a SCR system can be found in Figure 8. Other configurations are possible, such as a combined SCR-DPF system, where the SCR catalyst is coated into the porous material of the DPF [START_REF] Beale | Recent advances in automotive catalysis for NOx emission control by small-pore microporous materials[END_REF]. 

Types of catalysts

Aside from other factors (e.g. a good ammonia distribution and reduction of slip, or the reaction temperature, the gas residence time, the exhaust gas velocity, etc.), the effectiveness of SCR is influenced by many factors related to the catalyst, namely its temperature activity range, its propensity to poisoning effects, or its structural stability, important to prevent possible collapse and ensuing activity loss.

For instance, catalysts used in stationary deNOx should have very high activity for low temperatures, as well as a high N2 selectivity, whereas the catalysts used for mobile sources should not only show high efficiency and N2 selectivity, but also work under a wide operating temperature range to account for the variations in the temperature of the exhaust gas.

SCR catalysts can be divided in three main groups: those containing noble metals (e.g. Pt/ Al2O3), transition metal oxides/ transition metal supported catalysts (such as vanadium-based catalysts), and metal ion-exchanged zeolites. Further discussion on these different categories will be disclosed below.

Supported noble metal catalysts

Noble metals have shown good thermal stability, high poisoning resistance and high SCR activity at high temperatures (300 -400°C) [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF]. However, metals like Pt or Pd have been associated with the formation of NH4NO3 [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF]. Their selectivity constraints [START_REF] Ostermayer | Platinum Catalyst Deactivation in Low-Temperature Ammonia Oxidation Reactions : I. Oxidation of Ammonia by Molecular Oxygen[END_REF] and their associated cost [START_REF] Deka | Local Environment and Nature of Cu Active Sites in Zeolite-Based Catalysts for the Selective Catalytic Reduction of NO x[END_REF] led to their progressive replacement in stationary applications by base metal containing catalysts.

Transition metals/ transition oxides supported catalysts

This type of catalysts has been primarily associated with stationary SCR applications, and can refer to vanadia-, titania-, silica-, or zirconia-supported catalysts [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF]. Among these, V2O5-WO3 (MoO3)/TiO2 catalysts have been the most widely used for stationary SCR [START_REF] Chen | Review on the latest developments in modified vanadiumtitanium-based SCR catalysts[END_REF].

V2O5 is the active phase of the catalyst, with both high catalytic activity and stability. Nevertheless, its content is usually kept low (0.8% -1.2%), as it can oxidize SO2 to SO3. TiO2 is used as a carrier, providing high porosity and high surface area. It also enhances the activity of V2O5 [START_REF] Chen | Review on the latest developments in modified vanadiumtitanium-based SCR catalysts[END_REF].

The incorporation of WO3 or MoO3 is beneficial: higher catalytic activity, increased content of Lewis acid sites, lower TiO2 sintering, higher SO2 resistance and a broader reaction temperature window is obtained due to interaction with TiO2.

Vanadium based catalysts have shown good performance over a narrow temperature interval (300 -400°C) [START_REF] Chen | Review on the latest developments in modified vanadiumtitanium-based SCR catalysts[END_REF], but have some problems associated with their application -vanadium is a toxic element, prone to volatilization at temperatures superior to 550°C [START_REF] Deka | Local Environment and Nature of Cu Active Sites in Zeolite-Based Catalysts for the Selective Catalytic Reduction of NO x[END_REF][START_REF] Liu | Vanadium and tungsten release from V-based selective catalytic reduction diesel aftertreatment[END_REF][START_REF] Han | Selective Catalytic Reduction of NOx with NH3 by Using Novel Catalysts : State of the Art and Future Prospects[END_REF], hence explaining their prohibition in Japan and the U.S. [START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF]. Moreover, for temperatures below 320°C, their selectivity decreases, whereas their propensity for SO2 poisoning increases [START_REF] Han | Selective Catalytic Reduction of NOx with NH3 by Using Novel Catalysts : State of the Art and Future Prospects[END_REF]. At temperatures above 400°C, TiO2 sintering is a possibility, alongside with the occurrence of side reactions leading to the formation of NO or N2O (e.g. by NH3 oxidation) [START_REF] Skalska | Trends in NOx abatement : A review[END_REF][START_REF] Gholami | Technologies for the nitrogen oxides reduction from flue gas : A review[END_REF][START_REF] Chen | Review on the latest developments in modified vanadiumtitanium-based SCR catalysts[END_REF].

Metal-exchanged zeolites

Over the past two decades, metal-exchanged zeolites (microporous aluminosilicates) with different frameworks have been shown to be active in SCR. The presence of transition metal ions in these zeolites provides a redox catalytic centre over the (internal) surface of the structure, increasing their activity in comparison to their parent counterpart [START_REF] Deka | Local Environment and Nature of Cu Active Sites in Zeolite-Based Catalysts for the Selective Catalytic Reduction of NO x[END_REF]. Furthermore, when compared with vanadia based catalysts, they show a broader temperature activity window [START_REF] Kamasamudram | Overview of the practically important behaviors of zeolite-based urea-SCR catalysts, using compact experimental protocol[END_REF] (Figure 9) and a lower selectivity towards N2O than the catalysts mentioned in the previous sections.

Several metals have been exchanged with zeolites throughout the years, such as Fe, Cu, Cr, Co, Ni, Mn, Ag, La, Mg, Zn, La, Ce, etc. [START_REF] Brandenberger | The State of the Art in Selective Catalytic Reduction of NO x by Ammonia Using Metal-Exchanged Zeolite Catalysts[END_REF]. The most active for NH3-SCR were found to contain Ce, Cr, Ag, Cu and Fe, with these latter two being presently the most studied, due to their availability and high activity [START_REF] Deka | Local Environment and Nature of Cu Active Sites in Zeolite-Based Catalysts for the Selective Catalytic Reduction of NO x[END_REF]. Catalysts containing Mn are less active and other elements, such as Co, La, Ni and elements of group II (Mg, Zn) have previously shown only moderate activity [START_REF] Brandenberger | The State of the Art in Selective Catalytic Reduction of NO x by Ammonia Using Metal-Exchanged Zeolite Catalysts[END_REF].

Generally, Cu-exchanged zeolites show better deNOx efficiency at lower temperatures (Figure 9)

than Fe-exchanged zeolites, which have better performance at higher temperatures (Figure 9). Cuexchanged zeolites are less sensitive to the NO2 content [START_REF] Colombo | A comparative study of the NH3-SCR reactions over a Cu-zeolite and a Fe-zeolite catalyst[END_REF], but have low resistance against sulphur poisoning and are known to oxidize ammonia around 250 -300°C [START_REF] Deka | Local Environment and Nature of Cu Active Sites in Zeolite-Based Catalysts for the Selective Catalytic Reduction of NO x[END_REF][START_REF] Colombo | A comparative study of the NH3-SCR reactions over a Cu-zeolite and a Fe-zeolite catalyst[END_REF]. On the other hand, Feexchanged zeolites are sensitive to NO2 concentration, especially at low temperatures, and despite not being susceptible to SO2 poisoning at high temperatures, they suffer from HCs poisoning [START_REF]Urea-SCR Technology for deNOx After Treatment of Diesel Exhausts[END_REF][START_REF] Deka | Local Environment and Nature of Cu Active Sites in Zeolite-Based Catalysts for the Selective Catalytic Reduction of NO x[END_REF]. More focus will be shed on Cu-exchanged zeolites in the following subchapters.

Screening of zeolitic structures 2.3.1 Brief introduction to zeolites

Zeolites are microporous aluminosilicates and one of the most important classes of heterogeneous catalysts due to their molecular sieving effect and ion exchanging properties [60]. Their structure is composed by channels of nanometric size, possibly interconnected [START_REF] Speight | The Refinery of the Future[END_REF]. Main applications of zeolites include ion exchange, adsorption, separation and catalysis.

The term zeolite translates from the Greek "zeo lithos" (boiling stone) and alludes to their bubbling properties when heated at high temperatures. This property is related to the water adsorption taking place in their channels, easily removed by heating up the material without inflicting any damage to the structure [START_REF] Chester | Zeolite Characterization and Catalysis : A tutorial[END_REF].

Zeolites can be naturally formed in alkaline environments with volcanic activity, but most are artificially synthesized. Approximately 250 different structure types (representing thousands of different zeolites) have been identified [START_REF] Karge | Structures and Structure Determination[END_REF][START_REF]Zeolite Framework Types[END_REF]. Each structure type is defined by a three letter code [START_REF]Zeolite Framework Types[END_REF], usually representing the initials of the framework structure (e.g. CHA, originating from natural Chabazite), or acronyms of the university or research centre where they were discovered (e.g. LTA, Linde Type A).

These porous aluminosilicates have a crystalline tridimensional structure formed by TO4 tetrahedra (SiO4 or AlO4 -, with T = Si or Al atoms) linked together by the oxygen atoms [60,[START_REF] Vazhnova | Fourier self-deconvolution of the IR spectra as a tool for investigation of distinct functional groups in porous materials : Brønsted acid sites in zeolites[END_REF][START_REF] Védrine | Characterization of Solid Materials and Heterogeneous Catalysts : From Structure to Surface Reactivity[END_REF] (an example is shown in Figure 10). The structure can be described by expression (2.3.1.1) [60], where is the valence of the cation , and are the total number of tetrahedra by unit cell and ⁄ is the atomic Si/Al ratio.

This ratio can oscillate between 1, as, by the Loewenstein's rule, no Al tetrahedra can be linked to a

neighbouring Al tetrahedra (Al-O-Al groups are too unstable), and infinite (pure silica) [60]. Silicon tetrahedra are neutrally charged, as the positive charges in Si 4+ are balanced by each of the oxygen anions to which it is bound. Aluminium tetrahedra display a negative charge, resulting from aluminium in its Al 3+ ionic form being shared by four oxygen anions, each with a negative charge. This positive charge deficit doesn't counterbalance one of the oxygen anions, being the reason for the overall negative charge of the zeolites' frameworks [START_REF] Hadjiivanov | Identification and Characterization of Surface Hydroxyl Groups by Infrared Spectroscopy[END_REF]. In order to achieve charge neutrality, these negative charges need to be balanced out by compensation cations, usually sodium (Na + ) or other alkali or alkaline earth metal cations.

As ion exchange can be easily performed on zeolites, these metal cations can be exchanged with other cations, namely ammonium or quaternary ammonium [START_REF] Chester | Zeolite Characterization and Catalysis : A tutorial[END_REF] which, in turn, can be easily removed by calcination, giving rise to protonic zeolites. These protons attached to the framework's oxygen atoms constitute Brønsted acid sites (BAS) [START_REF] Vazhnova | Fourier self-deconvolution of the IR spectra as a tool for investigation of distinct functional groups in porous materials : Brønsted acid sites in zeolites[END_REF]. Other sites can be present, namely Lewis acid sites (LAS) (the relationship between BAS and LAS can be found in Figure 11), basic sites and redox centres, making them suitable for applications in acid, basic, acid-base, redox and bi-functional catalysis [60]. Zeolites are typically synthesized in the presence of hydroxide (OH -) or fluoride (F -) ions, which act as mineralizing agents that facilitate the disassembly (depolymerization) of silica and alumina precursors during crystallization [START_REF] Paolucci | Catalysis Science of NOx Selective Catalytic Reduction With Ammonia Over Cu-SSZ-13 and Cu-SAPO-34[END_REF]. The topology of the obtained zeolite will be dependent on the used structuredirecting agent (SDA), i.e. the inorganic/organic compounds present during crystallization which guide the organization of the embryonic building units into a certain crystal structure [START_REF] Paolucci | Catalysis Science of NOx Selective Catalytic Reduction With Ammonia Over Cu-SSZ-13 and Cu-SAPO-34[END_REF]. Both inorganic and organic SDAs can contain cationic charges (e.g. inorganic alkali or quaternized ammonium centres, respectively) which will affect the Si/Al ratio of the obtained zeolite, since they direct the siting of [AlO4] - within the crystallizing lattice [START_REF] Paolucci | Catalysis Science of NOx Selective Catalytic Reduction With Ammonia Over Cu-SSZ-13 and Cu-SAPO-34[END_REF].

Zeolite structures consist in n T-atoms linked together by O atoms in a ring shape, giving rise to the so called n membered rings (n MR): by definition, a maximum 8 MR can be found in small pore zeolites (3 -5 Å), between 9 MR and 11 MR in zeolites with intermediate pores (5 -6.5 Å), up to 12 MR in large pore zeolites (6.5 to 8 Å), or higher than 12 MR in extra-large pore zeolites (> 8 Å). Due to their molecular dimensions, the pores are considered molecular reactors or nanoreactors, and both their shape and dimensions influence the selectivity and the rate of the. Aside from micropores, zeolites subjected to post treatments can also display meso-, macroporosity, or a combination thereof. The porous framework can be defined as uni-, bi-or tridimensional, containing channels that may or may not be interconnected.

The unique porous structure in each zeolite accounts for their shape selectivity property. This property can be related to the products, the reactants or the transition state and explains the constraint effect that can take place in the micropores [START_REF] Maxwell | Zeolite catalysis in hydroprocessing technology[END_REF]. Furthermore, it is also responsible for the rates and modes of diffusion of different molecules -preferential diffusion paths may exist depending on the relative sizes of the reactants and products [START_REF] Vazhnova | Fourier self-deconvolution of the IR spectra as a tool for investigation of distinct functional groups in porous materials : Brønsted acid sites in zeolites[END_REF], therefore allowing zeolites to act as molecular sieves, i.e. being able to separate different molecules according to their shape and dimensions.

The unique assembly of the TO4 tetrahedra forms finite or infinite (i.e. chain-or layer-like) theoretical topological building units, which are designated Secondary Building Units, SBU. These units are not exclusive to a specific zeolitic structure, and may be found in different framework topologies (number inside the parenthesis in Figure 12 indicates the SBU's respective frequency of the occurrence) [START_REF] Baerlocher | ATLAS OF ZEOLITE FRAMEWORK TYPES[END_REF]. The CBUs found in some of the structures mentioned in the following pages can be found in Table 3.

Table 3: Composite Building Units (CBU).

Evolution of zeolites application in NH3-SCR

Copper exchanged ZSM-5, a 10 MR zeolite with the MFI structure (Figure 14, left), was first discovered by Iwamoto et al. in 1986 [72] to be a suitable catalyst for NO decomposition into N2 and O2, due to its high activity and stability. These catalysts were then employed in SCR with hydrocarbon or NH3 reductants in the early 1990s [START_REF] Beale | Recent advances in automotive catalysis for NOx emission control by small-pore microporous materials[END_REF]. During the following years, Cu-and Fe-exchanged ZSM-5 were the most extensively studied zeolites in this field, owing to their superior deNOx activity and resistance to poisoning by SO2 and H2O degradation compared to vanadia-based catalysts. However, some cons were also observed: their low hydrothermal stability and their propensity to adsorb hydrocarbons at low temperatures strongly hindered their applicability [START_REF] Xin | Zeolitic Materials for DeNO x Selective Catalytic Reduction[END_REF]. Other medium pore zeolites have also been investigated, such as mordenite (MOR framework), and ferrierite (FER framework, especially Fe-FER).

Posteriorly, research was shifted towards 12 MR Cu-and Fe-beta (*BEA structure, right side of Figure 14) which showed better durability than Cu-or Fe-ZSM-5. However, some hindrances were still found -they were not durable enough in real engine exhaust, as they were prone to poisoning by hydrocarbons resulting from incompletely burned fuel. Periodic high temperatures encountered in the vehicle could also lead to highly exothermic combustion of the adsorbed hydrocarbons, resulting in local temperatures high enough to degrade the zeolite structure [START_REF] Beale | Recent advances in automotive catalysis for NOx emission control by small-pore microporous materials[END_REF]. Cu-USY (USY -Ultra Stable Y zeolite)

was another large pore zeolite studied for SCR. 

8 MR Frameworks

By small pore zeolites it is referred to structures with maximum eight-member ring pores (8 MR), capable of providing access of small molecules to the intracrystalline microporosity, whereas larger molecules are restricted to enter [START_REF] Dusselier | Small-Pore Zeolites : Synthesis and Catalysis[END_REF]. In recent years, several 8 MR structures have been tested and systematically shown good performance and a structure stability that could go, for instance, as high as 900°C in the presence of water (e.g. the LTA structure [START_REF] Park | Economical synthesis of high-silica LTA zeolites : A step forward in developing a new commercial NH3-SCR catalyst[END_REF][START_REF] Ryu | Fully Copper-Exchanged High-Silica LTA Zeolites as Unrivaled Hydrothermally Stable NH3 -SCR Catalysts[END_REF]).

Despite a very significant progress, the applicability of some of these types of frameworks is often hindered by the synthesis procedure. Therefore, a screening of the most interesting structures is given in the following pages. Commercially available/ readily synthesized structures were preferred, as well as those with promising features.

CHA

The CHA framework has a three-dimensional channel system with pores measuring 3.8 x 3.8 Å in diameter and is formed by stacking d6r composite building units in an AABBCC-type stacking scheme.

It is, thus, a part of the ABC-6 family. It is also part of the "d6r-only" family, alongside EMT, GME and FAU and 8 MR frameworks such as AFT, AFX, KFI, SAS, SAV, SFW and TSC (non-exhaustive list) [START_REF] Dusselier | Influence of Organic Structure Directing Agent Isomer Distribution on the Synthesis of SSZ-39[END_REF][START_REF]Schemes for Building Zeolite Framework Models : Systematics in the structures of zeolite frameworks[END_REF]. The stacking of the d6r gives rise to the formation of the cha cage (7.3 Å in diameter, represented in Figure 16). The first synthesis patent for SSZ-13, a zeolite with the CHA topology, was published in 1985 and reported Si/Al ratios ranging from 8 to 50 [START_REF] Zones | -13 AND ITS METHOD OF PREPARATION[END_REF]. Both the works performed by Fickel et al. [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF] and Kwak et al. [START_REF] Kwak | Excellent activity and selectivity of Cu-SSZ-13 in the selective catalytic reduction of NOx with NH3[END_REF] were some of the earliest studies on the NH3-SCR performance of Cu-SSZ-13. In both works, this zeolite has shown excellent performance [START_REF] Kwak | Excellent activity and selectivity of Cu-SSZ-13 in the selective catalytic reduction of NOx with NH3[END_REF][START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF] and higher hydrothermal stability than medium and large pore Cu-zeolites [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF].

In a later publication, Kwak et al. compared the Standard and Fast SCR activity of Cu-SSZ-13

(synthesized according to [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF][START_REF] Zones | -13 AND ITS METHOD OF PREPARATION[END_REF]) with commercial samples of Cu-ZSM-5, Cu-beta and Y zeolite, both when fresh and when hydrothermally aged at 800°C for 16h with 10% H2O. Table 4 summarizes the characteristics of the different zeolites [START_REF] Kwak | Effects of hydrothermal aging on NH3-SCR reaction over Cu/zeolites[END_REF]. Aged Cu-Y showed complete loss of activity in both Standard and Fast SCR (Figure 17), which was determined by XRD measurement to be due to structural collapse. Some degree of dealumination was observed for aged Cu-ZSM-5 and Cu-beta using solid state 27 Al MAS NMR. Some CuO and Cualuminate like species were also found in these samples. These Cu/AlOx structures were thought to be small and isolated Cu-aluminate-like species dispersed in the intact zeolite channels of the hydrothermally aged Cu-ZSM-5 and Cu-beta and considered to be partially responsible for the maintenance of these samples' high-temperature NH3-SCR activities. Additionally, H2-TPR showed that Cu II could be reduced to both Cu I and to Cu 0 in Cu-ZSM-5 and Cu-beta, whereas Cu II could only be reduced to Cu I in Cu-SSZ-13. Cu-SSZ-13 was found to have a very high N2 selectivity even in the presence of NO2, and underwent very little changes upon hydrothermal aging, which were attributed to its structural properties [START_REF] Kwak | Effects of hydrothermal aging on NH3-SCR reaction over Cu/zeolites[END_REF]. the presence of Cu in the Cu-beta catalyst accelerated its structural collapse at temperatures above 800°C, contrarily to the little effect of Cu in the structural stability of the CHA framework [START_REF] Blakeman | The role of pore size on the thermal stability of zeolite supported Cu SCR catalysts[END_REF]. These differences were attributed to interactions between Cu and aluminate-like species in Cu-beta, which were thought to be suppressed by the small dimensions of the pores found in Cu-SSZ-13.

Fickel et al. have previously considered that Al(OH)3 needs to detach itself from the framework and exit the pore system of the zeolite in order to introduce structural damage during dealumination at high temperatures [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF]. The estimated kinetic diameter of Al(OH)3 is smaller than the pore opening of 10 MR and 12 MR zeolites, therefore allowing their dealumination under hydrothermal conditions. However, the openings of the pores in 8 MR zeolites are smaller so, in this case, it seems than even if Al(OH)3 species are formed, they might not able to be removed. Therefore, they remain in the pore from which they were originated, possibly reattaching to the structure at sufficiently low temperatures. Thus, small pore zeolites can maintain their structural integrity and chemical environment.

According to Blakeman et al., for the Cu/Al2O3 interaction to be able to cause structure damage, some kinds of Cu-and Al-related moieties must migrate out of the pores of the zeolite framework structure to form stable CuAl2O4-like compounds. The CHA framework showed a much higher diffusion barrier than larger frameworks (e.g. FAU), possibly explaining the little effect of the Cu/Al2O3 interactions on Cu-exchanged zeolites with small pores [START_REF] Göltl | What Makes Copper-Exchanged SSZ-13 Zeolite Efficient at Cleaning Car Exhaust Gases?[END_REF].

Several parameters have been identified to exert an effect on the NH3-SCR catalytic activity of Cu-SSZ-13, namely the synthesis route, the Si/Al ratio and the Al position in the network, or the metal incorporation method and respective introduced metal content. Therefore, these parameters may also impact the type, location, and amount of Cu species in the structure and, as a result, the NH3-SCR performance.

SSZ-13 can be synthesized in hydroxide media using N,N,N-trimethyl-1-admantylammonium cations (TMAda + ). Fluoride media can also be used to synthesize SSZ-13 over a wide Si/Al range (Si/Al = 10 -∞). The high costs associated with N,N,N-trimethyl-1-adamantammonium hydroxide (TMAdaOH) led to testing more economic templates, e.g. Cu-tetraethylenepentamine (Cu-TEPA) used in "one-pot" synthesis [START_REF] Ren | Designed copper-amine complex as an efficient template for one-pot synthesis of Cu-SSZ-13 zeolite with excellent activity for selective catalytic reduction of NOx by NH3[END_REF][START_REF] Ren | Design and Synthesis of a Catalytically Active Cu-SSZ-13 Zeolite from a Copper-Amine Complex Template[END_REF]. All alterations led to shorter crystallization times and increased crystallinity, up to par with that obtained for the sample synthesized using TMAdaOH. When seeds were added, they were evenly dispersed and partially dissolved in the synthesis gel, with the resulting fragments or structural units allowing them to work as crystal nuclei, increasing the nucleation density and leading to the rapid growth of small crystals [START_REF] Wang | Strategy on Effective Synthesis of SSZ-13 Zeolite Aiming at Outstanding Performances for NH3-SCR Process[END_REF]. The formation of SiF6 2-in fluoride media led to the decrease of the supersaturated concentration of ions forming the structure, therefore decreasing the nucleation rate and leading to the formation of larger crystals.

The obtained results showed that the synthesis route strongly affects the structural characteristics of the resulting zeolites [START_REF] Wang | Strategy on Effective Synthesis of SSZ-13 Zeolite Aiming at Outstanding Performances for NH3-SCR Process[END_REF]: the best performance of the samples obtained by using CC and TMAdaOH was attributed to both their increased crystallinity and their higher content of Cu II , with lower propensity to aggregate. The sample obtained with BTMAC showed lower crystallinity and lower specific surface area, resulting in structural instability and underdeveloped pore structures. These were deemed responsible for the more difficult migration of the Cu ions, which would explain the highest content of CuO in this sample and, therefore, its lower SCR activity. Furthermore, it was also the sample with the lowest content of acid sites, leading to low NH3 storage capacity. At T < 200°C, NO conversion seemed to increase with the increase of Cu I content, possibly indicating that the Cu I located at the d6r might be relevant in low-temperature NH3-SCR.

The catalytic properties of zeolites are defined by both their framework connectivity and the arrangement of framework Al atoms and associated charge-compensating cations. Cationic structuredirecting agents present during zeolite crystallization determine the incorporation of aluminium tetrahedra in the lattices and, in turn, the sitting and distribution of framework Al atoms. Different framework Al arrangements have shown to impact the SCR performance of CHA zeolites, namely their behaviour upon hydrothermal aging, their susceptibility to sulphur poisoning or the spatial density of isolated Cu sites, formerly shown to impact the kinetics of SCR redox cycles [START_REF] Iorio | Cooperative and Competitive Occlusion of Organic and Inorganic Structure-Directing Agents within Chabazite Zeolites Influences Their Aluminum Arrangement[END_REF].

In order to study the influence of alkali cation size on the arrangement of framework Al sites, Di Iorio et al. have recently compared the effects of using TMAda + alone or in conjunction with inorganic SDA cations of different ionic radius (Na + , K + ) in the synthesis of CHA (Si/Al = 15) zeolites [START_REF] Iorio | Cooperative and Competitive Occlusion of Organic and Inorganic Structure-Directing Agents within Chabazite Zeolites Influences Their Aluminum Arrangement[END_REF]. They concluded that TMAda + alone led to the occlusion of 1 TMAda + per CHA cage and to the sole formation of 6 MR isolated Al sites. Using Na + together with TMAda + as co-SDAs also led to occlusion of 1 TMAda + per CHA cage and to non-competitive Na + occlusion in void spaces such as the 6 MR, which resulted in the formation of 6 MR paired Al sites in amounts that increased linearly with the content of occluded Na, independently of the used amorphous Al precursor or mineralizing agent (OH -, F -). Contrarily, using K + + TMAda + as co-SDAs led to the occlusion of K + cations within void spaces (such as in the 8 MR) which interfered with TMAda + occlusion, and resulted in the sole formation of 6 MR isolated Al sites [START_REF] Iorio | Cooperative and Competitive Occlusion of Organic and Inorganic Structure-Directing Agents within Chabazite Zeolites Influences Their Aluminum Arrangement[END_REF].

Furthermore, these samples contained visible defects in the form of disordered mesopores, which were not observed in the other two cases [START_REF] Iorio | Cooperative and Competitive Occlusion of Organic and Inorganic Structure-Directing Agents within Chabazite Zeolites Influences Their Aluminum Arrangement[END_REF]. Therefore, while Na + occlusion favoured 6 MR paired Al sites separated by 1 or 2 Si atoms in a 6 MR (second and third nearest neighbour, 2NN and 3NN, respectively), the occlusion of K + with TMAda + favoured Al-Al ensembles separated by 3 Si atoms in an 8 MR (4NN separation). A scheme of the aforementioned conclusions can be consulted in Figure 19. The copper incorporation method also influences the characteristics of the synthesized product.

Aqueous phase ion-exchange (AIE, top of Figure 20) is the most widely used method to prepare Cu-CHA [START_REF] Xin | Zeolitic Materials for DeNO x Selective Catalytic Reduction[END_REF]. The total copper content can be easily and effectively controlled during ion exchange by changing the exchange solution molarity, independently of the Cu salt used (e.g. Cu(NO3)2, Cu(CH3CO2)2, CuSO4, CuCl2). The type of copper cations depends on both the pH (low pHs avoid Cu agglomeration [START_REF] Wang | Strategy on Effective Synthesis of SSZ-13 Zeolite Aiming at Outstanding Performances for NH3-SCR Process[END_REF]) and the temperature of the ion-exchange solution. Furthermore, care needs to be taken when adapting procedures, as different zeolite frameworks preferentially stabilize different copper complexes [START_REF] Paolucci | Catalysis Science of NOx Selective Catalytic Reduction With Ammonia Over Cu-SSZ-13 and Cu-SAPO-34[END_REF].

Solid state ion exchange (SSIE, bottom of Figure 20) can also be used. In this case, the H-zeolite is physically mixed with a Cu salt (e.g. CuCl2, CuF2, Cu3(PO4)2) or Cu metal powder and then heated at high temperatures to allow the migration of copper species into the zeolite pores. This migration is thought to occur by the oxidation of the Cu precursor to CuO followed by adsorption into the pores and acid-catalysed dehydration at a H + site to produce an isolated Cu 2+ site [START_REF] Paolucci | Catalysis Science of NOx Selective Catalytic Reduction With Ammonia Over Cu-SSZ-13 and Cu-SAPO-34[END_REF]. Compared to AIE, SSIE allows for a faster introduction of Cu ions in the zeolite and removes the need for successive washing and recovery steps. Notwithstanding, it can only be used in thermally stable frameworks due to the employed high temperatures [START_REF] Paolucci | Catalysis Science of NOx Selective Catalytic Reduction With Ammonia Over Cu-SSZ-13 and Cu-SAPO-34[END_REF].

Another route is the "one-pot" synthesis (middle of Figure 20) of Cu-CHA, using, for example, Cu-TEPA as a copper-containing SDA in hydroxide media. Despite being a more economic SDA, its usage narrows the Si/Al and Cu/Al ratios, therefore limiting the control over the Al distribution and Cu density when compared to using TMAda + as the SDA and performing Cu ion exchange by AIE or SSIE. In fact, excessive Cu contents may be obtained when Cu-TEPA is used alone as the SDA, which is detrimental to the hydrothermal stability of Cu-SSZ-13 (as shown in the following pages). Therefore, a post synthetic "reverse" ion-exchange process may be needed, consisting of several washing steps with NH4NO3 or HNO3 to prevent the formation of bulk CuO after combustion of the organic complex [START_REF] Paolucci | Catalysis Science of NOx Selective Catalytic Reduction With Ammonia Over Cu-SSZ-13 and Cu-SAPO-34[END_REF][START_REF] Xin | Zeolitic Materials for DeNO x Selective Catalytic Reduction[END_REF]. Aside from the removal of Cu ions, this process was also found to allow the relocation of the remaining Cu II ions from the large cages to the 6 MR, enhancing the SCR activity and the hydrothermal stability [START_REF] Xin | Zeolitic Materials for DeNO x Selective Catalytic Reduction[END_REF]. Incipient wetness impregnation (IWI) carried out in aqueous solution is also a very common method.

