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Résumé

Le travail présenté dans cette thèse s'inscrit dans une stratégie de développement de procédés innovants visant à répondre aux défis contemporains, notamment la transition énergétique de l'industrie chimique. Le projet de recherche porte sur l'étude d'un procédé d'ozonation comme alternative à la combustion pour la régénération de catalyseurs cokés. De nos jours, près de 80% des procédés de réactions chimiques impliquent des catalyseurs hétérogènes (ou solides), ce qui montre la pertinence industrielle de ce sujet. La formation de coke, qui sont des composés carbonés bloquant la porosité des catalyseurs, entraîne une diminution importante des performances du procédé. Afin de recycler ces catalyseurs usagés, différentes méthodes ont été développées. Le procédé de régénération le plus couramment utilisé est la combustion du coke à l'air à environ 500°C. Bien que ce procédé soit efficace, ses principaux inconvénients sont la consommation énergétique élevée et le risque de dégradation thermique pour certains catalyseurs. Afin de surmonter ces problématiques, différents procédés alternatifs sont étudiés. Parmi eux, l'exposition à l'ozone permet d'éliminer le coke aux alentours de 100°C grâce à son fort pouvoir oxydant. Après avoir obtenu des résultats préliminaires prometteurs, de nombreuses questions demeurent : ce projet vise à étudier les différents phénomènes (mécanismes réactionnels et transfert de matière) mis en jeu lors de l'oxydation du coke par l'ozone.

Le procédé d'ozonation est étudié dans cette thèse à l'aide d'une approche à la fois expérimentale et numérique. Les échantillons cokés utilisés dans cette étude sont issus de la pyrolyse catalytique du polyéthylène avec des catalyseurs zéolithiques HZSM-5. Cette réaction a été identifiée dans la littérature comme un procédé prometteur pour la valorisation des déchets plastiques et s'inscrit donc dans la logique de développement de procédés innovants animant ce projet. Une étude approfondie de la formation de coke lors de cette réaction a permis de décrire la désactivation progressive des catalyseurs au cours de leur utilisation répétée. La réutilisation des catalyseurs régénérés a ensuite permis de démontrer une restauration complète des performances après ozonation. L'influence des conditions opératoires sur l'efficacité du procédé a été examinée à l'aide d'une étude paramétrique et d'une méthodologie analytique robuste. Les différents paramètres variables sont le temps d'exposition (entre 15 min et 48 h), la température (de 50 à 150°C), la concentration d'ozone en entrée (de 10 à 80 gO3/Nm3) et le débit volumétrique (de 50 à 150 L/h). Des observations à l'échelle du grain et du réacteur ont permis d'obtenir une meilleure compréhension des phénomènes de diffusion-réaction mis en jeu lors de l'ozonation du coke. Différents régimes de régénération, connus dans la littérature sous les noms de coeur rétrécissant et homogène, sont observés. Cet équilibre entre diffusion et réactivité a été illustré et quantifié par l'acquisition expérimentale des profils radiaux de carbone sur les grains de catalyseur à l'aide d'une technique analytique innovante. Ces résultats ont permis de réaliser une première modélisation de l'ozonation à l'échelle du grain. Diverses méthodes numériques ont été utilisées afin de résoudre les équations de transfert de matière décrivant le système afin de comparer les solutions numériques aux résultats expérimentaux. Cette approche a permis de déterminer différents paramètres clés du procédé : le coefficient de diffusion effectif de l'O3 dans les catalyseurs ainsi que les constantes cinétiques de la dégradation catalytique de l'ozone et de l'oxydation du coke. Au vu des résultats présentés, l'ozonation apparaît comme une alternative crédible à la combustion permettant la régénération des catalyseurs cokés dans des conditions plus douces que la combustion. L'étude de la viabilité énergétique et économique du procédé semble être la prochaine étape pour envisager un développement industriel de cette application de l'ozonation.

Introduction générale

Introduction générale (Version française)

La transformation de l'industrie chimique au cours des prochaines années est d'une importance capitale dans le cadre de la transition énergétique. Cette métamorphose est nécessaire afin de surmonter les conséquences environnementales et sociales du changement climatique. En effet, le secteur industriel, couplé à celui de la production d'énergie, est responsable de plus de 60% des émissions mondiales de gaz à effet de serre. Alors que les émissions directes de CO2 ont atteint 36,8 Gt en 2022, ces secteurs majeurs offrent un potentiel d'amélioration considérable pour réduire ces émissions à l'échelle planétaire [START_REF]CO2 Emissions in 2022[END_REF][START_REF] Ritchie | Emissions by sector, Our World in Data[END_REF]. Pour atteindre ces objectifs, il est impératif de mettre en place une stratégie globale de décarbonation et de réduction de consommation énergétique par l'innovation. La recherche scientifique joue un rôle prépondérant afin de permettre et d'encourager cette transition urgente. A cet effet, l'optimisation des procédés existants et le développement de méthodes innovantes sont désormais au coeur des travaux de recherche visant à relever le défi d'une industrie chimique durable.

La catalyse est présente dans la majorité des procédés chimiques. Leur utilisation permet un contrôle accru de la vitesse de réaction et de la sélectivité des produits. De plus, la demande croissante de procédés moins énergivores et générant moins de déchets laisse prévoir une hausse importante des potentielles applications. Les catalyseurs hétérogènes, qui font appel à des matériaux catalytiques solides, sont impliqués dans 80% des processus chimiques (Figure 0.1) en raison de leur facilité de mise en oeuvre [START_REF] Thomas | Summarizing comments on the discussion and a prospectus for urgent future action[END_REF]. Les catalyseurs solides sont donc présents dans de nombreux domaines faisant intervenir une réaction chimique, de la pétrochimie à l'industrie pharmaceutique. [START_REF] Thomas | Summarizing comments on the discussion and a prospectus for urgent future action[END_REF] [START_REF] Thomas | Summarizing comments on the discussion and a prospectus for urgent future action[END_REF].

Le principal inconvénient de la catalyse hétérogène est la désactivation des catalyseurs, qui entraîne une perte des performances catalytiques. Se produisant à des degrés différents en fonction du procédé, la désactivation est principalement causée par un encrassement dû à la formation de dépôts de composés carbonés, communément appelés "coke". Celui-ci provoque une importante diminution des propriétés texturales et chimiques des catalyseurs, se traduisant par une baisse de l'activité catalytique [START_REF] Bartholomew | Catalyst Deactivation and Regeneration[END_REF][START_REF] Guisnet | Deactivation and regeneration of zeolite catalysts[END_REF]. La désactivation par formation de coke est généralement réversible, et les catalyseurs peuvent être recyclés en éliminant le coke. La régénération de ces matériaux est aujourd'hui principalement conduite par oxydation sous air à haute température (400-600°C). Ce procédé requiert une importante consommation d'énergie et ne convient pas aux catalyseurs thermo-sensibles. Le développement d'une alternative pour la régénération des catalyseurs cokés présente donc un intérêt environnemental majeur pour remplacer la combustion du coke par un procédé moins énergivore [START_REF] Argyle | Heterogeneous Catalyst Deactivation and Regeneration: A Review[END_REF][START_REF] Zhou | Regeneration of catalysts deactivated by coke deposition: A review[END_REF]. Une telle avancée aurait un impact significatif en raison du grand nombre d'applications liées à la désactivation et à la régénération des catalyseurs dans l'industrie chimique. L'objectif de cette thèse est de répondre à ce défi en développant un procédé de régénération opérant dans des conditions plus douces : l'oxydation à l'ozone (ou ozonation). Des études préliminaires prometteuses menées dans le laboratoire ont démontré la capacité de l'ozone à oxyder le coke aux alentours de 100°C grâce à son fort potentiel oxydant [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF][START_REF] Richard | Towards a New Oxidation Process Using Ozone to Regenerate Coked Catalysts[END_REF]. Cependant différents verrous scientifiques et techniques empêchaient d'atteindre une bonne compréhension de ce procédé innovant. Ce projet de recherche vise à surmonter ces défis et à mieux comprendre les phénomènes réactionnels et de transfert ayant lieu durant l'ozonation de catalyseurs cokés. Différentes problématiques sont abordées dans cette étude afin de déterminer : (i) les réactions et mécanismes impliqués dans l'élimination du coke (dégradation thermique et catalytique de l'ozone, oxydation directe et indirecte du coke avec l'ozone moléculaire ou les espèces radicalaires), (ii) l'influence des conditions opératoires sur les limitations de diffusion et l'efficacité du procédé et enfin (iii) l'effet de la nature du coke et le rôle du matériau catalytique. De nombreux aspects de ce travail de recherche, tels que la réactivité des espèces radicalaires ou la diffusion moléculaire dans les milieux microporeux, présentent encore d'importants défis scientifiques à ce jour. Ce projet de recherche constitue donc un défi à la fois académique et industriel pour le développement d'un procédé innovant.

En raison du grand nombre d'applications potentielles, la complexité de cette étude résidait également dans le choix du matériau catalytique et de la réaction désactivante. Cette réaction chimique "modèle" a pour but de conduire à des catalyseurs cokés à régénérer, mais également d'évaluer la restauration des performances catalytiques après ozonation. Il était nécessaire de trouver un équilibre entre la pertinence industrielle actuelle et future pour le choix de ce procédé, offrant ainsi la possibilité d'orienter ce travail de recherche vers des problématiques actuelles. Ayant une importante implantation industrielle depuis de nombreuses années tout en présentant de nombreuses applications émergentes, les zéolithes ont été choisies comme catalyseurs pour cette étude. En effet, leurs propriétés géométriques et acides uniques permettent de réduire la consommation d'énergie et d'augmenter la sélectivité au cours de procédés [START_REF] Weitkamp | Zeolites and catalysis[END_REF][START_REF] Sheldon | Solid Acids and Bases as Catalysts[END_REF]. La réflexion pour le choix de la réaction désactivante nous a mené vers un procédé présentant d'importantes perspectives à moyen terme, mais dont le développement industriel est retenu à cause de problèmes de désactivation par formation de coke. Ces critères ont été des éléments importants pour le choix final. En effet, même si cette réaction est principalement destinée à obtenir facilement des zéolithes cokées pour l'étude du procédé d'ozonation, les résultats expérimentaux obtenus peuvent apporter de nouveaux éléments sur ce procédé même s'il ne constitue pas le coeur de la thèse. Répondant à tous ces éléments, la pyrolyse catalytique des déchets plastiques a été choisie en tant que procédé innovant répondant aux défis contemporains, à savoir la pollution plastique [START_REF] Ragaert | Mechanical and chemical recycling of solid plastic waste[END_REF]. L'utilisation de catalyseurs pendant la pyrolyse permet de revaloriser les déchets plastiques en produits à haute valeur ajoutée, comme du carburant, des monomères ou molécules plateforme [START_REF] Miandad | Catalytic pyrolysis of plastic waste: A review[END_REF]. Différents travaux ont étudié ce procédé au cours des dernières années, montrant une importante désactivation par formation de coke, entravant ainsi son développement industriel [START_REF] Ochoa | Coke formation and deactivation during catalytic reforming of biomass and waste pyrolysis products: A review[END_REF].

L'objet de l'étude présentée dans ce projet de recherche est donc la régénération par ozonation de zéolithes cokées au cours de la pyrolyse catalytique des plastiques, en particulier du polyéthylène. L'étude parallèle conduite sur un procédé de revalorisation des déchets apporte une nouvelle dimension au travail de thèse : il s'inscrit dans une démarche de développement de procédés innovants afin de répondre aux défis environnementaux actuels en promouvant une économie circulaire et une consommation énergétique réduite pour une industrie chimique plus durable. Cette étude cherche ainsi à évaluer la capacité du procédé d'ozonation à régénérer les catalyseurs cokés, à obtenir une compréhension approfondie des phénomènes impliqués, tout en apportant des connaissances supplémentaires sur la désactivation des catalyseurs lors de la pyrolyse des plastiques.

Les principaux aspects de ce travail sont introduits dans le Chapitre 1, avec une revue de l'état de l'art liée à chaque axe du projet de recherche. Après une présentation générale des zéolithes en tant que catalyseurs et de la pyrolyse catalytique des plastiques, un intérêt particulier est porté à la désactivation des catalyseurs par formation de coke ainsi qu'aux différents procédés de régénération. Les connaissances actuelles sur l'ozonation et les phénomènes attendus en faisant le parallèle avec la combustion du coke sont détaillés afin de fournir le contexte et les connaissances nécessaires à une meilleure compréhension des résultats présentés. Dans le chapitre suivant, la méthodologie de ce travail est présentée. A l'aide du contexte fourni par une présentation complète des techniques analytiques utilisées dans le domaine, le matériel, les installations expérimentales, les protocoles et les méthodes de cette étude sont détaillés dans ce Chapitre 2. Les résultats et discussions de cette thèse sont ensuite articulés en trois parties : la désactivation et la réutilisation des catalyseurs ozonés pendant la pyrolyse, l'étude expérimentale de l'oxydation du coke par ozonation et une approche numérique du procédé. Le Chapitre 3 porte sur l'évolution des propriétés des catalyseurs durant la pyrolyse du polyéthylène. Une étude complète de la formation de coke au cours de cette réaction a été menée, examinant l'influence de cette désactivation sur les propriétés et les performances des catalyseurs, avant de réutiliser les zéolithes ozonées en pyrolyse afin d'évaluer la restauration de l'activité catalytique. Dans le Chapitre 4, les aspects expérimentaux du procédé d'ozonation sont présentés : une étude paramétrique est conduite afin de déterminer les conditions optimales pour l'élimination du coke et de mieux comprendre les phénomènes mis en jeu à l'échelle du grain et du réacteur. A l'aide de ces résultats expérimentaux, une approche numérique visant à modéliser ce système de réactiondiffusion complexe est présentée dans le Chapitre 5, afin d'en extraire les paramètres physico-chimiques clés du procédé d'ozonation.

General introduction

General introduction (English version)

The transformation of chemical industry during the upcoming years represents a key point of the ecological transition required to face environmental and social consequences of climate change. Industrial sector combined with energy production represents more than 60% of global greenhouse gases emissions. While the global direct CO2 emissions reached 36.8 Gt in 2022, these key sectors present a tremendous potential for the reduction of global emissions [START_REF]CO2 Emissions in 2022[END_REF][START_REF] Ritchie | Emissions by sector, Our World in Data[END_REF]. In order to achieve such environmental objectives, a combined strategy of decarbonation and reduction of energy consumption through innovation is required. Scientific research obviously has a crucial role to engage and encourage this urgent transition. The optimization of existing processes or development of innovative methods nowadays animate most of research works to take up the challenge of a sustainable chemical industry.

Catalysts are widely used in industrial processes for chemical reactions as they provide an increase control over reaction rate and product selectivity. Furthermore, due to the increasing need for industrial processes to be less energy intensive and to produce less waste, catalysts demand and applications are expected to grow within the following decades. Heterogeneous catalysts, being the use of solid catalytic material, are involved in 80% of chemical processes (Figure 0.1) due to their ease of implementation [START_REF] Thomas | Summarizing comments on the discussion and a prospectus for urgent future action[END_REF]. Applications of solid catalysts are therefore found in a wide range of industries when chemical reactions are involved, from petrochemistry to pharmaceutical domains. [START_REF] Thomas | Summarizing comments on the discussion and a prospectus for urgent future action[END_REF] [START_REF] Thomas | Summarizing comments on the discussion and a prospectus for urgent future action[END_REF].

The main drawback of heterogeneous catalysts resides in their deactivation, causing loss of catalytic performances. Occurring at different rates depending on the involved process, deactivation is mainly caused by fouling due to deposition of carbonaceous compounds, referred as "coke". These molecules cause an important decrease of textural and chemical properties of catalysts leading to lowered efficiency [START_REF] Bartholomew | Catalyst Deactivation and Regeneration[END_REF][START_REF] Guisnet | Deactivation and regeneration of zeolite catalysts[END_REF]. Deactivation via coking is reversible in most cases and catalysts performances can be recovered by removing coke species. Regeneration of catalytic material is carried out in industry with an oxidation process with air at high temperatures (400-600°C). Such conditions require important energy consumption and are not suitable for thermo-sensitive catalysts. The development of an alternative method for solid catalysts regeneration is therefore of high interest to replace coke combustion by a less energy intensive process [START_REF] Argyle | Heterogeneous Catalyst Deactivation and Regeneration: A Review[END_REF][START_REF] Zhou | Regeneration of catalysts deactivated by coke deposition: A review[END_REF]. Such advances would have an important effect on chemical industry due to the high industrial relevance and number of applications of catalysts deactivation and regeneration. The aim of this PhD work is to overcome this challenge by investigating a regeneration process operating in milder conditions: oxidation with ozone, also called ozonation. Preliminary studies conducted in the laboratory showed promising results as the high oxidative power of ozone allowed to remove coke over catalysts around 100°C [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF][START_REF] Richard | Towards a New Oxidation Process Using Ozone to Regenerate Coked Catalysts[END_REF]. Different scientific and technical obstacles prevent obtaining a better understanding of this innovative process. This research project aims to overcome these challenges and to gain better insight on the reaction and mass transfer phenomena involved during ozonation of coked catalysts. Different aspects are investigated in this work to determine: (i) the involved reactions and mechanisms leading to coke removal (thermal and catalytic degradation of ozone, direct and indirect coke oxidation with molecular ozone or radical species), (ii) the influence of operating conditions over diffusion limitations and process efficiency and (iii) the effect of deactivating species as well as catalytic material. Many aspects of this research work, such as the reactivity of radical species or diffusion in microporous media, present important scientific challenges even up to date. This research project consequently presents a combined academic and industrial challenge for the development of innovative process.

Due to the wide range of potential applications, the complexity of this study also resides in the choice of a catalytic material and a reaction conducting to the deactivation of catalysts via coking. This "model" chemical reaction is intended to provide coked catalytic material for the regeneration study but also to assess the ability of ozonation to restore catalytic performances. This choice of deactivating process needed to find an appropriate balance between current industrial relevance and future applications, therefore giving the opportunity to direct this work towards contemporary fields of interest. Zeolites were elected as catalytic material for this study, identified in the literature as catalysts with both important industrial implantation for many years and yet presenting many emerging applications. Indeed, their unique acid and shape-selective properties allows minimization of energy consumption and control of appropriate shape and size of products [START_REF] Weitkamp | Zeolites and catalysis[END_REF][START_REF] Sheldon | Solid Acids and Bases as Catalysts[END_REF]. Moreover, coking is the major deactivation pathway on zeolite-based catalysts and loss of catalytic efficiency is therefore reversible with an appropriate regenerating treatment. The choice for the coking reaction was directed towards a process presenting promising perspectives on a mid-term basis, but whose industrial development is restrained by an important deactivation via coke formation. These criteria were key factors in the final choice as this process is mostly expected to easily provide coked zeolites for ozonation investigations, but even though it is not the core of the PhD work, experimental results can provide new insights on this process. The chosen reaction therefore has to present a recently gained interest, in order to have a sufficient knowledge of the process and yet being able to bring additional insight. Catalytic pyrolysis of plastics waste was elected as it was identified in the literature as an innovative process answering to contemporary challenges, i.e. plastic pollution, which presents all the aforementioned elements [START_REF] Ragaert | Mechanical and chemical recycling of solid plastic waste[END_REF]. Use of catalysts during pyrolysis allows the revalorization of plastics waste into high-value products that can be reused as fuel or chemical feedstock [START_REF] Miandad | Catalytic pyrolysis of plastic waste: A review[END_REF]. This process was heavily investigated over the past years, showing an important catalytic deactivation via coking that restrains its industrial development [START_REF] Ochoa | Coke formation and deactivation during catalytic reforming of biomass and waste pyrolysis products: A review[END_REF]. The investigated reaction system in this research project is therefore the regeneration via ozonation of coked zeolites used during catalytic pyrolysis of plastics. The use of this particular deactivating reaction for the study of the ozonation process brings another dimension to the PhD work: it is embedded in a logic of development of innovative processes answering to contemporary challenges for a circular economy and reduction of energy consumption for a sustainable chemical industry. This study intends to evaluate the ability of ozonation to regenerate coked catalysts by providing a deep understanding of involved phenomena, but also to provide additional knowledge on the deactivation occurring during catalytic pyrolysis of plastics.

The main different axes of this work are introduced in Chapter 1 with a literature review related to each relevant aspect of the research project. After a presentation of zeolites material for catalysis and a global overview of catalytic pyrolysis of plastics, a focus on catalysts deactivation via coking and the different existing regenerating processes is conducted. The current knowledge on ozonation and expected phenomena based on comparison with coke combustion are detailed to provide necessary background for the comprehension of further exploitation. In the following chapter, the analytical and technical methodology of this work is presented. Based on the contextual knowledge provided by a complete presentation of the analytical techniques panel used in the domain, the material, experimental setups, protocols and methods of this work are detailed in this Chapter 2. The results and discussions of this PhD work are then articulated in three different axes: the deactivation and reuse of ozonated catalysts during pyrolysis, the experimental study of the ozonation process for coke removal and a modelling approach of coke oxidation with ozone. Chapter 3 focuses on the experimental use of catalysts during pyrolysis of polyethylene. A complete study of coke formation during this process was conducted, investigating the influence of deactivation over catalysts properties and performances, before recycling ozonated catalysts into pyrolysis to assess the ability of the process to restore catalytic activity. In Chapter 4, the experimental aspects regarding ozonation are presented: a parametric study is conducted in order to determine optimal coke removal conditions and to gain better understanding of the phenomena involved during the process both at pellet and reactor scale. Combined with these experimental results, a numerical approach is presented in Chapter 5 intending to model this complex diffusion-reaction system and to extract key physical and chemical parameters of ozonation process. 

Theory and literature review

In this chapter, the main axes of this work are introduced with a complete state of art related to each section: zeolite materials, catalytic pyrolysis of plastics, catalysts deactivation mechanisms and regenerating processes. These different aspects are discussed with an important literature review to provide a better understanding of the research context and the project objectives. For every principal aspects, a particular attention is given to the scope of this work in a focus section.

Zeolite materials for heterogeneous catalysis 1.General information

Zeolite catalysts are aluminosilicate sieves with pores and channels forming a threedimensional microporous framework. While silica-alumina catalysts have an amorphous structure, zeolites have a crystalline structure, composed of primary structural units TO4 tetrahedron where T is the central atom, typically Si or Al, surrounded by O atoms connecting one unit to the other. The negative charge bore by each tetrahedron with aluminum in the center is compensated by the presence of an exchange cation, usually H + , K + or Na + . The chemical composition of zeolites is presented by Equation (1.1).

𝑀𝑥 𝑛 ⁄ 𝑛+ [(𝐴𝑙𝑂 2 -) 𝑥 (𝑆𝑖𝑂 2 ) 𝑦 ], (𝑚)𝐻 2 𝑂

(1.1)
Where M is the exchange cation with its charge n, (x + y) is the total number of primary units and m is the number of adsorbed water molecules. The ratio y/x represents the Si/Al ratio often used to describe zeolite composition. Interconnection between the tetrahedral basic building units (BBU) gives rise to different possibilities of three-dimensional microporous structures with geometries having specific structural properties [START_REF] Weitkamp | Zeolites and catalysis[END_REF][START_REF] Chester | Zeolite characterization and catalysis a tutorial[END_REF][START_REF] Bekkum | Introduction to zeolite science and practice[END_REF]. As presented in Figure 1.1, each zeolite is defined by its singularities: pore network with related porosity and tortuosity; channels and intersections in one, two or three dimensions; systems of cages connected by windows [START_REF] Bekkum | Introduction to zeolite science and practice[END_REF]. Among the most commonly used zeolites, HZSM-5, HUSY, Hβ and HMOR can be cited. Over 200 different zeolite structures, synthetic and natural, have been identified and can be found on the International Zeolite Association (IZA) website [START_REF]Database of Zeolite Structures[END_REF]. The possible geometries and composition variations of zeolites offer a wide range of characteristics: Si/Al ratio, specific surface, porosity and nature of compensating cation. Due to their important reactivity and adsorption capacities, zeolites are materials of interest for numerous applications in various domains [START_REF] Van Speybroeck | Advances in theory and their application within the field of zeolite chemistry[END_REF]. Zeolites are nowadays widely used as heterogeneous catalysts in many industrial processes from petrochemistry to water and gas treatment.

Zeolite reactivity and properties

Acid active sites

Zeolite reactivity is due to the presence of surface acid sites which number and strength are determined by its composition. The distribution of aluminum and exchange cation within the structure influences the acidic properties of the zeolite [START_REF] Cejka | Zeolites and Catalysis: Synthesis, Reactions and Applications[END_REF]. Two types of acid sites are identified and discussed in the literature: Brønsted (proton donor) and Lewis (electron-pair acceptor) sites [START_REF] Chizallet | Molecular Views on Mechanisms of Brønsted Acid-Catalyzed Reactions in Zeolites[END_REF]. Brønsted acid sites (BAS) appears when trivalent aluminum replaces silicate in the network inducing negative charge compensated by a proton, which leads to the formation of bridging OH groups (Figure 1.2). Lewis acid sites (LAS) are generated either by aluminum electronic default (tri-coordinated) or by interaction with electrons acceptors (Figure 1.2). Extra network aluminum oxides are playing this role on the crystals surface while it occurs in the zeolite bulk due to the compensating cation interaction. However, the latter phenomenon is still debated as the strength of so-formed acid sites is not significant compared to other interactions. Lewis acidity in zeolites is therefore mostly correlated to the interactions with extra framework aluminum species [START_REF] Batool | Correlating Lewis acid activity to extra-framework aluminum species in zeolite Y introduced by Ion-exchange[END_REF]. The following spatial repartition of zeolite active acid sites is accepted: Brønsted sites are mostly embedded in the microporous network while Lewis sites are located on the external surface of the crystals. Structures of four particular zeolites (from top to bottom: faujasite or zeolites X and Y; zeolite ZSM-12; zeolite ZSM-5 or silicalite-1; zeolite Theta-1 or ZSM-22) and their micropore systems and dimensions [START_REF] Weitkamp | Zeolites and catalysis[END_REF] [START_REF] Weitkamp | Zeolites and catalysis[END_REF].

The strength of the different sites differs depending on their type and their direct environment. Most of the catalytic activity of zeolites is attributed to Brønsted acid sites due to their higher reactivity but Lewis sites also affect catalytic activity, either by synergistic effect or by having their own reactivity [START_REF] Batool | Correlating Lewis acid activity to extra-framework aluminum species in zeolite Y introduced by Ion-exchange[END_REF][START_REF] Lv | Tuning the degradation activity and pathways of chlorinated organic pollutants over CeO2 catalyst with acid sites: synergistic effect of Lewis and Brønsted acid sites[END_REF]. The average Si/Al ratio is a key factor of zeolite properties as the strength of Brønsted sites increases with bigger ratio values [START_REF] Jia | Characterization by infrared and nuclear magnetic resonance spectroscopies of calcined beta zeolite[END_REF]. However high Si/Al ratio also causes a decrease of total acidity as it means that less tetrahedral aluminum is included in the zeolite network [START_REF] Shirazi | The effect of Si/Al ratio of ZSM-5 zeolite on its morphology, acidity and crystal size[END_REF].

Shape selectivity

Due to the wide range of possible geometries and offered shape-selectivity, applications of zeolites are dependent of their structure [START_REF] Chen | Shape selective catalysis in industrial applications[END_REF]. The pore size being at the molecular scale, the diffusion of molecules within the zeolite can be limited by steric blocking [START_REF] Dhakshinamoorthy | Catalysis in Confined Spaces of Metal Organic Frameworks[END_REF]. The choice of steric limitation can be directed towards selectivity of reactants or products as illustrated in Figure 1. 3 (a, b). All catalytic reactions can therefore find an interest in the use of shape-selective materials in order to shift reaction selectivity to products of interest avoiding undesired reactions.

Influence of shaping

Pure zeolites are usually in the form of a thin white powder and the majority of academic research studies are conducted using powdered zeolites. However, powder is not suitable for fixed beds industrial processes as it causes important charges loss and has a weak mechanical resistance [START_REF] Mitchell | From powder to technical body: the undervalued science of catalyst scale up[END_REF]. Thus, binders are added to the pure zeolites during the shaping step, intending to form catalytic material in pellets form, suitable for scale-up experiments and industrial scale use (Figure 1.4). Classic binders used in industry are alumina, clay, silica or zirconia. The pelletized catalysts are often obtained with an extrusion process followed by a calcination step for activation. Different shapes can be found on the market, from classic spheres and cylinders to more sophisticated geometries developed for hydrodynamics optimization [START_REF] Hagen | Catalyst Shapes and Production of Heterogeneous Catalysts[END_REF].

As other compounds are mixed with pure zeolite during the process, the acidity is diluted in the extrudate. Even though binder may not have a direct catalytic effect, its chemical interactions with zeolite crystals can affect the acidic properties of the material, especially forming Lewis acid sites on the surface as mentioned in Section 1.1.2.1 [START_REF] Vajglová | Effect of Binders on the Physicochemical and Catalytic Properties of Extrudate-Shaped Beta Zeolite Catalysts for Cyclization of Citronellal[END_REF]. The choice of binder is therefore crucial as it has a great influence over the catalyst properties and therefore over the global process [START_REF] Hargreaves | A survey of the influence of binders in zeolite catalysis[END_REF]. For instance, the use of a binder changes the porosity of the material as it introduces a mesoporous volume in which zeolite crystals (microporous volume) are dispersed. As summary, the reactivity of zeolite pellets is mainly due to the Brønsted acid sites located in microporosity (internal surface), but also to Lewis acid sites located in the mesoporous volume generated by the presence of a binder (external surface). These different levels of porosity greatly affect diffusion and it is therefore necessary to understand mass transfer occurring during the reactions.

Focus on ZSM-5 zeolite

ZSM-5 zeolite, standing for Zeolite Socony Mobil-5, has been patented by Mobil Oil Corporation in 1969 [START_REF] Rollmann | Synthesis of large crystal zeolite ZSM-5 and zeolite so made[END_REF]. This zeolite presents an MFI type structure and consists in a three-dimensional network with interconnected channels: straight and sinusoidal (Figure 1.5) [START_REF] Lounis | The Nanostructure Zeolites MFI-Type ZSM5[END_REF]. A ring of 10 oxygen atoms forms the pore apertures [START_REF] Sharbini Kamaluddin | Influence of zeolite ZSM-5 synthesis protocols and physicochemical properties in the methanol-to-olefin process[END_REF]. Despite similar diameters, the circulation path is longer through sinusoidal channels, thus tortuosity is impacted and diffusion is more difficult than through straight channels passage [START_REF] Liu | A diffusion anisotropy descriptor links morphology effects of H-ZSM-5 zeolites to their catalytic cracking performance[END_REF]. The intersections form wider voids which diameter is estimated to 9 Å and the Si/Al ratio is between 10 and 1000 [START_REF]ZSM-5 -Zeolite Socony Mobil-5[END_REF]. Due to its relatively low aluminum content, ZSM-5 presents good thermal and chemical stability. Its acidic properties combined with its microporosity presents interesting selectivity and is commonly used in a wide number of processes involving hydrocarbon reactions (methanol or olefins conversion to gasoline and diesel, oil refining, xylene isomerization, toluene disproportionation and alkylation, catalytic dewaxing, etc.) [START_REF] Jia | Synthesis, characterization, and catalytic application of hierarchical nano-ZSM-5 zeolite[END_REF]. The cracking and reforming capacity of ZSM-5 also lead to recent interest for its use in plastics waste or biomass revalorization processes, which are discussed in the following section [START_REF] Rahimi | Catalytic cracking of hydrocarbons over modified ZSM-5 zeolites to produce light olefins: A review[END_REF][START_REF] Lima | ZSM-5 zeolite as a promising catalyst for the preparation and upgrading of lignocellulosic biomass-derived chemicals[END_REF][START_REF] Marino | ZSM-5 zeolites performance assessment in catalytic pyrolysis of PVC-containing real WEEE plastic wastes[END_REF]. 

Plastic production and generated waste

Plastic use has grown extensively during the last decades and is nowadays present in many different sectors, from everyday life to technical applications. As represented in Figure 1.6, combined packaging (household, industrial and commercial) is the main plastic consuming segment and accounts for almost 40% of worldwide consumption [START_REF] Ragaert | Mechanical and chemical recycling of solid plastic waste[END_REF]. Globally, due to the plastic demand for each segment, the main produced polymers are identified to be polyethylene (PE), with different possible densities, polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET) and polyvinyl chloride (PVC). Nowadays, plastics are mainly produced from petroleum-based feedstock. To provide an alternative to petroplastics and to face limitation of fossil energy sources, use of biosourced material to produce biobased plastics rises as an interesting and sustainable option because of their biodegradability and renewability [START_REF] Lackner | Bioplastics -Biobased plastics as renewable and/or biodegradable alternatives to petroplastics[END_REF]. Bioplastics are currently marginal with only about 1% of the annual plastic production, but this market is expected to continuously grow within the next years [START_REF] Van Den Oever | Bio-based and biodegradable plastics : facts and figures : focus on food packaging in the Netherlands[END_REF]. Based on their different properties, such as rigidity, ductility, insulation capacity and others, polymers are used for many applications in various domains. For example, polyethylene is very commonly used for packaging purposes. Different densities of PE are possible according to the need: low-density PE (PE-LD) is used for plastic bags and wrapping foils while high-density PE (PE-HD) packaging applications are detergent bottles or oil containers. PP has a lower density than PE-HD and similar to PE-LD but has higher rigidity, making it a rather light and resistant material. This polymer is therefore extensively used in plastic industry for diverse applications such as car bumpers or storage boxes. Cumulative consumption of the five mostly used types of polymers represents almost 75% of the total plastic use, with more than half for PE and PP [START_REF] Yeo | Recent advances in the development of biodegradable PHB-based toughening materials: Approaches, advantages and applications[END_REF]. Representing the majority of plastics found in landfill, PE and PP are preferentially chosen in recycling R&D investigations.

Even though plastic waste can originate from previous years production, estimation of plastic waste generated per year is usually approximated to the annual production, since almost 50% of the production is aimed for single-use applications and only 9% of the production comes from recycled plastics [START_REF] Chen | Single-use plastics: Production, usage, disposal, and adverse impacts[END_REF]. Despite recent efforts to limit waste generation and to improve recycling, an important remaining part of plastics is directly disposed to landfill or rejected in the environment causing huge space occupation and dramatic environmental issues. Each year, between 8 and 14 Mt of plastics are dumped into the ocean, mostly deteriorating into tiny pieces also called microplastics, and causing irreversible damages to marine ecosystems and biodiversity [START_REF] Carroll | Plastic Debris in the Ocean. The Characterization of Marine Plastics and their Environmental Impacts[END_REF]. Landfills also have a direct negative environmental impact by poisoning soils, altering land biodiversity, and by emitting greenhouse gases [START_REF] Hidayah | A Review on Landfill Management in the Utilization of Plastic Waste as an Alternative Fuel[END_REF]. Because of their stable chemical nature, polymers are very persistent in the environment and may take more than 100 years to undergo natural degradation. Pollution due to plastic waste accumulation and spill in nature is therefore a major environmental issue and the combined reduction of waste and amelioration of recycling have become a worldwide stake. To achieve the model of a circular economy, aiming a complete reuse of plastic waste with the creation of a closed loop between production and waste management, many public and private international actors of research investigate new alternative methods to increase and to improve plastic recycling and revalorization [START_REF] Ragaert | Mechanical and chemical recycling of solid plastic waste[END_REF][START_REF] Crippa | A circular economy for plastics. Insights from research and innovation to inform policy and funding decisions[END_REF].

Existing recycling methods

The different recycling methods found in the literature can be split into different categories: mechanical, chemical and biological recycling Figure 1.7 represents the different available methods for plastic recycling and their implementation in the aimed circular plastic economy allowing theoretical endless reuse of plastic wastes. The mechanical pathway is already well known and widely applied at industrial scale and is currently the most commonly used method for plastic waste recycling. In fact, the term "recycling" is nowadays mostly associated to mechanical recycling since it represents 99% of recycled quantities in Europe [START_REF] Schyns | Mechanical Recycling of Packaging Plastics: A Review[END_REF]. It consists in reusing and reforming plastic waste without changing its chemical structure to form other consumable products, like clothes made from recycled bottles for example. This pathway involves different steps (collection, sorting, washing and grinding), which may be mixed, repeated several times or not applied according to the composition and origin of treated waste [START_REF] Ragaert | Mechanical and chemical recycling of solid plastic waste[END_REF]. However, mechanical recycling shows limitations because of the restricted applications of obtained recycled products and to the insufficient capacity facing the enormous quantities of global plastic wastes. Consequently, the need to develop alternative recycling methods appeared and researchers have recently demonstrated a strong interest for chemical and biological pathways. These techniques arised from the recent intensive research for reducing the environmental impact of plastic waste. These alternative recycling processes go further back in the polymer production chain, by modifying the chemical structure of the molecule.

While mechanical processes only use physical methods to sort and separate different types of plastics before grinding and reconditioning them, chemical and biological recycling directly affects the formulation of the plastic or the polymer with treatments modifying its chemical structure in order to obtain reusable raw materials [START_REF] Crippa | A circular economy for plastics. Insights from research and innovation to inform policy and funding decisions[END_REF]. Even though the term "recycling" is currently associated to the mechanical pathway due to its wide application, these treatments are also referred to as recycling methods since they ensure the recuperation, revalorization and reuse of plastic waste. Chemical processes are based on the effect of solvents or temperature to transform polymer structure in order to obtain different products. Solvent-based methods have two possible outcomes: dissolution/precipitation of the polymer to obtain virgin-grade plastic with all additives removed, or depolymerization by solvolysis to recover monomers, offering greater liberty to produce another grade of polymer with different characteristics from the original one [START_REF] Vollmer | Beyond Mechanical Recycling: Giving New Life to Plastic Waste[END_REF]. The first method is based on the solubility of a specific polymer in a particular or a combination of solvents. After a separation step where non-dissolved compounds are removed, an anti-solvent acts as a precipitating agent to recover the polymer in its solid and purified form. The main drawback of this purification is the difficulty to achieve complete removal of residual solvent that may affect polymer properties. In a similar way, solvolysis is based on the use of solvents to achieve removal of additives and to react leading to the monomer, furtherly polymerized again to form "new" plastic products. If purity is not sufficient for polymer synthesis, these recycled monomers can possibly be purified or mixed with conventionally obtained monomers. Different processes have been investigated for plastic monomer recovery and several processes follow this principle using different solvents: hydrolysis with water [START_REF] Ügdüler | Towards closed-loop recycling of multilayer and coloured PET plastic waste by alkaline hydrolysis[END_REF], alcoholysis using methanol (methanolysis [START_REF] Hu | Alkali-catalyzed methanolysis of polycarbonate. A study on recycling of bisphenol A and dimethyl carbonate[END_REF]) or ethylene glycol (glycolysis [START_REF] Karayannidis | Chemical Recycling of PET by Glycolysis: Polymerization and Characterization of the Dimethacrylated Glycolysate[END_REF]), along with phosphorolysis, ammonolysis and aminolysis [START_REF] Al-Sabagh | Greener routes for recycling of polyethylene terephthalate[END_REF][START_REF] Grigore | Methods of Recycling, Properties and Applications of Recycled Thermoplastic Polymers[END_REF][START_REF] Zahedifar | Multistage Chemical Recycling of Polyurethanes and Dicarbamates: A Glycolysis-Hydrolysis Demonstration[END_REF]. Solvents are chosen in function of their affinity for the different polymers and their ability to cleave particular bonds. Indeed, only ester, ether and acid amine bonds can be broken using solvolysis. Its application is consequently limited to polymers containing one of these groups (PET, PUR, PA, PC).

Biological recycling is also characterized by a modification of the chemical structure, occurring via an enzymatic degradation of polymers to form lighter molecules (monomer, dimer, olefins). Gamerith et al. investigated and proved the efficiency of enzymatic treatment to recover viable monomers for production of polyesters from polymer blends containing mainly PET and PA [START_REF] Gamerith | Enzymatic recovery of polyester building blocks from polymer blends[END_REF]. Different companies, such as Carbios, are developing enzymatic recycling to promote plastic and textile circularity. Biodegradation occurs thanks to the action of microorganisms that, after a stage of adherence and colonization of the material, will break polymer chains and eventually form low-molecular weight products as well as byproducts, such as methane, CO2 or water [START_REF] Lee | Tertiary recycling of plastics waste: an analysis of feedstock, chemical and biological degradation methods[END_REF].

In addition to these methods using external reactants, other processes like pyrolysis and gasification rely only on the effect of high-temperature treatments to degrade polymer structure. The main difference between pyrolysis and gasification is the medium where plastics are heated: while pyrolysis is carried out in oxygen-free atmosphere, gasification medium contains limited amount of oxygen. These processes enable the conversion of plastic waste to high-value liquid oils, solid char and high-temperature gases. The yielded products are very similar to raw petroleum feedstock and can be used to be retransformed into polymers, but the obtained oils are generally revalorized as fuel due to their high energetic potential. Pyrolysis is however more embedded in a strategy of energy recovery and revalorization of wastes, transforming plastics into high-added value and reusable products. This promising process can be both thermal or catalytic. Pyrolysis has been heavily investigated during recent years: the mechanisms involved, the influence of operating parameters and reaction system over yielded products have been the subject of numerous articles and reviews [START_REF] Miandad | Catalytic pyrolysis of plastic waste: A review[END_REF][START_REF] Anuar Sharuddin | A review on pyrolysis of plastic wastes[END_REF][START_REF] Almeida | Thermal and catalytic pyrolysis of plastic waste[END_REF][START_REF] Miandad | Catalytic Pyrolysis of Plastic Waste: Moving Toward Pyrolysis Based Biorefineries[END_REF].

Catalytic pyrolysis

General information

Catalytic pyrolysis of plastic waste has recently become a process of interest: its optimization as well as the understanding of its mechanisms and influencing parameters are actual research challenges. While thermal pyrolysis only relies on temperature for polymer cracking, the use of catalyst involves reactivity with an active surface that influences both polymer degradation and reforming reactions. Catalytic pyrolysis, especially with zeolite materials, offers a better selectivity and yields more high-value products than thermal pyrolysis, which contain impurities and residues. Moreover, on top of the improvement of products quality, addition of catalysts in pyrolysis process leads to the reduction of reaction temperature and retention time. It is widely accepted that catalytic acid sites favor cracking reactions. Consequently, catalytic pyrolysis yields lighter products compared to thermal pyrolysis, resulting in an increased gaseous fraction and reduced liquid fraction [START_REF] Syamsiro | Fuel Oil Production from Municipal Plastic Wastes in Sequential Pyrolysis and Catalytic Reforming Reactors[END_REF]. However, this quantity loss of liquid product is compensated by the rise of its quality, containing more molecules of industrial interest, such as light olefins or products having similar properties to automotive fuel such as diesel or gasoline. Figure 1.8 represents the comparative composition of pyrolysis yields for thermal and catalytic process of HDPE showing the difference in phase repartition and liquid composition [START_REF] Almeida | Thermal and catalytic pyrolysis of plastic waste[END_REF]. This observation is explained by the enhanced conversion of heavy and long chain olefins to lighter compounds thanks to the reactivity of acid sites on the catalytic surface. Catalysis for pyrolysis of plastics can be homogeneous or heterogeneous. The latter is preferred due to the convenience for separation of catalyst from fluid product or remaining solidified molten polymer, while further separation process steps are required for homogeneous catalyst recovery after reaction. Either the solid catalyst can be directly mixed with the feedstock in the reactor or it can be placed in a separate column where only the organic pyrolysis vapors pass through. Direct contact improves strongly the cracking process while, in a two-stage reactor, catalyst only takes part to the following reforming reactions. Therefore, catalytic pyrolysis with direct contact yields better quality of liquid oils but is also more exposed to deactivation by coke formation or poisoning due to the deposition of other impurities, such as chlorine during PVC pyrolysis.

Catalysts used for pyrolysis are part of three main categories: FCC (Fluid Catalytic Cracking) catalysts, zeolites and silica-alumina catalysts. Their reactivity is due to metallic or acid sites contained over the surface area. FCC catalysts, heavily used in petrochemical industry, mainly yield liquid oil as investigated by Lee et al. who reported between 80 and 90% of liquid oil production during pyrolysis of different polymer feedstock [START_REF] Lee | Comparison of plastic types for catalytic degradation of waste plastics into liquid product with spent FCC catalyst[END_REF]. Silica-alumina and zeolite catalysts show different results with a more important gaseous fraction. This behavior is attributed to their improved acidic properties, depending on the Si/Al molar ratio. The increased cracking reaction rate due to acidity is responsible for the formation of lighter molecules, favoring gas formation. Sakata et al. compared liquid yield with catalysts of varying acidity and confirmed this statement: while a low acidity catalyst produced 74.3 wt.% of liquid oil, high acidity ZSM-5 yielded only 49.8 wt.% [START_REF] Sakata | Thermal degradation of polyethylene mixed with poly(vinyl chloride) and poly(ethyleneterephthalate)[END_REF]. Among catalyst characteristics, structure and pore distribution have an influence due to the shape-selectivity of the reaction with different size distributions of products and intermediates. Many studies focused on the determination of catalytic pyrolysis yield with various feedstock, catalysts and operating conditions. In the literature, most commonly used catalysts for catalytic pyrolysis are zeolites. 

Reaction mechanisms

During catalytic degradation of plastics, as temperature rises, the polymer firstly melts and is dispersed over catalyst surface where it is broken due to its reactivity with acid sites. Different mechanisms involving ionic and free radicals have been proposed by many researchers and have been summarized in comprehensive reviews [START_REF] Corma | Inorganic Solid Acids and Their Use in Acid-Catalyzed Hydrocarbon Reactions[END_REF]. Mechanisms of catalytic pyrolysis usually involve chain scission, isomerization, oligomerization, H-transfer and aromatization. The initial step of polymer cracking is agreed to be the adsorption of the reactant molecule on the acid site where it is protonated to obtain carbonium ions. This intermediate is known to promote the cracking of molecules. Reaction rate is therefore mainly influenced by acid site strength, density and distribution. Indeed, acid active sites of the catalyst support the cracking of olefinic compounds and favor hydrogen transfer reactions [START_REF] Ohkita | Acid properties of silica-alumina catalysts and catalytic degradation of polyethylene[END_REF]. Catalytic cracking can proceed by end-chain scission when catalyst acidity is strong, forming olefins, or by random scission in weak acidic medium leading to the formation of waxes. Those primary formed products undergo further reactions to eventually produce low molecular weight compounds, as represented on Figure 1.9 [START_REF] Aguado | Influence of the Operating Variables on the Catalytic Conversion of a Polyolefin Mixture over HMCM-41 and Nanosized HZSM-5[END_REF]. It has been suggested that initiating decomposition reactions can only occur over external catalyst surface due to the important size of polymeric molecules. Further transformations take place at the internal surface as initial cracking products have lower molecular size and consequently can diffuse through the molten polymer and enter catalyst pores to undergo the aforementioned secondary reactions. The equilibrium reached with these reactions, sometimes competing with one another, yields light hydrocarbon molecules in different phases forming char, liquid and gases, which repartition and nature depend on operating parameters.

