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The literature review includes a description of pyrolysis and anaerobic digestion processes as waste management conversion methods to decrease the accumulation of waste and produce new sources of energy (fuels, biogas) and added-value products (biofertilizers, bio-adsorbents). Most of the experimental details are provided in the materials and methods chapter (Chapter II), chapter III and VI represents the main results and discussion's part with all the results experiments.
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Résumé

Actuellement, la croissance de la population mondiale a créé plusieurs défis environnementaux et sociétaux : augmentation de la demande mondiale de nourriture et d'énergie, révolutions industrielle et verte, utilisation de combustibles fossiles, augmentation des concentrations de gaz à effet de serre dans l'atmosphère, changement climatique mondial, demande de sources d'énergie renouvelables, etc. Le concept de développement durable par la production d'énergie renouvelable et de produits alternatifs à valeur ajoutée par la valorisation des résidus agricoles et de la biomasse est une voie prometteuse pour répondre à ces questions environnementaux et énergétiques. Les objectifs de mon projet de thèse étaient les suivants : 1) valorisation de la biomasse/ résidus marocains par un procédé de pyrolyse pour produire du biochar activé pour la détoxification des effluents et application agronomique, 2) valorisation des résidus marocains par digestion anaérobie en pilote laboratoire pour la production de biogaz, 3) le couplage de la digestion anaérobie et de la pyrolyse pour maximiser la récupération d'énergie par pyrolyse du digestat solide, et 4) le couplage du digestat liquide et du biochar (produit à partir du digestat solide) à des fins agronomiques. Les résultats ont montré que le concept "one pot activation/pyrolyse" avec des activation chimio-mécaniques des résidus de macro-algues et de grignons d'olive pouvait améliorer les propriétés du biochar en générant des groupements fonctionnels à la surface de biochar et une augmentation de la surface spécifique par rapport aux biochars non activés. En parallèle, les résultats ont également montré que l'efficacité de l'activation dépend de la nature et du type de biomasse. Le biochar de grignons d'olive activé par broyage à billes a donné le meilleur résultat avec une capacité d'adsorption du bleu de méthylène de 32 mg/g comparée à 3 mg/g pour le biochar non activé. La co-digestion anaérobie en mode continue des résidus de Quinoa (45 %VS) avec les boues d'épuration (55 % VS) a montré une bonne stabilité et une production de méthane de 219 NL CH4/ kg VS. Le couplage de la digestion anaérobie et la pyrolyse du digestat solide a permis de maximiser la production de l'énergie grâce à la production de syngaz et de bio-huiles, dont le pouvoir calorifique varie respectivement entre 11-13 MJ/Nm 3 et entre 28-34 MJ/kg. Le couplage du biochar et du digestat liquide (170 kg UN/ha) a montré un potentiel pour substituer des fertilisants organo-minéraux pour la culture de plantes. La combinaison biochar/digestat liquide n'a pas eu aucun impact négatif sur la germination relative des graines et a amélioré la production de biomasse sèche aérienne jusqu'à 27,5% (50 tonnes/ha) et 25% (25 tonnes/ha) pour le blé et la tomate respectivement, comparé au digestat liquide seul. Enfin, la co-application de biochar avec du digestat liquide a considérablement augmenté la volatilisation de l'ammoniaque de 64% par rapport à l'essai utilisant uniquement du digestat liquide, mais n'a eu aucun impact sur la minéralisation du C et du N.

Mots clés : biochar activé, adsorption, digestion anaérobie, biochar, couplage, croissance des plantes, lixiviation, digestat liquide, respiration microbienne, minéralisation de N et C. [START_REF] Radlein | Fast pyrolysis of natural polysaccharides industrial process[END_REF], and (b) primary decomposition of cellulose according to the Waterloo-mechanism [START_REF] Van De Velden | Fundamentals, kinetics and endothermicity of the biomass pyrolysis reaction[END_REF] Ammonia volatilization for the four conditions: soil, soil with biochar (at 25 tons/ha), soil with liquid digestate (LD) and soil with liquid digestate (LD) and biochar at 25 tons/ha (B25)... 175
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General Introduction

De nos jours, l'eau, l'énergie et l'alimentation sont considérés comme des richesses indispensables à la survie de l'être humain et qu'il est important de les protéger et les consommer de manière responsable. Or, l'augmentation de la population et les activités industrielles engendrent une baisse significative dans les ressources fossiles, une grande pression sur les réserves en eau douce de la planète, une accumulation exponentielle des déchets organiques et de la pollution et des changements climatiques qui influence nos modes de vies, de consommation mais aussi de production agricole.

Ceci est d'autant plus vrai pour les Territoires du continent Africain dont le Maroc. En effet, au Maroc, dans les années 1970, les disponibilités en eau par habitant par an ont été estimées à 1700 m 3 et elles sont baissées à 720 m 3 en 2013. Les changements climatiques font que cette tendance continuera à baisser pour atteindre les 400 m 3 en 2025 [START_REF] Dhimni | Caractérisation des Rejets Liquides d'une industrie d'emballage en carton[END_REF]. Ceci est dû à une augmentation croissante des besoins en eau, à noter que 70% des besoins en eau sont dédiés à l'irrigation, 20% à des besoins industriels et 10% seulement sont dédiés à la consommation humaine. Le seuil de stress hydrique est défini à 1000 m 3 d'eau par habitant et par an, le Maroc est en dessous de ce seuil d'où la nécessité de protection des sources hydriques et de la valorisation et réutilisation des effluents industriels afin de baisser cette pression [START_REF] Dhimni | Caractérisation des Rejets Liquides d'une industrie d'emballage en carton[END_REF]. Les schémas de production industriel doivent être repensés en intégrant de nouvelles briques technologiques permettant de réduire notre dépendance aux énergies fossiles, préserver nos ressources en eau et améliorer nos pratiques agricoles en réduisant l'impact de fertilisant industriel ou en améliorant leurs propriétés.

Outre une raréfaction des ressources en eau, la qualité de cette dernière se pose aussi ces dernières décennies. Les pollutions liées à l'activité humaine sont constituées en partie par des micropolluants issus de l'industrie, de l'agriculture, des transports ou des usages domestiques, dilués en quantités infimes dans les eaux usées [START_REF] Guedidi | Préparation et modification de carbones activés pour l'adsorption de polluants organiques émergents : molécules pharmaceutiques et liquides ioniques[END_REF]. En effet, dans le secteur industriel, les colorants sont devenus indispensables dans divers domaines comme le domaine du textile, packaging et peintures (Li et al., 2018). Cependant, il a été signalé qu'une partie de ces colorants organiques sont nocifs en raison de leurs effets cancérigènes, tératogènes et mutagènes (Li et al., 2018). L'élimination des colorants organiques a été étudiée au cours des dernières décennies utilisant diverses technologies, telles que la filtration sur membrane [START_REF] Kim | Water recycling from desalination and purification process of reactive dye manufacturing industry by combined membrane filtration[END_REF], l'adsorption [START_REF] Ji | Removal of methylene blue from aqueous solutions using biochar derived from a fallen leaf by slow pyrolysis: Behavior and mechanism[END_REF] et la dégradation photo-catalytique [START_REF] Chakrabarti | Photocatalytic degradation of model textile dyes in wastewater using ZnO as semiconductor catalyst[END_REF]. Parmi ces différentes technologies, le processus d'adsorption utilisant des matériaux carbonés (tels que le biochar ou le biochar activé) est considéré comme l'une des technologies les plus prometteuses pour éliminer les colorants des eaux usées en raison de son moindre coût, de sa simplicité de production et de mise en oeuvre [START_REF] Maneerung | Activated carbon derived from carbon residue from biomass gasification and its application for dye adsorption: Kinetics, isotherms and thermodynamic studies[END_REF].

Concernant le secteur énergétique, depuis la révolution industrielle, la consommation d'énergie fossile n'a cessé d'augmenter. La consommation énergétique mondiale a progressé de 109 % de 1973 à 2018 et elle s'élevait en 2018 à 9 938 Mtep, dont 19 % sous forme d'électricité. (Bp statistical review of world energy, 2018). La part des énergies fossiles a reculé de 0.3 points, mais leur domination reste massive avec un taux de 82 %. La part des énergies renouvelables a progressé que de 0.5 points, passant de 15.5 % en 1990 à 16.0 % en 2018 (BP statistical review of world energy, 2018). Dans le cas du Maroc, la demande énergétique continue de croître à un rythme régulier de 5 à 6% par an. En 2016, la demande totale d'énergie était de 35 414.5 GWhs, dont 30 840 GWhs étaient produits sur le Territoire Marocain. Selon la société nationale marocaine d'électricité ONEE, l'approvisionnement total en énergie primaire (TPES) était le suivant : les combustibles fossiles (gaz naturel, pétrole et charbon) représentaient environ 71% de l'approvisionnement total en énergie, les sources renouvelables représentaient 14%, et les importations d'électricité importées d'Espagne et d'Algérie représentaient 15% [START_REF] Bouabid | Pathways to 100 percent Renewable Energy Supply: Morocco Options until 2030[END_REF].