In this case, metal salts are dissolved in the impregnating solution, whose volume should match the pore volume of the zeolite. Therefore, the metal loading is controlled by the concentration of metal ions in solution [START_REF] Haukka | Adsorption controlled preparation of heterogeneous catalysts[END_REF]. Some of the advantages of using this method are the easier regulation of the Cu loading in comparison with the traditional solution ion-exchange method and the better dispersion of the Cu species compared to SSIE [START_REF] Wang | Investigation of the robust hydrothermal stability of Cu/LTA for NH3-SCR reaction[END_REF].

All the aforementioned parameters also impact the exchange sites present in the structure. Four The nature and the location of the Cu species is somewhat complex, as it depends on a number of factors such as the Al content/distribution in the local vicinity of Cu, the Cu loading or the Si/Al of the zeolite (Figure 23). Single-site exchanged Cu ions are generally responsible for SCR activity over a range of conditions [START_REF] Gao | Recent Progress in Atomic-Level Understanding of Cu/SSZ-13 Selective Catalytic Reduction Catalysts[END_REF], but it should be kept in mind that the nature of the active species will also suffer alterations during the catalytic cycle, induced by several parameters, such as the presence of certain reactants and products, and the temperature. Aside from being dependent on the Si/Al and Cu/Al ratios of Cu-SSZ-13, the relative contents of each Cu species can be altered by three different processes: dehydration in vacuum or an inert gas, hydrothermal aging or exposure to NH3, including that occurring during low-temperature SCR reaction conditions [START_REF] Gao | Recent Progress in Atomic-Level Understanding of Cu/SSZ-13 Selective Catalytic Reduction Catalysts[END_REF].

Dehydration leads to complete H2O desorption between ~ 250 -300°C. The removal of H2O ligands allows the migration of the Cu ions to cationic exchange positions and their bonding to lattice oxygen.

In dehydrated Cu-SSZ- [START_REF] Gao | Recent Progress in Atomic-Level Understanding of Cu/SSZ-13 Selective Catalytic Reduction Catalysts[END_REF].
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Interactions between Cu ions and NH3 are much stronger compared to those with NOx and H2O.

Previous studies have shown that isolated Cu II ions change from a planar location in the d6r of the structure to distorted square-planar upon interaction with NH3 at low temperatures. Furthermore, some Cu-NH3 complexes may be abundant under low-temperature NH3-SCR reaction conditions, and some may even be key intermediate species in this regime. NH3 itself was shown to be able to reduce Cu II to Cu I , possibly according to expressions (2.3.3.3) and (2.3.3.4):
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The hydrothermal stability of Cu-SSZ-13 is an essential feature for its applicability and is strongly dependent on the Si/Al ratio and the copper loading. Usually, aging temperatures ≤ 700°C do not lead to significant structural degradation (e.g. dealumination, surface area loss, etc.), but as the temperature increases, partial or complete structural damage may occur. Due to their location, Z2-Cu II have been shown to have remarkable stability against hydrothermal aging, even under very harsh hydrothermal aging conditions. Contrarily, Z-Cu II OH are much less hydrothermally stable, usually either converting to more stable Z2-Cu II or to copper oxide clusters (CuOx) during aging.

As As previously mentioned, the effect of the Si/Al ratio is also important. Jian et al. have recently investigated the influence of the Si/Al ratio on the performance of fresh and hydrothermally aged Cu-SSZ-13, synthesized by one-pot synthesis using Cu-TEPA [START_REF] Jiang | Cu/SSZ-13 zeolites prepared by in situ hydrothermal synthesis method as NH3-SCR catalysts : Influence of the Si/Al ratio on the activity and hydrothermal properties[END_REF]. For this, samples with Si/Al ratios of 6.5, 9 and 12.5 were tested, with Cu/Al ratios around ~ 0.25. As seen in Figure 28, the sample with a Si/Al ratio of 6.5 showed the best SCR activity both when fresh and after hydrothermal aging. It was also

shown to be the sample with the highest N2 selectivity. However, a decrease in the SCR performance for both the fresh and aged samples was observed as the Si/Al increased. Hydrothermal aging led to a decrease of the acid sites and the NH3 adsorption capacity over these samples. Furthermore, isolated

Cu II species considerably decreased with the increasing Si/Al ratio on the aged samples and a higher content of CuO species was also found when the Si/Al increased. Nevertheless, the sample with the lowest Si/Al ratio (6.5) preserved a higher fraction of Cu II ions, also possessing the largest BET surface area, total pore volume, and relative crystallinity after hydrothermal aging. Moreover, according to DRIFTS-NH3 and -NO adsorption experiments, structure collapse was easier at increasing Si/Al ratio, and the surface acid sites, the copper species at active sites, as well as the surface nitrate adsorbed sites decreased after hydrothermal aging treatment, therefore leading to a decrease in the NH3-SCR performance of these catalysts [START_REF] Jiang | Cu/SSZ-13 zeolites prepared by in situ hydrothermal synthesis method as NH3-SCR catalysts : Influence of the Si/Al ratio on the activity and hydrothermal properties[END_REF]. 

AEI

Similarly to the CHA topology, the AEI framework has a three-dimensional channel system and can be solely constructed with d6r units, also being a member of the "d6r-only" family. In the AEI framework, the d6r are rotated 180° with respect to each other (Figure 29). The stacking of the d6r gives rise to the formation of cavities of 7. 3 wt.%, conventional synthesis route [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF]). NOx conversions obtained for the fresh catalysts and their hydrothermally aged counterparts (at 600°C and 750°C, during 13h with a water feed of 2.2 mL/min) were greatly divergent (Figure 30): very high conversions were obtained over a larger range of temperatures for the fresh SSZ-39, and good activities were still obtained after aging at 750°C (~ 70% of conversion between 250°C and 450°C), in contrast with the significant loss of activity on the aged Cu-SSZ-13. They also concluded that the performance of SSZ-39 increased when the copper content decreased (0.5 to 0.3), both when fresh and after aging at 750°C [START_REF] Moliner | Cu-SSZ-39, an active and hydrothermally stable catalyst for the selective catalytic reduction of NOx[END_REF]. Despite being commercially available [START_REF] Martín | Efficient synthesis of the Cu-SSZ-39 catalyst for DeNOx applications[END_REF] and easily prepared from pyridine precursors, the high costs [START_REF] Maruo | Facile Synthesis of AEI Zeolites by Hydrothermal Conversion of FAU Zeolites in the Presence of Tetraethylphosphonium Cations[END_REF] associated with simple alkyl-substituted cyclic quaternary ammonium cations (the preferential OSDAs used in alkaline conditions) led to the investigation of other synthesis routes. For instance, a rapid synthesis of an AEI zeolite (Si/Al ratios between 13 -14) with yields between 80 -90% was reported by Interzeolite Conversion (IZC) of an USY zeolite using tetraethylphosphonium hydroxide (TEPOH) as OSDA [START_REF] Maruo | Facile Synthesis of AEI Zeolites by Hydrothermal Conversion of FAU Zeolites in the Presence of Tetraethylphosphonium Cations[END_REF]. The addition of seeds and a higher amount of OSDA was found to widen the Si/Al ratios (13 -20), increase the synthesis yields and selectivity towards AEI, while adding fluoride sources (NaF or NH4F) increased the crystal sizes [START_REF] Sonoda | Synthesis of high-silica AEI zeolites with enhanced thermal stability by hydrothermal conversion of FAU zeolites, and their activity in the selective catalytic reduction of NO x with NH 3[END_REF]. However, the decomposition/oxidation of TEPOH lead to a high propensity of pore blockage due to formation of monomeric and condensed phosphate species of difficult elimination [START_REF] Maruo | Facile Synthesis of AEI Zeolites by Hydrothermal Conversion of FAU Zeolites in the Presence of Tetraethylphosphonium Cations[END_REF][START_REF] Sonoda | Synthesis of high-silica AEI zeolites with enhanced thermal stability by hydrothermal conversion of FAU zeolites, and their activity in the selective catalytic reduction of NO x with NH 3[END_REF], known to strongly impair the NH3-SCR activity of Cu-exchanged zeolites.

Another route consisted in using isomer mixtures formed during the production of dimethylpyridine based OSDAs. For example, Dusselier et al. proposed a more economical synthesis using diastereoisomers and structural isomers of quaternized (N,N-dimethyl) lupetidines (dimethylpiperidine), widely produced in the form of lutidines and easily converted to lupetidines by hydrogenation procedures [START_REF] Dusselier | Influence of Organic Structure Directing Agent Isomer Distribution on the Synthesis of SSZ-39[END_REF].

According to them, pure SSZ-39 with similar physicochemical properties could be obtained over a wide range of isomeric mixtures, such as trans-3,5, cis-3,5, and cis-2,6 isomers (in corresponding decreasing order of formation rates) [START_REF] Dusselier | Influence of Organic Structure Directing Agent Isomer Distribution on the Synthesis of SSZ-39[END_REF]. Ransom et al. have further investigated the effect of the isomer content in the synthesis of SSZ-39. Growth rate improvements as high as 40% were obtained for increasing trans contents of the SDA. The cis/trans ratio of the SDA was also determined to influence the Si/Al ratio of the zeolite [START_REF] Ransom | Synthesis and Growth Kinetics of Zeolite SSZ-39[END_REF] and its NH3-SCR performance [START_REF] Ransom | The structure directing agent isomer used in SSZ-39 synthesis impacts the zeolite activity towards selective catalytic reduction of nitric oxides[END_REF]. The isomer ratio was found to influence the Cu uptake during exchange and the catalytic activity: increased amounts of trans isomer in identical synthesis gel compositions led to up to 20% performance variation at low and high temperatures (see Figure 31). These discrepancies were ascribed to different particle sizes and micropore volumes, as well as aluminium zoning (i.e. lower aluminium content in the crystal's centre than at the edges) [START_REF] Ransom | The structure directing agent isomer used in SSZ-39 synthesis impacts the zeolite activity towards selective catalytic reduction of nitric oxides[END_REF]. [START_REF] Martín | Efficient synthesis of the Cu-SSZ-39 catalyst for DeNOx applications[END_REF]. Two different methods of copper incorporation were proposed: post-synthesis ion exchange, or one-pot synthesis using Cu-TEPA as OSDA, in conjunction with N,N-dimethyl-3,5-dimethylpiperidinium [START_REF] Martín | Efficient synthesis of the Cu-SSZ-39 catalyst for DeNOx applications[END_REF]. SSZ-39 obtained by one-pot synthesis (Si/Al = 9.9, Cu loading = 3.3 wt.%, solid yield of 90%) [START_REF] Martín | Efficient synthesis of the Cu-SSZ-39 catalyst for DeNOx applications[END_REF] showed comparable activity to the samples obtained by IZC (both fresh and hydrothermally aged at 750°C for 13h), and both samples showed the best results in NH3-SCR (Figure 32), which were attributed to the presence of a higher amount of Cu II species. A sample synthesized using TEPOH [START_REF] Maruo | Facile Synthesis of AEI Zeolites by Hydrothermal Conversion of FAU Zeolites in the Presence of Tetraethylphosphonium Cations[END_REF][START_REF] Sonoda | Synthesis of high-silica AEI zeolites with enhanced thermal stability by hydrothermal conversion of FAU zeolites, and their activity in the selective catalytic reduction of NO x with NH 3[END_REF] was also tested (Cu-P-SSZ-39, Si/Al = 8.5, Cu loading = 4.6 wt.%). This sample contained both Cu I and CuO species aside from Cu II and it was suggested that its lower SCR activity was a result of lower stabilization of the extraframework Cu II arising from a shortage of tetrahedrally coordinated Al species [START_REF] Martín | Efficient synthesis of the Cu-SSZ-39 catalyst for DeNOx applications[END_REF]. Albarracin-Caballero et al. [START_REF] Albarracin-Caballero | Structural and kinetic changes to smallpore Cu-zeolites after hydrothermal aging treatments and selective catalytic reduction of NOx with ammonia[END_REF] compared the effect of the topology in NH3-SCR for CHA (Si/Al = 15) and AEI (Si/Al = 9,5, synthesized according to [START_REF] Dusselier | Influence of Organic Structure Directing Agent Isomer Distribution on the Synthesis of SSZ-39[END_REF]). Hydrothermal aging was performed at 800°C for 16h with 10% H2O, after which the zeolites were exposed to reaction conditions for low temperature (473 K) Standard NH3-SCR. Standard SCR rates (per Cu, 473K), activation energies, and reaction orders were similar between Cu-AEI and Cu-CHA zeolites before and after hydrothermal aging, despite lower rates for the aged samples (Figure 34). From these results, they concluded that the reactions occurred under similar kinetic regimes and that the remaining active species on both aged CHA and AEI had similar catalytic behaviours, which could be linked to the nature of the Cu II exchange sites at the 6 MR windows of the d6r, found in both structures [START_REF] Albarracin-Caballero | Structural and kinetic changes to smallpore Cu-zeolites after hydrothermal aging treatments and selective catalytic reduction of NOx with ammonia[END_REF]. For samples with the same Cu loading of ~ 3 wt.%, fresh Cu-SSZ-13 (Si/Al = 6) had slightly higher light-off temperatures than Cu-SSZ-39 (Si/Al = 6.5), but lower activity at higher temperatures (Figure 36). For the hydrothermally aged samples, Cu-SSZ-39 consistently showed higher stability, maintaining most of its activity even after aging at 850°C, in stark contrast with the total structure collapse of Cu-SSZ-13 (Figure 36, right). Additionally, more Brønsted acid sites remained in Cu-SSZ-39 after hydrothermal aging [START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF]. Additionally, the low temperature activity of Cu-SSZ-13 aged at 850°C (Figure 37) decreased as the Cu loading decreased. For Cu-SSZ-39, as the Cu loading increased, so did the activity at all temperature ranges. After hydrothermal aging, the samples with higher Cu loading retained more of their activity, contrarily to what was observed for the hydrothermally aged Cu-SSZ-13. These discrepancies were considered a result of the higher stability of the framework Al species in SSZ-39. Taking all the above into account, similar activities were obtained for fresh AEI and CHA with similar Si/Al and Cu/Al ratios (Figure 37) [START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF]. Moliner et al. also reached similar results using Cu-SSZ-39 and Cu-SSZ-13 with higher Si/Al ratios (9 and 13, respectively) while maintaining the same Cu/Al = 0.5 [START_REF] Moliner | Cu-SSZ-39, an active and hydrothermally stable catalyst for the selective catalytic reduction of NOx[END_REF].

When maintaining the Si/Al ratio but changing the content of Cu, the effects are notoriously different -for Si/Al between 6 to 6.5, the performance of Cu-SSZ-13 doesn't drastically change for Cu loadings above 1.1 wt.% aside from a decrease in the high temperature conversion for increasing contents, while an increasing trend can be seen for the AEI catalysts as the copper content increases, reaching maximum activity for Cu loadings around 3 wt.% [START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF]. However, when increasing the Si/Al of SSZ-39, Moliner et al. observed an increase of the SCR activity of both the fresh and aged Cu-SSZ-39 when the Cu/Al decreased from 0.5 (Cu loading ~ 3 wt.%) to 0.3 [START_REF] Moliner | Cu-SSZ-39, an active and hydrothermally stable catalyst for the selective catalytic reduction of NOx[END_REF], which contradicts the optimal performance for Cu loadings around 3 wt.% obtained by Shan et al. on fresh Cu-SSZ-39 [START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF].

Both Shan et al. and Moliner et al. proved the higher hydrothermal stability of Cu-SSZ-39 [START_REF] Moliner | Cu-SSZ-39, an active and hydrothermally stable catalyst for the selective catalytic reduction of NOx[END_REF][START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF].

According to [START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF], this resulted from a lower propensity of dealumination by detachment of Al(OH)3 from the framework due the higher tortuosity of the channels in Cu-SSZ-39. Furthermore, a greater amount of Z2-Cu II species in Cu-SSZ-39 and was preferentially located in the 6 MR, therefore being more stable and less prone to create CuOx clusters upon aging [START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF]. Aside from these structural differences, Albarracin-Caballero et al. hinted at similar kinetic regimes and catalytic behaviours of the active species on aged Cu-SSZ-13 and Cu-SSZ-39 containing small contents of Cu, possibly due to the nature of the Cu II exchange sites located at the 6 MR windows of d6r common to both structures [START_REF] Albarracin-Caballero | Structural and kinetic changes to smallpore Cu-zeolites after hydrothermal aging treatments and selective catalytic reduction of NOx with ammonia[END_REF].

Other more economical synthesis routes and different copper introduction methods have also been proposed [START_REF] Dusselier | Influence of Organic Structure Directing Agent Isomer Distribution on the Synthesis of SSZ-39[END_REF][START_REF] Maruo | Facile Synthesis of AEI Zeolites by Hydrothermal Conversion of FAU Zeolites in the Presence of Tetraethylphosphonium Cations[END_REF][START_REF] Sonoda | Synthesis of high-silica AEI zeolites with enhanced thermal stability by hydrothermal conversion of FAU zeolites, and their activity in the selective catalytic reduction of NO x with NH 3[END_REF][START_REF] Ransom | The structure directing agent isomer used in SSZ-39 synthesis impacts the zeolite activity towards selective catalytic reduction of nitric oxides[END_REF][START_REF] Xu | Transformation synthesis of aluminosilicate SSZ-39 zeolite from ZSM-5 and beta zeolite[END_REF][START_REF] Xu | Direct Synthesis of Aluminosilicate SSZ-39 Zeolite Using Colloidal Silica as a Starting Source[END_REF]. The impact of the synthesis on fresh catalysts was not pronounced, and information on the effect of different synthesis methods on the hydrothermal stability is lacking. An exclusion is the work performed by Martín et al., in which they compared different synthesis routes and copper introduction methods [START_REF] Moliner | Cu-SSZ-39, an active and hydrothermally stable catalyst for the selective catalytic reduction of NOx[END_REF]. Not many differences were found when introducing copper by ion exchange or using one-pot synthesis, but the synthesis strongly affected the catalytic behaviour of the samples. Using TEBOH as OSDA in contrast to USY in IZC or one-pot synthesis, led to a lower performance of the former, which was attributed to a different population of Cu species and lower stabilization of extraframework Cu II species [START_REF] Moliner | Cu-SSZ-39, an active and hydrothermally stable catalyst for the selective catalytic reduction of NOx[END_REF].

AFX

This structure was first reported as a silicoaluminophosphate material, known as SAPO-56 [START_REF] Dusselier | Small-Pore Zeolites : Synthesis and Catalysis[END_REF].

Similarly to CHA and AEI, the AFX structure also contains a three-dimensional 8 MR pore connectivity, with pores measuring 3.6 x 3.4 Å [START_REF]Framework type AFX[END_REF]. Additionally, it is both a member of the ABC-6 family, with a stacking sequence of AABBCCBB, and of the d6r family, as it can be built entirely by stacking d6r units [START_REF] Dusselier | Small-Pore Zeolites : Synthesis and Catalysis[END_REF]. The structure can be also constructed by stacking gme (gmelinite, 3,3 x 7,4 Å) and aft cages (5.5

x 13.5 Å) (see Figure 38) [START_REF]Framework type AFX[END_REF].

Figure 38: AFX structure -stacking sequence and building units [START_REF] Dusselier | Small-Pore Zeolites : Synthesis and Catalysis[END_REF].

An aluminosilicate form with this topology was first synthesized using a 1,4-bis(1azoniabicyclo[2.2.2]octane)butyl dibromide as OSDA and Na + and K + ions in hydroxide media [START_REF] Zones | ZEOLITE SSZ-16[END_REF].

Like for other structures, its application for SCR purposes is hindered by the synthesis, as only narrow Si/Al ratios between 5 and 6 and relatively large crystal sizes are usually obtained [START_REF] Martín | Cage-based smallpore catalysts for NH3-SCR prepared by combining bulky organic structure directing agents with modified zeolites as reagents[END_REF]. and Cu-ZSM-5 were compared when fresh and after aging [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF]. Table 5 summarizes the characteristics of the different zeolites under study. All fresh samples showed similar performance, but up to 50% drop in conversion around 150 -300°C

was observed for Cu-ZSM-5 aged for 7h (bottom left of Figure 39). The other two aged samples showed high activities, particularly around 150 -350°C (Figure 39, top). A slightly higher activity decrease at high temperatures was observed for the aged Cu-SSZ-16, which was attributed to a decreased thermal stability due to a lower Si/Al than Cu-SSZ-13#1. The same trends were observed when increasing the duration of the hydrothermal aging up to 15h (bottom right of Figure 39) [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF]. The effect of the Cu loading was also tested on AFX and CHA (Si/Al = 6), using moderately and highly exchanged samples (3.68 and 4.38 Cu wt.% respectively). Both fresh CHA and AFX catalysts had similar activities, despite a slightly lower activity at higher temperatures for Cu-SSZ-13. The performance of the aged samples of both structures was inversely proportional to the content of copper (as seen in Figure 40); samples with moderate Cu/Al ratios (i.e. from 0.18 to 0.25) were more stable than those with Cu/Al ratios closest to the maximum exchange level [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF]. These aged samples also showcased a slightly better performance of the AFX zeolites, but it is worth mentioning that an increase of the low temperature activity was observed for Cu-SSZ-13 with a Cu loading of 3.69 wt.%. XRD synchrotron data: Cu1, located within the gme cage just outside the d6r, and Cu2, located in the larger cage (Figure 41). A higher amount of Cu was found on Cu2, which was related to a higher concentration of Al in these locations [START_REF] Fickel | Copper Coordination in Cu-SSZ-13 and Cu-SSZ-16 Investigated by Variable-Temperature XRD[END_REF]. initial Si and Al source and a multicyclic Diels-Alder derived OSDA in the presence of Na + ions. In the presence of K + instead of Na + , ERI was also synthesized [START_REF] Martín | Cage-based smallpore catalysts for NH3-SCR prepared by combining bulky organic structure directing agents with modified zeolites as reagents[END_REF]. Despite also being a structure containing small pores (3.6 x 5.1 Å) with three dimensional interconnectivity and large cavities (6.3 × 13.0 Å), as seen in Figure 42, the synthesis of ERI type zeolites is often limited to high-aluminium forms, and frequently leads to ZSM-34, a material resulting from the intergrowth of ERI and Offretite (OFF) [START_REF] Bull | COPPER CONTAINING ZSM-34[END_REF].

These materials have shown to be suitable as catalysts for NH3-SCR [START_REF] Bull | COPPER CONTAINING ZSM-34[END_REF][START_REF] Wang | Zeolite structure effects on Cu active center, SCR performance and stability of Cu-zeolite catalysts[END_REF]. Fresh Cu-exchanged ERI and AFX zeolites showed high conversions (80 -90%) over a wide range of temperatures, whereas intermediate conversions of 40% and 60% at high temperature were obtained for Fe-ERI and Fe-AFX, respectively. The presence of high contents of alkali and alkaline-earth metal cations led to poor catalytic performances and hydrothermal stability on the aged (at 100% H2O for 13h at 750°C) Cu-exchanged zeolites, so a two-step metal-exchange was used to significantly reduce their amount [START_REF] Martín | Cage-based smallpore catalysts for NH3-SCR prepared by combining bulky organic structure directing agents with modified zeolites as reagents[END_REF].

Cu-zeolites thus prepared (identified in Figure 43 as Cu-ERI exc2 and Cu-AFX exc2) showed improved catalytic behaviour, especially at reaction temperatures above 350°C. The lower performance of Cu-ERI was attributed to the presence of residual potassium in the structure. As for their corresponding aged samples, their catalytic behaviours differed: aged Cu-ERI showed NO conversions inferior to 40% in the entire temperature range (assigned to a partial structure collapse during severe aging treatment), whereas Cu-AFX exc2 showed maximum conversions of 80% for reaction temperatures between 300 and 550°C. Fe-containing samples were more active after aging. Both Cuand Fe-AFX showed similar catalytic behaviour to Cu-CHA and Fe-CHA, respectively [START_REF] Martín | Cage-based smallpore catalysts for NH3-SCR prepared by combining bulky organic structure directing agents with modified zeolites as reagents[END_REF]. An ultrafast synthesis of SSZ-16 with a duration of just 2h has been recently reported, using N,N,N',N'-tetraethylbicyclo[2.2.2]oct-7-ene-2,3:5,6-dipyrrolidinium (TEBOP) as an OSDA, in a sealed tubular reactor and assisted by seed crystals [START_REF] Chokkalingam | Ultrafast synthesis of AFX-Type zeolite with enhanced activity in the selective catalytic reduction of NOx and hydrothermal stability[END_REF]. The zeolites thus synthesized showed Si/Al and Cu/Al ratios around ~ 3 -4 and ~ 0.33-0.36. Furthermore, they had high crystallinity and hydrothermal stability, as well as good SCR activity, even after aging at 800°C for 5 h with 10 vol.% of H2O, with NOx conversions as high as 80% (see Figure 44). These results were attributed to the rapid crystal growth and reduced structural defects obtained by increasing the synthesis temperature [START_REF] Chokkalingam | Ultrafast synthesis of AFX-Type zeolite with enhanced activity in the selective catalytic reduction of NOx and hydrothermal stability[END_REF]. Standard and Fast SCR selectively converted NOx to N2, whereas half the N was converted to N2O during NO2 SCR [START_REF] Kubota | Formation and Reactions of NH 4 NO 3 during Transient and Steady-State NH 3 -SCR of NO x over H-AFX Zeolites : Spectroscopic and Theoretical Studies[END_REF]. The rate of N2 formation in H-AFX was higher under a NO2 + O2 mixture in comparison to a NO + O2 mixture, which was attributed to the slow rate of oxidation of NO to NO2. The exact opposite was found in Cu-AFX, suggesting that Cu sites only promote NH3-SCR under NO + O2 but show a negative effect under NO2 + O2, indicating that Brønsted acid sites rather than Cu sites are active for the reduction of NO2 by adsorbed NH3 [START_REF] Kubota | Formation and Reactions of NH 4 NO 3 during Transient and Steady-State NH 3 -SCR of NO x over H-AFX Zeolites : Spectroscopic and Theoretical Studies[END_REF].

LEV

This structure is a member of the ABC-6 family, with a stacking sequence of AABCCABBC and composed of 6 MR and 8 MR (Figure 45). It has a 2D interconnectivity and pores with 4.8 x 3.6 Å [START_REF]Framework type LEV[END_REF].

It is built with d6r units and lev cages, these latter being the smallest cages found on 8 MR zeolites [START_REF] Dusselier | Small-Pore Zeolites : Synthesis and Catalysis[END_REF].

Figure 45: LEV framework topology [START_REF] Baerlocher | ATLAS OF ZEOLITE FRAMEWORK TYPES[END_REF].

Not much literature is available on the application of this structure in NH3-SCR. In one work published by Fickel et al. [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF], a LEV-type zeolite (Nu-3, Si/Al = 16 and Cu loading = 0.79 wt.%) showed poor deNOx performance, especially at low temperatures, which was considered a result of the diffusion constraints arising from its 2-dimensional pore connectivity. Furthermore, hydrothermal aging at 750°C for 7h resulted in a significant activity decrease -conversions rates > 90% were only obtained between 250°C and 350°C (Figure 46, left) -possibly due to the lower stability arising from the higher acidity resulting from the low Cu content in this sample (a more difficult Cu incorporation was reported) [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF]. lower SCR selectivity at high temperatures (Figure 46, right) and enhanced N2O formation at low and high temperatures, due to their higher activity in catalysing NO oxidation to NO2. The disproportionation of NO2 created NO3 -, forming NH4NO3 by interaction with NH3, whose decomposition led to the formation of N2O. Furthermore, NO2 further promoted NH3 oxidation, also reducing the SCR rates [START_REF] Wang | Zeolite structure effects on Cu active center, SCR performance and stability of Cu-zeolite catalysts[END_REF]. On the other hand, samples with d6r connected to 8 MR enclosed cages (including SSZ-17, a LEV type zeolite)

showed the best SCR performance and higher resistance to dealumination. Furthermore, they had stronger acidity, which led to the stabilization of isolated Cu II monomers (Z2-Cu II and Z-Cu II (OH)) [START_REF] Wang | Zeolite structure effects on Cu active center, SCR performance and stability of Cu-zeolite catalysts[END_REF].

PTT

PTT is a novel structure that is part of the ABC-6 family, with a 4 layer stacking sequence AABC. It contains a 2D 8 MR pore system of 3. The RHO framework has a 3D connectivity, with pores measuring 3.6 x 3.6 Å [START_REF]Framework type RHO[END_REF]. Its application in NH3-SCR has been strongly hindered by the Si/Al ratios < 5 usually obtained [START_REF] Dusselier | Small-Pore Zeolites : Synthesis and Catalysis[END_REF][START_REF] Chantelain | Synthesis and characterization of high-silica zeolite RHO prepared in the presence of 18-crown-6 ether as organic template[END_REF]. Higher Si/Al ratios have been recently reported [START_REF] Ke | Targeted Synthesis of Ultrastable High-Silica RHO Zeolite Through Alkali Metal-Crown Ether Interaction[END_REF][START_REF] Ke | Accelerated Construction of High-Silica RHO and CHA Zeolites via Interzeolite Transformation and Their NH 3 -SCR Performances after Copper Exchange[END_REF]. Comparison of RHO and CHA zeolites (Si/Al ratios of 7) showed similar or even better NO conversion for fresh RHO at high temperatures, but important decreased performance for T < 250°C compared to the CHA catalyst. Furthermore, RHO showed good hydrothermal stability, as it retained similar or even higher activity than aged CHA after hydrothermal aging with 10% H2O in air at 800°C for 10h [START_REF] Ke | Accelerated Construction of High-Silica RHO and CHA Zeolites via Interzeolite Transformation and Their NH 3 -SCR Performances after Copper Exchange[END_REF].