Influencing factors a. Operating parameters

Among the different operating parameters, temperature is considered as the most important factor by influencing both repartition and nature of yield [START_REF] Abdullah | Influence of temperature on conversion of plastics waste (polystyrene) to liquid oil using pyrolysis process[END_REF][START_REF] López | Influence of time and temperature on pyrolysis of plastic wastes in a semi-batch reactor[END_REF]. High temperature pyrolysis enhances cracking reactions, consequently favoring the formation of small molecules, whereas long chain hydrocarbons are produced at lower temperatures. During pyrolysis of plastic wastes in a semi-batch reactor, Lopez et al. found a variation of yield repartition between liquid and gaseous phase due to temperature [START_REF] López | Influence of time and temperature on pyrolysis of plastic wastes in a semi-batch reactor[END_REF]. From the comparison between yield at 500 and 600°C, decrease of liquid phase quantity from 65.2 to 42.9 wt.% is correlated with an increase of light gaseous phase from 34.0 to 56.2 wt.%. Temperature rise also enables the activation of secondary reactions leading to the formation of aromatics [START_REF] Hernandez | Effect of the temperature in the nature and extension of the primary and secondary reactions in the thermal and HZSM-5 catalytic pyrolysis of HDPE[END_REF]. Consequently, a high gaseous product fraction is obtained at 600°C while the liquid fraction is more important for lower temperatures between 300°C and 500°C, and the liquid fraction contains more aromatic products at 500°C. The composition of each of these fractions is highly influenced by pyrolysis temperature. However, different heating ramps to reach the targeted temperature were tested during pyrolysis experimentations and did not appear as a major impacting factor [START_REF] Miandad | Catalytic pyrolysis of plastic waste: A review[END_REF]. Reaction temperature has to be set in function of feedstock, as degradation temperature is different according to the polymer, as shown in Figure 1.10, which represents ThermoGravimetric Analysis (TGA) for different polymers. PVC is partially degraded at 300°C and PS is completely decomposed at around 410°C, while PET, PP and PE degradation occur between 450 and 500°C. As reactivity of plastics increase with temperature, the sole limitation is set by the maximum temperature before thermal damages of the catalyst. Products yield phase repartition varies slightly with nature of feedstock, as investigated in some studies carrying out pyrolysis experiments with different polymers or with mixed plastics [START_REF] Miandad | Plastic waste to liquid oil through catalytic pyrolysis using natural and synthetic zeolite catalysts[END_REF].

Other operating parameters, such as pressure and retention time, were studied to determine their influence over pyrolysis yield. Murata et al. carried out thermal pyrolysis of HDPE at different pressures within 1-8 bars range in a continuous stirred tank reactor and observed an increase of gaseous products fraction from 6 to 13 wt.% at 410°C [START_REF] Murata | Effect of pressure on thermal degradation of polyethylene[END_REF]. This effect tends to decrease as temperature rises. Moreover, pressure has been shown to affect nature of products by shifting the average molecular weight to lighter compounds due to its direct impact over scission of C-C links. Pressure is consequently considered as an influencing parameter for pyrolysis and could be used to control distribution of pyrolysis products, especially at low temperatures. However, the influence of pressure during catalytic pyrolysis still has to be investigated. Residence time, defined as the average time of retention of species in the reactor, may also influence product distribution since it directly affects conversion of reactants and secondary products to light hydrocarbons and non-condensable gases. However, Lopez et al. observed that product distribution did not change much between 30 min and 120 min pyrolysis experiments and determined that residence time is a highly influential parameter only up to 15min of reaction, which is not sufficient for total reactant conversion [START_REF] López | Influence of time and temperature on pyrolysis of plastic wastes in a semi-batch reactor[END_REF]. Lee and Shen focused on the composition of pyrolysis oil for different lapse time of reaction, between 0 and 400 min, and observed a varying repartition of known paraffin, olefin, naphthene and aromatic products between 350°C and 400°C [START_REF] Lee | Characteristics of liquid product from the pyrolysis of waste plastic mixture at low and high temperatures: Influence of lapse time of reaction[END_REF]. Pressure and residence time can therefore be considered as influencing parameters for pyrolysis reactions, but remain temperature-dependent, their effect being less apparent at higher temperatures due to the temperature limitation in the process [START_REF] Newalkar | Effect of Temperature, Pressure, and Residence Time on Pyrolysis of Pine in an Entrained Flow Reactor[END_REF]. Based on the different studies available in literature, pyrolysis experiments are usually carried out at atmospheric pressure with a temperature around 500°C during 30 min. The operating conditions will also vary depending on the nature of feedstock and the type of reactor used during the experiment.

b. Reactor type

The type of reactor has an important impact during catalytic pyrolysis as it influences mixing of reactants and catalysts. Polymers are often used as provided in solid pellets of about 3 mm diameter, but can also undergo a grinding step to form solid powder (<1 mm). Ratio between catalyst and polymer commonly vary from 5 to 20 wt% of catalyst [START_REF] Quesada | Performance of Different Catalysts for the In Situ Cracking of the Oil-Waxes Obtained by the Pyrolysis of Polyethylene Film Waste[END_REF]. The type of reactor also affects residence time and heat transfer.

Use of batch or semi-batch reactors is very common in lab-scale experiments due to their ability to control operating parameters. In batch reactors, reactants are left during all reaction time, while a product extraction is performed with semi-batch reactors. They are particularly suitable for thermal pyrolysis. The main drawback is the variability of results due to the non-homogeneity of reaction medium. Seo et al. therefore embedded a stirrer in the experimental reactor for HDPE pyrolysis at 450°C [START_REF] Seo | Investigation of catalytic degradation of highdensity polyethylene by hydrocarbon group type analysis[END_REF]. The provided agitation led to an increase of liquid fraction for both thermal and catalytic pyrolysis compared to experiments carried out in similar conditions by Sakata et al. without agitation [START_REF] Sakata | Degradation of polyethylene and polypropylene into fuel oil by using solid acid and non-acid catalysts[END_REF]. Indeed, stirring provides appropriate heat transfer leading to better efficiency and viability of the process [START_REF] Abbas-Abadi | Evaluation of pyrolysis process parameters on polypropylene degradation products[END_REF]. The addition of catalysts in this type of reactor has proved to influence the phase repartition of products as expected from previous observations [START_REF] Sakata | Degradation of polyethylene and polypropylene into fuel oil by using solid acid and non-acid catalysts[END_REF][START_REF] Abbas-Abadi | Evaluation of pyrolysis process parameters on polypropylene degradation products[END_REF]. Direct contact between plastic and catalyst is preferable for enhanced reactivity and improved liquid yield, but it also favors coke formation over the catalytic surface leading to deactivation. Combined with the high operating cost, the tendency to fast deactivation is the reason why this type of reactor is not recommended for catalytic pyrolysis for large scale production and remains mostly used for lab-scale experiments.

Continuous flow reactors, especially fluidized bed reactors, are suggested to be the most efficient reactor shape for industrial application of catalytic pyrolysis because of improved heat and mass transfer as well as reduced deactivation providing to the catalyst an improved lifetime. The different types of continuous flow reactors are represented Figure 1.11. Fixed-bed reactor is the easiest geometry to design but the packed catalyst bed causes issues related to mass transfer in the reactor, which could lead to reactor plugging due to the heavy and sticky nature of molten plastics. Moreover, the available catalytic surface area in a fixed bed is limited and catalyst efficiency is reduced. In studies carried out with fixed bed reactors, catalysts and plastic feedstock are not directly mixed: polymer is placed over the catalyst or even in a separate porous recipient [START_REF] Renzini | Stability of ZSM-11 and BETA zeolites during the catalytic cracking of low-density polyethylene[END_REF][START_REF] Saad | Influence of process conditions on syngas production from the thermal processing of waste high density polyethylene[END_REF][START_REF] Chen | Deactivation of a Y-zeolite based catalyst with coke evolution during the catalytic pyrolysis of polyethylene for fuel oil[END_REF]. To avoid direct catalyst exposure to molten polymer, some studies preferred to separate the pyrolysis reactor in two stages, one for pyrolysis followed by a fixed-bed column for reforming reactions with only pyrolysis gases passing through [START_REF] Vasile | Thermal and catalytic decomposition of mixed plastics[END_REF][START_REF] Budsaereechai | Catalytic pyrolysis of plastic waste for the production of liquid fuels for engines[END_REF]. Use of a fluidized bed reactor solves some of the issues of fixed-bed as it provides a good mixing, leading to a higher accessible surface area and an improved mass and heat transfer. Consequently, catalytic pyrolysis needs shorter residence time and yields less variable products. Due to the industrial interest for this type of reactor because of low operating costs, pyrolysis in fluidized-bed reactor has been heavily investigated over the last decade [START_REF] Lin | Fluidised bed pyrolysis of polypropylene over cracking catalysts for producing hydrocarbons[END_REF][START_REF] Marcilla | Study of the polymer-catalyst contact effectivity and the heating rate influence on the HDPE pyrolysis[END_REF][START_REF] Isma | Mixed Plastic Wastes Pyrolysis in a Fluidized Bed Reactor for Potential Diesel Production[END_REF]. In addition to these "classic" reactors commonly used for other processes, a new reactor geometry for catalytic pyrolysis has been investigated. Elordi et al. carried out pyrolysis experiments in a conical spouted bed reactor (CSBR) that, similarly to fluidized-bed reactors, insures a good mixing of catalyst with reactants yielding high quality products [START_REF] Elordi | Role of pore structure in the deactivation of zeolites (HZSM-5, Hβ and HY) by coke in the pyrolysis of polyethylene in a conical spouted bed reactor[END_REF]. With this reactor, a wider range of solid particle size and density can be handled and, according to Olazar et al., it helps reducing the attrition and low bed segregation compared to fluidized bed [START_REF] Olazar | Influence of FCC catalyst steaming on HDPE pyrolysis product distribution[END_REF]. Even though pyrolysis reactors and processes are often designed to postpone catalyst deactivation as much as possible, loss of catalytic activity via different mechanisms of deactivation remains an important challenge for wider use of catalytic pyrolysis.

Focus on pyrolysis of polyethylene using ZSM-5

Due to its important part in generated plastics waste each year and its simple molecular structure, polyethylene has been extensively used as a "model" feedstock material for the development of new and innovative recycling processes. Nowadays, even though pyrolysis is more and more carried out with real landfill waste, polymers mix or biomass, the use of polyethylene in thermal and catalytic pyrolysis presents a substantial database of research articles. As mentioned in Section 1.2.2.1, integration of catalysts in pyrolysis, especially zeolites, has been reported to have a positive effect on the quality of obtained products. Among them, ZSM-5 is of high interest at it yields higher proportions of gases and aromatics, including high-added value products such as toluene or xylenes.

Similarly to pyrolysis with other catalytic material, the use of ZSM-5 produces three different fractions: gas (light fraction), liquid (oil) and solid (char). According to the literature, the microporosity of ZSM-5 leads to the formation of a more important gas fraction and limits the amount of char [START_REF] Miandad | Catalytic pyrolysis of plastic waste: A review[END_REF]. Due to the steric limitation, the molecules entering the zeolite crystals have already been cracked and undergo further cracking on the internal active sites, forming light molecules. The important reactivity of internal acid sites also favors the formation of aromatic products during steps referred as reforming or rearrangement reactions. Lopez et al. reported the formation of over 95% of aromatic products in the oil fraction during pyrolysis of plastics with ZSM-5, while only around 70% was produced with thermal pyrolysis in similar conditions [START_REF] López | Influence of time and temperature on pyrolysis of plastic wastes in a semi-batch reactor[END_REF]. The pyrolysis oils are usually split into different fractions according to the carbon number repartition and their potential applications as shown in Figure 1.12: gasoline (C6-C9), kerosene (C10-C14) and waxes (C15+). High quality oils present low waxes and high aromatics proportions. Even though deactivation is reported to be less important for ZSM-5, important carbon deposition occurs causing catalytic activity loss [START_REF] Anuar Sharuddin | A review on pyrolysis of plastic wastes[END_REF]. This deactivation mechanism, known as "coking", is introduced and discussed in the following section.

Catalytic deactivation: mechanisms and key parameters

Catalyst deactivation is a well-known issue that has been heavily investigated over the past decades. While catalyst deactivation is inevitable for most cases, some of its immediate and/or drastic consequences can be avoided, postponed or even reversed. Therefore, deactivation phenomenon greatly influences research, development, design and operation of commercial processes leading to a considerable motivation to understand and treat catalyst decay.

Mechanisms of deactivation

Industrial processes involving organic compounds in the presence of solid catalysts are widely carried out in industries, such as petrochemical industry, and catalyst deactivation is often observed. There are different paths for heterogeneous catalyst decay leading to catalyst deactivation and loss of catalytic activity (Figure 1.13). Generally, five main ways leading to catalyst deactivation are reported in literature: poisoning (1), gas/vapor-solid and solid-state reactions (2), mechanical failure of catalyst (3), thermal degradation and sintering (4) and fouling, coking and carbon deposition [START_REF] Guisnet | Deactivation and regeneration of zeolite catalysts[END_REF]. Poisoning is a very common deactivating mechanism and is known as a strong chemisorption of species which are not taking part to the reaction and therefore "blocking" the active catalyst sites. This phenomenon happens when the chemisorption of these poisoning species is stronger than the affinity of reactants with active sites. Deactivation can also be due to unwanted reactivity of catalyst with species present in the reaction. Different types of reactions leading to deactivation can take place: gas-vapor solid reactions between the catalyst and gas phase turning active catalytic surface into inert phases or into volatile compounds leaving the reactor as by-products, or solid-state reaction with catalyst phase transformation during process. Moreover, mechanical failure of catalyst can occur in some cases and manifests in different ways: crushing, attrition and/or erosion of catalyst pellets, all leading to a generally irreversible structural damage of the catalyst [START_REF] Argyle | Heterogeneous Catalyst Deactivation and Regeneration: A Review[END_REF]. In this review, a particular attention is given to thermal degradation and fouling/coking as they represent the main deactivation risks for catalysts used for pyrolysis of plastics.

Thermal degradation of catalyst is the loss of catalytic surface area resulting from the crystallite growth of catalytic phase or the loss of support/catalytic surface area due to support/pore collapse. These two phenomena are usually referred to as "sintering" in the literature. These processes generally take place during high-temperature reactions and are accelerated by the presence of water vapor. The principal sintering mechanisms, represented on Figure 1.14, are based on adatoms migration from small particles to larger ones (a), and direct migration of small particles to agglomerate with larger particles (b). This process results in crystallite size growth, therefore reducing the active surface area and decreasing the catalytic activity. However, sintering is reversible and redispersion of metal particles is achievable to recover catalytic activity [START_REF] Ruckenstein | Sintering and Redispersion in Supported Metal Catalysts[END_REF]. Nevertheless, structural degradation represents irreversible damages for catalyst crystallinity, leading to permanent loss of catalytic activity. As plastic pyrolysis is carried out at high temperatures, a particular attention has to be paid to the maximal temperature accepted by the catalyst to avoid deactivation by thermal degradation. Consequently, processes are designed to avoid this type of deactivation and thermal damages are usually not observed in normal operating conditions. Fouling and coking deactivation pathway is much more difficult to avoid as it usually occurs within operating conditions. The latter are defined by the deposition of chemical species, especially carbonaceous compounds referred as coke, onto the catalyst internal and external surface, resulting in catalytic activity loss due to lowered access to active sites [START_REF] Rostrup-Nielsen | Mechanisms of carbon formation on nickelcontaining catalysts[END_REF]. Being the main cause of catalytic deactivation in many processes, this type of deactivation has been heavily studied under the name of "coking".

Catalytic deactivation by coking

General information

According to numerous works that studied coke formation and nature with several types of catalysts, coke is defined as a solid carbonaceous compound with no heteroatoms [START_REF] Bartholomew | Catalyst Deactivation and Regeneration[END_REF][START_REF] Guisnet | Deactivation and regeneration of zeolite catalysts[END_REF][START_REF] Argyle | Heterogeneous Catalyst Deactivation and Regeneration: A Review[END_REF][START_REF] Guisnet | Prevention of zeolite deactivation by coking[END_REF]. Coke nature can therefore vary from alkanes or alkenes to cyclic and aromatic molecules depending on coke formation advancement [START_REF] Guisnet | Prevention of zeolite deactivation by coking[END_REF][START_REF] Guisnet | Organic chemistry of coke formation[END_REF]. An average coke molecule consists in polycyclic aromatic hydrocarbons interconnected by aliphatic bridges. Its composition may be represented as CnHm, with m/n, or H/C ratio, usually being between 0.2 and 1.5. As an example, H/C ratio value is 1 for benzene and 0.8 for naphthalene. Coke is usually described with this H/C ratio, defining the nature of its average component. High H/C ratio is mainly aliphatic hydrocarbons, such as co-oligomers and polymers, while more condensed molecules such as polyaromatics have lower H/C value. These two "classes" of coke are respectively designated as "light" or "soft" coke and "heavy" or "hard" coke. This notion has been introduced to describe the different behavior of coke according to its nature. The chemical structure of coke formed in catalytic processes varies with the type of reaction, catalyst and reaction conditions. This type of deactivation is the most difficult to investigate because coke matter is constituted of multiple products from secondary reactions that contain variable amounts of carbon and hydrogen. The deactivation effect of coke is not the same according to its content, its location on the catalyst surface, its morphology and its chemical nature, which are the four main features used in literature to describe coke properties and its effect on catalytic activity. It is consequently important to understand the composition of the carbonaceous compounds in order to deduce the implied deactivation effects of the various coke molecules, but also to study the involved formation rates, mechanisms and affecting parameters. Different studies investigated coke formation in catalytic pyrolysis of plastics determining the effect of operating parameters [START_REF] Elordi | Role of pore structure in the deactivation of zeolites (HZSM-5, Hβ and HY) by coke in the pyrolysis of polyethylene in a conical spouted bed reactor[END_REF][START_REF] Marcilla | HZSM5 and HUSY deactivation during the catalytic pyrolysis of polyethylene[END_REF][START_REF] Marcilla | Effect of regeneration temperature and time on the activity of HUSY and HZSM5 zeolites during the catalytic pyrolysis of polyethylene[END_REF][START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF].

Deactivation via coke formation is a complex phenomenon combining successive physical and chemical interactions. In catalytic processes involving hydrocarbon feedstock, coke formation usually starts with strong chemisorption as a monolayer of coke precursor or physisorption in multilayers over active sites. As illustrated in Figure 1.15, this results in a partial hindering of active sites (i). As carbonaceous compounds accumulate, other deactivating phenomena can occur: total encapsulation of the active site, making it inaccessible to the reactants (ii), and plugging of pores of the catalyst, blocking the access to free active sites in inner pores (iii). In advanced coke growth stages, the apparition of filamentous coke can cause changes or even disintegration of catalyst structure (iv). In addition to these chemical steps, formation of coke molecules also requires retention within the pores or on the outer surface of the catalyst. This retention may be due to trapping (steric blockage), strong chemisorption on active sites and confinement in the pores but also low volatility or solubility. The following sections provide more details about molecular mechanisms and kinetics involved in coke formation.

Coke formation mechanisms

Over the years, intensive researches have been carried out to understand the mechanisms leading to the formation of complex coke molecules [START_REF] Guisnet | Prevention of zeolite deactivation by coking[END_REF][START_REF] Guisnet | Organic chemistry of coke formation[END_REF]. In reactions involving hydrocarbons, coke may be formed on both active sites and noncatalytic supports. Due to its important stability, coke formation is catalyzed by acid sites. As mentioned in the previous section, coke formation starts with the adsorption of coke precursors, typically olefins or light aromatics depending on the nature of the reactants. As reaction proceeds, these precursors will further react with other molecules. Coke formation involves many steps with intermolecular and intramolecular reactions. Distinction is made between low and high temperature coke. At low reaction temperatures (under 200°C), mostly condensation and rearrangement reactions occur with the oligomerization of coke precursors. Resulting coke is mainly co-oligomers and polymers with high H/C ratios. This "light" coke formation is often reversible under specific operating conditions, making the concentration of condensation products limited by thermodynamic equilibrium. Therefore, in absence of reactant mixture, light coke molecules are retransformed to their initial compounds, referred to as "reversible coke". At high temperatures (over 350°C), carbonaceous molecules undergo additional reactions such as hydrogen transfer and dehydrogenation, leading to the formation of polyaromatic components. This "heavy" coke is much more difficult to remove because of its high stability and its imposing size causing steric blockage. At intermediate temperatures, a mix of these different mechanisms is observed, as represented in Figure 1.16 [START_REF] Guisnet | Prevention of zeolite deactivation by coking[END_REF]. Indeed, as coking proceeds, primarily formed light coke can undergo intramolecular condensation reactions. Carbocation intermediates that can be produced on catalyst acid sites can consequently form aromatics via dehydrogenation and cyclization reactions. These aromatics can then further react to polynuclear aromatics, which ultimately condense as coke molecules. The formation of polynuclear carbocations not only lead to the production of coke molecules but also are relatively stable, meaning they can sustain growth of molecules for quite long periods until a termination reaction occurs. At advanced coking stages, heavy polyaromatic structures are observed and can lead to both encapsulation and filamentous coke mechanisms as aforementioned. The main conditions and parameters for coke formation are summarized in Figure 1.17. The features of the reaction, the operating conditions and the studied catalyst are the main parameters determining the composition, location and rate of coke formation and therefore the involved mechanisms.

Kinetics of coking and deactivation

Kinetic studies of coke formation are carried out using thermogravimetric analysis which provides mass evolution monitoring of the catalyst sample during the reaction. The increase of coking rate with coke content during early stages of the reaction suggests that coke formation is an autocatalytic reaction, which is coherent with the described mechanisms consisting in initial adsorption of coke precursors leading to further reactions to form coke molecules via rapid steps [START_REF] Gao | Kinetics of coke formation in the dimethyl ether-to-olefins process over SAPO-34 catalyst[END_REF]. This type of analysis leads to the determination of coking rates thanks to the relation between coke content in catalyst and process time. The typical profile for coke formation reaction rate is represented Figure 1.18: the high initial coke formation rate is due to the occurrence of both catalytic and radical mechanisms, then when all active sites are blocked, the coking rate becomes approximately constant as only radical coke is formed [START_REF] Mahamulkar | Formation and Oxidation/Gasification of Carbonaceous Deposits: A Review[END_REF]. Coke content and catalytic activity are generally compared to better understand the effect of coke over catalyst [START_REF] Ozawa | Coke Formation Kinetics on Silica-Alumina Catalyst[END_REF]. It is important to notice that kinetics of deactivation is not necessarily proportional to coke content on the catalyst. Indeed, this depends on the selectivity of the coke formation and on the deactivation pathway. This observation is due to the variability of coke toxicity (Tox), which could be defined as the number of active sites being inactive due to the action of one coke molecule. When a coke molecule is chemisorbed and blocks a single active site, the value of Tox=1.

Deactivation can be limited if reactant interaction with an active site leads to coke molecule desorption (Tox<1) or more important if the molecule is big enough to interact with several active sites (Tox>1). In this case, deactivation is similar to a poisoning mechanism. However, coke can also lead to fouling or blockage in which case a single coke molecule can block access to all active sites present in a pore or in a channel (Tox>>>1). Therefore, residual activity during coke deactivation cannot be directly determined from coke content. Coke formation is highly dependent of the reactants, used catalyst and operating parameters as developed in the following section. Many studies aimed to develop kinetic models of coke formation for particular applications. The usual approach consists in splitting global coke formation phenomenon into successive elementary steps based on different hypothesized mechanisms dependent of the studied reaction [START_REF] Wauters | Kinetic Modeling of Coke Formation during Steam Cracking[END_REF][START_REF] Moustafa | Kinetic Modeling of Coke Formation and Deactivation in the Catalytic Cracking of Vacuum Gas Oil[END_REF][START_REF] Omidkhah | Estimation of Kinetic Parameters of Coking Reaction Rate in Pyrolysis of Naphtha[END_REF]. The difficulty of developing such a model is the very large number of possible reactions having their own kinetic constant. A reaction scheme can be used to represent schematically all the possible reactions leading to the formation of coke. The reaction scheme developed by Moustafa et al. to represent coke formation during catalytic cracking of Vacuum Gas Oil is presented in Figure 1.19 [START_REF] Moustafa | Kinetic Modeling of Coke Formation and Deactivation in the Catalytic Cracking of Vacuum Gas Oil[END_REF]. In order to simplify the models, the number of needed kinetic parameters is substantially reduced by predicting the most important pathways of reaction and by analyzing the favorable conditions for coke formation. For instance, the kinetic model for coke formation during ethane cracking developed by Wauters et al. uses ethane, ethyne, propene and propyne as coke precursors, reacting with gas-phase radicals H, CH3, C2H5 and C3H5 [START_REF] Wauters | Kinetic Modeling of Coke Formation during Steam Cracking[END_REF]. Combination of this type of coke formation model with existing models for the studied reaction provides a prediction with high precision of the reaction rate, the catalyst deactivation but also the effect of operating parameters which are discussed below [START_REF] Moustafa | Kinetic Modeling of Coke Formation and Deactivation in the Catalytic Cracking of Vacuum Gas Oil[END_REF][START_REF] Omidkhah | Estimation of Kinetic Parameters of Coking Reaction Rate in Pyrolysis of Naphtha[END_REF]. 

Parameters influencing coke formation a. Reaction system

As detailed in the previous section, formation of coke is the result of rearrangement and condensation reactions. Some particular molecules commonly referred to as coke precursors initiate coke formation by undergoing further reactions [START_REF] Bjørgen | Coke precursor formation and zeolite deactivation: mechanistic insights from hexamethylbenzene conversion[END_REF][START_REF] Guo | Analysis of coke precursor on catalyst and study on regeneration of catalyst in upgrading of bio-oil[END_REF][START_REF] Ibáñez | Nature and Location of Carbonaceous Species in a Composite HZSM-5 Zeolite Catalyst during the Conversion of Dimethyl Ether into Light Olefins[END_REF]. The nature of coke precursors differs according to the studied reaction and is dependent of reacting phase. Coke maker molecules can be the reactant itself, intermediates or desired products [START_REF] Ibáñez | Nature and Location of Carbonaceous Species in a Composite HZSM-5 Zeolite Catalyst during the Conversion of Dimethyl Ether into Light Olefins[END_REF]. Coke precursors can be formed from light unsaturated species, such as alkenes, but also from heavier compounds like olefins, benzene and benzene derivatives or even polyaromatics. The formation of coke makers from these molecules is very slow due to their low reactivity and is therefore the rate-determining step of coke formation. Both retention within catalyst pores and reactivity with catalytic surface have to be satisfied and sufficient to allow initiation of coke precursors [START_REF] Guisnet | Organic chemistry of coke formation[END_REF]. Nature of reactants and catalyst used in the process being known, the coking behavior of a reaction system is predictable [START_REF] Karimi | Modelling coke formation in an industrial ethane-cracking furnace for ethylene production[END_REF]. Generally, precursors from short chain alkenes and dienes undergo very fast condensation reactions leading to polar products that are easily retained on the active sites of the zeolite. On the other hand, polyaromatic precursors reactivity is not very high, but these compounds are polar enough to be retained over acid zeolites. The affinity of coke precursors with catalytic surface has a great impact on the coking behavior of a particular reaction system. Investigating the deactivation of HZSM-5 zeolite during biooil cracking, Guo et al. observed that coke precursor nature is different between external and internal surface, suggesting that catalyst structure impacts coke formation mechanisms [START_REF] Guo | Analysis of coke precursor on catalyst and study on regeneration of catalyst in upgrading of bio-oil[END_REF]. The influence of catalyst structure and composition is discussed in next paragraph.

As coke precursors are often intermediates or desired products, coking appears as an inevitable phenomenon. All the different features of the reaction system have an impact by influencing rate of the different possible reactions that reactants, intermediates and by-products may undergo leading to coke formation. Deactivation studies for specific processes are usually carried out to study coke formation effects over catalytic activity loss, involved mechanisms and influence of operating conditions in order to provide solutions to limit catalyst deactivation by coke deposition [START_REF] Guisnet | Prevention of zeolite deactivation by coking[END_REF]. 

b. Operating conditions

As for every process involving chemical reactions, temperature influences equilibrium and kinetics of reaction rates but also thermodynamic and diffusion phenomena. Temperature therefore affects both the reactivity and retention necessary for coke formation. Considering a system where feedstock contains poorly reactive coke precursors, coke formation increases with temperature as it favors formation of intermediate coke makers. It is commonly accepted that higher temperatures enhances coke formation [START_REF] Guisnet | Coking and deactivation of zeolites: Influence of the Pore Structure[END_REF]. Analyzing coke characteristics leads to determining whether coke retention is due to low volatility, comparing normal boiling point with reaction temperature, or to steric blockage, comparing molecular coke size with pore aperture. It has been proved that, at low temperatures, retention is due to low volatility of coke compounds, whereas at high temperatures, its results from their trapping within micropores [START_REF] Doka Nassionou | Comparative study of coking and regeneration of HEMT and HFAU zeolites[END_REF]. As temperature has a significant effect on coke nature, it is usual to classify coke into low temperature and high temperature cokes: whatever the nature of reactants, polyaromatic coke cannot be formed at low temperatures as only condensation and rearrangement reactions are possible. On the other hand, at high temperatures, the occurrence of hydrogen transfer and dehydrogenation reactions leads to the formation of large amount of polyaromatic molecules (low H/C ratio), which composition is practically independent of the reactant and is mainly determined by the catalyst structure [START_REF] Guisnet | Organic chemistry of coke formation[END_REF].

Reaction time is also influencing coke formation since long contact time with deactivating species will ensure extensive growth of coke structures, forming long olefin chains or increasing aromatic core number in polyaromatics. At intermediate temperatures, sufficient time of exposure leads to cyclization reactions and initiation of polyaromatic coke formation normally occurring at high temperatures. As coking proceeds, there is an accumulation of carbonaceous content over catalyst surface, being measured by its coke content (expressed in %C). Average coke nature gradually shifts from light to heavy compounds [START_REF] Cerqueira | Effect of contact time on the nature and location of coke during methylcyclohexane transformation over a USHY zeolite[END_REF].

c. Catalyst structure and surface

In terms of coke formation on zeolite catalysts, there has been extensive research carried out on the topic, including some significant findings [START_REF] Magnoux | Coking, ageing and regeneration of zeolites: VI. Comparison of the Rates of Coke Oxidation of HY, H-Mordenite and HZSM-5[END_REF][START_REF] Uguina | Adsorption, acid and catalytic changes induced in ZSM-5 by coking with different hydrocarbons[END_REF][START_REF] Bibby | Coke formation in zeolite ZSM-5[END_REF]. The process of zeolite deactivation via coking is predominantly influenced by the pore structure of the catalyst responsible of heavy aromatic clusters. Indeed, catalyst geometry affects coke location and size since the aperture of the pores and width of channels will affect the diffusion and accessibility of coke precursors within the catalyst framework [START_REF] Guisnet | Coking and deactivation of zeolites: Influence of the Pore Structure[END_REF][START_REF] Froment | Deactivation of zeolite catalysts by coke formation[END_REF]111]. In most cases, initial molecules are relatively small and can diffuse within the catalyst where they are chemically retained and react to form coke molecules. The growth of coke molecules is limited by pore dimension, varying according to the type of catalyst (micro and macropores). The formed heavy polyaromatic coke is too imposing and is retained in the pore due to steric blockage, causing pore plugging. In industrial processes, pore size and structure have been determined to be more influential than the acidic properties of the catalysts [START_REF] Argyle | Heterogeneous Catalyst Deactivation and Regeneration: A Review[END_REF]. Hence, coke formation is qualified as a shape-selective process. Coking is controlled by diffusion limitations depending on how film mass transfer and pore diffusional resistance affect the reaction of interest, but also the secondary deactivating reactions [START_REF] Magnoux | Coking, ageing and regeneration of zeolites: VI. Comparison of the Rates of Coke Oxidation of HY, H-Mordenite and HZSM-5[END_REF]. Consequently, coke yield varies within the catalyst pores and along the catalyst bed depending on the reactor dimensions and shape. However, nature and reactivity of catalyst surface also affect coking rate. Catalyst acidity, indicated by Si/Al ratio, influences the various successive chemical steps implied during coke formation [START_REF] Bibby | Coke formation in zeolite ZSM-5[END_REF]. The concentration, strength and proximity of the acid sites impact coke precursor reactivity, mostly during early stages of coke formation. The quantification of the influence of these parameters is a challenge because of the difficulty to obtain zeolites with acidities and pore structures varying separately. Nevertheless, it is expected that a stronger acidic state implies faster chemical steps and stronger retention of coke molecules and precursors. Besides, higher density of acid sites leads reactant molecules to undergo more successive chemical steps along the diffusion path within zeolite crystallites promoting condensation reactions. Strength, density and number of acid sites consequently enhance coking rate [START_REF] Guisnet | Prevention of zeolite deactivation by coking[END_REF]. Catalyst deactivation by coke is in most cases a reversible phenomenon and deposited carbonaceous compounds can be removed. Regenerating processes have been investigated over the years and the different existing methods are presented in Section 1.4.

Focus: deactivation of ZSM-5 during PE pyrolysis

As ZSM-5 is one of the most used zeolite in pyrolysis, its deactivation has been extensively investigated using different feedstock, from virgin plastics to real waste combined with biomass [START_REF] Elordi | Role of pore structure in the deactivation of zeolites (HZSM-5, Hβ and HY) by coke in the pyrolysis of polyethylene in a conical spouted bed reactor[END_REF][START_REF] Marcilla | HZSM5 and HUSY deactivation during the catalytic pyrolysis of polyethylene[END_REF][START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF][START_REF] Castaño | Insights into the coke deposited on HZSM-5, H beta and HY zeolites during the cracking of polyethylene[END_REF][START_REF] Mullen | Catalytic co-pyrolysis of switchgrass and polyethylene over HZSM-5: Catalyst deactivation and coke formation[END_REF]. These different studies show the impact of coke deposition over the textural and chemical properties of the zeolite. Surface hindering and porosity blockage causes an important decrease of acid sites available for reaction. Due to the small size of ZSM-5 channels, it is suggested that part of the porous volume is lost because of porosity blockage [START_REF] Bartholomew | Catalyst Deactivation and Regeneration[END_REF]. As schematic representation of coke deposition over catalyst pellets is presented in Figure 1.20. The important temperature operated during pyrolysis leads to the formation of heavy coke composed of aromatic coke molecules [START_REF] Chen | Deactivation of a Y-zeolite based catalyst with coke evolution during the catalytic pyrolysis of polyethylene for fuel oil[END_REF]. However, mechanisms of coke growth are limited by steric blockage in micropores [START_REF] Castaño | Insights into the coke deposited on HZSM-5, H beta and HY zeolites during the cracking of polyethylene[END_REF]. In pelletized catalysts, it is therefore necessary to distinguish internal coke located in zeolite crystals and external coke formed in the mesoporous volume generated by the binder. The decrease of acid sites generated by coke deposition causes a catalytic activity loss. During pyrolysis of PE, this phenomenon is traduced by a diminution of cracking and reforming performances of the zeolite. An evolution of obtained products is therefore observed: the composition globally shifts towards molecules with higher carbon number accompanied by a diminution of aromatics proportion [START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF]. 

Regeneration of catalysts deactivated via coking

For combined economic and environmental concerns, processes for catalyst regeneration have been investigated over the years. Coke removal is achieved via three methods as summarized in Figure 1.21: oxidation, including classic or advanced processes, gasification or hydrogenation. Each process has its advantages and drawbacks according to the catalyst type to be regenerated and to the nature and structure of coke. Particular attention is given to the regeneration of zeolite materials commonly used during catalytic pyrolysis of plastic wastes.

Coke combustion with air/oxygen

The most frequently used method to regenerate coked catalysts in the industry is coke combustion using air or oxygen. Spent catalysts are usually placed in a fixed-bed reactor and are treated with oxygen-containing gas at a high temperature. While nitrogen is mostly used as a diluent in laboratory-scale tests, steam is used in full-scale plant operations [START_REF] Bartholomew | Catalyst Deactivation and Regeneration[END_REF]. Coke removal reaction with air or oxygen is a rapid process occurring at moderate-high temperatures (usually around 400-500°C). Coke combustion with oxygen is used for catalyst regeneration of common industrial processes such as cracking or catalytic reforming [START_REF] Bartholomew | Catalyst Deactivation and Regeneration[END_REF][START_REF] Guisnet | Deactivation and regeneration of zeolite catalysts[END_REF][START_REF] Argyle | Heterogeneous Catalyst Deactivation and Regeneration: A Review[END_REF].

Oxidation mechanisms

Coke oxidation with oxygen is an exothermic reaction that is usually described by the following set of equations (Equations (1.2) to (1.5)) representing total oxidation of solid unspecified carbonaceous compounds, where H(s) represents hydrogen atoms attached to solid coke compounds [START_REF] Zhou | Regeneration of catalysts deactivated by coke deposition: A review[END_REF]: From the determined reaction enthalpies, it can be shown that the exothermicity of the process is mostly due to oxidation of carbon, even though energy emission of hydrogen oxidation is not negligible. From Temperature-Programed Oxidation (TPO) experiments, it has been shown that light coke is primarily oxidized, as hydrogen oxidation is easier, leading to light coke dehydrogenation forming heavier coke. High carbon content coke is burnt off afterwards at higher temperatures [START_REF] Hughes | Regeneration kinetics of coked silica-alumina catalyst[END_REF][START_REF] Santamaría | Regeneration strategies for coked fixed bed reactors[END_REF]. This is why water is the first molecule observed on a classical TPO spectrum, followed by CO and CO2 production that corresponds to competing mechanisms of carbon oxidation [START_REF] Hughes | Regeneration kinetics of coked silica-alumina catalyst[END_REF]116,[START_REF] Minh | Kinetics of coke combustion during temperatureprogrammed oxidation of deactivated cracking catalysts[END_REF]. Intrinsic mechanisms of coke have not been formally determined yet since coke nature has a great influence over the oxygenated intermediates formed during oxidation, which are considered as precursors for carbon oxide formation [START_REF] Keskitalo | Kinetic Modeling of Coke Oxidation of a Ferrierite Catalyst[END_REF]. The following equations presented in Table 1.1 are commonly used to describe more precisely the steps of coke combustion, from light coke dehydrogenation to heavy coke oxidation via the formation of oxygenated intermediates [116,[START_REF] Minh | Kinetics of coke combustion during temperatureprogrammed oxidation of deactivated cracking catalysts[END_REF]: In these equations, -CnH2n and Cn represent respectively light coke and hard coke, while -Cf is used to describe a free carbon site available for dioxygen chemisorption. The latter ensures the formation of dissociated (-C(O)) and undissociated (-C(O2)) surface oxides turning into the corresponding molecular gases once atom binding is completed. The competition between rearrangement (1.8) and desorption (1.10) of the formed complexes is responsible for the complexity of the coke oxidation process. The latter is usually qualified as completely achieved when CO2 is formed while partial oxidation leads to CO formation. As for every reaction, coke oxidation is influenced by different parameters as developed in Section 1.4.1.3 [START_REF] Minh | Kinetics of coke combustion during temperatureprogrammed oxidation of deactivated cracking catalysts[END_REF][START_REF] Nováková | A comment on the oxidation of coke deposited on zeolites[END_REF].

2H(s) + ½O2 (g) → H2O(g) C(s) + O2 (g) → CO2 (g) C(s) + ½O2 (g) → CO (g) CO(g)+½O2 (g)→CO2 (g)
The evolution of reactivity is studied following the composition of oxidation products, especially the CO/CO2 ratio, to monitor which reaction is favored. Overall, coke oxidation mechanisms are governed by combustion temperature and coke nature: the more coke is condensed and "heavy", the more temperature needs to be high for the oxygen to oxidize solid carbon compounds [START_REF] Nováková | A comment on the oxidation of coke deposited on zeolites[END_REF]. Coke location and therefore catalyst geometry are also determining parameters as they govern the diffusion of oxygen within catalyst pores and the accessibility of coke. Process of coke oxidation is consequently often qualified as a shape-selective process [START_REF] Magnoux | Coking, ageing and regeneration of zeolites: VI. Comparison of the Rates of Coke Oxidation of HY, H-Mordenite and HZSM-5[END_REF]. However, this problematic is more related to mass transfer and diffusion limits than to reaction mechanisms and will be further developed in a following paragraph (Section 1.4.1.2.b).

Light coke combustion

Hydrogen oxidation

-C n H 2n + n 2 O 2 → -C n + nH 2 O (1.6)

Heavy coke combustion

Carbon oxidation

-C f + O 2 → -C(O 2 ) -C(O 2 ) + -C f → -C(O) + CO -C(O) → CO -C f + O 2 -C(O) → CO 2 -C(O 2 ) → CO 2 (1.7) (1.8) (1.9) (1.10) 
(1.11)

Reaction model: kinetics and mass transfer a. Kinetics

Determining reaction rates is important for process design and optimization to avoid the apparition of hot spots leading to catalyst attrition. Consequently, over the last decades, many studies worked on the determination of kinetic parameters for coke combustion applied to various catalysts and deactivating reactions. Two approaches are possible for kinetic study completion: coke oxidation can be considered in its overall form, thus considering a global reaction rate for the direct combustion of coke to carbon oxides. Otherwise, intrinsic coke burning reactions may also be considered to approach hypothesized intermediate mechanisms occurring at the reaction site within the catalyst [120]. Results from both approaches being similar, the determination of a global reaction rate for the overall coke combustion is usually used for process design needs as it provides a sufficient approximation to study oxidation kinetics. Models considering intrinsic reactions are based on various assumptions aiming to describe reality as close as possible. Complexity of coke compounds leads to a limitation for coke oxidation modelling as reaction rate is correlated with numerous varying parameters such as coke and catalyst nature and structure among others [START_REF] Magnoux | Coking, ageing and regeneration of zeolites: VI. Comparison of the Rates of Coke Oxidation of HY, H-Mordenite and HZSM-5[END_REF][START_REF] Nováková | A comment on the oxidation of coke deposited on zeolites[END_REF][START_REF] Ngomo | THE INFLUENCE OF NATURE OF COKE ON KINETICS OF CATALYST REGENERATION[END_REF][START_REF] Querini | Temperature-programmed oxidation technique: kinetics of coke-O2 reaction on supported metal catalysts[END_REF]. While kinetic studies only focused on carbon oxidation rate, some works noticed that hydrogen oxidation effect in oxidation exothermicity was not negligible in the early stages of combustion and pointed out the importance of integrating the hydrogen reaction rate in kinetic studies especially to evaluate the risk of sintering related to the apparition of hot spots [START_REF] Hughes | Regeneration kinetics of coked silica-alumina catalyst[END_REF]. The multiplereaction model detailed in Table 1.2 is based on the overall oxidation reaction and offers a relatively simple description of the coke burning process [START_REF] Hashimoto | A multiple-reaction model for burning regeneration of coked catalysts[END_REF][START_REF] Nakasaka | Kinetic study for burning regeneration of coked MFI-type zeolite and numerical modeling for regeneration process in a fixed-bed reactor[END_REF]. 

Stoichiometry and kinetics

Reaction rates

2H(s) + ½O 2 (g) → H 2 O(g) r 1 = k Hs C H0 ′ p A (1.12) [Hydrogen] r H c = k Hs C H0 ′ p A [Carbon] r C c = (k 2 + k 3 )C C ′ p A = k C C C ′ p A C(s) + O 2 (g) → CO 2 (g) r 2 = k 2 C C ′ p A (1.13) C(s) + ½O 2 (g) → CO(g) r 3 = k 3 C C ′ p A (1.14)
kHs and kC are respectively rate constants for hydrogen and global carbon oxidation, while k2 and k3 are separate rate constants for carbon oxidation to CO2 and CO. CC' and CH0' represent the carbon content and the initial hydrogen content in coke respectively, while pA is the oxygen partial pressure. This simplified model gives a reliable representation of coke burning process where equations are expressed as first order with respect to the oxygen partial pressure and reactants concentration. Determination of kinetic parameters confirmed that hydrogen is oxidized faster than carbon, thus "soft" coke is firstly oxidized and turned into "hard" coke, which is more difficult to oxidize. Both hydrogen and carbon reaction rates were correlated with the Arrhenius equation determining temperature effect over kinetic constants and activation energies for specific applications. Indeed, as coke nature and catalyst structure vary from a process to another, it has been proved that mass transfer within the catalyst mostly limits coke oxidation. Therefore, kinetic parameters vary for each application, requiring a different study for each process. The importance of diffusion and mass transfer for coke oxidation will be discussed in the next section.

b. Diffusion and mass transfer

Being a fast equilibrium reaction, coke oxidation of both carbon and hydrogen in coke is mainly controlled by oxygen diffusion within the pores of the inert catalyst pellet towards coke reactive surface. Consequently, coke is firstly removed from the edge of the pellet and oxidation progresses to the center core of the pellet as oxygen diffuses farther into the solid catalyst matrix. This model of diffusion, known as shrinking-core model (SCM), is used to describe heterogeneous reactions where a gas-phase reactant reacts with species contained in a porous solid material. The shrinking-core model provides a mathematical representation of gas-phase diffusion, here oxygen, throughout the catalyst and its reactivity with coke [START_REF] Fogler | The Shrinking Core Model[END_REF]. Using diffusivity and molar balance equations finally offers an ideal prediction of oxygen concentrations across the catalyst pellet at various times. This model implies catalyst particle to be divided into two distinct regions, a nonreacted carbon-rich core at the center of the pellet surrounded by a carbon-free outer shell where coke removal is achieved. The delimitation of these zones is the reaction interface where oxidation exclusively occurs, which is not representative of the real phenomenon. As coke oxidation advances, this boundary moves towards the center of the grain as illustrated on Figure 1.22.a.

Even though SCM provides a good estimation of coke oxidation progression within a single catalyst grain, some assumptions lead to a lack of accuracy representing reality. For instance, in this model, reaction rates are ignored and coke oxidation is considered immediate at the unreacted coke external surface. During the real oxidation process, all oxygen does not stop instantaneously to react at the unreacted core surface and pursue its way within coked pores, generating the apparition of a "partially" oxidized zone where carbon content decreases from C0 (unreacted core carbon content) down to carbon-free region as represented on Figure 1.22.b [START_REF] Müller | In situ Monitoring of Coke Deposits during Coking and Regeneration of Solid Catalysts by Electrical Impedance-based Sensors[END_REF]. Kern et al. completed the existing shrinkingcore model (SCM) including the influence of pore diffusion as well as the intrinsic kinetics to model more precisely the effective rate of coke oxidation [START_REF] Kern | Regeneration of coked catalysts-modelling and verification of coke burn-off in single particles and fixed bed reactors[END_REF]. Some studies adapted this work on a single catalyst grain to a fixed-bed regenerating reactor, modelling carbon concentration profiles alongside the deactivated bed. As expected, by transposition from (b) (a) the grain scale to the bed scale, when oxygen is fed by the top of the reactor, it was proved that a greater coke removal is achieved in the upper fraction of the fixed bed as it is more exposed to oxygen flow, while on the other hand, carbon-rich coke remained in the bottom fraction. Therefore, coke oxidation is controlled by oxygen diffusion within both a single catalyst particle (microscopic) and a fixed-bed reactor (macroscopic) [START_REF] Nakasaka | Kinetic study for burning regeneration of coked MFI-type zeolite and numerical modeling for regeneration process in a fixed-bed reactor[END_REF][START_REF] Müller | In situ Monitoring of Coke Deposits during Coking and Regeneration of Solid Catalysts by Electrical Impedance-based Sensors[END_REF][START_REF] Kern | Regeneration of coked catalysts-modelling and verification of coke burn-off in single particles and fixed bed reactors[END_REF][START_REF] Dubinets | Simulation of the coke burning process on the catalyst grain[END_REF].