Le Maroc reste donc un pays fortement dépendant des énergies fossiles pour ses besoins énergétiques. Pour cela, en 2009, le Maroc a adopté une stratégie énergétique nationale comme feuille de route pour son indépendance énergétique [START_REF] Rabbah | Les 3 piliers de la stratégie nationale énergétique : La montée en puissance des énergies renouvelables, le développement de l'efficacité énergétique et le renforcement de l'intégration industrielle[END_REF]. La vision principale de cette stratégie est de passer d'un système énergétique basé sur les combustibles fossiles à un système plus durable où les énergies renouvelables constitueront 52% des capacités électriques installées d'ici 2030 (annoncée lors de la COP 22), dont 12% en hydroélectricité, 20% en solaire et 20% en éolien. Cet objectif fait du Maroc un leader africain des énergies renouvelables [START_REF] Azizi | Actes du colloque international sur l'énergie[END_REF]. La valorisation de la biomasse, des déchets et effluents n'est pas prise en compte dans cette feuille de route. Toutefois, le Maroc génère et produit différents gisements nécessaires pour le développement de procédés biologiques (comme la méthanisation) ou thermochimiques (comme la pyrolyse) pour la valorisation des biomasses organiques, des coproduits de l'industrie et des déchets résiduels.

En effet, le Tableau 1 montre le potentiel de déchets et résidus organiques et son équivalent énergétique au Maroc selon une étude réalisée en 2010. Par exemple, le potentiel de production mobilisable des déchets agricoles est estimé à plus de 18 millions de tonnes par an et environ quantité non négligeable de fumier de 34,75 millions de tonnes est aussi mobilisable et pourrait produire du biogaz avec une valeur énergétique de 1,31 Mtep (Mohamed elamin, 2015). Pour la pyrolyse, jusqu'à présent aucune étude n'a été fait pour déterminer le potentiel énergétique des résidus. La production de biogaz par méthanisation reste un secteur peu développé au Maroc, mais d'après l'expérience de la ville de Fès (L'équipe de l'Observatoire Climate Chance, 2020), des indicateurs positifs montrent que cette technologie peut aider à atteindre en partie l'indépendance énergétique du pays. En effet, la méthanisation via la production de biogaz peut contribuer à cette indépendance avec une valorisation du biogaz en électricité et chaleur (via la cogénération) ou en injection dans le réseau de gaz naturel après épuration [START_REF] Di Maria | Impact of biological treatments of bio-waste for nutrients, energy and bio-methane recovery in a life cycle perspective[END_REF]. En plus, la méthanisation ou digestion anaérobie (AD) produit également des digestats (résidu généré après AD). Généralement, le digestat est séparé en une fraction liquide riche en nutriments notamment en azote ammoniacal (NH4 + ) et potassium (K), et une fraction solide riche en phosphore (P) et en fibres (cellulose, hémicelluloses et lignine) (Monlau et al., 2015d;[START_REF] Santi | Anaerobic digestion of corn silage on a commercial scale: Differential utilization of its chemical constituents and characterization of the solid digestate[END_REF]. Par conséquent, la fraction liquide peut être utilisée comme source de nutriments pour un usage agronomique ou la culture des microalgues [START_REF] Jimenez | Production of microalgal slow-release fertilizer by valorizing liquid agricultural digestate: Growth experiments with tomatoes[END_REF] et la fraction solide peut être utilisée comme matière première pour produire un amendement du sol. Toutefois des études récentes ont permis de montrer que la fraction solide du digestat pouvait être utilisée comme source de biomasse pour produire de biochar, syngaz et bio-huile via la pyrolyse et/ou la gazéification [START_REF] Ruiz | Biomass gasification for electricity generation: Review of current technology barriers[END_REF].. En effet l'excédent de chaleur de l'unité de méthanisation peut contribuer à sécher le digestat solide pour un usage en pyrolyse seul ou en mélange avec des co-substrats [START_REF] González-Arias | Integrating Anaerobic Digestion of Pig Slurry and Thermal Valorisation of Biomass[END_REF]Monlau et al., 2015b;Pecchi and Baratieri, 2019a;[START_REF] Song | Anaerobic digestion combined pyrolysis for paper mill sludge disposal and its influence on char characteristics[END_REF]. Outre une amélioration du rendement énergétique, le couplage du biochar avec le digestat liquide semble une approche agronomique intéressante mais peu étudiée jusqu'à présent.

En effet, selon la littérature, l'ajout de biochar au sol a démontré plusieurs avantages physicochimiques : i) amélioration du rétention d'eau, ii) amélioration du pH dans les sols acides, iii) augmentation de la capacité d'échange cationique et de la rétention des nutriments, iv) capacité de puits de carbone par stockage de C récalcitrant [START_REF] Liu | Short-term effect of biochar and compost on soil fertility and water status of a Dystric Cambisol in NE Germany under field conditions[END_REF]. Selon l'état de l'art

International, la co-application du biochar avec des fertilisant minéraux et/ou organique a permis de réduire : les émissions de CO2 [START_REF] Li | Interactions between biochar and nitrogen impact soil carbon mineralization and the microbial community[END_REF], les émissions de pertes gazeuses de l'azote sous forme de NH3, et par conséquent, contribuer à améliorer l'impact environnemental de nos pratiques agricoles [START_REF] Amin | Carbon sequestration , kinetics of ammonia volatilization and nutrient availability in alkaline sandy soil as a function on applying calotropis biochar produced at different pyrolysis temperatures[END_REF][START_REF] Manka' Abusi | Carbon dioxide and gaseous nitrogen emissions from biochar-amended soils under wastewater irrigated urban vegetable production of Burkina[END_REF]. La co-application de biochar avec différents types de fertilisants a récemment attiré l'attention [START_REF] Dunsin | Effects of biochar and poultry manure on soil characteristics and the yield of radish[END_REF], mais peu d'études sur l'évaluation du potentiel agronomique de la combinaison du biochar avec le digestat liquide et leurs effets sur la croissance des plantes ont été étudiées [START_REF] Glaser | Biochar organic fertilizers from natural resources as substitute for mineral fertilizers[END_REF][START_REF] Kizito | Role of nutrient-enriched biochar as a soil amendment during maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand[END_REF][START_REF] Ronga | Using digestate and biochar as fertilizers to improve processing tomato production sustainability[END_REF]. En effet, l'ajout de biochar avec du digestat liquide a montré, pendant la croissance du maïs en serre, une amélioration de la matière organique du sol et une augmentation de la teneur en macronutriments, ce qui a conduit à une augmentation significative de la biomasse aérienne de maïs [START_REF] Kizito | Role of nutrient-enriched biochar as a soil amendment during maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand[END_REF]. De même, la co-application du biochar et du digestat liquide a montré une amélioration en termes de rendement sur la tomate avec une augmentation de 22% par rapport au rendement avec l'application de digestat liquide seul [START_REF] Ronga | Using digestate and biochar as fertilizers to improve processing tomato production sustainability[END_REF].

Le biochar représente également un produit efficace pour la remédiation et l'adsorption ; il a été étudié comme un adsorbant à faible coût pour diverses molécules et inhibiteurs inorganiques et organiques [START_REF] Dai | The adsorption, regeneration and engineering applications of biochar for removal organic pollutants: A review[END_REF][START_REF] Peiris | Biochar based removal of antibiotic sulfonamides and tetracyclines in aquatic environments: A critical review[END_REF][START_REF] Xiao | Recent developments in biochar utilization as an additive in organic solid waste composting: A review[END_REF]. La performance d'adsorption du biochar dépend principalement de ses propriétés physico-chimiques et structurelles, en particulier sa surface et sa porosité, son alcalinité, sa capacité d'échange cationique et ses groupes fonctionnels de surface [START_REF] Ahmad | Biochar as a sorbent for contaminant management in soil and water: A review[END_REF]. Dans le cas des micropolluants organiques, une étude a montré que le biochar produit à partir de coques de pistaches éliminait 51 % des phénols d'une solution aqueuse à 200 mg phénols/L [START_REF] Inyang | The potential role of biochar in the removal of organic and microbial contaminants from potable and reuse water: A review[END_REF].

Tandis que [START_REF] Mohammed | Phenol adsorption on biochar prepared from the pine fruit shells : Equilibrium, kinetic and thermodynamics studies[END_REF] ont rapporté que le biochar produit à partir de l'écorce de pignons éliminait plus de 26,7 mg phénols/g. Le biochar a également montré des performances dans l'élimination des colorants, il a été rapporté que le biochar activé par le broyeur à billes (produit à 450 °C, 1.5 h) éliminait 100 % du bleu de méthylène dans une solution à 50 mg/L (Lyu et al., 2018a).

A ce stade, et selon la Fig. 1, le développement d'un concept de bioraffinerie environnementale associant la méthanisation et la pyrolyse est une stratégie prometteuse pour faire face aux défis énergétiques et environnementaux précédemment décrits.

Certes, la méthanisation et la pyrolyse sont des procédés de valorisation énergétique matures et connus mais peu utilisés aujourd'hui en couplage et à l'échelle de la ferme et surtout en Afrique dont le Maroc. La méthanisation est un processus de conversion biologique de la matière organique et les premiers digesteurs à échelle industrielle remontent déjà à la première moitié du XXe siècle [START_REF] Appels | Anaerobic digestion in global bio-energy production: Potential and research challenges[END_REF]. Tandis que la pyrolyse est un processus de conversion thermochimique connu depuis de nombreuses décennies [START_REF] Radlein | Une bréve revue historique de la pyrolyse rapide de la biomasse[END_REF].