The KFI structure has a three-dimensional window system containing secondary building units of lta, pau, and d6r [START_REF] Kim | Facile Synthesis of KFI-type Zeolite and Its Application to Selective Catalytic Reduction of NO x with NH 3[END_REF][START_REF]Framework type KFI[END_REF] (Figure 49), and pores with dimensions of 3.9 x 3.9 Å [START_REF]Framework type KFI[END_REF]. It is also part of the d6r family, since it can be built entirely by stacking d6r units (Figure 49, left) [START_REF] Dusselier | Small-Pore Zeolites : Synthesis and Catalysis[END_REF]. Similarly to RHO zeolites, KFI catalysts have been scarcely tested in NH3-SCR, mainly due to the difficulty in obtaining Si/Al ratios above 5 [START_REF] Dusselier | Small-Pore Zeolites : Synthesis and Catalysis[END_REF]. Nevertheless, close activities have been reported for fresh and aged Al-rich KFI and CHA catalysts (Si/Al ratios ~ 5), albeit a higher Cu loading was considered necessary in order to emulate the same catalytic performance in the KFI zeolite as a CHA zeolite with a similar Si/Al ratio [START_REF] Kim | Facile Synthesis of KFI-type Zeolite and Its Application to Selective Catalytic Reduction of NO x with NH 3[END_REF]. Furthermore, despite comparable very low formations of N2O for fresh KFI and CHA, aged KFI was still more prone to form N2O than aged CHA [START_REF] Kim | Facile Synthesis of KFI-type Zeolite and Its Application to Selective Catalytic Reduction of NO x with NH 3[END_REF]. even after hydrothermal aging at 850°C for 24h, which was attributed to a less harmful effect of the CuOx species formed upon hydrothermal aging in this structure [START_REF] Ryu | Synthesis of High Silica LTA and UFI Zeolites and NH3-SCR Performance of their Copper Exchanged Forms[END_REF]. Furthermore, the Cu II ions coordinated in the single 6-rings (s6r) of the LTA structure (Figure 51) were deemed equivalent to those found in the double 6-rings (d6r) of Cu-SSZ-13, thus contributing to its high activity and hydrothermal stability [START_REF] Ryu | Synthesis of High Silica LTA and UFI Zeolites and NH3-SCR Performance of their Copper Exchanged Forms[END_REF]. Furthermore, the copper content proved to strongly influence the hydrothermal stability of Cu-LTA:

more Al-rich zeolites with higher Cu loadings showed better structural stability after hydrothermal aging at 900°C for 24h. On the other hand, more Si-rich samples with lower Cu loadings showed decreased activity for T < 400°C, which significantly increased after hydrothermal aging at 900°C for 12h, possibly due to a stabilization or relocation of low-temperature active sites [START_REF] Ryu | Fully Copper-Exchanged High-Silica LTA Zeolites as Unrivaled Hydrothermally Stable NH3 -SCR Catalysts[END_REF]. In fact, XANES spectra showed that copper species were mostly found in the form of Cu II ions at high Cu loadings, even after aging at 900°C, and the degree of dealumination was inversely proportional to the Cu/Al ratio. Thus, it was concluded that the Cu II ions in Cu-LTA served both as catalytic centres and as dealumination suppressors. These species were exclusive to s6r centres (Figure 51), contrasting with Cu-SSZ-13 with similar Si/Al and Cu/Al ratios, for which these species are easily found in the 8 MR [START_REF] Gao | Structure-activity relationships in NH3-SCR over Cu-SSZ-13 as probed by reaction kinetics and EPR studies[END_REF][START_REF] Kwak | Two different cationic positions in Cu-SSZ-13?[END_REF]. Moreover, Ryu et al. concluded from H2-TPR and NO-DRIFTS analysis that both Z2-Cu II and Z-Cu II (OH) were predominantly located near the s6r in a Cu-LTA zeolite with a Si/Al ratio of 16 for Cu/Al ≤ 0.50. The presence of Cu species in the 8MR were only seen when it was over-exchanged with Cu [START_REF] Ryu | Nature of active sites in Cu-LTA NH3-SCR catalysts: A comparative study with Cu-SSZ-13[END_REF].

In another publication [START_REF] Ahn | The Origin of an Unexpected Increase in NH 3 -SCR Activity of Aged Cu-LTA Catalysts[END_REF], the enhanced hydrothermal stability of Cu-LTA (Si/Al ratio = 23, Cu/Al = 0.5) was proven a result of the migration of Cu I ions located inside the sod cages to the vacant s6r

during hydrothermal aging at high temperatures, and their oxidation to Cu II ions (Figure 52). Therefore, it was argued that the sod cages, inaccessible to reactants in NH3-SCR, could work as a "catalyst reservoir", i.e. to supply new Cu II ions to vacant s6r with increasing vehicle mileage [START_REF] Ahn | The Origin of an Unexpected Increase in NH 3 -SCR Activity of Aged Cu-LTA Catalysts[END_REF]. However, it was also observed that the location of the copper ions differed according to the Al content: more Al-rich Contrarily, when using a more Si-rich LTA catalyst with a Si/Al ratio of 15 and Cu/Al ratio of 0.4, Wang et al. reported a very high structural stability even after hydrothermal aging at 900°C for 8h with 10% H2O, which was deemed a result of the very high thermal stability of Z-Cu II (OH) species, not prone to conversion to Cu II or CuOx clusters upon aging [START_REF] Wang | Investigation of the robust hydrothermal stability of Cu/LTA for NH3-SCR reaction[END_REF]. In fact, H2-TPR showed that increasing amounts of CuOx were converted to Z-Cu II (OH) when increasing the hydrothermal aging temperature from 800°C to 900°C. Moreover, the slight increase of activity observed after aging could be attributed to the [START_REF] Ryu | Nature of active sites in Cu-LTA NH3-SCR catalysts: A comparative study with Cu-SSZ-13[END_REF]. Their amount was lower on Cu-LTA (independently of the Cu/Al ratio), mainly due to the preferential location of Cu species in the more spatially confined s6r, which possibly explained the low Standard SCR activity at low temperatures in Cu-LTA. An enhancement of the activity at low temperatures was obtained for both structures when NO2/NO = 1 (Fast SCR conditions) [START_REF] Ryu | Nature of active sites in Cu-LTA NH3-SCR catalysts: A comparative study with Cu-SSZ-13[END_REF]. This enhancement was more pronounced over Cu-LTA, attributed to a more efficient formation and reduction of NH4NO3 to NO, rather than being thermally decomposed to N2O (in fact, Cu-LTA formed less N2O than CHA). The extent of activity decrease was also lower on Cu-LTA for higher NO2/NO up until Slow SCR conditions (NO2/NO > 1), which was attributed to a lower propensity to form a substantial amount of NH4NO3 [START_REF] Ryu | Nature of active sites in Cu-LTA NH3-SCR catalysts: A comparative study with Cu-SSZ-13[END_REF].

LTA

RTH

The RTH structure can be built from small cages (rth) and large cages (ite), as seen in Figure 53.

The RTH unit cell contains both symmetric (3.8 × 4.1 Å) and asymmetric (2.5 × 5.6 Å) 8 MR windows, resulting in a two-dimensional pore interconnectivity [START_REF]Framework type RTH[END_REF]. Cu-exchanged RTH zeolites (Cu-RTH) are considered good candidates for NH3-SCR due to their 8 MR pore channels and cages. Still, diffusion limitations are often linked to the dimensions of the asymmetric windows, which are similar to the kinetic diameter of the SCR reactants (∼ 3 Å) [START_REF] Albarracin-Caballero | Structural and kinetic changes to smallpore Cu-zeolites after hydrothermal aging treatments and selective catalytic reduction of NOx with ammonia[END_REF][START_REF] Lim | Unseeded hydroxide-mediated synthesis and CO 2 adsorption properties of an aluminosilicate zeolite with the RTH topology[END_REF]. As such, RTH behaves more like a one-dimensional pore system for NH3-SCR, with reactants diffusing preferentially through the symmetric 8 MR windows [START_REF] Albarracin-Caballero | Structural and kinetic changes to smallpore Cu-zeolites after hydrothermal aging treatments and selective catalytic reduction of NOx with ammonia[END_REF]. Internal diffusion restrictions have also been linked to the low NOx conversions obtained in other two-dimensional structures (e.g. LEV, DDR) [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF][START_REF] Albarracin-Caballero | Structural and kinetic changes to smallpore Cu-zeolites after hydrothermal aging treatments and selective catalytic reduction of NOx with ammonia[END_REF]. 

Albarracin et al. confirmed the occurrence of internal diffusion limitations for a Cu-RTH zeolite with a

Si/Al ratio of 15 and Cu loading of 0.7 wt.% [START_REF] Albarracin-Caballero | Structural and kinetic changes to smallpore Cu-zeolites after hydrothermal aging treatments and selective catalytic reduction of NOx with ammonia[END_REF] (similar results were reported in [START_REF] Shan | Cu-exchanged RTH-type zeolites for NH 3 -selective catalytic reduction of NO x : Cu distribution and hydrothermal stability[END_REF]). When using this more Si-rich sample, hydrothermal aging at 750°C for 16h (in flowing air containing 10% H2O) resulted in complete deactivation and undetectable SCR rates. This was attributed to two phenomena:

Cu-RTH was more prone to framework dealumination than other 8 MR structures (such as Cu-AEI and Cu-CHA) and to the formation of inactive copper aluminate phases (CuAlxOy) when NH3 was present at low temperatures, facilitating the solvation and migration of Cu species, and the formation of the aforementioned species by interaction with Al(OH)3. These structural differences were mainly attributed to the absence of the d6r units (e.g. in AEI and CHA), known to provide increased resistance to active site and framework structural changes upon hydrothermal aging [START_REF] Albarracin-Caballero | Structural and kinetic changes to smallpore Cu-zeolites after hydrothermal aging treatments and selective catalytic reduction of NOx with ammonia[END_REF].

Novel structures

According to the previous sections, the literature has shown that the best framework topologies for NH3-SCR contain small pores (i.e. 8 MR), and are most often part of the ABC-6 family (e.g. AFX, CHA and KFI) or/ and of the d6r family (e.g. AEI, CHA, ERI and LEV).

For instance, the higher hydrothermal stability of Cu-exchanged CHA and AEI zeolites is linked to the nature of the Cu II exchange sites at the 6 MR windows of the d6r found in both structures, which are more stable and less prone to migration and formation of copper clusters. Furthermore, dealumination is thought to be inhibited by the small pores in these structures.

Very recently, de Prins et al. have compared the Standard SCR activity of a total of 25 different zeolitic framework types [START_REF] Prins | Structural parameters governing low temperature activity of small pore copper zeolites in NH3-SCR[END_REF]. By creating a screening system based on four distinct parameters (as seen on Table 6), they were able to highlight two promising framework types not yet tested for SCR -MOZ (Figure 54, left) and SZR (Figure 54, right). Despite showing promising results, there is still room for improvement in the Cu uptake of these two zeolites [START_REF] Prins | Structural parameters governing low temperature activity of small pore copper zeolites in NH3-SCR[END_REF].

Table 6: Criteria tested on all framework types studied in [START_REF] Prins | Structural parameters governing low temperature activity of small pore copper zeolites in NH3-SCR[END_REF]. Criterion 1 (not shown): Si/Al > 3.2. done for MTO applications [START_REF] Kang | Cage-Defining Ring : A Molecular Sieve Structural Indicator for Light Olefin Product Distribution from the Methanol-to-Olefins Reaction[END_REF]. Henceforth, several recently discovered structures of increasing cage dimensions will be disclosed. Still, most of them are not yet used for NH3-SCR, as their aluminosillicate

forms have yet to be obtained.

SFW

This structure has a three-dimensional 8-ring channel system and is a member of the ABC-6 family, with a 18-layer stacking sequence AABBAABBCCBBCCAACC(A), which has been both synthesized in the form of aluminosilicate (SSZ-52) [START_REF] Xie | SSZ-52, a zeolite with an 18layer aluminosilicate framework structure related to that of the DeNOx catalyst Cu-SSZ-13[END_REF][START_REF] Davis | Computationally Guided Synthesis of SSZ-52 : A Zeolite for Engine Exhaust Clean-up[END_REF] and silicoaluminophosphate (STA-18) [START_REF] Turrina | Retrosynthetic Co-Templating Method for the Preparation of Silicoaluminophosphate Molecular Sieves[END_REF][START_REF] Liu | Landscape of AlPO-based structures and compositions in the database of zeolite structures[END_REF]. The ideal framework structure of SSZ-52 can be built by stacking d6r and gme cages, forming cavities of large dimensions (sfw cages) (Figure 55) [START_REF] Xie | SSZ-52, a zeolite with an 18layer aluminosilicate framework structure related to that of the DeNOx catalyst Cu-SSZ-13[END_REF]. Adapted from [START_REF] Xie | SSZ-52, a zeolite with an 18layer aluminosilicate framework structure related to that of the DeNOx catalyst Cu-SSZ-13[END_REF]. Right: Stacking sequence of SFW (violet: sfw cage, green: gme cage). Adapted from [START_REF] Turrina | Retrosynthetic Co-Templating Method for the Preparation of Silicoaluminophosphate Molecular Sieves[END_REF].

Despite showing similar structural characteristics to other structures suitable for NH3-SCR (e.g. CHA and AFX) and larger cages, it has not yet been tested for this purpose, and its commercial applicability has been strongly limited by the costly OSDA used in the synthesis [START_REF] Lee | ZEOLITE SSZ-52[END_REF].

Other ABC-6 family novel members

Broach et al. reported the synthesis of ABC-6 family members with the first 5-and a 7-layer repeat sequences -AABCC and ABBACCA -in the form of ZnAPO-57 and ZnAPO-59, respectively [START_REF] Broach | New ABC-6 net molecular sieves ZnAPO-57 and ZnAPO-59 : Framework charge density-induced transition from two-to three-dimensional porosity[END_REF].

SAPO analogues have also been successfully synthesized [START_REF] Ahn | Small-pore molecular sieves SAPO-57 and SAPO-59 : Synthesis, characterization, and catalytic properties in methanol-to-olefins conversion[END_REF].

ZnAPO-57 (and SAPO-57) has the AFV topology, which can be built from cha, lev and d6r building units (see Figure 56, left). Instead, the AVL topology of ZnAPO-59 (and SAPO-59) can be built from gme, d6r and a cage named c-l (see Figure 56, right) [START_REF] Broach | New ABC-6 net molecular sieves ZnAPO-57 and ZnAPO-59 : Framework charge density-induced transition from two-to three-dimensional porosity[END_REF], which is related to both the lev and the cha cages, as can be seen in Figure 56 (bottom). structures, which amounted to 84,292 structures [START_REF] Li | In silico prediction and screening of modular crystal structures via a high-throughput genomic approach[END_REF]. A limit of up to 4 different building units was claimed in order to obtain feasible structures, leading to 1,150 [START_REF] Li | In silico prediction and screening of modular crystal structures via a high-throughput genomic approach[END_REF]. So far, only two zeolites have been successfully synthesized with this maximum amount of building units: AlPO-52 and STA-20.

The AFT structure is a member of the ABC-6 family with a 12-layer repeat sequence described as AABBCCAACCBB mainly found in aluminophosphate form, AlPO-52. The structure comprises d6r, cha, gme and a specific cage coined AlPO4-52 (Figure 57, left) which resembles the eri cage, but has slightly larger dimensions [START_REF] Mcguire | Structure refinement, electron microscopy, and solid-state magic angle spinning nuclear magnetic resonance characterization of AlPO4-52: : An aluminophosphate with a large cage[END_REF]. Previous work has reported sorption properties for this structure between AIPO-17 (ERI) and SAPO-34 (CHA) [START_REF] Bennett | Synthesis and Idealized Topology of AIPO4-52, a New Member of the ABC Six-Ring Family[END_REF]. An aluminosilicate with this topology has been very recently reported to be synthesized with Si/Al ranging from 5 to 12.5 [START_REF] Xie | MOLECULAR SIEVE SSZ -112[END_REF]. Information concerning the ion-exchange experimental procedure can be found in Appendix A -Synthesis and ion-exchange procedures. A recapitulation of the copper content introduced in the initial zeolites is provided in Table 8. 

Atomic absorption Spectroscopy (AAS), Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), X-ray Photoelectron

Spectroscopy (XPS) and X-Ray Fluorescence (XRF)

These techniques were used to provide qualitative and quantitative analyses of the chemical species present in the samples. AAS and ICP-OES are categorized as atomic spectroscopy techniques, i.e.

techniques that involve valence-electron transitions yielding radiation with wavelengths in the ultravioletvisible region of the spectrum. Atomic absorption spectroscopy is based on absorption of light by free metallic ions. AAS was used to quantify the amount of Na in the zeolites, using a Varian AA240FS Fast Sequential Atomic Absorption Spectrometer.

Inductively coupled plasma optical emission spectrometry (ICP-OES) is a type of emission spectroscopy. It uses inductively coupled plasma, a conducting gaseous medium (usually Ar) with a high concentration of ions, to produce excited atoms and ions that emit electromagnetic radiation at wavelengths characteristic of a particular element. The wavelength of the atomic spectral line in the emission spectrum gives the identity of the element, while the intensity of the emitted light is proportional to the number of atoms of that same element. ICP-OES was used to quantify Na, Si, Al and Cu using an AMETEC ARCOS spectrometer.

X-ray Photoelectron Spectroscopy (XPS) is a type of photoemission spectroscopy that was employed to obtain elemental analysis on the extreme surface of the samples (5 to 10 nm below the surface). It uses an X-Ray source that induces photoelectric ionization. The photoelectrons emitted allow the identification and quantification of different elements according to their characteristic peaks, detected at specific binding energies. These analyses were performed using an ESCA KRATOS Axis Supra spectrometer, with an Al Kα monochromator (X-Ray source), an excitation energy of 1486.6 eV, an analysis surface of 700 x 300 μm 2 , an excitation power of 150 W and a passage energy of 40 eV.

X-ray fluorescence (XRF) is described as the emission of fluorescent X-rays (less energetic) from a material that has been excited by being bombarded with high-energy X-rays or gamma rays (more energetic). When materials are exposed to radiation with energy greater than its ionization energy, ionization leads to the ejection of one or more inner electrons from the atom. The atom becomes excited and its electronic structure unstable. Therefore, outer shell electrons will transition to a lower orbital to fill in the loss of the electron, releasing energy in the form of a photon X, equivalent to the energy difference between the two orbitals. As such, the released photon X is characteristic of the atom from where it was emitted, which allows the determination and quantification of that specific element in the sample. XRF was used to quantity Al and Si using a Thermo X-Ray fluorescence spectrometer ARL ADVANT'X.

Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR)

Nuclear magnetic resonance (NMR) is a technique that provides information on the chemical environment of certain atomic nuclei (i.e. the local structure). Its working principle is based on the interaction of atomic nuclei with nuclear magnetic moments different than zero with an external magnetic field. Different energetic levels are created by the Zeeman effect, leading to energetic transitions when a radiofrequency wave passes by the sample. Contrary to liquid NMR where spectra with good resolution are obtained, a broadening of the signal is often seen in solid NMR, which may be due to the sample's anisotropy (which will, therefore, lead to anisotropy of the chemical shift), but also to homo and /or heteronuclear dipolar or quadrupolar coupling. Magic Angle Spinning, MAS, is based on the spinning of the sample at an angle of 54° 44' (the magic angle) with respect to the direction of the applied magnetic field and allows the elimination of both the dipolar and first order quadrupolar interactions, as well as the reduction of the chemical shift displacement.

Both 29 Si and 27 Al MAS NMR were used to determine and quantify the environment and position of silicon and aluminium atoms. 27 Al and 29 Si MAS NMR spectra were obtained using a Bruker Avance 400 spectrometer equipped with a CP-MAS 4 mm probe, and a rotation speed of 12 kHz. The 27 Al spectra were recorded using 16384 to 102400 scans with 0.5s recycle delay. All 27 Al MAS NMR chemical shifts were referenced to a 0.1M Al(NO3)3 solution. The 29 Si spectra were recorded using 880 to 2400 scans with 20s recycle delay. All 29 Si MAS NMR chemical shifts were referenced to Tetramethylsilane (TMS).

A receiver gain of 101 was used for all analysis.

In turn, 1 H MAS NMR was used to determine the type of acid sites present in the samples. The spectra were obtained with a Bruker Avance 400 spectrometer equipped with a CP-MAS 2.5 mm probe, a rotation speed of 35 kHz, with 16 scans per spectrum and recycle delay of 60s. The preparation of the samples was done in a glovebox under inert atmosphere. The 1 H MAS NMR chemical shifts were referenced to adamantane. The attribution of the different OH groups can be consulted in Table 9.

Table 9: Different OH groups observed by 1 H MAS NMR according to [START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF].

Identification δ (ppm)

Si-OH-Al 4.2

Si-OH 2.0

29

Si MAS NMR 29 Si MAS NMR allows the quantification of local environments for each silicon type present in the samples. Since aluminosilicates are formed by SiO4 and AlO4 -tetrahedra linked together by oxygen atoms (section 2.3.1) and that no two AlO4 -tetrahedra can be adjacent (according to the Loewenstein rule), there are five possible local environments for the Si atoms. These can be translated by the general expression (3.2.2.1.1). All possible chemical environments and respective chemical shift intervals at which they may be found in the spectra can be consulted in Table 10. 27 Al MAS NMR gives information on the relative amount of framework and extraframework aluminium found in the zeolites. The different identifiable species are summarised in Table 11.

( ) -( ) ℎ = 1 4 (3.2.2.1.1)
Table 11: Different Al species found in a 27 Al MAS NMR spectra [START_REF] Thibault-Starzyk | Matériaux micro et mésoporeux : Caractérisation[END_REF]. 

X-Ray powder Diffraction (XRD) and determination of cell parameters

X-Ray Diffraction, XRD, is one of the most commonly used techniques for the structure analysis of crystalline materials [START_REF] Védrine | Characterization of Solid Materials and Heterogeneous Catalysts : From Structure to Surface Reactivity[END_REF][START_REF] Niemantsverdriet | Spectroscopy in Catalysis : An Introduction[END_REF][START_REF] Van Santen | Catalysis: An Integrated Approach[END_REF]. This technique can provide information on the type of material obtained (crystalline phase identification), the degree of crystallinity, namely on which and how many crystalline phases and phase mixtures are present in a sample, as well as the particles size (or presence of defects). In fact, the position of the peaks and respective intensities are directly related to the phase and the cell parameters, whereas the broadening of the peaks gives information on the presence of defects and the size of the crystallites. Furthermore, the identification of the phases or compounds (i.e.

crystalline compounds of sufficient dimensions to diffract) contained in the sample can be quickly ascertained by superimposing the obtained diffractogram with the theoretical one, which can be found in many online databases. All theoretical diffractograms comprised in this work were obtained from the IZA website.

Specifically referring to copper-exchanged samples, XRD may also be useful to identify the presence of copper oxides: 2θ = 35.6° and 38.8° corresponding to CuO, and 2θ = 36.4° corresponding to CuO2.

It is worth noting, though, that the absence of the corresponding peaks in the diffractogram cannot automatically rule out the absence of such species, as they can be of small dimensions and evenly dispersed, or in very low concentrations.

The diffractograms were obtained at room temperature, on a Bruker D4 Endeavor apparatus, using Cu-Kα1α2 radiation (1.54 Å) in the range 2θ = 2° -60°.

Cell parameters were obtained using a PANalytical X'Pert Pro diffractometer in a reflection configuration with a Bragg Brentano geometry, using Cu-Kα1α2 radiation (1.54 Å) in the range 2θ = 2° -72°. Prior to analysis, the samples were grinded and put in a container. Silicon powder was used as an internal standard for the calibration of the diffraction line positions and line shapes, and the cell parameters were determined using the refinement program TOPAS.

Scanning Electron Microscopy (SEM)

This technique was used to provide information on the morphological and textural properties of the samples, such as the shape and size of the zeolite crystals. It uses a scanning electron microscope, which produces images of a sample by scanning the surface using a focused electrons beam. The interaction of the sample's atoms and the electrons in the beam provide information on its surface and composition.

A drop of the suspension was deposited on an aluminium pad and placed under infrared lamp for evaporation of the ethanol. These analyses were performed on a ZEISS SUPRA 40 scanning electron microscope in topographic contrast mode (secondary electrons) using the SE2 detector at 2kV and a beam size of 5 nm.

Chemical cartographies in 2D can also be obtained by SEM, enabling the identification of the elemental composition of the material. This was particularly useful to ascertain the homogeneity of the different catalysts, especially for variable crystallite sizes. These analyses were determined by Energy Dispersive Spectroscopy (EDS). In this case, the preparation of the samples was performed differently than for SEM analysis: each sample was put in a recipient, which was then inserted into a circular mould to be filled with a carbon-based resin. The resulting disk was polished until arriving at a flat surface at the level of the powder, and then inserted into the microscope for analysis.

Finally, oxidic species in the form of Cu clusters are also identifiable by H2-TPR. In this case, the reduction of these species occurs according to expression (3.2.6.4), and this contribution is labelled in this work as peak E. It is important to highlight that the reduction temperature of these species is dependent on their dimensions -the bigger is the cluster size, the higher is the respective reduction temperature [START_REF] Wang | Enhancing the Ethynylation Performance of CuO-Bi2O3 Nanocatalysts by Tuning Cu-Bi Interactions and Phase Structures[END_REF].

+ → + (3.2.6.4)
Despite being a useful technique for the identification and quantification of active Cu species, there are some limitations related to it. For instance, the attribution/ identification of species can be hindered by overlapping species with similar reduction temperatures. Furthermore, the need to establish a baseline to be able to deconvolute the data adds another source of incertitude to the results, as its attribution is user dependent. Both problems can lead to an incomplete identification of species and an overestimation/ underestimation of the Cu species quantified in comparison to those effectively present in the catalysts and should be kept in mind when discussing the results.

Infrared spectroscopy using NO as probe molecule (NO-IR)

Infrared spectroscopy provides information on the surface species found in the catalysts. NO is commonly used as a probe molecule to investigate the presence of Cu species in zeolites, as it is able to coordinate with Z-Cu II , Z-Cu I and CuOx species [START_REF] Beale | Recent advances in automotive catalysis for NOx emission control by small-pore microporous materials[END_REF].

Infrared spectroscopy of adsorbed NO was performed under transmission mode using an adsorption cell and a MCT detector. NO adsorption was performed on a Bruker Vertex 702 spectrometer. About 20 mg of catalyst was shaped in the form of a wafer, and the samples were pre-treated at 450°C for 10h and cooled down to room temperature under secondary vacuum.

Pulses of increasing amounts of probe molecule were introduced in the cell until reaching saturation according to the following sequence: 1 mbar (5x), 5 mbar (5x), 10 mbar (5x), 50 mbar (5x), 100 mbar (5x), 300 mbar (5x). To note that the figures shown in chapter 4 show the first and the last spectre of each type of pulse, identified by the same colour.

Catalytic tests

Experimental Setup

The SCR activity tests were used to characterize the deNOx performance of the catalysts. All samples were tested under Standard and Fast SCR conditions in a synthetic gas bench. A scheme can be consulted in Figure 59. The setup comprises two independent gas lines (Ramp 1 and Ramp 2) containing a series of mass flow meters which control the flow of the gases required for the preparation of the reaction gas mixture. Two other entry lines are also comprised in the setup: one equipped with a

Description of the operating conditions

Aside from the tests performed under Standard and Fast SCR conditions, some of the samples were also subjected to hydrothermal aging procedures. All experiments were performed using a total flow rate of 155 L/h. Different operating conditions can be found in Table 12 for each type of experiment. 

General experimental procedure

Each experiment runs at a temperature range between 150°C and 600°C, excluding hydrothermal aging procedures, which aim at maintaining a determined temperature for a specific temporal interval.

The general testing procedure under Standard and Fast SCR can be written as follows: Table 13 provides a summary of all the structural details of the studied zeolitic structures. Data was obtained from the IZA website [START_REF]Framework type AEI[END_REF][START_REF]Framework type AFX[END_REF][START_REF]Framework type CHA[END_REF][START_REF]Framework Type PTT[END_REF]. These structures share two characteristics: the presence of d6r and of small cages.

Table 13: Comparison between the structural parameters between each framework. Images of the AEI, AFX and CHA frameworks were taken from [START_REF] Baerlocher | ATLAS OF ZEOLITE FRAMEWORK TYPES[END_REF]. Image of PTT taken from [START_REF]Framework Type PTT[END_REF]. An in-debt analysis of the catalytic performance of these zeolites is showcased in the next subchapters. Each subchapter focuses on different factors which affect the NH3-SCR activity.

Framework

Effect of the Si/Al on ratio on the deNOx performance of CHA

Results

Samples under study, surface and bulk elemental composition

As mentioned in section 3.2.1, the bulk elemental composition of the samples was determined using AAS to quantify the content of Na, ICP-OES to quantify Al and Cu and XRF to obtain the Si and Al contents. The surface elemental composition was determined by XPS. The bulk Si/Al and Cu/Al ratios were calculated using the XRF values, while the surface Si/Al and Cu/Al ratios were calculated using the XPS values. This data can be found in Table 14. *Si/Al XRF ratios were determined for the non-exchanged samples (see section 3.1).

Structural properties

XRD, N2 physisorption, 27 Al and 29 Si MAS NMR were used to determine the structural properties of the samples. The diffractograms confirmed that all samples are pure CHA zeolites, as they are in conformity with the theoretical diffractogram of pure CHA (Appendix B -XRD results). Furthermore, no CuOx peaks could be perceived on any of the samples (see section 3.2.3). SEM imaging also showed the typical cuboid morphology expected for zeolites with the CHA structure (Appendix D -SEM results).

The porosity of the three samples under study can be consulted in Table 15. Despite showing similar values, Cu-SSZ-13_12.0_2.1 shows the highest microporous surface and volumes in this sample set.

The respective N2 isotherms can be observed in Appendix F -N2 isotherms. 27 Al and 29 Si MAS NMR allowed to ascertain the environment and position in the crystalline framework of these two elements. The quantification of each type of Al and Si species present in the samples is showcased in Table 16. For information on the attribution of each species, refer to section presence of Peak E attributed to CuOx clusters, accounting to ~ 5% of the total H2 consumed. The low reduction temperature (~ 135°C) indicates that these are clusters of small dimensions, probably not contributing to the SCR performance of this sample [START_REF] Wang | Enhancing the Ethynylation Performance of CuO-Bi2O3 Nanocatalysts by Tuning Cu-Bi Interactions and Phase Structures[END_REF]. Cu-SSZ-13_17.3_2.5, with the highest Si/Al ratio, shows an important contribution of Peak C, and a higher contribution of peak E, now accounting to ~ 8% of the total H2 consumed.