Parameters influencing coke oxidation a. Catalyst structure and composition

Coke oxidation being a shape-selective process where reaction rate is limited by oxidant diffusion, catalyst structure appears as an important parameter since geometry of internal pores will influence mass transfer within the catalyst. Several works demonstrated the correlation between catalyst structure and coke removal rate, mainly related to the variable coke accessibility to oxygen due to the difference of pore structures according to the catalyst geometry [START_REF] Marcilla | Effect of regeneration temperature and time on the activity of HUSY and HZSM5 zeolites during the catalytic pyrolysis of polyethylene[END_REF][START_REF] Doka Nassionou | Comparative study of coking and regeneration of HEMT and HFAU zeolites[END_REF][START_REF] Magnoux | Coking, ageing and regeneration of zeolites: VI. Comparison of the Rates of Coke Oxidation of HY, H-Mordenite and HZSM-5[END_REF][START_REF] Pinard | Impact of the Framework Type on the Regeneration of Coked Zeolites by Non-Thermal Plasma in a Fixed Bed Dielectric Barrier Reactor[END_REF]. Indeed, following the size and aperture of pores, coke location will change and will deposit preferentially on the outer or internal surface, being more or less accessible to oxygen. Therefore, while coke on the outer surface will be easily removed, oxidation of inner compounds will be more difficult and dependent of oxygen diffusion within the pores. As an illustration, easier coke removal is observed on a HFAU-type catalyst at 550°C while a temperature of 600°C is necessary for coke removal from HEMT zeolite, regardless of framework composition and coke content. [START_REF] Doka Nassionou | Comparative study of coking and regeneration of HEMT and HFAU zeolites[END_REF]. This has been attributed to the preferential deposition of coke on the outer surface because of the small pore apertures of HFAU structure, making coke more accessible for oxidation. Similar results were observed by Magnoux et al. comparing oxidation of coke formed on HY, H-mordenite and HZSM-5 zeolites during n-heptane cracking. In addition to the faster oxidation of coke deposited on the outer surface, the influence of internal channels and pore size for oxygen diffusion has been proved: macropores, supercages and interconnected channels offer a better circulation of oxygen, subsequently affecting contact between oxygen and coke deposits located over the inner surface [START_REF] Magnoux | Coking, ageing and regeneration of zeolites: VI. Comparison of the Rates of Coke Oxidation of HY, H-Mordenite and HZSM-5[END_REF][START_REF] Pinard | Impact of the Framework Type on the Regeneration of Coked Zeolites by Non-Thermal Plasma in a Fixed Bed Dielectric Barrier Reactor[END_REF].

Zeolite framework as well as the number and strength of active sites are also implied in catalyst regeneration and coke removal efficiency. Influence of catalyst composition over coke oxidation is observed on both metal and zeolite catalysts since both the metallic and acidic acid sites participate in the coke removal process. Interactions between oxygen and catalyst may vary according to the composition of the active sites or even its support. Moljord et al. observed that a high density of framework aluminum atoms facilitates coke oxidation over HY zeolites with Si/Al ratios from 4 to 100 [START_REF] Moljord | Evidence for a participation of zeolite acid sites in the coke removal through oxidative treatment[END_REF]. Another study proved that, over a Pt-Sn/Al2O3 catalyst, oxygen is activated by platinum particles rather than alumina support, therefore coke located over metallic Pt sites is preferentially oxidized [START_REF] Pieck | Differences in coke burning-off from Pt-Sn/Al2O3 catalyst with oxygen or ozone[END_REF]. Consequently, knowledge of catalyst composition is also important to understand coke oxidation mechanisms since nature of deactivated surface has also a role in coke removal rate as it determines intrinsic mechanisms of oxidation. Even though diffusion is the limiting step of the reaction, nature of deactivated surface has also a role in coke removal rate as it determines intrinsic mechanisms of oxidation. Due to the variety of catalysts, different activation step mechanisms for the reaction of an aromatic core in coke are proposed. A mechanism suggested by Dong et al. suggests that the initiation step for coke oxidation involves the formation of radical carbocations from any accessible aromatic cores of coke molecules. This mechanism, represented Figure 1.23, is commonly accepted as the main reaction for coke oxidation [START_REF] Dong | Reaction of benzene and toluene in the presence of oxygen over H-ZSM5 zeolite Aromatic oxygenates in the product[END_REF]. The relative acidity of the coke-carrier surface accounts for the existence of preferential coke removal sites, as the formation of carbocation intermediates from deposited coke is more or less favored. Therefore, oxygen reactivity is not only determined by the nature of coke itself but also by the composition of the deactivated surface.

b. Operating parameters

For process optimization purposes, the influence of operating parameters on coke oxidation efficiency has been heavily studied. The main four parameters that can be easily modulated at an industrial scale are temperature, time on stream, oxygen concentration and flowrate. While oxygen is diluted in N2 in laboratory experiments, industrial processes often use a steam and air mixture. In classical conditions, coke oxidation is operated in a temperature range of 400-600°C and an oxygen concentration in gas from 0.05 to 10 vol.%, with a time of exposure varying according to the degree of coke removal to be achieved [133]. For example, during the regeneration of HZSM-5 catalyst coked during ethylbenzene conversion, Jong et al. observed that 67% of coke was removed after 0.5 h and 93% after 2 h, while 6 h are needed to achieve complete coke removal [134]. As the oxidation reaction rate is correlated with Arrhenius equation, higher temperatures could accelerate the reaction to achieve better coke removal. However, temperature is limited by the catalyst material which could be altered in case of excessive temperature exposition. Operating temperature can therefore vary according to the deactivated catalyst and is set at the maximum value allowed by the catalyst to increase coke removal efficiency but also to insure catalyst structure is not damaged. Marcilla et al. observed a structural change in HZSM-5 zeolite after a 900°C treatment leading to further catalytic activity loss, while a HUSY-type zeolite exposed to the same treatment recovered all its activity without any structural alteration [START_REF] Marcilla | Effect of regeneration temperature and time on the activity of HUSY and HZSM5 zeolites during the catalytic pyrolysis of polyethylene[END_REF]. To avoid the apparition of hot spots and catalyst sintering, the oxygen concentration in incident gas also has to be controlled. Indeed, as coke oxidation is exothermic, a too important concentration of reactant could lead to local temperature rises, which could further deactivate the catalyst. Santamaria et al. investigated the temperature behavior within a reactor during coke oxidation with different oxygen inlet strategies as illustrated Figure 1.24 [START_REF] Santamaría | Regeneration strategies for coked fixed bed reactors[END_REF]. Even though this experiment shows that temperature is reduced in the reactor with lower oxygen concentrations, coke removal efficiency is also greatly impacted. Therefore, a balance has to be found between thermal risk and oxidation efficiency. As the risk is mainly present at high coke contents, the combustion process is typically controlled by initially feeding low concentrations of air before increasing oxygen concentration gradually as carbon content decreases [START_REF] Koves | Apparatus for coke burning in regeneration of hydrocarbon conversion catalyst[END_REF]. Coke oxidation being limited by mass transfer and following shrinking-core model, coke removal increases with time and complete regeneration is theoretically achieved at infinite time. Time of exposure is a parameter determined to comply with industrial needs in term of coke removal and catalytic activity recovery. For economic reasons, optimization studies of oxidation processes tend to maximize catalytic activity recovery, which is correlated to coke removal, and to minimize time on stream by variation of all the aforementioned parameters [START_REF] Nazarova | Prediction of residue coke content and operating modes of regenerator in the catalytic cracking technology[END_REF].

Limitations of coke combustion

The main drawback to coke oxidation with air or oxygen is the temperature limitation to avoid irreversible damage to catalyst and a loss of catalytic activity after regeneration. Among the principal possible structural changes due to thermal degradation, dealumination has been studied in zeolite materials for its capacity to promote formation of mesoporous systems, giving an interest to determine reaction rate and influencing parameters [START_REF] Sano | Estimation of dealumination rate of ZSM-5 zeolite by adsorption of water vapor[END_REF][START_REF] Sano | Influence of Crystallinity of HZSM-5 Zeolite on Its Dealumination Rate[END_REF]. In some particular cases, dealumination turns out to be a way to improve catalytic activity due to the modification of acidic properties in the structure [START_REF] Nikolopoulos | Effect of dealumination on the catalytic activity of acid zeolites for the gas phase synthesis of MTBE[END_REF]. However, structural changes during a regeneration process are not desired as it often causes a decrease of active sites by sintering or damages on the crystallinity of the catalyst framework, leading to an irreversible loss of catalytic activity [START_REF] Marcilla | Effect of regeneration temperature and time on the activity of HUSY and HZSM5 zeolites during the catalytic pyrolysis of polyethylene[END_REF][START_REF] Gayubo | Deactivation of a HZSM-5 Zeolite Catalyst in the Transformation of the Aqueous Fraction of Biomass Pyrolysis Oil into Hydrocarbons[END_REF].

Intensive work was carried out to achieve coke oxidation reducing temperature of the regeneration process, therefore avoiding thermal damage. A well-known technique is catalyst improvement with metal impregnation, offering both inhibition of heavy polyaromatic coke and temperature reduction during regeneration [141]. Moreover, it was shown that coke removal close to the metal is easier, with lower temperatures and shorter exposition times, suggesting that coke oxidation is promoted by the presence of metal particles [START_REF] Pieck | Burning of coke on Pt Re/Al2O3 catalyst: Activation energy and oxygen reaction order[END_REF]. However, metal-impregnation also has the disadvantage to not guarantee catalyst stability after several regenerations. Different studies have shown a significant catalytic activity loss compared to the fresh catalyst after repetition of deactivation/regeneration cycles suggesting that metal-impregnation may not be suitable for long-time reuse of catalysts [START_REF] Furusawa | The cycle usage test of Ni/MgO catalyst for the steam reforming of naphthalene/benzene as model tar compounds of biomass gasification[END_REF]. Lu et al. observed this loss of catalytic activity during catalytic cracking of toluene over Ni/γ-Al2O3 after successive regeneration cycles as illustrated Figure 1.25 [START_REF] Lu | Coking and Regeneration of Nickel Catalyst for the Cracking of Toluene As a Tar Model Compound[END_REF]. They attributed the loss of surface area to sintering of metal particles and to remaining coke. In order to avoid the issues related to coke combustion, the use of an oxidant other than oxygen has also been investigated to achieve improved catalyst regeneration in milder conditions. These alternative methods for oxidative processes are discussed in following sections.

Ozonation

The regeneration of coked catalysts using ozone is a process that has been gaining increasing amounts of interest recently [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF][START_REF] Richard | Towards a New Oxidation Process Using Ozone to Regenerate Coked Catalysts[END_REF][START_REF] Chen | Regeneration of Spent Catalysts with Ozone[END_REF]. The strong oxidizing power of this molecule allows a high reactivity with coke but also the production of highly reactive radical species, making ozonation a favorable alternative process to regenerate coked catalysts. In fact, the high reactive nature of ozone enables regeneration to take place at much lower temperatures, thus mitigating the issue of catalyst thermal deactivation but also lowering energy consumptions. This type of regeneration is therefore promising both from environmental and economical point of view.

Ozone molecular properties

Ozone molecule is a very unstable molecule comprising three oxygen atoms, thus including two O-O bindings 1.276 Å long with an angle of 116.8° as illustrated in Figure 1.26. Even though gas-kinetic diameter of ozone diverges in literature, the value of 5.8 Å is commonly used [START_REF] Chao | Potential use of a combined ozone and zeolite system for gaseous toluene elimination[END_REF]. Ozone is an allotropic molecule as the electronic density moves from one oxygen to another, leading to different resonance structures represented in Figure 1.26. Ozone is described as a hybrid between all these configurations, conferring various characteristics like electrophilic properties or oxidizing power [START_REF] Oyama | Chemical and Catalytic Properties of Ozone[END_REF].

Its strong oxidizing power turns ozone into a very interesting molecule used for industrial purposes (chemical, pharmaceutical, etc.) and for environmental applications (water, soils and air treatment). Ozone applications are detailed in Rakovsky et al. review article [148]. The oxidizing ability of ozone is related to its high redox potential comparatively to oxygen, as shown in Table 1.3. Due to its instability, ozone decomposes naturally to oxygen but can also form oxygenated radicals which oxidizing power is even stronger. Some processes, mentioned in literature as Advanced Oxidation Processes (AOPs), decompose ozone intentionally into radicals to achieve further oxidation. These specific processes and applications are discussed in a dedicated section of this review. 

Ozone reactivity a. Thermal and catalytic degradation

Ozone is artificially generated with different methods such as electrical discharge (ED), electrolysis or irradiation. The most common technique is electrical discharge, treating oxygen-containing gases with extremely high voltages. Although useful as a strong oxidant, ozone has a very short life of only tens of minutes at ambient temperature and significantly lower at higher temperatures [START_REF] Vijayan | High concentration ozone generation in the laboratory for various applications[END_REF]. The thermal gas-phase decomposition of ozone is described by the following mechanism [START_REF] Benson | Mechanism of the Gas Phase, Thermal Decomposition of Ozone[END_REF]:

O 3 + M ⇌ O + O 2 + M (1.15) O 3 + O → 2O 2 (1.16)
Where M is a third molecule being O2, O3, CO2, N2, He or other gaseous body. The kinetic constant of each reaction is dependent of this last reactant and varies accordingly. Different researchers worked on the determination of these parameters to study the kinetics of ozone thermal degradation [START_REF] Oyama | Chemical and Catalytic Properties of Ozone[END_REF][START_REF] Benson | Mechanism of the Gas Phase, Thermal Decomposition of Ozone[END_REF]. At low temperatures, the "natural" thermal degradation of ozone represented by this mechanism occurs relatively slowly if not exposed to UV radiations or catalysts. In fact, many solids used in the industry as catalysts or absorbents have been proved to interact with ozone and to enhance its decomposition. This "catalytic" thermal degradation has been heavily studied over metal oxides but also over zeolite materials. Both of them have active surface presenting different possible interactions with gaseous ozone: simple physisorption or molecular adsorption over silanol functions and Lewis acid sites, which can further lead to ozone decomposition if the acidity of the adsorption site is strong enough [START_REF] Bulanin | IR spectra of adsorbed ozone[END_REF]. The following set of equations describes ozone decomposition over metal oxides and zeolites. In this mechanism proposed by Li et al. and adopted in many studies afterwards, * represents surface active sites [START_REF] Li | Mechanism of Ozone Decomposition on a Manganese Oxide Catalyst. 1. In Situ Raman Spectroscopy and Ab Initio Molecular Orbital Calculations[END_REF].

O 3 + * → * O 3 (1.17) * O 3 → * O + O 2 (1.18) * O + O 3 → * O 2 + O 2 (1.19) * O 2 → * + O 2 (1.20) 2 * O → 2 * + O 2 (1.21) * O + H 2 O → 2HO • (1.22)
This mechanism illustrates the decomposition of ozone to oxygen but also emphasizes the formation of adsorbed oxygenated species such as atomic oxygen (Equations (1.18) and (1.19)). Hydroxyl radicals are also susceptible to form in case of proximity with hydrogen, due to humidity or to the presence of other species (Equation (1.22)) [START_REF] Huang | Destruction of toluene by ozone-enhanced photocatalysis: Performance and mechanism[END_REF]. Different studies focused on the location of the active sites leading to ozone decomposition on zeolites and showed that Lewis acid sites are mainly responsible of this phenomenon. Studies over faujasite and natural zeolites show that acidity strength has an influence: ozone is adsorbed over weak acid sites while it is decomposed over strong ones [START_REF] Chao | Potential use of a combined ozone and zeolite system for gaseous toluene elimination[END_REF][START_REF] Monneyron | Regeneration of High Silica Zeolites via Advanced Oxidation Processes-A Preliminary Study About Adsorbent Reactivity Toward Ozone[END_REF]. Alejandro et al. added that molecular ozone has no affinity with Brønsted acid sites [START_REF] Alejandro | Natural Zeolite Reactivity Towards Ozone: The Role of Acid Surface Sites[END_REF]. The decomposition of ozone thus produces a diversity of adsorbed oxygenated species: molecular and atomic oxygen, peroxide ions and hydroxyl radicals. Operating conditions such as oxygen concentration, humidity of ozonized air and temperature have a great influence over the kinetics of decomposition and consequently strongly affect the repartition of reactive species. When temperature is high enough, these are desorbed from active sites and are susceptible to take part to other reactions with reactants in the gaseous or solid phase. Over inert raw material, the intermediate oxygenated species react to form oxygen but, in the presence of other molecules, they can also participate to further oxidation reactions as they readily react with most organic compounds in an unselective manner with aggressive attacks due to their strong reactivity.

b. Coke oxidation mechanisms

Ozonation is based on two different pathways for coke oxidation: direct and indirect. The direct mechanism utilizes ozone as the dominant oxidizing agent via a direct electrophilic attack of molecular ozone on organic species, whereas indirect mechanism relies on the participation of aforementioned oxygenated intermediates formed from ozone decomposition [156]. These highly reactive compounds attack organic species aggressively by either extracting hydrogen from water, as is the case with alkanes and alcohols, or attaching itself to the organic molecule, as is the case with olefins and aromatics. The combination of these mechanisms are forming a simple overall oxidation (Equation (1.23)) where a, b, c and d depend on the feed ratio and X and Y are related to coke nature.

aC X H Y + bO 3 → cCO 2 + dH 2 O (1.23)
From previous studies, it was found that molecular ozone can attack directly organic coke in different ways according to the nature of the carbonaceous compounds present [START_REF] Bailey | The Reactions Of Ozone With Organic Compounds[END_REF]. Due to its strong electronegativity, ozone favors electrophilic attacks and therefore reacts with electron-donating groups such as alcohols, aromatics, ethers, aldehydes and amines. As there is a wide range of possible constituents, it is difficult to specify a unique pathway through which ozone attacks coke. However, one largely accepted mechanism for the oxidation of alkenes, and more generally double bounds including in aromatic compounds, was suggested by Criegee [START_REF] Criegee | Mechanism of Ozonolysis[END_REF]. The initial attack of ozone is thought to proceed in three distinct steps as illustrated on Figure 1.27: ozone first attacks the double bound to form a primary ozonide [START_REF]CO2 Emissions in 2022[END_REF], which decomposes into stable carbonyl compounds (aldehyde or ketone) (2) forming a more stable secondary ozonide (3). The resulting products are compounds that will more readily undergo further oxidation reactions to decompose completely to carbon dioxide and water.

The indirect pathway for coke oxidation implies the radical oxygenated species directly or indirectly formed from ozone decomposition. Similarly to the direct mechanism, radicals react with organic compounds to form oxygenated coke which will further react until total oxidation. Due to the poor hydrogen content in coke, it is theorized that radical is attaching itself to carbon atom by breaking the double bound. The behavior and formation of these radicals, such as ozonide and peroxide ions or hydroxyl radicals, have been heavily investigated in the liquid phase with the growing interest in AOPs over the last decade [156,[START_REF] Miklos | Evaluation of advanced oxidation processes for water and wastewater treatment -A critical review[END_REF]. Due to the more recent interest of ozone use in the gas-phase, mechanisms are less detailed even though some similarities of ozone decomposition have been observed in the two different phases.

Kinetics and mass transfer during ozonation

Due to the recent interest for ozone use for oxidation processes in gas-phase, very few studies focused on ozonation kinetics rather than materials and operating conditions influence over coke removal and regeneration efficiency [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF][START_REF] Richard | Towards a New Oxidation Process Using Ozone to Regenerate Coked Catalysts[END_REF][START_REF] Pieck | Differences in coke burning-off from Pt-Sn/Al2O3 catalyst with oxygen or ozone[END_REF][START_REF] Chao | Potential use of a combined ozone and zeolite system for gaseous toluene elimination[END_REF]. However, from the observations made in these studies, similarities with oxygen oxidation are expected. Khangkham et al. observed that after ozonation of ZSM-5 zeolite used for PMMA cracking in a fixed-bed reactor, the H/C ratio of remaining coke in the catalyst pellet decreased compared to deactivated catalysts [START_REF] Khangkham | PhD thesis, Catalytic degradation of poly(methyl methacrylate) by zeolites and regeneration of used zeolites via ozonation[END_REF]. This observation suggests that ozone oxidation, similarly to oxygen, starts with hydrogen contained in coke. Direct oxidation with molecular ozone is a very selective reaction. Kinetic constants for ozone reactivity with principal families of hydrocarbons are listed in Table 1.4 [START_REF] Treacy | Reactions of Ozone with Unsaturated Organic Compounds[END_REF]. More recent studies have been carried out determining rate coefficients of ozone reactivity with unsaturated molecules [START_REF] Jenkin | Estimation of rate coefficients for the reactions of O3 with unsaturated organic compounds for use in automated mechanism construction[END_REF]. These results show the complexity of coke oxidation kinetics as coke molecules are complex structures with a mix of functional groups organized in an infinite number of combinations. Organic compounds reactivity with ozone is globally weak at ambient conditions but is enhanced at higher temperatures. However, as temperature increases, thermal degradation of ozone is also favored rather than catalytic decomposition, lowering radical formation leading to a decreased coke oxidation yield. A kinetic study for the indirect oxidation mechanism has not been carried out yet and would be relevant to better understand the repartition between direct and indirect pathways during ozonation as well as mechanisms involved in oxidation with radical species. Because of ozone short lifetime, diffusion and mass transfer is, similarly to oxygen, a limiting parameter for coke oxidation with ozone. Microscopic and macroscopic coke profiles within catalyst pellet and alongside fixed-bed respectively were found to be similar showing that ozone reacts primarily with external coke and progresses towards the center of the pellet starting by the top of the catalyst bed [START_REF] Khangkham | PhD thesis, Catalytic degradation of poly(methyl methacrylate) by zeolites and regeneration of used zeolites via ozonation[END_REF][START_REF] Copperthwaite | Regeneration of pentasil zeolite catalysts using ozone and oxygen[END_REF]. However, diffusion limitations seem to be even more important as coke located is the center of pellets may remain unreacted when rate of ozone decomposition is faster than its diffusion rate. Thus, regeneration of coked catalysts via ozonation is a complex process involving both complex chemical reactions (direct and indirect pathways) and transport processes (pore diffusion to the internal coke surface).

Ozonation for coke removal: literature review

The investigated ozonation conditions found in literature for coke oxidation using ozone are summarized in Table 1.5. Various solid catalysts, from bi-functional to zeolite materials, as well as different coking reactions are investigated. 

Ozonation conditions

Deactivated catalyst Deactivating reaction Ref.

O2 + O3 flow 120 cm 3 .min -1 (ratio not given), 137°C.

HY and HYS zeolite

Exposition to cyclohexene at 347°C. [START_REF] Mariey | FT-IR study of coked HY zeolite regeneration using oxygen or ozone[END_REF] O3/O2 mole ratio 0.05-0.06, 150°C, 90 min.

HZSM-5 zeolites (Si/Al: 35 and 70)

Methanol conversion to hydrocarbons and o-xylene isomerization. [START_REF] Copperthwaite | Regeneration of pentasil zeolite catalysts using ozone and oxygen[END_REF] O3/O2 mole ratio 0.05, 200°C, 4h (bed agitation).

HY zeolite Exposition to various alkanes and alkenes at 500°C.

[165]

O3 conc. from 16 to 50 g/m 3 , 20-150°C, 0.5-4h. HZSM-5 zeolite PMMA cracking at 250-300°C. [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF] O3 conc. from 4 to 25 g/m 3 , 50-200°C, 2-8.5h. Undefined zeolite Not given. [START_REF] Richard | Towards a New Oxidation Process Using Ozone to Regenerate Coked Catalysts[END_REF] O3/O2 mole ratio 0.01, 125°C, 4h + H2 regeneration Y-zeolite (UOP, Y-54)

Isobutane alkylation

(liquid, 25-80°C).

[166]

Other regenerating methods

Gasification

Although oxidative treatments are very commonly used for coked catalysts regeneration, the main drawback of these techniques is the formation and emission of carbon dioxide. While reduction of greenhouse gases emission is an actual industrial challenge, coke combustion for spent catalysts regeneration produces almost half of the emitted CO2 in a FCC unit [START_REF] Zhang | Sinopec Zhongyuan Oil Field Company Refinery CCS-EOR Project[END_REF]. Gasification provides an alternative method to mitigate CO2 emission during catalyst regeneration, using H2O or even CO2 as feedstock to remove coke at around 700-900°C (see corresponding reactions Table 1.6). The latter uses CO2 as an oxidizing agent (redox potential 1.33 V) reacting with coke to form carbon monoxide (Equation (1.24)). The equilibrium of this highly endothermic reaction favors CO production at temperatures above 700°C [START_REF] Hunt | Microwave-Specific Enhancement of the Carbon-Carbon Dioxide (Boudouard) Reaction[END_REF]. Due to low CO2 reactivity and the high temperatures needed, the scope of application is limited to catalysts with high resistance to heat. Otherwise, in such conditions, catalysts may suffer structural damages or sintering. Use of H2O as reactant for gasification ensures the direct formation of syngas (H2 and CO) in a temperature range between 700 and 900°C. Steam gasification, represented by Equation (1.25), also present risks of catalyst structure damage because of high temperature and possible attack Al-O bonds causing catalyst support collapse [START_REF] Triantafillidis | Influence of the Degree and the Type of Dealumination Method on the Structural and Acidic Characteristics of H-Y Zeolites[END_REF]. Therefore, regeneration via gasification is not suitable for coke removal from zeolite material and no studies dealing with gasification over zeolites have been found in literature. Studies carried out in this field are mostly focused on spent FCC catalysts used in refineries and are consequently out of the scope of the research project [START_REF] Santos | Mechanistic insights of CO2-coke reaction during the regeneration step of the fluid cracking catalyst[END_REF][START_REF] Zhang | Regeneration Kinetics of Spent FCC Catalyst via Coke Gasification in a Micro Fluidized Bed[END_REF][START_REF] Tian | Gasification of the Coke on Spent-Residue-Pretreating Catalysts with Steam and Steam-O2 Mixtures[END_REF][START_REF] Ferella | Spent FCC E-Cat: Towards a Circular Approach in the Oil Refining Industry[END_REF]. 

CO2 gasification

C(s) + CO2(g) → 2CO(g) +172 kJ/mol (1.24)

Steam gasification

C(s) + H2O(g) → CO(g) + H2(g) +131 kJ/mol

(1.25)

Hydrogenation

Another method used in literature for coke removal over catalytic material is based on the reactivity of coke with hydrogen or light carbonaceous gases such as alkanes [START_REF] Bauer | Reactivation of Coked H-ZSM-5 by Treatment with Hydrogen and Alkanes[END_REF]. In particular conditions, hydrocracking reactions are observed and coke is decomposed in lighter volatile gases. When hydrogen is used as a reactant, Marecot et al. observed that methane is the only product formed from coke decomposition over Pt/Al2O3 catalyst [START_REF] Marecot | Regeneration by hydrogen treatment of bifunctional catalysts deactivated by coke deposition[END_REF]. Therefore, the accepted hydrogenation of coke is represented by the equation:

C(s) + 2H2 (g) → CH4 (g) -75 kJ/mol (1.26)
Nevertheless, Walker et al. demonstrated the low efficiency of this process by comparison with the previously mentioned methods at 800°C (O2, H2O and CO2), finding the lowest coke removal performance for H2 treatment [176]. Indeed, to achieve coke removal via hydrogenation, severe temperature or pressure conditions are needed to thwart hydrogen low reactivity. To limit temperature rise due to reaction exothermicity during catalyst regeneration, several works observed that elevated pressure, between 1 and 10 atm, can be applied to achieve coke elimination [START_REF] Josl | Regeneration of zeolite catalysts deactivated in isobutane/butene alkylation: an in situ FTIR investigation at elevated H2 pressure[END_REF][START_REF] Klingmann | Hydrogenative regeneration of a Pt/La-Y zeolite catalyst deactivated in the isobutane/n-butene alkylation[END_REF]. Moreover, based on the observations of different studies, coke nature and location seem to influence greatly hydrogenation of coke. In most cases, coke is only partially removed, with an increase of H/C ratio of remaining coke, suggesting that heavy coke partially reacted to form lighter compounds [START_REF] Aguayo | Coke Aging and Its Incidence on Catalyst Regeneration[END_REF]. According to Gnep et al., reactivity of hydrogen with coke compounds over mordenite zeolite is limited to soft coke (high H/C ratio) while heavy polyaromatic molecules remain unreacted [START_REF] Gnep | TOLUENE DISPROPORTIONATION AND COKE FORMATION OVER FLUORIRED ALUMINA AND HYDROGEN-MORDENITE[END_REF]. Other studies determined that coke is preferentially removed near Brønsted acid sites on the internal surface of the catalyst while external coke remained unreacted [134,[START_REF] Alvarez | Structural changes on deactivation of ZSM-5. A study by X-ray powder diffraction[END_REF]. Consequently, complete coke removal via hydrogenation alone is usually not possible unless with severe operating conditions, which could cause catalyst degradation.

Other Advanced Oxidation Processes

Advanced Oxidation Processes (AOPs) or microwave-assisted processes can be used for the regeneration of adsorbents used for wastewater and gas treatments [START_REF] Parsons | Advanced Oxidation Processes for Water and Wastewater Treatment[END_REF][START_REF] Deng | Advanced Oxidation Processes (AOPs) in Wastewater Treatment[END_REF][184][START_REF] Alejandro | Oxidative regeneration of toluene-saturated natural zeolite by gaseous ozone: The influence of zeolite chemical surface characteristics[END_REF][START_REF] Alejandro-Martín | Catalytic Ozonation of Toluene Using Chilean Natural Zeolite: The Key Role of Brønsted and Lewis Acid Sites[END_REF][187]. Their application to coke removal from heterogeneous catalysts gained recent interest in order to develop new alternative methods for coke oxidation processes. Additionally to the aforementioned ozone-based process, other AOPs methods can be found in the literature.

a. Non-thermal plasma (NTP)

Among the alternative techniques to regenerate coked catalysts, use of non-thermal plasma (NTP) has been proved to be an efficient technique for coke removal from zeolite materials at ambient temperature [START_REF] Jia | New routes for complete regeneration of coked zeolite[END_REF]. This method is based on the formation of reactive oxygenated species (ROS), such as radicals, excited atoms, ions and molecules, thanks to the generation of highly energetic electrons in plasma discharge. Generated species from dioxygen exposition to plasma are mostly positive and negative ions (O 2+ , O -, O2 -) but also atoms and molecules such as O-atoms or ozone, which are able to form radicals or other reactive species. This type of regeneration is carried out in a dielectric barrier discharge (DBD) reactor where spent catalysts are placed between two electrodes. The oxidative species are generated thanks to the plasma discharge from oxygen contained in the gas who studied the NTP regeneration of faujasite zeolite coked from propene transformation at 623 K and achieved complete regeneration of the catalyst at ambient temperature with a deposited power of 12 W [START_REF] Astafan | Mechanism and Kinetic of Coke Oxidation by Nonthermal Plasma in Fixed-Bed Dielectric Barrier Reactor[END_REF]. Consequently, coke removal can be achieved thanks to the generation of these oxidizing species that are diffusing within catalyst structure and oxidize coke organic compounds. Similarly to coke combustion and ozonation, this process is highly dependent of catalyst structure due to the diffusion limitations, as demonstrated by Pinard et al. who studied NTP catalyst regeneration over MFI, MOR and FAU zeolites [START_REF] Pinard | Impact of the Framework Type on the Regeneration of Coked Zeolites by Non-Thermal Plasma in a Fixed Bed Dielectric Barrier Reactor[END_REF]. Different parameters, such as input power, gap between electrodes, gas flowrate and nature of diluent (N2, He, Ar), as well as catalyst mass and compactness, have been investigated to provide deeper understanding of this process, which remains a relatively new and unknown method despite its promising aspects [START_REF] Pinard | Regeneration of a Coked Zeolite via Nonthermal Plasma Process: A Parametric Study[END_REF].

b. Hydrogen peroxide and OH-derived Fenton radicals

Oxidation processes based of Fenton reaction have applications in various domains such as soil or wastewater treatments. However, its application for deactivated catalytic materials is relatively recent and, consequently, there is currently no studies mentioning application of Fenton chemistry over coked catalysts and only very few papers dealing with fouled zeolite [192][START_REF] Díez | Fenton-based processes for the regeneration of catalytic adsorbents[END_REF][START_REF] Morales | Advanced oxidation process for coke removal: A systematic study of hydrogen peroxide and OH-derived-Fenton radicals of a fouled zeolite[END_REF]. These papers are not properly dealing with coke removal as defined earlier but with deactivating species referred as humins, having similar behavior with coke (adsorption, steric blockage). Application of Fenton reaction could therefore be relevant for coke removal. These processes, occurring in liquid acidic medium, are based on the generation of OH radicals from hydrogen peroxide in the presence of Fe salt, which acts as a catalyst taking part in Fe 3+ /Fe 2+ redox cycle. The so-called Fenton reaction is described by the following mechanism:

H2O2 + Fe 3+ → HO2• + H + + Fe 2+ (1.27) H2O2 + Fe 2+ → HO• + OH -+ Fe 3+ (1.28) HO• + Fe 2+ → OH -+ Fe 3+ (1.29) HO• + H2O2 → HO2• + H2O (1.30)
Where reactions described by Equations (1.27) and (1.28) are desired because they lead to the formation of radicals OH, other reactions are undesired pathways (Equations (1.29) and (1.30)). Highly reactive hydroxyl radicals are consequently produced at low temperature. Using this method, Morales et al. reported total coke removal and catalytic activity recovery below 100°C for ZSM-5 zeolite fouled during glucose dehydration [START_REF] Morales | Advanced oxidation process for coke removal: A systematic study of hydrogen peroxide and OH-derived-Fenton radicals of a fouled zeolite[END_REF]. According to them, similar diffusion limitation issues are observed due to the rapid recombination of highly oxidative radicals and the selection of appropriate reaction conditions is a key factor to achieve coke removal. Oxidation mechanism can be, similarly to ozonation, direct from hydrogen peroxide or indirect with formed OH radicals. However, further research is needed to verify the efficiency of this method over "real" coke, and especially the potential Fe impurities generated by this method. Fenton-reaction-based processes may be a new alternative method for catalysts regeneration via oxidation under mild conditions.

Focus: regeneration of ZSM-5 coked after PE pyrolysis

The regeneration of zeolite catalysts coked during pyrolysis is the object of limited research in the literature. Most of them are carried out using classic combustion process for coke removal. Lopez et al. studied the regeneration of ZSM-5 used in pyrolysis of polymer mix and showed almost complete recovery of textural properties with 99% of recovered BET surface area and 83% of microporous area between spent and regenerated catalysts [START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF]. Similar pyrolysis products to fresh catalysts use was obtained by reusing regenerated ZSM-5 samples with around 97% or aromatics and 78% of C5-C9 fraction in pyrolysis oils, showing that catalytic initial activity is restored. Complete regeneration is also achieved in a different study over ZSM-5 coked during the oligomerization of 1-butene despite the heavy nature of coke formed [START_REF] Díaz | Coke deactivation and regeneration of HZSM-5 zeolite catalysts in the oligomerization of 1-butene[END_REF]. Marcilla et al. investigated the importance of treatment conditions (temperature and time) on the capacity of coke combustion to achieve complete coke removal and recovery of initial catalytic performances [START_REF] Marcilla | Effect of regeneration temperature and time on the activity of HUSY and HZSM5 zeolites during the catalytic pyrolysis of polyethylene[END_REF]. In this study, ZSM-5 showed a very sensitive behavior during coke combustion as its catalytic activity during pyrolysis of LDPE is not fully recovered at regeneration temperatures over 600°C. Ma et al. made similar observations with a different zeolite geometry during the regeneration of H-USY zeolites used in fast catalytic pyrolysis of lignin [START_REF] Ma | Deactivation and Regeneration of H-USY Zeolite during Lignin Catalytic Fast Pyrolysis[END_REF]. The incomplete catalytic activity recovery observed in these studies is attributed to structural changes and dealumination in the catalyst during the coke combustion process. However, as mentioned previously, regeneration via combustion can fully restore catalytic activity using adequate operating conditions to avoid thermal damages (around 500°C for ZSM-5). While catalysts performances are retrieved after one cycle, some studies demonstrated the gradual loss of catalytic performances after multiple cycles of reaction/regeneration as a complete regeneration is harder to achieve due to the accumulation of residual coke over the catalysts after each reuse [START_REF] Kassargy | Study of the effects of regeneration of USY zeolite on the catalytic cracking of polyethylene[END_REF].

Consequently, there is a need to develop alternative methods for regeneration in milder conditions to achieve complete coke removal while avoiding possible thermal damages. Using NTP at ambient temperature, the work of Jia et al. showed partial coke removal from ZSM-5 deactivated during pyrolysis of oak [START_REF] Jia | New routes for complete regeneration of coked zeolite[END_REF]. Promising primary results were also obtained using the ozonation process, being the core of the research project of this thesis, which allowed to achieve partial coke removal and catalytic activity recovery in PMMA cracking with pelletized ZSM-5 [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF]. 

Conclusion and key takeaways

This chapter presented the theoretical background necessary to approach the research project developed in this PhD thesis: ozonation regeneration of ZSM-5 deactivated by coke formation during catalytic pyrolysis of polyethylene. As this combined scope is really precise and has not be treated so far in the literature, its main different aspects were presented in separate sections: zeolites properties and applications, catalytic pyrolysis of plastics, deactivation via coke formation of catalysts and regeneration of so-deactivated materials. The key takeaways of this chapter are summarized in 

Analytical review and experimental methods

In this chapter, an overview of analytical techniques used in the literature for the characterization of zeolites and coke compounds is presented in Section 2.1. Methods presented in this analytical review are not all used in the PhD work but it provides better insight of what is usually done and where the research project stands in the domain. Based on this contextual knowledge, the methodology of the two main experimental parts investigated in this work are detailed in Section 2.2: catalytic pyrolysis of polyethylene using zeolites and regeneration by ozonation of so-used catalysts. The experimental setups and procedures, as well as implemented analytical techniques are described for each process in Section 2.2.2 and 2.2.3 respectively.

Analytical review

The following section presents the main relevant analytical techniques used in the field of catalyst deactivation and regeneration, from fresh, spent and regenerated catalysts to the analysis of deactivating species, allowing the characterization of both crystalline zeolites and coke molecules structure. The different possible analytical techniques found in the literature are categorized by type of information provided. 

Desired information Analytical technique

Crystalline structure: zeolite type, PSD. X-Ray Diffraction (XRD) + SAXS Surface aspect image, particle size. Electron microscopy (SEM, TEM)

Elemental analysis: Si/Al ratio for zeolites. X-Ray Fluorescence spectrometry (XRF)

Porosimetry analysis: surface area, pore volume Physisorption of N2 (or other inert mol.)

Surface acidity: concentration, strength, type. Chemisorption of NH3 (or other probe mol.)

Catalyst characterization

Table 2.1 gathers the main different analytical techniques that are used for the study and characterization of fresh, spent and regenerated catalysts. A combination of several of these analyses provides complete description of catalyst characteristics in order to follow the evolution of new virgin catalyst, deactivated catalyst after process use and recycled catalyst after regeneration.

Structural and physical properties

The most commonly used technique for the study of catalyst structure is X-Ray Diffraction (XRD), which determines the bulk structure and composition of heterogeneous catalysts with crystalline structures, but also the average crystallite grain size and the particle size distribution (PSD). The characteristic patterns of common zeolite structure are used to identify catalyst. XRD analysis can be used as a comparative tool between fresh and deactivated catalysts, before and after reaction, to check any possible structural changes or damages. Alvarez et al. observed a structural change of ZSM-5 zeolite from orthorhombic to tetragonal structure using XRD method [START_REF] Alvarez | Structural changes on deactivation of ZSM-5. A study by X-ray powder diffraction[END_REF]. This modification was attributed to zeolite channel occupation by coke molecules formed during the conversion of methanol to hydrocarbon. However, XRD analysis technique is limited to crystalline phases and is not suitable to analyze amorphous or highly dispersed phases. Use of electron microscopy (EM) is also very common as it provides a visual representation of the catalyst surface. Comparison of surface images of the catalyst are often compared to visually illustrate formation of coke. Thanks to the SEM photographs represented Figure 2.1, Lopez et al. observed a difference between fresh (a) and spent (c) surface of ZSM-5 zeolite used for catalytic pyrolysis of plastic wastes [START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF]. While crystal size of fresh zeolite is in the range of 100-300 nm, deposition of coke leads to the agglomeration of particles and to crystal size growth in the range of 300-900 nm. Two modes of electron microscopy are possible: by scanning (SEM), used for imaging at a micrometer scale, or by transmitting (TEM), providing images down to the nanometer scale and therefore mostly used for nanosized catalysts such as metal oxide particles, supported metals and catalysts with nanopores [START_REF] Schmidt | Electron microscopy of catalyst particles[END_REF][START_REF] Datye | The Study of Heterogeneous Catalysts by High-Resolution Transmission Electron MicroscoDV[END_REF]. Electron microscopy is often coupled with energy-dispersive analysis of X-Rays (EDX) to add elemental data. Catalyst composition provides important data on zeolites such as silica to alumina ratio giving an indication on catalyst acidity [184]. This characteristic is commonly determined with X-Ray fluorescence (XRF) spectrometry, which is particularly well suited to investigate the bulk chemical analysis of major elements. XRF is very commonly used as a primary analysis for catalyst characterization. For example, Ajibola et al. used XRF analysis to compare Si/Al ratio of natural and synthetized Y-zeolite Nigerian kaolin zeolite, with respectively 3.22 and 1.45 ratios, furtherly used for catalytic cracking of polyethylene [START_REF] Ajibola | Catalytic cracking of polyethylene plastic waste using synthesised zeolite Y from Nigerian kaolin deposit[END_REF]. Many other optical and surface-sensitive techniques are relevant for fresh or deactivated catalyst characterization, which are classified following their capacity to emit or absorb photons (i.e. NMR, IRFT, DRX, UV, etc.), electrons (i.e. XRF, TEM, ESR, etc.) or neutrons and ions (i.e. SIMS, LEIS, etc.) [START_REF] Ma | Characterization of Heterogeneous Catalysts[END_REF][START_REF] Michel | Catalyse hétérogène : désactivation et régénération des catalyseurs, Techniques de l'ingénieur Catalyse et procédés catalytiques, base documentaire[END_REF]. These techniques are used for elemental analysis but can also provide relevant data on the adsorbed species. As an example, Chen et al. used a combination of 13 C NMR, FTIR and UV-Vis to characterize coke formed over a Y-zeolite during catalytic pyrolysis of PE [START_REF] Chen | Deactivation of a Y-zeolite based catalyst with coke evolution during the catalytic pyrolysis of polyethylene for fuel oil[END_REF]. Deconvolution of NMR spectra provided them with a very precise description of coke nature (aliphatic, aromatic), amount and repartition.

In spite of the overall structure and composition of the catalyst, the determination of the surface area and volume of pores is very important for the characterization of solid catalysts since these parameters have been proved to be correlated with catalytic activity [START_REF] Renzini | Stability of ZSM-11 and BETA zeolites during the catalytic cracking of low-density polyethylene[END_REF][START_REF] Chen | Deactivation of a Y-zeolite based catalyst with coke evolution during the catalytic pyrolysis of polyethylene for fuel oil[END_REF]. The most common technique used for this measure is the N2 adsorption and desorption experiment. Comparison of results for a fresh and deactivated catalyst emphasizes the direct impact of carbon deposition on catalyst surface area and pore characteristics [START_REF] Vijayan | High concentration ozone generation in the laboratory for various applications[END_REF]. During the catalytic pyrolysis of PE in a conical-spouted bed reactor carried out by Elordi et al. with different zeolites, coke deposition led to the reduction of BET surface area, 19% and 39% for HZSM-5 and HY zeolites respectively, as well as micropore area [START_REF] Lee | Characteristics of liquid product from the pyrolysis of waste plastic mixture at low and high temperatures: Influence of lapse time of reaction[END_REF]. By comparing results between fresh and spent catalyst, relative accessibility to catalytic active sites can be determined and coke location can be hypothesized from pore volume repartition and variation. Other inert molecules can be used to get as close as possible to the real reaction conditions: use of an inert probe molecule having a similar size to the reactant leads to the determination of the surface area effectively accessible during the reaction. For zeolites used for n-heptane cracking, Magnoux et al. used inert n-hexane as a probe having similar dimensions with the reactant and, for some of the investigated zeolites, observed a variation of accessible surface area compared to N2 measurement due to their shape-selectivity [START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF]. As re-ported in the following paragraph, adsorption experiments are also useful for the de-termination of chemical properties of catalysts by analyzing interactions between the probe molecule and catalytic surface.

Chemical properties and reactivity

As mentioned previously, using specific probe molecules interacting with active sites in adsorption-desorption experiments ensure the extraction of additional chemical information. This technique, referred to as Temperature-Programmed Desorption (TPD), is commonly used to study the reactivity and acidity of catalytic active sites. Temperature at which desorption occurs indicates the strength of the acid sites while probe molecule quantity consumed or released is related to their concentration over the external and internal accessible surface of the catalyst. Formation of coke leads to an inevitable decrease of catalytic acid site concentration due to the loss of active surface. The most common molecules used as probes are NH3 and CO2 for acidic and basic site identification respectively. Experiments with some other molecules, such as H2O or pyridine, were also carried out in literature to get more specific information [START_REF] Michel | Catalyse hétérogène : désactivation et régénération des catalyseurs, Techniques de l'ingénieur Catalyse et procédés catalytiques, base documentaire[END_REF]. For instance, using pyridine as probe molecule ensures the differentiation between Brønsted and Lewis acid sites, which is not possible with NH3. Engtrakul et al. used combined NH3-TPD, to quantify the total number of acid sites, and pyridine DRIFTS (diffuse-reflectance FTIR spectroscopy) to probe their nature and repartition (Lewis or Brønsted sites) over a ZSM-5 zeolite used for pine pyrolysis vapor reforming [203]. Moreover, combined reactor and analysis (FTIR, UV-Vis, etc.) over aged catalysts can be used to study the effect of coke over active sites, especially if used operando, offering observation of catalyst acidity evolution and coke nature as deactivation progresses. Goetze et al. used operando UV-Vis spectroscopy to monitor the formation of hydrocarbon pool species leading to the accumulation of coke during the methanol-to-olefins process over HZSM-5 zeolite [START_REF] Goetze | Spatiotemporal coke formation over zeolite ZSM-5 during the methanol-to-olefins process as studied with operando UV-vis spectroscopy: a comparison between H-ZSM-5 and Mg-ZSM-5[END_REF]. Pyridine being a relatively large molecule, its use is limited to catalysts with particular geometry, especially pore apertures, allowing its diffusion within its pores, and is not applicable to zeolite material with small pores and channels, such as HFER [START_REF] Westermann | Élimination sélective d'un mélange d'hydrocarbures imbrûlés Diesel par adsorption sur des matériaux zéolithiques[END_REF]. Consequently, NH3-TPD experiment remains the most commonly used method for catalyst acidity measurement due to its wide application range and to its weak basicity, avoiding coke molecule "replacement" when analyzing aged catalysts. Comparison of fresh and spent catalyst NH3-TPD spectra provide information about the remaining acid sites and therefore catalytic activity. Figure 2.2 represents comparative TPD experiments for a USHY zeolite deactivated by 1-pentene with and without NH3 probe adsorption. The difference between desorption behavior in the presence or absence of NH3 ensures the determination of free acidity since desorption without a probe molecule is only due to coke [START_REF] Wang | Zeolite deactivation during hydrocarbon reactions: characterisation of coke precursors and acidity, product distribution[END_REF]. From raw TPD experiment curves, deconvolution calculations are necessary to determine the total amount and the strength of catalytic acid sites, as carried out by Khangkham et al. for the characterization of zeolites furtherly coked during PMMA cracking [START_REF] Khangkham | PhD thesis, Catalytic degradation of poly(methyl methacrylate) by zeolites and regeneration of used zeolites via ozonation[END_REF].