Récemment, le concept de valorisation de la biomasse en cascade en couplant plusieurs procédés comme la méthanisation et la pyrolyse est devenu une stratégie prometteuse pour atteindre l'objectif « zéro déchet » à l'échelle industrielle [START_REF] Fabbri | Linking pyrolysis and anaerobic digestion (Py-AD) for the conversion of lignocellulosic biomass[END_REF]. En effet, dans le cas de la biomasse lignocellulosique, le couplage méthanisation/pyrolyse du digestat solide pourrait être considéré comme une solution permettant d'améliorer le rendement énergétique tout en contribuant à la préservation des sols via l'usage simultané de biochar et de digestat liquide [START_REF] Fabbri | Linking pyrolysis and anaerobic digestion (Py-AD) for the conversion of lignocellulosic biomass[END_REF]. Toutefois, ce couplage reste peu étudié même si depuis les années 2015 un engouement certain est observé du fait des nombreuses synergies positives (Fig. 2). Fig. 2. Diagramme descriptif des objectives de la thèse et de l'originalité du couplage de la méthanisation et de la pyrolyse pour répondre à différents enjeux agronomiques, énergétiques et environnementaux.

C'est dans ce cadre que s'inscrit ce travail de thèse dont l'objectif est d'étudier la valorisation des biomasses et coproduits marocains par la pyrolyse pour la production de biochar, syngaz, bio-huile, et la méthanisation pour la production de biométhane et digestat, ainsi qu'étudier le couplage de ces deux procédés pour maximiser la production d'énergie et la préservation des sols (co-application de biochar et digestat liquide) (Fig. 2).

Pour cela, ce manuscrit de thèse est divisé en quatre chapitres. 

Chapter I. Literature review

*This chapter is based on the article review "Business symbiosis of anaerobic digestion and pyrolysis processes for a sustainable waste management: A critical review" Tayibi, S, Monlau, F., Bargaz, A., Jimenez Prieto, R., Barakat, A. (under review in renewable and sustainable energy reviews).

Introduction

An ever-increasing food production is needed to meet the increasing demand of the worldwide growing population. At the same time, considerable food wastes accumulation needs to be processed in a sustainable manner as to avoid possible environmental burdens associated to unprocessed organic wastes. Several wastes valorization routes have been investigated and developed (e.g., pyrolysis, anaerobic digestion (AD), composting). Recently, two main valorization routes have emerged as biological (e.g. anaerobic digestion) and thermochemical (e.g. pyrolysis process) processes allowing large processing spectrum of wastes and biomasses [START_REF] Qambrani | Biochar properties and eco-friendly applications for climate change mitigation, waste management, and wastewater treatment: A review[END_REF][START_REF] Xu | Anaerobic digestion of food waste -Challenges and opportunities[END_REF]. Among the scientific communities, these two kind of technologies have often been opposed, but these last decades the combination of pyrolysis and AD processes have attracted increasing attention [START_REF] Monlau | Toward a functional integration of anaerobic digestion and pyrolysis for a sustainable resource management. Comparison between solid-digestate and its derived pyrochar as soil amendment[END_REF]Pecchi and Baratieri, 2019b). While AD is defined to be a biological-based degradation process anaerobically producing biogas (i.e., CH4 and CO2) and a residue called digestate (DG), pyrolysis consists of a thermochemical decomposition of biomass that occur in the absence of oxygen producing syngas (a mixture of CO, H2 and CO2), bio-oil and biochar. At the agricultural level, both processes can complete each other in term of biodegradation of a large biomasses spectrum such as substrates that are easily biodegradable can be optimally degraded by AD process, whereas treatment of the hardly biodegraded substrates may be achieved by pyrolysis process [START_REF] Aboulkas | Valorization of algal waste via pyrolysis in a fixed-bed reactor: Production and characterization of bio-oil and bio-char[END_REF][START_REF] Panuccio | Use of Recalcitrant Agriculture Wastes to Produce Biogas and Feasible Biofertilizer[END_REF]. During the last decade "cascading" use of biomass utilization scheme, where the output of one process becomes the input of the following one (thus also targeting the ''zero-waste" goal) with biomass progressing through a series of material flows and energy conversions has attracted attention [START_REF] Fabbri | Linking pyrolysis and anaerobic digestion (Py-AD) for the conversion of lignocellulosic biomass[END_REF][START_REF] Feng | Integrated processes of anaerobic digestion and pyrolysis for higher bioenergy recovery from lignocellulosic biomass: A brief review[END_REF]. Coupling AD@ pyrolysis processes through an industrial symbiosis approach can address several issues related to the agricultural waste management through improving resources use efficiency, energy recovery, GHG emissions reduction and soil preservation [START_REF] Caoa | Sewage sludge-to-energy approaches based on anaerobic digestion and pyrolysis: Brief overview and energy efficiency assessment[END_REF][START_REF] Fabbri | Linking pyrolysis and anaerobic digestion (Py-AD) for the conversion of lignocellulosic biomass[END_REF][START_REF] Feng | Integrated processes of anaerobic digestion and pyrolysis for higher bioenergy recovery from lignocellulosic biomass: A brief review[END_REF][START_REF] Nizami | Waste biorefineries: Enabling circular economies in developing countries[END_REF][START_REF] Salman | Enhancing biomethane production by integrating pyrolysis and anaerobic digestion processes[END_REF]. This review aims to highlight the recent literature data on coupling AD with pyrolysis with emphasis on main synergies between these two technologies. Moreover, this review highlights, for the first time, the importance of combining biochar and digestate as a promising perspective that should be addressed in the future to improve the dual symbiosis approach of coupling AD and pyrolysis.

Anaerobic Digestion and Pyrolysis as waste management processes

2.1. Pyrolysis process

Definition and types of pyrolysis

Pyrolysis is defined as the thermal decomposition of the organic matrix under non-oxidizing or very low-oxidizing stoichiometric atmospheres [START_REF] Kan | Lignocellulosic biomass pyrolysis: A review of product properties and effects of pyrolysis parameters[END_REF], and occurs in temperature range of 250-1200°C [START_REF] Tripathi | Effect of process parameters on production of biochar from biomass waste through pyrolysis: A review[END_REF]. During pyrolysis, organic matter such as lignin, proteins, cellulose, and hemicelluloses are thermally broken down forming three major products (Fig. 3): biochar (carbonaceous solid fraction), bio-oil (mainly composed of 15-30% w/wliquid of wide variety of organic components and 85-70% of aqueous pyrolysis liquid (APL) ) [START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF], and syngas composed of non-condensable gases (i.e. CO, CO2, CH4 and H2) [START_REF] Oliveira | Environmental application of biochar: Current status and perspectives[END_REF]. Depending on operating pyrolysis conditions (i.e. temperature, heating rate, residence time) the pyrolysis process can be divided into 3 main subclasses: slow, fast, and flash pyrolysis (Fig. 4) [START_REF] Tripathi | Effect of process parameters on production of biochar from biomass waste through pyrolysis: A review[END_REF]. According to the typology of pyrolysis applied, the distribution of biochar, bio-oil and syngas will be different.

Fig. 3.

Descriptive diagram of the different pyrolysis steps to produce syngas, bio-oil, and biochar [START_REF] Oliveira | Environmental application of biochar: Current status and perspectives[END_REF].

Due to its high calorific content, pyrolysis gas can represent an interesting supplementary energy source that can be further converted into heat or heat/electricity alone or mixed with biogas in boilers, engines and other equipment [START_REF] Seyedi | Toxicity of various pyrolysis liquids from biosolids on methane production yield[END_REF]. Pyrolysis liquid is a lightto dark-brown material consisting of a complex mixture containing hundreds of organic compounds [START_REF] Huber | Synthesis of transportation fuels from biomass: Chemistry, catalysts, and engineering[END_REF]. Often, pyrolysis liquid separates into an organic, light nonaqueous phase (bio-oil), and an aqueous phase known as aqueous phase liquid (APL). The biooil produced is of primary interest as it can replace diesel in internal combustion engine to produce electricity [START_REF] Manara | Towards sewage sludge based biofuels via thermochemical conversion -A review[END_REF]. On the contrary, APL has currently no apparent use and should be carefully managed due to its high organic strength that can cause environmental burdens [START_REF] Seyedi | Toxicity of various pyrolysis liquids from biosolids on methane production yield[END_REF]. Biochar produced by pyrolysis process due to his rich phosphorous content and physico-chemical properties can be use in agronomic application or for bioremediation process [START_REF] Nanda | Biochar as an Exceptional Bioresource for Energy, Agronomy, Carbon Sequestration, Activated Carbon and Specialty Materials[END_REF][START_REF] Tang | Characteristics of biochar and its application in remediation of contaminated soil[END_REF]. Biochar can be also activated through physical and chemical activation processes to improve its physicochemical properties especially accessible surface area and porosity, but until the use of activated biochars related to AD applications have been fewly investigated [START_REF] Ioannidou | Agricultural residues as precursors for activated carbon production-A review[END_REF][START_REF] Tan | Biochar as potential sustainable precursors for activated carbon production: Multiple applications in environmental protection and energy storage[END_REF]. 