Increasing the Si/Al ratio of the CHA samples also led to a shifting of the peaks towards lower temperatures, which directly suggests that an easier reducibility of the Cu species is obtained as the samples are enriched with Si. As an example, Peak A is centred at 276°C on Cu-SSZ-13_4.4_2.0, at 217°C on Cu-SSZ-13_12.0_2.1 and at 192°C on Cu-SSZ-13_17.3_2.5. The same is seen for peak B:

367°C on Cu-SSZ-13_4.4_2.0, at 282°C on Cu-SSZ-13_12.0_2.1 and at 263°C on Cu-SSZ-13_17.3_2.5. These results suggest that the distribution of Cu in the CHA framework is dependent on the Si/Al ratio, and that an increase of this value leads to Cu species located in less stable positions.

Table 17 provides a recapitulation of the total consumption of H2 for each peak, and its respective relative quantity. 12.

NH3-SCR catalytic performance

Furthermore, a much higher contribution of octahedrally coordinated EFAl species or perturbed Al species is observed for this same sample. All of these observations are in line with those obtained by Gao et al. when using similar samples [START_REF] Gao | Effects of Si/Al ratio on Cu/SSZ-13 NH3-SCR catalysts : Implications for the active Cu species and the roles of Brønsted acidity[END_REF].

As previously mentioned, the distribution of Si and Al species are important factors for assessing the catalytic performance of the zeolites, as they affect the location and type of Cu active species present in the samples. Cu-SSZ-13_4.4_2.0 showed a much higher relative proportion of Z2-Cu II in comparison to the other two CHA samples. Increasing the Si/Al ratio leads to a decrease of the amount of Al available in the structure, thus reducing the amount of possible exchange locations for the Cu ions. This explains the different Cu species identified and quantified by H2-TPR for the different samples. For example, the appearance of peak E on Cu-SSZ-13_12.0_2.1 and Cu-SSZ-13_17.3_2.5 is a result of the formation of CuOx clusters, caused by the decrease of accessible exchange positions. The formation of these species could also be related to a faulty homogeneity during the ion-exchange step. However, the fact that these clusters are not easily identifiable in the XRD results is a further indication of their high dispersion and small dimensions, in accordance with the low reduction temperature observed for these species by H2-TPR. In conclusion, the formation of these is mostly caused by the aforementioned loss of exchange sites upon increase of the Si/Al ratio.

The population of Cu active species directly affects the deNOx performance of the zeolites. It is suggested in the literature that the higher stability of the Z2-Cu II species is related to a better deNOx performance at higher temperatures, while the higher activity of Z-Cu II (OH) is more important at lower temperatures [START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF]. NOx conversion rates under both Standard and Fast SCR conditions show differences according to the Si/Al ratio of the samples. For instance, the high light-off temperature observed under Standard SCR for Cu-SSZ-13_4.4_2.0 (left side of Figure 61) is a direct consequence of the low amount of Z-Cu II (OH) species in this sample. However, the higher content in Z2-Cu II species makes this sample the most active at high temperatures between the three tested samples.

N2 selectivity is also intimately affected by the Si/Al ratio of the CHA samples. Cumulative formations of this compound under Standard SCR show that an increase of the Si/Al ratio is conducive to a lower N2 selectivity (Appendix G -N2 and N2O selectivities for all samples). This is demonstrated by the almost no formation of N2O by Cu-SSZ-13_4.4_2.0, compared to that formed by Cu-SSZ-13_17.3_2.5.

Conclusions

This subchapter focused on the effect of the Si/Al ratio on the CHA framework, maintaining a fixed Cu loading of approximately 2 wt.%. It was observed that lower Si/Al ratios imply the presence of more Al in the structure, which entails more compensation cations needed. Aside from the higher acidity that they can provide (if the compensation cations are protons), the distribution of paired Al species will also be different [START_REF] Gao | Effects of Si/Al ratio on Cu/SSZ-13 NH3-SCR catalysts : Implications for the active Cu species and the roles of Brønsted acidity[END_REF]. This will further impact the type and quantity of active copper species observed by H2-TPR. While being much more selective towards N2, Cu-SSZ-13_4.4_2.0 showed a slightly lower deNOx performance at low temperatures. The inverse was observed for Cu-SSZ-13_17.3_2.5.

Having in mind that, while leading to better N2 selectivities, it is widely shown in previous publications that catalysts with lower Si/Al ratios show lower structural stability when subjected to hydrothermal aging, which significantly reduces their life expectancy in real life usage. A trade-off between the activity and the structural stability [START_REF] Fan | The influence of Si/Al ratio on the catalytic property and hydrothermal stability of Cu-SSZ-13 catalysts for NH3-SCR[END_REF][START_REF] Liu | A Perspective on the Relationship Between Microstructure and Performance of Cu-Based Zeolites for the Selective Catalytic Reduction of NOx[END_REF] is therefore needed. Between the three samples under study, Cu-SSZ-13_12.0_2.1 was the most interesting, providing the best catalytic performance at lower temperatures under Standard SCR, good performance at high temperatures, and good N2 selectivity. A good performance under Fast SCR was also observed. These results are in line with the Si/Al ratio of presently commercialized CHA.

Effect of the Cu loading on the NH3-SCR performance of AEI,

AFX and CHA

Results

Samples under study, surface and bulk elemental composition

Two main objectives were set for this subchapter: a comparative study on the effect of the Cu loading on an AEI and CHA zeolite with similar structural properties, and the study of the effect of the Cu loading on the AFX framework. The elemental composition of each Cu-exchanged zeolite was determined as in section 4.2 with the difference that, in this case, ICP was also used to quantify Na. These results can be consulted in Table 18. *Si/Al XRF ratios were determined for the non-exchanged samples (see section 3.1).

Structural properties

XRD, N2 physisorption, 27 Al and 29 Si MAS NMR have been employed to determine the structural properties of the samples. The variability of the cell parameters according to the incorporation of Cu have also been studied for the three zeolitic frameworks (Table 19). The diffractograms show AEI, CHA and AFX structures in accordance with the theoretical data (Appendix B -XRD results). Furthermore, no CuOx lines could be perceived on any of the samples (see section 3.2.3), even after increasing the Cu loading. The porosity of the three samples under study can be consulted in Table 20. Despite showing similar values, an overall loss of microporous surface and volumes can be observed for the three zeolitic frameworks when increasing the Cu loading. The respective N2 isotherms can be observed in Appendix F -N2 isotherms. Increasing the Cu loading does not seem to strongly affect the distribution of Si species, with the small discrepancies observed in Table 21 being related to the incertitude of the deconvolution process.

The same is observed concerning the distribution of Al species. In this case, the paramagnetic effect of Cu may also be at play, therefore increasing the error associated to these values. Nevertheless, Cu-AFX shows a linear decrease of EFAl and perturbed Al species and an increase of FAl with increasing Cu loadings, which is not observed on Cu-AEI and Cu-CHA.

Table 22 shows the differences between the bulk and the framework Si/Al ratio (calculated according to expression (3.2.2.1.2) -page 59). The three zeolitic structures show that the framework Si/Al ratio calculated by 29 Si MAS NMR is higher than the bulk Si/Al ratio obtained by XRF, in line with the presence of EFAl species. Furthermore, the surface Si/Al ratio decreases with the increase of the Cu loading. This is seen on the three structures under study. *Si/Al XRF ratios were determined for the non-exchanged samples (see section 3.1).

Identification of Cu active species

The distribution of Cu species determined by H2-TPR on the different Cu-AEI and Cu-CHA samples can be consulted in Figure 62 and Table 23. In turn, the results obtained for the different Cu-AFX zeolites can be consulted in Figure 63 and Table 24. Similarities can be observed when comparing the effect of the Cu loading on AEI and CHA zeolites, differences are only ascertained for the samples with the highest Cu loadings. Increasing the Cu loading leads to an increase of the proportion of Peak A (relating to Z-Cu II (OH)) on the two frameworks: 3% vs.

27% for Cu-SSZ-39_10.0_0.4 and Cu-SSZ-39_10.0_1.9, and 6% vs. 33% for Cu-SSZ-13_9.1_0.6 and Cu-SSZ-13_9.1_2.2 (Table 23). Regarding the samples with the highest Cu loadings, a strong contribution of peak B, attributed to Z2-Cu II , is observed on the two frameworks, but the differences lie on peaks A and E. The contribution of peak A is similar on both frameworks -peak A accounts to 2% on Cu-SSZ-39_10.0_4.3 and 6% on Cu-SSZ-13_9.1_4.0 -while an increase of peak E is observed for Cu-SSZ-13_9.1_4.0 (12% vs. 5%). Furthermore, the higher reduction temperature of peak E observed in Cu-SSZ-13_9.1_4.0 in comparison to Cu-SSZ-39_10.0_4.3 (268°C vs. 248°C, respectively) hints at larger dimensions of these species in the CHA framework. Similarly to what was seen when increasing the Si/Al ratio in CHA zeolites (section 4.2.1.3), an overall decrease of the reduction temperature is observed for all peaks (except for peak E) as the Cu loading increases, hinting at a decrease in the stability of the different Cu species for catalysts increasingly richer in Cu. The overall higher quantity of H2 consumed on the CHA samples is directly related to the lower Si/Al ratio of these catalysts. 24). Peak E attributed to CuOx species can be found in the catalysts with Cu loadings > 2 wt.%. In these cases, the appearance of peak E is related to the loss in the contribution of peak A. The contribution of peak E increases linearly with the increase of the Cu loading, whereas the contribution of peak A+B decreases. Once again, a decrease of the reduction temperature is observed for all peaks (except for peak E) for increasing Cu loadings. conditions can be consulted in Table 12.

NH3-SCR catalytic performance

A clear effect of the Cu loading can be seen on SSZ-39 (top of Figure 64). For instance, the small amount of Cu present in Cu-SSZ-39_10.0_0.4 leads to a quite significant decrease of the catalytic performance at temperatures below 350°C. However, this sample also shows the highest NOx conversion rates at T > 400°C, with a NOx conversion rate at T = 500°C of 98%. Interestingly, the behaviour of Cu-SSZ-39_10.0_1.9 and Cu-SSZ-39_10.0_4.3 are quite similar at temperatures below 350°C, showing close light-off temperatures of 195°C and 194°C, respectively. Contrarily, several differences can be observed above this temperature, with a good indicator being the significant discrepancy in the NOx conversion rates obtained at 500°C -94% for Cu-SSZ-39_10.0_1.9 and 78%

for Cu-SSZ-39_10.0_4.3. It is worth pointing out the close NOx conversion rates obtained at 500°C for Cu-SSZ-39_10.0_0.4 and Cu-SSZ-39_10.0_1.9, which may entail that only when increasing the Cu loading at values above 3 wt.% it starts to be detrimental to the catalytic performance of Cu-AEI zeolites in the high temperature regime. A linear increase in the tendency of formation of N2O can be observed when increasing the quantity of Cu introduced in the AEI framework: Cu-SSZ-39_10.0_0.4 shows no 12.

In the case of Cu-AFX, the left side of Figure 65 shows two main behaviours: Cu-SSZ-16_7.3_0.7

and Cu-SSZ-16_7.3_1.7 (with lower Cu loadings) showed the best deNOx performance at T > 450°C

(respectively 95% and 93% at 500°C) but the two highest light-off temperatures, 339°C and 244°C, respectively. Increasing the Cu loading to 2.6 wt.% led to the AFX sample with the best overall deNOx performance. Specifically, the light-off temperature decreased to 220°C, and a NOx conversion rate of 92% was obtained at 500°C. Increasing the Cu loading resulted in identical catalytic performances for T < 300°C, with Cu-SSZ-16_7.3_4. 4 showing the best low temperature activity (T50% = 205°C).

Contrarily, increasing the Cu loading in the AFX samples leads to a decreased catalytic performance at T > 450°C, with Cu-SSZ-16_7.3_3.3 and Cu-SSZ-16_7.3_4.4 showing NOx conversion rates of 92% and 82% at 500°C. The catalytic results obtained under Fast SCR show a linear decrease of the deNOx performance at high temperature as the Cu loading increases. Therefore, the tendencies in catalytic behaviours under Standard and Fast SCR resemble those previously discussed for Cu-AEI and Cu-CHA.

The Cu loading plays an apparent effect on the formation of N2O under Standard and Fast SCR -a linear increase in its formation is seen as the Cu content increases. Table 25 summarises the amount of N2O formed by each Cu-AFX sample. 

Discussion

This section had as objectives the comparison of the effect of the Cu loading on AEI and CHA zeolites with similar Si/Al ratios, and the effect of the Cu loading on zeolites with the AFX framework. Similarly to what was observed in section 4.2, the surface Cu/Al ratios were consistently lower than the bulk Cu/Al on Cu-AEI and Cu-CHA independently of the Cu loading, which hints at a deposition of the Cu ions preferably in the bulk of the samples. This is also observed on Cu-AFX, but only for the samples with low Cu loadings: Cu/Al XPS > Cu/Al ICP for Cu loadings > 2 wt.%, which may be a result of the lower Si/Al ratio of the AFX sample (in comparison to the AEI and CHA zeolites) or related to a different dispersion of the Cu ions in this structure than seen on the other two frameworks.

Maintaining the Si/Al ratio but altering the Cu loading showed a higher discrepancy between the Si/Al XPS and Si/Al XRF ratios for more Cu-rich samples. Thus, the lower surface Cu/Al ratios seen in Table 18 may not be directly related to an enrichment of Cu but, instead, of Al at the surface. However, this possibility does not apply for the Cu-rich AFX samples (Cu loadings > 2 wt.%), for which, despite

showing increasingly lower surface Si/Al ratios, there is an increase of the surface Cu/Al ratio.

XRD showed no differences in the three structures for increasing Cu loadings. In fact, the absence of CuOx lines on the diffractograms suggests that, if present, these are well dispersed small clusters. This is corroborated by the results obtained by H2-TPR, which have shown the presence of contributions of peak E with a narrow profile and a well-defined reduction temperature. Notwithstanding, these species are only observed on the samples with Cu loadings > 4 wt.% on Cu-AEI and Cu-CHA, and for Cu loadings > 2 wt.% on the Cu-AFX samples.

Despite similar diffractograms, the increase of the Cu loading appears to induce structural changes in the AFX framework, seen by the slight increase of the parameter c in comparison to the theoretical cell parameters available on IZA (Table 19): it appears that the increase of the Cu loading leads to a shortening in the length of the afx cage. This same phenomenon is not observed on the other two structures.

Differently from what was discussed in section 4.2, not many differences were observed concerning the distribution of Si and Al species in the three zeolitic frameworks according to the Cu loading.

Furthermore, the paramagnetic effect induced by Cu in the 27 Al MAS NMR may result in the broadening of the different peaks, leading to erroneous estimations of the different Al species in the samples. This phenomenon may explain the slight differences in the semi-quantification of the Al species seen in Table 21. These structural similarities are in line with the distribution of Cu species obtained by H2-TPR: in a first moment, Cu is mostly found in the form of Z2-Cu II for very low Cu loadings as it preferably migrated to the 6 MR of each structure. Increasing the content of Cu will result in an increase Z-Cu II (OH) in the 8 MR, possibly due to a complete occupation of the exchange positions in the 6 MR, or to a competition in the migration of Cu between the 6 MR and the 8 MR. This latter phenomenon is considered a possibility for Si/Al ratios for which paired Al can be abundantly found within the structure. For instance, all three zeolites show the presence of Si(2Al), therefore of Si atoms in vicinity of two Al atoms (paired Al).

Once the Cu loading is further increased, peak E starts to appear. However, the appearance of this peak seems to be dependent on the structure: Cu-AFX already shows the presence of this peak at intermediate Cu loadings, whereas Cu-AEI and Cu-CHA only show the presence of these species at the maximum Cu loading. The formation of peak E is most likely a consequence of the loss of peak A, possibly resulting from its lower stability within the structures. Furthermore, there appears to be a significant portion of Z-Cu II (OH) which is gradually converted to Z2-Cu II as the Cu loading increases.

Concomitant with the increase of peak E for increasing Cu loadings, there is a decrease in the microporosity of the zeolites, possibly resulting from pore blockage exerted from the oxidic clusters.

Independently from the structural type, the most performant catalysts were those with Cu loadings ranging from 2 wt.% to 3 wt.%. In fact, these samples showed the best compromise between light-off temperature and NOx conversion rates at high temperature. In terms of selectivity, despite not being the most selective towards N2 (Appendix G -N2 and N2O selectivities for all samples), they formed intermediate values of N2O, therefore also showing the best trade-off between activity and selectivity.

H2-TPR showed a high proportion of peak A and no presence of CuOx in the case of Cu-SSZ-39_10.0_1.9 (AEI) and Cu-SSZ-13_9.1_2.2 (CHA). Cu-SSZ-16_7.3_2.6 shows the presence of peak E, but the reduction temperature and narrow profile of this peak alludes to CuOx of small dimensions which do not influence the catalytic performance. So, it appears that for these three structures, the decrease in the high temperature performance observed for increasing Cu loadings results from the loss of peak A (therefore, a reduction in the amount of Cu active species translated by the sum of peak A+B, see Table 23 and Table 24) and the formation of peak E, whereas the loss of activity at low temperatures for low Cu loadings is a result of a non-sufficient amount of Z-Cu II (OH) species (peak A).

Conclusions

Comparing the effect of the Cu loading on AEI and CHA zeolites with similar Si/Al ratios led to similar catalytic performances and N2 selectivities when concerning samples at iso Cu loadings. This was due to similar structural parameters on both zeolitic frameworks -e.g. microporosity, distribution of Si and Al in the structure and similar Cu active species.

The study on the effect of the Cu loading on the AFX structure confirmed that the catalysts with the best trade-off between activity and N2 selectivity are those with a Cu loading ranging from 2 wt.% to 3 wt.%.

Effect of the hydrothermal aging on the deNOx performance of AEI and CHA

Results

Samples under study, surface and bulk elemental composition

The aim of this subchapter was to study the effect of the hydrothermal aging (HTA) on an AEI and CHA zeolite with similar structural properties. These similarities can be consulted in Table 26. Their elemental composition was determined as mentioned in section 4.3.

Performing hydrothermal aging on these samples at increasing temperatures aimed at simulating the structural damage induced in real-life conditions, when there is, simultaneously, the presence of water in the exhaust gas and high temperatures -required for the regeneration of the DPF. It is beneficial for a catalyst to have high hydrothermal resistance, as the presence of water and high temperatures may result in complete structural collapse and consequent loss of activity in non-resistant zeolitic frameworks. 

Structural properties

XRD shows that the AEI and CHA frameworks retain their structural stability, even after being subjected to hydrothermal aging for 1h at 900°C (see Appendix B -XRD results). Still, a decrease of the intensity of the peaks and a slight peak shift towards higher 2θ angles can be seen on the two frameworks as the severity of the hydrothermal aging conditions increases, which may indicate a progressive dealumination of the structures for increasing temperature of hydrothermal aging. No CuOx lines are perceived on any of the samples (see section 3.2.3). SEM imaging shows no alteration in the morphologies of the aged zeolites in comparison to the fresh samples (Appendix D -SEM results), corroborating the XRD observations.

The porosity of the fresh and hydrothermally aged samples can be consulted in Table 27. Both samples show high microporosity, and comparable tendency of decrease for increasingly more severe hydrothermal aging conditions. Comparison between the evolution of Si and Al species according to the hydrothermal aging conditions can be consulted in Table 28 for both frameworks. Further details are disclosed in Appendix C -NMR Spectra. The distribution of Al and Si species obtained after deconvolution is equivalent on both frameworks when fresh and after hydrothermal aging at 800°C. However, some differences can be observed between the samples hydrothermally aged at 900°C, with the AEI zeolite showcasing a higher proportion of Si(0Al) than the CHA zeolite (74% vs. 65%, respectively). Table 29 shows the differences between the bulk and the framework Si/Al ratio. The framework Si/Al ratio calculated by 29 Si MAS NMR is consistently higher than the bulk Si/Al ratio obtained by XRF. The discrepancy observed between these two values increases with the severity of the hydrothermal aging, therefore illustrating the dealumination occurring in the frameworks. 

Identification of Cu active species -H2-TPR

The distribution of Cu species determined by H2-TPR on the different Cu-AEI and Cu-CHA samples can be consulted in Figure 66 and Table 30. Fresh Cu-SSZ-13_9.1_2.2 systematically showed lower reduction temperatures. For instance, peak

A is centred at 230°C on Cu-SSZ-13_9.1_2.2 vs. 245°C observed on its equivalent AEI. The same applies for peak B, with a reduction temperature of 336°C on Cu-SSZ-13_9.1_2.2 vs. 367°C for Cu-SSZ-39_10.0_1.9. These results may hint at a higher stability of the active Cu species on the AEI framework than on CHA, possibly related to the higher tortuosity of the AEI framework.

An equivalent TPR profile can also be observed on both samples after being subjected to hydrothermal aging at 800°C for 4h. However, in comparison to the fresh zeolites, an inversion in the proportion of peak A and B is identified in both AEI and CHA. This phenomenon may be explained by two reasons: transformation of Z-Cu II (OH) in less stable positions in the 8MR to Z2-Cu II in the more stable d6r upon hydrothermal aging usually resulting from loss of Brønsted acidity [START_REF] Gao | On the hydrothermal stability of Cu/SSZ-13 SCR catalysts[END_REF], or to the dealumination induced by hydrothermal aging, responsible for the reduction of isolated Al species in the frameworks. Despite an identical amount of Z-Cu II (OH) observed on both samples hydrothermally aged at 800°C, a higher amount of Z2-Cu II is observed on the aged CHA, which may explain the higher deNOx high temperature activity of Cu-SSZ-13_9.1_2.2 HTA-800 vs. Cu-SSZ-39_10.0_1.9 HTA-800. Z-Cu II (OH) species are considered the most active at lower temperatures, so the identical light-off temperature observed on AEI and CHA HTA is attributed to the identical quantity of these Cu species observed on the two samples.

Cu-SSZ-13_9.1_2.2 HTA-800 shows an additional peak E which is not observed on Cu-SSZ-39_10.0_1.9 HTA-800, attributed to the reduction of oxidic species (CuOx). The low reduction temperature (at 262°C) and the narrow aspect of this peak are indicative of highly dispersed clusters of very small dimensions, which are not significant for the catalytic performance [START_REF] Wang | Enhancing the Ethynylation Performance of CuO-Bi2O3 Nanocatalysts by Tuning Cu-Bi Interactions and Phase Structures[END_REF]. Similarly, to what is seen for the fresh samples, Cu-SSZ-39_10.0_1.9 HTA-800 shows lower reduction temperatures for peaks A and B than Cu-SSZ-39_10.0_1.9 HTA-900 (266°C vs. 285°C and 361°C vs. 384°C, respectively).

Hydrothermal aging at 900°C for 1h induces more modifications in the population of Cu species.

Peak C and D are still present on both samples, but the TPR profile at T < 600°C is altered. On both samples, there is now a peak centred at 285°C, and another peak centred between 390°C and 490°C.

The first peak was attributed to Z2-Cu II (peak B) whereas the second peak was attributed to the formation of CuOx (Peak E). Since the temperature of reduction of Peak E is intimately related to the dimensions of the CuOx species, the higher reduction temperature seen on Cu-SSZ-13_9.1_2.2 HTA-900 may indicate the presence of a higher quantity of larger clusters in this sample than in Cu-SSZ-13_9.1_2.2 HTA-900. Nevertheless, comparison between the SCR performances of these two samples shows that the former retains higher conversion rates at higher temperatures, despite the presence of a seemingly higher amount of Cu clusters.

Still, it is important to have in mind the difficulties concerning the deconvolution of the H2-TPR data (mentioned in section 3.2.6). For instance, the large peaks found in the TPR profile of Cu-SSZ-13_9.1_2.2 HTA-800 for T < 600°C can lead to misleading quantifications due to overlapping contributions of different Cu species appearing at similar reductions temperatures. Another difficulty lies in determining the limit of a specific contribution for profiles with contributions in between different peaks, seen, for instance in Cu-SSZ-13_9.1_2.2 HTA-900, where the contribution of CuOx may be overestimated. For this reason, it is required to verify the conclusions taken by H2-TPR by employing other characterisation techniques. NO-IR was used to aid in the identification of the different Cu species. 

Identification of Cu active species -NO-IR

NO is a useful probe molecule to be used with Cu-exchanged zeolites, as it can probe both Cu II , Cu I and CuOx. Figure 67 shows the evolution of the IR spectra in the nitrosyl region for the AEI and CHA samples, for increasing quantities of NO introduced in the cell. No results are shown for Cu-SSZ-13_9.1_2.2 HTA-900, due to a complete consumption of this sample. All samples show the presence of Cu II (NO) and Cu I (NO) adducts. In this region, Cu I species are mostly found at wavenumbers ranging from 1730 cm -1 to 1850 cm -1 . Specifically, the peaks centred at ~ 1810 cm -1 are attributed to the N-O stretching vibration of Cu I (NO) adducts. CuOx clusters can be found at 1876 cm -1 . A shoulder can be observed on all aged samples at this wavenumber [START_REF] Hadjiivanov | Identification of Neutral and Charged N x O y Surface Species by IR Spectroscopy[END_REF][START_REF] Valdez | Hydrothermal aging effects on Cu-zeolite NH3-SCR catalyst[END_REF][START_REF] Fu | A Low-Temperature IR Spectroscopic Study of Selective Adsorption of NO and CO on CuO/ɣ-AI2O3[END_REF].

These observations are in line with the attribution of Cu species obtained by H2-TPR, namely the absence of CuOx species in the fresh samples, and progressive increase of their contribution for more severe hydrothermal conditions. However, the amount of these species quantified by H2-TPR on Cu-SSZ-39_10.0_1.9 HTA-900 may indeed be overestimated, judging by the intensity of the shoulder.

Cu-SSZ-39_10.0_1.9 HTA-900

Cu-SSZ-39_10.0_1.9 HTA-800

Cu-SSZ-39_10.0_1.9 Cu-SSZ-13_9.1_2.2

Cu-SSZ-13_9.1_2.2 HTA-800

The peaks found at wavenumbers above 1900 cm -1 relate to Cu II (NO) adducts [START_REF] Szanyi | Characterization of Cu-SSZ-13 NH3 SCR catalysts: an in situ FTIR study[END_REF][START_REF] Giordanino | Characterization of Cu-exchanged SSZ-13 : A comparative FTIR, UV-Vis, and EPR study with Cu-ZSM-5 and Cu-β with similar Si/Al and Cu/Al ratios[END_REF]. While the fresh samples show similar IR profiles, it is seen that hydrothermal aging leads to a significant decrease of Cu II (NO) adducts -seen by the peaks centred at 1949 cm -1 and 1922 cm -1 -as well as Cu I (NO) adducts, with the decrease of peak at 1810 cm -1 . These results are in line with the overall decrease of Cu II active species determined by H2-TPR on the aged samples.

Table 31 gives a recapitulation of the wavenumbers at which each Cu species can be found in the nitrosyl region of the IR spectra.

Table 31: N-O stretching frequencies of mono-nitrosyl adducts in Cu II and Cu I .

The hydroxyl region of the IR spectra is interesting, as it provides information on the silanol species and on the Brønsted acidity of the samples. Figure 68 shows the normalized non-subtracted spectra of fresh and aged AEI and CHA zeolites.

Cu II (NO)[178,179]

Cu I (NO) [START_REF] Hadjiivanov | Identification of Neutral and Charged N x O y Surface Species by IR Spectroscopy[END_REF][START_REF] Valdez | Hydrothermal aging effects on Cu-zeolite NH3-SCR catalyst[END_REF][START_REF] Fu | A Low-Temperature IR Spectroscopic Study of Selective Adsorption of NO and CO on CuO/ɣ-AI2O3[END_REF] Nomenclature Structure ṽ(NO) (cm -1 ) ṽ(NO) (cm In this region, the peaks found at ~ 3745 cm -1 and ~ 3737 cm -1 are, respectively, attributed to external and internal silanol groups [START_REF] Védrine | Characterization of Solid Materials and Heterogeneous Catalysts : From Structure to Surface Reactivity[END_REF][START_REF] Hadjiivanov | Identification and Characterization of Surface Hydroxyl Groups by Infrared Spectroscopy[END_REF][START_REF] Borfecchia | Revisiting the nature of Cu sites in the activated Cu-SSZ-13 catalyst for SCR reaction[END_REF], whereas the peaks found at ~ 3611 cm -1 and ~ 3584 cm -1 are attributed to Brønsted acid sites. Both Cu-SSZ-39_10.0_1.9 and Cu-SSZ-13_9.1_2.2 (top of Figure 68)

show a similar proportion of Brønsted acid sites, in line with their similar elemental composition. Both samples show the presence of external and internal silanols, whereas this distinction is not clear on their aged counterparts.

Comparison between the hydroxyl region of the IR spectra of Cu-SSZ-39_10.0_1.9 and Cu-SSZ-39_10.0_1.9 HTA-900 shows a decrease in the intensity of the band found at ~ 3656 cm -1 attributed to Z-Cu II (OH) [START_REF] Giordanino | Characterization of Cu-exchanged SSZ-13 : A comparative FTIR, UV-Vis, and EPR study with Cu-ZSM-5 and Cu-β with similar Si/Al and Cu/Al ratios[END_REF][START_REF] Borfecchia | Revisiting the nature of Cu sites in the activated Cu-SSZ-13 catalyst for SCR reaction[END_REF][START_REF] Zhang | Chemisorption on Cu/SSZ-13: A Comparative Study from Infrared Spectroscopy and DFT Calculations[END_REF]. These observations validate the decrease of Z-Cu II (OH) upon hydrothermal aging observed in the deconvoluted H2-TPR data.

The conversion of Z-Cu II (OH) to Z2-Cu II resulting from the loss of Brønsted acidity upon hydrothermal aging has been previously mentioned [START_REF] Gao | On the hydrothermal stability of Cu/SSZ-13 SCR catalysts[END_REF]. Figure 68 shows an evident loss of the intensity of peaks at ~ 3611 cm -1 and ~ 3584 cm -1 , attributed to Brønsted acid sites, upon hydrothermal aging, especially when concerning Cu-SSZ-39_10.0_1.9 HTA-900. The absence of the peaks observed in Cu-SSZ-39_10.0_1.9 HTA-900 at ~ 3656 cm -1 and peaks found at wavenumbers above 1900 cm -1 related to

Cu II (NO) adducts (in the nitrosyl region), further validate the absence of Z-Cu II (OH) observed in the H2-TPR profiles of AEI and CHA hydrothermally aged at 900°C. 12.