Coke analysis

The following table (Table 2.2) gathers the main different analytical techniques that are used for the study and characterization of coke and deactivating species. Extensive research has been carried out to understand the phenomenon of coke formation, aiming to determine the involved mechanisms and kinetics thanks to one or a combination of these analytical techniques. 

Nature and composition

Elemental analysis is the first approach to characterize coke in order to obtain a rough composition of species causing deactivation. Commonly used elemental study is carried out by combustion of deactivated catalyst with CHN elemental analysis and provides C, H, N and S contents. Therefore, this technique determines the H/C ratio, which is the principal characteristic giving indication of the average nature of coke. Elemental analysis is also used to determine regeneration process efficiency via calculating carbon removal proportion. Richard et al. used this criterion to evaluate the influence of ozonation operating parameters for the regeneration of industrial coked zeolites and achieved a maximum of 74.3% carbon removal [START_REF] Richard | Towards a New Oxidation Process Using Ozone to Regenerate Coked Catalysts[END_REF]. The main limitation to this analysis is the potential presence of hydroxyl groups or water molecules within the catalyst that may distort the actual coke composition [START_REF] Weitkamp | Critical Evaluation of Catalytic Testing of Zeolites[END_REF]. Moreover, obtained data is only an average value while coke nature and content may vary alongside the catalyst bed or even within a single pellet because of diffusion limitations.

Temperature-Programmed Oxidation (TPO) analysis provides important data on coke nature showing successive steps during coke combustion [116]. This experiment consists in exposing deactivated catalyst to oxygen flow at varying temperatures. Thanks to mass loss, determined by microgravimetry, and to formed products during oxidation, commonly analyzed in-line via GC-MS, it is possible to extract information about coke nature. Some data concerning global oxidation mechanisms are also available from TPO curves, typically showing distinct oxidation peaks for hydrogen (H2O firstly observed) and carbon removal (mixed CO/CO2) [START_REF] Minh | Kinetics of coke combustion during temperatureprogrammed oxidation of deactivated cracking catalysts[END_REF]. Chen et al. used TPO experiments to characterize coke formed over Y-zeolite during catalytic pyrolysis of PE and observed, from the deconvolution curves (dash lines) represented on Figure 2.3, two types of coke: external coke with a peak temperature at 400-433°C and internal coke oxidized at 464-488°C [START_REF] Chen | Deactivation of a Y-zeolite based catalyst with coke evolution during the catalytic pyrolysis of polyethylene for fuel oil[END_REF]. TPO analysis is a very widespread method in the field of catalyst deactivation as it provides very complete data concerning coke (global content and H/C ratio) determined from the oxidation products. Even though this technique does not offer precise characterization of coke nature, it is widely used to determine the optimal temperature for regenerative treatments via oxidation. While oxygen is the most common molecule used, using other molecules is possible and are referred to as Temperature-Programmed Surface Reaction (TPSR) [START_REF] Ma | Characterization of Heterogeneous Catalysts[END_REF].

Different analytical techniques are relevant for in situ characterization of coke, for which being non-destructive methods are a main advantage, providing successive analysis for a single sample. IR and UV-Vis spectroscopy, XRD and NMR techniques are commonly used to further investigate coke molecule nature and location. Implementation of operando analysis is very interesting as it becomes possible to monitor simultaneously reaction advancement and modifications of catalyst due to coke formation [START_REF] Michel | Catalyse hétérogène : désactivation et régénération des catalyseurs, Techniques de l'ingénieur Catalyse et procédés catalytiques, base documentaire[END_REF]. Guisnet et al. developed a very complete method, presented in Figure 2.4, to determine the chemical nature and distribution of coke compounds on deactivated catalysts [START_REF] Guisnet | Organic chemistry of coke formation[END_REF]. This method relies on the partial solubility of coke in CH2Cl2 and on its absence of reactivity with hydrofluoric acid to separate coke from zeolite structure without modifying chemical nature of molecules. Soluble coke is afterwards characterized by further analysis such as gas-chromatography coupled with mass spectrometry (GC/MS) or other relevant techniques. However, the heavier fraction of coke may remain insoluble in CH2Cl2 and analysis is limited to elemental composition and shape location within catalyst pores.

Reactivity and kinetics

Kinetic study of coke formation is challenging due to the complexity of coke formation mechanisms and competing reactions. Therefore, they are not easily determined thanks to analytical methods. The main approach reported in literature is to decompose the overall coke formation into single elementary steps in order to develop precise kinetic models. However, this approach is only a modelling method and is not observable with analytical techniques. Operando mass measurements on microbalance versus time are usually used to determine the overall reaction rate of coke formation. The mass increase of catalyst during reaction can be related to a reaction rate when reported to a time unit. Conventional microbalance coupled with the reactor are conceivable for in situ monitoring (microgravimetry), but use of Tapered Element Oscillating Microbalance (TEOM) provides more precise measurements thanks to the detection of oscillation frequency variation of the plate caused by sample mass increase [START_REF] Van Donk | Butene skeletal isomerization over H-ferrierite: a TEOM and in situ IR study on the role of carbonaceous deposits and the location of Brønsted acid sites[END_REF]. Using this apparatus, Gomm et al. investigated the in situ deactivation of various zeolites during conversion of 2-propanol and were able to correlate the change of reactivity due to coking with mass changes of the catalyst [START_REF] Gomm | In situ Observation of Coke Deposition on Zeolite Catalysts Using a Tapered Element Oscillating Microbalance[END_REF].

A similar approach is adopted when using Thermo Gravimetric Analysis (TGA) as a continuous-flow microreactor to monitor coke levels with coupled on-line GC to measure activity [210]. A mathematical model, the Constant-Coke Arrhenius Plot (CCAP), has been modified and used to determine the active site suppression and pore choking during REY zeolite deactivation used in cumene cracking. This method investigates the direct influence of coke formation over catalytic activity. Some experiments transposed this coupled analysis to investigate the evolution of coke levels during catalyst regeneration thanks to a combined TPO-TGA analysis with on-line product analysis [START_REF] Zhang | Carbon nanotubes and hydrogen production from the pyrolysis catalysis or catalytic-steam reforming of waste tyres[END_REF]. The data obtained by this coupled analysis gave information on the type of carbons obtained at different oxidation temperatures: either amorphous carbons (oxidation at <600°C) or filamentous carbons (oxidation at >600°C). Kinetic modelling is often based on TPO spectrum modelling using a linear combination of kinetic power-law expressions and monitoring carbon oxide concentration evolutions (CO2/CO ratio). These models integrate variable input parameters such as oxygen concentration or heating rate influencing oxidation kinetics. Kinetic parameters are determined using models that best fit experimental data [START_REF] Minh | Kinetics of coke combustion during temperatureprogrammed oxidation of deactivated cracking catalysts[END_REF][START_REF] Querini | Temperature-programmed oxidation technique: kinetics of coke-O2 reaction on supported metal catalysts[END_REF].

Experimental material and methods

Products and chemicals

Polyethylene

Plastic feedstock used during pyrolysis experiments is virgin low-density polyethylene (LDPE, CAS n°9002-88-4), provided by Sigma-Aldrich (ref. 428043-1KG) in the form of spherical pellets (≈ 3-4 mm) as illustrated in the picture (Figure 2.5). Material density is given at 925 kg.m -3 with a melt index value of 25 g/10min. Polymer is used as received without any treatment prior to loading in pyrolysis reactor. TGA curves for different heating rates are presented in Appendix 1.

Zeolite catalysts

Catalysts used in this work are commercial HZSM-5 zeolites provided by Tosoh Company (ref. HSZ-822HOD1A) in the form of cylindrical pellets. The provided material has a SiO2/Al2O3 molar ratio of 23.9 with H + as compensating cation. Zeolite crystals are shaped into cylindrical pellets using alumina binder. Given diameter is 1.5 mm and grains length repartition is between 2 and 8 mm with an average value of 4 mm (Figure 2.6). Bulk density is provided by the furnisher while pellet density has been experimentally approximated by measuring the mass with a precision balance and evaluating the dimensions, thus the volume, with digital caliper of limited number of pellets (2 to 5, measurements repeated twice). Measurements and calculations for the determination of pellet density are presented in Appendix 2. Given poured density of the catalyst in bulk is 680 kg.m -3 and the calculated pellet density is rounded to 1300 kg.m -3 . Prior to catalytic degradation experiments (Section 2.2.3.2.a), fresh zeolites are placed in an oven during 24h at 120°C to remove adsorbed water from zeolite material, and are then stored in a dry atmosphere. Otherwise, for all other experiments, catalysts are used as received without any crushing or pretreatment step.

Chemicals and gases

The list of chemicals and products used in this work during the different steps of experimental methodology, from the catalytic pyrolysis of LDPE to the ozonation of spent catalysts as well as the required analytical techniques, are presented in Table 2.3. The respective application is indicated for each product. 

Catalytic pyrolysis of polyethylene

Experimental setup

Catalytic pyrolysis experiments were carried out in a bench scale semi-batch reactor designed and built during the first year of the PhD in collaboration with LGC technical service (referring technician: Thomas Ménager). Relevant schematic diagrams are given in Appendix 3 (reactor, condensers, etc.). The resulting experimental pilot is illustrated in Figure 2.7 (photographs) and presented in Figure 2.8 (PID of the installation). The different elements of the setup, presented in the following paragraphs, are divided in two principal blocks connected to each other with insulated stainless steel tubing (ID: 4 mm, ED: 6 mm). All the sensors in the installation, which are connected to a control panel and recording device, are summarized in Table 2.4. 

CONDENSATION BLOCK REACTOR BLOCK

a. Reactor unit

The reactor block is a stainless steel column of internal dimensions 70 mm (diameter) and 500 mm (height). Corresponding internal volume capacity is approximately 2 L. External diameter is 110 mm. The column can be separated in two parts to allow reactor loading, referred respectively as the pyrolysis stage (bottom) and reforming stage (top). Junction and sealing between the two levels is ensured by 4 bolt, washer and nut assemblies and a high-temperature resistance gasket. The pyrolysis stage is inserted in two regulated shells containing high-voltage electric resistance meant for heating the reactor. In order to maintain the temperature in the upper part of the reactor, the reforming stage is circled by a heating cord (max. 375 W) and wrapped with insulating wool. The reactor ceiling is drilled with two stitchings: for nitrogen (and/or carbon dioxide) feed and for products circulation. The first, equipped with a check valve, is used to inert the reacting media and to generate a flushing for products. Nitrogen injected for inerting is generated on-site. The second line, referred as the process line, allows the circulation of gases to the condensation stages. The process line is also insulated and equipped with a heating cord (max. 125 W) to maintain the temperature (around 300°C) during the transition to first condensation stage.

b. Condensation unit

The condensation block consists in two successive stages with different temperatures intended for products fractioning. These two stages have been designed to separate heavy products with a "low-performance" (LP) exchanger and light products with a "highperformance" (HP) condenser. The first condensation level is a double envelope stainless steel heat exchanger (internal diameter 30 mm). Demineralized water circulates through the envelope (from bottom to top, see Figure 2.8) at a chosen temperature between 20 and 80°C thanks to a thermostatic bath. Condensates are collected in a 1 L guard placed downstream and equipped with a valve allowing operator to sample the desired amount of products at any time. While in the guard, products are maintained to the first condenser temperature thanks to adequate insulation and heating cord around the container. Stitching drilled in guard ceiling allows remaining gases to circulate through insulated process line to the second condensation stage. The second condenser is a high performance heat exchanger with double envelope for increased contact surface. Cooling fluid (ethylene glycol) entry is connected to a refrigerated unit allowing a temperature range between 0 and 50°C. Similarly to the first stage, condensates are collected in a valve-equipped guard (0.5 L) with an adequate fitting for the operator to place a bottle. This second guard is not insulated and stitching in its ceiling allows incondensable gases to circulate to extraction.

Operating procedure

During a typical pyrolysis experiment, 200 g of polyethylene are loaded in the reactor with 20 g of zeolite (fresh, spent or regenerated). This 10:1 mass ratio is identified in the literature as a commonly used value, and integrated in our protocol for comparison purposes [START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF][START_REF] Kassargy | Study of the effects of regeneration of USY zeolite on the catalytic cracking of polyethylene[END_REF]. In this work, polymer pellets and zeolites were loaded in two different ways to study the potential influence of initial mixing. Additionally to the schematic representation of pyrolysis pilot, Figure 2.9 represents the different loading methods: either the 20 g of zeolites are simply poured over the plastic pellets (called "top" experiments) or they are placed in successive layers of 50 g LDPE / 5 g HZSM-5 starting by 50 g of LDPE at the bottom of the reactor (called "layers" experiments). After sealing the reactor and inerting the atmosphere, N2 flushing is turned off and the reactor is heated up to 450°C during 40 min. It should be noted that the current PID regulation of the pilot implies an important heating rate of 40°C/min, very superior to the classic value of 20°C/min found in the literature, which leads to an overshoot of 30°C over the target temperature. Maximal temperature observed in the reactor during typical run is therefore 480°C before stabilization. After 40 min, N2 circulation is turned back on with a flow-rate of 2 L.min -1 to flush the decomposition components remaining in the reactor. After going through the reforming stage, the gases formed during the catalytic cracking flow through the two successive stages of condensation. The cooling-down temperatures at each stage are respectively 80°C (water) and 0°C (ethylene glycol). The condensed vapors are subsequently collected as pyrolysis waxes and oils for analysis, while the uncondensed products are evacuated to extraction. After appropriate waiting time for natural cool down (around 6 h), used catalysts are recovered and collected for characterization. No other solid residues are found on top of coked zeolites showing complete LDPE conversion.

In order to study the deactivation of ZSM-5 catalysts during these pyrolysis experiments, catalysts were used up to 5 successive times in top or layers experiments without any treatment between pyrolysis runs. For characterization purposes, 100 mg of zeolites were sampled between each experiment. For each experiment, three samples are collected for analysis (see analytical techniques in Section 2.2.4): two fractions of pyrolysis products corresponding to the two condensing stages and spent zeolites. For some experiments, products were only collected at the first collecting point because no products were obtained at the second condensation stage. Notation of samples and journal of pyrolysis experiments carried out during the PhD work are summarized with corresponding labelling in Appendix 4.

Results exploitation

In this work, catalytic pyrolysis is used as a model reaction to study the deactivation and regeneration of used ZSM-5. Their catalytic activity is assessed based on the results of GC-MS analysis of pyrolysis products. According to the identification of molecules based on chromatogram peak attribution (Section 2.2.4.1), proportions of products are determined thanks to their respective peak area. Identified products are furtherly sorted based on their number of carbons and aromaticity character to evaluate the evolution of cracking and reforming capacities of the catalysts used in pyrolysis. Molecules are categorized in three fractions corresponding to their nature and potential use: gasoline (C7-C9), kerosene (C10-C14) and waxes (C15+). Aromatic compounds proportion is evaluated both in global content and in each fraction. The products proportions for the different categories are calculated as follows (Equation (2.1)):

P α = ∑ Peak area of identified product i Total chromatogram area n i=1 (2.1)
Where α is the category of interest (C7-C9, C10-C14, C15+, aromatic or not), i is an identified molecule included in this category and n the total number of peaks concerned. Unfortunately, quantitative analysis of pyrolysis yield is not possible, as mass balance was not achieved for the initial experiments due to deposition of waxes in the process lines and to evacuation of incondensable gases. As determining the repartition of these losses was not achievable, the choice was made of doing a semi-quantitative study based on the comparison of GC-MS results between experiments. Pyrolysis yields were not calculated as it was estimated that such material balance would not be accurate since the gas fraction is not collected and a loss of condensed products is observed in the conducts. Catalytic efficiency is measured by following the evolution of pyrolysis condensed products nature. The term of catalytic selectivity is consequently preferred to catalytic activity in this work. Proportion of aromatics and repartition of molecules according to their number of carbon in the oils are used as a descriptor of catalytic performance during pyrolysis. The exploitation of pyrolysis results therefore presents some gaps, caused by the recent development of the pilot, that could be corrected in future studies with methodology and pilot improvements.

Ozonation of coked catalysts

Experimental setup

Ozonation experiments were carried out in a glass reactor in which zeolites are loaded as a fixed-bed. Two reactor configurations have been used in this work with different zeolite loading capacities: tubular reactor (≈ 1.5 g) and syringe reactor (≈ 10 g). The principal characteristics for each configuration are summarized in Table 2.5. Photographs and scheme of the experimental pilot and reactors are presented in Figure 2.10. The different elements of the installation, presented in the following paragraphs following the same letter notation as in the scheme in logical order from feed to extraction, are connected to each other with Swagelock © fittings and 4/6 mm tubing (internal/external diameter) made of stainless steel when exposed to heat and of plastics material otherwise. Thermocouples and analyzers are linked to a display and recording device (Brainchild PR2006).

On top of mandatory personal protection equipment (PPE) use during the experiments for security purposes, the laboratory room is equipped with two ozone detectors (Dräger Company), one in the gas extraction conduct and the other in the room. These sensors are set to detect ozone leaks by activating an alarm and automatically cutting gas circulation when fixed limit is exceeded (0.1 ppm). To avoid such problem occurrence, potential leaks on the setup are checked on the different junctions of the setup before any manipulation by flowing pure oxygen without any ozone production. 

a. Ozone generator and inlet gas stream

The catalytic bed was exposed to an ozone-enriched gas flow where O3 is produced onsite by a lab-scale ozone generator (Trailigaz Labo 76) from pure and dry oxygen bottle (B50 Linde, purity > 99.5 vol.%) with high-voltage electric discharge. The required feed pressure for ozone generator is 1.7 bar abs. Oxygen feed therefore goes through two pressure reducers before ozone generator inlet: a first level decreasing from bottle pressure (initial 200 bar abs) to 5 bar abs, and a second from 5 to 2 bar abs. A built-in needle valve in the ozone generator allows to make the final feed pressure adjustment to 1.7 bar abs. Maximal gas flowrate is limited by the important pressure loss generated by the catalytic bed (atmospheric pressure at the outlet). The range of volumetric flowrate allowed by this limitation is 50 to 150 L.h -1 . Gas flowrate is set downstream of the generator and upstream of inlet ozone analyzer with a volumetric manual rotameter. The production of ozone is dependent of both oxygen flowrate and applied electric power. The maximal applicable power for this apparatus is 150 W, generating ozone concentration up to 80 g/Nm 3 at lower flowrates (50 L.h -1 ). Calibration of inlet ozone concentration depending on volumetric flowrate and electric power is plotted in Appendix 5.

b. Ozone analyzers and thermocouples

The experimental setup is equipped with two thermocouples and ozone analyzers (BMT 964) placed in full-flow mode (in-line) to measure reactor inlet and outlet temperatures and O3 concentrations. Ozone content is determined in the analyzer with a UV photometer using the particular ozone absorption band at a wavelength of 254 nm where clear oxygen and air do not produce any extinction [START_REF] Batakliev | Ozone decomposition[END_REF]. Ozone concentration is determined based on the degree of extinction of the radiation generated by a mercury lamp, that is to say the difference between the electric signals of the "clean" radiation and after passage through the gas sample. The analyzed gas flows through a quartz cuvette which dimensions define the range of analysis. Inlet O3 analyzer pressure and concentration ranges go respectively up to 2 bar abs and 100 g/Nm 3 , while outlet analyzer maximal analyzable pressure is 1.15 bar abs. The constructor gives an approximation of ± 0.5 g/Nm 3 due to the conversion to normalized volume. Thermocouples are located inside the oven of reactor unit (see next paragraph), therefore indicating system inlet and outlet temperatures and not directly gas temperatures.

c. Reactor unit

As illustrated in Figure 2.10, the reactor unit is placed in a controlled oven (Heratherm OGS60). Maximal target temperature is 250°C. However, the temperature range investigated in this work is between ambient temperature up to 200°C. The 20 cm-high glass reactor, whatever the configuration, is placed in a stainless steel jaw structure with springs maintaining sufficient constraint to hold the reactor. Adequate fittings with Teflon © gaskets ensure tightness at the junctions. The presence of grid-shaped flow distributor allows the homogeneous repartition of gas stream at the reactor inlet. As the gas speed is superior to fluidization velocity, gas circulation in the reactor is set downstream (from top to bottom) for practical reasons. To fill the dead volume located between flow distributor and bottom junction of the reactor, zirconium beads (3 mm diameter) are placed under the catalytic bed. In syringe reactor configuration, supplementary beads are added to also occupy the thin part of the reactor before the wide section (14 mm diameter), so that all catalytic bed is exposed to same gas velocity.

Zirconium material was chosen due to inert behavior or limited reactivity regarding ozone. Glass reactor is replaced after 10 experiments or when broken because of too important constraint, causing gas leaks. Eventually, after being analyzed at the outlet, gas stream is evacuated to an ozone destructor, consisting in a high-temperature activated carbon column, in order to degrade residual ozone before being vented to the atmosphere.

Operating procedures a. Thermal and catalytic degradation experiments

Experiments on the degradation of ozone in thermal and catalytic conditions were conducted to evaluate the contribution of each mechanism. Only tubular reactor configuration is used in this procedure. For thermal recombination study, no catalyst were loaded in the reactor and only the zirconium beads were placed to use these results as a "blank". For catalytic degradation experiments, particles of fresh zeolites were loaded as fixed bed (1.50 ± 0.05 g). The system was then heated under nitrogen flow circulating at the desired flowrate (between 50 and 150 L.h -1 ) until target temperature was reached. Studied temperature varied from 20 to 200°C. Prior to send the gas stream through the reactor, the ozone concentration was set and stabilized at desired value (50 g/Nm 3 ) thanks to the 3-way valve allowing to by-pass the reactor unit. The gas flow was then switched to dry O2/O3 mixture. Inlet and outlet concentrations were afterwards measured in real-time by O3 analyzers. After steady-state was reached (less than a minute), [O3]in and [O3]out were monitored, being respectively the concentrations at reactor inlet and outlet. In order to avoid possible deactivation considerations, catalytic bed was replaced for each experimental conditions.

b. Ozonation of coked zeolites

The regeneration of coked zeolites has been carried out using the different reactor configurations of experimental setup according to the need: tubular reactor is preferred for parametric study while syringe reactor is used to obtain bigger quantities of regenerated catalysts for pyrolysis reuse. Different initial coked samples were used in these experiments: the initial carbon content and coke nature is dependent of number of pyrolysis successive reuses and mixing method. Coked pellets appear as black grains, traducing carbon deposition when compared to fresh white particles. Visually, coking seems homogeneous both on the outer surface and inside pellets (Figure 2.11). Carbon repartition considerations are discussed in Section 2.2.4.4. Whatever the reactor configuration, operating protocol remains identical. Similarly to previous procedure, coked samples are first loaded in the reactor as a fixed bed and system is heated up until desired temperature. The investigated range for ozonation is between 50 and 150°C. No gas circulation was here set during the time of temperature stabilization to avoid over consumption. Once target temperature is reached, dry O2 stream is directed through the reactor and recording is launched. After feed pressure and flowrate adjustment, ozone production is started and inlet concentration is stabilized at desired value using power potentiometer (up to 80 g/Nm 3 ). Time of exposure for the ozonation experiments is varied between 15 min and 8 h.

During the unloading step of tubular reactor, zeolite samples are split in three roughly even heights/volumes (around 6-7 cm), corresponding to the respective position in the reactor of the different fractions as represented opposite (H high, M middle, B bottom). The occupied height in the reactor of each fraction is annotated and samples are stored for characterization (see analytical methods in Section 2.2.4). To summarize, three samples are collected for analysis after each experiment, being different fractions of regenerated or partially regenerated zeolites according to their position in the reactor. For some experiments, only two fractions (H high and B bottom) were collected because of the difficulty to unload precise quantity. Notation of samples and journal of ozonation experiments carried out during the PhD work are summarized with corresponding labelling and operating conditions in Appendix 6.

The regeneration of coked zeolites reused in pyrolysis (R48 and R8, 20 g each, see in Chapter 3) was carried out using syringe reactor configuration in different batches of 10 g. Batches with identical operating conditions were mixed after regeneration. The first samples, labelled REG1 and REG2 in Appendix 6, were ozonated at 80 and 100°C with an ozone-enriched gas stream (100 L/h) containing between 55 and 80 gO3/Nm 3 during cumulatively 48 h (8 runs of 6 h for safety reasons). Different conditions were investigated in this first batch to apprehend the behavior of ozone consumption in this configuration and to achieve complete coke removal. Between each ozonation run, catalytic bed was removed from the reactor, mixed and reloaded in order to favor homogeneity. Combination of the obtained batches corresponds to sample R48. The objective for this series of experiment was to achieve complete coke removal for further reuse in pyrolysis and to apprehend the behavior of ozonation process by increasing the mass of catalytic bed compared to tubular reactor. Observations and comparison between the configurations are presented in Section 4.3. The second batch of samples, labelled REG3 and REG4 in Appendix 6, were mixed together to form R8 sample. Initial mix of coked samples containing between 4.0 and 6.5 wt.%C were exposed to an ozone-enriched gas stream (55 gO3/Nm 3 , 100 L/h) during a single run of 8 h with a feed temperature of 75°C.

Results exploitation a. Thermal and catalytic degradation experiments

Based on the inlet and outlet concentrations values extracted from the experiments presented in Section 2.2.3.2.a, the experimental data were first displayed as the observed ozone degradation calculated as follows (Equation (2.2)):

Ozone degradation (%) = [O 3 ] in -[O 3 ] out [O 3 ] in × 100 (2.2)
Where [O3]in and [O3]out are the inlet and outlet ozone concentrations (in g.Nm -3 ) respectively. This exploitation allowed apprehending ozone degradation behavior without -

d[O 3 ] dt = k th [O 3 ] a (2.3) -d[O 3 ] dt = ε k th [O 3 ] a + (1 -ε) k cat [O 3 ] b (2.4)
Where a and b are the orders of reaction regarding ozone for thermal recombination and catalytic degradation respectively. Different values were investigated for a and b and results are presented in Chapter 4 with related experimental data and supporting information placed in Appendix 7.

b. Ozonation experiments

Carbon content obtained by elemental analysis (Section 2.2.4.3.a) was used as an indicator of remaining deposited coke after ozonation treatment. Process efficiency was therefore calculated by evaluating coke removal percentage during the experiment. Carbon removal for a single sample, corresponding to one of the three collected fractions, is calculated using relative comparison between initial and final carbon content (Equation (2.5)). In order to compare experiments for parametric study, global coke removal and process efficiency is calculated for each experiment (Equation (2.6)). This formula considers the different collected samples for one experiment by determining the pondered average of coke removal of each fraction in the reactor based on their respective occupied volume.

Sample %C wt. removal =

C initial -C final C initial × 100

(2.5)

Global %C wt. removal = C initial -(α H . C H + α M . C M + α B . C B )
C initial × 100 (2.6) Where Cinitial is the initial weight carbon content of the coked sample, Cfinal is the final weight carbon content of the regenerated sample, αi describes the occupied volume for each collected samples (ratio between the fraction height and the total reactor length of 20 cm) and CH, CM, CB are the final carbon content after ozonation for respectively the high, middle and bottom fractions. The results of this exploitation are also presented in Appendix 6 alongside the journal of ozonation experiments.

Analytical techniques

Based on the contextual knowledge provided by the analytical review in Section 2.1, the different analytical techniques used in this study are summarized in Table 2.6 with their respective application. The material and analysis conditions are subsequently detailed for each method in the following paragraphs. 

Pyrolysis products

In order to study the evolution of catalytic activity during the successive pyrolysis runs, the liquid fractions of the products are analyzed by gas-chromatography coupled with mass spectrophotometry (GC-MS). To complete determination of chemical composition of pyrolysis products, gas chromatograph Thermo Trace 1300 was used coupled with a TSQ 8000 Evo quadrupole detector. The GC was equipped with a capillary column of dimensions 30 m long, 0.25 mm internal diameter and 1.4 µm thickness of diphenyl/dimethyl polysiloxane film (Rtx-502.2). Samples were diluted in heptane with a 1:20 volume ratio before analysis. The initial oven temperature was 40 °C and was increased up to 150 °C (24 °C.min -1 ramp, held 1 min), then to 250 °C (12 °C.min -1 ramp, held 20 min). The split injection temperature was applied at 250°C. The transfer line and ion source temperatures were 240 °C and 250 °C respectively. Mass data was acquired in full-scan mode between 30 and 600 m/z. Molecules were attributed to corresponding peak using National Institute of Standards and Technology database (NIST).

Zeolite characterization a. N2 adsorption/desorption measurement

Textural properties of fresh, deactivated and regenerated zeolite samples are obtained with N2 adsorption/desorption measurement under vacuum (10 -4 -10 -5 Pa) at -196°C using a BELSORP-Max apparatus (BEL Japan). From the complete adsorption isotherms, main results are determined based on different methods. Brunauer-Emmet-Teller (BET) equation is used for surface area and global porosity. Mesoporosity and microporosity data are obtained respectively by applying Barret, Joyner and Halenda (BJH) and Horvath-Kawazoe (HK) methods [213,214].

b. FTIR-Pyridine

Acidic properties of zeolites are determined by FTIR spectroscopy with pyridine as probe molecule. Samples were pressed (10 9 Pa) into self-supported discs (2cm 2 area, 7-10 mg.cm -2 ) and placed in a quartz cell equipped with KBr windows. A movable quartz sample holder permitted adjustment of the pellet in the infrared beam for spectral acquisition and placement into a furnace at the top of the cell for thermal treatments. The cell was connected to a vacuum line for evacuation, calcination steps (Presidual=10 -3 -10 -4 Pa) and for the introduction of probe molecules (pyridin vapour phase at 150°C). Spectra were recorded at room temperature in the 4000-400 cm -1 range, with 4 cm -1 resolution, on a Nicolet Nexus spectrometer equipped with an extended KBr beam splitting device and a DTGS detector. Quantification of both Brønsted and Lewis acid sites are determined by integration of IR spectra bands and by using molar absorption coefficients of pyridine commonly accepted in literature: 1.67 cm/µmol for the Brønsted sites band (1545 cm -1 ) and 2.22 cm/µmol for the Lewis sites band (1455 cm -1 ) [START_REF] Emeis | Determination of Integrated Molar Extinction Coefficients for Infrared Absorption Bands of Pyridine Adsorbed on Solid Acid Catalysts[END_REF].

Coke analysis a. Elemental CH analysis

Elemental analysis is performed by combustion at 1100°C using Perkin Elmer 2400 Series II Flash Combustion Analyzer to determine the carbon and hydrogen content. The results, given in weight percentage with a ±0.1 wt.% precision, are used as indicator of deposited coke as it is the only source of carbon in the samples (no carbon at all was detected on fresh zeolite sample). Hydrogen content is used to calculate the H/C molar ratio (Equation (2.7)), giving an indication on coke nature. As a reminder, H/C values superior to 1 denotes a light coke mainly composed of aliphatic structures while H/C values inferior to 1 indicated heavy coke embedding polyaromatic molecules. A decreasing ratio shows the progression of coke condensation degree.

H C ratio (mol mol ⁄ ) = M C M H × wt. %H wt. %C ⁄ (2.7)
Where MC and MH are the molar masses (g.mol -1 ) of carbon and hydrogen respectively. This calculated value must be treated with caution as coke might not be the only species containing hydrogen in the zeolites (Brønsted sites for example).

b. TGA-FTIR

Thermogravimetric analysis is used to get information on coke repartition and nature. Combination of this technique with an online gas detection, such as FTIR, helps qualifying nature of carbonaceous compounds by analyzing the formed gases at the same time as monitoring coke weight loss. This analysis was performed using DSC1 Mettler Toledo TGA apparatus coupled with ThermoScientific IS10 Nicolet FTIR spectrometer. Crushed coked samples (≈ 15 mg) are loaded in the microbalance cell and exposed to air or nitrogen atmosphere. Different temperature programs, illustrated in Figure 2.12, have been used in this work to investigate the possible weight losses induced by thermal damages. Samples are heated at 10°C/min and maintained at 120°C during 60 min for program 1 or 30 min for program 2 to remove physisorbed water. Heating ramp of 10°C/min is then reactivated: in first program, temperature goes up to 1000°C with this rate while it plateaus at 500°C for the second program. IR spectra are acquired in the constructor measurement range between 4000 and 400 cm -1 .

c. CP-MAS 13 C NMR

Comprehensive insight of coke molecules nature and structure is given by solid-state 13 C cross-polarization magic-angle spinning (CP-MAS) NMR analysis. Spectra are recorded at ambient temperature in a Bruker Avance III HD 400 (9.4T) spectrometer. Crushed coked zeolite samples were placed in 4 mm zirconia rotors with a MAS rotation speed of 10 kHz. Quantitative acquisition is made with 10 periods of cross-polarization with a contact time of 1.1 ms separated with a repolarizing time 1 H of 0.5 s [START_REF] Duan | Composite-pulse and partially dipolar dephased multiCP for improved quantitative solid-state 13C NMR[END_REF]. The recycling time is set at 1.5 s. The carbon species present over the coked zeolites are identified with a simplified multi Gaussian deconvolution (6 peaks). Each chemical shift was attributed based on literature research to particular carbon environment [START_REF] Thonhauser | NMR shifts for polycyclic aromatic hydrocarbons from first-principles[END_REF][START_REF] Ruiz-Morales | Determination of 13C NMR Chemical Shift Structural Ranges for Polycyclic Aromatic Hydrocarbons (PAHs) and PAHs in Asphaltenes: An Experimental and Theoretical Density Functional Theory Study[END_REF][START_REF] Pan | 13C Solid-State NMR Analysis of the Chemical Structure in Petroleum Coke during Idealized In Situ Combustion Conditions[END_REF]. Integration data of the deconvoluted peaks are used to determine their respective proportions and condensation degree similarly to Chen et al. work [START_REF] Chen | Deactivation of a Y-zeolite based catalyst with coke evolution during the catalytic pyrolysis of polyethylene for fuel oil[END_REF]. Data is normalized based on carbon content obtained by elemental analysis to get quantitative approximation.

Pellet cross-section radial carbon profile

The acquisition of radial carbon profile over pellet cross-section presented one of the major analytical challenges of this work. In order to trigger a combined experimental and numerical approach on diffusion-reaction mechanisms during ozonation, this problematic was of main interest to connect the different main axes of the PhD work: ozonation experimental and modelling approaches (presented in Chapters 4 and 5). Due to the microporosity of zeolite material and the difficulty to properly analyze carbon, being a light compound, very few analytical techniques were found to obtain spatial carbon repartition. Similar challenges are encountered in the literature with different deactivating reactions using zeolites or other acid catalysts [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF][START_REF] Gao | Kinetics of coke formation in the dimethyl ether-to-olefins process over SAPO-34 catalyst[END_REF][START_REF] Wragg | Mapping the coke formation within a zeolite catalyst extrudate in space and time by operando computed X-ray diffraction tomography[END_REF]. However, most of these methods only present a qualitative approach and there is a need of developing new quantitative method. In this work, an innovative method for quantitative acquisition of radial carbon repartition over zeolite pellet, consistent with elemental analysis, is developed in collaboration with "Centre de microcaractérisation Raimond Castaing" (UAR3623). This paragraph details the approach, thought process and development of this new analytical technique.

Acording to previous studies, qualitative analysis is possible using SEM coupled with EDX analysis over a definite surface or line [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF]. The first tests were therefore conducted in LGC with SEM-EDX analysis (Jeol JSM 7100F coupled with EDX Oxford ASDD X-Max 50mm 2 ) over some elected partially regenerated samples visually presenting carbon variation over their radius. Despite observation of a carbon gradient, these primary results presented two main issues: (1) carbon analysis with EDX acquisition over a single line resulted in a very noisy profil due to irregularity of surface topography and carbon repartition (hidden in porosity); (2) obtained carbon contents (in wt.%C) were far superior to actual amount determined with elemental analysis. The first idea to reduce noise over the profiles was to average multiple EDX lines, as presented Figure 2.13. In this figure, optic photographs are added by transparency over corresponding analyzed pellet to show the visual apparition of carbon on the samples. Indeed, SEM images are not a visual but a topographic representation of the sample. Despite several attempts, averaging up to 60 profiles, the resulting carbon repartition remained heavily unstable. Quantitative analysis also remained unexploitable with this modification.

The following methods were developed in collaboration with S. Gouy and P. De Parseval (Centre Castaing) to overcome the encountered challenges. Acquisition of carbon radial profiles over zeolite pellet cross-sections was successfully achieved with electronic FEG microprobe after adequate sample preparation. In order to remove any topographic irregularities which may alter the measure (noisy profile, altered carbon content), samples were exposed to an ionic argon beam at 6 kV during 8 h using a Cross Polisher Jeol (IB-19510 CP). Acquisition of radial profile was then carried out using microprobe Cameca SXFiveFE with a 10 kV accelerating voltage and 10 nA current. The beam was defocused at 10 µm to limit damages on the material. Two different approaches for acquisition were developed, referred as mapping and scanning methods. Typical SEM-FEG results for a single sample using these methods are illustrated in Figure 2.14.  Mapping method was used to obtain precise quantitative values of carbon content (0.1-0.2 wt.%C precision). After calibration with a carbon standard, carbon content was measured during 1 min over each of 20 or 30 equidistant points along the pellet radius (35 or 25 µm steps). Before each quantitative experiment, a blank measurement was carried out over a cross-polished fresh zeolite to evaluate the carbon pollution on the samples. It was observed that during successive analysis, even though sample is placed under important vacuum, carbon content over the fresh sample tended to increase. This pollution is attributed to the remaining carbon species in air or to products generated by the limited, yet present, reactivity between coke compounds and electron beam.

 The scanning method is meant to provide a qualitative result representing the image of a radial profile, therefore with a reduced acquisition time (1 s) but an increased number of points (roughly 250 points, 3 µm steps). Acquisition is given in detected carbon photons in coups per second (cps). No conversion in carbon content was carried out for this method.

The obtained profiles were satisfying as the two main aforementioned issues were corrected: (1) noise is strongly reduced as topographic irregularities are removed by crosspolishing treatment; (2) obtained carbon content (given in wt.%C) is consistent with elemental analysis. Only irregularities induced by carbon hindering in microporosity is remaining and generating some noise. For accurate quantitative analysis, progressive carbon pollution during analysis over fresh sample has to be considered and subtracted to acquired value. For visual representation, a cross-section image of single pellet in each collected fraction is acquired with microscope Morphologi G3S (Malvern Instruments). Optic magnification of 2.5 is used. These photographs are then processed with a Matlab® post-treatment routine before exploitation (see in Chapter 5). 

Conclusion and key takeaways

This chapter presented the analytical and practical background necessary to approach the experimental aspect of the research project. The analytical review provided insight to better understand the chosen techniques and challenges faced in this work. Material, procedures and methods were developed for the two main experimental axes of this study: catalytic pyrolysis of polyethylene and regeneration of so-coked catalysts via ozonation. Global experimental methodology is schematically summarized in Figure 2.15. 

Introduction and presentation of work context

Previous studies regarding deactivation during catalytic pyrolysis have been carried out using different catalysts and reactor geometries [START_REF] Marcilla | HZSM5 and HUSY deactivation during the catalytic pyrolysis of polyethylene[END_REF][START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF][START_REF] Mullen | Catalytic co-pyrolysis of switchgrass and polyethylene over HZSM-5: Catalyst deactivation and coke formation[END_REF]. Due to the important operating temperature of pyrolysis (400-500°C), coke formed over the catalysts is mostly composed of polyaromatic heavy coke [START_REF] Chen | Deactivation of a Y-zeolite based catalyst with coke evolution during the catalytic pyrolysis of polyethylene for fuel oil[END_REF][START_REF] Castaño | Insights into the coke deposited on HZSM-5, H beta and HY zeolites during the cracking of polyethylene[END_REF]. This deposition of carbonaceous compounds leads to the loss of textural and chemical characteristics of catalysts [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF][START_REF] Elordi | Role of pore structure in the deactivation of zeolites (HZSM-5, Hβ and HY) by coke in the pyrolysis of polyethylene in a conical spouted bed reactor[END_REF]. Different studies investigated the influence of catalytic deactivation over the obtained products during pyrolysis, showing an important evolution of oils and gases repartition, as illustrated in Figure 3.1, and composition [START_REF] Elordi | Role of pore structure in the deactivation of zeolites (HZSM-5, Hβ and HY) by coke in the pyrolysis of polyethylene in a conical spouted bed reactor[END_REF][START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF][START_REF] Elordi | Effect of the acidity of the HZSM-5 zeolite catalyst on the cracking of high density polyethylene in a conical spouted bed reactor[END_REF]. However, most of these studies focused on a single use of catalysts in pyrolysis and the study of progressive deactivation during successive reuses at pilot scale was not found in the literature.

Catalytic pyrolysis of polyethylene was elected as deactivating reaction for this PhD work due to its high research interest, its relative ease of implementation and its existing investigations available for comparison. The optimal operating conditions used in this work were therefore identified in the literature as 450°C with a feedstock mass ratio of 10:1 LDPE:ZSM-5 [START_REF] Miandad | Catalytic pyrolysis of plastic waste: A review[END_REF]. During the research project, different innovative aspects that were not investigated before (successive reuses of catalysts and effect of initial feedstock mixing in the reactor) were integrated in this chapter. The first aspect investigated in this work is an intensive study of the deactivation occurring via coke formation during catalytic pyrolysis of polyethylene. Catalysts were used in pyrolysis up to five successive runs to study and quantify their progressive deactivation. The evolution of zeolite characteristics are compared with the catalytic activity assessed by following the evolution of pyrolysis products. This work intends to provide a deep understanding of coking deactivation prior to furtherly use the spent samples in the study of ozonation process for coke removal and catalysts regeneration.

Different papers in the literature investigated the reuse of coked catalysts in pyrolysis after regeneration by coke combustion process with oxygen over 400°C, showing that catalytic activity could successfully be recovered after coke oxidation [START_REF] Marcilla | Effect of regeneration temperature and time on the activity of HUSY and HZSM5 zeolites during the catalytic pyrolysis of polyethylene[END_REF][START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF][START_REF] Serrano | Catalytic cracking of polyethylene over nanocrystalline HZSM-5: Catalyst deactivation and regeneration study[END_REF]. Despite partial recovery of initial catalyst textural and chemical properties using ozonation at 95°C during 4h, Khangkham et al. collected products similar to those obtained with fresh catalysts when reusing ozonated samples during PMMA degradation as illustrated in Figure 3.2 [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF]. No other studies were found in which ozonated catalysts are reused in initial process. Consequently, the second aspect aimed in this chapter is to assess the ability of the ozonation process to achieve total recovery efficiency at lower temperatures than classic coke combustion process with oxygen. Based on the promising results obtained by Khangkham et al., ZSM-5 extrudates are here recycled in pyrolysis of polyethylene after regeneration treatment via ozonation. As mentioned previously, due to the relatively high operating temperatures during pyrolysis, coke formed on the catalysts is mainly composed of heavy and stable molecules [START_REF] Chen | Deactivation of a Y-zeolite based catalyst with coke evolution during the catalytic pyrolysis of polyethylene for fuel oil[END_REF][START_REF] Guisnet | Prevention of zeolite deactivation by coking[END_REF][START_REF] Guisnet | Organic chemistry of coke formation[END_REF]. Consequently, if ozonation is efficient on such coked samples, its range of applications could be extended to a wide number of processes where operating conditions form lighter coke [START_REF] Guisnet | Prevention of zeolite deactivation by coking[END_REF][START_REF] Hashimoto | A multiple-reaction model for burning regeneration of coked catalysts[END_REF][START_REF] Nakasaka | Kinetic study for burning regeneration of coked MFI-type zeolite and numerical modeling for regeneration process in a fixed-bed reactor[END_REF].

The work presented in this chapter therefore contains two main axes: deactivation and regeneration of catalysts used in innovative processes. The authors identified catalytic pyrolysis as an easy-to-use reaction for the revalorization of plastic wastes whose industrial development is restrained by the important coke deactivation [START_REF] Anuar Sharuddin | A review on pyrolysis of plastic wastes[END_REF][START_REF] Budsaereechai | Catalytic pyrolysis of plastic waste for the production of liquid fuels for engines[END_REF]. Up to now, most of the studies related to deactivation during pyrolysis of plastics are limited to a single use of spent catalysts in the reaction. The aim of this work is to reuse spent industrial catalysts more than once to reach a better understanding of coke formation during pyrolysis and to conclude about the possibility to reuse extensively spent catalysts before removing them for regeneration. Use of ozonation as an alternative method for coke removal intends replacing classic coke combustion for regeneration by operating at lower temperatures, thus reducing thermal degradation risks and process energy consumption.

Results and discussion

Catalytic deactivation during pyrolysis

Fresh catalyst characteristics and main properties are presented in Table 3.1. The Si/Al ratio of diluted zeolites in binder was experimentally determined by NMR of 27 Al and 29 Si around 18. The proportion of alumina binder in the pellets is thus evaluated around 22%.

As illustrated in Section 2. 

Evolution of pyrolysis products selectivity

The compositions of pyrolysis products collected after the first condenser (Stage 1 on Figure 2.9) are presented in Table 3.2 for the successive experiments (L1 to L4). Wax and oil fraction are there collected as a unique homogeneous phase at 80 °C, which then turns solid by cooling down until ambient temperature. Proportion of aromatics and fractions of molecules according to their number of carbons are used as a descriptor of catalytic performance in the oils during pyrolysis. Peak area percentages were extracted from the total chromatogram to determine the distribution of the products. The different fractions of obtained molecules presented in Figure 3.3 are sorted as follows: C7 to C9, corresponding to gasoline, C10 to C14, representing kerosene components, and C15+ molecules, often mentioned in the literature as heavy oils or waxes [START_REF] Singh | Waste plastic to pyrolytic oil and its utilization in CI engine: Performance analysis and combustion characteristics[END_REF][START_REF] Kassargy | Experimental study of catalytic pyrolysis of polyethylene and polypropylene over USY zeolite and separation to gasoline and diesel-like fuels[END_REF][START_REF] Kassargy | Gasoline and diesellike fuel production by continuous catalytic pyrolysis of waste polyethylene and polypropylene mixtures over USY zeolite[END_REF]. The proportion of aromatics is also presented for each fraction as well as the main products of interest: toluene and xylenes. Complete list of identified products during pyrolysis using fresh catalysts is provided in supporting information with corresponding peak area.