Pyrolysis reaction mechanisms

During pyrolysis process, heat is transferred from surface to inside biomass , which conducted to break biomass polymers bonds, and release the volatile compounds and generate rearrangement reactions [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF][START_REF] Purakayastha | Characterisation, stability, and microbial effects of four biochars produced from crop residues[END_REF]. These reactions are considered as primary mechanisms (Fig. 5a.), however a part of volatile compounds are unstable and can generate supplementary conversions called secondary reactions [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF][START_REF] Manyà | Pyrolysis for biochar purposes: A review to establish current knowledge gaps and research needs[END_REF]. [START_REF] Radlein | Fast pyrolysis of natural polysaccharides industrial process[END_REF], and (b) primary decomposition of cellulose according to the Waterloo-mechanism [START_REF] Van De Velden | Fundamentals, kinetics and endothermicity of the biomass pyrolysis reaction[END_REF].

According to the literatures, primary mechanisms represents tree main pathways, which are char formation or dehydration, depolymerization and fragmentation [START_REF] Van De Velden | Fundamentals, kinetics and endothermicity of the biomass pyrolysis reaction[END_REF], whilst, secondary mechanisms chiefly based on cracking and recombination reactions [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF]. 
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It has been reported that the reaction mechanisms of biomass pyrolysis are very complex due to the diversity and heterogeneity of biomass which was difficult to understand, however, they could be described by the pyrolysis mechanisms of the tree mainly components of lignocellulosic biomass which are cellulose, hemicelluloses (polysaccharides) and lignin (polymer formed from phenylpropane units), these components consist 40-50 %, 20-40 % and 10-40 % within biomass respectively [START_REF] Stefanidis | A study of lignocellulosic biomass pyrolysis via the pyrolysis of cellulose, hemicellulose and lignin[END_REF].

However, studying the individual components forms the basis of the expected reaction pathways and determines the primary and secondary reactions that occur. Furthermore, [START_REF] Van De Velden | Fundamentals, kinetics and endothermicity of the biomass pyrolysis reaction[END_REF] reported that the overall mechanism of biomass pyrolysis was mainly based on the pyrolysis of cellulose (Fig. 5b), the Waterloo concept in the figure above summarized the overall mechanism and primary decomposition of cellulose. The first step involves depolymerization of cellulose to "active cellulose", which has a degree of polymerization of around 200-250 monomer units. This step is followed by decomposition of the active cellulose into 'biochar' and 'volatile' products by two competing reactions: the first preserving the cellulose chain hexose units by depolymerization producing tar and formation of levoglucosan, and the second leading to fragmentation of the monomers by dehydration and condensation reactions [START_REF] Ioannis | Fast Pyrolysis of Biomass in a Circulaing Fluidised Bed Reactor[END_REF]. This model has been modified and includes secondary decomposition of the volatile fraction into gaseous and secondary char product [START_REF] Patwardhan | Distinguishing primary and secondary reactions of cellulose pyrolysis[END_REF].

Biomass chemical composition and its effect on biochar production

Biomass can be classified based on cellulose, hemicelluloses and lignin [START_REF] González | Biochar derived from agricultural and forestry residual biomass: Characterization and potential application for enzymes immobilization[END_REF][START_REF] Yang | In-depth investigation of biomass pyrolysis based on three major components: hemicellulose, cellulose and lignin[END_REF][START_REF] Kan | Lignocellulosic biomass pyrolysis: A review of product properties and effects of pyrolysis parameters[END_REF]. A biomass contained more cellulose, and hemicelluloses compared to lignin can produce a high yield of volatile products (bio-oil, syngas) yields comparing to biochar, while a biomass contained more lignin than cellulose or hemicelluloses produced more biochar than other by-products. The Table 2 clearly showed that the highest the content of lignin in the raw material, the highest the yield of biochar.

Therefore, regardless of the type of conversion or the operating conditions, the choice of the biomass presents a crucial step and make the difference, in terms of improving the yields of the desired pyrolysis products and reducing the cost of production. In addition, inorganic matter contained in biomass can influence the distribution of pyrolysis products [START_REF] Manyà | Study on the biochar yield and heat required during pyrolysis of two-phase olive mill waste[END_REF].

Generally, the content of inorganic constituents in biomass varies from less than 1% to 15%, depending on the species of biomass [START_REF] Eom | Effect of essential inorganic metals on primary thermal degradation of lignocellulosic biomass[END_REF]. Alkali and Alkaline Earth Metals (AAEMs) can function as catalysts during the pyrolysis process, they could catalyze both biomass decomposition and biochar formation reactions. Many studies have reported that washing biomass with deionized water, in order to partially remove inorganic matter, results in lower biochar yields [START_REF] Manyà | Study on the biochar yield and heat required during pyrolysis of two-phase olive mill waste[END_REF][START_REF] Meszarosa | Comparative study of the thermal behavior of wood and bark of young shoots obtained from an energy plantation[END_REF]. [START_REF] Eom | Effect of essential inorganic metals on primary thermal degradation of lignocellulosic biomass[END_REF] reported that as the potassium (K) content increased in biomass, biochar formation increased from 10.5 wt% to 19.6 wt% during pyrolysis at 550 °C, this is explained by an increase in the yield of C6 and C2C6 lignin derivatives with the increase in the potassium content, while magnesium (Mg)

and calcium (Ca) contained in the biomass will favored degradation reactions. It was found that by increasing the magnesium content, the maximum degradation rate increased from 1.21 wt% /°C to 1.43 wt%/ °C. Consequently, the lignocellulosic and inorganic contents influence the pyrolysis reactions as well as the distribution of the pyrolysis products.

Anaerobic Digestion Process (AD)

Terminology and AD products

Anaerobic digestion (AD) represents one of the most promising process [START_REF] Krishania | Analysis of different techniques used for improvement of biomethanation process : A review[END_REF] to valorize diverse organic substrates (i.e. animal manure, food waste, municipal solid waste, and lignocellulosic biomass as agricultural waste) [START_REF] Huttunen | Laboratory investigations on co-digestion of energy crops and crop residues with cow manure for methane production: Effect of crop to manure ratio[END_REF]. The AD process could be divided into two types according the dry matter of the feedstock: wet state [START_REF] Ferrer | The use of agricultural substrates to improve methane yield in anaerobic co-digestion with pig slurry: Effect of substrate type and inclusion level[END_REF] and solid state AD [START_REF] Li | Solid state anaerobic codigestion of tomato residues with dairy manure and corn stover for biogas production[END_REF]. The biogas was composed mainly of CH4 (55-75 %) and CO2 (25-45 %) [START_REF] Monlau | Do furanic and phenolic compounds of lignocellulosic and algae biomass hydrolyzate inhibit anaerobic mixed cultures? A comprehensive review[END_REF]. The produced biogas is used as a source of al., 2007) renewable energy by combined heat and power (CHP) generation, and/or upgraded to biomethane to be used as transportation fuels, or injected into natural gas grid [START_REF] Sawatdeenarunat | Anaerobic biorefinery: Current status, challenges, and opportunities[END_REF]. In parallel, DG withdrawn from anaerobic digester is a liquid to thick slurry that contains a significant quantity of remaining solids and can be applied for land application [START_REF] Guilayn | First fertilizing-value typology of digestates: A decision-making tool for regulation[END_REF]. To improve its transports and handling, the DG is generally separated through a liquid (rich in nutrients N and K) and a solid phase (rich in P and organic matter) through various technologies: screw press, vibrating sieve and centrifuge [START_REF] Akhiar | Comprehensive characterization of the liquid fraction of digestates from full-scale anaerobic co-digestion[END_REF][START_REF] Guilayn | First fertilizing-value typology of digestates: A decision-making tool for regulation[END_REF].

Biochemical pathways of AD process

AD process involves four successive stages: hydrolysis, acidogenesis, acetogenesis and finally methanogenesis stage as presented in Fig. 6. Fig. 6. Different bio-chemical pathways of anaerobic digestion process modified from [START_REF] Aiyuk | Anaerobic and complementary treatment of domestic sewage in regions with hot climates-A review[END_REF].

Non-soluble biopolymers were turned into soluble organic compounds during hydrolysis step.

Whilst, in acidogenesis step, the soluble organic compounds were transformed to volatile fatty acids. These volatile fatty acids along with CO2 were further converted to acetate and hydrogen in acetogenesis. In the final step, called methanogenesis, which is the stage in which the major waste stabilized during AD, the acetate, hydrogen and CO2 were converted to methane gas [START_REF] Rao | Attribute based specification, comparison and selection of feed stock for anaerobic digestion using MADM approach[END_REF]. To conclude, at the end of AD, we are left with biogas, composed mainly of CH4, CO2, and DG.

Influential parameters of AD a. Temperature

Depending on the operating temperature of the reactor, three types of AD can be distinguished:

psychrophilic (5 °C to 20 °C), mesophilic (20 °C to 45 °C) and thermophilic (45 °C to 60 °C).