NH3-SCR catalytic performance

Fresh Cu-SSZ-13_9.1_2.2 shows a lower light-off temperature than fresh Cu-SSZ-39_10.0_1.9 (191°C vs. 201°C, respectively). These samples show superimposable NOx conversion rates at temperatures above 500°C. Both frameworks show high resistance to hydrothermal aging, even under more adverse conditions during 1h at 900°C (10% H2O). As seen on the fresh samples, the light-off temperature on Cu-SSZ-13_9.1_2.2 HTA-800 was lower than on Cu-SSZ-39_10.0_1.9 HTA-800 (215°C vs. 222°C, respectively). Distinct behaviours can be observed at higher temperatures depending on the structure: Cu-SSZ-13_9.1_2.2 HTA-800 (CHA) retains more of its catalytic performance than Cu-SSZ-39_10.0_1.9 HTA-800 (AEI), whereas the contrary is observed on the catalysts hydrothermally aged at 900°C. However, both Cu-SSZ-13_9.1_2.2 HTA-900 and Cu-SSZ-39_10.0_1.9 HTA-900 show superimposable behaviours in the low temperature regime up to 270°C, and the same light-off temperature at around 243°C. Thus, it seems that performing hydrothermal aging under milder conditions (4h at 800°C) appears to affect the AEI framework more strongly, while this same structure shows higher structural resistance after hydrothermal aging under more severe conditions. In fact, increasing the severity of the hydrothermal aging appeared to allow an activity increase in Cu-SSZ-39_10.0_1.9 HTA-900 comparing to Cu-SSZ-39_10.0_1.9 HTA-800 for temperatures ranging from ~ 340°C to ~ 470°C. Furthermore, the loss of NOx conversion observed between Cu-SSZ-39_10.0_1.9

HTA-800 and Cu-SSZ-39_10.0_1.9 HTA-900 is much less pronounced than what is observed between the equivalent CHA samples.

The similarities in the N2O formation seen on the two sample sets under Standard SCR corroborate the already mentioned similar catalytic performances. Cu-SSZ-39_10.0_1.9 and Cu-SSZ-13_9. 

Discussion

The AEI and the CHA frameworks are very similar -they can be built just by stacking d6r building units. The different stacking arrangement of the d6r -with a mirror symmetry in the case of the AEI and a parallel arrangement in CHA -leads to the formation of different cages of large dimensions within each framework, i.e. the aei and the cha cages, respectively. By choosing zeolitic samples with similar Si/Al ratios and identical Cu loadings (Table 26), it was possible to study the effect of the arrangement of the d6r on the catalytic performance of these comparable frameworks.

As seen in Table 26, bulk and surface elemental composition on both fresh samples is equivalent.

It is interesting to highlight that while the Si/Al ratios determined by XRF and XPS lead to the very similar values on both structures, a difference in the Cu/Al ratios in the bulk and on the surface is observed -0.23 vs 0.15 and 0.25 vs. 0.14 for Cu-SSZ-39_10.0_1.9 and Cu-SSZ-13_9.1_2.2, respectively.

Therefore, it seems that, for both fresh samples, Cu is preferentially located within the frameworks, and not readily available on the surface. Furthermore, both samples show almost equivalent microporous surface (705 m 2 /g and 733 m 2 /g for AEI and CHA, respectively). 29 Si MAS NMR showed a slightly higher proportion of Si ions in the vicinity of two Al ions in Cu-SSZ-39_10.0_1.9 (9% vs. 4%), whereas Cu-SSZ-13_9.1_2.2 contained a slightly higher amount of Si species in the vicinity of isolated Al species (33% vs. 29%). The proportion of Si(0Al) species was identical on both fresh samples. Thus, these results hint at a possible slight effect of the framework topology on the distribution of Si and Al species. In fact, 1 H NMR shows the presence of a higher amount of Brønsted acid sites in Cu-SSZ-39_10.0_1.9 (Figure 70), despite being the most Si-rich sample. 27 Al MAS NMR showed a higher proportion of framework Al species in Cu-SSZ-13_9.1_2.2 than in Cu-SSZ-39_10.0_1.9 (88% vs. 83%). Hence, part of the exceeding Al present in AEI is mostly found in the form of extraframework/ distorted Al V (13% vs. 9% in CHA).

H2-TPR showed a higher amount of Z-Cu II (OH) species in Cu-SSZ-13_9.1_2.2, whereas Cu-SSZ-39_10.0_1.9 showed a slightly higher proportion of Z2-Cu II species. These results are in line with the higher quantity of paired Al species found in Cu-SSZ-39_10.0_1.9, balanced by Cu ions in the form of Z2-Cu II . The same principle applies for Cu-SSZ-13_9.1_2.2, with more isolated Al species present, balanced by Cu in the form of Z-Cu II (OH).

SEM analysis allowed to confirm the morphology of the AEI and the CHA crystallites. Furthermore, comparison between fresh and aged samples showed that both samples retained their morphology after aging (Appendix D -SEM results). SEM-EDS cartographies were performed to study the dispersion of the Cu species and have shown a homogenous dispersion of Cu for all samples (Appendix E -SEM-EDS results) and punctual analysis on crystallites of different dimensions confirmed that the elemental composition is not affected by this parameter.

NOx conversion rates under Standard SCR conditions showed almost equivalent catalytic performances for both fresh zeolites, in line with the similar structural properties determined on these samples. This is in line with previous works, which attributed the presence of Cu active sites of similar nature in equivalent exchange positions within the two frameworks [START_REF] Albarracin-Caballero | Structural and kinetic changes to smallpore Cu-zeolites after hydrothermal aging treatments and selective catalytic reduction of NOx with ammonia[END_REF]. However, the higher content of Z-Cu II (OH) species in CHA was responsible for a slightly lower light-off temperature than AEI (191°C vs. 201°C), as these species are considered more active at lower temperatures than Z2-Cu II [START_REF] Gao | On the hydrothermal stability of Cu/SSZ-13 SCR catalysts[END_REF]. Still, the slightly higher content of Z2-Cu II species in fresh AEI was not conducive to a better deNOx performance at higher temperatures. In this case, both samples super-impose. Some differences can be observed in the quantity of N2O that was formed. It appears that Cu-SSZ-39_10.0_1.9 is more selective towards N2 than Cu-SSZ-13_9.1_2.2. Specifically, an increase in the formation of N2O is more apparent in Cu-SSZ-13_9.1_2.2 at the maxima seen at ~ 250°C and at 600°C.

It seems, then, that despite being more catalytically active, the Cu species present in CHA are more prone to catalysing side-reactions detrimental to the N2 selectivity [START_REF] Negri | Investigating the Low Temperature Formation of CuII -(N,O) Species on Cu-CHA Zeolites for the Selective Catalytic Reduction of NOx[END_REF].

Overall, hydrothermal aging has a similar effect on both structures, judging by the similar porosity, crystallinity loss and Si and Al distribution observed on aged AEI and CHA. Nevertheless, some differences were observed in the distribution of the active Cu II species in these samples. The coupling of NO-IR and H2-TPR allowed to the determine the lingering presence of Z2-Cu II species in nonnegligible amounts, which is considered the main reason for the remaining high deNOx performance of these two frameworks after being subjected to severe hydrothermal aging procedures. This is different from what was previously disclosed in the literature when comparing more Al rich AEI and CHA catalysts, for which a clear superior hydrothermal stability of the AEI framework was reported, and attributed to a higher content of Z2-Cu II exclusively found in this structure [START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF].

Conclusions

AEI and CHA zeolites with similar Si/Al ratios and Cu loadings (~ 2 wt.%) showed similar deNOx performance when fresh and after hydrothermal aging. N2O formation was similar in both zeolitic structures when concerning fresh and aged zeolites, but AEI appeared to be globally more selective towards N2 than CHA.

The similar catalytic behaviours observed on AEI and CHA are related to their structural similarity, i.e. the identical bulk and surface elemental composition, as well as porosity. The population of active Cu species was equivalent on both fresh and aged samples. It is important to note that the higher content of CuOx identified in Cu-SSZ-39_10.0_1.9 HTA-900 (AEI) does not appear to directly affect the NOx conversion rates at higher temperatures, thus entailing that the remaining Z2-Cu II species are more active in this sample than those found in Cu-SSZ-13_9.1_2.2 HTA-900 (CHA).

4.5

Effect of the synthesis procedure on the deNOx performance of AFX 4.5.1 Results

Samples under study, surface and bulk elemental composition

This section focuses on the effect of the synthesis procedure on the deNOx performance of different AFX zeolites in NH3-SCR. The different synthesis procedures can be consulted Appendix A -Synthesis and ion-exchange procedures. Table 32 shows a recapitulation of the bulk elemental composition of each sample according to the OSDA used in the synthesis. The porosity of the samples can be consulted in Table 33 for fresh and aged zeolites. The conditions of hydrothermal aging can be consulted in Table 12. The respective N2 isotherms can be observed in Appendix F -N2 isotherms. Generally, an increase of the microporous surface and volume are seen when increasing the Si/Al ratio. Furthermore, focusing on the aged zeolites, the loss of microporosity is proportion of FAl in Cu-SSZ-16_7.1_2.9 HTA-900 (60% vs. 46%), but a higher proportion of EFAl species on Cu-SSZ-16_7.8_2.0 HTA 900 (25% vs. 15%). These same trends are not observed when looking at the distribution of Si species. However, an increase of Si(1Al) and Si(0Al) species is observed when there is an increase of the Si/Al ratio, and after the sample has been subjected to hydrothermal aging.

Similarly to what was done in the previous section, the differences between the bulk and framework Si/Al ratios can be observed in Table 35. All samples show a higher framework Si/Al ratio, therefore in line with the presence of EFAl and/or species perturbed by EFAl. Interestingly, comparing the framework Si/Al ratios obtained for the two aged samples, it can be concluded that there is a higher level of dealumination on Cu-SSZ-16_7.1_2.9 HTA-900 prepared with MPC6OH in comparison with the value obtained for Cu-SSZ-16_7.8_2.0 HTA 900 prepared with MPC5OH. 

Identification of Cu active species -H2-TPR

The distribution of Cu species was determined by H2-TPR on the different Cu-AFX samples (see Figure 71). To improve interpretation, the results are grouped according to the OSDA used during the synthesis. Starting by the samples synthesized using MPC6OH (see a) in Figure 71), both Cu-SSZ-16_5.9_2.9

and Cu-SSZ-16_7.1_2.9 show a similar distribution of Cu species. The slightly higher amount of H2 consumed in the former sample is related to its lower Si/Al ratio. Cu-SSZ-16_7.1_2.9 HTA-900 shows the same type of Cu species found in the fresh samples, but in different proportions: a decrease of peak A -assigned to Z-Cu II (OH) -(20% vs. 40% on the fresh sample) and an increase of peak B -Z2-Cu II -(30% vs. 7%).

Despite a similar distribution of Cu species on Cu-SSZ-16_4.8_3.0 as just mentioned above, this sample shows an additional small contribution of Cu clusters (Peak E, 0.4% -b) in Figure 71). Furthermore, it shows a higher proportion of peak B than peak A (31% vs. 19%, respectively). 

Identification of Cu active species -NO-IR

Infrared analysis using NO as probe molecule were used to complement the H2-TPR results. NO is a useful probe molecule to be used with Cu-exchanged zeolites, as it can probe both Z-Cu II , Z-Cu I and CuOx. Figure 72 shows the evolution of the IR spectra in the nitrosyl region for some of the AFX samples, as the quantity of NO introduced in the cell was increased. For better identification of the samples, the OSDA used in the synthesis is indicated on the top right corner of each set of spectra. NO-IR analysis was focused on the following aspects: determining the effect of the OSDA on zeolites with the same Si/Al ratio and Cu loading, by comparing Cu-SSZ-16_4.9_3.2 (MPC6OH + TEAOH, top left of Figure 72)

and Cu-SSZ-16_4.8_3.0 (MPC5OH, top right of Figure 72), and the effect of the hydrothermal aging on Cu-SSZ-16_7.8_2.0 (MPC5OH, bottom of Figure 72). For the attribution of the different peaks observed on each sample in this wavenumber range, refer to Table 37. However, it is important to highlight higher intensities of this peak on Cu-SSZ-16_4.8_3.0 and Cu-SSZ-16_4.9_3.2, than in Cu-SSZ-16_7.8_2.0, which explains the presence of peak E in the TPR profiles of these two samples, but not on the latter (as mentioned in the previous page). In fact, focusing on Cu-SSZ-16_7.8_2.0 HTA 900 (identified as d) in Figure 72), a clear increase in the intensity of this peak is observed. Furthermore, it can be observed that the hydrothermal aging induced a significant decrease of Cu II (NO) adducts -seen in the peaks centred at 1949 cm -1 and 1922 cm -1 -as well as Cu I (NO) adducts, with the decrease of the peak at 1810 cm -1 and the disappearance of the peak centred at 1826 cm -1 . In this case, the absence of peak E in the deconvoluted H2-TPR profile can be explained by the minor contributions of peak E observed in Cu-SSZ-16_4.8_3.0 and in Cu-SSZ-16_4.9_3.2, so it is possible that an irrisory contribution of CuOx is overlapped with the contribution of peak A and peak B in Cu-SSZ-16_7.8_2.0. Furthermore, the broad feature of the TPR data of Cu-SSZ-16_7.8_2.0 HTA 900 at T < 500°C may also be conducive to the previously mentioned hurdle.

Focusing on Cu-SSZ-16_4.8_3.0 and Cu-SSZ-16_4.9_3.2, no significant differences were observed in the IR spectra. However, it appears that the latter sample contains more active Cu II and Cu I , seen by the higher intensity of the peaks. In fact, Table 36 shows a higher quantity of H2 consumed for peak A and B on Cu-SSZ-16_4.9_3.2, therefore corroborating these observations. Similarly to what was done in section 4.4, the hydroxyl region of the IR spectra provides information on the silanol species and on the Brønsted acidity of the samples. Figure 73 shows the normalized non subtracted spectra of the aforementioned samples for this wavenumber range. Starting by the top row of Figure 74, similar catalytic performances can be observed on fresh Cu-SSZ-16_5.9_2.9 and Cu-SSZ-16_7.1_2.9. In fact, Table 38 shows that both catalysts show identical light-off temperatures: 199°C and 203°C, respectively. A slightly higher temperature performance can be seen on Cu-SSZ-16_7.1_2.9. Still, some differences can be discerned concerning the selectivity of both samples: 1376 ppm vs. 1751 ppm as the Si/Al ratio increases. However, the most significant differences lie in the structural stability of the two zeolites upon hydrothermal aging at 900°C -an abrupt decrease of the activity is observed on the sample with the lowest Si/Al ratio, achieving less than 23% NOx conversion at 425°C against a maximum 99% NOx conversion rate at 389°C for Cu-SSZ-16_7.1_2.9 HTA-900. Furthermore, the light-off temperature of Cu-SSZ-16_7.1_2.9 HTA-900 is still preserved at 238°C. In this case, the lower amount of N2O formed by Cu-SSZ-16_5.9_2.9 HTA-900 (1957 ppm vs. 2930 ppm) is directly derived from the structural damage inflicted by the hydrothermal aging procedure and ensuing loss of catalytic activity.

Similar trends can be observed on the samples synthesized with MPC5OH: increasing the Si/Al ratio leads to a better high temperature catalytic performance (90% vs. 98% conversion rates at 500°C) but to a slightly worse low temperature performance (T50% of 210°C vs. 232 °C). However, differently from what was seen previously, Cu-SSZ-16_7.8_2.0 is the most selective towards N2, forming just 123 ppm against 1045 ppm seen for the more Al-rich sample.

Having in mind the very promising results obtained on fresh Cu-SSZ-16_7.8_2.0, this sample and Cu-SSZ-16_4.9_3.2 were subjected to hydrothermal aging at 800°C and 900°C. The high N2 selectivity of Cu-SSZ-16_7.8_2.0 was maintained after hydrothermal aging at 800°C (1200 ppm vs. 2813 ppm for Cu-SSZ-16_4.9_3.2 HTA-800). Furthermore, the catalytic performance was still better -despite similar T50%, the high temperature catalytic performance was more elevated: 89% vs. 59% on Cu-SSZ-16_4.9_3.2 HTA-800. A slightly higher amount of N2O was observed in Cu-SSZ-16_7.8_2.0 HTA-900 (1352 ppm) than on Cu-SSZ-16_4.9_3.2 HTA-900 (1113 ppm), but it is important to highlight the structural collapse observed on this latter sample (more details in the discussion section) which, once again, explains the lower obtained value. The maximum NOx conversion rate observed on Cu-SSZ-16_4.9_3.2 HTA-900 was of 10% at 477°C, against 68% observed at 430°C for the more Si-rich sample.

The comparison of Cu-SSZ-16_7.1_2.9 (MPC6OH) and Cu-SSZ-16_7.8_2.0 (MPC5OH) shows that the former is more performant in the low temperature regime, but slightly less active at T > 400°C.

Nevertheless, the latter is still more selective (123 ppm vs. 1751 ppm). After hydrothermal aging at 900°C, it is more apparent the higher structural stability of the former sample, but it continues to be less selective towards N2 (2930 ppm vs. 1352 ppm).

Lastly, the bottom row of Figure 74 shows the effect of the hydrothermal aging on Cu-SSZ-16_4.8_3.0. Comparison of this sample with Cu-SSZ-16_4.9_3.2 led to the following conclusions: better catalytic performance across the whole temperature range on Cu-SSZ-16_4.8_3.0, except for T > 530°C, but higher formation of N2O (see Table 38). Catalytic behaviours for the aged samples were similar, but an even lower structural stability was observed on Cu-SSZ-16_4.8_3.0 HTA-900 (maximum NOx conversion of 8% at 443°C). The formation of N2O was also lower on this sample. with low Si/Al ratios show similar catalytic performance and N2 selectivity. Cu-SSZ-16_7.8_2.0 still shows the best N2 selectivity and is, in these conditions, the most performant catalyst across the whole temperature range. It is worth noting, as well, the similarities in the deNOx performance and N2O formation seen on Cu-SSZ-16_7.1_2.9 HTA-900 and Cu-SSZ-16_4.9_3.2 HTA-800. OSDAs (indicated on the bottom left corner) under Fast SCR conditions when fresh and after being subjected to hydrothermal aging. Testing conditions can be consulted in Table 12. 

MPC6OH + TEAOH MPC5OH MPC6OH

Discussion

This section focused on the effect of the synthesis procedure on the catalytic performance of AFX.

For that, three different OSDAs were compared: MPC5OH, MPC6OH and a mixture of MPC6OH + TEAOH. Three main parameters were tested:

a) The effect of the Si/Al ratio on the deNOx performance according to the OSDA used. This sample set is constituted by the samples synthesized with MPC6OH and MPC5OH.

b) The effect of different OSDAs on the catalytic performance for iso Si/Al ratios and Cu loadings. Two main comparisons were done: Cu-SSZ-16_4.9_3.2 (MPC5OH) vs. Cu-SSZ-16_4.8_3.0 (MPC6OH + TEAOH) for low Si/Al ratios, and Cu-SSZ-16_7.1_2.9 (MPC6OH) vs.

Cu-SSZ-16_7.8_2.0 (MPC5OH) for high Si/Al ratios.

c) The effect of the hydrothermal aging on the catalytic performance, in the case of parameters a) and b). All AFX zeolites were hydrothermally aged at 900°C for 1h. Thanks to the high N2 selectivity observed for Cu-SSZ-16_7.8_2.0 (Figure 74, Table 38), hydrothermal aging at milder conditions was also performed on the two AFX zeolites synthesized with MPC5OH.

Starting by case a), similarly to what was observed in section 4.2 when testing CHA zeolites with different Si/Al ratios and constant Cu loadings, increasing the Si/Al ratio led an increase of the microporous surface volume of the zeolites. This was seen for the two sample sets using different OSDAs. However, while the zeolites synthesized with MPC5OH also showed an increase of the microporous volume in line with the increase of the Si/Al ratio, that was not seen on the catalysts synthesized with MPC6OH: 0.245 mL/g for Cu-SSZ-16_5.9_2.9, but 0.238 mL/g on Cu-SSZ-16_7.1_2.9.

Another interesting point lies in the differences in morphology observed according to the OSDA used (Figure 121 and Figure 122 in Appendix D -SEM results): while Figure 121 and Table 43 shows similar morphology on the catalysts synthesized with MPC6OH independently of the Si/Al ratio, Figure 122 shows striking differences in both size and morphology between Cu-SSZ-16_4.9_3.2 and Cu-SSZ-16_7.8_2.0 (synthesized with MPC5OH). In fact, the more Al-rich sample shows the formation of macroporous aggregates made up of crystals of very small dimensions, while the more Si-rich sample shows the presence of crystallites ranging from 0.8 μm to 1.2 μm with a truncated hexagonal bipyramidal morphology (expected for the AFX framework), which is identical to what was seen on the samples synthesized with MPC6OH. The small size of the crystals in Cu-SSZ-16_4.9_3.2 may explain the lowest microporosity observed between these four zeolites.

For the fresh samples synthesized with MPC6OH, increasing the Si/Al ratio led to a slightly better performance at higher temperatures, while the light-off temperatures were very close. However, the selectivity was affected by increasing the Si content, in line with what was previously discussed in section 4.2. This is not seen on the samples synthesized with MPC5OH: there is a better light-off temperature in the Al-rich sample (also in line with the conclusions taken in section 4.2), but there is a better performance of the more Si-rich sample at T > 400°C. Furthermore, this same sample shows a much better selectivity towards N2, than any of the other samples.

Concerning point b), comparison between Cu-SSZ-16_4.9_3.2 (MPC5OH) and Cu-SSZ-16_4.8_3.0 (MPC6OH + TEAOH) showed a better low temperature performance for the latter zeolite, but also the formation of a higher amount of N2O, especially for T < 300°C. The better low temperature activity of Cu-SSZ-16_4.8_3.0 may be explained by H2-TPR -despite a seemingly lower content of Peak A, the higher reduction temperature observed (225°C vs. 221°C) could indicate a higher stability of Z-Cu II (OH), retaining a higher activity than in Cu-SSZ-16_4.9_3.2. Furthermore, this is also the sample with the highest microporosity between the two (Table 33).

In the case of Cu-SSZ-16_7.1_2.9 (MPC6OH) vs. Cu-SSZ-16_7.8_2.0 (MPC5OH), there is a better low temperature activity on the former, but a better high temperature activity on the latter. In this case, the differences in N2 selectivity are striking. Table 33 shows a much higher microporosity on Cu-SSZ-16_7.8_2.0 (MPC5OH). It was confirmed that the OSDA induced a different distribution of Si and Al species on the two samples, e.g. a higher proportion of Si(2Al) and Si(1Al) in Cu-SSZ-16_7.8_2.0, while Cu-SSZ-16_7.1_2.9 showed a higher proportion of Si(3Al). These results are related to the Cu species identified in each sample (Table 36): a higher amount of peak A in Cu-SSZ-16_7.1_2.9, and a higher amount of peak B in Cu-SSZ-16_7.8_2.0, directly explaining the behaviours in the catalytic tests.

Performing hydrothermal aging on these same samples shows a very high structural stability by XRD (Figure 86, Appendix B -XRD results), even withstanding temperatures up to1000°C during H2-TPR.

Still, the loss in crystallinity seems to be slightly less significant in Cu-SSZ-16_7.8_2.0 than in Cu-SSZ-16_7.1_2.9, which is in line with the higher extent of dealumination suggested by the higher framework Si/Al ratio calculated for this sample (Table 35). As was seen on the fresh samples, Cu-SSZ-16_7.8_2.0 HTA-900 still retains higher microporosity, which is in line with the reduced extent of structural damage observed. In this case, the lower deNOx performance of Cu-SSZ-16_7.8_2.0 HTA-900 appears to be related to the absence of peak A (seen in the TPR), responsible for the better light-off temperature seen in Cu-SSZ-16_7.1_2.9 HTA-900 (Figure 71, Table 36).

Hydrothermally aged Cu-SSZ-16_4.9_3.2 (MPC5OH) and Cu-SSZ-16_4.8_3.0 (MPC6OH + TEAOH) at 900°C showed almost total structural collapse -seen in XRD (Figure 86, Appendix B -XRD results) and in the almost total disappearance of microporosity -in fact, the complete structural collapse of the Cu-SSZ-16_4.8_3.0 HTA-900 rendered impossible the determination of its porosity. Interestingly, Figure 86 shows that Cu-SSZ-16_4.9_3.2 is structurally stable after hydrothermal aging at 800°C for 4h, but completely collapsed after being heating up to 1000°C during H2-TPR. Both samples contain an important amount of larger CuOx species (observed by TPR). Despite Cu-SSZ-16_4.8_3.0 HTA-900 still retaining a high contribution of peak A, these Cu species are no longer active judging by the very poor catalytic performance.

Conclusions

For samples synthesized with the same OSDA, increasing the Si/Al ratios led to fresh samples with better deNOx performance, similarly to what was observed in CHA zeolites (section 4.2) and to higher structural stability, resulting from lower content of EFAl species, retained crystallinity, higher microporosity and higher tendency to preserve Cu as active species in the form of Z-Cu II (OH) or Z2-Cu II , as well as lower propensity to form CuOx clusters, responsible for the reduction of the catalytic performance for T > 500°C.

Fresh catalysts with identical Si/Al ratios and Cu loadings, but synthesized with different OSDAs, show different distributions of Si and Al species. Still, they globally provide similar catalytic performances in NH3-SCR, despite differences in the low temperature regime. On the other hand, the propensity to form N2O is strongly OSDA dependent. Lastly, independently of the Si/Al ratio of the samples, or the OSDA used, catalysts with better deNOx performance at low temperature formed higher amounts of N2O in this same temperature range (except Cu-SSZ-16_7.8_2.0, which showcased remarkable N2 selectivity (Appendix G -N2 and N2O selectivities for all samples), coupled to high catalytic activity.

4.6

Effect of the framework dimensionality on the NH3-SCR performance 4.6.1 Results

Samples under study and bulk elemental composition

This section focuses on the effect of the framework dimensionality on the catalytic performance in NH3-SCR. For this, catalysts with similar Si/Al ratios (as shown in Table 39), with the PTT framework topology (2D) and the CHA topology (3D) were compared. 

Structural properties

The diffractogram of Cu-PST-33_3.9_3.1 shows a PTT zeolite, however, with possible traces of ANA (Appendix B -XRD results). No peaks corresponding to CuOx lines could be perceived on the PTT sample. SEM imaging showed the morphology reported in [START_REF] Lee | PST-33: A Four-Layer ABC-6 Zeolite with the Stacking Sequence AABC[END_REF], and possible traces of ANA (small crystals seen on the surface of the crystallites, Appendix D -SEM results), in line with the results obtained by XRD.

The porosity of the two samples can be consulted in Table 40. Much lower microporous volume and surface were obtained on the PTT zeolite when comparing to the CHA sample. As before, the respective N2 isotherms can be observed in Appendix F -N2 isotherms. Table 41 shows the distribution of Al and Si species in the two frameworks. For information on the attribution of each species, refer to section 3.2.2. Further information on the deconvolution of the 29 Si MAS NMR and distribution of species in 27 Al MAS NMR, as well as the corresponding 27 Al and 29 Si MAS NMR spectra, refer to Appendix C -NMR Spectra.

Despite a similar distribution of Al species, namely the presence of a significant quantity of EFAl species, important differences can be determined for the distribution of the Si species: a much higher proportion of Si(1Al) and Si(2Al) can be observed on Cu-PST-33_3.9_3.1, in contrast with the higher amount of Si(0Al) observed on Cu-SSZ-13_4.4_2.0. The 27 Al and 29 Si MAS NMR spectra obtained for this sample are in line with the available in the literature [START_REF] Lee | PST-33: A Four-Layer ABC-6 Zeolite with the Stacking Sequence AABC[END_REF]. In fact, the quantification of the different Cu species in Table 42 shows that peak E accounts to 30% of the total H2 consumed. Furthermore, it is interesting to note that the relative amount of peak A is equivalent in Cu-PST-33_3.9_3.1 and Cu-SSZ-13_4.4_2.0. 

NH3-SCR catalytic performance

Figure 77 shows the catalytic performance of the two samples under study. While maintaining similar Si/Al ratios at around 4 and Cu loadings ranging from 2 to 3 wt.%, clear differences can be observed in the activity of the two catalysts. Even more apparent are the differences concerning their N2O selectivities. is much lower on the PTT sample, at around 49%, in comparison to the 100% obtained on the CHA sample. Another relevant factor is the low N2 selectivity seen on the PTT sample, as this catalyst leads to the formation of 145 ppm of N2O, comparing to 7 ppm formed by the CHA zeolite. The opposite is seen under Fast SCR, with the CHA zeolite leading to the formation of 3199 ppm, against 770 ppm formed by Cu-PST-33_3.9_3.1. However, the catalytic performance of the CHA zeolite is much higher across the whole temperature range under study under Fast SCR when comparing to the latter PTT sample. This is even more apparent at temperatures inferior to 400°C.

Discussion

Previous studies have shown that zeolitic frameworks with 2D connectivity are less performant in NH3-SCR than frameworks with a 3D dimensionality. For instance, Fickel et al. tested different zeolitic frameworks in NH3-SCR and have shown that both Cu-Nu-3, a zeolite with the LEV structure and a 2D dimensionality, and Cu-Sigma-1, with the DDR framework and a 2D connectivity, did not perform as well as other 3D frameworks such as AFX and CHA. This was even more apparent when the samples were subjected to a steaming procedure [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF]. However, in the previously mentioned work, the authors alluded to the lower Cu loading observed on these two samples as an additional factor to explain the lower performance of these two 2D samples. More recently, De Prins et al. carried out a substantial work focusing on the catalytic performance of fresh zeolites by testing numerous zeolitic frameworks for NH3-SCR. This study also showed that 2D structures lead to lower NOx conversion rates than 3D frameworks in the low temperature regime [START_REF] Prins | Structural parameters governing low temperature activity of small pore copper zeolites in NH3-SCR[END_REF].

The PTT framework is a novel 2D framework that was recently added to the IZA catalogue. On the other hand, the CHA framework is made up by stacking cha cages and d6r building units.

The cha cage is larger than both the lev and sod cages. This is a 3D structure with much higher accessible volume than the PTT structure (17.27% [START_REF]Framework type CHA[END_REF] vs. 10.38% [START_REF]Framework Type PTT[END_REF]). These observations are in line with the results obtained for the porosity of the samples under comparison: maintaining a close Si/Al ratio on the two samples, the microporous volume and surface determined on Cu-SSZ-13_4.4_2.0 is twofold higher than of Cu-PST-33_3.9_3.1.