Compared to thermal pyrolysis of plastics, the addition of catalysts is known to enhance the cracking of polymers and to allow the formation of aromatic products via mechanisms of rearrangement, cyclization and H-transfer [START_REF] Aguado | Influence of the Operating Variables on the Catalytic Conversion of a Polyolefin Mixture over HMCM-41 and Nanosized HZSM-5[END_REF][START_REF] Papuga | Catalytic Pyrolysis of Plastic Waste and Molecular Symmetry Effects: A Review[END_REF]. The use of ZSM-5 zeolites has been extensively studied due to their shape selectivity leading to the important formation of light products and aromatics [START_REF] Serra | Reviewing the use of zeolites and clay based catalysts for pyrolysis of plastics and oil fractions[END_REF]. Such behavior is confirmed in this study as the fraction of light oil (C7-C9) and aromatics is more important using fresh catalysts compared to thermal pyrolysis [START_REF] Miandad | Catalytic pyrolysis of plastic waste: A review[END_REF][START_REF] López | Deactivation and regeneration of ZSM-5 zeolite in catalytic pyrolysis of plastic wastes[END_REF]. Therefore, this enhanced cracking and rearrangement performances due to the use of zeolite catalysts is here observed for the initial experiment. Thermal pyrolysis only presents 0.2% of aromatics and 40.1% of C7-C9 molecules, while same experiment with fresh zeolites presents aromatics proportion of 91.9%, and a light oil fraction (C7-C9) of 94.9%. Aromatics formed during pyrolysis of polyethylene are mainly molecules containing 7 or 8 carbon atoms, therefore part of the aforementioned light fraction. No aromatic products are identified in the wax fraction (C15+). As observed in Table 3.2, the repartition of obtained pyrolysis products changes during the successive reuses of catalysts. The total proportion of aromatics decreases drastically, from 91.9% to 27.5% after five successive pyrolysis reuses. This evolution traduces the progressive loss of catalytic performances, and especially the diminution of zeolite rearrangement capacity.

The cracking potential of ZSM-5 is also affected by this decrease of catalytic performance as illustrated in Figure 3.3. It appears that, while the C15+ fraction remains globally constant, lower concentrations of light oil products (C7-C9) is formed after successive reuses. On the other hand, the proportion of kerosene products (C10-C14) increases showing that polymer chains are being less cracked during the catalytic reaction. The carbon-number distribution of molecules obtained during pyrolysis is a typical indicator of catalytic performances for cracking [START_REF] Zhao | The Chemistry and Kinetics of Polyethylene Pyrolysis: A Process to Produce Fuels and Chemicals[END_REF]. A shift towards higher carbon number is usually obtained when catalytic activity decreases [START_REF] Kassargy | Study of the effects of regeneration of USY zeolite on the catalytic cracking of polyethylene[END_REF]. This tendency is expected here as the catalysts are being gradually deactivated when reused in pyrolysis, therefore reducing its cracking performances. An important decrease of the light fraction (C7-C9) is indeed observed during the five successive reuses as its proportion drops from 94.9% to 69.8%. The evolution of monocyclic molecules content in this fraction is mostly responsible of the global decrease of aromatic products as an important loss of toluene and xylenes production is observed. After the fifth catalysts reuse, the nature of obtained products remains quite different from the composition of thermal pyrolysis oils, suggesting that catalysts remain chemically active despite an important loss of initial selectivity.

Influence of coking on catalysts characteristics

Textural and chemical properties of spent catalysts are given in Table 3.3 alongside the evolution of carbon content and H/C ratio during successive pyrolysis. These samples correspond to the used ZSM-5 catalysts collected after each pyrolysis run presented in Section 3.2.1.1. The properties are compared to fresh industrial ZSM-5 characteristics to evaluate deactivation caused by coke deposition.

The formation of coke is illustrated by the apparition of carbon on the catalysts with an increasing content as zeolites are reused and furtherly deactivated. Carbon content is expected to increase after each reuse, but a different tendency appears. Whereas carbon content reaches 8.2 wt.% after a single pyrolysis run (L1), its value fluctuates around 9 wt.%C with a maximum of 10.3 wt.%C from the second to the fifth use. As illustrated on 3.3, microporosity is the most impacted with a 90% loss after five successive uses (compared to only 33% diminution for mesoporosity). This difference is mainly due to the various deactivating pathways: on top of coke micropore volume occupancy, micropores are also subject to pore blocking. The location of carbon deposits formed during pyrolysis are furtherly discussed in Section 3.2.1.3. The evolution of acidity is decreasing accordingly to the textural properties: Brønsted sites, mostly located in zeolite microporosity, is heavily impacted with a 99% loss after five pyrolysis. Due to their high reactivity, Brønsted sites are subject to important deactivation as coke precursors are susceptible to react over such acid sites [START_REF] Liu | Advances in the study of coke formation over zeolite catalysts in the methanol-to-hydrocarbon process[END_REF]. On the other hand, Lewis sites are little impacted as they are mostly located on the external surface of the crystals and alumina binder, thus in mesopores [230]. Brønsted sites are known to be the most chemically reactive locations during pyrolysis, for either molecule aromatization (Htransfer) but also cracking (protolytic mechanism), while Lewis acidity only promotes cracking (β-scission) at a lower extent [START_REF] Serra | Reviewing the use of zeolites and clay based catalysts for pyrolysis of plastics and oil fractions[END_REF][START_REF] Corma | The role of different types of acid site in the cracking of alkanes on zeolite catalysts[END_REF]. The important loss of Brønsted sites is correlated with the decrease of aromatics proportion in the pyrolysis oils (Section 3.2.1.1) while the smaller diminution of Lewis sites explains the mitigated decrease of cracking performances. Despite complete loss of Brønsted acidity after the fifth experiment, catalysts remain chemically active as products remain different from thermal pyrolysis. Further reuse of the catalysts is expected to lead to a complete deactivation, where catalysts become chemically inert, leading to products similar to thermal pyrolysis.

In order to investigate the influence of coke deposits over catalytic characteristics, the evolution of main properties is plotted as a function of carbon load in Figure 3. 5 (a,b). All the aforementioned samples are here presented as well as L' and L'' repeatability experiments. As expected from typical deactivation behavior, a gradual loss of both microporous volume and acidity with carbon load increase is observed. While correlation is almost linear for important number of pyrolysis, suggesting a proportionality relation between coke content and properties, the initial experiments (L1, L1' and L1'') appear out of the tendency as their carbon content is abnormally high regarding the evolution of textural properties. This rapid initial carbon deposition is attributed to the direct contact with molten polyethylene, suggesting an important carbon deposition around the catalysts. These deposits are suggested to form a thin envelope composed of molten polymer chains around the pelletized catalysts chains or around zeolite crystals. This hypothesis could also explain the heterogeneity between the samples used once in pyrolysis. The loading method used in these experiments generates differences of exposition between the layers of catalysts: while three layers are mixed with LDPE, the top layer fraction is located above the plastics (Figure 2.9). It is suggested that the three bottom fractions are dipped into molten polymers during the reaction while the top layer is not exposed to liquid polyethylene by staying at its surface. A different series of experiment which was not presented here, consisting in placing catalysts on top of LDPE, presented lower carbon content (3.3 wt.%C after one pyrolysis). The important external carbon deposition is not likely to occur for the top layer. The grains of this fraction are therefore exposed mainly to pyrolysis vapors. As gas molecules are smaller, their diffusion in the binder/zeolite is easier, the carbon deposition is decreased and its repartition through the catalyst grain is more homogeneous. The different layers cannot be collected separately at the end of each pyrolysis experiment and elemental analysis is carried out on a fraction of the 20 g of spent catalysts. The elemental analysis is consequently possibly biased by the different expositions and the heterogeneity of coking between samples obtained during the reaction. However, the more the number of pyrolysis increases, the more the repeated samples (L, L' and L'') are presenting similar characteristics. Between each run, catalysts are recovered and loaded for reuse regardless their position in the reactor. The difference of exposition and heterogeneity between catalysts is consequently mitigated at each reuse. After using the catalysts for the fourth and fifth times, zeolite materials seem to be saturated with coke, as carbon content, porosity and specific surface remain globally constant. This observation suggests that industrial ZSM-5 are completely deactivated during semi-batch pyrolysis of polyethylene at 450°C after 3-4 uses in these conditions. Characteristics of L4 and L5 samples are very close: while their carbon content fluctuates around 10.0 wt.%, microporous volume and acidity remain constant. Indeed, microporosity is completely either occupied or blocked, preventing any access to Brønsted acid sites. Consequently, further coke deposition could only occur in mesoporous volume by reacting with previous coke structures or remaining Lewis sites. Detailed considerations about coke location during deactivation by pyrolysis of polyethylene, as well as nature of carbonaceous structures, are discussed in the following paragraph.

Nature and location of coke

A first approach for the determination of coke nature is provided in Figure 3.5.c. The evolution of H/C ratio obtained by elemental analysis shows progressive condensation of coke structures as its value decreases when pyrolysis number increases. While H/C is around 2 for the first runs, indicating an important fraction of aliphatic coke, condensation occurs for further reuses, forming benzene-like coke (H/C ≈ 1), followed by naphthalene and pyrene-like molecules (H/C ≈ 0.5). A more precise determination of coke nature formed over ZSM-5 catalysts is determined by 13 C NMR analysis. Obtained spectra for spent samples are presented in Figure 3.6. The attribution of different observed peaks with corresponding deconvolution exploitation are presented in Table 3.4.

All samples present similar chemical shifts with two main domains: 18-35 ppm and 120-153 ppm. These zones are identified in the literature as aliphatic and aromatic carbons respectively [START_REF] Thonhauser | NMR shifts for polycyclic aromatic hydrocarbons from first-principles[END_REF][START_REF] Ruiz-Morales | Determination of 13C NMR Chemical Shift Structural Ranges for Polycyclic Aromatic Hydrocarbons (PAHs) and PAHs in Asphaltenes: An Experimental and Theoretical Density Functional Theory Study[END_REF][START_REF] Pan | 13C Solid-State NMR Analysis of the Chemical Structure in Petroleum Coke during Idealized In Situ Combustion Conditions[END_REF]. The aromatic carbon area is the main domain observed on the NMR spectra. As sensed due to the high operating temperature of pyrolysis (450°C), coke formed is mainly heavy coke containing condensed carbons forming clusters of polyaromatics. Indeed, the two peaks attributed to ring junction (128-132 ppm and 138-140 ppm), which is the most condensed possible form of carbon as there is no hydrogen remaining, represent the majority of aromatic carbons. The average coke structure formed is mainly an agglomeration of condensed rings. During the successive reuses of catalysts, the condensation degree of aromatic carbons, or in other words the proportion of 2 and 3ring junction carbons, tends to increase due to the growth mechanisms of initial coke. Chen et al. obtained similar behavior during the catalytic pyrolysis of PE over Y-zeolite industrial catalysts in a fixed-bed [START_REF] Chen | Deactivation of a Y-zeolite based catalyst with coke evolution during the catalytic pyrolysis of polyethylene for fuel oil[END_REF]. The challenge of this work resides in the fact that the successive pyrolysis runs are not considered as a continuous process. It is therefore required to consider at the same time the growth of structures initially formed and the additional deposition of coke. On top of the condensed coke molecules, every sample also presents a significant fraction of aliphatic coke (between 17.7% and 43.4%). This light coke consists in linear and branched alkanes or alkenes, such as partially cracked polymers or intermediate reactants that did not undergo aromatization. During PE cracking in a conical spouted bed reactor, Castaño et al. obtained similar mix of aliphatic and aromatic coke over HZSM-5 catalysts [START_REF] Castaño | Insights into the coke deposited on HZSM-5, H beta and HY zeolites during the cracking of polyethylene[END_REF]. While initial light coke is condensed into heavy coke during successive pyrolysis, additional soft coke is deposited. These deposits will also undergo further condensation, participating to heavy coke growth and lowering the aliphatic compounds proportion after each run. The progressive decrease of aliphatic to aromatic ratio for layer samples illustrates this tendency for three and more reuses. Surprisingly, aliphatic coke load proportion of samples used twice for both mixing methods is more important than after the first run, suggesting that the initial deactivation after the first use modified chemical interactions and coke formation. It is important to remind that NMR analysis are considering all coke structures regardless of their location. Indeed, coke nature and/or size is susceptible to be different according to its location within the porous matrix. Micropores are sterically limiting coke development while its growth is not restrained in mesoporous volume [START_REF] He | Study on the deactivation mechanism of HZSM-5 in the process of catalytic cracking of nhexane[END_REF]. Location considerations therefore need to be considered to gain better insights of coke formation during pyrolysis. The condensation degree is calculated as the ratio of ring junction and total aromatic carbons. Determining the repartition between internal and external coke, i.e. determining coke contained in microporous zeolite crystals and in alumina binder mesoporous volume, is a complex challenge even up to date. The external coke content is usually obtained by difference between total coke load and microporous coke. The latter is determined by correlating micropores volume loss and an approximation of coke density. However, this method approximates that all lost micro-volume is actually occupied by coke molecules which may be untrue as pore blocking can occur, especially in microporous zeolites. In this deactivation pathway, only pore mouth is covered by coke and its volume becomes inaccessible while it is not occupied by deactivating species. In this work, the authors intended to evaluate the contribution between actual occupancy and pore blocking in microporosity loss. The average density of coke for each sample is determined with the H/C ratio using equation given by Kuwata et al. to consider the important fluctuation of coke nature confirmed by NMR analysis [START_REF] Kuwata | Using Elemental Ratios to Predict the Density of Organic Material Composed of Carbon, Hydrogen, and Oxygen[END_REF]. Calculated coke density range for all samples is between 0.84 g.cm -3 (L1') and 1.32 g.cm -3 (L5). This range is in accordance with the value of 1.22 g.cm -3 , often used in the literature as value for average coke density [START_REF] Bibby | Coke formation in zeolite ZSM-5[END_REF][START_REF] Choi | Stable single-unit-cell nanosheets of zeolite MFI as active and long-lived catalysts[END_REF]. Using the respective calculated coke density for each sample, the actual volume occupied by coke is determined. The proportion of pore blocking is then calculated from the difference between this value and the apparent microporosity loss. Complete results obtained using this method are presented in Table 5. No pore blocking is observed after one pyrolysis but its contribution appears after two or more uses of catalysts (between 40 and 50%). While L5 sample shows an 88% loss of microporosity relatively to fresh zeolite, half is due to pore blockage (49.8%). It is important to remind that this calculation considers that all coke is located in micropores. Volume occupied by mesoporous coke is here neglected due to its limited evolution. However, previous results showed that external coke has an important role in the mechanisms of coke growth and should also be considered for perfect accuracy.

Conclusion on catalytic deactivation

Based on all the results, considerations and observations mentioned in this study, a comprehensive multi-step approach is proposed to describe coke formation over catalysts. Figure 3.7 summarizes and illustrates this suggested deactivation pathway of ZSM-5 catalysts during pyrolysis of LDPE. The initial deactivation after the first use of catalysts in pyrolysis presents an important fraction of coke deposited at the surface of zeolite crystals (external coke). Consequently, the microporous volume and acid sites are less impacted than expected considering the coke content (Figure 3.5.a and b). The high H/C ratio suggests that these deposits are mainly aliphatic compounds. The heavy coke formed during pyrolysis and exposed by NMR analysis is expected to be mostly formed in zeolite crystals (internal coke). Elordi et al. demonstrated similar behavior when conducting cracking of polyethylene with HZSM-5 in a conical spouted bed reactor [START_REF] Elordi | Effect of the acidity of the HZSM-5 zeolite catalyst on the cracking of high density polyethylene in a conical spouted bed reactor[END_REF]. When reusing the catalysts, further coke is deposited and carbon load increases as sensed from typical deactivation behavior. Mechanisms of coke growth appears on both internal and external coke: initial coke deposited in the micropores or over the surface condensates to form polyaromatic structures. The development of internal coke causes the apparition of pore blocking as molecules are more likely to cover pore entry without occupying the volume. Moreover, additional light coke is deposited on the crystals surface with the deposition of partially cracked polymers. This phenomenon is particularly observed for the second pyrolysis run where reduced catalytic activity generates an important aliphatic coke formation. Initial coke is suggested to act as coke precursors, which enhances coke formation. Further reuses show typical behavior of coke growth with a gradual condensation of coke structures, surface hindering and porosity loss. At advanced stages of deactivation, the formation of a heavy coke envelope around the crystals is suggested, blocking all access to microporosity and Brønsted acid sites. In this work, actual micropore occupancy by coke molecules have been evaluated to 50-60% while the complement appears to be inaccessible because of pore blocking. A part of Lewis acid sites remains available in mesoporous volume but as zeolite crystals are responsible for most of the reactivity, catalytic selectivity decreases importantly. When all zeolite crystallinity is saturated, cracking and rearrangement capacities are heavily impacted due to the important contribution of Brønsted acidity, but the catalysts remain chemically active as mentioned in Section 3.2.1.1, due to the remaining Lewis acidity. In order to recover catalytic performances, coke has to be removed with a proper regenerating treatment. In the following section, the capacity of the ozonation process to restore catalytic performances in pyrolysis and characteristics is discussed. 

Ozonated catalysts efficiency and properties

Coke removal was carried out by ozonation in a fixed-bed reactor (complete study in next chapter). First regenerated sample has been obtained by exposing L5 sample (9.9 wt.%C) to an ozone-enriched gas stream at 100 °C during 8 h (R8) to assess the ability of ozonation to remove highly condensed coke. Intending to achieve complete coke removal, ozonation in identical conditions was conducted during 48 h (R48) from a coked sample containing 5.3 wt.%C. The ozonated catalysts (R8 and R48) were analyzed to measure their properties. These regenerated samples were then recycled in two separate pyrolysis runs using the same operating conditions as the first pyrolysis to assess catalytic selectivity recovery. Pyrolysis products and reused zeolites were collected after reaction for analysis (R8-P and R48-P).

Study of regenerated catalysts selectivity

The compositions of pyrolysis condensed products collected after reuse of ozonated catalysts are presented in Table 3.6 alongside thermal and fresh experiments for comparison. Similarly to Section 3.2.1.1, the repartition of obtained oils and waxes is discussed according to their fraction (C7-C9, C10-C14 and C15+) as well as their aromaticity. The evolution of main products, toluene and xylenes, is also presented.

The regenerating treatment applied during 8 h allowed to obtain important recovery of cracking and rearrangement performances when compared to spent catalysts capacity (L4 experiment), showing that an important part of initial catalytic selectivity is restored. While the L4 experiment presented only 27.5% of aromatics and 69.8% of light products (C7-C9), pyrolysis using R8 catalysts led to regained formation of aromatics (78.7%) and gasoline fraction (87.9%). Consequently, as illustrated in Figure 3.8, the 8 h ozonation treatment allowed a partial recovery of catalytic performances. The obtained composition is close to pyrolysis products of L1 experiment, where used catalysts were coked once, suggesting that 8 h of ozonation exposition is not sufficient to remove all deposited coke. Indeed, the lower proportions of aromatic products and C7-C9 fraction, compensated by a more important C10-14 content, traduces the incomplete regeneration of active sites. Nevertheless, the reuse of R48 catalysts led to the formation of pyrolysis oils having identical composition to initial catalytic pyrolysis, suggesting that catalytic efficiency is entirely recovered. Both aromatics and light fraction proportions are similar to the experiment conducted with fresh catalysts: 91.4% of aromatic and 92.2% of gasoline products with R48 catalysts. The ozonation treatment during 48 h therefore almost allowed fully restoring initial catalytic selectivity. Similarly to regeneration with combustion, complete regeneration of catalysts is difficult to achieve and require important process times. Results obtained in this work with ozonation show similar behavior as a long time of exposure is required to approach initial catalytic selectivity. Moreover, assessment of restored catalytic selectivity after reasonable regeneration time (8 h) already provides important performances recovery. For industrial application, an optimization of the recovery efficiency gain as a function of process time and energy consumption would be relevant. The characteristics of regenerated catalysts after the different investigated ozonation treatments are discussed in Section 3.2.2.2 in order to assess the recovery of textural and chemical properties leading to the observed restored catalytic efficiency.

Catalytic properties recovery and evolution

Textural and chemical properties of regenerated and reused samples are presented in Table 3.7. Fresh and L5 samples characteristics are reminded for comparison purposes, being the departing samples before pyrolysis and regeneration respectively. Regenerated (R8 and R48) and reused samples (R8-P and R48-P) are included in the graphic correlation comparing microporous volume and free acid sites fraction as a function of carbon content (Figure 3.5.a, b).

After the 8 h oxidative treatment, 53% of the initial coke is removed. Obtained retrieved characteristics are between those of L1 and L2 samples, such as microporous volume (0.08 g.cm -3 ) or Brønsted acidity (135 µmol.g -1 ) for instance. Exposition time was therefore not sufficient to recover all active sites but ozonation allowed a 45% recovery for Brønsted sites and 34% of Lewis acidity. Recovery rate of mesoporous volume (24%) is less important than microporous retrieval (35%). Ozone preferentially reacts with coke located over strong acid sites in micropores. Indeed, as mentioned in Section 3.2.1.3, external coke for extensively coked catalysts is made mostly of very stable polyaromatic clusters while the steric limitation leads to the formation of smaller internal coke molecules. Being less stabilized by important condensation, these molecules react more easily with oxidizing agents. A difference of oxidation rate appears depending on the various structures and natures of coke molecules. The partial recovery of textural and chemical properties does not linearly correlate with the catalytic performance discussed in Section 3.2.2.1. Indeed, despite incomplete acid sites recovery, reuse of R-8h sample conducted to an important catalytic efficiency of 86% regarding products aromaticity. However, residual coke is blocking a fraction of active sites preventing complete recovery of catalytic performances. As the ozonation process follows the shrinking-core model, much longer exposition time could allow remaining coke to be oxidized [START_REF] Daligaux | Regeneration of coked catalysts via ozonation: Experimental study of diffusion-reaction mechanisms at pellet and reactor scales[END_REF]. The ozonation regenerative treatment was thus applied for 48 h at 100 °C intending to achieve complete coke removal (sample R48). A coke removal of 92% is obtained, corresponding to 0.4 wt.% of residual carbon. Despite few coke remaining, acidity has been entirely recovered as both Brønsted and Lewis sites concentrations retrieved their initial value. Nevertheless, the residual carbon causes partial recovery of specific surface and porosity. The fact that chemical properties are completely retrieved while textural characteristics remains impacted by residual coke suggests that ozone and/or hydroxyl radicals have a selective reactivity during oxidation. Coke located over acid sites are suggested to be more reactive and favorably attacked by oxidizing agents. Remaining coke is therefore mainly deposited on the binder. This effect is also enhanced by the higher stability of external coke as previously discussed. Fraction of residual coke is also located in the microporosity as only 83% of microporous volume is recovered. Ozonation process being a diffusion-reaction process as investigated by Daligaux et al. [START_REF] Daligaux | Regeneration of coked catalysts via ozonation: Experimental study of diffusion-reaction mechanisms at pellet and reactor scales[END_REF], these coke molecules are suggested to be inaccessible to oxidizing agents due to competing reactivity and diffusion limitations, and therefore difficult to remove. However, the high coke removal efficiency with the corresponding catalysts properties recovery achieved via ozonation allowed to obtain pyrolysis products similar to fresh zeolites when reusing so-regenerated catalysts as mentioned in Section 3.2.2.1. After reuse of regenerated samples in pyrolysis, coked catalysts were collected to compare the relative deactivation rates of regenerated samples with those of initial experiments. The evolution of catalytic properties after reuse in pyrolysis is presented in Figure 3.9. A complete cycle is here represented: starting from fresh catalysts, followed by spent material (L5), then corresponding regenerated sample (R8) and finally after being reused in same conditions as initial pyrolysis (R8-P). The sample R48-P, obtained by reuse of R48 in pyrolysis, is also plotted for comparison and shows properties close to L1 spent catalysts. Completely regenerated and fresh catalysts therefore appear to present similar deactivation behavior. Diminution of Brønsted acid sites is identical while Lewis acidity, porosity and specific surface loss is slightly more important. Similar decrease is observed for R8-P sample, which coke content before reuse is not null (4.7 wt.%C). It is expected that remaining coke favor the formation of new deposits as it acts as precursors, amplifying deactivation when recycling regenerated samples with residual carbon compounds. Brønsted acidity loss between R8 and R8-P is 29% while it would be expected around 26.5% by interpolation between the samples with similar characteristics (L1 and L2). However, comparison of relative deactivation rates is more complex and samples with exact initial characteristics would be required for accurate comparison in order to draw any conclusions. Based on our results, deactivation observed when reusing ozonated catalysts does not present a different rate when compared to the initial coke formation discussed in Section 3.2.1.2. The combined results of catalytic selectivity and zeolite material properties in this work show that ozonation is efficient in one reuse cycle. Influence of repeated regenerations, similarly to Kassargy et al. [START_REF] Kassargy | Study of the effects of regeneration of USY zeolite on the catalytic cracking of polyethylene[END_REF] who studied catalyst regeneration efficiency up to 14 cycles with combustion, will be investigated using ozonation and presented in a future study.

Regenerated samples*

Reused in pyrolysis

Additional considerations

Repeatability of coking during pyrolysis

Deactivation via coke formation is a complex phenomenon due to the diversity of formed deposits. Such reactivity is expected to be variable when repeating the process due to the multiple possible pathways in this diffusion-reaction system. A repeatability study was conducted during three successive uses of catalysts in layers. The characteristics of coked samples are presented in Table 3.8.

The investigated samples present the expected tendency of global textural and chemical properties loss during successive uses in pyrolysis. Sample L3 appears as an outlier regarding its textural properties. Such gap might be caused by a lack of homogeneity within a single coked sample. As discussed in Section 3.2.1.2, the exposition of catalysts to deactivation varies depending on the layer's initial position in the reactor. When sampling the spent pellets for analysis, it is possible that the collected fraction is not fully representative of the sample. Samples L1, L1' and L1'' therefore present an important variation of carbon content while samples after three uses (L3, L3' and L3'') have a similar carbon content. The heterogeneity of coke deposition is indeed mitigated after several catalysts reuses as the different layers are mixed randomly for each reactor loading. The evolution of textural and chemical properties presented in Table 3.8 is nevertheless not correlated with carbon content as was previously plotted in Figure 3.5. Despite important variation of coke content, catalyst characteristics remain close for each series of successive pyrolysis, especially microporosity and Brønsted acidity. Similar pore blocking contribution are also found in L' and L'' series by using the aforementioned method: pore blocking is not observed after first use, contributes to around 40% of microporosity loss after second use and 50% after the final pyrolysis run. Coking deactivation is then repeatable despite its complexity and the variations of exposition. Initial heterogeneity of carbon deposition is compensated during further reuses. The obtained results confirm the consistency of the applied operating protocol.

Influence of initial mixing on deactivation

Deactivation of industrial ZSM-5 catalysts was also investigated during up to three successive reuses during pyrolysis using "top" mixing method (Figure 2.9, p.58). Pyrolysis waxes and oils were collected in separate fractions making impossible the comparison of their composition with layers experiments where the two fractions were completely mixed. However, oil fraction for these experiments were analyzed by GC-MS using identical method to assess the evolution of their composition. Collected spent catalysts are characterized using same analytical techniques. Results can be exploited to compare the relative deactivation with the two different mixing methods. Using similar notation to layers samples, top experiments are identified with the letter T followed by the number of successive pyrolysis without intermediate treatment.

Catalytic selectivity

The composition and distribution of pyrolysis oils collected after successive reuses of catalysts with top mixing are presented in Figure 3.10. The repartition of obtained products is discussed according to their fraction, corresponding to their number of carbon (C7-C9, C10-C14 and C15+) as well as their aromaticity. The evolution of main products, toluene and xylenes, is also presented.

As expected as only pyrolysis oils were collected and not waxes, analyzed products present mostly molecules being part of the light fraction (C7-C9). The aromatics proportion using fresh catalysts in top series is however comparable to the one in layers series (93.6% and 91.9% respectively, refer to the "Fresh" column in Table 3 reusing catalysts during top experiments, a slight decrease of aromatic products and increase of heavy fractions is observed. This behavior is expected according to the lowered catalytic performances (cracking, cyclization and rearrangement) discussed in Section 3.2.1.1. The evolution of aromatics proportion from 93.6% to 91.2% after the second use suggests a lowered loss of performances during top series compared to layers experiments but products cannot be compared to assess relative degradation of catalytic efficiency. When further reusing the catalysts (T2 sample), an important catalytic performance loss is observed as obtained aromatics proportion is 78.3% and the C7-C9 fraction drops from 93.3% to 85.4%. Deactivation therefore appears to be more important after the third use in pyrolysis. The related evolution of catalyst textural and chemical properties are discussed in the following paragraph to evaluate the impact of catalysts initial position in the reactor on coke formation.

Catalysts characteristics

Textural and chemical properties of spent catalysts for this series of experiments are given in Table 3.9, alongside the evolution of carbon content and H/C ratio during successive pyrolysis. The properties of fresh industrial ZSM-5 are reminded for comparison to evaluate deactivation caused by coke deposition.

Typical tendency of deactivation by coke deposition similar to previous results is observed on these samples. The increase of carbon content is correlated with a gradual loss of specific surface, porosity and acidity, with a good inclusion in Figure 3.5 tendencies. Coke deposition is traduced by a regular augmentation of carbon content from 3.3 to 7.8 wt.%C. Deposition of carbonaceous compounds appears to be mitigated during top experiments as coke content after one use (3.3 wt.%C) is inferior to the 8.2 wt.%C obtained after single layers use. The almost linear evolution of carbon content during top experiments denotes with the fast increase followed by a stabilization observed for layers series. The evolution of H/C ratio values is however comparable and traduces the condensation progression of coke towards polyaromatic compounds. In order to compare the relative deactivation rates between the different initial mixing methods, samples after three reuses for both series are plotted alongside in Figure 3.11. The decrease of both specific surface and total porosity appears to be more important in layers series. After 3 successive pyrolysis runs, 31.2% of specific area and 55.3% of pore volume are available for top experiments while only 13.3% and 34.2% respectively are remaining using layers mixing method. According to Figure 3 mesoporous one during top experiments. These results are in accordance with respective carbon contents as the higher coke deposition observed over layers samples is expected to affect more importantly catalyst properties. As previously discussed in Section 3.2.1, catalysts positioned in layers are certainly more exposed to molten polymers generating an increased carbon deposition around the pellets. On the other hand, catalysts during top experiments are suggested to remain at the surface of polyethylene phase due to surface tension, and are therefore mainly exposed to formed vapors. Such molecules being lighter compounds with further cracking, their diffusion in the porous extrudate matrix is eased and formation of external coke is mitigated, limiting deposited carbon content. However, while textural properties show a steeper deactivation when positioning catalysts in layers, the evolution of catalyst acidity suggests a different tendency as both series show similar loss of chemical properties (Figure 3.11.c). The coke formation pathway is therefore likely to be different depending on the mixing method as the different evolutions of textural characteristics are leading to identical active site decrease. This hypothesis is studied in Section 3.3.2.3 by investigating coke nature and location in order to determine potential changes of deactivation pathway depending on catalysts exposition to reactants.

Coke nature and location

Results of coked samples analysis of top experiments are presented in Figure 3.12. By repeating the study conducted over layer samples, observed coke nature and deactivation tendency is sensibly the same with a mix of aliphatic and aromatic carbons (majority of heavy coke), an increasing condensation degree and coke density (from 0.80 g.cm -3 for T1 to 1.43 g.cm -3 for T3), as well as altered reactivity for the second run and apparition of pore blocking. Deactivation via coking in top configuration appears to be very close to layers experiments pathway despite lower observed coke content. As illustrated by the aliphatic to aromatic ratio, the fraction of light coke is lower for top experiments. This observation supports the hypothesis of the deposition of external linear or branched coke molecules over catalysts during layers experiments. Deposition of coke in the pellets during top experiments is suggested to be similar to the deactivation pathway described in Figure 3.7: initial coke formation occurs mainly in zeolite crystals before important deposition of aliphatic compounds around zeolite particles forming a barrier and causing pore blocking. These molecules further condensates following coke growth mechanisms with the deposition of additional soft coke at each reuse until complete deactivation is observed. 
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The main difference of deactivation by coke formation between the two mixing methods is the enhanced deposition of a layer of molten polymer around the extrudates. Carbon content increases sharply during the first uses while the evolution of zeolite characteristics does not change accordingly. Indeed, both series present similar loss of chemical properties while carbon content is lower for top experiments. The initial position of catalysts in the reactor therefore influences the direct exposition of pellets to reactants. Layers of catalysts located between two loads of polyethylene are dipped into molten plastics while catalysts on top of the material are suggested to remain at the surface, at least until potential mixing generated by ebullition. It is thus suggested that catalysts are exposed to reactants at different stages of the pyrolysis reaction according to their initial position. When placed on top, catalysts are mainly exposed to pyrolysis vapors being small molecules that underwent important cracking. Such molecules can diffuse into zeolite crystallinity to further react and form aromatic products. On the other hand, catalysts dipped into liquid plastics are exposed to reactants during earlier stages of cracking. Molecules diffusing through catalysts pellets are suggested to be longer and heavier, being more susceptible to be sterically blocked around zeolite crystallinity. These carbon compounds therefore do not further react in microporosity and generates a higher proportion of aliphatic coke over catalysts exposed to such conditions. However, configurations of initial position remain close, explaining the many similarities of deactivation despite slight variations. Top mixing method appears to slightly mitigate coke formation due to exposition to lighter reactants. Such behavior is expected as different studies showed lowered deactivation when placing catalysts as a fixed bed in a separate reforming reactor [START_REF] Ochoa | Coke formation and deactivation during catalytic reforming of biomass and waste pyrolysis products: A review[END_REF]. Industrial catalytic pyrolysis unit could most likely feature different levels of reactors to increase selectivity and mitigate deactivation [START_REF] Gebre | Recent Trends in the Pyrolysis of Non-Degradable Waste Plastics[END_REF]. However, coke formation cannot be avoided in this process as many of the products or intermediates are precursors. a The condensation degree is calculated as the ratio of ring junction and total aromatic carbons.

Conclusions and key takeaways

Catalytic pyrolysis of polyethylene was successfully implemented in this work with the conception and operation of a pilot-scale semi-batch reactor (450°C). This process was used as a model reaction for the study of catalytic deactivation via coke formation. Industrial catalysts were used during five successive pyrolysis runs, showing important carbon deposition (≈ 10 wt.%C) and drastic decrease of product selectivity. A comprehensive study of coke formation during pyrolysis was conducted to gain better insight of involved coke species and deactivation pathways (pore blocking). Such deactivated catalysts were successfully regenerated using ozonation at 100°C in a fixed bed reactor (capacity 10 g). The different times of exposition (8 h and 48 h) both presented an important recovery of catalytic selectivity even though residual coke remains deposited over the pellets. The 48 h regeneration even allowed restoring almost completely the porous volume and the acidity of zeolite material, proving the ability of the ozonation process to remove efficiently heavy coke structures. The results presented in this chapter are therefore of high interest to gain a better understanding of coke formation during catalytic pyrolysis of LDPE and can most likely be transferred to other polymeric materials.

During the work conducted in this chapter, typical behavior of deactivation via coke formation was observed on catalysts during LDPE pyrolysis at 450°C. The apparition of heavy coke molecules, traduced by an increase of carbon content, was correlated with an important loss of catalyst textural and chemical characteristics. Microporous volume was more impacted than mesopores due to steric limitation of coke growth and apparition of pore blocking. Deactivation via coking during this process is described in a multi-step pathway leading to final complete deactivation. Coke deposition during the early stages is mostly occurring in micropores with the formation of condensed cyclic coke molecules. A fraction of external aliphatic coke is also observed mostly around zeolite crystals. This external coke is furtherly growing due to additional soft coke deposition, leading to the formation of a barrier around crystals causing pore blocking and supplementary microporous volume loss. Brønsted acidity is heavily impacted, as mostly located in microporosity but a decrease of Lewis acid sites concentration is also observed. Similar deactivation behavior is observed for the two mixing methods (top and layers). Loss of catalytic performances and properties occurs rapidly after more than two successive runs in both cases. The main difference between the different series is the increased deposition of aliphatic external coke during layer experiments, attributed to the variation of catalysts exposition to reactants during the process. Thus, slight changes in the deactivation pathway are observed even though the global tendency remains identical. The evolution of catalysts properties influences the nature of obtained pyrolysis products as it lowers catalytic performances. As catalytic deactivation progresses, a significant drop of aromatic products and light fraction molecules (C7-C9) is observed in the collected oils, traducing the loss of respectively rearrangement and cracking capacity of the catalysts. The use of ozonation process allowed to retrieve similar catalysts characteristics and pyrolysis products composition after reuse of regenerated catalysts. Conditions of ozonation used in this study was based on the work regarding the optimal parameters for coke removal conducted simultaneously (refer to Chapter 4). Ozonation appears as a promising alternative method to coke combustion with oxygen to achieve coke removal and catalytic regeneration. As coke formed during pyrolysis is mainly composed of heavy and stable structures, these results are promising regarding the use of ozonation in a wide range of deactivating processes with less severe deactivation conditions. During the ozonation treatment, oxidizing agents reacted preferentially with microporous coke due to its lower stability compared with external polyaromatic clusters. This selectivity allows recovering important proportions of initial characteristics from heavily coked sample with limited time of exposition (8 h). However, complete coke removal is difficult to achieve because of ozone diffusion limitations in micropores. Indeed, despite complete acidity recovery (Lewis and Brønsted sites), the initial textural properties (specific surface and global porosity) are not completely retrieved. Residual coke is suggested to act as precursors and intensify deactivation rate when reusing regenerated catalysts. Principal conclusions and key takeaways of this chapter are summarized in Figure 3 The second aspect investigated in this chapter (Section 4.2.2) is the study of competing consumption mechanisms of ozone at reactor scale. Catalytic degradation is expected to have a major contribution in ozone reactivity as catalytic materials are often used to remove ozone in air treatment processes. The influence of thermal recombination is therefore expected to be of less influence in presence of zeolites, as illustrated in Figure 4.2. Due to ozone instability and complex reactivity, very limited work can be found concerning the determination of its kinetic parameters. The lack of information for such data is an important barrier for further understanding of the ozonation process. Consequently, in order to achieve experimental determination of these parameters, robust analytical techniques have to be developed in order to overcome the challenges related to the characterization of coke and the ozone reaction mechanisms with such molecules. In this work, an experimental study was conducted using tubular reactor configuration to determine pseudo-kinetic constants in our system. Experimental outlet concentrations are exploited to calculate the constant values, which are then plotted using Arrhenius equation in order to extract pre-exponential factors and activation energies. The main challenge is that the different mechanisms cannot be investigated separately during decoking as they are occurring simultaneously. Thermal recombination study is conducted in the empty tubular reactor while combination of thermal and catalytic mechanisms is investigated using fresh zeolite catalytic bed. With the addition of coke oxidation, global O3 reactivity and its evolution during decoking is eventually discussed, providing complete overview of ozone consumption during ozonation.

Results and discussion

Parametric study at pellet scale

Time of exposure

Regeneration kinetics were first examined for different coked samples by varying the time of ozone exposure. Table 4.1 summarizes used coke samples in this study alongside their carbon load, number of pyrolysis and global textural properties. Samples Cok1 (3.3 wt.%C) and Cok2 (8.3 wt.%C) were used for these experiments. The temperature was set at 100 °C and spent zeolites were exposed to a gas flowrate of 50 L/h containing 50 g/Nm 3 of ozone, resulting in a mass flowrate Qm,O3 of 2.5 g/h. For each experiment, an optical picture of a pellet cross-section from the upper fraction of the reactor is presented ( As expected, process efficiency, indicated by carbon removal, tends to increase as it is longer exposed to ozone stream. While an important kinetic of oxidation is observed during the first hour of ozonation, an asymptotic behavior seems to appear for higher exposition times. Indeed, oxidation kinetics for the less-coked sample (Cok1) reaches a plateau after approximately 4.5 h, corresponding to a coke removal around 80%. This value corresponds to a 0.5 wt.% residual carbon content which appears to be the minimal coke content achievable in these conditions. Using the zeolite sample with a higher initial coke content (Cok2), a coke removal of 78% is achieved (1.8 wt.% final carbon content). The expected plateau does not seem to be reached and longer time-on-stream (TOS) could allow to remove more coke. It is also observed that, due to the higher coke content, oxidation kinetics is slower for Cok2 at the beginning of the reaction. For both samples, the important coke removal observed in the early stages of ozonation is attributed to the oxidation of external and easily accessible carbon compounds, potentially located in the mesoporosities. On the other hand, coke located at the center of the pellet and/or in the microporosities is more difficult to reach due to ozone diffusion limitations through the pellet. This phenomenon results in a progressive coke oxidation from the external surface towards the center of the pellet, which is known in the literature as the shrinking-core model [START_REF] Fogler | The Shrinking Core Model[END_REF].

The optical images presented above for this set of experiments are a good illustration of shrinking-core behavior as the coke core visible on the pellet cross-sections appears smaller as time of exposure increases. This diffusion-reaction regime is expected from a system with reactivity in a porous media and is similar to coke combustion with oxygen, which has been highly investigated over the years [START_REF] Nakasaka | Kinetic study for burning regeneration of coked MFI-type zeolite and numerical modeling for regeneration process in a fixed-bed reactor[END_REF][START_REF] Fogler | The Shrinking Core Model[END_REF][START_REF] Müller | In situ Monitoring of Coke Deposits during Coking and Regeneration of Solid Catalysts by Electrical Impedance-based Sensors[END_REF][START_REF] Kern | Regeneration of coked catalysts-modelling and verification of coke burn-off in single particles and fixed bed reactors[END_REF]. The main difference of ozonation compared to combustion in terms of mass transfer is the appearance of competing reactions due to the instability of ozone [START_REF] Oyama | Chemical and Catalytic Properties of Ozone[END_REF][START_REF]Ozone reaction mechanisms[END_REF]. It is known that molecular ozone naturally reforms into dioxygen because of its higher stability [238]. Ozone also reacts with catalytic material to form oxygenated molecules and radicals with high oxidative potentials. Previous studies have shown the important catalytic degradation of ozone occurring over HZSM-5 zeolites [184]. Even though catalytic degradation is desired as it allows the formation of highly reactive species for coke removal, ozone reactivity is consequently the result of three competitive reactions: thermal decomposition, catalytic degradation and coke oxidation. During ozonation reaction, O3 mass transfer through the pellet to reach unreacted coke is therefore not only driven by diffusion limitations, as it is the case for O2, but also possibly limited by thermal and catalytic reactions. Indeed, ozone is degraded over active sites, whose concentration increases with time as coke is removed. If ozone is entirely degraded by these competing mechanisms, carbon compounds are not oxidized and steady-state is reached. Such phenomenon is observed at high temperatures resulting in a lowered maximal coke removal. This explains the asymptotic value of 62% (corresponding to 1.3 wt.%C) observed after 6 h at 150 °C, compared to 80% at 100 °C, with identical concentration and flowrate conditions using PY1 as initial sample. In such process, after rapid external coke removal, all ozone is catalytically degraded over the outer pellet edge before being able to react with coke, which thus cannot be furtherly oxidized while steady-state is reached. Consequently, while time of exposure presents important influence over ozonation efficiency, temperature is also sensed to be a significant parameter in this process and will be discussed in the next section.

Temperature

The influence of temperature on ozonation has been investigated in the range from 50 to 150 °C. Similarly to time of exposure, two series of experiments were conducted with the same coked samples as in Section 4.2.1.1: Cok1 and Cok2. Zeolites were exposed to an ozone mass flowrate of 2.5 g/h (inlet concentration 50 g/Nm 3 , volumetric flowrate 50 L/h) during 3 h for the Cok1 sample, and 4 h for the Cok2 sample to reach higher coke removal. The figure shows optimal efficiency between 100 and 125 °C. The highest efficiency for the less-coked sample is obtained at 100 °C (77% of coke removal, corresponding to 0.8 wt.% as final carbon content). Moreover, a maximal coke removal of 78% is obtained for the high-coked sample at 125 °C, corresponding to a final carbon load of 2.5 wt.%. The apparition of an optimal temperature corresponds to a good compromise between efficient oxidation kinetics and limited O3 degradation, both thermal and catalytic. The shift of optimal temperature is attributed to the different coking between the samples: as expected from coke growth mechanisms, carbonaceous compounds tend to progressively form polyaromatic structures [START_REF] Guisnet | Prevention of zeolite deactivation by coking[END_REF][START_REF] Mullen | Catalytic co-pyrolysis of switchgrass and polyethylene over HZSM-5: Catalyst deactivation and coke formation[END_REF]. Consequently, Cok2 sample not only has a bigger carbon content but contains heavier coke. These more stable coke molecules require higher activation energy, thus temperature, to be oxidized. It should also be noted that coke distribution over the pellet radius is not necessarily homogeneous as there is also a diffusion of cracked polymer organic molecules into the catalyst porosity. Similar challenges are encountered in the literature with different deactivating reactions using zeolites or other acid catalysts [START_REF] Gao | Kinetics of coke formation in the dimethyl ether-to-olefins process over SAPO-34 catalyst[END_REF][START_REF] Wragg | Mapping the coke formation within a zeolite catalyst extrudate in space and time by operando computed X-ray diffraction tomography[END_REF]. In our study, profiles of carbon distribution along the pellet radius are obtained with microprobe analysis for particular coked and partially regenerated samples. The obtained results are presented in Figure 4.5. A complete summary of SEM-FEG results for the determination of carbon radial profiles is presented in Appendix 8. Based on elemental analysis, the investigated coked sample (Cok3) had an expected carbon content of 7.8 wt.%. Its radial carbon distribution, represented in Figure 4.5.a, can be considered as homogeneous as no strong variation is observed over the radius. This Cok3 catalyst was ozonated during 3 h at 125 °C, resulting in R1 sample. The latter was also analyzed using micr oprobe alongside four other partially regenerated samples (R2, R3, R4, R5) obtained from a different coked sample (Cok1). Ozonation conditions for regenerating experiments are detailed in the legend of Table 4.2. In order to compare the results with elemental analysis, the carbon load determined with microprobe for each sample is calculated as the average carbon content over its radius (axisymetric system). A comparison table between the techniques is also presented in Table 4.2. While carbon content is consistent between elemental and microprobe for partially regenerated samples, there is an important gap for this coked sample (7.8 wt.%C with elemental, 3.5 wt.%C with microprobe). This might be due to the presence of a thin layer with important carbon content on the outer edge of the extrud ate as observed in the literature for industrial extrudates [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF][START_REF] Wragg | Mapping the coke formation within a zeolite catalyst extrudate in space and time by operando computed X-ray diffraction tomography[END_REF]. Such carbonaceous content are suggested to be polymer chains dispersed over the catalyst surface that did not diffuse into the porous matrix, due to steric blockage (partial cracking) or insufficient reaction time [START_REF] Papuga | Catalytic Pyrolysis of Plastic Waste and Molecular Symmetry Effects: A Review[END_REF]. Consequently, sample with high carbon content has a more important fraction of coke around the extrudate. This easily accessible coke is not subject to diffusion limitations as it is located outside or at the outer range of the catalyst pellet and is therefore more easily removed at high temperature as oxidation kinetics is the only limitant factor. However, while increasing the temperature allows efficient coke removal at the outer edge due to high oxidation rate, it probably also inhibits coke removal at the center of the pellet. Indeed, as mentioned in the previous section, all competing reaction rates are increased at important temperatures meaning that ozone is susceptible to be entirely consumed by catalytic degradation on the active sites on the regenerated outer edge before diffusing and oxidizing unreacted coke located at the center of the pellet. To achieve complete or maximal coke removal, temperature has to be set so that ozone can reach the center of the pellet, keeping a balance between diffusion and oxidation, catalytic and thermal degradation kinetics. This diffusion-reaction balance leads to the apparition of different regimes of regeneration depending on the temperature: homogeneous or shrinking-core regimes. At low temperatures, reaction kinetics are slow thus diffusion is preponderant, meaning that ozone diffuses through the whole pellet and oxidizes coke with a uniform conversion (homogeneous regime). At high temperatures, reactivity is dominant as reaction rates are high: ozone reacts as soon as the species are in contact with a coke molecule or an acid site. The optical images presented Figure 4.4.a perfectly illustrate the two regimes with homogeneous coke removal at 50 °C and the ideal coke core obtained at 150 °C. Intermediate temperatures present a mix between these two extreme behaviors. Figure 4.5.b represents the evolution of carbon radial profiles at different temperatures when a core is observed. All of the aforementioned scanning acquisitions present three main domains of interest: an outer range with really low carbon content (assumed to be fully regenerated), a zone presenting a carbon gradient where coke partially reacted and finally, an unreacted coke core at the center of the pellet. Depending on the temperature and the discussed diffusion limitations, a difference of profile shape is observed. At 150 °C, the gradient zone is thin with an important slope as ozone reacts quickly with coke, while it is wider and less steep at 100 °C as oxidizing agents are able to diffuse further in the pellet. The regime of regeneration can be determined by using the initial Thiele's modulus, given by the following formula:

Φ = √ reaction rate diffusion rate = V p A p √ k oxi L C ρ p D O 3 ,eff (4.1)
Where Vp/Ap is the catalyst particle volume to external surface ratio (m 3 .m -2 ), koxi is the oxidation rate constant (m 3 .kgC -1 .s -1 ), LC is the initial carbon content (kgC.kgcat -1 ), ρp is the catalyst particle density (kgcat.m -3 ) and DO3,eff is the effective diffusion coefficient of ozone in ZSM-5 zeolite (m 2 .s -1 ). Regeneration will follow an homogeneous regime if Φ is inferior to 1, while a shrinking-core mode appears when Φ is significantly higher to 1. However, as very few studies were carried out with ozone in gas phase, there is a lack of experimental data regarding kinetics and diffusion coefficients. Therefore, Thiele's number cannot be calculated here to validate the visual change of regime which seems to occur between 75 and 100 °C for the first series of experiments (with Cok1 sample) and between 100 and 125 °C for the second set (with Cok2 sample).