The microorganisms involved in AD are very sensitive to temperature variations which affect the decomposition of organic matter, and thus the hydrogen and methane production [START_REF] Mao | Review on research achievements of biogas from anaerobic digestion[END_REF]. Temperature is an essential factor in biochemical processes because it has an impact on the kinetics of reactions, the material transfer, and the thermodynamics. Indeed, the higher the temperature, the faster the chemical and enzymatic reactions take place and the more the growth of microorganisms increases [START_REF] Mao | Review on research achievements of biogas from anaerobic digestion[END_REF] .

b. Total solids (TS)

Total solid (TS) is a measurement of dry matter in a subtract, irrespective of its organic or inorganic nature; it is often articulated in the literature as either a percentage or a concentration (APHA, 2005). The TS content is determined by the drying of a sample at 103-105°C in succession until no further change in weight is observed (U.S. Environmental Protection Agency Office of Water, 2001). Along with being an evaluation of influent, TS is an important attribute of digester operation. High-TS anaerobic digestion has received a considerable amount of recent attention, on account of its need for smaller digester sizes and lower heating needs [START_REF] Yi | Effect of increasing total solids contents on anaerobic digestion of food waste under mesophilic conditions: Performance and microbial characteristics analysis[END_REF]. Furthermore, improved biogas yields were reported in continuous high-TS digesters compared to low-TS digesters operating on the same retention time [START_REF] Duan | High-solid anaerobic digestion of sewage sludge under mesophilic conditions: Feasibility study[END_REF].

c. Loading rate

The loading rate of a digester refers to the amount of organics fed to a digester per day in continuous digesters. Overloading a digester may cause upsets if that waste is quickly hydrolyzed and acidified, thus creating an over-accumulation of VFAs, which has the potential of inhibiting methanogenesis, thus disrupting the anaerobic digestion process [START_REF] Franke-Whittle | Investigation into the effect of high concentrations of volatile fatty acids in anaerobic digestion on methanogenic communities[END_REF]. For example, it has also been demonstrated that olive mill waste digesters operating on an increased loading rate saw a decline in decreasing pH, COD reduction, and most importantly, the rates of biogas production [START_REF] Franke-Whittle | Investigation into the effect of high concentrations of volatile fatty acids in anaerobic digestion on methanogenic communities[END_REF]. In a high solids batch digester, the loading rate can be only half of other single-stage reactors, which in turn necessitates a greater land footprint [START_REF] Meegoda | A review of the processes, parameters, and optimization of anaerobic digestion[END_REF]. Studies conducted on overloaded grease waste digesters found that rapid shocks in the loading rate were able to cause shifts in microbial populations, with methane yields returning to normal levels after developing a tolerance to higher loading rates. It has been hypothesized that improved digester performance and resistance to overloading after an initial instance of overloading is due to an increased diversification of methanogenic microorganisms [START_REF] Meegoda | A review of the processes, parameters, and optimization of anaerobic digestion[END_REF].

d. Hydraulic retention time (HRT)

Hydraulic retention time (HRT) refers to the mean length of time that liquids remain in a digester [START_REF] Meegoda | A review of the processes, parameters, and optimization of anaerobic digestion[END_REF]. As a measure that is related to the loading rate, a shorter HRT corresponds to a higher loading rate. As such, shorter HRTs are known to be associated with VFA acidification, which could bring inhibitory effects [START_REF] Kim | Effect of temperature and hydraulic retention time on volatile fatty acid production based on bacterial community structure in anaerobic acidogenesis using swine wastewater[END_REF]. Nonetheless, shorter

HRTs allow for increased process efficiency and decreased capital costs, although longer HRTs are necessary for the digestion of lignocellulosic wastes [START_REF] Shi | Effect of Hydraulic Retention Time on Anaerobic Digestion of Wheat Straw in the Semicontinuous Continuous Stirred-Tank Reactors[END_REF]. Generally, mesophilic digestion can be accomplished within 15-30 days for easily biodegradable substrates, even if HRT can reach sometimes value higher than 100 days considering the digester and post-digester [START_REF] Mao | Review on research achievements of biogas from anaerobic digestion[END_REF]. However, after cost-benefit analyses of municipal wastes, the highest benefit is found for digesters operating on a low loading rate and high HRT [START_REF] Hartmann | Strategies for the anaerobic digestion of the organic fraction of municipal solid waste: An overview[END_REF].

e. Carbon/Nitrogen ratio

The carbon/nitrogen ratio (C/N ratio) of a substrate is a commonly used characterization of nutrients. Considering the composition of carbohydrates, lipids, and proteins, it stands to reason that the most abundant source of nitrogen in an anaerobic digester would be from the degradation of proteins. Just as carbon is necessary at a certain concentration to provide a suitable substrate for digestion, nitrogen at a certain concentration is also necessary lest the protein formation for microorganisms be compromised [START_REF] Zupančič | Anaerobic Treatment and Biogas Production from Organic Waste[END_REF]. In a study conducted on dairy manure, it was found that increasing C/N ratios led to decreasing methane concentrations in biogas, with an optimum at a C/N ratio of 25:1 [START_REF] Hills | Effects of carbon: Nitrogen ratio on anaerobic digestion of dairy manure[END_REF]. The C/N ratio has also been a subject of attention as co-digestion of multiple substrates has become increasingly utilized. For example, poultry manures have been known to have a relatively low C/N ratio due to a high ammonia content, possibly due to urea; as such, carbon-rich substrates such as straw may be co-digested to obviate the possibility of ammonia inhibition [START_REF] Callaghan | Continuous co-digestion of cattle slurry with fruit and vegetable wastes and chicken manure[END_REF][START_REF] Wang | Optimizing feeding composition and carbon-nitrogen ratios for improved methane yield during anaerobic co-digestion of dairy, chicken manure and wheat straw[END_REF]. In a more recent study conducted with mesophilic and thermophilic digesters for the co-digestion of dairy manure, chicken manure, and rice straw, an optimal methane potential and reduced ammonia inhibition were observed at C/N ratios of 25:1

for mesophilic digesters and 35:1 for thermophilic digesters [START_REF] Wang | Effects of temperature and Carbon-Nitrogen (C/N) ratio on the performance of anaerobic co-digestion of dairy manure, chicken manure and rice straw: Focusing on ammonia inhibition[END_REF].

Pretreatment technologies to enhance methane production

Pretreatment is an additional stage to improve substrate availability and digestibility in the AD process. Biochemical reactions take place sequentially, even though there are not optimum conditions in every stage of the reactor. These conditions have significant effects on biogas yield because of mass transfer between these reaction steps, and suitable feedstock availability for ongoing biological reactions [START_REF] Cesaro | Pretreatment methods to improve anaerobic biodegradability of organic municipal solid waste fractions[END_REF]. Therefore, hydrolysis is the ratedetermination phase for organic waste that has a complex structure such as lignin and lignocellulose to transfer to soluble components in the reactor [START_REF] Cesaro | Pretreatment methods to improve anaerobic biodegradability of organic municipal solid waste fractions[END_REF].

The AD process has been a well-developed technique to produce alternative and sustainable energy over the last two decades. However, improving methane yield is still heavily a challenging factor and studied as a research topic in academic and industrial areas. Several pretreatment methods have been established for this purpose. Fig. 7 shows the different types of pretreatments used to enhance methane production.

Fig. 7 Overview of pretreatment methods to improve the AD process [START_REF] Cesaro | Pretreatment methods to improve anaerobic biodegradability of organic municipal solid waste fractions[END_REF].

In the case of lignocellulose substrates, they have very complex and recalcitrant structures that limit the micro-organisms accessibility and thus degradation in AD process. Polysaccharides are cellulose and hemicelluloses in lignocellulose substrates and they can be changed into simple sugar by hydrolyzing [START_REF] Lee | Conversion of lignocellulosic biomass to nanocellulose: Structure and chemical process[END_REF][START_REF] Monlau | Predictive models of biohydrogen and biomethane production based on the compositional and structural features of lignocellulosic materials[END_REF]. However, lignin, which behaves as a support material for cell structure with embedding cellulose and hemicelluloses, resists hydrolyzing when microorganisms attack. The main function of the pretreatment for lignocellulose substrates is to break lignin structure (Fig. 7); therefore, cellulose and hemicelluloses become available for digestion [START_REF] Patinvoh | Innovative pretreatment strategies for biogas production[END_REF]. In addition, the crystallinity of cellulose is decreased, and porosity of substrate is increased with pretreatment [START_REF] Atelge | A critical review of pretreatment technologies to enhance anaerobic digestion and energy recovery[END_REF]. fungi added, and it is a well-known method to improve the biogas yield. For instance, using a given substrate, the temperature can be increased with thermal pretreatment and the solubility of the substrate is investigated at the certain temperature and process time. Physical pretreatment increases the surface area of the substrate and improves contact between the substrate and microorganisms [START_REF] Atelge | A critical review of pretreatment technologies to enhance anaerobic digestion and energy recovery[END_REF]. The small particle size of substrates positively causes a decreased viscosity for better mixing and reduction of floating layers in the reactor. The floating layer prevents escaping of the produced biogas in the reactor, which can be problematic [START_REF] Atelge | A critical review of pretreatment technologies to enhance anaerobic digestion and energy recovery[END_REF]. The physical pretreatment is also reported to provide cellulose of the substrate with greater access to the microbial activity by increasing its surface area [START_REF] Atelge | A critical review of pretreatment technologies to enhance anaerobic digestion and energy recovery[END_REF]. However, the main drawback of this method is its high energy consumption. Even though the physical pretreatment has a positive effect on biogas production, the percentage of increased yield varies depending on types of substrates due to their unique structures and physical pretreatment methods. In general, the most common physical pretreatment are classified as mechanical, thermal, ultrasonic, microwave irritation, and pulsed electric field pretreatment [START_REF] Atelge | A critical review of pretreatment technologies to enhance anaerobic digestion and energy recovery[END_REF].

b. Chemical pretreatments

Chemical pretreatment is a widely used method to not only more effectively break down complex structures into small ones, but also reduce the digester HRT [START_REF] Zhou | Pretreatment for biogas production by anaerobic fermentation of mixed corn stover and cow dung[END_REF].