Despite a similar Si/Al ratio on the two frameworks, the distribution of Si atoms was different: Cu-PST-33_3.9_3.1 showed a much higher proportion of Si(1Al) and Si(2Al), whereas Cu-SSZ-13_4.4_2.0 showed a higher quantity of Si(0Al). However, the ratio Al IV / Al VI was similar on the two samples. The different distribution of Si in the two frameworks is a direct indicator of the different distribution of Al in the frameworks, which will directly affect the type and quantity of active Cu species present in the samples. In fact, the presence of a significant amount of CuOx species was determined on Cu-PST-33_3.9_3.1, whereas these species were not found in the CHA sample. The lower accessibility of the PTT zeolite is related to the low SCR performance of this samplehigher accessibilities allow for a better migration of the active species, therefore increasing the activity of the catalyst. In fact, the poor low temperature performance of Cu-PST-33_3.9_3.1 under Standard SCR could be attributed to a negative effect exerted by the CuOx species, or to less active Z-Cu II (OH) species than those found in the CHA sample, possibly resulting from different positions in each framework. Also adding to these results is the significant loss of Z2-Cu II species observed in the PTT sample (17% vs. 46% on CHA, as seen in Table 42). Furthermore, when looking at the H2-TPR deconvolution curves of the two samples, a systematically lower reduction temperature is observed on the PTT sample concerning peak A and B, thus demonstrating that the Cu active species are less stable in the PTT framework than in the CHA structure.

CuOx species are known to potentiate the non-selective NH3 oxidation at higher temperatures, which could explain the decreased performance observed on Cu-PST-33_3.9_3.1 at T > 500°C. Furthermore, the proportion of Z2-Cu II species (known to catalyse NH3-SCR at higher temperatures) present in the PTT sample is much lower than that obtained for the CHA zeolite.

The formation of N2O under Standard SCR follows a different trend in the two frameworks: a localised maximum centred at 300°C is observed on Cu-SSZ-13_4.4_2.0, whereas a trend following the curve of NOx conversion is seen on Cu-PST-33_3.9_3.1. Hence, it seems that secondary reactions occur for the temperature range at which the PTT sample is active in NH3-SCR. The lower formation of N2O observed in this sample under Fast SCR is mostly a result of its loss in activity comparatively to the CHA catalyst.

Conclusions

This subchapter focused on the effect of the dimensionality on the deNOx performance of small pore zeolites with the PTT and CHA frameworks, respectively with 2D and 3D dimensionalities. For close Si/Al ratios and Cu loadings in the range of 2 -3 wt.%, the decrease of the dimensionality led to decreased performances across the whole temperature range for the PTT sample under Standard and Fast SCR. Furthermore, the formation of N2O under Standard SCR showed an increase of 2000% on the PTT sample, in comparison with the CHA zeolite.

These differences in catalytic performance were attributed to a less ideal distribution of Cu active species in the PTT sample: presence of a significant amount of Cu clusters, decreased amount of active Cu species and lower stability of the active Z-Cu II (OH) and Z2-Cu II species, more easily reducible and prone to migration/alteration during the catalytic cycle.

Scientific conclusion

Compilation of the previous conclusions will be provided according to two main directions: I. Activity/selectivity of fresh samples. when comparing samples at iso Cu loadings (section 4.3). This was attributed to the similar structural resemblance of these two structures -comparable microporosities, distributions of Si and Al and subsequent Cu active species were observed.

I.III

For a fixed Si/Al ratio, AEI, AFX and CHA zeolites confirmed that the best trade-off between the activity (both at low and high temperatures) and the N2 selectivity was obtained for samples with Cu loadings ranging from 2 wt. % to 3 wt. % (section 4.3). In this case, Cu-AEI and Cu-CHA showed higher N2 selectivity than Cu-AFX (Appendix G -N2 and N2O selectivities for all samples), despite being more Si-rich. Thus, the structural type also plays a role on the N2 selectivity (Appendix G -N2 and N2O selectivities for all samples).

I.IV

For a fixed zeolitic structure, the activity/N2O selectivity is dependent on the synthesis procedure: changing the OSDA in the synthesis of AFX zeolites (section 4.5) showed significantly different catalytic behaviours on the fresh catalysts. In fact, three different OSDAs 

I.V

A decrease in the framework's channel dimensionality when using PTT and CHA zeolites at iso Si/Al ratios and Cu loadings in the range between 2 -3 wt.% (section 4.6) led to significant decreases in the catalytic performance and N2 selectivity (Appendix G -N2 and N2O selectivities for all samples), primarily resulting from a very high presence of Cu clusters, decreased amount of active Cu II species, and low structural stability of the PTT framework.

The main conclusions related to point II were the following: II.I Performing hydrothermal aging on AEI and CHA zeolites at iso Si/Al ratio and Cu loadings showed comparable activities and N2O selectivities (Appendix G -N2 and N2O selectivities for all samples), as reported for the fresh zeolites. Nevertheless, two conclusions were also taken:

the AEI zeolite is overall more selective to N2 and less prone to structural damage than the CHA zeolite with identical Si/Al ratio and Cu loading. This result is in line with the previous literature, as both Shan et al. and Moliner et al. proved the higher hydrothermal stability of Cu-SSZ-39 [START_REF] Moliner | Cu-SSZ-39, an active and hydrothermally stable catalyst for the selective catalytic reduction of NOx[END_REF][START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF] in comparison to CHA when using Al-rich samples.

II.II

Performing hydrothermal aging on AFX zeolites synthesized with different OSDAs showed that, independently of the synthesis route, Al-rich zeolites are indeed more prone to dealumination when subjected to hydrothermal aging [START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF]. Structural damage was attributed to the transformation of Z-Cu II (OH) species to Z2-Cu II species, and a non-negligible part to CuOx clusters [START_REF] Gao | On the hydrothermal stability of Cu/SSZ-13 SCR catalysts[END_REF]. The most structurally resistant AFX zeolite subjected to hydrothermal aging was the catalyst that showcased the best N2 selectivity, highlighted in point I.IV.

General conclusion and perspectives

General conclusion

The objective of this work was to find descriptors able to translate the relationship between the catalytic performance and the physicochemical properties of small pore zeolites, used as catalysts in NH3-SCR.

Having this objective in mind, a thorough consultation of the literature was performed, which allowed to select the most relevant catalysts. This assessment led to the selection of three different zeolitic structures with a 3D connectivity -AEI, AFX and CHA -and the PTT framework, with a 2D connectivity.

This consultation of the literature also provided information on the different parameters which could influence the catalytic performance of the zeolites employed for deNOx proposes. Most importantly, it showed a lower volume of works focused on parameters affecting the selectivity of small pore zeolites -many more solely focused on their activity.

This work aimed to contribute to this missing information. By focusing entirely on small pore zeolites with structural resemblance (presence of d6r, cages linked to small pores, recuring composite building units, etc.), it was envisioned to gain a deeper understanding on how certain parameters deemed key to the material properties of the catalysts affected their activity and, most importantly, their N2 selectivity.

This was done by attempting to use different samples with iso-characteristics and only changing one specific parameter (e.g. comparing the effect of the Si/Al ratio on the catalytic performance, while using the same zeolitic framework and the same Cu loading).

The main directions of research are listed as follows:

I. Effect of the Si/Al ratio in the deNOx performance of CHA (section 4.2).

II.

Effect of the Cu loading on the NH3-SCR performance on AEI, AFX and CHA (section 4.3).

III.

Effect of the hydrothermal aging on the deNOx performance of AEI and CHA (section 4.4).

IV.

Effect of the synthesis procedure on the deNOx performance of AFX (section 4.5).

V.

Effect of the framework dimensionality on the NH3-SCR performance (section 4.6).

Aside from the mentioned relevant decrease in literature focused on the N2 selectivity of small pore zeolites, discrepancies in experimental conditions between different works make it difficult to perform comparative evaluations between different catalysts -this is clearly seen in the bibliographic section of this work.

By keeping the same research strategy for all studied catalysts allowed to obtain data which was gathered in the same experimental conditions -i.e. using the same apparatus, sample preparation and testing, both in terms of analysis and catalytic testing, handling, amount of mass tested, types of characterizations used, etc. For this latter point, however, it is worth mentioning the low quantity of hydrothermally aged catalysts available: each hydrothermal aging procedure provided at maximum 200 mg of aged catalyst, making it difficult to perform multiple analysis, especially if among those were destructive techniques. This point explains the lower volume of analytical data obtained for some of the hydrothermally aged samples.

The physicochemical properties of the materials were assessed by an extensive set of analysis and the catalytic tests provided valuable information on the activity and N2 selectivity of the catalysts. This research strategy was proven fruitful: an important load of analytical data was obtained for each sample.

Furthermore, each sample was at least tested in Standard SCR, with most additionally tested under Fast SCR conditions. Hydrothermally aging some of the samples further increased the sample set and volume of performed catalytic tests and interpretation of analytical data.

The fact that all of this aforementioned data was obtained at iso-conditions is unvaluable to be able to draw direct comparisons between such an extensive array of catalysts. Furthermore, innovative comparisons not found in the literature were performed: e.g. studying the effect of the OSDA on AFX, including the effect of the Si/Al on the deNOx performance while maintaining the same OSDA, or the effect of the OSDA on the structural resistance of the AFX zeolite to hydrothermal aging. Additionally, the comparison of a PTT and CHA zeolites with close Si/Al ratios is also innovative.

As briefly mentioned above, the ideal catalyst to be used in NH3-SCR should have certain characteristics: it should be highly active in a wide range of temperatures, in line with the real conditions of usage on the road. This entails both a good low temperature activity to account for the periods of cold-start driving, but also to withstand high temperatures, at which the non-selective oxidation of NH3 is prone to occur, reducing the deNOx capability. Furthermore, it should be highly selective towards N2, to reduce the emission of N2O (powerful greenhouse gas) to the atmosphere, either at low temperatures (resulting from the formation of NH4NO3) or at high temperatures (resulting from the aforementioned NH3 oxidation).

Moreover, the zeolitic structure should be highly resistant to structural damage/collapse induced by the presence of water vapour at very high temperatures. This point highlights the goal behind the hydrothermal aging procedures performed in this work on the different zeolitic structures, as a mean to determine the life-expectancy of each catalyst under experimental conditions, mimicking those in reallife application.

Furthermore, the ideal catalyst used in NH3-SCR should have a non-negligible amount of paired Al in the structure, and a Si/Al ratio capable of providing enough acidity and ion exchange positions in such a way that it potentiates the formation of Cu species which are active -providing the best activity and N2 selectivity for the widest temperature range possible -and not prone to modification upon hydrothermal aging -which usually leads to the migration of the Cu species and the formation of Cu agglomerates that can contribute to the structural damage of the crystalline framework.

This work showed that small pore zeolites (of the AEI, AFX and CHA structural types) with intermediate Si/Al ratios (7 -10) and Cu loadings ranging between 2 -3 wt.% provide the best trade-off between high catalytic activity (across the widest temperature range), and N2 selectivity. These zeolites are also the least prone to structural collapse upon hydrothermal aging. Frameworks with 3D porous network connectivity also provide much higher performance. Finally, the synthesis procedure induces relevant alterations in the catalytic behaviour of zeolites with the same structural type.

Perspectives

Despite the numerous previously mentioned conclusions, there is still important information to be added regarding aspects such as the evolution in the nature/position of the active sites, which, in conjunction with structural analysis, are key for the comprehension of the catalytic performance. Therefore, envisioned future works would entail complementary characterization of the materials focused on the: I. Nature of the Cu species -H2-TPR was a very useful technique to identify and quantify the different Cu species present in the studied zeolites. However, it could not provide a complete picture concerning their nature due to the previously discussed difficulties arising from the deconvolution of the data. For certain cases, NO-IR was able to provide complementary information and validate the identification provided by H2-TPR. Nevertheless, a more precise determination of the nature/quantity of the different Cu species is envisioned. This could be obtained by employing a muti-technique approach: e.g. ultraviolet-visible (UV-vis) spectroscopy and adsorption techniques such as NO2 adsorption [START_REF] Villamayna | Speciation of Cu Cations in Cu-CHA Catalysts for NH 3 -SCR : Effects of SiO 2 /AlO 3 Ratio and Cu-Loading Investigated by Transient Response Methods[END_REF].

II. Location/ evolution of the Cu active species during the reaction -Previous works have shown that, globally, an increase in the low temperature NH3-SCR activity of a zeolite will most likely induce an increase in the formation of N2O in the same temperature range. This phenomenon is also reported in this work: section 4.2 showed that increasing the Si/Al ratio of CHA zeolites (while maintaining a similar Cu loading) led to increasingly more active catalysts in the low temperature regime but, simultaneously, to an increase in the formation of N2O (Appendix G -N2 and N2O selectivities for all samples). However, this is not always the case: an AFX zeolite synthesized using MPC5OH as OSDA has shown a quite promising catalytic behaviour (section 4.5). This zeolite couples a good low temperature performance and an impressive selectivity towards N2, as no formation of N2O is observed until T > 400°C. It is, thus, demonstrated that these two observations are not mutually exclusive, highlighting the need for further understanding between the zeolitic structure and the active Cu species to obtain other catalysts with comparable deNOx performance.

This information could be obtained by employing more powerful synchrotron-based characterization techniques (e.g. EXAFS, XANES) complemented with simulation works.

Furthermore, ab-initio analysis would be able to provide further information on the mobility of these species during the reaction.

III. Impact of the structural type -The population/nature of Cu species is known to depend on structural parameters, such as the Al content/distribution and the framework's porosity connectivity.

As such, it would be interesting to determine the effect of an increase in the cage length on the location/nature of the Cu species, notably taking into account the increasing distances between different FAl, and subsequent impact on the electrostatic interactions between Al and Cu ions.

Aside from impacting the sitting/nature of the Cu species, increasing the cage length may also impact the inter-cage connectivity and, thus, the mobility of possible larger intermediary species of larger dimensions, playing important roles during NH3-SCR. Regarding this latter effect, a lengthening of the cage is only beneficial if there is an increase in the amount of shared 8 MR windows in the framework (further details are seen in point IV.). Interesting zeolitic frameworks that could be studied for these two effects have been briefly mentioned in section 2.3.4. However, while envisioned to be comprised in this work, a study focused on these effects could not be included, due to the complexity in synthesizing these materials.

IV. Impact of Cu inter-cage mobility on the low temperature activity -The zeolitic framework plays an important role on the low temperature NH3-SCR activity, as it influences the Cu inter-cage dynamic movement, the formation of Cu-solvated complexes and their respective mobility.

Therefore, the Cu inter-cage diffusion is key to the reactivity of the zeolites [START_REF] Gao | Selective Catalytic Reduction over Cu/SSZ-13: Linking Homo-and Heterogeneous Catalysis[END_REF][START_REF] Paolucci | Isolation of the copper redox steps in the standard selective catalytic reduction on Cu-SSZ-13[END_REF] After cooling, the product was washed with deionized water and filtered. The recovered product was dried overnight at 100°C and calcined at 550°C during 12h under air to remove the organic template.

Synthesis of SSZ-16_7.1 (AFX_MPC6OH)

The preparation of the reactive mixture started by putting sodium hydroxide (Prolabo, 77.50% Na2O, 22.50% H2O) into a beaker. Deionized water was added, and the beaker was put under stirring at 250 rpm. After the addition of the structuring directing agent (SDA) (R(OH)2) -bis(Nmethylpiperidinium)hexane dihydroxide (Figure 78), MPC6OH (Sachem, 18.36% R(OH)2, 81.64 % H2O)

-the stirring speed was increased to 350 rpm. The aluminium and silicon source -CBV780 (Zeolyst, 80.88% SiO2, 1.66% Al2O3, 0.001% Na2O, 17.46% H2O) -and the aluminium source -amorphous aluminium hydroxide (Merck, 58.55% Al2O3, 41.45% H2O) -were subsequently added, as well as the AFX seeds. A homogenization step was performed once the final mixture was obtained, by stirring for 30 minutes at 350 rpm and room temperature.

The final mixture had a molar composition of 100 SiO2: 3 Al2O3: 5.6 Na2O: 10 R(OH)2: 2204 H2O:

10% AFX seeds. The mixture was transferred to a stainless-steel batch reactor of 1L and stirred at 200 rpm at room temperature during 24h. Subsequently, the temperature was increased using a ramp of 5°C/min. Finally, the mixture was subjected to a crystallization step under stirring at 200 rpm at 180°C during 11h. After cooling, the product was washed with deionized water and filtered. The recovered product was dried overnight at 100°C and calcined at 550°C during 12h under air to remove the organic template.

Synthesis of SSZ-16_4.9 (AFX_MPC5OH)

The preparation of the reactive mixture started by putting sodium hydroxide (Prolabo, 77.50% Na2O, 

Synthesis of SSZ-16_4.8 (AFX_MPC6OH + TEAOH)

The preparation of the reactive mixture was started by putting the structuring directing agents into a beaker: tetraethylammonium hydroxide(Figure 80, right), TEAOH (Alfa Aesar, 35% R1, 65% H2O), and bis(N-methylpiperidinium)hexane dihydroxide (Figure The final mixture had a molar composition of 30 SiO2: 0.5 Al2O3: 6 Na2O: 2 R1: 5.5 R(OH)2: 514 H2O.

After an homogenization period of 1h under stirring at 350°C at room temperature, the mixture was transferred to a Teflon lined autoclave of 1L, and kept under static conditions at 130°C during 120h.

After cooling, the product was washed with deionized water and filtered. The recovered product was dried at 100°C during 3h30 and calcined at 580°C during 10h under air to remove the organic template. 
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Figure 1 :

 1 Figure 1: Temporal evolution of energy production: coal (dark blue), oil (dark brown), natural gas (green), nuclear (purple), hydro (light blue), biomass (orange). Human demographic growth translated by the dotted curve [8].

Figure 2 :

 2 Figure 2: Nitrogen oxides sources in the EU in 1990 and 2017 [19].

Figure 3 :

 3 Figure 3: NOx formation mechanisms [21].

Figure 4 :

 4 Figure 4: Atmospheric NOx reactions [27].

Figure 5 :

 5 Figure 5: 2017 U.S. nitrous oxide emissions quantification by source [13].

Figure 6 :

 6 Figure 6: NOx emissions in the EEA-33 and EU-28 member countries, as well as 2010 NECD and 2020 Gothenburg target paths and emission ceilings for the EU-28.

Figure 7 :

 7 Figure 7: Temporal evolution of the emission standards for passenger vehicles in the European Union and in the U.S. [37].

Figure 8 :

 8 Figure 8: Layout of a Ford DOC-SCR-DPF system [44].

Figure 9 :

 9 Figure 9: NOx conversion rates of different catalysts. Hydrothermal aging conditions: 650°C (lower for vanadia catalyst) with 7 vol.% H2O. Testing conditions: 200 ppm NH3, 200 ppm NO [58].

Figure 10 :

 10 Figure 10: Example of a zeolitic structure -the AEI framework. Oxygen atoms are shown as red spheres, while T-atoms (Al and Si) are represented as yellow sticks [67].

Figure 11 :

 11 Figure 11: Brønsted and Lewis acid sites in catalysts [69].

Figure 12 :

 12 Figure 12: Secondary Building Units (SBU) and respective representation. Frequency of occurrence in parenthesis [67]. Other designations for some of the SBUs (designation in the figure in brakets) -4r[4], s6r[START_REF] Ritchie | Fossil Fuels[END_REF], s8r[START_REF] Williams | The Anthropocene : A conspicuous stratigraphical signal of anthropogenic changes in production and consumption across the biosphere[END_REF], d4r, d6r, d8r: snr -single n ring, dnr -double n ring.

Figure 13 :

 13 Figure 13: Formation of the CHA structure, indicating respective SBUs and CBUs. TO4 are represented by each of the vertices, linked together by sharing an oxygen atom (not shown). The edges represent these links.

Figure 14 :

 14 Figure 14: MFI (left) and *BEA frameworks (right) and respective CBUs.

Figure 15 :

 15 Figure 15: Temporal evolution of the zeolites used in NH3-SCR [73].

Figure 16 :

 16 Figure 16: CHA framework highlighting the stacking of the d6r and cha cage (a). Close up of the cha cage, showing the 6 MR and 8 MR (b). Grey: T-atoms, red: O [82].

Figure 17 :

 17 Figure 17: NOx conversion rates of different Cu-zeolites when fresh (a) and hydrothermally aged at 800°C for 16h with 10% H2O (b) during Standard SCR (top) and Fast SCR (bottom). GHSV: 30,000 h - 1 . Testing conditions: 350 ppm NH3, 350 ppm NO, 14% O2, 10% H2O and balance N2 (Standard SCR) and 175 ppm NO, 175 ppm NO2, 350 ppm NH3, 14% O2, 10% H2O and balance N2 (Fast SCR) [75].

For instance,

  Wang et al. have recently synthesized SSZ-13 using four different templates -TMAdaOH (Si/Al = 4,2, Cu loading = 2.77 wt.%), Choline Chloride (CC, Si/Al = 4,3, Cu loading = 2.77 wt.%), Choline Hydroxide (CH, Si/Al = 4,3, Cu loading = 2.5 wt.%) and Benzyl Trimethylammonium Chloride (BTMAC, Si/Al = 15, Cu loading = 2.45 wt.%) [88]. Among these, TMAdaOH and CC led to the highest crystallinity and best SCR performance (Figure 18, left). Further alterations were done when employing CC in the synthesis (Figure 18, right): dynamic hydrothermal synthesis (Si/Al = 4, Cu loading = 2.66 wt.%), seed-assisted synthesis (Si/Al = 4, Cu loading = 2.92 wt.%), and fluoride-assisted synthesis (Si/Al = 4.1, Cu loading = 2.85 wt.%) [88].

Figure 18 :

 18 Figure 18: SCR activity of fresh Cu-SSZ-13 obtained by using different templates (a) or by alteration of the synthesis route (b): DS -Dynamic Synthesis, SS -Static Synthesis, -Seed -addition of SSZ-13

Figure 19 :

 19 Figure 19: Location of the organic and inorganic SDA cations for the different scenarios under study and respective representation of the favoured Al-Al ensembles formed in each case [89].

Figure 20 :

 20 Figure 20: Different methods of copper introduction on Cu-CHA [73].

  different ion-exchange sites are usually assigned in the CHA framework (Figure21)[START_REF] Gao | Current Understanding of Cu-Exchanged Chabazite Molecular Sieves for Use as Commercial Diesel Engine DeNOx Catalysts[END_REF]:I.in the centre of the double 6 MR.II.in the CHA cavity near the face of the 6 MR.III.in the CHA cavity along the three-fold axis.IV. near the 8 MR.

Figure 21 :

 21 Figure 21: Possible cation positions in the CHA structure [52].

Figure 22 :

 22 Figure 22: Side view of the cha cage (left). Dehydrated oxidized (A), reduced (B) and hydrated oxidized (C) (right) Cu sites. A, B and C indicate the locations of the different Cu ions within the cha cage [93].

Figure 23 :

 23 Figure 23: Predicted Cu site compositional phase diagram vs. Si/Al and Cu/Al ratios. Colour scale indicates predicted fractions of CuOH. White line indicates the transition from a Z2-Cu II -only region to a mixed Z2-Cu II /Z-Cu II OH region. White circles indicate compositions of synthesized Cu-SSZ-13 samples used to verify the predictions [93].

Figure 24 :

 24 Figure 24: Reversible hydrolysis of isolated Cu 2+ species [95].

Figure 25 :

 25 Figure 25: Standard SCR rates of Cu-SSZ-13 with different Cu-loadings (left). Testing conditions: 350 ppm NO, 350 ppm NH3, 14% O2, 2.5% H2O and balance N2. GHSV: 400,000 h -1 . Dashed horizontal line represents NO and NH3 conversions of 20%. Arrhenius plots for Standard SCR at low temperatures (< 200°C) on samples with different Cu loadings (right) [95].

  an example Han et al. synthesized SSZ-13 (according to[START_REF] Fickel | Copper Coordination in Cu-SSZ-13 and Cu-SSZ-16 Investigated by Variable-Temperature XRD[END_REF][START_REF] Ye | Activity, propene poisoning resistance and hydrothermal stability of copper exchanged chabazite-like zeolite catalysts for SCR of NO with ammonia in comparison to Cu/ZSM-5[END_REF]) with Si/Al = 4 and different Cu loadings. The stability of the catalysts decreased with increasing hydrothermal aging temperatures (Figure26, left) and with increasing copper content (Figure26, right). The effect of the Cu/Al ratio on the hydrothermal stability of the Cu-SSZ-13 catalysts was explained as follows: during ion-exchange, Cu II ions are coordinated in the d6r until reaching saturation. At this moment, the cha cages begin to be occupied, containing higher amounts of Cu II ions for increasing Cu loadings. Due to their lower hydrothermal stability, ions located in the cha cages can be easily agglomerated into CuOx species which are, in turn, capable of leading to partial or complete deactivation of the catalyst. Furthermore, agglomeration of Cu II species into CuOx also increased N2O selectivity in the NH3-SCR reaction, once more contributing to the decrease of the catalytic activity. These conclusions are seen in Figure27.

Figure 26 :

 26 Figure 26: NO conversion rates of fresh Cu-SSZ-13 with Si/Al = 4 and Cu/Al = 0.07 and after hydrothermal aging at different temperatures (left). NO conversion for fresh Cu-SSZ-13 and after hydrothermally aging at 750°C for different Cu loadings (right). Hydrothermal aging conditions: 12h with flowing air containing 10% H2O. Testing conditions: 500 ppm NO, 500 ppm NH3, 10% O2, 5% H2O and balance N2. GHSV: 200,000 h -1 [97].

Figure 27 :

 27 Figure 27: Effect of the aging temperature on the hydrothermal stability of Cu-SSZ-13 (a), and effect of the Cu/Al on the hydrothermal stability of Cu-SSZ-13 (b) [97].

Figure 28 :

 28 Figure 28: NOx conversion of Cu-SSZ-13 with different Si/Al ratios (left to right -6.5, 9 and 12.5)before and after hydrothermal aging (10% H2O at 750 °C for 16 h). Testing conditions: 500 ppm NO, 500 ppm NH3, 5 vol.% O2 and balance N2. GHSV: 400,000 h -1[START_REF] Jiang | Cu/SSZ-13 zeolites prepared by in situ hydrothermal synthesis method as NH3-SCR catalysts : Influence of the Si/Al ratio on the activity and hydrothermal properties[END_REF].

  3 Å in diameter, formed by 4 MR, 6 MR, and 8 MR, and pores with dimensions of 3.8 × 3.8 Å [99].

Figure 29 :

 29 Figure 29: AEI structure [77].This structure was first obtained as silico-and aluminophosphates SAPO-18 and AlPO-18, respectively. The aluminosilicate counterpart (SSZ-39) was first synthesized in hydroxide media using piperidine based OSDAs[START_REF] Stacey | ZEOLITE SSZ-39[END_REF]. It was later synthesized in fluoride media[101].

Figure 30 :

 30 Figure 30: NOx conversion rates of fresh and hydrothermally aged SSZ-39 and SSZ-13. Testing conditions: 500 ppm NH3, 530 ppm NO, 7% O2, 5% H2O. Total gas flow: 300 mL/min over 40 mg of catalyst [102].

Figure 31 :

 31 Figure 31: NO conversion rates of zeolites with different Si/Al and trans OSDA % in the synthesis: Si/Al = 9.8 + Cu/Al = 0.36 (red), Si/Al = 9.7 + Cu/Al = 0.33 (blue), Si/Al = 10.0 + Cu/Al = 0.31 (green), Si/Al = 9 + Cu/Al = 0.33 (black). Testing conditions: 350 ppm NO, 350 ppm NH3, 14% O2, and 2% H2O with balance N2. Total flow rate: 50 mL/min over 100 mg catalyst [107].

Figure 32 :

 32 Figure 32: NOx conversion rates of differently synthesized SSZ-39 zeolites. Testing conditions: 500ppm NO, 500 ppm NH3, 7% of O2, and 5% of H2O. GHSV: 450.000 mL h -1 gcat -1[START_REF] Martín | Efficient synthesis of the Cu-SSZ-39 catalyst for DeNOx applications[END_REF].

Figure 33 :

 33 Figure 33: NO conversion rates of Cu-Z-SSZ-39 (red), Cu-B-SSZ-39 (blue) and Cu-Y-SSZ-39 (black) (left). Si/Al of samples = 8.5 [108]. NO conversion of fresh and hydrothermally aged (16h at 750°C with 10% H2O) Cu-Y-SSZ-39 and Cu-C-SSZ-39 (blue) (right). Si/Al of samples = 8.4 [109]. Testing conditions: 500 ppm NO, 500 ppm NH3, 10% of O2 [108,109]. GHSV: 400,000 h -1 [108,109]. Cu loading = 2.4 wt.% on all samples [108,109].

Figure 34 :

 34 Figure 34: Standard SCR turnover rates (per Cu) according to the temperature of fresh (circles) and aged (squares) Cu-AEI, CHA (cross hatched) and RTH (filled circles) [110].

Figure 35 :

 35 Figure 35: Channel tortuosity of (a) AEI and (b) CHA [111].

Figure 36 :

 36 Figure 36: Effect of the hydrothermal aging temperature on SSZ-39 (left) and SSZ-13 (right) for the same Cu loading. Testing conditions: 500 ppm NO, 500 ppm NH3, 5 vol.% H2O, and 5 vol.% O2 balanced with N2. GHSV = 250,000 h -1 [111].

Figure 37 :

 37 Figure 37: Effect of the Cu loading on SSZ-39 (top) and SSZ-13 (bottom), when fresh (left) and hydrothermally aged at 850°C (right). Testing conditions: 500 ppm NO, 500 ppm NH3, 5 vol.% H2O, and 5 vol.% O2 balanced with N2. GHSV = 400,000 h -1 [111].