Inlet O3 concentration

The ozone concentration at the reactor inlet was ranged from 20 to 80 g/Nm 3 to study the influence of this parameter. The volumetric flowrate was set at 50 L/h, resulting in a mass flowrate from 1 to 4 gO3/h. These conditions were applied to two different series of experiments whose resulting optical pictures of pellet cross-section from the upper reactor fraction and corresponding coke removal are presented in Figure 4.6 (a,b). The ozonation experiments for the first series have been carried out during 2 h at 100 °C from Cok4 sample. For the second series, Cok5 sample was exposed to the ozone gas stream during 4 h at 125 °C. To provide an energetic insight to these experiments, the electric power set on the ozone generator for this concentration range corresponds to 15 W for 20 g/Nm 3 and to 150 W for 80 g/Nm 3 for a 50 L/h volumetric flowrate.

Based on the results presented in Figure 4.6.b, no optimal ozone concentration is observed. However, an increase of coke removal efficiency appears as the concentration rises. A maximal coke removal of 75% for the first series and of 78% for the second is obtained at 80 g/Nm 3 . Process efficiency seems to increase linearly with respect to ozone concentration but the impact of this parameter is lower than temperature or time of exposure. This trend makes sense as an increase of ozone concentration means that more oxidizing agents are available for coke oxidation. However, the reactivity of thermal recombination and catalytic degradation are also increased as there is a higher probability of contact. Depending on the order of the three competing reactions, the weigth of each mechanism can vary depending on the ozone concentration. From the optical images of the pellet cross-sections for these series of experiments, despite the slight increase of coke removal, inlet ozone concentration also seems to impact diffusion behavior. Low content allows diffusion through the pellet and reaching the center (homogeneous regime) while coked cores appear for higher ozone contents (shrinking-core regime). Two different explications or a combination of both can explain this observation. First, at low concentrations, oxidation is quite slow because of the limited presence of oxidizing species. Thus, internal porosity remains heavily coked and catalytic degradation is consequently minimized as active sites remain hindered. On the other hand, at high concentrations, coke oxidation is fast, starting by the outer ring, where active sites are recovered and catalytic degradation rapidly increases, limiting ozone diffusion towards the center. Secondly, for high concentrations, collision frequency between ozone molecules is increased, enhancing thermal recombination, while at low concentrations, thermal recombination is therefore mitigated and only coke oxidation occurs [START_REF] Benson | Mechanism of the Gas Phase, Thermal Decomposition of Ozone[END_REF][START_REF] Jian | A reaction mechanism for ozone dissociation and reaction with hydrogen at elevated temperature[END_REF]. The contribution of the different ozone consumption mechanisms (thermal recombination, catalytic degradation and coke oxidation) therefore varies depending on the operating conditions. Determination of pseudo-kinetic parameters have been achieved at the reactor scale to have a better understanding of this repartition and is discussed in Section 4.2.2. 

Volumetric and mass flowrate

The influence of volumetric flowrate has been investigated in the range allowed by the important pressure drop generated by the catalytic bed, between 50 and 200 L/h. From different initial coked samples, volumetric flowrate was varied in this range while the other parameters were fixed (time of exposure, temperature and O3 concentration). The coke removal efficiencies for the three series are presented in Figure 4.7.a.

From these results, it appears that volumetric flowrate influence over ozonation efficiency is not significant in the studied range. With the reactor geometry used (L = 20 cm, ID = 4 mm), corresponding superficial velocity is 1.1 to 4.4 m/s. The resulting residence time is 0.2 to 0.05s, which is really short. To characterize the hydrodynamic flow in the reactor, the packed-bed Reynolds is determined using the following formula:

Re * = ρ O 2 . u s . D p µ O 2 . (1 -ε bed ) (4.2)
Where ρ O 2 and µ O 2 are oxygen density and dynamic viscosity (kg/m 3 and kg/m.s respectively), us is gas superficial velocity (m/s), Dp is the equivalent diameter of catalyst pellet (m) and ε bed is the bed voidage (adimensional number). For the investigated range of volumetric flowrate, Re* is between 200 and 1000, corresponding to a transitional regime. At fixed ozone concentration, the mass flowrate increases when volumetric flowrate raises. It is therefore not intuitive that coke removal does not increase with flowrate as the sample is exposed to more ozone. However, only the inlet O3 concentration seems to have an impact on coke removal efficiency. It is theorized that the aforementioned hydrodynamic conditions eliminate external mass transfer limitations as the almost turbulent regime reduces boundary layer thickness. Internal diffusion would then be the only limitant factor.

In order to validate this hypothesis, a last set of experiments have been carried out on coked samples with different initial carbon contents keeping a constant mass flowrate by adjusting volumetric flowrate and ozone concentrations accordingly. Figure 4.7.b represents the results obtained for these experiments: one with a fixed Qm,O3 of 2.5 g/h (using Cok6) and the other one was set at 3.0 g/h (using Cok3). The effect of ozone concentration alone is observed as the experiments with higher O3 content and lower volumetric flowrate present higher coke removal efficiency. This observation confirms that, in the investigated system and range, volumetric flowrate is not a significant parameter. To limit oxygen consumption, further experiments were conducted with a 50 L/h volumetric flowrate.

Ozonation study at reactor scale

Thermal and catalytic degradation of ozone

To evaluate the weight of each ozone consumption mechanism, determination of apparent kinetic parameters in the experimental setup have been carried out. Tubular glass reactor was considered as an ideal plugflow reactor to evaluate respective reaction rates. The study was carried out at 50 L/h, corresponding to a residence time (τ) of 0.18 s. Due to the small reactor internal diameter (4 mm) and the important mixing generated by the turbulent flowing conditions, radial distribution in the reactor is considered as homogeneous: channeling and wall effects are therefore neglected. During the different experiments, inlet and outlet O3 concentrations were noted after system stabilization. Values of thermal decomposition (kth) and catalytic degradation (kcat) kinetic constants were then calculated following the reaction order (equations are presented in). Arrhenius plot allows to extract the activation energy and the pre-exponential factor for each mechanism. Different reaction orders were examined and only the best fit is presented here. The outcomes and limitations of the obtained kinetic constants are discussed in this section. Details of results and calculations which were not included in the article are placed in Appendix 7.

a. Thermal decomposition

The study of thermal ozone recombination has been carried out in the empty reactor between 100 and 200 °C. Thermal ozone degradation is here considered as the only occurring mechanism. Very small decomposition was observed at lower temperatures. Based on the experimental results, second order reaction is the best fit (R 2 = 0.9965) compared to the first order (R 2 = 0.9879). While the fit difference is not significant, secondorder reaction was elected based on these results with the support of literature references [START_REF] Benson | Mechanism of the Gas Phase, Thermal Decomposition of Ozone[END_REF][START_REF] Wulf | The Thermal Decomposition of Ozone[END_REF]. Indeed, this reaction order was historically often used to approach ozone thermal recombination mechanism even though more complex reactivities have been investigated during the last decades [START_REF] Jian | A reaction mechanism for ozone dissociation and reaction with hydrogen at elevated temperature[END_REF]. With the corresponding Arrhenius equation, which plot is presented Figure 4.8, the apparent kinetic of thermal decomposition is given by the following equation: k th = 2.47 * 10 10 * exp ( -81375 8.314 * T ) (2 nd order: k th in L. mol -1 . s -1 )

(4.3)
This pseudo-kinetic constant generates really low ozone decomposition at ambient temperature as expected both from experimental observations (no decomposition under 100 °C) and from literature where ozone half-life at 20 °C is reported to be around 3 days [START_REF] Batakliev | Ozone decomposition[END_REF]. Consequently, the very low residence time in the system is not sufficient to observe ozone consumption from decomposition. However, the observed ozone consumption is much more important than rates provided in the literature. While half-life time of 1.5 h is given at 120 °C, approximately 80% of ozone is already consumed in our system at this temperature. It is important to remind that these kinetic parameters are proper to this experimental setup and should not be used in another context. The gap between these values might be attributed to the hydrodynamics in the reactor as mixing and probability of contact is improved when the regime is not laminar in a continous flow reactor. The concentration conditions are also far from those investigated when focusing on ozone decomposition in atmosphere. For high concentrations, thermal recombination is also increased due to the higher load of ozone molecules.

b. Catalytic degradation over fresh ZSM-5

Determination of catalytic degradation of ozone over ZSM-5 zeolite is conducted between 50 and 150 °C with a catalytic fixed-bed mass around 1.5 g. Complete ozone depletion is obtained for higher temperatures. Both thermal and catalytic degradation are occuring during these experiments. The equation used for the evaluation of the catalytic degradation kinetic parameter (kcat) is presented in Table 4.3 (Equation (4.6)). To consider the combined reactivity, it has been hypothetized that thermal decomposition only occurs in bed voidage while catalytic degradation takes place in the space occupied by pellets. The value of kcat for each temperature is determined by using a solver so that the left member of the equation approaches residence time. The obtained value is then divided by the catalytic bed mass to express the reaction rate by second and mass of catalyst (s -1 .gcat -1 ). From this exploitation, first order reaction is the best fit for Arrhenius plot (Figure 4.8) with a R 2 coefficient of 0.9983 (whereas second order reaction gave R 2 = 0.9599). The corresponding apparent kinetic parameter for ozone degradation over ZSM-5 zeolite is given by the following equation:

k cat = 4.37 * 10 5 * exp ( -34481 8,314 * T ) (1 st order: k cat in s -1 . g cat -1 ) (4.4) 
The activation energy is lower for catalytic compared to thermal degradation (34 kJ/mol vs 81 kJ/mol). Interaction with active acid sites favours molecular ozone decomposition into oxygenated species and/or radicals. Some studies have investigated the capacity to remove ozone from air, which concluded that zeolite materials have good abatement efficiency [START_REF] Brodu | Gaseous ozone decomposition over high silica zeolitic frameworks[END_REF]. Use of the equation with combined thermal and catalytic reactivities provides good results matching the experimental tests and can be furtherly used as a background ozone consumption when coke oxidation is also competing in the system. However, the fact that only fresh zeolites were used for catalytic degradation kinetic study means that all active sites are available for molecule adsorption. It is not the case with coked catalysts, in which active sites are partially hindered and blocked by carbon deposition, so catalytic degradation is lowered. On top of that, Brodu et al. showed that some oxygenated species can remain adsorbed during catalytic degradation and therefore also hinder a fraction of acid sites [START_REF] Brodu | Gaseous ozone decomposition over high silica zeolitic frameworks[END_REF]. Experimental observations going in this direction will be discussed in next section. Consequently, more complex kinetic laws would be more appropriate to follow the catalytic degradation mechanisms suggested in the literature [START_REF] Li | Mechanism of Ozone Decomposition on a Manganese Oxide Catalyst. 1. In Situ Raman Spectroscopy and Ab Initio Molecular Orbital Calculations[END_REF]. First order reaction remains a good approximation of catalytic ozone degradation in our system. The addition of a parameter θ representing the fraction of free Thermal decomposition: 2 nd order (R 2 = 0.9965)

-d[O 3 ] dt = k th [O 3 ] 2 → k th = - 1 τ . ( 1 [O 3 ] in - 1 [O 3 ] out ) (4.5) 
Catalytic degradation: 1 st order (R 2 = 0.9983) acid sites allows to consider the evolution of active sites and correlated reactivity. The following equation is used for combined thermal and catalytic ozone consumption:

Hypothesis: -d[O 3 ] dt = ε k th [O 3 ] 2 + (1 -ε) k cat [O 3 ] → 1 (1 -ε) k cat * ln ( [O 3 ] out (ε k th [O 3 ] in + (1 -ε) k cat ) [O 3 ] in (ε k th [O 3 ] out + (1 -ε) k cat ) ) = -τ (4.6) 
-

d[O 3 ] dt = ε k th [O 3 ] 2 + (1 -ε) m cat k cat θ[O 3 ] (4.7) 
Where θ = 1 when catalyst is fresh (all active sites available). This parameter can be evaluated for coked samples by comparing acidities between fresh and spent sample. Based on this equation and on the determination of apparent kinetic parameters, the repartition between thermal and catalytic mechanisms will be discussed in the next section (Section 4.2.2.2).

Combined degradation and zeolite deactivation

The complexity of the ozonation process is mainly due to the competing reactions, constantly evolving during the reaction. Using the aforementioned equation and the kinetic parameters determined experimentally in the previous section, the total ozone degradation as well as the repartition of thermal and catalytic mechansims during exposition of a ZSM-5 zeolite bed at different temperatures between 50 and 150 °C are presented in Figure 4.9. Total degraded ozone fast increases with temperature and reaches almost complete decomposition (95%) at 150 °C. The influence of thermal mechanism in the total degradation appears to be neglictible with a maximal impact of 0.9% of the total consumption (at 125 °C). At 50 °C, ozone degradation is almost entirely catalytic (> 99%) as expected from the very low reaction rate for thermal degradation under 100 °C. However, catalytic degradation is considered as optimal (θ = 1) for these results. As mentioned earlier, the fraction of free active sites is susceptible to decrease due to an adsorption rate of oxygenated species superior to the desorption rate (rads > rdes), leading to the progressive deactivation of zeolite and to the mitigation of catalytic degradation.

In order to evaluate this loss of performance, a fresh zeolitic bed was exposed during 30 min at 150 °C to an ozone-enriched gas flow. The evolution of inlet and outlet concentrations with the corresponding ozone degradation is presented in Figure 4.10. Initial ozone degradation (94%) is consistent with the results obtained previously. However, an important decrease of decomposed ozone is observed after 5 min of exposition and leads to a stabilization at the end of the experiment around 72%. This behavior could mean that a steady state is achieved after this duration with an equilibrium of adsorption and desorption of species resulting in a constant rate of ozone degradation. This decomposition performance corresponds to a free accessible active sites fraction of 0.43, meaning that 57% of active sites would be occupied by unreactive oxygenated species. However, it is important to remember that due to diffusion limitations, active sites are not available all at once and a part of this unavailable fraction is not necessarily deactivated. Diffusion considerations will be included when discussing coke oxidation at the reactor scale in the following section.

Coke oxidation in zeolite catalytic bed

Study of coke oxidation via ozonation is conducted using the same experiments presented in Section 4.2.1. This previous paragraph focused on the pellet scale for the upper part of the reactor while the whole reactor and the three collected fractions (higher part at the reactor inlet H, in the middle of the reactor M and at the bottom for the reactor outlet B) are now considered. As expected from typical fixed-bed reactor behavior, process efficiency is not homogeneous due to reactants consumption along the catalytic bed leading to a concentration gradient, and therefore different efficiencies. The implementation of the ozonation process at industrial scale for the regeneration of coked catalysts during pyrolysis could involve a FCC-type process with a fluidized bed regenerator to overcome this challenge. Coke removal efficiency would therefore be homogeneous and improved in the regenerator due to increased mass transfer and reaction kinetics in a fluidized bed. During the fixed bed experiments conducted in this work, as reactor inlet (H zone) is exposed to higher ozone concentrations than the outlet part (B zone), coke removal is expected to be more important in this H zone. This phenomenon is amplified for ozonation reaction as O3 is not only consumed by coke oxidation but is also degraded thermally and even more by catalytic decomposition. In this section, typical observations during ozonation are discussed to provide a better comprehension of the process for further modelling or optimization.

Experiments with a varying time of exposure and temperature, being the most significant operating parameters, are presented in Figure 4.11. Optical pictures of a pellet cross-section from each of the collected fractions (H, M, B) are presented in Figure 4.11.a and b with their corresponding carbon content. This carbon load obtained with CH analysis is assumed as the average content of the fraction and corresponding coke removal is calculated. An exponential tendency curve was added to provide an illustration of coke removal profile, thus ozonation efficiency, along the reactor (Figure 4.11.c and d).

A difference in terms of carbon content is observed according to the position in the reactor, as sensed, due to the gradient of O3 concentration. Despite longer time-on-stream (Figure 4.11.c), carbon removal difference between inlet and outlet samples is maintained (0.2-0.4%). The whole coke removal efficiency profile in the reactor moves upwards with time, rapidly for short times of exposure, and then slower because of the asymptotic behavior observed in Section 4.2.1.1. Estimated efficiency reactor profiles for 4 h and 6 h are consequently really close one from another. However, as illustrated on Figure 4.11.d, the gap between high and bottom samples is more important at higher temperatures as the aforementionned gradient of concentration is more pronounced. As an indicator, final outlet concentration is given for each of the experiments: while bottom fraction is exposed to 27 g/Nm 3 at 100 °C, the outlet concentration at 150 °C is only of 4 g/Nm 3 . The carbon removal efficiency gap between the samples for the 100 °C experiment is therefore less important. Even though concentration does not heavily impact coke removal efficiency, this difference explains the noticable gap of efficiency. Moreover, it is important to keep in mind that the gradient of concentration is not constant and is constantly evolving during the reaction due to the change of reactivity balance. The evolution of outlet concentration for a typical ozonation run is presented in Figure 4.12. The observed trend presents a maximum at 35 g/Nm 3 while the final outlet concentration is down to 7 g/Nm 3 . Indeed, catalytic degradation is initially really low as a part of the active sites are covered by coke deposition (small θ). In the early stages of the reaction, ozone consumption is mainly attributed to coke oxidation while, as the reaction progresses, coke is removed and active sites recovered (θ increases). Thus, catalytic degradation influence grows while coke oxidation weigth decreases during the process. The constant balance and evolution between thermal, catalytic and oxidation mechanisms is responsible for the evolution of outlet O3 concentration. Moreover, Figure 4.12 also shows an evolution of temperature during the experiment. This temperature increase is attributed to the exothermicity of coke oxidation, also observed during coke combustion with oxygen [START_REF] Santamaría | Regeneration strategies for coked fixed bed reactors[END_REF]. Consequently, catalytic bed presents a gradient of both O3 concentration and temperature impacting diffusion and reactions at the pellet scale as presented in Section 4.2.1. Based on the previous work of kinetic parameters determination at the reactor scale for thermal and catalytic decomposition, rate of oxidation has been added in the following equation describing global ozone consumption:

-d[O 3 ] dt = ε bed k th [O 3 ] 2 + (1 -ε bed ) (k cat θ[O 3 ] + k oxi [LC] a [O 3 ] b ) (4.8) 
Where [LC] is the carbon content of coked sample (wt.%), a and b are the orders of oxidation reaction regarding carbon and ozone respectively, and koxi is the oxidation kinetic parameter (L b-1 .mol 1-b .s -1 ).

Despite different attempts to include coke oxidation in a global ozone consumption rate, no reaction order was found to describe the process due to the complexity and constant evolution of reactivity balance. Moreover, apparent ozone decomposition rate needs to take into account the challenges related to diffusion in catalyst pellets. When considering these phenomena, the equation describing ozone consumption has to imply an effective reactivity depending on the diffusion of ozone in the ZSM-5 catalysts. It is also interesting to notice that the effective diffusion is correlated with coke load, as is the fraction of free acid sites θ, since it impacts porosity and tortuosity of the catalyst, therefore media resistance to ozone circulation. M odelling the reaction, both at pellet and reactor scale, requires a much more complex set of equations in order to describe the complexity of a constant change in a diffusion-reaction system. Similar studies have been carried out with different processes, including coke combustion, and could be adapted to the ozonation process in the future [START_REF] Nakasaka | Kinetic study for burning regeneration of coked MFI-type zeolite and numerical modeling for regeneration process in a fixed-bed reactor[END_REF][START_REF] Kern | Regeneration of coked catalysts-modelling and verification of coke burn-off in single particles and fixed bed reactors[END_REF][START_REF] Stastna | Chapter 3 -Modeling active tracers[END_REF].

Comparison tubular/syringe reactor experiments

The experiments using syringe reactor were conducted simultaneously with the parametric study presented in previous section in order to collect regenerated samples for reuse in pyrolysis. The operating conditions used for these manipulations (detailed in Section 2.2.3.2) were elected based on the sensed optimal parameters. Visual tendencies observed using the syringe reactor confirmed previous results with tubular reactor. As a fixed catalytic bed with no intermediate unloading, regeneration efficiencies between top and bottom fractions are expected to be heterogeneous. Indeed, previous results in tubular reactor confirmed higher coke removal closer to reactor inlet due to higher ozone concentrations (Section 4.2.2.3). This behavior, expected as a classic tendency for all fixed bed reactors, is visually illustrated for the ozonation process in Figure 4.14.

The progression of decoking with downstream circulation of gas stream appears from top to bottom. Rapid coke removal is observed in early stages of the reaction while visual evolution does not change much after 4 h, reminding the asymptotic behavior discussed in Section 4.2.1.1. It is important to notice that these photographs allow observing external coke deposited around the grain but not internal compounds. A lower coke oxidation, traduced by a black zone, is observed on top of the catalytic bed for REG2 batch. This phenomenon is attributed to the difference of volumetric flowrate between the experiments: the more important flowrate led to decreased hydrodynamics repartition as no flow distributor was placed after reactor section enlargement. Moreover, oxidation reactivity is enhanced by the temperature rise caused by the important exothermicity of ozonation at the top of the catalytic bed.

The main challenge of these experiments was to adapt accordingly the operating conditions from the practical knowledge based on tubular configuration experiments. Due to the increase of catalytic material quantity, ozone consumption by catalytic degradation and coke oxidation increased importantly. Operating conditions had to be set so that all catalytic bed is exposed to ozone despite inevitable strong gradient of concentration. For this reason, as outlet concentration was null during the first runs, flowrate was increased from 50 to 100 L/h to decrease residence time and allow ozone reaching the reactor outlet. However, concentration gradient remained very important (from 55 gO3/Nm 3 at the top to 5 gO3/Nm 3 at the bottom) and sample homogeneity was not ensured. The other key point was the choice of inlet temperature. Parametric study in tubular configuration showed that optimal temperature combining good oxidation rate and diffusion is around 100°C. However, while temperature rise due to coke oxidation was limited in tubular configuration, the higher quantity of coked zeolites highly increased the induced exothermicity. The evolution of temperature difference between reactor inlet and outlet during different runs of REG2 batch is represented in Figure 4.14.a. An increase of up to almost 30°C is observed for the outlet temperature during the first run, being the one with most coke removed. During subsequent runs, temperature rise remains important but tends to decrease gradually as kinetics of coke oxidation are slower (less accessible due to diffusion limitations). This factor needs to be considered when choosing the process temperature: initial 100°C will become 130°C or more where ozone could not be able to reach catalyst pellet center. After first runs at 100°C, initial temperature was then set at 80°C in order to anticipate this temperature rise and try to mitigate concentration gradient. As catalytic bed is exposed to high temperatures, ozone consumption by combined mechanisms is very important during the reaction leading to complete degradation in the case of "Run 1" (Figure 4.14.b). For subsequent runs, the limited temperature rise mitigates degradation and ozone is observed at reactor outlet. In such conditions, despite different conditions according to the position in the reactor, all catalytic bed is exposed to oxidizing gas. 

Conclusions and key takeaways

Ozonation reaction in a fixed bed reactor was successfully implemented in this work. During a parametric study conducted in tubular reactor (ID 4 mm, length 20 cm, capacity 1.5 g), coke removal up to 81% from spent ZSM-5 zeolites was achieved after ozonation during 6 h at 100°C (50 g/Nm 3 ). Higher coke removal efficiency can be achieved with longer exposition. Time of exposure and temperature were found to be the most significant operating parameters. A temperature optimum was identified between 100 and 125°C depending on carbon content and coke nature of initial spent zeolites. Experiments using syringe reactor (ID 14 mm, length 20 cm, capacity 10 g) demonstrated the feasibility of complete oxidation of coke deposited during pyrolysis of polyethylene. Indeed, coke removal of 98% is achieved from coked zeolites (5.3 wt.%Cinit.) after a 48h-regeneration at 100°C (50 gO3/Nm 3 ), allowing complete recovery of textural and chemical properties as well as catalytic activity (refer to Chapter 3).

Experimental results and observations confirm that ozonation is a diffusion-reaction process, similarly to coke combustion with O2, and follows well-known regeneration regimes depending on the operating conditions: either homogeneous or shrinking-core. On the one hand, homogeneous regime occurs at low temperatures and/or concentrations where ozone diffuses through the catalyst pellet, resulting in a uniform coke removal (flat radial carbon profile). On the other hand, shrinking-core regime occurs at high temperature and/or concentrations. In such conditions, reaction rate is more important than diffusion and ozone is consumed before being able to reach the center of the pellet (vertical or sharp radial carbon profiles). The strong influence of catalytic degradation as a competing mechanism with coke oxidation reinforces these limitations: at high temperatures, ozone might be fully degraded over the recovered active sites before interacting with any coke molecule. Choice of temperature is therefore a crucial aspect of this process as balance is needed between oxidation rate and mass transfer. The innovative analytical technique used in this work, consisting in using microprobe after adequate sample preparation, allowed illustrating this balance between reactivity and diffusion at pellet scale for intermediate regimes, with the apparition of varying coke core and gradient zone sizes on the radial carbon profiles. Detailed discussion about the development of the method and complete results obtained using this analysis are presented in Appendix 8. Despite thrilling results showing consistency of this technique with elemental analysis, a critical discussion is also conducted to evaluate the limitations of this method as well as the perspectives of future improvement. Due to the competition of coke oxidation (direct/indirect) with thermal and catalytic degradation, ozonation is more complex than coke combustion. Kinetic study in the reactor allowed to determine that thermal recombination of ozone has a limited impact on global O3 consumption. Catalytic degradation and coke oxidation are the main reactions occurring during ozonation. Different efficiencies were observed in the reactor due to the use of a fixed-bed, but also because of the constant evolution of available active sites (correlated with coke content), ozone concentration and temperature gradients alongside the catalytic bed. Principal conclusions and key takeaways of this chapter are summarized in Chapter 5 -Modelling approach to ozonation reaction 5. Chapter 5:

Modelling approach to ozonation reaction

The numerical approach for ozonation process presented in this work was conducted in parallel with the experimental results discussed in previous chapters. Matlab ® software was used in this work and all relevant codes are given in Appendix 10 to 12. A 3-month MEng degree internship dedicated to this topic was supervised during the PhD period (Callum Murray, Strathclyde University). Based on this primary work, further collaboration has been engaged with Dr. Jean-Marie BUCHOT, IMT (Institut de Mathématiques de Toulouse) to pursue these considerations. This chapter focuses on the numerical aspect of the ozonation process for regeneration of coked zeolites. After introducing the work (Section 5.1), theoretical and literature background is provided for the mathematic resolution of diffusion-reaction equations at pellet scale in a real system (Section 5.2). Assumptions are made for initial problem simplification in order to present the first approach to ozonation modelling. Methods used in this combined numerical and experimental approach, from image processing to curve fitting tool development and partial differential equations (PDEs) resolution, are detailed in Section 5.3. Obtained results are then presented and discussed (Section 5.4) before concluding and discussing future work on this problematic (Section 5.4.2). Nomenclature is given p.143 summarizing all used terms and symbols with their corresponding unit.

Introduction and presentation of work

Regenerating processes for coked solid catalysts involve both chemical reactivity and mass transfer: reacting molecule must be transported by external mass transfer before diffusing within the porous material towards internal coke compounds. According to previous studies but also to obtained results during this PhD work, role of pore diffusion is determinant for coke removal efficiency, leading to different regeneration regimes according to the process parameters [START_REF] Weisz | Combustion of carbonaceous deposits within porous catalyst particles I. Diffusion-controlled kinetics[END_REF]. The complexity of these diffusion-reaction systems often requires mathematical modelling to reach a better understanding of involved phenomena. Numerical simulation also allows avoiding extensive experiments, either lab or full-scale, and is nowadays heavily used to solve fundamental or technical problems in the domain of heterogeneous catalytic processes [START_REF] Tripodi | Process Simulation for the Design and Scale Up of Heterogeneous Catalytic Process: Kinetic Modelling Issues[END_REF]. Coke combustion with oxygen, being the most common method for coked catalysts regeneration in industry, is the only one of the aforementioned processes which was investigated in different studies using computational simulations [START_REF] Nakasaka | Kinetic study for burning regeneration of coked MFI-type zeolite and numerical modeling for regeneration process in a fixed-bed reactor[END_REF][START_REF] Kern | Regeneration of coked catalysts-modelling and verification of coke burn-off in single particles and fixed bed reactors[END_REF][START_REF] Yazovtseva | Computer Simulation of Coke Sediments Burning from the Whole Cylindrical Catalyst Grain[END_REF]. This type of research is conducted both at single particle level and catalytic bed for process optimization purposes to determine safe and efficient conditions of coke burn-off. Even though those industrialization considerations are not topical yet for ozonation, a numerical approach is expected to provide better comprehension of complex reactivity occurring within zeolite porosity.

The different studies carried out on simulation of coke combustion with O2 at pellet scale showed the expected two extreme behaviors: homogeneous and shrinking-core regimes [START_REF] Kern | Regeneration of coked catalysts-modelling and verification of coke burn-off in single particles and fixed bed reactors[END_REF]. Coke removal is slow and uniform in all pellet for the first, leading to a flat carbon profile over the radius, while it is immediate and heterogeneous for the second, causing the apparition of a coke core (Figure 5.1). Kern et al. demonstrated such behavior between 350°C and 650°C using simplified coke reactivity as simple reaction of carbon with oxygen (1 st order reaction). Such assumption is possible as hydrogen oxidation rate is higher than for carbon, the latter being therefore considered as the limiting factor for complete coke removal. In recent work, complex mechanisms were implemented by Yazovtseva et al., considering multi-step oxidation with the different atoms contained in coke structure [START_REF] Yazovtseva | Computer Simulation of Coke Sediments Burning from the Whole Cylindrical Catalyst Grain[END_REF]. This approach allowed to obtain a spatial repartition of the different reactants and products. On top of its chemical reactions, transport of oxygen is also evaluated using effective diffusion coefficient. This key parameter of the process is constantly evolving during the reaction as it is correlated with porosity and tortuosity for instance, which are changing with coke content, but also temperature. The simulation of diffusion-reaction system at reactor scale must therefore include the notion of effective reactivity induced by diffusion limitations during the process [START_REF] Nakasaka | Kinetic study for burning regeneration of coked MFI-type zeolite and numerical modeling for regeneration process in a fixed-bed reactor[END_REF][START_REF] Kern | Regeneration of coked catalysts-modelling and verification of coke burn-off in single particles and fixed bed reactors[END_REF][START_REF] Frikha | Methodology of multiphase reaction kinetics and hydrodynamics identification: Application to catalyzed nitrobenzene hydrogenation[END_REF]. These investigations provide practical insights for final regeneration time optimization and gradients of temperature and concentration observed along the catalytic bed [START_REF] Zhang | Modeling and Simulation of Coke Combustion Regeneration for Coked Cr2O3/Al2O3 Propane Dehydrogenation Catalyst[END_REF]. Based on the experimental results obtained in Chapter 4, ozonation process presents many similarities with coke combustion as an oxidative regenerating treatment over porous material. Modelling of coke removal via ozonation could thus be inspired by the numerous studies carried out on combustion, requiring implementation of some additional features, such as mechanisms of ozone catalytic degradation for instance. 

T = 350 °C T = 650 °C

In this work, numerical resolution of diffusion-reaction system at single pellet level is applied to ozonation including simplified reactivity (oxidation and catalytic degradation). Using a curve optimization tool, triplets of key parameters (diffusion coefficient and intrinsic kinetic constants) are determined by approaching experimental radial carbon profiles. Such data were obtained beforehand using SEM-FEG results presented in Chapter 4, pellet cross-sections optic photographs and a Matlab® image processing routine. Complete methodology is described in Section 5.3.2. This combined experimental and numerical approach is a thrilling opportunity to conduct a parametric identification for ozonation based on these results. Such methodology could provide first approximations of missing information in the literature while obtaining a better understanding of the process and involved phenomena.

Model of ozonation at pellet scale

Global approach: diffusion-reaction system

The set of equations for the ozonation process has to describe the evolution of ozone and carbon content in the zeolite cylindrical pellet. As discussed in Chapter 1, extrudates are agglomerated zeolite crystals shaped with alumina binder. The resulting particle presents both meso-and micro-porosity, usually attributed to the binder and to the crystals respectively. Ozone is here the oxidizing agent which concentration in the particle is initially null. Coke is the other reactant which concentration in the particle is assumed to be homogeneous over the radius at the beginning of the process. This hypothesis appeared to be confirmed by the SEM-FEG analysis of Cok3 sample (Appendix 8). During the regeneration, ozone repartition in the pellet is therefore described by both diffusion and reaction terms while coke evolution only requires the term related to oxidation as no carbon mass transfer is involved. Using mass conservation principle, second Fick's law with the addition of a reaction term can be used to describe spatial evolution of ozone with time in the catalyst particle:

ε p δC O 3 δt = ∇ 2 (D O 3 ,eff C O 3 ) + R O 3 (5.1) δC Coke δt = R Coke (5.2) 
The particle porosity (εp) is placed as factor since ozone only diffuses and reacts in the porous volume of the grain. As it is evolving with time and space, the effective diffusion coefficient is included in the nabla operator contrary to usual diffusion systems. Because of the high thermal conductivity of solid phase, thermal gradients are neglected and only mass balances are described using Equations (5.1) and (5.2). Cylindrical coordinates are used in our system due to the shape of catalyst pellets. Their dimension (Lp/Dp ≈ 4) allows neglecting gradients of axial gradients (θ and z). Equation (5.1) therefore becomes:

ε p δC O 3 δt = d r dr (D O 3 ,eff r δC O 3 δr ) + R O 3 (5.3) 
The effective diffusion coefficient and the reaction term are depending on several factors that are discussed in the following sections to understand the involved phenomena necessary for their evaluation.

Effective diffusion in zeolites

When exposing the catalytic bed to ozone-enriched gas stream, mass transfer occurs during different steps according to the different scales of diffusion (Figure 5.2). Ozone molecules first circulate in the bed void towards the surface of the pellets before mass transfer occurs through boundary layer around the material. The efficiency of this transfer is directly linked with this layer width, itself correlated with flow turbulence (Reynolds number). Ozone then diffuses through the mesoporosity, where it either reacts with external coke or transports further into microporosity of zeolite crystals before interacting with internal coke or active sites. The external mass transfer through the boundary layer drives the actual concentration of ozone diffusing in the porous material. Numerous correlations have been developed considering the influence of Sherwood number, particle size and molecular diffusivity [START_REF] Wakao | Effect of fluid dispersion coefficients on particle-to-fluid mass transfer coefficients in packed beds: Correlation of sherwood numbers[END_REF]. The width of boundary layer, and therefore the efficiency of external transfer, is mostly driven by the hydrodynamic conditions of the system. The inlet concentration diffusing in the porous catalyst is therefore not necessarily identical to the surrounding gaseous stream content. The internal diffusion in porous volume is explained in the literature with three mechanisms: molecular diffusivity, Knudsen diffusivity and surface diffusivity as illustrated in Figure 5.3 [START_REF] Ratnakar | The Role of Diffusivity in Oil and Gas Industries: Fundamentals, Measurement, and Correlative Techniques[END_REF].

In mesoporosity, the molecular diffusivity drives molecular transport when pore diameter is superior to 100 nm while Knudsen diffusion pathway influence is added when pores are between 100 and 10 nm [START_REF] Cejka | Zeolites and Catalysis: Synthesis, Reactions and Applications[END_REF]. Surface diffusivity corresponds to the molecule ability to migrate from one active site to another by remaining adsorbed on the surface. In the case of coked zeolites, the partial hindering of active sites lowers surface diffusion. During coke combustion, surface diffusion does not occur as oxygen has no interactions with active sites while it should be considered for ozonation because of catalytic reactivity of ozone. While molecular diffusivity (Dmol) can be determined using semi-empirical correlations, such as Chapman and Enskog theory [START_REF] Chapman | The Mathematical Theory of Non-uniform Gases: An Account of the Kinetic Theory of Viscosity[END_REF], Knudsen diffusion coefficient (Dk) is calculated with the following formula:

D k = d pore 3 √ 8RT πM O 3 (5.4) 
The combined contributions of molecular and Knudsen diffusivities are often considered in series to obtain the global pore resistance to diffusion (Dpo) as follows:

D po = ( 1 D mol + 1 D k ) -1 (5.5) 
The effective diffusion coefficient considers that only a portion of the catalyst is permeable using its porosity (εp) and that the path followed by molecules is random and tortuous thanks to its tortuosity (τp). Then, the effective diffusion coefficient of ozone used in Equation (5.3) is therefore given by:

D O 3 ,eff = ε p τ p D O 3 ,po (5.6) 
This factor εp/τp is changing with coke content during the regeneration as volume occupancy and pore mouth blocking are decreasing with carbon compounds removal. Effective diffusion of ozone is therefore different depending on the spatial repartition of coke over the radius, itself evolving during time. This parameter should therefore be included inside the derivative of the partial differential equation (PDE) describing radial evolution of ozone. Porosity and tortuosity having values proper to the catalyst geometry, their correlation with coke content needs to be experimentally determined for each particular application.

Ozone and coke reactivity

The reactivity of ozone and coke, respectively RO3 and RCoke, present complex mechanisms already discussed in Section 1.4.2.2. Ozone is consumed via three different pathways: thermal recombination (Equations (1.15) and (1.16)), catalytic degradation (Equations (1.17) to (1.22)) and coke oxidation (Equation (1.23)). Thermal recombination of ozone occurs with a third molecule (M), being O2, O3, CO2, N2, He or other gaseous body. Ozone is also degraded catalytically over active sites (*) into oxygenated adsorbed species leading to the formation of molecular dioxygen but also hydroxyl radicals. Direct and indirect oxidation mechanisms are involved during coke removal: oxidation with molecular ozone and with hydroxyl radicals. Moreover, coke molecules are composed of various structures having different stabilities and therefore reactivity. In the case of catalytic pyrolysis of polyethylene, coke contains only carbon and hydrogen as there is no heteroatoms. Carbon and hydrogen atoms are embedded in either aliphatic or aromatic coke molecules. Coke rates are often simplified by assuming that oxidative species are attacking atoms one at a time, thus reacting with deposits noted as solid hydrogen (Hs) and carbon (Caromatic or Caliphatic).

The following set of equations is suggested to summarize the different reactions rates that are involved in the consumption of ozone and coke considering all discussed mechanisms:

Thermal recombination (rth):

O 3 + M ⇄ O + O 2 + M r 1 = k 1 [O 3 ] a
(5.7) 

O 3 + O → 2O 2 r 2 = k 2 [O 3 ] b [O] c
αC X H Y + βO 3 → γCO 2 + φH 2 O + ξHO • r 6 = k 6 [Coke] i [O 3 ] j (5.12) υC X H Y + ζHO • → ωCO 2 + μH 2 O r 7 = k 7 [Coke] k [HO •] l (5.13) 
Where a to l exponents are the reaction orders regarding each reacting species and the greek symbols are the stoichiometric coefficients for coke reactivity. This combination of reaction rates is expected to provide a realistic approximation of ozone and coke reactivity with their different mechanisms. However, many simplifications are already made in these equations: the difference of reactivity between Lewis and Brønsted acid sites is not considered, the rates of oxidation (Equations (5.12) and (5.13)) will vary according to the nature of coke (ratio Y/X corresponds to the H/C molar ratio), etc. Indeed, the different atoms contained in coke molecules present different oxidation rates. Hydrogen is the first to react while reaction rate of aromatic carbons (Car) is lower than aliphatic carbon (Cal) due to their higher stability generated by the condensed rings. Moreover, the real mechanisms of coke molecules oxidation by molecular ozone and hydroxyl radicals generate oxygenated reaction intermediates (ketones, aldehydes, etc). The variety of functional groups present in these structures makes impossible to describe the real multistep reactions occurring during coke removal. By combining the previous set of equations, the respective reaction terms for ozone and coke are given by: R O 3 = r th + r deg + r oxi = -(r 1 + r 2 ) -(r 3 + r 4 ) -r 6 (5.14) R Coke = r oxi = -(r 6 + r 7 )

(5.15) However, different kinetic studies were conducted with coke combustion showing that simplified pseudo-reaction rates, using often 1 st order reaction rates, provide a good approximation of the real system. These assumptions for problem simplification are discussed in the next paragraph.

Simplifications and final PDEs

In this work, many hypotheses have been made in order to simplify the complexity of the problem. Some assumptions are classic and often used in literature, while other simplifications were carried out to provide a first approach of the system before envisaging further improvements. All the hypotheses that were made in this study are listed below before presenting the problem as it was investigated in the following sections: i. Constant diffusion coefficient. Effective diffusion coefficient is here considered as constant for initial problem solving. This is expected to be the most impacting simplification due to the aforementioned importance of the diffusion resistance evolution during coke removal (Section 5.2.2).

ii. Ideal external mass transfer. External molecular transport of ozone is considered as ideal because of the hydrodynamic conditions in tubular configuration. Important flowrate generates an important turbulence and a thin boundary layer. The ozone concentration entering the pellet is assumed equal to the gaseous phase content.

iii. According to the assumptions (iii) to (vi), the reaction terms presented in Equations (5.14) and (5.15) are modified as follows:

R O 3 = r deg + r oxi = -(k deg θ [O 3 ] + ρ p k oxi [L C ][O 3 ]) (5.16) R C = r oxi = -k oxi [L C ][O 3 ]
(5.17) Ozone concentration and carbon load are expressed in kgO3.m -3 and in kgC.kgcat -1 to match experimental data. The density of the zeolite ρp (kgcat.m -3 ) is introduced to maintain unit balance. Equations (5.2) and (5.3), which were the initial statements describing the spatial and temporal evolution of ozone and coke over catalyst pellet radius, are adapted by using the aforementioned assumptions and simplifications. Notations are also changed to alleviate the equations: [O3] becomes C, [LC] becomes LC and DO3,eff becomes D.

The following mass balances for the gas and solid phase arise as final PDEs system: The axis formed by pellet center is considered as an impermeable boundary, leading to a null flux of transferring species at this point (Equation (5.20)). Boundary condition at the pellet external surface (Equation (5.21)) was set according to assumption (ii). The initial conditions for ozone and carbon radial repartition are stated by the following equations based on experimental knowledge: C = 0 for 0 < r < r p at t = 0

L C = L C,0 for 0 < r < r p at t = 0

(5.23)
Where LC,0 is the initial carbon load of the catalyst pellet. Radial carbon repartition is considered as homogeneous over the particle radius. LC,0 will therefore be in most cases a single value. If initial radial carbon profile is found to be heterogeneous, LC,0 can possibly be a vector representing carbon load analyzed over the radius. Numerical methods for system resolution are presented in the following paragraph (Section 5.3).

Numerical methods

In this section, the computational methods used in this work for the combined experimental and numerical approach are presented. The resolution of partial differential equations and curve optimization present many possibilities due to the high number of existing numerical approaches. Even though different existing software with embedded methods are available, we chose to use homemade Matlab® codes in this work. Despite important code development and higher computational time, this choice allowed to acquire deeper knowledge of simulation domain by understanding the mathematical background of these methods. On top of this training aspect, developing original codes provide full control over its content for implementation of future additional features. The approach in this work consists in three aspects: acquire numerical profiles by numerical resolution (Section 5.3.1), obtain experimental profiles by image processing (Section 5.3.2) and combine these two aspects with a curve fitting tool developed to determine triplets of physical parameters optimizing the difference between the profiles (parameters identification, Section 5.3.3). Numerical methods and equations are detailed in this section by presenting the discretization scheme and algorithm of coupled PDEs resolution, the image processing routine and eventually the parameters optimization algorithm. Respective codes are placed in Appendix 10 to 12. The results obtained thanks to this methodology and to the developed codes are presented in Section 5.4.

PDEs resolution

Crank-Nicolson discretization

Crank-Nicolson algorithm is often used to solve one-dimensional diffusion equation. Based on the finite difference principle, this implicit method is unconditionally stable and has the advantage of being second-order in both time and space. The stencils representing the points used during the resolution for each of the different methods are illustrated in Figure 5.4. For each variable, "i" represents the spatial steps and "n" stands for the temporal steps.

As departing stage, Equation (5.18) and (5.19) are discretized using second order centered scheme for the spatial derivative. For clarity of equations and ease of read, ozone concentration and diffusion coefficient symbols become a single C and D. Spatial step i is subscripted and time step n is superscripted for each variable:

ε p C i n+1 -C i n Δt = D C i+1 n -2C i n + C i-1 n Δr 2 + D r i . C i+1 n -C i-1 n 2Δr -(k deg θ i n C i n + ρ p k oxi C i n Lc i n ) (5.24) Lc i n+1 -Lc i n Δt = -k oxi C i n Lc i n (5.25)
In Crank-Nicolson method, the temporal derivate is evaluated at the center point between time steps (tn+1/2), corresponding to the average of spatial derivative evaluated at tn and tn+1. By sorting the terms for each stencil point, we have:

-(α - β r i ) C i-1 n+1 + (1 + 2α + γ i n+1 ) C i n+1 -(α + β r i ) C i+1 n+1 = (α - β r i ) C i-1 n + (1 -2α -γ i n ) C i n + (α + β r i ) C i+1 n (5.26) (1 + ζ C i n+1 ) Lc i n+1 = (1 -ζ C i n ) Lc i n
(5.27) (5.31)

While α, β and ζ are constants, the term γ is depending on the carbon load and its radial repartition is therefore evolving at each time step. In these equations, α and β are representing the diffusion term and ζ and γ describe the reaction term. Equations (5.26) and (5.27) are then transformed into a matrix equation for the determination of the profiles at tn+1 from precedent results tn (initial conditions if n = 0). For representation, only four radial steps are here considered (i = 1 to 4):

A.