Different types of acids and alkaline, ozonation, Fenton, and ionic liquids are used for chemical pretreatment under various conditions to improve biodegradability [START_REF] Atelge | A critical review of pretreatment technologies to enhance anaerobic digestion and energy recovery[END_REF]. Alkali pretreatment eliminates the acetate structure from feedstock, improve the delignification so that the material becomes easier for hydrolytic enzymes [START_REF] Monlau | Lignocellulosic materials into biohydrogen and biomethane: Impact of structural features and pretreatment[END_REF].In parallel, thermal and thermo-acid pretreatment improves the solubilization of hemicelluloses [START_REF] Monlau | Lignocellulosic materials into biohydrogen and biomethane: Impact of structural features and pretreatment[END_REF] .

c. Biological pretreatments

Biological pretreatment is a method where organisms are involved directly or indirectly and is an environmentally friendly approach. To improve the AD process, researchers have tried to apply biological processes by using (anaerobic or aerobic) pre-digestion, enzyme addition, and biosurfactant paths. Biological pretreatment is used to break down the cross-linked structures in substrates with enzymes. The main function of biological pretreatment is degradation of unsolvable materials with exoenzymes such as cellulase, and protease. To remove lignin from lignocellulose, this pretreatment method can be applied by utilizing microbes, enzymes, and fungi pretreatment [START_REF] Atelge | A critical review of pretreatment technologies to enhance anaerobic digestion and energy recovery[END_REF].

d. Combined pretreatments

As explained in previous sections, there are many different pretreatment methods to enhance biogas and methane yields from complex organic wastes. However, all pretreatment methods have advantages and disadvantages such as high energy demand (Table . 3) and the production of unexpected forms of substrate when they are applied alone. To improve biogas and methane yields, one of the best options is to apply some selected pretreatment methods simultaneously or sequentially. In some cases, this allows for reducing the pretreatment intensity of each method and reducing input energy/operational cost of pretreatment without compromising from pretreatment efficiency [START_REF] Mustafa | Combinations of fungal and milling pretreatments for enhancing rice straw biogas production during solid-state anaerobic digestion[END_REF]. A suitable combined pretreatment enhances the digestibility of a chosen substrate with a cost-effective way due to maximizing the availability of substrate components. Studies reveals that the combined pretreatment (i.e., biological with physical or chemical pretreatment) becomes more effective when comparing to a single pretreatment of a given substrate. To illustrate, while fungal pretreatment is a cost-effective and environmental-friendly aspect, it is not suitable to be commercialized because of the low hydrolysis rate and long retention time. On the other hand, when the pretreatment is combined with other pretreatment methods such as physical or chemical, the productivity of overall system is improved. A study shows that when applying mechanical pretreatment (milling) after biological pretreatment with P. ostreatus (DSM 11191) to rice straw, the methane yield was 258 mL CH4/g VS according to the control trial. They obtained 30.4% of lignin removal improvement and enhancement 165% in methane yield comparing to the untreated one [START_REF] Mustafa | Combinations of fungal and milling pretreatments for enhancing rice straw biogas production during solid-state anaerobic digestion[END_REF].

Biological or chemical pretreatment is usually applied after physical pretreatment such as mechanical. For example, acidic pretreatment can be applied for hemicelluloses hydrolysis before alkaline pretreatment is used to remove lignin [START_REF] Zheng | Pretreatment of wheat straw leads to structural changes and improved enzymatic hydrolysis[END_REF]. In the literature, these different pretreatments (thermal, chemical, and physical) were applied simultaneously to improve cost efficiency and biogas yield [START_REF] Hernández-Beltrán | Insight into Pretreatment Methods of Lignocellulosic Biomass to Increase Biogas Yield: Current State, Challenges[END_REF]. The advantage of combined these three pretreatments is low temperature needs, low chemical concentrations and low energy demand for physical pretreatment [START_REF] Hernández-Beltrán | Insight into Pretreatment Methods of Lignocellulosic Biomass to Increase Biogas Yield: Current State, Challenges[END_REF]. [START_REF] Dahunsi | Biochemical conversion of fruit rind of Telfairia occidentalis (fluted pumpkin) and poultry manure. Energy Sources, Part A Recover[END_REF] applied to fluted pumpkin fruit rind hammer mill as mechanical pretreatment to reduce particle sizeless than 20 mm. The mechanical pretreated substrate was carried out to thermal pretreatment at 70-200 °C for 50-80 min and alkaline pretreatment with 2-5 g NaOH/100 g TS for 18-36 h. Their results reveal that COD removal increased by 7% and biogas production was improved by 22.5% [START_REF] Dahunsi | Biochemical conversion of fruit rind of Telfairia occidentalis (fluted pumpkin) and poultry manure. Energy Sources, Part A Recover[END_REF].

Coupling of AD and pyrolysis processes for energy efficiency assessment

The coupling of AD and pyrolysis through a subsequent treatment of digestate represents an opportunity of energy recovery and sustainable management to reach the circular life of waste treatment (Fig. 8). These two processes are among the most promising processes applicable for waste-to-energy conversion [START_REF] Caoa | Sewage sludge-to-energy approaches based on anaerobic digestion and pyrolysis: Brief overview and energy efficiency assessment[END_REF]. At first, Anaerobic digestion forms methane-rich biogas, which can be utilized as source of heat and electricity using cogenerated heat power (CHP) engines [START_REF] Salman | Synergistic combination of pyrolysis, anaerobic digestion, and CHP plants[END_REF]. However, the digestion process has the limitation that it cannot sufficiently extract the energy in large different recalcitrant waste, which still energy profitable since lignin is very hard to be degraded by microorganisms during AD process [START_REF] Gunaseelan | Anaerobic digestion of biomass for methane production: A review[END_REF]. The pyrolysis process can transform the remaining organic matter in the DG (fibers) into bio-oil, syngas and biochar (Monlau et al., 2015b). Due to its high calorific content, the syngas can represent an interesting energy source that can be further converted into heat or heat/electricity alone or mixed with biogas in boilers and engines [START_REF] Seyedi | Toxicity of various pyrolysis liquids from biosolids on methane production yield[END_REF]. In parallel, the organic phase of bio-oil can be combusted in a boiler, diesel engine, and combustion turbine for producing electricity or heat, or it could be upgraded to petroleum products or steam reformed for producing hydrogen fuel [START_REF] Sarkar | Large-scale biohydrogen production from bio-oil[END_REF]. In a recent studies, it was clearly demonstrated that the integrated AD + pyrolysis approach led to a net 42 % increase in electricity production compared to AD stand-alone (Monlau et al., 2015b).

Furthermore, this coupling approach showed also environmental benefit, [START_REF] Righi | Life Cycle Assessment of high ligno-cellulosic biomass pyrolysis coupled with anaerobic digestion[END_REF] found that during the integrated process, greenhouse gases emissions were strongly reduced without worsening the abiotic resources depletion [START_REF] Righi | Life Cycle Assessment of high ligno-cellulosic biomass pyrolysis coupled with anaerobic digestion[END_REF].

Fig. 8 Descriptive scheme of the coupling of AD and pyrolysis for energy recovery and agronomic purposes.

Complementary between anaerobic digestion (AD) and pyrolysis process.

These last decades, combination of AD and pyrolysis process has started to attract attention among the scientific communities (can attest the 567 publications between 2010-2019 in Science Direct using the keywords: coupling AD and pyrolysis). As mention by [START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF], this low number of papers on a potentially interesting topic could be easily explained considering that the progress in commercialization of AD plants and in pyrolysis/gasification technologies is something relatively recent. As well with the fact that, in academia, thermochemical approaches are often parallel or competing with biochemical ones.

Nevertheless, it is evident from literature data that these two processes can be associated according to a progressive integration ("industrial symbiosis") approach, establishing functional. Recently, two main scenarios have been investigated with the pyrolysis process applied: 1) upstream of the AD process by the biological upgrading of the liquid pyrolysis fraction (i.e APL phase) through AD process; 2) downstream by converting the recalcitrant solid phase of the DG [START_REF] Fabbri | Linking pyrolysis and anaerobic digestion (Py-AD) for the conversion of lignocellulosic biomass[END_REF][START_REF] Feng | Integrated processes of anaerobic digestion and pyrolysis for higher bioenergy recovery from lignocellulosic biomass: A brief review[END_REF]Monlau et al., 2015b).

Besides, to improve energy recovery from initial biomasses, pyrolysis applied upstream or downstream of AD process has revealed many benefits (Fig. 9) as:

• The treatment of a large range of substrates: easily biodegradable substrates are sent to AD process whereas hardly biodegradable (wood, straw, digestate…) are sent to pyrolysis.

• The dual symbiosis approach of coupling AD and pyrolysis is interesting as a pretreatment unit preceding AD could be avoided, since pyrolysis could handle the dry and poorly biodegradable materials that otherwise would have required hydrolysis before AD.

• The bio-oil upgrading by AD process.

• The syngas upgrading through AD process.

• The ex-situ or in-situ addition of biochar for inhibitors uptake.

• The in-situ addition of biochars for biofilms formation and stability performances improvement.

• The ex-situ or in-situ addition of biochar for biogas purification or upgrading.

The complementarities in using digestate and other organic residues with biochar for agronomic issues.

Fig. 9. Complementarities between pyrolysis and AD processes by using biochar as central element.