Fickel

  et al. were one of the first to investigate the NH3-SCR performance of AFX. In one work, Cu-SSZ-13, Cu-SSZ-16 (synthesized using 1,4-diazabicyclo[2,2,2]octane-C4-diquat dibromide as OSDA)

Figure 39 :

 39 Figure 39: NH3-SCR activities of Cu-SSZ-13 (top left), Cu-SSZ-16 (top right) and Cu-ZSM-5 (bottom left) when fresh and after hydrothermal aging with different durations. Comparison of NH3-SCR activities of samples aged during 15h (bottom right). Testing conditions: 500 ppm NO, 500 ppm NH3, 10 vol.% O2, and balance N2. GHSV: 42,500 mL/(h•gcat). Hydrothermal aging conditions: 750°C for variable durations of 3h, 7h and a maximum of 15h, while exposed to 5% H2O, 10% O2, and balance N2 [76].

Figure 40 :

 40 Figure 40: NH3-SCR on Cu-SSZ-13 (left) and Cu-SSZ-16 (right) with different copper loadings for fresh and samples hydrothermally aged during 7h (samples with incresed Cu loading) Testing conditions: 500 ppm NO, 500 ppm NH3, 10 vol.% O2, and balance N2. GHSV: 42,500 mL/(h•gcat) [76].

Figure 41 :

 41 Figure 41: Copper cations in Cu-SSZ-16 [94].

Figure 42 :

 42 Figure 42: ERI framework topology [67].

Figure 43 :

 43 Figure 43: NO conversion rates of fresh and hydrothermally aged: (top) Cu-AFX (left) and Cu-ERI (right), (bottom) Fe-AFX and Fe-ERI (right). Catalytic testing conditions: 500 ppm NO, 530 ppm NH3, 7% O2 and 5% H2O for Cu-containing catalysts and 50 ppm NO, 60 ppm NH3, 10% O2 and 10% H2Ofor Fe-containing catalysts[START_REF] Martín | Cage-based smallpore catalysts for NH3-SCR prepared by combining bulky organic structure directing agents with modified zeolites as reagents[END_REF].

Figure 44 :

 44 Figure 44: NOx conversion of SSZ-16 when fresh and aged at 700°C and 800°C. Testing conditions:300 ppm of NO, 300 ppm of NH3, 5% O2, 3% H2O and balance N2. GHSV: 50;000 h -1[START_REF] Chokkalingam | Ultrafast synthesis of AFX-Type zeolite with enhanced activity in the selective catalytic reduction of NOx and hydrothermal stability[END_REF].

Figure 46 :

 46 Figure 46: (Left) NO conversion rates of fresh and hydrothermally aged Nu-3. Catalytic conditions: 500 ppm NO, 500 ppm NH3, 10% O2, and balance N2. GHSV of 42,500 mL/(h•gcat) [76]. (Right) NO conversion rates of fresh zeolites. Catalytic conditions: 1000 ppm NO, 1000 ppm NH3, 6 vol.% O2, 5 vol.% H2O and balanced by He. GSHV = ~ 300,000 h -1 [116].

  3 x 5.3 Å, made up of d6r, sod and lev cages, formed by columns made up of stacked lev cages, adjacent to columns made up of the stacking of d6r and sod cages. This structure was first proposed in 1981, but it has only recently been successfully synthesized in the form of aluminosilicate PST-33 with varying Si/Al ratios, using 5-azonia-spiro[4.4]nonane ions as OSDA and a FAU-type zeolite with Si/Al = 2.6 as the main Al and Si sources in the presence of Na + and K + as inorganic structure-directing agents (ISDA)[START_REF] Lee | PST-33: A Four-Layer ABC-6 Zeolite with the Stacking Sequence AABC[END_REF]. Figure47shows the comparison between the catalytic performance of Cu-PST-33 (Si/Al = 11, Cu/Al = 0.38, squares) and Cu-SSZ-13 (Si/Al = 16, Cu/Al = 0.34, circles): considerably poorer deNOx activity was observed, in line with other 2D structures.

Figure 47 :

 47 Figure 47: Building units and respective location in the PTT structure (left) [120]. NO conversion rates of Cu-PST-33 and Cu-SSZ-13 and (right). Catalytic conditions: 500 ppm NO, 500 ppm NH3, 5 vol.% O2, 10 vol.% H2O balanced by N2. GSHV = 100,000 h -1 [120].

Figure 48 :

 48 Figure 48: Relationship between the RHO, KFI and LTA structures [77].

Figure 49 :

 49 Figure 49: Stacking scheme of the d6r units in the KFI structure, and cavities thus formed (left). 3D structure of KFI (right) [77].

Figure 50 :

 50 Figure 50: LTA structure and respective building units. Adapted from [77].

Figure 51 :

 51 Figure 51: Cu II ions at the centre of the s6rs. Si (yellow), O (red), Cu (blue) [128].

  with similar Cu/Al contents showed the presence of Cu species in the s6r and the sod cage, as well as Cu II ions in the plane of the 8 MR. Therefore, their lower structural stability was attributed to the transformation of Cu II ions in the 8 MR into CuOx species upon hydrothermal aging, similarly to what happens in Cu-SSZ-13 [132].

Figure 52 :

 52 Figure 52: Structure of a fresh Cu-LTA-23-0.50 catalyst with two different Cu II locations: Cu(1) and Cu(2). Si (yellow), O (red), Cu (blue) [132].

Figure 53 :

 53 Figure 53: 8 MR pores and cages in the RTH structure: rth and ite (right) [135].

Figure 54 :

 54 Figure 54: MOZ (left) and SZR (right) frameworks [67].

Figure 55 :

 55 Figure 55: Left: SFW structure and its different building units (red: d6r, blue: gme, yellow: sfw).

Figure 56 :

 56 Figure 56: ZnAPO-57 and respective building units (top left). ZnAPO-59 and respective building units (top right). Relationship between c-l, cha and lev cavities, and similarities between c-l and eri cavities (bottom) [144].

Figure 57 :

 57 Figure 57: Building units in the AFT topology (left) [148]. STA-20 structure and respective different cages: sta-20 (violet), gme (green) and can (blue) (right), adapted from [150].

Figure 58 :

 58 Figure 58: (Left) Building units of the SAT framework, specific cage (green) created by the stacking of d6r (blue) and can (yellow) cages [154]. (Right) Building units in the AVE topology: d6r (blue), can (yellow), lev (green) [155].
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 41411 Catalyst heated under N2 and preparation of the gas mixture. b) Data acquisition started via Morphée. c) Catalyst contact with the desired gas mixture after 120s. d) Variation of temperature throughout the duration of the catalytic test. e) Catalyst contact with a gas mixture containing 10 %O2 in N2 at 600°C during 10 minutes, at the end of the catalytic test. Comparison of structural parameters between each sample

Figure 61

 61 Figure 61 shows the catalytic performance of the different Cu-CHA samples under Standard (left)and Fast SCR (right). While maintaining the Cu loading at a fixed value of around 2 wt.%, it is clearly seen that different Si/Al ratios lead to both differing deNOx performances and N2O selectivities.

Figure 61 :

 61 Figure 61: NOx conversion rates and N2O concentration of Cu-CHA samples with different Si/Al ratios under Standard (left) and Fast SCR (right) conditions. Testing conditions can be consulted in Table 12.

Figure 62 :

 62 Figure 62: Deconvolution of the H2-TPR profiles of AEI (left) and CHA (right) with different Cu loadings.

Figure 63 :

 63 Figure 63: Deconvolution of the H2-TPR profiles of AFX zeolites with different Cu loadings.

Figure 64

 64 Figure 64 shows the catalytic performance of the different Cu-AEI and Cu-CHA samples under Standard (left) and Fast SCR (right).

Figure 64 :

 64 Figure 64: NOx conversion rates and N2O concentration of Cu-AEI (top) and Cu-CHA (bottom) samples with different Cu loadings under Standard (left) and Fast SCR (right) conditions. Testing

Figure 65 :

 65 Figure 65: Effect of the Cu loading on the NOx conversion rate of and N2O concentration curves of fresh Cu-AFX, under Standard (left) and Fast SCR (right) conditions. Testing conditions can be consulted in Table12.

Figure 66 :

 66 Figure 66: Deconvolution of the H2-TPR profiles of AEI (left) and CHA (right) according to the hydrothermal aging procedure.

Figure 67 :

 67 Figure 67: Nitrosyl region of the IR spectra for AEI (left) and CHA (right) zeolites according to the hydrothermal aging procedure.

Figure 68 :

 68 Figure 68: Hydroxyl region of the IR spectra for AEI (left) and CHA (right) zeolites according to the hydrothermal aging procedure.

Figure 69

 69 Figure 69 depicts the NOx conversions rates of fresh and aged Cu-AEI and Cu-CHA under Standard (left) and Fast SCR (right). Both frameworks show similar behaviours when fresh and after being subjected to hydrothermal aging.

Figure 69 :

 69 Figure 69: NOx conversion rates and N2O concentration of fresh and hydrothermally aged Cu-AEI (top) and Cu-CHA (bottom) under Standard (left) and Fast SCR (right) conditions. Testing conditions can be consulted in Table 12.
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 2 two maxima of N2O formed: approximately 3 ppm at 250°C and around 1 ppm at ~ 600°C. The total amount of N2O formed by these two samples was of 224 ppm and 386 ppm, respectively. The samples hydrothermally aged at 800°C show the maximum amount of N2O formed on all studied samples, of ~ 13 ppm at 600°C. Another peak of ~ 6 ppm of N2O can be observed at lower temperatures, at around 300°C. The total amount of N2O formed was of 2913 ppm and 2823 ppm on the AEI and the CHA samples, respectively. Differently from the fresh and HTA-800 samples, the samples aged at 900°C show a trend of N2O formation more closely related to a plateau, ranging from 5 to 7 ppm for Cu-SSZ-39_10.0_1.9 HTA-900 and 7 to 8 ppm for Cu-SSZ-13_9.1_2.2 HTA-900. Similarly to what was seen on the fresh samples, Cu-SSZ-13_9.1_2.2 HTA-900 (2647 ppm) forms more N2O than its AEI equivalent (2121 ppm).All catalytic performances observed under Fast SCR show a decrease at T = 400°C. Above that temperature, the catalytic performance decreases in line with the increase of the severity of the hydrothermal aging, similarly to that seen under Standard SCR. Below this temperature, all samples show similar catalytic performance. Aged AEI zeolites form more N2O than CHA catalysts: 7309 ppm vs. 6779 ppm for the samples aged at 800°C, and 6527 ppm vs. 6312 ppm for the samples aged at 900°C. Contrarily, Cu-SSZ-39_10.0_1.9 forms less N2O than Cu-SSZ-13_9.1_2.2: 1891 ppm vs. 2774 ppm.

Figure 70 :

 70 Figure 70: BAS and silanol groups in fresh Cu-AEI and Cu-CHA determined by 1 H MAS NMR.

Figure 71 :

 71 Figure 71: H2-TPR deconvolution curves of AFX zeolites synthesized with different OSDAs: a) MPC6OH (low and high Si/Al ratios), b) MPC6OH + TEAOH, c) and d) MPC5OH with lower and higher Si/Al ratios, respectively.

Figure 72 :

 72 Figure 72: Nitrosyl region of the IR spectra for different AFX zeolites synthesized with different OSDAs (indicated on the top right corner).

Figure 73 :Figure 74

 7374 Figure 73: Hydroxyl region of the IR spectra for different AFX zeolites synthesized with different OSDAs (indicated on the top right corner).

Figure 74 :

 74 Figure 74: NOx conversion rates and N2O concentration of Cu-AFX zeolites synthesized with different OSDAs (indicated on the top left corner) under Standard SCR conditions when fresh and after being subjected to hydrothermal aging. Testing conditions can be consulted in Table 12.
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Figure 75 :

 75 Figure 75: NOx conversion rates and N2O concentration of Cu-AFX zeolites synthesized with different

4. 6 . 1 . 3

 613 Identification of Cu active speciesH2-TPR (Figure76) shows interesting differences between the two catalysts: while both zeolites show the presence of Z-Cu II (OH) and Z2-Cu II , respectively peaks A and B, there is a significant amount of CuOx in Cu-PST-33_3.9_3.1, translated by peak E.

Figure 76 :

 76 Figure 76: Deconvolution of the H2-TPR profiles of Cu-PST-33_3.9_3.1 (top) and Cu-SSZ-13_4.4_2.0 (bottom).

Figure 77 :

 77 Figure 77: NOx conversion rates and N2O concentration of Cu-PST-33_3.9_3.1 and Cu-SSZ-13_4.4_2.0 under Standard (left) and Fast SCR (right) conditions. Testing conditions can be consulted in Table12.

  were used: a) MPC6OH, b) MPC5OH, c) MPC6OH + TEAOH. Specifically addressing the AFX zeolites synthesized with a) and b), it was aimed to understand how the chain length of the OSDA would impact the distribution of Al in the framework and, consequently the nature/ quantity of active Cu species. In effect, differences were indeed observed in the distribution of Al, Si and Cu between the samples synthesized with these different OSDAs. In this section, an AFX zeolite with an intermediate Si/Al ratio = 7.8 and synthesized with MPC5OH showed the remarkable catalytic behaviour, especially concerning the N2 selectivity (Appendix G -N2 and N2O selectivities for all samples).

  : higher intercage Cu diffusion allows for an easier formation of Cu-dimers, considered to favour the low temperature NH3-SCR activity. These species are known to play a role in the dissociation of O2 during the NH3-SCR oxidation half-cycle [186]. Paolucci et al. have shown that electrostatic tethering to framework aluminium centres limits the volume that each ion can explore and, thus, the possibility to form Cu-dimers [186]. As such, an alteration in the coordination environment next to the Cu species may lead to transport hindrances which, in turn, may result in an activity decrease in the low temperature regime. Therefore, being able to characterize the inter-cage diffusion of solvated Cu complexes such as [Cu 2+ (NH3)n] 2+ or [Cu + (OH)(NH3)n] is a key parameter to understand the low temperature activity. For instance, O'Malley et al., focused on the diffusion trajectory of NH3molecules within the AEI and CHA cages by employing quasielastic neutron scattering (QENS) and molecular dynamics (MD) simulations. Simulation results suggested a twofold higher diffusivity in the CHA framework in comparison to the LEV zeolite resulting from the higher quantity of 8 MR in the building units in CHA than in LEV (6 vs. 3)[START_REF] O'malley | Comparing ammonia diffusion in NH3-SCR zeolite catalysts: a quasielastic neutron scattering and molecular dynamics simulation study[END_REF]. Even if this study as focused solely on the diffusion of NH3 molecules, it clearly illustrated the impact of the inter-cage mobility in the low temperature deNOx activity. 100% SiO2) -were subsequently added, as well as the AFX seeds. A homogenization step was performed once the final mixture was obtained, by stirring for 30 minutes at 350 rpm and room temperature.The final mixture had a molar composition of 100 SiO2: 5 Al2O3: 8.3 Na2O: 20 R(OH)2: 1700 H2O: 10% AFX seeds. The mixture was transferred to a monel batch reactor of 1L. The mixture was subjected to a crystallization step under stirring at 200 rpm at 170°C (temperature ramp of 3°C/min) during 34h.

  22.50% H2O) into a beaker. Deionized water was added, and the beaker was put under stirring at 250 rpm. After the addition of the structuring directing agent (SDA) (R(OH)2) -bis(Nmethylpiperidinium)pentane dihydroxide (Figure79), MPC5OH (IFPEN, 29.78% R(OH)2, 70.22 % H2O) -the stirring speed was increased to 350 rpm. The silicon source -Aerossil 380 (Evonik, 100% SiO2) -and the aluminium source -sodium aluminate (Strem chemicals, 54.63% Al2O3, 41.18% Na2O, 4.19% H2O) -were subsequently added, as well as the AFX seeds. A homogenization step was performed once the final mixture was obtained, by stirring for 30 minutes at 350 rpm and room temperature.The final mixture had a molar composition of 100 SiO2: 5 Al2O3: 13.6 Na2O: 15 R(OH)2: 1700 H2O: 10% AFX seeds. The mixture was transferred to a stainless-steel batch reactor of 160 mL and stirred at 200 rpm at room temperature during 24h. Subsequently, the temperature was increased using a ramp of 3°C/min. Finally, the mixture was subjected to a crystallization step under stirring at 200 rpm at 170°C during 13h. After cooling, the product was washed with deionized water and filtered. The recovered product was dried overnight at 100°C and calcined at 580°C during 10h under air to remove the organic template.

Figure 79 :

 79 Figure 79: OSDA used in the synthesis -MPC5OH.

Figure 80 :

 80 Figure 80: OSDAs used in the synthesis -MPC6OH (left) + TEAOH (right).

Figure 81 :

 81 Figure 81: OSDA used in the synthesis -5-azoniaspiro[4.4]nonane hydroxide.

Figure 86 :Figure 90 :

 8690 Figure 86: Diffractograms of fresh and hydrothermally aged Cu-AFX zeolites synthesized with different OSDAs: a) MPC6OH, b) MPC6OH + TEAOH, c) and d) MPC5OH with lower and higher Si/Al ratios, respectively.

Figure 91 :

 91 Figure 91: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-13_9.1_0.6.

Figure 92 :

 92 Figure 92: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-13_9.1_2.2.

Figure 93 :Figure 96 :

 9396 Figure 93: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-13_9.1_4.0.

Figure 97 :

 97 Figure 97: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-39_10.0_1.9.

Figure 98 :Figure 99 :

 9899 Figure 98: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-39_10.0_4.3.

Figure 100 :Figure 101 :

 100101 Figure 100: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-39_10.0_1.9 hydrothermally aged for 1h at 900°C.

Figure 102 :

 102 Figure 102: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-16_7.3_1.7.

Figure 103 :

 103 Figure 103: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-16_7.3_2.6.

Figure 104 :

 104 Figure 104: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-16_7.3_3.3.

Figure 105 :Figure 106 :

 105106 Figure 105: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-16_7.3_4.4.

Figure 107 :

 107 Figure107:29 Si MAS NMR (left) and27 Al MAS NMR (right) of Cu-SSZ-16_7.1_2.9 (MPC6OH).

Figure 108 :Figure 111 :

 108111 Figure 108: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-16_7.1_2.9 hydrothermally aged for 1h at 900°C.

Figure 112 :

 112 Figure 112: 29 Si MAS NMR (left) and 27 Al MAS NMR (right) of Cu-SSZ-16_4.8_3.0 (MPC6OH + TEAOH).

Figure 116 :

 116 Figure 116: SEM scans of SSZ-13_12.0 at 2 μm (top left) and 1 μm (top right and bottom).

Figure 117 :

 117 Figure 117: SEM scans of SSZ-13_17.3. Scale: 1 μm.

Figure 118 :

 118 Figure 118: SEM scans of Cu-SSZ-39_10.0_1.9 (left) and Cu-SSZ-13_9.1_2.2 (right) according to the hydrothermal aging effect. Top: fresh catalysts, middle: HTA-800, bottom: HTA-900. Scale: 1 μm.

Figure 121 :

 121 Figure 121: SEM scans of Cu-AFX synthesized with MPC6OH: SSZ-16_5.9_2.9 (left) and SSZ-16_7.1_2.9 (right). Scale: 1 μm (top and middle) and 200 nm (bottom).

Figure 122 :

 122 Figure 122: SEM scans of Cu-AFX synthesized with MPC5OH: Cu-SSZ-16_4.9_3.2 (left) and SSZ-16_7.8_2.0 (right). Scale: 1 μm (top, middle and bottom right) and 200 nm (bottom left).

Figure 123 :

 123 Figure 123: SEM scans of Cu-AFX synthesized with MPC6OH + TEAOH: Cu-SSZ-16_4.8_3.0. Scale: 2 μm (top left), 1 μm (top right) and 200 nm (bottom).

Figure 127 :

 127 Figure 127: Elemental analysis of Cu-SSZ-13_9.1_2.2 HTA-800 obtained by SEM-EDS (left) and signalization of studied areas in the sample (right).

Figure 128 :Figure 129 :

 128129 Figure 128: SEM scan (top) and SEM-EDS cartographies of Cu-SSZ-13_9.1_2.2 HTA-800 for Cu (bottom left) and super-imposing of Si, Al and Cu (bottom right). Scale: 40 μm (top), 50 μm (bottom).

Figure 130 :BFigure 133 :

 130133 Figure 130: SEM scan (top) and SEM-EDS cartographies of Cu-SSZ-13_9.1_2.2 HTA-900 for Cu (bottom left) and super-imposing of Si, Al and Cu (bottom right). Scale: 50 μm.

Figure 134 :AFigure 140 :

 134140 Figure 134: SEM scan (top) and SEM-EDS cartographies of Cu-SSZ-39_10.0_1.9 HTA-800 for Cu (bottom left) and super-imposing of Si, Al and Cu (bottom right). Scale: 20 μm.
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Table 2 :

 2 Compounds comprised in the NOx nomenclature. NO, NO2 and N2O are the most abundant in the atmosphere. Comparison of these compounds' sources in the European Union in 1990 and in 2017 can be consulted in Figure 2.

	Formula	Designation	Properties
	N2O	Nitrous oxide	Colourless gas, water soluble
	NO	Nitric oxide	Colourless gas
	N2O2	Dinitrogen oxide	Slightly water soluble
	N2O3	Dinitrogen trioxide	Black solid, water soluble, decomposes in water
	NO2	Nitrogen dioxide	Red-brown gas
	N2O4	Dinitrogen Tetroxide	Very water soluble, decomposes in water
	N2O5	Dinitrogen Pentoxide	White solid, very water soluble, decomposes in water
	Among NOx,		

Table 4 :

 4 Characteristics of the different zeolites compared in NH3-SCR[START_REF] Kwak | Effects of hydrothermal aging on NH3-SCR reaction over Cu/zeolites[END_REF].

	Zeolite	Si/Al	Cu/Al	Cu loading (wt. %)
	Cu-SSZ-13	12.4	0.4	4.3
	Cu-ZSM-5	15	0.53	2.83
	Cu-beta	19	0.34	1.73
	Cu-Y	2.6	0.35	7.2

Table 5 :

 5 Characteristics of the different zeolites compared in NH3-SCR[START_REF] Fickel | The ammonia selective catalytic reduction activity of copper-exchanged small-pore zeolites[END_REF].

	Zeolite	Si/Al	Cu/Al	Cu loading (wt. %)
	Cu-SSZ-13#1	9	0.18	2.90
	Cu-SSZ-13#2	6	0.28	3.68
	Cu-SSZ-13#2	6	0.35	4.39
	Cu-SSZ-16	4.5	0.23	3.78
	Cu-SSZ-16	4.5	0.45	5.65
	Cu-ZSM-5	12.5	0.46	2.94

  The former were deemed responsible for the significant increase of activity for Cu loadings above 2.5 wt.%. All fresh

catalysts produced very low amounts of N2O

[START_REF] Shan | Cu-exchanged RTH-type zeolites for NH 3 -selective catalytic reduction of NO x : Cu distribution and hydrothermal stability[END_REF]

. Samples with increased Cu contents showed higher structural stability after hydrothermal aging with 10 vol.% H2O in air at 750°C for 16h, despite formation of CuOx being observed by XANES and EXAFS. The lower structural stability observed in less Cu-rich RTH zeolites was attributed to an easier migration of Cu II ions next to the 8 MR to more stable sites, resulting in inactive Cu II species (Cu-aluminium-oxygen complexes). Contrarily, higher Cu II contents in the zeolite pores would induce a lower mobility of these species upon aging, resulting in some CuOx accumulation and preservation of highly active Cu II ions next to the 8 MR. Once again, a very low formation of N2O was seen in aged RTH

[START_REF] Shan | Cu-exchanged RTH-type zeolites for NH 3 -selective catalytic reduction of NO x : Cu distribution and hydrothermal stability[END_REF]

. Jo et al. reported similar activities for fresh RTH and CHA zeolites more Si-rich zeolites (10 and 14, respectively). The loss of activity for the aged RTH (750°C for 24h with 10% H2O) was attributed to the CuOx formation

[START_REF] Lim | Unseeded hydroxide-mediated synthesis and CO 2 adsorption properties of an aluminosilicate zeolite with the RTH topology[END_REF]

. Xu et al. also presented comparable deNOx performance for fresh Cu-RTH (Si/Al = 8.8) and Cu-SSZ-13

[START_REF] Xu | Efficient synthesis of aluminosilicate RTH zeolite with good catalytic performances in NH 3 -SCR and MTO reactions[END_REF]

.

3 Experimental Section 3.1 Samples recapitulation

  Four different zeolitic structures have been studied in this work -CHA, AEI, AFX and PTT. Details Synthesis and ion-exchange procedures. Table7provides details on the studied samples.

	on these structures can be found, respectively, in sections 2.3.3.1, 2.3.3.2, 2.3.3.3 and 2.3.3.5. The CHA
	and AEI zeolites are commercial samples obtained from China Catalyst Holding. The AFX samples and
	the PTT zeolite have been synthesized at IFPEN according to the synthesis procedures disclosed in
	Appendix A -

Table 7 :

 7 Schematization of all starting samples under study. Incertitude except for Na2O (%): ± 10%.

			Incertitude for Na2O (%): ± 7%.			
	Source	Structure	Type	Identification Si/Al XRF	Na2O (%)	SBET (m 2 /g)	Vμ (mL/g)
				SSZ-13_4.4	4.4	0.1	744	0.266
	China Catalyst Holding	CHA	SSZ-13	SSZ-13_9.1 SSZ-13_12.0	9.1 12.0	-0.1	808 815	0.287 0.288
				SSZ-13_17.3	17.3	-	817	0.291
		AEI	SSZ-39 SSZ-39_10.0	10.0	-	787	0.281
				SSZ-16_7.3	7.3	2.2	679	0.233
				SSZ-16_5.9	5.9	2.8	757	0.269
	Synthesized at IFPEN	AFX	SSZ-16	SSZ-16_7.1 SSZ-16_4.9	7.1 4.9	3.1 -	739 -	0.253 -
				SSZ-16_7.8	7.8	-	745	0.265
				SSZ-16_4.8	4.8	1.4	598	0.252
		PTT	PST-33	PST-33_3.9	3.9	1.5	-	-

Table 8 :

 8 Schematization of all studied Cu-exchanged samples. Incertitude for Cu loading ICP: ± 10%.

	Cu ion-exchange

Table 10 :

 10 Chemical environments and respective chemical shift intervals in a29 Si MAS NMR spectrum[START_REF] Boxhoorn | A high-resolution solid-state 29 Si n.m.r. study of ZSM-5type zeolites[END_REF][START_REF] Fyfe | Magic-Angle-Spinning NMR (MAS-NMR) Spectroscopy and the Structure of Zeolites[END_REF][START_REF] Lippmaa | Investigation of the structure of zeolites by solid-state high-resolution silicon-29 NMR spectroscopy[END_REF][START_REF] Fyfe | Detailed interpretation of the 29Si and 27AI high-field MAS n.m.r, spectra of zeolites offretite and omega[END_REF].

	Identification	Si(4Al)	Si(3Al)	Si(2Al)	Si(1Al)	Si(0Al)
	Representation					
	Δδ (ppm)	-83 to -87	-88 to -94	-92 to -99	-97 to -105	-103 to -114
		=	∑ ∑	( 4 ( ) )			(3.2.2.1.2)
	3.2.2.					

29 

Si MAS NMR may also be used to calculate the framework Si/Al ratio (therefore not accounting the existence of extra-framework aluminium and/or silicon) using the expression (3.2.2.1.2).

2 27 Al MAS NMR

  

Table 12 :

 12 Operating conditions in each type of experiment.

	Operating conditions

Table 14 :

 14 Bulk and surface elemental composition of CHA samples with different Si/Al ratios.

	Incertitude (except for Na2O (%)): ± 10%. Incertitude for Na2O (%): ± 7%.	
					Bulk		Surface
	Nomenclature	Structure	Na2O (%)	Si/Al XRF*	Cu/Al ICP	Cu loading ICP (wt.%)	Si/Al XPS	Cu/Al XPS
	Cu-SSZ-13_4.4_2.0		0.03	4.4	0.12	2.0	5.3	0.06
	Cu-SSZ-13_12.0_2.1	CHA	0.02	12.0	0.27	2.1	10.4	0.18
	Cu-SSZ-13_17.3_2.5		0.02	17.3	0.46	2.5	11.4	0.35

Table 15 :

 15 Porosity of CHA samples with different Si/Al ratios. Incertitude: ± 10%.

	Nomenclature	SBET (m 2 /g)	Sext (m 2 /g)	Sμ (m 2 /g)	Vμ (mL/g)
	Cu-SSZ-13_4.4_2.0	643	20	623	0.231
	Cu-SSZ-13_12.0_2.1	701	7	694	0.253
	Cu-SSZ-13_17.3_2.5	696	37	659	0.244

Table 17 :

 17 Recapitulation of the different Cu species observed by H2-TPR.

			H2 consumed (mmol/g)			Relative quantification (%)	
		Peak	Peak	Peak	Peak	Peak	Peak	Peak	Peak	Peak	Peak
		A	B	C	D	E	A	B	A+B	C+D	E
	Cu-SSZ-13_4.4_2.0	0.04	0.20	-	0.20	-	9	46	54	46	-
	Cu-SSZ-13_12.0_2.1	0.08	0.09	0.04	0.17	0.02	19	22	41	54	5
	Cu-SSZ-13_17.3_2.5	0.05	0.17	0.25	0.17	0.06	7	25	32	60	8

Table 18 :

 18 Bulk 

	Bulk	Surface

and surface elemental composition of Cu-AEI, Cu-CHA and Cu-AFX zeolites with different Cu loadings. Incertitude (except for Na2O (%)): ± 10%. Incertitude for Na2O (%): ± 7%.