[ (5.34)

C 1 n+1 C 2 n+1 C 3 n+1 C 4 n+1 ] = [ (1 -2α -γ 1 n ) C 1 n + 2α C 2 n (α -β r 2 ⁄ ) C 1 n + (1 -2α -γ 2 n ) C 2 n + (α + β r 2 ⁄ ) C 3 n (α -β r 3 ⁄ ) C 2 n + (1 -2α -γ 3 n ) C 3 n + (α + β r 4 ⁄ ) C 4 n C O 3 ,G ] (5.32) 
The boundary conditions coefficients were calculated based on the Equations (5.20) and (5.21) using the discretized formula. This matrix system is used for the numerical resolution of the two initial equations to find the profiles at next time step (C n+1 and Lc n+1 ) based on the previous profiles (C n and Lc n ). In most systems with only a diffusion term, the tridiagonal matrix (A) needed for the resolution is constant. However, due to the addition of the reaction term, the principal diagonal (Ap) is changing at each time step, requiring new calculation of A for each iteration. Diffusion-reaction system is therefore more intensive in terms of calculation and the Crank-Nicolson method may present long calculation times.

Newton method for resolution coupling

Newton method is often used for the resolution of non-linear systems and allows to combine the resolution of different PDEs linked with each other [START_REF] Fortin | Les éléments finis : de la théorie à la pratique[END_REF]. The principle of this method is to find the solution vector for which a given function F cancels itself. In the case of the investigated system, this vector is the combination of the two radial profiles at the following time step (C and Lc). The two cancelling functions involving these variables are obtained by doing the difference of the left and right members of Equation (5.26) for f2 and Equation (5.27) for f1. The problem is presented as follows:

F ⃗ ([Lc 1 … Lc r C 1 … C r ]) = F ⃗ ([Lc C]) = F ⃗ (x ⃗ ) = 0 ↔ { f 1 (Lc, C) = 0 f 2 (Lc, C) = 0 (5.35)
This method requires an initial approximation of the system solution, noted C 0 and Lc 0 , in order to determine a correction (δ) applied to the initial vector (Equation (5.36)). For each iteration k, the corrected vector is then used as input value for the evaluation of the new error.

x ⃗ 𝑘+1 = x ⃗ 𝑘 + δx ⃗⃗⃗⃗ (5.36) Where δx ⃗⃗⃗⃗ is the correction column, calculated using the following matrix system as detailed by [START_REF] Fortin | Les éléments finis : de la théorie à la pratique[END_REF]: Each of the Jacobian portions is therefore a diagonal matrix of spatial step dimensions. The principal diagonal of the tridiagonal matrix (Equation (5.34)) is reused for the bottom-right quarter to save computational time. The algorithm converges if the correction vector norm is inferior to a tolerance set by the user. A maximal number of iterations is usually also chosen to exit the loop if the resolution does not converge. With a proper initialization, convergence in the developed code usually occurred in two to three Newton iterations. This algorithm is called for each time step of the global resolution and is included in another loop incrementing time. The final output of this numerical resolution is the carbon and ozone internal concentration profiles over the pellet radius at a final time Tf corresponding to the experimental time of exposure. Profiles at intermediate times can be saved to show their evolution during the resolution. Normalization of results is possible afterwards for plotting or comparing with experimental profiles obtained via the image processing routine presented in the following section.

J F (x ⃗ k ). δx ⃗⃗⃗⃗ = -F ⃗ (x ⃗ k ) ↔ [ ∂f 1 ∂Lc ∂f 1 ∂C ∂f 2 ∂Lc ∂f 2 ∂C ] [ δLc δC ] = - [ f 1 (x ⃗ k ) f 2 (x ⃗ k ) ]

Image processing

Raw image preparation

The first step of image processing is the preparation of the image from the raw microscope photograph obtained using Morphology G3S (Section 2.2.4.4). The different steps are illustrated in Figure 5.5. The initial objective is to automatically identify the circular zone corresponding to the catalyst pellet. The edges on typical raw images (a, e) are not easily detected by the computer even though it is visible to the naked eye. The picture is treated with binary function (b) or edge detection (f) to facilitate circle detection. If no circle is automatically found after these methods with different thresholds and sensitivities, two diameters are drawn manually. Once the pellet zone is detected or entered if applicable, its coordinates are saved and image is cropped (c, g) and background is removed (d, h) to obtain the image further used for radial profile acquisition.

Profile acquisition

In order to obtain experimental radial carbon profiles from image processing, the idea was to use the grey level variations corresponding to the different carbon contents over pellet cross-sections. The different steps of profile acquisition and processing are illustrated in Figure 5.6. From the images acquired after raw image preparation (a, e), grey level intensity, from 0 for black to 255 for white, is acquired over different radii of the pellet. Center point of the circle and polar coordinates are used to command the acquisition of several profiles, which are subsequently averaged to obtain the mean greyscale radial profile of the pellet (b, f). Number of acquired profiles on a single pellet is set by the user from 1 to 360 (one per degree). Averaging a high number of profiles allows smoothing the irregularities and imperfections of the pellet cut. The conversion from grey intensity (GI) to carbon load (Lc) is calibrated using the SEM-FEG quantitative results presented in Appendix 8. The correlation between these two values, plotted in Appendix 9, is best approached by second-order exponential function (a*exp(bx) + c*exp(dx)) with a R 2 value of 0.8924. Very few carbon content (0.1 wt.%) is sufficient to visually observe dark color and therefore low grey intensity. The raw profile (c, g) is smoothed using moving average function (window size: 10) to obtain the final carbon profile (d, h).

To verify the consistency of the obtained carbon profile, its average value over the radius is compared with the carbon content obtained by elemental analysis. In the case of the two check samples presented above, a difference is observed: 2.2 wt.%C instead of 1.9 for one and 0.5 for the second while CH analysis gave 1.7 wt.%C. This gap is due to the combined incertitude of luminosity and reflection variation depending on the pictures but also to the error induced by the calibration of the grey-to-carbon scale. As presented in Table 5.1, a difference is observed also for the various calibration samples. It is therefore necessary to correct the profiles obtained by image processing to keep consistency with other profile acquisition techniques and mitigate the error of this method. Correction and normalization of radial carbon profile for comparison with numerical results is discussed in the next paragraph. 

Data normalization

Profiles obtained with the developed image-processing tool are post-treated to allow the comparison with those obtained by numerical resolution. Carbon load was therefore normalized following different strategies depending on the profile appearance. Profiles presenting a flat zone at the outer edge of the pellet are suggested to be entirely regenerated: the minimum value is therefore shifted to 0. If a plateau appears at the center of the pellet, the pellet features an unreacted coke core which normalized value is 1. For the profiles that are not presenting any of these two particular behaviors, carbon load values found by image processing are artificially corrected to match elemental analysis result by using a multiplying factor. As an example, the profile obtained in Figure 5.6.h is multiplied by 3.4 to obtain the experimental 1.7 wt.%C. The profile is subsequently normalized using the initial carbon load considered as homogeneous along the radius. Initial carbon load for the presented example is 3.3 wt.%C. These two strategies cover all possible scenario and provide carbon profiles normalized in both radial and concentration dimensions. These final profiles are then compared with the numerical simulation results as presented in the following section.

Profiles fitting optimization

This section presents the fitting tool developed in collaboration with Dr. Jean-Marie Buchot (IMT) to approach the obtained experimental carbon profiles (Section 5.3.2) with the numerical resolution presented in Section 5.3.1. The optimization of numerical profile is based on the variation of three unknown parameters: the effective diffusion coefficient (D) and the kinetic constants of catalytic degradation and coke oxidation (kdeg and koxi). The difference between the two profiles is evaluated with the residual sum of squares function (RSS) as cost function: J = ∑(y exp -y num ) 2 (5.42) Where yexp and ynum are the experimental and numerical profiles respectively. This cost function J is minimized using Newton method. Finding cost function minimum is equivalent to find the numerical profile for which the derivative of J is null. The Newton problem is therefore set as follows:

F ⃗ (D, k deg , k oxi ) = F ⃗ (X) = ∇J ⃗⃗⃗ (X) = 0 ↔ { f 1 = ∂J ∂D = 0 f 2 = ∂J ∂k deg = 0 f 3 = ∂J ∂k oxi = 0 (5.43)
For each iteration, a new triplet of parameters [D, kdeg, koxi], called X k+1 , is calculated from the previous values (X k ) with a correction term δX similarly to Equation (5.36). This error is evaluated using the following matrix system:

H J (X ⃗ ⃗ k ). δX ⃗⃗⃗⃗ = -F ⃗ (X ⃗ ⃗ k ) (5.44)
Where HJ is the Hessian matrix of the cost function, whose coefficients are by definition the second-order partial derivatives of J. The condensed matrix system described in Equation (5.44) (5.45)

The coefficients of the Hessian matrix and of the gradient column of J (right member of Equation (5.45)) are evaluated with finite difference method. Expression of each coefficient is equivalent to the evaluation of the cost function variation according to each parameter, calling numerical resolution at different set of [D ± ΔD; kdeg ± Δkdeg; koxi ± Δkoxi]. According to these calculations, one Newton iteration for the curve optimization tool requires 25 numerical resolution (1 initial, 6 for the gradient and 18 for the Hessian matrix) leading to quite important calculation times. Considering that one resolution takes in average 4 to 5 s (dt = 10 s), one iteration for triplet parameter correction takes a bit less than 2 minutes. The algorithm loops until norm of cost function gradient is inferior to the set tolerance. The final output is the triplet [D, kdeg, koxi] that fits the most the experimental profile. Even though numerical profile cannot fit perfectly due to image processing limitations and initial simplifications of the problem, this tool is used to provide a first approximation of key parameters during ozonation. This general approach with the simultaneous variation of the three parameters can be simplified by removing adequate matrix coefficients to optimize separately one or two parameters by fixing the other(s).

Results and discussion

Influence of key parameters on numerical resolution

Coke oxidation kinetic constant

The kinetic constant of oxidation (koxi) is the most important term in the reaction term as it describes the reactivity of ozone with coke allowing carbon removal from the catalysts. As discussed in Chapter 4, the balance between diffusion and reaction governs the regeneration regime leading to different carbon repartition profiles. These behaviors are illustrated in Figure 5.7 using the developed numerical resolution. During these simulations, the effective diffusion coefficient D of ozone in the catalyst grain is fixed at 4.10 -7 m 2 .s -1 , corresponding to typical magnitude found in the literature for the diffusion of oxygen in catalysts [START_REF] Kern | Regeneration of coked catalysts-modelling and verification of coke burn-off in single particles and fixed bed reactors[END_REF]. The catalytic degradation kinetic constant of ozone kdeg is set at 1.10 -2 s -1 . For such value, the contribution of this mechanism is limited and can be considered as null since it was experimentally found in Chapter 4 that it physically fluctuates between 10 0 and 10 2 magnitudes. The profiles presented in Figure 5.7 therefore illustrate the influence of the variation of oxidation contribution without any competition with catalytic degradation.

The results obtained with koxi = 1 (Figure 5.7.a) illustrate the typical behavior of regeneration following shrinking-core regime: carbon profiles present a sharp gradient zone with an unreacted coke core located at the center of the catalyst pellet. In such conditions, ozone reacts with carbon before being able to diffuse through the pellet. The O3 concentration profiles show that the center of the catalyst grain is never exposed to ozone after 8h of reaction. In this case, ozone is entirely consumed by coke oxidation. As expected from the shrinking-core model, the completely regenerated ring (LC = 0) is progressing with time as the coke core shrinks. The homogeneous regime regeneration is observed in Figure 5.7.c for lower oxidation rate (koxi = 1.10 -4 ). The reactivity of ozone with carbon is the limiting factor in such conditions: ozone is therefore able to diffuse through the pellet and reach its center before reacting. Coke removal is consequently homogeneous over the radius but is really slow. In Figure 5.7.b (koxi = 1.10 -2 ), intermediate behavior is obtained similarly to experimental results: a wide gradient zone of carbon is observed showing a good balance between diffusion and reactivity. The numerical resolution of the diffusion-reaction system is consequently able to describe the range of experimental behaviors obtained in Chapter 4. The oxidation kinetic constant is therefore expected to be between 10 -4 and 10 0 magnitudes in the investigated temperature range and will be determined using the optimization tool in Section 5.4.2.

Effective diffusion coefficient

The diffusion coefficient of ozone in the catalysts is the parameter governing the mass transfer within the porous matrix. To illustrate its influence over carbon removal, the resolution with different values of D are presented in Figure 5.8. The kinetic constants kdeg and koxi are both fixed at 1.10 -2 for these simulations. The two sets of profiles obtained can therefore be compared with The effective coefficient represents the resistance of the porous material to the diffusion of ozone within the catalyst. As mentioned earlier, industrial zeolite catalysts are a complex three-dimensional network embedding mesoporous but mostly microporous volumes. The pore size of these volumes being different, the diffusion coefficient is different according to the location. Zhokh et al. demonstrated an important difference of diffusion coefficient of C6 cyclic hydrocarbons in ZSM-5 from 10 -16 to 10 -10 between zeolite crystal and pellet [START_REF] Zhokh | Diffusion of C6 cyclic hydrocarbons in ZSM-5 zeolite: From single nanocrystal to packed pellet[END_REF]. Due to the smaller molecular size, the diffusion coefficient of ozone is expected to be more important and values around 10 -9 are found in the literature for the diffusion of molecules with similar sizes in ZSM-5 crystals [START_REF] Sun | Diffusion of N2, O2, H2S and SO2 in MFI and 4A zeolites by molecular dynamics simulations[END_REF]. The coefficient D used in the numerical resolution is the global apparent diffusion coefficient, and is consequently lower than the effective diffusivity in microporous network. The magnitude 10 -7 initially elected from the diffusion of oxygen in pelletized catalysts appears as a relevant value for the physical meaning of the simulation.

Catalytic degradation kinetic constant

The kinetic constant of catalytic degradation kdeg represents the competing mechanism in the reaction term of the process. In the model, ozone either reacts with coke or is degraded over catalytic active sites. A global oxidation rate regarding molecular ozone is observed and indirect oxidation mechanism via radical species is not considered. Catalytic degradation rate is consequently not directly involved in coke removal efficiency but affects the concentration of ozone remaining for oxidation. The influence of kdeg variation on the obtained numerical profiles is illustrated in Figure 5.9. While the contribution of this mechanism was negligible for previous resolutions (kdeg = 1.10 -2 ), it is fixed at 1.10 0 and 1.10 2 for the following profiles (Figure 5.9.a and b). These extreme values include the experimental set of data found in the investigated temperature range. For these simulations, diffusion coefficient was fixed at 4.10 -7 m 2 .s -1 and koxi at 1.10 -2 m 3 .kg -1 .s -1 and can therefore be compared with Figure 5.7.b to evaluate the influence of kdeg parameter in the process.

The increasing contribution of catalytic degradation in ozone reactivity impacts strongly the ozone and carbon radial profiles evaluated at different exposition times. As a competing mechanism with coke oxidation, the important consumption of ozone by catalytic degradation leads to lowered carbon removal efficiency. Consequently, relative carbon content after 8 h of process is slightly higher for kdeg = 1.10 0 (Figure 5.9.a) compared to the final carbon profile obtained in Figure 5.7.b (kdeg = 1.10 -2 ). However, for higher kdeg values, the contribution of this mechanism can become dominant. In such configuration, ozone is likely to be entirely degraded before diffusing and reacting with coke. This behavior, observed experimentally in Chapter 4, is illustrated in Figure 5.9.b. The evolution of the ozone concentration profiles shows that steady state is already achieved after 1 h of process time: due to the important catalytic degradation, only the first half of the pellet radius is exposed to ozone. In such conditions, coke core size will not vary anymore whatever the exposition time of catalysts to ozone gaseous stream. The influence of kdeg parameter is also related to the parameter θ, representing the fraction of available active sites for ozone degradation. This factor is dependent of the carbon load deposited over the catalysts. When the pellet is heavily fouled, catalytic degradation contribution is weak as acid sites are covered by coke. However, as coke is removed and active sites recovered, the influence of kdeg in the reaction term grows. The resolution therefore also depends on the initial carbon load as discussed in the following paragraph.

Initial carbon load

The initial quantity of coke deposited on the fouled catalysts is expected to mostly influence the reaction term of the resolution as it is involved directly in oxidation rate and indirectly in catalytic degradation rate. Different simulations with increasing initial carbon load are presented in Figure 5.10. The elected values are representing the highest coke content obtained in this work (LC0 = 10 wt.%C) and also typical value for spent catalysts of 20 wt.%C found in the literature [START_REF] Kern | Regeneration of coked catalysts-modelling and verification of coke burn-off in single particles and fixed bed reactors[END_REF]. These graphs can be compared with Figure 5.9.a (LC0 = 3.3 wt.%C) to evaluate the influence of initial carbon load in the process. The three key parameters [D; kdeg; koxi] were fixed for these simulations.

The variation of initial carbon load contributes to the oxidation regime as the slope of radial carbon profiles appears to be impacted. Indeed, LC0 is included in the initial Thiele's modulus Φ0 and therefore influences the regeneration regime. However, the contribution of LC0 to the catalytic degradation mechanism through θ does not visually appear on the profiles presented in Figure 5.10. It is suggested that this mechanism is not significant compared to the contribution of koxi using this set of parameters. The importance of initial carbon load would be more pronounced if the model embedded the variation of diffusion coefficient with coke content. A difference of effective diffusivity would then be observed between regenerated zones of the pellet and heavily coked parts, leading to an evolution of diffusion-reaction balance along the radius.

According to the different observations conducted in Sections 5.4.1.1 to 5.4.1.4, the numerical resolution developed in this work is able to describe the different behaviors observed during the experimental investigations. The diffusion coefficient D and the kinetic constant of oxidation koxi appears as the most impacting factors for coke removal efficiency. The variation of regeneration regimes induced by the balance between these parameters generates different profile behaviors approaching the expected shrinking-core and homogeneous regimes. Even though it does not affect coke oxidation directly, the influence of the catalytic degradation constant kdeg is significant as its ozone consumption competes with carbon removal. The influence of initial carbon load LC0 is not significant in the investigated range of coke content despite high values, especially as the variation of D with LC is not described in the model. During these different simulations, conducted to obtain a better apprehension of the physical meaning of the model, the different parameters were treated as separate variables. However, the three key parameters [D; kdeg; koxi] are evolving simultaneously in the system and their values are changing according to the operating conditions during ozonation. The kinetic constants are for instance correlated with temperature. In the following section, the model is confronted to experimental results by optimization in order to quantify the evolution of these parameters. Obtained values and tendencies are then injected in the initial numerical resolution to assess and discuss the physical accuracy and limitations of the model. The optimization results for the higher part of the temperature range present a good fit with the experimental profile (Figure 5.11). The profile with a thin gradient zone (150°C) is particularly accurate. As expected from typical kinetics behavior, the value of koxi decreases with temperature, going from 0.35 to 0.08 between 150 and 100°C. For samples at 125 and 100°C, the match between experimental and numerical profiles remains decent, but the model appears not being able to describe precisely wide gradient zones. For such samples, the contribution of diffusion and its gradient along the pellet radius in the system is expected to be significant. For samples ozonated at lower temperatures (Figure 5.12), oxidation rate is the limiting factor leading to a homogeneous regeneration regime. The obtained koxi values for the samples treated at 50 and 75°C are in accordance with this observation being close to zero. Kinetic constants obtained are represented in an Arrhenius plot (Figure 5.13) to evaluate the activation energy and pre-exponential factor of koxi. The tendency including the five points is not approached by a linear correlation (R 2 = 0.8841). The samples obtained at lower temperatures can be considered as outliers, especially the koxi value obtained at 75°C. Different hypothesies are possible to explain the lack of precision of such methodology to determine kinetic constants. The main expected reason is suggested to be the error generated by the normalization step for the samples without carbon gradient. While entirely regenerated and unreacted coke zones are easily normalized (to 0 and 1 respectively), the normalization for flat profiles is entirely artificial in order to match elemental analysis results. Such post-treatment might be responsible of an important shift of the profile and consequently of the extracted parameters. Moreover, for all the samples, the initial carbon load LC0 remains uncertain: even though the microprobe analysis showed homogeneous repartition along the radius for catalysts used three times in 

Sample ID

Temperature (°C) kdeg (s -1 ) koxi (m 3 .kg -1 .s -1 ) Deff (m 2 .s - pyrolysis, the actual inner carbon content was not consistent with CH analysis. The hypothesis of a carbon-rich thin envelope around the pellets is susceptible to influence highly the use of numerical resolution as the internal initial carbon content would be decreased. Otherwise, when considering the three samples ozonated between 100 and 150°C, the linear tendency appears being more accurate (R 2 = 0.9348). The exponential expression of koxi using Arrhenius law for these three points is presented below in Equation (5.46). Even though this value can be used as a first approximation to obtain its magnitude, further development of the current methodology has to be conducted to determine accurate coke oxidation kinetics.

k oxi = 3.21 × 10 4 × exp ( -39737 8.314 × T )

(5.46)

Based on these results, the activation energy of the apparent rate of coke oxidation is 39.7 kJ.mol -1 . At ambient temperature (T = 293 K), the apparent oxidation kinetic constant is therefore 2.64x10 -3 m 3 .kg -1 .s -1 . This value corresponds to 5.26x10 -23 in cm 3 .molecule -1 .s -1 for comparison with values found in the literature (refer to Table 1.4). The found value is in accordance with the 10 -20 -10 -24 range given by Treacy et al. for molecular ozone reactivity with aromatic and alkane carbon [START_REF] Treacy | Reactions of Ozone with Unsaturated Organic Compounds[END_REF]. However, this observation has to be treated with caution: the extracted koxi value in this work is an effective oxidation rate impacted by diffusion limitations and is therefore underestimating the actual reactivity. Moreover, coke oxidation by radical species is not considered in this study. The variation of koxi determined by optimization is also correlated with an important evolution of Deff. The difference of match between experimental and numerical profiles appears to increase when the contribution of diffusion in the process is growing. The influence of effective diffusion coefficient is discussed in Section 5.4.2.2.

Sensibility of effective diffusion coefficient

During the ozonation process, the effective diffusion coefficient is known to have a major influence on coke removal efficiency. Based on the optimization results, an important variation of Deff is observed according to the temperature. Its value decreases with temperature increase, traducing diffusion limitations at higher temperatures. However, the Deff values determined using the optimization tool have limited physical meaning. This apparent diffusion coefficient can be assimilated to an average value over space and time during the process. Consequently, the values can be used as an indicator of the diffusion phenomena for comparison but are not representing the effective coefficient at any given time in the process (initial or final). This limitation appears as an evidence for samples at 100 and 125°C: considering a constant oxidation rate at a given temperature, the diffusion coefficient is the only parameter impacting the shape and slope of the profile. For the two aforementioned profiles, the model fails to describe the slope variation in the carbon gradient zone. This is the consequence of the hypothesis of a constant Deff coefficient for initial problem simplification.

In the real system, effective diffusion coefficient is changing with space and time as it is correlated with carbon load as discussed in Section 5.2.2. Deposited coke is indeed impacting the porosity and tortuosity of the catalysts and consequently the ability of ozone to diffuse through the porous matrix. As coke is removed, resistance to ozone mass transfer decreases and its diffusion coefficient increases. The fluctuation of slope observed in the carbon gradient zones is due to this change: the gradient is sharp close to the unreacted coke core as diffusion resistance is increased by coke while the slope is smooth near the entirely regenerated zone. In a single sample, the diffusion coefficient varies alongside the radius in a range defined by the different carbon loads. The extreme values of this range are approximated in Figure 5.14: using fixed koxi value determined in the previous paragraph, Deff is optimized to match the profiles at the gradient zone limits. According to this exploitation, the effective diffusion coefficient of ozone in fresh catalysts is around 4.10 -6 m 2 .s -1 . Similar magnitude is found in the literature for molecules with similar molecular diameters [START_REF] Brosillon | Mass Transfer in VOC Adsorption on Zeolite : Experimental and Theoretical Breakthrough Curves[END_REF]. This value decreases down to 1.10 -7 m 2 .s -1 when coke is deposited over the catalyst, traducing the evolution of pellet porosity and the tortuous pathway for ozone circulation. These limiting values are identical or similar when the temperature varies as it affects mostly the kinetic constants. As expected from Equation (5.4) (p.121), the influence of the temperature on the diffusion coefficient is not important. The variation of Deff during the ozonation process is consequently very important: the current model is therefore not able to describe the process. An empiric correlation between the diffusion coefficient and the carbon load has to be determined to implement a varying Deff in the model. Such upgrade would allow removing this coefficient of the unknown parameters in the resolution, and the optimization could be conducted for the different kinetic constants simultaneously. 

Conclusions and key takeaways

The regeneration by ozonation of ZSM-5 catalysts coked at 450°C during pyrolysis of polyethylene was studied in this chapter with a modelling approach of diffusion-reaction phenomena at single catalyst particle level. The coupled resolution of the partial differential equations was successfully solved using Newton algorithm to describe the system of coke oxidation with ozone in a porous catalyst. The physical sense of the model was discussed by observing separately the influence of key parameters on the resolution: diffusion coefficient, kinetic constants of coke oxidation and catalytic degradation, as well as initial carbon load. As expected from the experimental results obtained in Chapter 4, Deff and koxi are the parameters changing the shape of the obtained radial carbon profile as the regime of regeneration is affected. The other parameters, kdeg and LC0, are more significant regarding the coke removal efficiency and time of exposure as it influences the quantity of available reactants (ozone and carbon). Balance between chemical reactivity and pore diffusion appears in both experimental and numerical results with observation of different regeneration regimes: homogeneous when diffusion is the limiting factor (at low temperatures) and shrinking-core when process is driven by ozone reactivity (at high temperatures). Experimental radial carbon profiles over pellets cross-section are obtained via SEM-FEG analysis and/or developed image-processing routine. An optimization code was then implemented in order to compare experimental and numerical results and to determine unknown key parameters of ozonation process. This curve-fitting tool optimizes different variable parameters (D, kdeg and koxi) in the resolution to reduce the cost function between the profiles. Such approach allowed to extract values for crucial parameters of the ozonation process. The coke oxidation kinetic constant was estimated at different temperatures, which resulted in determining activation energy (39.7 kJ.mol -1 ) via Arrhenius law. Moreover, the range of effective diffusion coefficient was found between 1.10 -7 and 4.10 -6 m 2 .s -1 , showing the importance of a varying D to accurately describe ozonation. Obtained results and correlations are confronted to literature for model limitations and future implementations discussion. Indeed, the developed model for the PDEs system resolution presents some physical limitations as it fails to describe accurately the process when an important gradient of carbon load, thus of diffusion resistance, is present over the radius. The different achievements and conclusions of this chapter are summarized in Figure 5.15. 

General conclusion

General conclusion (English version)

The research project conducted in this PhD thesis combined the study of two different processes: catalytic pyrolysis of low-density polyethylene and regeneration of coked catalysts via ozonation. While the regeneration process by ozonation was the core motivation for this work due to its innovative aspect, the necessity of a model reaction for catalysts deactivation represented an opportunity to investigate another process in parallel: catalytic pyrolysis of plastic wastes was elected. One of the main challenges of this work was to maintain a proper balance between these different problematics: even though a sufficient comprehension of pyrolysis and deactivation phenomena were required, the ozonation process for the regeneration of coked catalysts had to remain the center of the research project. This diversity represents the wealth and training aspect of this PhD work, covering many scientific domains involving complex phenomena in different processes with combined approaches. Indeed, on top of the experimental aspect very present, the numerical approach for the modelling of the reaction was brought in this project with a will of developing homemade codes and tools that would be useful for the continuity of the research. The presented results consequently cover various scientific aspects and development of new methodologies focused towards an intensive study and a deeper comprehension of the ozonation process.

Results

The results presented in this PhD thesis provide comprehensive insights regarding the deactivation of industrial ZSM-5 catalysts by coking during pyrolysis of LDPE and the regeneration of so-deactivated material using ozonation. Deactivation via coke formation was observed on catalysts during LDPE pyrolysis at 450°C in a semi-batch reactor. Deposition and formation of coke over the zeolites at an important rate led to rapid loss of catalytic performances, which was evaluated in this work by a measure of pyrolysis products quality. As catalytic deactivation progresses, a significant drop of aromatic products and light fraction molecules is observed, traducing the loss of respectively rearrangement and cracking capacity of the catalysts. After five successive uses of spent catalysts, pyrolysis oils remained of higher quality than those obtained with purely thermal reaction. Zeolites consequently remained chemically active despite heavy catalytic activity loss and important decrease of their textural and chemical properties. Analyzed carbonaceous molecules presented a major part of heavy stable coke. Deactivation via coking during pyrolysis was described in a suggested pathway leading to final complete deactivation. Initial coke deposition after first catalyst use mostly occurs in micropores with the formation of condensed cyclic coke molecules. Lighter compounds are also deposited as external coke around zeolite crystals. During successive reuses of the catalysts, mechanisms of coke growth are observed with progressive condensation of coke combined with deposition of additional coke. While microporous coke growth is restrained by steric limitations, external coke progresses importantly due to additional soft coke and forms a coke barrier around zeolite crystals. This phenomenon causes important pore blocking. Microporous volume is therefore more impacted than mesopores, thus the loss of Brønsted acidity is more important compared to Lewis acid sites. The obtained evolution of catalysts properties is well correlated with the decrease of pyrolysis oils quality, thus catalytic performances.

Use of ozonation as an alternative method to combustion to remove coke allowed regenerating ZSM-5 catalysts and obtaining almost complete recovery of fresh catalytic characteristics. While initial acidity is entirely recovered (Lewis and Brønsted sites), textural properties (specific surface and global porosity) remains impacted by residual coke. Nevertheless, ozonation appears to fully restore catalytic efficiency as similar pyrolysis products to fresh catalysts use were obtained when reusing ozonated zeolites. Due to the heavy nature of removed coke molecules, such results are highly promising regarding a wide range of applications for ozonation. During regeneration, important coke removal is observed during the early stages of the reaction while complete oxidation appears difficult to achieve due to diffusion limitations.

A deeper comprehension of the different phenomena involved during the ozonation process was achieved in this work thanks to an intensive parametric study, to the application of a wide range of analytical techniques and to a modelling approach of the reaction. The ozonation process for the regeneration of coked catalysts is a diffusionreaction system in which the balance of mass transfer and reactivity plays an important role in coke removal efficiency. This work showed that time of exposure and temperature are the most impacting parameters in the process. Rapid oxidation is observed during the early stages of the reaction corresponding to the removal of external easily accessible coke. Process efficiency with time of exposure then has an asymptotic behavior when unreacted coke is subject to ozone mass transfer limitations. Different regeneration regimes are observed depending on the operating conditions: (i) the shrinking-core regime when diffusion is the limiting factor, at relative high temperatures (150°C), or (ii) the homogeneous regime when coke oxidation rate is governing the reaction, observed at lower temperatures (50-75°C).

One of the main challenge for the study of this process is the presence of different competing mechanisms for ozone consumption: thermal recombination, catalytic degradation and coke oxidation. A kinetic study at reactor scale demonstrated that the influence of thermal recombination is negligible facing catalytic degradation. Even though ozone reactivity over zeolite active sites can form hydroxyl radicals favorable to coke oxidation, its major contribution can lower process efficiency: at high temperatures, ozone is fully degraded before being able to diffuse through the pellet and to react with coke. At reactor scale, the exothermic character of coke oxidation and growing competition with catalytic degradation during the reaction (recovery of active sites) generate important gradients of temperature and concentration alongside the catalytic bed. Fixed bed ozonation process therefore presents heterogeneous efficiency depending on the position of catalysts in the reactor.

Optimal regeneration temperature obtained in this work (up to 98% of coke removal) is between 100 and 125°C providing a good balance between oxidation and degradation rates as well as diffusion of oxidative species. Choice of temperature is therefore a crucial aspect of the process. This equilibrium was observed and quantified at single catalyst grain scale with the experimental acquisition of radial coke profiles. Different behaviors were obtained according to the regeneration regime by analyzing coke core and gradient zone sizes over these carbon profiles. These experimental results were successfully confronted to simulations obtained via the resolution in space and time of the ozone and carbon concentrations over catalyst radius.

The modelling approach provided promising results as the different behaviors obtained experimentally are described by solving the PDEs system. Different key parameters of the process, such as effective diffusion coefficient and ozone reaction rates (coke oxidation and catalytic degradation), were extracted by combining experimental and simulation results. The parametric identification allowed approximating key parameters for ozonation, which experimental determination is difficult due to ozone instability. The effective diffusion coefficient of ozone in industrial ZSM-5 catalyst is varying depending on the coke content, from 4.10 -6 m 2 .s -1 in fresh catalyst to 1.10 -7 m 2 .s -1 in sample containing 3.3 wt.% carbon. The activation energy of apparent coke oxidation is also approximated (39.7 kJ.mol -1 ) using Arrhenius law. Obtained results and correlations were confronted to the literature to discuss model limitations and future implementations.

Based on the different results and conclusions of this work, ozonation process for the regeneration of coked catalysts appears as a credible alternative to combustion of coke with oxygen. The ability of this innovative process to oxidize heavy coke compounds and to restore catalytic properties and efficiency around 100°C is promising when compared to the important temperature required for oxidation with oxygen (500°C).

Perspectives

Following the intensive study and methodology development conducted in this work, different challenges remain due to the complexity of the investigated processes, providing leads for future investigations. Concerning catalytic pyrolysis of plastics, short-term concerns to pursue the development of this research aspect in the lab would be to further develop the experimental setup and to optimize the experimental operating parameters to approach conditions described in the literature. Next pilot upgrade consequently needs to feature a mean to collect and analyze gas fraction of pyrolysis products to conduct material balance. Temperature regulation also has to be improved to have a better control over heating ramp that needs to be around 20°C/min for optimal oil quality. Once pilot robustness is proved, the next relevant aspect for the study of ozonation viability would be to reuse catalysts in successive cycles of deactivation/regeneration to assess the evolution efficiency of regeneration. Moreover, using different geometries of zeolite catalysts could allow studying the influence of shape selectivity on pyrolysis and pursuing investigations regarding coke location (microporous or mesoporous volumes, coke deposited around the pellets). An industrial configuration for catalytic pyrolysis could also be investigated by using different reactors: a cracking reactor followed by a catalytic rearrangement level. Future work with high industrial relevance would be to use real wastes, such as municipal plastics waste, as feedstock for pyrolysis [START_REF] Gebre | Recent Trends in the Pyrolysis of Non-Degradable Waste Plastics[END_REF].

Future studies on ozonation could concern further optimization of operating conditions to reach maximal coke removal in reduced time. Use of sequential ozonation with different temperature steps during the process would be of high interest for such efficiency improvement: a sequential process could involve a rapid step with important initial temperature to quickly remove external coke, followed by a longer low-temperature step to favor diffusion of oxidizing agents for internal coke removal. Initial tests for process with temperature steps led to 84% of coke removal in tubular reactor (samples R21 and R27 in Appendix 6). In order to facilitate reuse of catalysts in initial process, which is here pyrolysis but all coking reactions can be considered, homogeneity of regeneration efficiency in a sample has to be ensured. Use of fluidized bed reactor could be investigated to overcome this challenge and meet industrial needs. Number of ozonation cycles before degradation of regeneration efficiency as well as energetic comparison are research axis that need to be considered in the future prior to envisage the industrial development of this process.

Coming back to fundamental considerations, some aspects of ozone reactivity and mass transfer could be further investigated, such as the contribution of hydroxyl radicals in indirect oxidation of coke by using radical inhibitors during the reaction. The study of such unstable species reactivity with complex coke molecules in microporous zeolite structures remains challenging to this day. Operando techniques, which are used to monitor coke growth over catalysts in different studies [START_REF] Wragg | Mapping the coke formation within a zeolite catalyst extrudate in space and time by operando computed X-ray diffraction tomography[END_REF][START_REF] Passos | Operando monitoring of metal sites and coke evolution during non-oxidative and oxidative ethanol steam reforming over Ni and NiCu ex-hydrotalcite catalysts[END_REF], appear as an interesting possibility to investigate experimentally coke oxidation and determine the contribution of direct and indirect mechanisms. If combined with a spatial repartition approach, exciting insight on complex diffusion phenomena would be obtained. Emergence of novel analytical techniques for zeolite-based materials could overcome many of the current barriers for further comprehension of regeneration reactivity during ozonation and more generally of radical reactivity over zeolites [START_REF] Van Vreeswijk | Emerging analytical methods to characterize zeolite-based materials[END_REF]257].

The modelling aspect of this study also provides many thrilling opportunities for future work by adding different bricks of complexity to gain model accuracy: implementation of variable effective diffusion coefficient changing with space and time with carbon load, determination of an empirical correlation between catalyst tortuosity and coke content, addition of a detailed reaction term or more insights on coke nature diversity and complexity of its location could be added to model the reaction at catalyst grain scale. Eventually, the modelling of the ozonation process at reactor scale is also of high interest to achieve deeper comprehension of the reaction. For further industrial development, modelling of the ozonation process in a fluidized bed reactor would be of high relevance.

Complete energetic study over the whole process is required to evaluate the environmental and economic viability of the process. The industrial implementation of ozonation involves additional energy consumption sources other than reactor heating: production of ozone via electric discharge and complete destruction of residual ozone in the effluents. Indeed, ozone is a toxic compound subject to release regulations and therefore needs to be degraded before venting. The industrial application of ozonation is likely to operate in a fluidized bed reactor to avoid the heterogeneity of coke removal efficiency observed in this work. Considering a FCC-type industrial unit with a catalytic bed transferred between process and regenerating reactors, ozonation could be implemented in the regeneration unit. A combined process with catalytic pyrolysis of plastics and regeneration via ozonation, joining the different aspects investigated in this PhD research, could even be imagined in similar industrial units.

Conclusion générale

Conclusion générale (Version française)

Le projet de recherche mené dans cette thèse de doctorat combine l'étude de deux procédés : la pyrolyse catalytique du polyéthylène à basse densité et la régénération des catalyseurs cokés par ozonation. Bien que le procédé de régénération par ozonation constituait la genèse de cette étude de par son aspect innovant, la nécessité d'avoir une réaction modèle pour la désactivation des catalyseurs s'est présenté comme l'opportunité d'explorer un procédé différent en parallèle : la pyrolyse catalytique des déchets plastiques a été choisie. L'un des principaux défis de cette thèse était de maintenir l'équilibre entre ces différentes problématiques : bien que l'étude de la pyrolyse était requise pour appréhender les phénomènes de désactivation, le procédé d'ozonation pour la régénération des catalyseurs cokés devait demeurer le coeur du projet de recherche. Cette diversité des problématiques abordées représente la richesse et l'aspect formateur de ce doctorat. En effet, de nombreux domaines scientifiques sont couverts, impliquant des phénomènes complexes dans différents procédés avec des approches variées. En plus de l'aspect expérimental très présent dans ce projet, l'approche numérique pour la modélisation de la réaction a été intégrée avec la volonté de développer en interne des codes et des outils qui seraient utiles pour la poursuite du projet. Les résultats obtenus et présentés couvrent donc divers aspects scientifiques ainsi que le développement de nouvelles méthodologies, le tout au service d'une étude approfondie du procédé d'ozonation et d'une meilleure compréhension des phénomènes impliqués.

Résultats

Les résultats présentés dans cette thèse fournissent à la fois un aperçu global et des considérations locales sur la désactivation des catalyseurs ZSM-5 industriels par formation de coke lors de la pyrolyse du polyéthylène basse densité, ainsi que sur leur régénération par ozonation.

La désactivation par formation de coke a été étudiée lors de la pyrolyse du PE-BD à 450 °C dans un réacteur semi-batch. La formation de coke au cours de la pyrolyse est importante, entraînant une perte rapide des performances catalytiques. Cette évolution a été évaluée dans ce travail par la mesure de la qualité des huiles de pyrolyse : une diminution importante des produits aromatiques et de la fraction de molécules légères a été montrée. Cette évolution indique la diminution des capacités de réarrangement et de craquage du catalyseur. Après cinq utilisations successives de catalyseurs, les huiles collectées restent de meilleures qualités que celles obtenues par pyrolyse purement thermique. Les zéolithes sont donc toujours actives malgré une forte diminution de leurs performances et une perte significative de leurs propriétés texturales et chimiques. Les dépôts carbonés analysés sont majoritairement composés de coke lourd et stable. Un mécanisme de désactivation est proposé dans cette étude, correspondant à la formation de coke jusqu'à la désactivation complète du matériau catalytique. Le coke formé lors de la première pyrolyse se dépose majoritairement dans les micropores en formant des molécules cycliques condensées. Des composés plus légers sont aussi formés sur et autour des cristaux de zéolithes (coke externe). Au cours des réutilisations successives des catalyseurs, les mécanismes connus de croissance de coke sont observés avec la condensation progressive du coke et un dépôt additionnel. Alors que le coke microporeux est limité stériquement, le coke externe progresse et forme une enveloppe autour des cristaux de zéolithes. Ce phénomène génère un blocage de pores important. Les micropores sont ainsi plus fortement impactés que les mésopores, et par conséquent la perte des sites de Brønsted, est plus importante que celle des sites de Lewis. Une bonne corrélation est observée entre l'évolution des caractéristiques des catalyseurs et la diminution de la qualité des huiles de pyrolyse, et donc de l'activité catalytique. L'utilisation de l'ozonation comme méthode alternative à la combustion pour oxyder le coke a permis de régénérer les catalyseurs ZSM-5 et de retrouver des propriétés proches des catalyseurs frais. L'acidité initiale est entièrement régénérée (sites de Brønsted et Lewis), les propriétés texturales (surface spécifique et porosité totale) restent légèrement impactées par du coke résiduel. Malgré tout, l'ozonation permet de restaurer entièrement la performance des catalyseurs car la réutilisation des zéolithes ozonées en pyrolyse a permis d'obtenir des produits similaires à ceux collectés après l'utilisation de catalyseurs frais. Ces résultats sont donc très prometteurs pour une gamme d'application plus large du procédé d'ozonation si l'on considère la nature stable du coke lourd oxydé. Alors qu'une rapide oxydation du coke est observée au cours des premiers instants de la réaction, une régénération totale est difficile à cause de limitations de diffusion.

Une compréhension approfondie des phénomènes impliqués au cours de l'ozonation a été acquise par cette thèse grâce à une étude paramétrique importante, à l'utilisation d'une vaste gamme de techniques analytiques et à une approche numérique de la réaction. Le procédé d'ozonation pour la régénération de catalyseurs cokés est un système de diffusion-réaction régi par un équilibre entre le transfert de matière et la réactivité. Ces travaux ont montré que le temps d'exposition et la température sont les paramètres clés du procédé. L'oxydation rapide observée dans les premiers instants de la réaction correspond au nettoyage du coke externe facilement accessible. Le taux de conversion du coke présente ensuite un comportement asymptotique car le coke restant est moins facilement atteignable et est donc sujet à une limitation liée au transfert de matière. Différents régimes de régénération sont observés selon les conditions opératoires : (i) celui du coeur rétrécissant lorsque la diffusion est le facteur limitant, à des températures relativement élevées (150°C), ou (ii) celui du régime homogène si la réaction est régie par la réaction d'oxydation, observé à des températures plus basses (50-75°C).

L'une des difficultés de l'étude de ce procédé est la présence de plusieurs mécanismes réactionnels en compétition pour la consommation d'ozone: la recombinaison thermique, la dégradation catalytique et l'oxydation du coke. Une étude cinétique à l'échelle du réacteur a démontré que la contribution du mécanisme de recombinaison thermique est négligeable comparé à celle de la dégradation catalytique. Bien que ce dernier permette la formation de radicaux hydroxyles favorables à l'oxydation du coke, son importante contribution entraîne une baisse d'efficacité du procédé dans certaines conditions : à haute température, l'ozone est entièrement dégradé avant de pouvoir diffuser au coeur du grain et de réagir avec le noyau de coke. A l'échelle du réacteur, le caractère exothermique de l'oxydation du coke et sa compétition croissante au cours de la réaction avec la dégradation catalytique de l'ozone (restauration des sites actifs) génèrent d'importants gradients de température et de concentration le long du lit catalytique. La régénération par ozonation en lit fixe présente ainsi une hétérogénéité importante et une efficacité variable selon la position des catalyseurs dans le réacteur.

La température optimale d'ozonation (près de 98% d'élimination de coke) obtenue dans cette étude est entre 100 et 125°C, permettant un bon équilibre entre cinétiques de réaction et diffusion des espèces oxydantes. Le choix de la température est donc un point crucial du procédé. Cet équilibre a été observé et quantifié à l'échelle du grain de catalyseur grâce à l'acquisition expérimentale de profils radiaux de carbone. Les différentes tendances liées aux régimes de régénération ont été mises en évidence en analysant la variation de taille du noyau de coke non-réagi et de la zone de gradient de carbone sur les profils radiaux. Ces résultats expérimentaux ont été confrontés avec succès à des profils issus de simulation du procédé, par la résolution en temps et espace des concentrations d'ozone et de carbone sur le rayon d'un grain de catalyseur.

La modélisation du système a permis d'obtenir des résultats prometteurs permettant de décrire les différentes tendances obtenues expérimentalement grâce à la résolution d'un système d'EDP. Les paramètres clés du procédé d'ozonation, tels que le coefficient de diffusion effectif ou les cinétiques de réaction de l'ozone (oxydation du coke et dégradation catalytique), ont été extraits de cette combinaison des résultats expérimentaux et simulés. L'identification paramétrique a permis d'approcher ces paramètres importants du procédé dont la détermination expérimentale est difficile de par l'instabilité de l'ozone. Le coefficient de diffusion effectif de l'ozone dans un catalyseur ZSM-5 industriel varie, selon l'évolution de la teneur en coke, de 4.10 -6 m 2 .s -1 pour un catalyseur vierge à 1.10 -7 m 2 .s -1 pour un catalyseur contenant 3.3 wt.% de carbone. L'énergie d'activation apparente de l'oxydation du coke est aussi déterminée (39.7 kJ.mol -1 ) à l'aide de la loi d'Arrhenius. Les résultats et corrélations obtenus ont été comparés à la littérature afin de discuter des limites du modèle et des futures améliorations. D'après les différents résultats et conclusions présentés dans cette thèse, le procédé d'ozonation pour la régénération de catalyseurs cokés semble donc être une alternative crédible à la combustion par oxygène. Ce procédé innovant a permis d'oxyder des molécules de coke lourd à 100°C sur un catalyseur microporeux et de restaurer entièrement son activité catalytique, montrant un différentiel de température important comparativement au procédé classique (500°C).