Biogas purification and/or upgrading using biochar

The biogas produced can be valorized as transport biofuel, injected in the national gas grid (biomethane after purification) or further converted into heat and electricity through a Cogeneration (Combined Heat and Power -CHP) system [START_REF] Salman | Synergistic combination of pyrolysis, anaerobic digestion, and CHP plants[END_REF]. The last point is consistent with the present development of agricultural anaerobic digesters in European countries where biogas, in most of the cases, is converted by CHP. Electricity can be sold to the public grid at a fixed rate dependent of the National policy and provide economic benefits to farmers (Sambusiti et al., 2013). According the biogas valorization routes, some elements such as H2S and CO2 should be removed from the biogas before it's used [START_REF] Miltner | Review on available biogas upgrading technologies and innovations towards advanced solutions[END_REF][START_REF] Sun | Biogas production from undiluted chicken manure and maize silage: A study of ammonia inhibition in high solids anaerobic digestion[END_REF]. Biogas contains H2S at concentrations ranging from 0.1 to 2.0% (v/v) depending on the types of substrate fed into the digester, which is a very corrosive gas [START_REF] Shanmugam | Effect of bio-char on methane generation from glucose and aqueous phase of algae liquefaction using mixed anaerobic cultures[END_REF]. If the valorization through CHP system required only the removal of H2S, upgrading of biogas into biomethane will also require the removal of CO2. Due to its physicochemical properties, biochar can be readily used to purify biogas contaminants such as H2S and CO2 [START_REF] Kanjanarong | Removal of hydrogen sulfide generated during anaerobic treatment of sulfate-laden wastewater using biochar: Evaluation of efficiency and mechanisms[END_REF][START_REF] Sethupathi | Biochars as potential adsorbers of CH4, CO2 and H2[END_REF][START_REF] Shen | Sorption of lead by Salisbury biochar produced from British broadleaf hardwood[END_REF][START_REF] Xu | Comparison of sewage sludge-and pig manurederived biochars for hydrogen sulfide removal[END_REF]. As concerns H2S removal, [START_REF] Xu | Comparison of sewage sludge-and pig manurederived biochars for hydrogen sulfide removal[END_REF] have investigated the capacity of biochars derived from pig manure and sewage sludge for their abilities to remove hydrogen sulfide (H2S) from gas phase. It was demonstrated that the pig manure biochar had higher capacities for H2S sorption than sewage sludge biochar in both dynamic and static systems highlighting that the operative conditions of pyrolysis to produce biochar but also the initial feedstock can influence the H2S removal efficiency. Similarly, [START_REF] Kanjanarong | Removal of hydrogen sulfide generated during anaerobic treatment of sulfate-laden wastewater using biochar: Evaluation of efficiency and mechanisms[END_REF] , have introduced biochar (produced at 600°C from a mix of woodchips/DG) in a continuous-stirred tank reactor for treating sulfate-laden wastewater. Having a H2S concentration in the range of 105-1020 mg/L, the biochar was able to remove more than 98% of H2S at high pH (7.98) and high moisture content (80%-85%) conditions. Pelaez-Samaniego et al. ( 2018) investigated the effect of pyrolysis temperature (from 300°C to 600°C) on the capacity of biochars to adsorb H2S and demonstrated that the most attractive biochars were those produced at 600 ºC for 60 min. [START_REF] Kanjanarong | Removal of hydrogen sulfide generated during anaerobic treatment of sulfate-laden wastewater using biochar: Evaluation of efficiency and mechanisms[END_REF] have highlighted that the presence of carboxylic and hydroxide radicals groups onto the biochar were likely responsible for sorption of H2S. In parallel, biochar has also been investigated for biogas upgrading into biomethane. Two main strategies have been investigated by ex-situ used of biochar [START_REF] Kanjanarong | Removal of hydrogen sulfide generated during anaerobic treatment of sulfate-laden wastewater using biochar: Evaluation of efficiency and mechanisms[END_REF] or directly in situ biochar addition in the AD process [START_REF] Shen | Sorption of lead by Salisbury biochar produced from British broadleaf hardwood[END_REF]. [START_REF] Sethupathi | Biochars as potential adsorbers of CH4, CO2 and H2[END_REF] have investigated the effect of four different types of biochars produced from several biomasses (i.e., peilla; soybean stover, Korean oak, Japanese oak) on the H2S and CO2 removal from a synthetic biogas composed of 0.3% of H2S; 40% of CO2 and 59.7 % of CH4. The various biochars exhibited different performances with optimal one using perilla but all of them were efficient in reducing H2S and CO2 whereas CH4 was not adsorbed. Direct addition of biochar in situ of the AD process have also been investigated from biogas upgrading. [START_REF] Shen | Sorption of lead by Salisbury biochar produced from British broadleaf hardwood[END_REF] CH4 content by removing 40%-96% of the CO2 compared with the control digesters at mesophilic and thermophilic temperature conditions [START_REF] Linville | Insitu biogas upgrading during anaerobic digestion of food waste amended with walnut shell biochar at bench scale[END_REF]. To improve the purification efficiency and removal of H2S and CO2, biochar can be used as precursors of activated carbons [START_REF] Ioannidou | Agricultural residues as precursors for activated carbon production-A review[END_REF][START_REF] Tan | Biochar as potential sustainable precursors for activated carbon production: Multiple applications in environmental protection and energy storage[END_REF]. Indeed, activated carbon have been found to be an effective carbonaceous sorbent for H2S and CO2 removal due to its high surface area and porosity for sorption [START_REF] Farooq | In-situ regeneration of activated carbon with electric potential swing desorption (EPSD) for the H2S removal from biogas[END_REF][START_REF] Pelaez-Samaniego | Charcoal from anaerobically digested dairy fiber for removal of hydrogen sulfide within biogas[END_REF][START_REF] Plaza | Production of microporous biochars by single-step oxidation: Effect of activation conditions on CO2 capture[END_REF].For instance, [START_REF] Pelaez-Samaniego | Charcoal from anaerobically digested dairy fiber for removal of hydrogen sulfide within biogas[END_REF] have demonstrated that the impregnation of the biochars with Na2CO3 improved the H2S scrubbing capacity from 37%.

Finally, once the biochar is exhausted, it can be regenerated [START_REF] Farooq | In-situ regeneration of activated carbon with electric potential swing desorption (EPSD) for the H2S removal from biogas[END_REF][START_REF] Tan | Application of biochar for the removal of pollutants from aqueous solutions[END_REF] or used as a nutrient rich soil amendment for sulfur deficient soils [START_REF] Sawatdeenarunat | Anaerobic biorefinery: Current status, challenges, and opportunities[END_REF][START_REF] Zhang | Sulfur-enriched biochar as a potential soil amendment and fertiliser[END_REF].

Bio-oil and syngas pyrolysis valorization through AD process in an integrated approach

Pyrolysis liquid is composed of two phases: an organic phase (bottom phase consisting of 15-30% w/w liquid called bio-oil) and an aqueous phase (85-70%, aqueous pyrolysis liquid, APL).

The APL phase is formed by water, water soluble substances (i.e. C2-C6 sugars, volatile fatty acids, oligomers…) and slightly soluble substances (i.e. mainly phenols and furans) [START_REF] Abnisa | A review on co-pyrolysis of biomass: An optional technique to obtain a high-grade pyrolysis oil[END_REF][START_REF] Oasmaa | Solvent fractionation method with Brix for rapid characterization of wood fast pyrolysis liquids[END_REF][START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF]. It is characterized by low heating value, high pH, high N-NH3 concentration and high water content and currently, no apparent use have been defined [START_REF] Seyedi | Toxicity of various pyrolysis liquids from biosolids on methane production yield[END_REF]. For this purpose, the use of APL in AD process has gain attention these last decades [START_REF] Hübner | Integration of pyrolysis and anaerobic digestion -Use of aqueous liquor from digestate pyrolysis for biogas production[END_REF][START_REF] Seyedi | Toxicity of various pyrolysis liquids from biosolids on methane production yield[END_REF][START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF]. Treating the APL liquor through AD process was generally found to reduce large part of its organic contents including hazardous compounds such as phenols and phenols derivatives. [START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF] investigated the methane potential of APL (from corn stalks pyrolysis at 400°C for 10 min) in batch tests and reported a methane production corresponding to 34 % of the theoretical one. Similarly, [START_REF] Hübner | Integration of pyrolysis and anaerobic digestion -Use of aqueous liquor from digestate pyrolysis for biogas production[END_REF] investigated the methane potential of various APL of pyrolysis liquid produced from solid-DG at 300°C, 430°C and 530°C and added in batch tests at four COD-based concentrations of 3, 6, 12 and 30 g L -1 . The three lower concentrations (in COD based) showed considerable biogas production, whereas the 30 g L -1 dosage caused process inhibition [START_REF] Hübner | Integration of pyrolysis and anaerobic digestion -Use of aqueous liquor from digestate pyrolysis for biogas production[END_REF]. For instance, at a COD-based concentrations of 12 g L -1 , the highest methane yield of 220 ± 9 mL CH4 g COD -1 was observed for APL produced at 330 °C of pyrolysis, followed by the 430 °C with methane yield of 199 ± 7 mL CH4 g COD -1 , whereas the 530°C sample dropped to a yield of 38 ± 10 mL CH4 gCOD -1 [START_REF] Hübner | Integration of pyrolysis and anaerobic digestion -Use of aqueous liquor from digestate pyrolysis for biogas production[END_REF]. Until yet, few studies have reported at continuous pilot scale the AD of APL [START_REF] Seyedi | Anaerobic Co-Digestion of Condensate from Biosolids Pyrolysis[END_REF][START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF]. [START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF] demonstrated the difficulties to maintain stable semi continuous AD of APL at daily addition higher than 15 g COD L -1 d -1 . Similarly, [START_REF] Seyedi | Anaerobic Co-Digestion of Condensate from Biosolids Pyrolysis[END_REF] have investigated the co-digestion of synthetic sludge with APL at continuous scale and a daily methane production of 38 ± 2.7 mL was reported compared to 38.8 ± 1.8 mL for the control treating only synthetic sludge. In term of microbial communities, for both digesters, similar bacteria communities dominated by Clostridium genus and similar archaea communities dominated by Methanosaeta genus were observed. Nonetheless, higher concentration of APL can generate instability of the AD process and microbial communities' shift. Chen et al. (2017) have investigated the methane potentials of hydrothermal liquefaction wastewater (HTLWW). Microbial community analysis showed that different microbial community compositions were established during the AD with different HTLWW samples due to the different organic compound's concentration. Petrimonas, which could degrade sugars, had higher abundance in the AD of sample with low temperature HTL process whereas genus Syntrophorhabdus that could degrade phenols where in higher abundance in the AD of sample with higher HTL temperature (Chen et al., 2017). If the AD process of APL of pyrolytic bio-oil seems to be technically feasible at low concentration (0.06 to 0.3 g COD L -1 ) [START_REF] Hübner | Integration of pyrolysis and anaerobic digestion -Use of aqueous liquor from digestate pyrolysis for biogas production[END_REF], APL can be a difficult substrate to digest at higher loading rates since it contains organic compounds that are known to inhibit methane production. Indeed, the APL of bio-oil is rich in furans, polyphenols and ammonium, which has been previously recognized as potential inhibitors of the AD process [START_REF] Barakat | Effect of lignin-derived and furan compounds found in lignocellulosic hydrolysates on biomethane production[END_REF][START_REF] Monlau | Do furanic and phenolic compounds of lignocellulosic and algae biomass hydrolyzate inhibit anaerobic mixed cultures? A comprehensive review[END_REF]. To overcome this limitation, APL can be co-digested with other biomasses [START_REF] Seyedi | Anaerobic Co-Digestion of Condensate from Biosolids Pyrolysis[END_REF] or biochar can be added in situ of the AD process to improve the mitigation of the potential inhibitors such as furans and phenols compounds [START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF].