Si/Al XRF* Cu/Al ICP Cu loading ICP (wt.%) Si/Al XPS Cu/Al XPS Cu-SSZ-39_10.0_0.4

  

			0.01		0.05	0.4	12.2	0.04
	Cu-SSZ-39_10.0_1.9	AEI	0.02	10.0	0.23	1.9	10.3	0.15
	Cu-SSZ-39_10.0_4.3		0.03		0.52	4.3	6.9	0.45
	Cu-SSZ-13_9.1_0.6		0.02		0.07	0.6	10.1	0.03
	Cu-SSZ-13_9.1_2.2	CHA	0.01	9.1	0.25	2.2	9.2	0.14
	Cu-SSZ-13_9.1_4.0		0.01		0.55	4.0	6.1	0.46
	Cu-SSZ-16_7.3_0.7		0.03		0.06	0.7	9.4	0.04
	Cu-SSZ-16_7.3_1.7		0.01		0.14	1.7	8.7	0.09
	Cu-SSZ-16_7.3_2.6	AFX	0.01	7.3	0.22	2.6	7.8	0.27
	Cu-SSZ-16_7.3_3.3		0.02		0.27	3.3	6.3	0.32
	Cu-SSZ-16_7.3_4.4		0.01		0.36	4.4	6.1	0.46

Table 19 :

 19 Cell parameters of the Cu-zeolites and comparison with ideal values.

			Cell parameters (Å) ± 0.005 Å
	Nomenclature	Structure	a	b	c
	Ideal Cell Parameters [99]		13.677	12.607	18.497
	Cu-SSZ-39_10.0_0.4 Cu-SSZ-39_10.0_1.9	AEI	13.620 13.626	--	12.624 12.621
	Cu-SSZ-39_10.0_4.3		13.634	-	12.622
	Ideal Cell Parameters [168]		13.675	13.675	14.767
	Cu-SSZ-13_9.1_0.6 Cu-SSZ-13_9.1_2.2	CHA	13.602 13.616	--	14.802 14.796
	Cu-SSZ-13_9.1_4.0		13.602	-	14.793
	Ideal Cell Parameters [112]		13.674	13.674	19.695
	Cu-SSZ-16_7.3_0.7		13.642	-	19.742
	Cu-SSZ-16_7.3_1.7	AFX	13.637	-	19.724
	Cu-SSZ-16_7.3_2.6		13.636	-	19.708
	Cu-SSZ-16_7.3_4.4		13.641	-	19.703

Table 20 :

 20 Porosity of Cu-exchanged zeolites according to the Cu loading. Incertitude: ± 10%.The quantification of Al and Si species in the samples obtained by27 Al and29 Si MAS NMR is showcased in Table21. Corresponding27 Al and29 Si MAS NMR spectra can be consulted in Appendix C -NMR Spectra.

	Nomenclature	Structure	SBET (m 2 /g)	Sext (m 2 /g)	Sμ (m 2 /g)	Vμ (mL/g)
	Cu-SSZ-39_10.0_0.4		701	3	698	0.256
	Cu-SSZ-39_10.0_1.9	AEI	725	20	705	0.261
	Cu-SSZ-39_10.0_4.3		700	16	684	0.253
	Cu-SSZ-13_9.1_0.6		773	16	757	0.277
	Cu-SSZ-13_9.1_2.2	CHA	765	32	733	0.269
	Cu-SSZ-13_9.1_4.0		740	26	714	0.262
	Cu-SSZ-16_7.3_0.7		688	78	611	0.232
	Cu-SSZ-16_7.3_1.7		675	77	598	0.227
	Cu-SSZ-16_7.3_2.6	AFX	668	73	595	0.226
	Cu-SSZ-16_7.3_3.3		664	80	584	0.222
	Cu-SSZ-16_7.3_4.4		631	75	556	0.212

Table 21 :

 21 Quantification of Al and Si species according to the Cu loading on AEI, CHA and AFX, obtained by27 Al and29 Si MAS NMR.

	Nomenclature	Structure	Si(2Al) (%)	Si(1Al) (%)	Si(0Al) (%)	Al IV (%)	Al V / Al IV perturbed by EFAl (%)	Al VI (%)
	SSZ-39_10.0		4	30	66	81	10	9
	Cu-SSZ-39_10.0_0.4 Cu-SSZ-39_10.0_1.9	AEI	9 9	28 29	63 62	78 83	12 13	10 4
	Cu-SSZ-39_10.0_4.3		9	32	59	83	15	2
	SSZ-13_9.1		3	34	63	91	4	5
	Cu-SSZ-13_9.1_0.6 Cu-SSZ-13_9.1_2.2	CHA	4 4	30 33	66 63	88 88	10 9	2 3
	Cu-SSZ-13_9.1_4.0		3	29	67	87	11	2
	SSZ-16_7.3		9	35	56	67	22	11
	Cu-SSZ-16_7.3_0.7		19	30	51	55	23	22
	Cu-SSZ-16_7.3_1.7 Cu-SSZ-16_7.3_2.6	AFX	17 19	30 30	53 51	61 76	25 20	14 4
	Cu-SSZ-16_7.3_3.3		15	31	54	79	19	2
	Cu-SSZ-16_7.3_4.4		16	31	52	82	17	1

Table 22 :

 22 Comparison between the bulk, framework and surface Si/Al ratios according to the Cu loading on AEI, CHA and AFX. Incertitude for XRF and XPS results: ± 10%.

			Bulk	Framework	Surface
	Nomenclature	Structure	Si/Al XRF*	Si/Al NMR	Si/Al XPS
	Cu-SSZ-39_10.0_0.4			13.8	12.2
	Cu-SSZ-39_10.0_1.9	AEI	10.0	12.7	10.3
	Cu-SSZ-39_10.0_4.3			11.6	6.9
	Cu-SSZ-13_9.1_0.6			13.8	10.1
	Cu-SSZ-13_9.1_2.2	CHA	9.1	12.4	9.2
	Cu-SSZ-13_9.1_4.0			14.1	6.1
	Cu-SSZ-16_7.3_0.7			10.1	9.4
	Cu-SSZ-16_7.3_1.7			10.0	8.7
	Cu-SSZ-16_7.3_2.6	AFX	7.3	9.6	7.8
	Cu-SSZ-16_7.3_3.3			9.8	6.3
	Cu-SSZ-16_7.3_4.4			9.6	6.1

Table 23 :

 23 Recapitulation of the different Cu species observed by H2-TPR in AEI and CHA according to the Cu loading.

				H2 consumed (mmol/g)			Relative quantification (%)	
	Nomenclature	Structure	Peak A	Peak B	Peak C	Peak D	Peak E	Peak A	Peak B	Peak A+B	Peak C+D	Peak E
	Cu-SSZ-39_10.0_0.4		0.003 0.05 0.003 0.03	-	3	62	65	35	-
	Cu-SSZ-39_10.0_1.9	AEI	0.10	0.07	0.05	0.14	-	27	19	46	54	-
	Cu-SSZ-39_10.0_4.3		0.03	0.49	0.26	0.31	0.06	2	43	45	50	5
	Cu-SSZ-13_9.1_0.6		0.01	0.07 0.004 0.05	-	6	52	58	42	-
	Cu-SSZ-13_9.1_2.2	CHA	0.16	0.05	0.05	0.21	-	33	12	45	55	-
	Cu-SSZ-13_9.1_4.0		0.06	0.43	0.19	0.33	0.14	5	38	43	45	12

Table 24 :

 24 Recapitulation of the different Cu species observed by H2-TPR in different Cu-AFX.

				H2 consumed (mmol/g)			Relative quantification (%)	
	Nomenclature	Structure	Peak A	Peak B	Peak C	Peak D	Peak E	Peak A	Peak B	Peak A+B	Peak C+D	Peak E
	Cu-SSZ-16_7.3_0.7		0.01	0.08	0.04	0.06	-	6	42	48	52	-
	Cu-SSZ-16_7.3_1.7		0.06	0.10	0.08	0.14	-	16	27	43	57	-
	Cu-SSZ-16_7.3_2.6	AFX	0.01	0.21	0.18	0.22	0.06	1	31	32	59	9
	Cu-SSZ-16_7.3_3.3		0.01	0.39	0.35	0.25	0.07	1	36	37	57	6
	Cu-SSZ-16_7.3_4.4		0.02	0.31	0.31	0.26	0.20	2	28	30	52	18

Table 25 :

 25 N2O formation under Standard and Fast SCR by Cu-AFX with different Cu loadings.

	Cu loading (%)

Table 26 :

 26 Bulk and surface elemental composition of AEI and CHA samples with similar Si/Al ratios

	Bulk	Surface

and Cu loadings. Incertitude (except for Na2O (%)): ± 10%. Incertitude for Na2O (%): ± 7%.

Table 27 :

 27 Porosity of AEI and CHA samples with similar Si/Al ratios and Cu loadings before and after hydrothermal aging. Incertitude: ± 10%.

	Nomenclature	Structure	SBET (m 2 /g)	Sext (m 2 /g)	Sμ (m 2 /g)	Vμ (mL/g)
	Cu-SSZ-39_10.0_1.9		725	20	705	0.261
	Cu-SSZ-39_10.0_1.9 HTA-800	AEI	675	15	660	0.245
	Cu-SSZ-39_10.0_1.9 HTA-900		581	44	537	0.202
	Cu-SSZ-13_9.1_2.2		765	32	733	0.269
	Cu-SSZ-13_9.1_2.2 HTA-800	CHA	721	24	697	0.257
	Cu-SSZ-13_9.1_2.2 HTA-900		595	58	537	0.202

Table 28 :

 28 Species quantification by29 Si and27 Al MAS NMR on AEI and CHA samples with similar Si/Al ratios and Cu loadings before and after hydrothermal aging.

	Nomenclature	Structure	Si(2Al) Si(1Al) Si(0Al)	Al IV (%)	Al V or Al IV perturbed by EFAl (%)	Al VI (%)
	Cu-SSZ-39_10.0_1.9		9	29	62	83	13	4
	Cu-SSZ-39_10.0_1.9 HTA-800	AEI	3	20	77	58	28	14
	Cu-SSZ-39_10.0_1.9 HTA-900		-	26	74	55	27	18
	Cu-SSZ-13_9.1_2.2		4	33	63	88	9	3
	Cu-SSZ-13_9.1_2.2 HTA-800	CHA	4	16	80	59	27	14
	Cu-SSZ-13_9.1_2.2 HTA-900		-	35	65	58	26	16

Table 29 :

 29 Comparison between the bulk, framework and surface Si/Al ratio of AEI and CHA samples at iso Si/Al ratios and Cu loadings before and after aging. Incertitude for XRF and XPS results: ± 10%.

			Bulk	Framework	Surface
	Nomenclature	Structure	Si/Al XRF	Si/Al NMR	Si/Al XPS
	Cu-SSZ-39_10.0_1.9		10.0	12.7	10.3
	Cu-SSZ-39_10.0_1.9 HTA-800	AEI	-	28.1	-
	Cu-SSZ-39_10.0_1.9 HTA-900		-	36.3	-
	Cu-SSZ-13_9.1_2.2		9.1	12.4	9.2
	Cu-SSZ-13_9.1_2.2 HTA-800	CHA	-	27.1	-
	Cu-SSZ-13_9.1_2.2 HTA-900		-	30.3	-

Table 30 :

 30 Recapitulation of the different Cu species observed by H2-TPR in AEI and CHA according to the hydrothermal aging procedure.

				H2 consumed (mmol/g)		Relative quantification (%)	
	Nomenclature	Structure	Peak A	Peak B	Peak C	Peak D	Peak E	Peak A	Peak B	Peak A+B	Peak C+D	Peak E
	Cu-SSZ-39_10.0_1.9		0.10	0.07	0.05	0.14	-	27	19	46	54	-
	Cu-SSZ-39_10.0_1.9 HTA-800	AEI	0.04	0.12	-	0.15	-	14	37	51	49	-
	Cu-SSZ-39_10.0_1.9 HTA-900		-	0.14	0.10	0.06	0.10	-	35	35	40	25
	Cu-SSZ-13_9.1_2.2		0.16	0.05	0.05	0.21	-	33	12	45	55	-
	Cu-SSZ-13_9.1_2.2 HTA-800	CHA	0.04	0.15	-	0.12 0.005	14	47	61	38	1
	Cu-SSZ-13_9.1_2.2 HTA-900		-	0.16	0.20	0.05	0.02	-	37	37	58	5

Table 32 :

 32 Bulk elemental composition of AFX zeolites synthesized with different OSDAs. Incertitude

	(except for Na2O (%)): ± 10%. Incertitude for Na2O (%): ± 7%.
					Bulk	
	OSDA	Nomenclature	Na2O (%)	Si/Al XRF	Cu/Al ICP	Cu loading ICP (wt.%)
	MPC6OH	Cu-SSZ-16_5.9_2.9 Cu-SSZ-16_7.1_2.9	2.8 3.1	5.9 7.1	0.23 0.27	2.9 2.9
	MPC5OH	Cu-SSZ-16_4.9_3.2 Cu-SSZ-16_7.8_2.0	--	4.9 7.8	0.22 0.21	3.2 2.0
	MPC6OH + TEAOH	Cu-SSZ-16_4.8_3.0	1.4	4.8	0.21	3.0
	4.5.1.2 Structural properties					
	XRD confirmed that all samples are pure AFX zeolites, as they are in conformity with the theoretical
	diffractogram of the AFX structure (see Appendix B -XRD results). Furthermore, no CuOx lines could
	be perceived on any of the samples (see section 3.2.3). SEM imaging also showed the typical truncated
	hexagonal bipyramidal morphology expected for zeolites with the AFX structure (Appendix D -SEM
	results).					

Table 35 :

 35 Comparison between the bulk and framework Si/Al ratio of AFX zeolites synthesized with different OSDAs. Incertitude for Si/Al XRF: ± 10%.

	Bulk	Framework

Table 36 :

 36 Recapitulation of the different Cu species observed by H2-TPR on AFX zeolites synthesized with different OSDAs.

	H2 consumed (mmol/g)	Relative quantification (%)

Table 37 :

 37 N-O stretching frequencies of mono-nitrosyl adducts in Cu II and Cu I .

Table 38 :

 38 Recapitulation of the light-off temperature and N2O formed for each Cu-AFX sample under Standard and Fast SCR.

	Standard SCR	Fast SCR

Table 39 :

 39 Bulk and surface elemental composition of a PTT and CHA zeolite. Incertitude (except for

	Na2O (%)): ± 10%. Incertitude for Na2O (%): ± 7%.
				Bulk	
	Nomenclature	Na2O (%)	Si/Al XRF	Cu/Al ICP	Cu loading ICP (wt.%)
	Cu-PST-33_3.9_3.1	1.50	3.9	0.18	3.1
	Cu-SSZ-13_4.4_2.0	0.03	4.4	0.12	2.0

Table 40 :

 40 Porosity of PTT and CHA samples with Si/Al ratios around 4. Incertitude: ± 10%.

	Nomenclature	Structure	SBET (m 2 /g)	Sext (m 2 /g)	Sμ (m 2 /g)	Vμ (mL/g)
	Cu-PST-33_3.9_3.1	PTT	311	27	284	0.108
	Cu-SSZ-13_4.4_2.0	CHA	643	20	623	0.231

Table 41 :

 41 Species quantification by29 Si and27 Al MAS NMR on the PTT and CHA samples.

	Nomenclature	Structure	Si(3Al) (%)	Si(2Al) (%)	Si(1Al) (%)	Si(0Al) (%)	Al IV (%)	Al V / Al IV perturbed by EFAl (%)	Al VI (%)
	Cu-PST-33_3.9_3.1	PTT	10	31	48	12	57	22	21
	Cu-SSZ-13_4.4_2.0	CHA	3	10	45	42	67	17	16

Table 42 :

 42 Recapitulation of the different Cu species observed by H2-TPR on the PTT and CHA samples.

				H2 consumed (mmol/g)			Relative quantification (%)	
	Sample	Structure	Peak A	Peak B	Peak C	Peak D	Peak E	Peak A	Peak B	Peak A+B	Peak C+D	Peak E
	Cu-PST-33_3.9_3.1	PTT	0.08	0.13	0.13	0.20	0.23	10	17	27	43	30
	Cu-SSZ-13_4.4_2.0	CHA	0.04	0.20	-	0.20	-	9	46	54	46	-

Table 3 )

 3 The almost non-existent literature available on the catalytic performance of this structure makes it compelling to test under NH3-SCR. This framework is made up by stacking lev cages, d6r and sod cages (see , thus resembling the LEV framework, made up by stacking lev cages and d6r building units. The smaller dimension of the sod cage in comparison to the lev cage lead to a much lower accessible volume1 and area 2 on the PTT structure (10.38 % and 931.84 m 2 /g, respectively)[START_REF]Framework Type PTT[END_REF], in comparison to the LEV framework (14.32 % and 1277.82 m 2 /g, respectively)[START_REF]Framework type LEV[END_REF]. These observations might explain the low conversions rates obtained when using Cu-PST-33_3.9_3.1, contrasting with some promising results shown in the literature when testing LEV zeolites (shown in section 2.3.3.4).

  The presence of these species could also result from the smaller accessibility seen in this framework, capable of impacting the migration of the Cu ions to the preferred exchange positions. Moreover, despite the CHA sample showing a lower

	Cu loading than the PTT zeolite, it was previously determined that the presence of CuOx is only observed
	for CHA zeolites with Si/Al ratios > 12 when maintaining a Cu loading of 2 wt.% (see section 4.2), or for
	Cu loadings > 4 wt.% for a CHA zeolite with a Si/Al ratio of 9 (see section 4.3). Since Cu-SSZ-13_4.4_2.0
	has a Si/Al ratio of 4, an even greater Cu loading would be required to observe the formation of such
	CuOx species.

1 

. Portion of occupiable volume with continuity between all unit cells accessible to the centre of a spherical water molecule (radius = 1.4 Å).

2 

. Portion of surface area visited by the centre of a spherical water molecule (radius = 1.4 Å).

  80, left), MPC6OH (Sachem, 21.85% R(OH)2, 78.15 % H2O). The beaker was put under stirring at 300 rpm. Sodium hydroxide (Fluka, 77.50% Na2O, 22.50% H2O) was then added. The aluminium source -sodium aluminate (CARLO ERBA Reagents, 53% Al2O3, 42.32% Na2O, 4.68% H2O) was added, as well as the silicon source -LUDOX AS-40 (Sigma Aldrich, 40% Al2O3, 0.08% Na2O, 59.92% H2O). The mixture was kept under stirring at 350 rpm at room temperature for 23h. The silicon and aluminium source -CBV720 (Zeolyst, 82.138% SiO2, 4.182% Al2O3, 0.042% Na2O, 13.638% H2O) -was added after 23h.

Table 44 :

 44 N2 and N2O selectivities of all samples under Standard and Fast SCR at specific temperatures.

	Standard SCR	Fast SCR

CO2's lifetime is given as an interval as this gas is not destroyed over time, instead being absorbed by the oceanatmosphere-land system. Some fractions can be quickly removed, while others remain in the atmosphere for extended periods of time.
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N2 physisorption

This technique gives information on the porosity of the material, allowing the determination of parameters such as the microporous volume and area, the specific surface or the pore size distribution.

The adsorption isotherms were obtained at 77 K (T of liquid nitrogen) using an ASAP 2420 apparatus from Micromeritics, after a pre-treatment of the catalysts' powder at 500°C under vacuum (10 -5 mbar) for 6h. The specific surface was calculated according to the Brunauer-Emmet-Teller (BET) model [START_REF] Brunauer | Adsorption of Gases in Multimolecular Layers[END_REF], whereas the microporous area and volume were obtained using the t-plot method [START_REF] Boer | Thet-curve of multimolecular N2-adsorption[END_REF].

Hydrogen-Temperature Programmed Reduction (H2-TPR)

Hydrogen-Temperature Programmed Reduction (H2-TPR) is a useful tool to identify and quantify Cu species of different nature (oxidation state, reducibility and position) [START_REF] Gao | Current Understanding of Cu-Exchanged Chabazite Molecular Sieves for Use as Commercial Diesel Engine DeNOx Catalysts[END_REF][START_REF] Kwak | Effects of hydrothermal aging on NH3-SCR reaction over Cu/zeolites[END_REF][START_REF] Shan | A comparative study of the activity and hydrothermal stability of Al-rich Cu-SSZ-39 and Cu-SSZ-13[END_REF][START_REF] Gao | Effects of Si/Al ratio on Cu/SSZ-13 NH3-SCR catalysts : Implications for the active Cu species and the roles of Brønsted acidity[END_REF]. The analysis were carried out on an Autochem 2920 apparatus from Micromeritics. Approximately 20 mg of each sample were pre-treated in air at 500°C for 30 min. A flow rate of 20 mL/min and a temperature ramp of 10°C/min were used for this step. After cooling down to room temperature, 5% H2/Ar was introduced at a flow rate of 20 mL/min. A temperature ramp of 5°C/min was used until reaching 1000°C, and the powder was kept at this value for 1h. A thermal conductivity detector (TCD) monitored the consumption of hydrogen.

Different Cu species found in different location within the frameworks can be identified by a specific temperature range interval. According to the literature, cage-containing zeolitic frameworks usually show the presence of two contributions concerning the reduction of Cu II species to Cu I : Z-Cu II (OH) (expression (3.2.6.1)) located in the 8 MR and singly coordinated by isolated Al, and Z2-Cu II (expression (3.2.6.2)), located in the d6r and doubly coordinated with paired Al atoms [START_REF] Gao | Effects of Si/Al ratio on Cu/SSZ-13 NH3-SCR catalysts : Implications for the active Cu species and the roles of Brønsted acidity[END_REF]. As Z-Cu II (OH) are found in less stable positions within the frameworks, their reduction temperature is lower than that of Z2-Cu II . The contributions of these species are identified in the TPR profiles as peaks A and B, respectively.

Other species can also be identified by H2-TPR, namely the reduction of Z-Cu I to Cu 0 (expression (3.2.6.3)). In this case, two contributions can be present: peak C relating to more easily reducible species (lower reduction temperatures) and peak D concerning highly stable species, only reducible at temperatures above 900°C. The presence of these species can be derived from the reduction of isolated Cu II ions (mentioned above) and/ or the Z-Cu I ions that were originally present in the zeolitic frameworks.

Zeolites subjected to hydrothermally aging show a non-negligible amount of Z-Cu I already present (as discussed in sections 4.4 and 4.5).

-

vaporizer which allows for the vaporization of water before being introduced into either of the prior two lines (not represented), and another gas entry line (Ramp purge) where only nitrogen and oxygen pass, and which is mainly used to purge the reaction mixture from the setup during specific stages of the catalytic tests. All lines are heated and protected with an isolating material, to prevent water condensation and NH4NO3 formation inside the setup. Several valves allow for the rapid alteration of the gas circulation, by command of the used acquisition program -Morphée.

The catalytic test requires about 200 mg of powdered sample previously sieved, so that it has a granulometry between 353 and 200 μm. This powder is put inside a quartz tubular reactor which is coupled to an oven. A refractory material is placed around the reactor to prevent heat loss. The temperature of the gas mixture is measured by two thermocouples located inside the reactor -one right above and another right below the catalyst. The gas flow passing by the reactor is directed towards the purge, with a small fraction being sent to a series of analysers. These analysers provide continuous information on the concentration of CO2, O2, NO2, NO, N2O and NH3 contained in the exit gas mixture.

The collected data allow for the calculation of parameters such as the NOx conversion (expression 3.2.2. Further information on the deconvolution of the 29 Si MAS NMR and distribution of species in 27 Al MAS NMR, as well as the corresponding 27 Al and 29 Si MAS NMR spectra, refer to Appendix C -NMR Spectra. All catalytic performances observed under Fast SCR show a decrease at T = 400°C. Above that temperature, the catalytic performance decreases in line with the increase of the Si/Al ratio, similarly to what was seen under Standard SCR. In this case, the behaviours at T < 350°C superimpose for all samples. However, differently from the tendency observed under Standard SCR, the formation of N2O

does not appear to follow a coherent trend: while Cu-SSZ-13_17.3_2.5 is still the zeolite that leads to the formation of more N2O (4653 ppm), the other two samples show similar formations of this compound, with 3199 ppm for Cu-SSZ-13_4.4_2.0 and 2823 ppm for Cu-SSZ-13_12.0_2.1, respectively.

Discussion

The first parameter under study was the effect of the Si/Al ratio, by studying three different CHA zeolites with a similar Cu loading ~ 2 wt.% (see Table 14). Comparing the surface Si/Al ratio observed by XRF and the surface Si/Al ratio obtained by XPS, it is observed an enrichment in Si on the surface of the CHA sample with the lowest Si/Al ratio. The opposite is seen on the other two samples (bulk Si/Al ratio > surface Si/Al ratio), highlighting the differences in the distribution of Si and Al in the bulk and at the surface according to the Si/Al ratio. Differently, bulk Cu/Al ratios were always higher than those obtained at the surface. As the bulk Si/Al ratio increases, the discrepancy between Cu/Al XRF and Cu/Al XPS increases.

Aside from the elemental composition of the samples, their structural properties were also ascertained. All samples show similar porosity, but the sample with an intermediate Si/Al ratio of 12.0

shows the highest values of microporous surface and volume (see Table 15). Results obtained by 27 Al and 29 Si MAS NMR showed relevant differences between the three CHA samples under study (Table 16): as expected, the increase of the Si/Al ratio leads to an increase in the proportion of Si(0Al), and the available Al atoms are mostly tetrahedrally coordinated, thus corresponding to FAl species. On the contrary, the most Al-rich sample shows almost identical presence of Si(0Al) and Si(1Al) species.

formation of this compound, whereas a total amount of 224 ppm of N2O was formed for Cu-SSZ-39_10.0_1.9 and 1361 ppm on Cu-SSZ-39_10.0_4.3.

Results under Fast SCR conditions show similar trends as those obtained under Standard SCR, namely an overall decrease of the catalytic performance and an increase in the amount of N2O formed as the Cu loading increases. In these conditions, Cu-SSZ-39_10.0_0.4 leads to the formation of N2O (668 ppm), but it is still significantly lower than the 1891 ppm and 4724 ppm obtained for Cu-SSZ-39_10.0_1.9 and Cu-SSZ-39_10.0_4.3, respectively. It is worth noting the overall similar catalytic performance obtained under these conditions for both Cu-SSZ-39_10.0_0. The effect of the Cu loading on the deNOx performance was further tested on the AFX framework (Figure 65). In this case, the gap between the Cu loading of the different samples is lower than that used for Cu-AEI and Cu-CHA, at ~ 1 wt.% instead of 2 wt.%. As a reminder, the Si/Al ratios and Cu loadings of each sample refer to the first and second numbers contained in their nomenclature.

directly linked to the increase of the hydrothermal aging temperature and in line with the structural damage seen by XRD. The quantification of each type of Al and Si species obtained by 27 Al and 29 Si MAS NMR is showcased in Table 34. For information on the attribution of each species, refer to section 3.2.2. Further information on the deconvolution of the 29 Si MAS NMR and distribution of species in 27 Al MAS NMR, as well as the corresponding 27 Al and 29 Si MAS NMR spectra, refer to Appendix C -NMR Spectra. Similar trends can be observed for the fresh samples with identical Si/Al ratios independently of the OSDA that was employed in the synthesis. For example, Cu-SSZ-16_5.9_2.9, Cu-SSZ-16_4.9_3.2 and Cu-SSZ-16_4.8_3.0 show similar proportion of FAl and EFAl species. Concerning Cu-SSZ-16_7.1_2.9

and Cu-SSZ-16_7.8_2.0, with higher Si/Al ratios, some differences can be observed: the former sample shows an absence of EFAl species and a higher contribution of FAl species, whereas the latter shows a decrease of FAl species directly seen in the increase of the EFAl. Moreover, these differences are maintained after the samples have been subjected to hydrothermal aging: once again, there is a higher 

Synthesis procedures of samples obtained from the lab (non-performed synthesis)

Synthesis of SSZ-16_5.9 (AFX_MPC6OH)

The preparation of the reactive mixture started by putting sodium hydroxide (Prolabo, 77.50% Na2O, 22.50% H2O) into a beaker. Deionized water was added, and the beaker was put under stirring at 250 rpm. After the addition of the structuring directing agent (SDA) (R(OH)2) -bis(Nmethylpiperidinium)hexane dihydroxide (Figure 78), MPC6OH (Sachem, 18.36% R(OH)2, 81.64 % H2O)

-the stirring speed was increased to 350 rpm. The aluminium and silicon source -CBV712 (Zeolyst, 75.21% SiO2, 9.77% Al2O3, 0.001% Na2O, 15.02% H2O) -and the silicon source -CABOSIL (Cabot,

Copper introduction

Before introducing copper, all samples were required in their H-form. The commercial samples of CHA and AEI were already provided in this form, but the as-synthesized AFX and PTT samples were obtained in its Na-H form, therefore requiring an additional ion-exchange step with ammonia to obtain NH4 + -AFX, arriving at H-AFX by calcination.

The ammonia ion-exchange procedure was done using a solution of ammonium nitrate (NH4NO3) at 3M. A volume of solution ten times superior to the mass of zeolite to be treated (Vsolution/mzeolite = 10) was put in a round-bottom flask. After addition of the corresponding mass of zeolite, the flask with the suspension was put in an oil bath and stirred at 80°C for one hour and, later, cooled, washed with deionized water (Vwater/mzeolite = 10) and filtered under vacuum. This procedure was repeated for a total of three times. After the last wash and filtration, the recovered solid was dried overnight at 100°C. The NH4 + -AFX zeolite thus obtained was, then, subjected to a calcination step at 550°C for 8h to obtain H-AFX. This step was not performed on SSZ-16_4.8, whose Na + form was directly exchanged with Cu according to the procedure mentioned below.

The copper introduction itself was performed by aqueous ion-exchange. For this, a solution of a copper complex [Cu(NH3)4](NO3)2 was prepared according to [START_REF] Jakobsen | SAPO-34 with Copper: Investigation of hierarchical pore characteristics and interactions with copper for catalytic applications[END_REF], using copper nitrate (Cu(NO3)2, Prolabo, 99% of purity), and a solution of NH4OH at 3M. A volume of solution 30 times superior to the mass of zeolite to be treated (Vsolution/mzeolite = 30) was put into a volumetric flask. After addition of the mass of zeolite to treat, the suspension was kept under stirring at room temperature for a total duration of 24h, after which it was washed with deionized water (Vwater/mzeolite = 10) and filtered. After drying at 100°C overnight, the Cu-zeolites were subjected to a final calcination step at 550°C for 8h. Al IV Al V Al VI 

Appendix B -XRD results

Diffractograms of Cu-CHA

Diffractograms of Cu-AFX

Appendix D -SEM results

Morphology and size of the catalysts

SEM scans of Cu-AEI

SEM scans of Cu-AFX

Appendix E -SEM-EDS results

SEM-EDS of Cu-CHA according to the hydrothermal aging

N2 isotherms of Cu-AFX

Appendix G -N2 and N2O selectivities for all samples

Table 44 provides a recapitulation of the N2 and N2O selectivities of all samples under Standard and Fast SCR. Results obtained under Standard SCR were taken at the reaction temperature (in the low temperature regime) at which a maximum N2O selectivity was obtained. In turn, due to the variability in the N2O selectivity results obtained under Fast SCR, all values were taken at a fixed reaction temperature of 320°C.