Perspectives

Suite au travail approfondi et au développement de méthodologie conduits dans cette étude, différentes problématiques demeurent au vu de la complexité des procédés étudiés, donnant des pistes intéressantes pour de futurs travaux. Afin de poursuivre le développement de l'axe de recherche pyrolyse au sein du laboratoire, différentes améliorations sont à envisager à court terme afin d'optimiser le protocole expérimental et d'approcher les conditions opératoires optimales identifiées dans la littérature. Une collecte et une analyse de la phase gazeuse des produits de pyrolyse sont ainsi à implémenter afin de pouvoir réaliser le bilan massique de la réaction. De plus, il est nécessaire d'améliorer la régulation de la température afin d'obtenir une rampe de chauffe de 20°C/min, optimale pour la qualité des huiles. Une fois la robustesse du pilote démontrée, la réutilisation de catalyseurs ozonés sur plusieurs cycles de désactivation/régénération apparaît comme le prochain point à étudier afin d'évaluer l'évolution de la capacité de régénération. D'autre part, l'utilisation de zéolithes avec des géométries variables permettrait de déterminer l'influence de la sélectivité stérique et de poursuivre la recherche sur la localisation du coke (micropores, mésopores et coke déposé autour des grains). Une configuration proche de l'industrie de la pyrolyse catalytique pourrait être envisagée en utilisant différents réacteurs : un réacteur de craquage puis un niveau de réarrangement catalytique. De plus, il serait intéressant de travailler avec des déchets « réels », par exemple l'utilisation de plastiques municipaux qui représentent aujourd'hui un axe de travail potentiel d'un grand intérêt industriel [START_REF] Gebre | Recent Trends in the Pyrolysis of Non-Degradable Waste Plastics[END_REF].

Concernant le procédé d'ozonation pour la régénération de catalyseurs cokés, la poursuite de l'optimisation des conditions opératoires du procédé pourrait être le sujet de futures études. La mise en place d'un procédé séquencé avec différents paliers de températures semble être une piste d'amélioration : un palier court à haute température (150°C) pour nettoyer rapidement le coke externe suivi d'un temps plus long avec une diminution de la température pour favoriser la diffusion des espèces oxydantes et la réaction avec le coke interne. Des tests préliminaires utilisant cette stratégie en réacteur tubulaire ont mené à un taux d'élimination de 84% du coke (échantillons R21 et R27 en Annexe 6). Afin de favoriser la réutilisation des catalyseurs ozonés dans le procédé d'origine, l'homogénéité de la régénération doit être assurée dans le lit catalytique. Pour répondre à ce besoin industriel, l'utilisation d'un lit fluidisé pourrait faire l'objet d'études pour le procédé d'ozonation. Le nombre de cycles avant une perte d'efficacité ainsi qu'une comparaison énergétique seront donc des axes à étudier dans le futur avant d'envisager un développement industriel de ce procédé.

Concernant les aspects plus fondamentaux de la réaction, l'étude de certains aspects de la réactivité et du transfert de l'ozone pourraient être approfondis. Ainsi, la contribution des radicaux hydroxyles pour l'oxydation indirecte du coke pourrait être étudiée grâce à l'utilisation de molécule inhibitrices de radicaux au cours de la réaction. Le suivi d'espèces chimiques instables et leur réactivité avec des structures de coke complexe au sein d'un matériau microporeux reste à ce jour un défi majeur. Les techniques analytiques operando, utilisées pour suivre la croissance du coke au sein de catalyseurs dans différentes études [START_REF] Wragg | Mapping the coke formation within a zeolite catalyst extrudate in space and time by operando computed X-ray diffraction tomography[END_REF][START_REF] Passos | Operando monitoring of metal sites and coke evolution during non-oxidative and oxidative ethanol steam reforming over Ni and NiCu ex-hydrotalcite catalysts[END_REF], semble être une possibilité prometteuse pour étudier l'oxydation du coke in situ et déterminer la contribution des mécanismes d'oxydation direct et indirect. Une telle étude avec un suivi spatial de la répartition des espèces permettrait d'acquérir une compréhension approfondie des phénomènes de diffusion complexes impliqués. L'émergence de nouvelles techniques analytiques pour les matériaux zéolitiques devrait permettre de telles avancées pour les procédés de régénération mais plus généralement pour la réactivité des espèces radicalaires sur les zéolithes [START_REF] Van Vreeswijk | Emerging analytical methods to characterize zeolite-based materials[END_REF]257]. L'aspect modélisation de ce travail pourrait être amélioré en complexifiant le modèle actuel avec des briques supplémentaires pour améliorer la justesse du modèle : l'implémentation d'un coefficient de diffusion effectif variable évoluant dans l'espace et le temps en fonction de la teneur en carbone, une corrélation expérimentale liant la tortuosité du grain de catalyseur avec la quantité de coke, l'ajout d'une réactivité plus complète ou l'ajout de notions concernant la diversité de la nature et de la localisation du coke permettrait une description précise de la réaction à l'échelle du grain. Enfin, pour atteindre une meilleure compréhension de la réaction, la modélisation du procédé d'ozonation à l'échelle du réacteur présente de même un grand intérêt. Dans l'optique d'un développement industriel, la modélisation du procédé en lit fluidisé semble plus pertinent. Scanning method provides a good image of carbon spatial variation as used mesh over the radius is thin. The different zones of interest consequently appear clearly over pellets presented coke core: completely regenerated outer ring, gradient zone with partial coke removal and unreacted core if relevant. The three zones present visual correspondence with optic images of pellet cross-sections. Initial carbon repartition being homogeneous according to Cok3 analysis, this last zone is visible when the profile presents a plateau near the center of the pellet. Sample R3 is the only one that does not present unreacted core, proving that ozone was able to diffuse through the pellet and oxidize coke until its center during the regeneration. Despite remaining limited noise, use of smoothing function gives exploitable profiles. Smoothed data were here obtained using moving average function (window size: 10). Scanning profile can therefore be used to determine gradient zone width and reaction front, which are important notions in the shrinking-core model [START_REF] Kern | Regeneration of coked catalysts-modelling and verification of coke burn-off in single particles and fixed bed reactors[END_REF]. However, this exploitation is not applied here due to limitations of precision measurement. Indeed, the relatively important size of sample at SEM scale does not allow locating precisely the center of the pellet to place the acquisition line. Some profiles are then shorter than 750 µm (expected radial distance). The measure would thus not be precise at micrometer scale as such conclusions on core size or reaction front location would require, but remains a good approximation. Precise measure of such distances could give the possibility to illustrate the influence of time on the progression of shrinking-core. Such observation was intended on samples R2 and R4, exposed to the same conditions during 3 h and 6h respectively, but bad pellet choice and precision limitations did not permit to differentiate the tiny evolution between them.

Haute

As mentioned in Section 4.2, quantitative results obtained with mapping method are consistent with elemental analysis for partially regenerated samples. This conclusion is thrilling, especially considering the usual challenge represented by carbon analysis in such low contents due to its volatility. In this method, raw elemental contents of carbon, but also oxygen, silica and aluminum, are measured after calibration using different standard samples with known proportions (SiC, Al and Fe3O4 standards). Elemental contents are then normalized so that the total of identified weight is 100%. These carbon content values (given in wt.%) are corrected using the pollution term. This carbon pollution is measured over fresh catalyst pellet and is usually found between 1 and 2 wt.%C. This value is subtracted to the normalized result to obtain the final carbon content consistent with CH analysis. The determination of this pollution term appears as being the main limitation of the method as it changes with time and depending on the carbon content of the analyzed point. The source of this pollution was attributed to electron beam interactions with the pellet: cross-polished surface is a virgin environment with important reactivity and adsorbing capacity. Even though, SEM-FEG analysis is carried out under vacuum, it is suggested that increasing carbon pollution over fresh samples is due to deposition of gas traces present in the initial atmosphere or formed by partial degradation of coke with electron beam. These interactions could also possibly generate a difference of surface pollution between zones initially carbon-free or those containing coke. In this work, carbon pollution was only determined with an average of carbon content analyzed for 4-5 points over fresh sample. After each profile acquisition lasting between 20 and 30 min depending on the number of points, this measure is repeated to take into account the increasing tendency of this pollution. Even though results are valid for the investigated samples, further investigations have to be conducted to understand the source of the polluting species in order to mitigate it or to adapt the correcting term with the type of analyzed surface (fresh, coked or fully regenerated).
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 11 Figure 1.1. Structures of four particular zeolites (from top to bottom: faujasite or zeolites X and Y; zeolite ZSM-12; zeolite ZSM-5 or silicalite-1; zeolite Theta-1 or ZSM-22) and their micropore systems and dimensions (Weitkamp et al., 2000) [10].
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 12 Figure 1.2. Formation of acid sites in zeolites. M is an electrons acceptor, can be either a compensating cation or extra framework aluminum oxide (AlxOy n+ ).
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 13 Figure 1.3. Illustration of shape-selectivity using zeolites as catalysts in (a) reactant selectivity with the cleavage between linear and branched hydrocarbons and (b) product selectivity during methylation of toluene (Dhakshinamoorthy et al., 2020) [26].
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 14 Figure 1.4. Representation of zeolite material from atomic scale to its pelletized form for industrial use. Adapted from Mitchell et al. (2013) [27].
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 15 Figure 1.5. Spatial representation of ZSM-5 zeolite structure, from tetrahedral primary unit to the framework structure and inherent channel system (blue: straight channels; red: sinusoidal channels; green: intersection voids). Combined scheme adapted from Weitkamp et al. (2000) [10], Lounis et al. (2018) [32] and Kamaluddin et al. (2022) [33].
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 16 Figure 1.6. Plastic demand by domain and type of polymer in 2019. Illustration taken from report "Plastics -the Facts 2020". Source: PlasticsEurope. Polyethylene PE (LLD: linear low-density; MD: medium-density), polypropylene PP, polystyrene PS, polyvinyl chloride PVC, polyethylene terephthalate PET, acrylonitrile butadiene styrene ABS, styrene acrylonitrile SAN, poly(methyl methacrylate) PMMA, polyamide PA, polycarbonates PC, polyurethane PUR.
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 17 Figure 1.7. Schematic representation of the different existing methods for plastic waste recycling and their implementation in the circular economy.

Figure 1 . 8 .

 18 Figure 1.8. Product yield comparison between thermal and catalytic pyrolysis of HDPE. Graph adapted from Seo et al. (2003) [74].
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 19 Figure 1.9. Reaction pathways for catalytic pyrolysis of polyolefins (Aguado et al., 2001) [65].
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 110 Figure 1.10. Thermogravimetric analysis (TGA) for determination of degradation temperature for different polymers (Lopez et al., 2011) [67].
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 111 Figure 1.11. Different possible continuous reactor configurations for catalytic pyrolysis of plastics: (a) fixed bed reactor, (b) fluidized bed reactor, (c) conical spouted bed reactor. Adapted scheme from Ochoa et al. (2020) [14].

Figure 1 . 12 .

 112 Figure 1.12. Schematic representation of catalytic pyrolysis of polyethylene over ZSM-5 with repartition of obtained products. Source molecules 3D models: Wikipedia.
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 114 Figure 1.14. Conceptual models representing main mechanisms of metal particles sintering due to thermal degradation (Ochoa et al., 2020) [14].
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 113 Figure 1.13. Illustration of main catalytic deactivation pathways (Bartholomew et al., 2003) [4].
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 115 Figure 1.15. Deactivation pathways by coke formation from precursors adsorption to structural damages at advanced coke growth stages (Ochoa et al., 2020) [14].
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 116 Figure 1.16. Simplified scheme of coke formation from hydrocarbons and molecular coke over acid zeolite catalysts (Guisnet et al., 2001) [89].
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 117 Figure 1.17. Necessary conditions for coke formation over catalysts and major influencing parameters (Guisnet et al., 2001) [89].
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 118 Figure 1.18. Rate of coke formation and weight content over steel cylinder during thermal cracking of ethane between 750 and 850°C (Mahamulkar et al., 2016) [95].
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 119 Figure 1.19. Reaction scheme for coke formation during catalytic cracking of VGO. Adapted from Moustafa et al. (2003) [98]. Black: chemical compounds. Red: reaction mechanisms.
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 120 Figure 1.20. Scheme of coke formation over pelletized ZSM-5 zeolite, representing coke deposition and pore blocking both at mesopore and micropore level.
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 121 Figure 1.21. Schematic representation of the main coked zeolites regeneration methods with the principal generated products. Operating conditions are discussed in respective section.
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 1 Figure 1.22. (a) Shell progressive regeneration of fouled pellet following shrinking-core mode (Fogler et al., 2011) [125]; (b) Coke removal during combustion of catalyst pellets in a fixed bed reactor (Müller et al., 2010) [126].
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 123 Figure 1.23. Carbocation mechanism for the reaction of oxygen with an adsorbed coke molecule Presented by Dong et al. (1991)[START_REF] Dong | Reaction of benzene and toluene in the presence of oxygen over H-ZSM5 zeolite Aromatic oxygenates in the product[END_REF] and adapted by[START_REF] Keskitalo | Kinetic Modeling of Coke Oxidation of a Ferrierite Catalyst[END_REF] [START_REF] Keskitalo | Kinetic Modeling of Coke Oxidation of a Ferrierite Catalyst[END_REF].
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 124 Figure 1.24. Average coke conversion and temperature profiles in the reactor for different oxygen-inlet concentration strategies. Adapted from Santamaria et al. (1991) [115].
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 125 Figure 1.25. H2 yield of a metal-impregnated cracking Ni/γ-Al2O3 catalyst after different cycles of regeneration with oxygen for 3h (Lu et al., 2017) [144].
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 126 Figure 1.26. Ozone molecule dimensions and resonance structures. Adapted from Chao et al. (2007) [146] and Oyama et al. (2000) [147].
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 127 Figure 1.27. Criegee mechanism for initial attack of O3 on alkenes (Criegee et al., 1975) [158].
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 128 Figure 1.28. Schematic representation of (a) point-to-plate reactor (Pinard et al., 2019) [129] and (b) fixed-bed dielectric barrier discharge (DBD) reactor for coked catalyst regeneration via NTP (Astafan et al., 2019) [190].
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 129 Figure 1.29. Schematic representation of oxidation processes for coke removal from catalysts at pellet and mesoporous scale.
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 1302 Figure 1.30. Key takeaways of "Chapter 1 -Theory and literature review".
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 21 Figure 2.1. SEM images of fresh and aged ZSM-5 zeolite used for catalytic pyrolysis of plastic wastes (López et al., 2011) [93].
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 22 Figure 2.2. Determination of free acidity of deactivated USHY zeolite via TPD experiments using NH3 as probe molecule[START_REF] Schmidt | Electron microscopy of catalyst particles[END_REF] [START_REF] Schmidt | Electron microscopy of catalyst particles[END_REF].
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 23 Figure 2.3. TPO curves and deconvoluted peaks of Y-zeolite coked during catalytic pyrolysis of PE at different TOS (Chen et al., 2021) [79].
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 24 Figure 2.4. Method for determination of zeolite coke nature and composition developed by Guisnet et al. (graphical abstract from Guisnet et al., 2009) [89].
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 26 Figure 2.6. ZSM-5 catalysts for deactivation (pyrolysis) and regeneration (ozonation) studies.
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 25 Figure 2.5. Polyethylene used as plastic feedstock for pyrolysis experiments.
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 27 Figure 2.7. Photographs of the pyrolysis experimental pilot with the main different blocks, and bottom part of the reactor where feedstock is loaded.
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 28 Figure 2.8. PID scheme of pyrolysis experimental setup.
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 29 Figure 2.9. Scheme of (a) experimental setup for pyrolysis of polyethylene and (b) reactor loading methods. Figure extracted from submitted article presented in Chapter 3.
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 210 Figure 2.10. Photographs and scheme of experimental ozonation setup with tubular and syringe reactor configurations. A, B and C elements correspond to the following paragraphs.
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 211 Figure 2.11. Illustration of coked zeolites with corresponding pellet cross-section.

  coke for different temperatures, volumetric flowrates and inlet concentrations. Determination of pseudo-kinetic constants for the respective degradation mechanisms have been successfully carried out in this work. Thermal recombination constant (kth) was evaluated by integrating Equation (2.3), while combined degradation integral (Equation (2.4)) was used to determine catalytic degradation constant (kcat).
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 212 Figure 2.12. Different temperature programs for TGA-FTIR analysis of coked samples under air or nitrogen atmosphere.
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 213 Figure 2.13. Superposed optic and SEM pictures for two partially regenerated samples with corresponding EDX acquisition to illustrate carbon profiles obtained with SEM-EDX method.
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 214 Figure 2.14. Results obtained with innovative SEM-FEG technique for one cross-section of a partially regenerated sample, with different obtained profiles based on the acquisition method used for analysis (mapping or scanning).
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 215 Figure 2.15. Key takeaways of "Chapter 2 -Analytical review and experimental methods".
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 32 Figure 3.2. Illustration of the PMMA degradation yields evolution using fresh, spent and ozonated ZSM-5 industrial catalysts (Khangkham et al., 2013) [8].
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 31 Figure 3.1. Illustration of pyrolysis yields evolution for thermal and catalytic pyrolysis of plastic wastes experiments (López et al., 2011) [93].
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 31 2.2.2, catalyst pellets are initially placed in layers (labelled L) in the reactor. In order to study the evolution of deactivation and progressive formation of coke, pyrolysis experiments were performed in five successive runs where catalysts are reused without any intermediate treatment. Coked catalysts indicated as L' and L'' are experiments conducted with identical conditions to study the repeatability of coking during catalytic pyrolysis. The number added after this indicative letter corresponds to the number of reuses in pyrolysis. As an example, L4 experiment is the fourth reuse of ZSM-5 catalysts in pyrolysis. Collected samples (spent catalysts and pyrolysis products) are named after this experiment indicator. Properties and characteristics of industrial ZSM-5 catalysts given by supplier or experimentally determined (pellet density and binder proportion).
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 33 Figure 3.3. Evolution of pyrolysis products repartition after successive reuses of catalysts. Hatched area represents aromatic molecules proportion.
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 34 Figure 3.4, carbon deposition and coke formation greatly affect specific surface area, global porosity and acid sites concentration. The evolution of total porosity takes into account the diminution of both meso-and micro-pores volumes. Based on the results presented in Table3.3, microporosity is the most impacted with a 90% loss after five successive uses (compared to only 33% diminution for mesoporosity). This difference is mainly due to the various deactivating pathways: on top of coke micropore volume occupancy, micropores are also subject to pore blocking. The location of carbon deposits formed during pyrolysis are furtherly discussed in Section 3.2.1.3.
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 34 Figure 3.4. Evolution of catalysts textural and chemical properties due to coke deposition during several successive runs of pyrolysis of LDPE.
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 35 Figure 3.5. Correlation between the analyzed carbon content with (a) microporosity, (b) free acid sites and (c) H/C ratio of all catalysts samples (fresh, spent, regenerated and reused). H/C ratio values superior to 1.5 are attributed to aliphatic coke. Benzene, naphthalene and pyrene-like coke structures have an H/C ratio around 1.0, 0.8 and 0.6 respectively.

Figure 3 . 6 .

 36 Figure 3.6. Normalized 13 C NMR spectra of the different coked samples (blue line: initial spectrum; thin red lines: deconvoluted peaks; thick red: deconvoluted spectrum; black line: baseline).
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 37 Figure 3.7. Schematic representation of coke formation process in industrial ZSM-5 during successive reuses in pyrolysis of LDPE.
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 38 Figure 3.8. Comparison of pyrolysis products between fresh and regenerated catalysts. Hatched area represents aromatic molecules.
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 39 Figure 3.9. Evolution of textural and chemical properties of catalysts samples during one cycle of pyrolysis, regeneration with different exposition times and reuse. (A: five successive pyrolysis; B: 8 h ozonation at 100 °C; C and D: reuse in pyrolysis).
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 310 Figure 3.10. Evolution of pyrolysis products repartition after successive reuses of catalysts using top mixing method. Hatched area represents aromatic molecules proportion.
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 311 Figure 3.11. Comparative evolution of normalized (a) specific surface, (b) porosity and (c) total acidity between the different series of experiments using top and layers mixing.

Figure 3 . 12 .

 312 Figure 3.12. Normalized 13 C NMR spectra for coked samples after top pyrolysis experiments and deconvolution results for the determination of coke nature and composition. Layers samples are reminded for comparison purposes (refer to Table 3.4 for full results).

  .13. A research paper inspired by this chapter was submitted in Applied Catalysis B: Environmental (Elsevier) on 9 th of October 2023. "Deactivation by coking of industrial ZSM-5 catalysts used in LDPE pyrolysis and regeneration by ozonation process -Pilot scale studies" -V. Daligaux, R. Richard, M. Marin Gallego, V. Ruaux, L. Pinard, M.-H. Manero regeneration efficiency. The ozonation parametric study was carried out in a fixed-bed reactor (tubular configuration). The influence of different operating parameters on regeneration process was investigated: temperature, ozone inlet concentration, flowrate and time of exposure. Moreover, mass transfer aspects were heavily investigated in this work to better understand the involved effect of operating parameters on process physics. First considerations of diffusion limitations were discussed in Khangkham et al. work. The observation of visual differences between pellet cross-sections (black core or regular grey) hinted that different regeneration regimes are occurring during ozonation depending on the process conditions. Innovative SEM-FEG application is used in this work to investigate these different behaviors known in the literature as shrinking-core and homogeneous regimes.
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 42 Figure 4.2. Evolution of the different pathways of ozone degradation (thermal, catalytic and decoking) for different reactor temperatures (Khangkham et al., 2013) [8].
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 41 Figure 4.1. Influence of (a) time-on-stream (TOS) and (b) temperature over carbon removal efficiency during ozonation (Richard et al., 2017) [9].
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 4 3.a).
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 4 3.b represents the evolution of ozonation efficiency up to 8 h.
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 43 Figure 4.3. Optical images of catalyst pellet cross-sections (a) and evolution of corresponding carbon removal efficiency (b) for different times of ozonation. Regeneration conditions: 2.5 gO3/h (50 L/h and 50 g/Nm 3 ) at 100 °C.
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 4 4 represents the cross-section images of a pellet collected in the upper fraction of the reactor for each experiment (Figure 4.4.a) alongside the corresponding evolution of carbon removal (ozonation efficiency) presented in Figure 4.4.b.
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 44 Figure 4.4. Optical images of catalyst pellet cross-sections (a) and evolution of corresponding carbon removal efficiency (b) for different ozonation temperatures. Regeneration conditions: 2.5 gO3/h (50 L/h; 50 g/Nm 3 ) during 3 h for Cok1 and 4 h for Cok2.

  Regeneration conditions: R1 (3 h; 125 °C; Cok3), R2 (3 h; 150 °C; Cok1), R3 (3 h; 100 °C; Cok1), R4 (6 h; 150 °C; Cok1) and R5 (3 h; 125 °C; Cok1). For all samples: 2.5 gO3/h (50 g/Nm 3 and 50 L/h).
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 45 Figure 4.5. (a) Radial carbon profiles for Cok3 and R1 samples (mapping method) and (b) for R2, R3 and R5 samples (scanning method) with corresponding pellets cross-sections.
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 46 Figure 4.6. Catalyst pellet cross-sections (a) and evolution of carbon removal efficiency (b) for different inlet ozone concentrations. Regeneration conditions: 50 L/h during 2 h at 100 °C for Cok4 and 4 h at 125 °C for Cok5.
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 47 Figure 4.7. Evolution of coke removal efficiency for (a) different volumetric flowrates of ozone with (b) constant ozone mass flowrate. Regeneration conditions: (a) (2h; 100 °C; 40 gO3/Nm 3 ) for Cok4; (4 h; 125 °C; 40 gO3/Nm 3 ) for Cok5; (3h; 100 °C; 25 gO3/Nm 3 ) for Cok6. (b) (3 h; 125 °C; 3.0 gO3/h) for Cok3; (3 h; 100 °C; 2.5 gO3/h) for Cok6. Inlet ozone concentrations for ozone mass flowrate conservation are indicated as labels in gO3/Nm 3 .
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 48 Figure 4.8. Experimental Arrhenius plots of thermal decomposition and catalytic degradation of ozone over HZSM-5 zeolite.
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 49 Figure 4.9. Evolution of ozone decomposition depending on the temperature with repartition of thermal decomposition and catalytic degradation based on apparent reaction rates.
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 410 Figure 4.10. Evolution of ozone degradation efficiency for a catalytic bed (fresh HZSM-5 zeolite) exposed to an ozone-enriched stream.
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 411 Figure 4.11. Optical images of zeolite pellet cross-sections for distinct collected fractions of catalytic bed (high, middle and bottom) to illustrate the influence of time of exposure (a) and temperature (b) of ozonation at reactor scale. Corresponding carbon contents and coke removal are presented with tendencies of coke removal efficiency along the reactor (c,d). Regeneration conditions: (a,c) 100 °C; 2.5 gO3/h and (b,d) 3 h; 2.5 gO3/h. Cok1 was used as initial coked sample for all experiments.
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 412 Figure 4.12. Recording of inlet/outlet O3 concentrations and temperatures for a typical ozonation experiment. Regeneration conditions: (4 h; 125 °C; 3.0 gO3/h) from Cok5 (8.4 wt.%Cinit.).
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 413 Figure 4.13. Visual evolution of catalytic bed during ozonation first run of REG1 and REG2 batches in syringe configuration. Regeneration conditions: REG1 (100°C; 60 gO3/Nm 3 ; 50 L/h) from 5.4 wt.%C coked sample and REG2 (100°C; 60 gO3/Nm 3 ; 100 L/h) from average 5.3 wt.%C mixed coked samples.
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 414 Figure 4.14. Evolution of (a) temperature difference and (b) outlet ozone concentration during ozonation experiments in syringe reactor. Regeneration conditions: batch REG2 runs 1, 2 and 6 (100°C; 55 gO3/Nm 3 ; 100 L/h) during 6h.

  Figure 4.15. A research article based on this chapter results was published in Chemical Engineering Journal (Elsevier) on 15 th of November 2023 (Volume 476). "Regeneration of coked catalysts via ozonation: experimental study of diffusion-reaction mechanisms at pellet and reactor scales" -V. Daligaux, R.Richard, M.-H. Manero Access: https://doi.org/10.1016/j.cej.2023.146446
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 415 Figure 4.15. Key takeaways of "Chapter 4 -Regeneration of coked zeolites by ozonation".
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 51 Figure 5.1. Radial profiles of carbon content over a single cylindrical catalyst particle for different regeneration regimes (Kern et al., 2005) [127].
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 52 Figure 5.2. Ozone diffusion pathway from catalytic bed level to zeolite crystals active sites located in microporosity (Cejka et al., 2010) [19].
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 53 Figure 5.3. Different diffusion mechanisms for molecular transport in a porous volume. Adapted from Ratnakar et al. (2022) [252].
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 59 * O + O 3 → * O 2 + O 2 r 4 = k 4 [ * O] e [O 3 ] f (5.10)Hydroxyl radicals formation (rOH): * O + H 2 O → 2HO • r 5 = k 5 [ * O] g [H 2 O] h(5.11)Coke oxidation (roxi):
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 57 Figure 5.7. Radial profiles of O3 content (relative to the gas phase) and carbon load (relative to the initial content) alongside a single catalyst pellet at different process times with varying oxidation kinetic constant koxi (m 3 .kg -1 .s -1 ).
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 510 Figure 5.10. Profiles of O3 concentration and carbon content over catalyst radius at different times with varying initial carbon load LC0 (weight %).

Figure 5 . 12 .
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Table 1 .1. Overall

 1 mechanism for light and heavy coke oxidation with oxygen.

Table 1 .2. Stoichiometry

 1 and overall reaction rates for solid carbon and hydrogen oxidation.

Table 1 . 3 .

 13 Standard potential of oxygen, ozone and principal oxygenated radicals under normal conditions (25°C and 1 atm).

	Oxydant	Redox couple	Redox potential (V)
	Oxygen molecule	O2/H2O	1.23
	Ozone	O3/O2	2.07
	Atomic oxygen	O•/H2O	2.42
	Hydroxyl radical	OH•/H2O	2.80

Table 1 . 4 .

 14 Kinetic constants for hydrocarbons reactivity towards molecular ozone at ambient temperature[START_REF] Treacy | Reactions of Ozone with Unsaturated Organic Compounds[END_REF] [START_REF] Treacy | Reactions of Ozone with Unsaturated Organic Compounds[END_REF].

Table 1 . 5 .

 15 Experiments of coke removal from catalysts using ozone found in literature.

Table 1 . 6 .

 16 Coke gasification reactions using H2O or CO2.

Table 2 . 1 .

 21 Principal analytical techniques found in the literature used for the characterization of fresh and deactivated catalysts.

Table 2 . 2 .

 22 Principal analytical techniques used for the analysis of deactivating species over solid catalysts.

	Desired information	Analytical technique
	C, H, N, S contents H/C ratio	Elemental analysis
	Global coke content, H/C ratio	Temperature-Programmed
	Coke reactivity and optimal oxidation temperature	Oxidation (TPO)
	Coke nature: aliphatic, aromatic Coke effect on active sites	FTIR, Raman
	Coke nature: unsaturated compounds	UV-Vis
	Coke nature and location Structural degradation	NMR and XRD
	Chemical nature of coke	Coke extraction + analysis (see
	Distribution of coke components	Figure 2.4)
	Coking and deactivation kinetics	Tapered Element Oscillating
		Microbalance (TEOM)
	Coke amount and thermal degradation products	Thermogravimetric Analysis (TGA)

Table 2 . 3 .

 23 Specifications of supplementary gases and chemicals used in experimental section.

	Product	Application
	Gases	
	Nitrogen (on-site generator)	Inerting and sweeping in pyrolysis reactor
	Oxygen (≥ 99.5 vol.%, Linde B50)	Ozonation pilot feed
	Oxygen and dry air	Characterization of zeolite
	Liquid nitrogen	Characterization of zeolite
	Chemicals	
	Dichloromethane	Extraction of soluble coke
	Pyridine	Characterization of zeolite
	Heptane	Dilution of pyrolysis oils for GC-MS analysis

Table 2 . 4

 24 

. Temperature (T) and pressure (P) sensors of the installation.

Table 2 . 5 .

 25 Catalytic bed and gas stream characteristics for the two different reactor configurations of ozonation experimental setup.

	Characteristic	Tubular reactor	Syringe reactor
	Catalytic bed		
	Mass capacity (g)	1.5	10
	Diameter (mm)	4	14
	Height (mm)	200	90
	Porosity ε (-)	0.54 ± 0.02	0.54 ± 0.01
	Gas stream		
	Volumetric flowrate QV (L.h -1 )	50 to 150
	Ozone concentration CO3 (g.Nm -3 )	0 to 80
	Ozone mass flowrate QO3 (gO3.h -1 )	0 to 6	
	Superficial velocity u0 (m.s -1 )	1.1 to 3.3	0.1 to 0.3
	Residence time τ (s)	0.18 to 0.06	0.90 to 0.30

Table 2 . 6 .

 26 Summary of analytical methods used in this work with their acronyms and applications.

	Analytical technique	Application
	Gas chromatography coupled with mass	Catalytic activity evaluation: analysis
	spectrometry detection (GC-MS)	of liquid pyrolysis products
	N2 adsorption/desorption measurement	Zeolite textural properties analysis
		(specific surface, porosity)
	Infrared spectroscopic study of pyridine adsorption	Zeolite chemical properties analysis
	(FTIR-Pyridine)	(catalytic acidity)
	Elemental analysis (CH analysis)	Quantification of carbon and
		hydrogen content (destructive)
	Thermogravimetric analysis coupled with infrared	Qualitative and semi-quantitative
	spectroscopy (TGA-FTIR)	analysis of carbonaceous deposits
	Cross-polarization magic-angle spinning nuclear	Determination of coke molecules
	magnetic resonance of carbon (CP-MAS 13 C NMR)	nature
	Scanning electron microposcopy coupled with	Morphology and elemental analysis
	energy dispersive X-ray spectroscopy (SEM-EDX)	over pellet cross-section
	Scanning electron microposcopy coupled with field	Elemental analysis over pellet section
	emission gun microprobe (SEM-FEG)	after cross-polisher preparation
	Optic microscope	Photographs of pellet cross-section

Table 3 . 2

 32 

	Condensed products distribution (%)	Thermal	Fresh	L1	L2	L3	L4
	Identified		96.5	98.5	97.4	95.0	93.6	95.0
	Aromatics		0.2	91.9	77.3	55.8	30.6	27.5
	C7-C9	Total	40.1	94.9	88.8	77.2	69.5	69.8
	(Gasoline)	Aromatics	0.0	91.5	76.6	55.5	30.6	27.4
	C10-C14	Total	38.2	3.1	8.0	15.8	20.4	23.1
	(Kerosene)	Aromatics	0.2	0.4	0.7	0.3	n.d.	n.d.
	C15+ (Heavy oils)	Total	18.2	0.5	0.7	2.0	3.6	2.1
	Main	Toluene	-	26.8	28.8	20.8	17.1	15.4
	products	Xylenes	-	59.4	40.4	26.5	8.2	6.3

. Composition of pyrolysis oils analyzed by GC-MS for spent catalysts.

Table 3 . 3 .

 33 Textural and chemical properties of fresh and spent catalysts after successive runs.

	Property	Fresh	L1	L2	L3	L4	L5
	Carbon content (wt. %)	-	8.2	6.5	8.3	10.3	9.9
	H/C ratio (-)	-	1.6	1.1	0.6	0.8	0.5
	BET surface area (m 2 .g -1 )	369.6	231.7	138.9	49.1	42.6	43.3
	Total pore volume (cm 3 .g -1 )	0.38	0.29	0.23	0.13	0.18	0.16
	Microporous volume Vmicro (cm 3 .g -1 )	0.17	0.11	0.07	0.03	0.02	0.02
	Mesoporous volume Vmeso (cm 3 .g -1 )	0.21	0.18	0.16	0.10	0.16	0.14
	Brønsted acid sites (µmol.g -1 )	294	191	103	31	10	4
	Lewis acid sites (µmol.g -1 )	193	76	66	33	27	25

% NMR Deconvoluted Peak Area L1 L2 L3 L4 L5 Aliphatic carbon 28.4 43.4 26.1 21.1 17.7

  

	a. Methyl (18-22 ppm)	14.9	7.0	17.0	8.7	6.8
	b. Linear alkane (25-35 ppm)	13.5	36.4	9.1	12.4	10.9
	Aromatic carbon	71.6	56.6	73.8	78.9	82.3
	c. Non-substituted (120-128 ppm)	18.4	12.2	20.5	18.8	20.3
	d. 3-ring junction (128-132 ppm)	37.5	30.9	40.6	43.0	48.7
	e. 2-ring junction (138-140 ppm)	6.5	6.0	5.7	8.8	7.2
	f. Substituted (151 -153 ppm)	9.2	7.5	7.1	8.3	6.1
	Ratio aliphatic/aromatic	0.40	0.77	0.35	0.27	0.22
	Condensation degree a	0.61	0.65	0.63	0.66	0.68
	a					

Table 3 . 4
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. Nature and composition of coke structures formed during pyrolysis determined by CP-MAS

13 

C NMR analysis.

Table 3 . 5
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	Property	L1	L2	L3	L4	L5	L1'	L2'	L3' L1'' L2'' L3''
	Carbon load (wt.%)	8.2	6.5	8.3 10.3 9.9	6.3	7	8.4	8.7	6.4	8.3
	H/C ratio (-)	1.6	1.1	0.6	0.8	0.5	1.9	0.9	0.6	1.7	0.6	0.5
	Pore blocking (%)	-	40.0 52.9 41.0 49.8	-	38.8 47.9	-	44.2 52.6

Coke density (g.cm -3 ) 0.91 1.05 1.26 1.16 1.32 0.84 1.12 1.26 0.88 1.26 1.32 Apparent occup. (cm 3 ) 0.06 0.10 0.14 0.15 0.15 0.07 0.10 0.13 0.08 0.09 0.13 Actual occup. (cm 3 ) 0.09 0.06 0.07 0.09 0.08 0.07 0.06 0.07 0.10 0.05 0.06 . Determination of pore blocking contribution in porous volume loss for coked samples.

Table 3 .

 3 

	Condensed products distribution (%)	Thermal	Fresh	R8	R48
	Identified		96.5	98.5	95.9	96.6
	Aromatics		0.2	91.9	78.7	91.4
	C7-C9	Total	40.1	94.9	87.9	92.2
	(Gasoline)	Aromatics	0.0	91.5	78.2	89.6
	C10-C14	Total	38.2	3.1	6.1	3.3
	(Kerosene)	Aromatics	0.2	0.4	0.5	1.8
	C15+ (Heavy oils)	Total	18.2	0.5	1.9	1.2
	Main	Toluene	-	26.8	15.3	18.5
	products	Xylenes	-	59.4	52.1	61.8

6. Composition of pyrolysis oils analyzed by GC-MS for regenerated catalysts.

Table 3 . 7 .

 37 Textural and chemical properties of regenerated and reused catalysts.

Table 3 . 8 .

 38 Textural and chemical properties of spent catalysts for repeatability study.

	Property	L1	L1'	L1''	L2	L2'	L2''	L3	L3'	L3''
	Carbon content (wt. %)	8.2	6.3	8.7	6.5	7.0	6.4	8.3	8.4	8.3
	H/C ratio (-)	1.6	1.9	1.7	1.1	0.9	0.6	0.6	0.6	0.5
	BET surface area								78.6	73.2
	Total pore volume (cm 3 .g -1 )	0.29	0.29	0.26	0.23	0.25	0.26	0.13	0.21	0.20
	Microporous volume Vmicro (cm 3 .g -1 )	0.11	0.10	0.09	0.07	0.07	0.08	0.03	0.04	0.04
	Mesoporous volume Vmeso (cm 3 .g -1 )	0.18	0.19	0.17	0.16	0.18	0.18	0.10	0.17	0.16
	Brønsted sites (µmol.g -1 )	191	249	233	103	94	143	31	36	49
	Lewis sites (µmol.g -1 )	76	63	94	66	49	86	33	14	45

(m 2 .g -1 ) 231.7 217.7 203.6 138.9 135.8 162.5 49.1

Table 3 . 9
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	Property	Fresh	T1	T2	T3
	Carbon content (wt. %)	-	3.3	5.8	7.8
	H/C ratio (-)	-	2.1	0.8	0.3
	BET surface area (m 2 .g -1 )	369.6	273.6	184.0	115.2
	Total pore volume (cm 3 .g -1 )	0.38	0.31	0.25	0.21
	Microporous volume Vmicro (cm 3 .g -1 )	0.17	0.13	0.09	0.06
	Mesoporous volume Vmeso (cm 3 .g -1 )	0.21	0.18	0.16	0.15
	Brønsted acid sites (µmol.g -1 )	294	211	89	58
	Lewis acid sites (µmol.g -1 )	193	105	54	44

.11.b, microporous volume is more impacted than . Textural and chemical properties of fresh and spent catalysts (top experiments).

Table 4 . 1 .

 41 Summary of coked samples used as initial samples for regeneration via ozonation.

a Not Determined

Table 4 . 2
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	Cok3	7.8	3.5
	R1	1.9	1.8
	R2	1.2	1.2
	R3	0.6	0.6
	R4	1.1	1.1
	R5	0.8	0.9

Elemental (wt.%C)

Microprobe (wt.%C) . Comparison between carbon contents obtained with elemental and microprobe analytical techniques.

Table 4 . 3 .

 43 Equations for kinetic constants determination from inlet/outlet O3 concentrations.

Overall coke oxidation rate.

  Thermal recombination neglected. Reaction rate related to the thermal recombination of ozone is neglected based on the experimental results (Chapter 4) showing very limited contribution facing catalytic degradation. The overall reaction rate determined in Chapter 4 using first order reaction and free fraction of acid sites (θ) is used for numerical solution. No adsorption or desorption considerations are implemented. The kinetic constant experimentally determined (kcat) is however not used in order to compare with numerical solution values. Due to the more important oxidation rate of hydrogen, carbon is considered as the limiting factor of coke removal. The evolution of coke in the system is consequently assimilated to carbon reactivity. Concentration of coke (Ccoke) is therefore replaced by carbon load (LC), joining the experimental results where coke removal is evaluated by carbon content analysis. Direct and indirect mechanisms of coke oxidation are not differentiated. Consequently, the concentration of hydroxyl radicals is not determined and coke removal is considered as being entirely due to molecular ozone. The overall coke oxidation rate is considered as a first order reaction regarding both ozone and carbon load.

iv. Use of experimental catalytic degradation rate.

v. Coke assimilation to carbon.

vi.

Table 5 . 1 .

 51 Comparison between carbon contents obtained with elemental, microprobe and image processing methods. Adapted from Table 4.2.

  can be developed as follows:

		∂ 2 J ∂D 2	∂ 2 J ∂D ∂k deg	∂ 2 J ∂D ∂k oxi			δD		∂J ∂D
		∂ 2 J ∂k deg ∂D	∂ 2 J ∂k deg 2	∂ 2 J ∂k deg ∂k oxi			δk deg	= -	∂J ∂k deg
	[	∂ 2 J ∂k oxi ∂D	∂ 2 J ∂k oxi ∂k deg	∂ 2 J ∂k oxi 2	]	[	δk oxi ]	[	∂J ∂k oxi ]

Table 5 . 2 .

 52 Extracted values of oxidation kinetic constant and effective diffusion coefficient obtained by curve optimization for samples ozonated at different temperatures.
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Figure 3.13. Key takeaways of "Chapter 3 -Deactivation of catalysts by pyrolysis of LDPE".

Remerciements

Deactivation of catalysts by pyrolysis of LDPE

This chapter focuses on the experimental use of catalysts during pyrolysis of polyethylene. This work is the result of a collaboration with Laboratoire Catalyse et Spectrochimie in Caen (LCS -UMR6506). After briefly reminding the context and process of thoughts of this work (Section 3.1), the obtained results and corresponding discussion are presented in Section 3.2. Additional investigated considerations, such as pyrolysis repeatability ofr influence of mixing, are presented in Section 3.3 before discussing the conclusions and perspectives of this study in a last paragraph (Section 3.4). 

Regeneration of zeolites by ozonation

This chapter focuses on the experimental aspect of the ozonation process for regeneration of coked zeolites. After presenting the context and previous studies regarding this aspect of the PhD research (Section 4.1), obtained results and corresponding discussion are presented in Section 4.2. First insights on process scale-up are presented in Section 4.3 with a comparison between tubular and syringe reactors configuration. Conclusions of this study are discussed in Section 4.4.

Introduction and context based on previous studies

Previous studies on ozonation showed promising results in terms of coke removal efficiency and catalytic performance recovery [START_REF] Khangkham | Regeneration of coked zeolite from PMMA cracking process by ozonation[END_REF][START_REF] Richard | Towards a New Oxidation Process Using Ozone to Regenerate Coked Catalysts[END_REF]. Results presented in Chapter 3 of this work confirmed the ability of ozonation to restore completely both initial zeolite characteristics and catalytic activity. As mentioned in the previous chapter (Section 3.1), operating conditions for ozonation of coked samples aimed for reuse were arbitrary chosen based on the optimal conditions sensed from the work conducted in this chapter.

While the process capacity to allow catalysts recycling has been demonstrated, many aspects of ozonation remain to be understood, such as the contribution of each competing reaction mechanisms (thermal recombination, catalytic degradation and coke oxidation) in ozone consumption and the influence of operating parameters on the diffusion limitations occurring in zeolite pellets during regeneration. This chapter intends to provide better insight on these two principal axes of work with an experimental approach. The conducted parametric study aims to pursue the preliminary works of LGC team with coked catalysts from another deactivating reaction. As illustrated in Figure 4.1, time of exposure (a) and temperature (b) were the most influencing parameters over coke removal. Rapid oxidation was observed at early stages of the process while coke removal was slower after longer times of ozonation. A temperature optimum was also observed with a maximal efficiency between 100 and 150°C depending on gas feed nature. Similar studies were conducted here by evaluating the coke removal efficiency varying the four investigated operating parameters. The use of different coked samples with known characteristics brought new considerations regarding the effect of initial coke load and nature on

Parametric identification by profile optimization

In this section, the developed optimization tool for curve fitting was used with two variable parameters, D and koxi, while kdeg was fixed using the experimental value found in Chapter 4 (Equation (4.4)). While it was initially planned to optimize the numerical profile with three varying parameters, no convergence could be obtained without fixing one of the unknown values. Further numerical development could allow complete optimization of the triplet [D; kdeg; koxi]. Following results present the current work as it stands at the end of the PhD thesis period: pending questions, limitations and future possible improvements are discussed in Section 5.5.

Arrhenius correlation for koxi

The curve optimization code was used on the different samples where ozonation was conducted at different temperatures from 50 to 150°C. The obtained values of koxi are extracted and analyzed to determine a tendency. Results of optimization are illustrated in Figure 5.11 and 5.12 with the representation of experimental and numerical profiles for the different investigated samples. Extracted parameters are summarized in Table 5 
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Chapter 1 -Theory and literature review The development and validation of SEM-FEG method for the acquisition of carbon profiles over pellet radius has been conducted using 6 samples: one coked (Cok3 or T3) and five partially regenerated samples (R1 to R5, see Table 4.2). Both mapping and scanning methods were used on all samples. Microprobe analysis results were partially presented in Section 4.2 to meet the article needs. Complete results are presented in the following pages by presenting the acquired profiles with both methods over each sample radius and diameter if applicable as well as carbon pollution measurement. As mentioned previously, the two different methods provide different data: scanning method provides qualitative results while mapping method uses elemental standards for a quantitative analysis. Summary of all SEM-FEG analysis conducted using scanning method (qualitative analysis) over polished catalysts cross-section diameters. Refer to Table 4.2 for regeneration conditions.

Summary of all analysis conducted with innovative SEM-FEG use for qualitative (scanning method, right graphs) and quantitative (mapping method, left graphs) determination of radial carbon repartition over pellet. Refer to 

RÉSUMÉ

Cette thèse s'inscrit dans une stratégie de développement de procédés pour répondre aux enjeux environnementaux actuels, dont la transition énergétique de l'industrie chimique. Deux procédés sont ici étudiés : la pyrolyse catalytique du polyéthylène et la régénération des catalyseurs par ozonation. La pyrolyse est un procédé permettant la revalorisation des déchets plastiques en carburants. Son développement est freiné par la désactivation rapide des catalyseurs par formation de dépôts carbonés appelés « coke ». La méthode classique de combustion pour leur régénération nécessite des températures élevées (500°C). L'ozonation est un procédé alternatif moins énergivore permettant d'oxyder le coke aux alentours de 100°C. L'approche expérimentale et numérique menée dans cette thèse ont permis l'étude approfondie de la désactivation et la régénération par ozonation des catalyseurs, apportant d'importants résultats pour la compréhension et l'application industrielle de ces procédés.

Mots-clés :

Régénération de catalyseurs ; Ozone ; Procédé d'oxydation avancée (POA) ; Zéolithe ; Pyrolyse de plastiques ; Coke

ABSTRACT

This PhD thesis is embedded in a strategy for the development of processes to answer contemporary challenges such as the energetic transition of chemical industry. Two processes are investigated in this research project: catalytic pyrolysis of polyethylene and regeneration of catalysts by ozonation. Pyrolysis of plastics is a promising process allowing wastes revalorization into fuels. However, its industrial application is restrained by an important decrease of performances due to the formation of carbon deposits, called "coke", over the used catalysts. While the usual process for their regeneration operates at 500°C, ozonation is a less energy intensive method to remove coke under milder conditions (around 100°C). The combined experimental and numerical approach conducted in this work allowed intensive study of coke formation during pyrolysis and regeneration via ozonation, providing important data for the comprehension and future industrial application of these processes.