Indeed, Monlau et al. (2015c) have highlighted the capacity of biochar for detoxification rich in furans compounds. At a biochar concentration of 40 g L -1 , more than 94% of 5-HMF and 99% of furfural were removed in a synthetic medium (containing 10 g L -1 of glucose, 1 g L -1 of furfural and 1 g L -1 of 5-HMF) after 24 h of contact time, whereas sugars concentration remained unchanged. Furfural was adsorbed faster than 5-HMF by biochars and totally removed after 3 h of contact (Monlau et al., 2015c). Recently, [START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF] have demonstrated in batch test that the addition of biochar increased methane yield (60 ± 15% of theoretical) with respect to pure aqueous phase (34 ± 6% of theoretical) [START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF]. At semi-continuous digestion scale, [START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF] demonstrated the benefits of adding biochar as with a daily input of 5 g d -1 L -1 of APL, the yield of methane was 65 ± 5% of the theoretical. Indeed, no signal of intoxication was revealed and a relatively stable methane production was observed [START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF].

Besides bio-oil, syngas can also be upgraded into methane through biological methanation (BM) process via methanogenic archaea, which are able to directly convert CO and CO2 with H2 to CH4 [START_REF] Schwede | Biological Syngas Methanation via Immobilized Methanogenic Archaea on Biochar[END_REF]. The efficiency of the BM process depends on the type of microorganism, cell concentration, reactor concept, pressure pH value and temperature [START_REF] Götz | Renewable Power-to-Gas: A technological and economic review[END_REF]. BM can be realized in a separate reactor or in situ of the AD process making AD as a promising technology to convert syngas into methane [START_REF] Götz | Renewable Power-to-Gas: A technological and economic review[END_REF][START_REF] Guiot | Potential of wastewater-treating anaerobic granules for biomethanation of synthesis gas[END_REF].

Currently, both process concepts are the focus of academic and industrial research, but in the following part, only the in-situ BM in AD digester will be discuss, making AD a method to convert syngas into methane. Indeed such configuration even if it present several technological locks can improved the CH4 amount produce by adding inorganic electron donors such as H2

and CO, both which can be produced as syngas from solid DG or other biomasses [START_REF] Guiot | Potential of wastewater-treating anaerobic granules for biomethanation of synthesis gas[END_REF][START_REF] Shah | Methane from Syngas by Anaerobic Digestion[END_REF]. Recently, some authors have investigated and simulated the in situ incorporation of syngas into AD process for upgrading into methane [START_REF] Guiot | Potential of wastewater-treating anaerobic granules for biomethanation of synthesis gas[END_REF][START_REF] Shah | Methane from Syngas by Anaerobic Digestion[END_REF]. [START_REF] Guiot | Potential of wastewater-treating anaerobic granules for biomethanation of synthesis gas[END_REF] have investigated several aspects of the syngas BM including:

the dominant metabolic pathways used by anaerobic sludge when converting CO into methane and its tolerance level to syngas impurities. It was highlighted that direct methane production from CO appeared to be negligible: CO was converted (CO acetogenesis) mainly to acetate, which was further transformed to methane. Furthermore, acetoclastic methanogens were the most sensitive to CO and syngas impurities, but higher impurities concentrations affected all activities [START_REF] Guiot | Potential of wastewater-treating anaerobic granules for biomethanation of synthesis gas[END_REF]. Then, [START_REF] Guiot | Potential of wastewater-treating anaerobic granules for biomethanation of synthesis gas[END_REF] have also investigated the CO conversion performance and gas-liquid mass transfer performances on three bioreactor designs: a fluidized bed reactor (FBR), a closed-loop gas-lift reactor (GLR) and a bubble column reactor (BCR). It was shown that despite a lower conversion volumetric rate, the CSTR still remains a viable option since it showed high specific bioactivity and gas-liquid mass transfer rates, especially as it is the design that would be required within an integrating approach coupling biological with thermochemical processes [START_REF] Guiot | Potential of wastewater-treating anaerobic granules for biomethanation of synthesis gas[END_REF]. Nonetheless, one major limitations if the poor solubility of hydrogen and CO that limit the mass transfer between the gas phase and the microbial cell [START_REF] Schwede | Biological Syngas Methanation via Immobilized Methanogenic Archaea on Biochar[END_REF][START_REF] Thema | Biological CO 2 -Methanation : An Approach[END_REF]. Indeed, CO2 is nearly 23 times more soluble than hydrogen in aqueous fermentation liquid [START_REF] Götz | Renewable Power-to-Gas: A technological and economic review[END_REF].

To overcome this limitations, [START_REF] Schwede | Biological Syngas Methanation via Immobilized Methanogenic Archaea on Biochar[END_REF] have recently investigated the immobilization of methanogenic archaea onto biochar (from green waste pyrolysis) to improve BM processes. Results demonstrated that biochar was a suitable carrier for methanogenic archaea and that the biochar was successfully inoculated. The conversion of H2 with CO2 and CO to CH4 was principally fast with more than 50% of conversion during the first 24 hours.

However, as shown by a reduced CH4 conversion efficiency, CO was presumably utilized for formate/acetate formation rather than for methanogenesis. Furthermore, methane production declined with increasing CO partial pressure due to inhibition of methanogenesis by CO [START_REF] Schwede | Biological Syngas Methanation via Immobilized Methanogenic Archaea on Biochar[END_REF].

Ex-situ addition of biochar for inhibitor uptake prior to AD process

Research on biochar for removal of inhibitors has been a hot topic because of its excellent ecofriendly and economical properties. Broadly, biochar represents an exceptional sustainable product for remediation and adsorption; it has been investigated as a low-cost sorbent for various inorganic and organic molecules and inhibitors as summarized in Table . 4. Biochar sorption mechanism interacts differently with organic and inorganic pollutants (Fig. 10). The adsorption performances of biochar depends mainly on its physicochemical and structural properties, specifically surface area and porosity, alkalinity, ion-exchange capacity and surface functional groups [START_REF] Ahmad | Biochar as a sorbent for contaminant management in soil and water: A review[END_REF]. To deal with the high adsorption capacity of commercial activated carbon, activation processes represent a great tool to improve biochar adsorption performances [START_REF] Ahmad | Biochar as a sorbent for contaminant management in soil and water: A review[END_REF][START_REF] Souza | NaOH-activated carbon of high surface area produced from guava seeds as a high-efficiency adsorbent for amoxicillin removal: Kinetic, isotherm and thermodynamic studies[END_REF]. Phenol and furan derivatives have been investigated as AD inhibitors in many adsorption studies using biochar as sorbent. A study showed that biochar produced from pistachio shells has removed 51% of phenols through hydrophobic sorption from an aqueous solution of 200 mg L -1 [START_REF] Inyang | The potential role of biochar in the removal of organic and microbial contaminants from potable and reuse water: A review[END_REF] .

While, [START_REF] Mohammed | Phenol adsorption on biochar prepared from the pine fruit shells : Equilibrium, kinetic and thermodynamics studies[END_REF] reported that pine fruit shell biochar removed more than 26.74 mg g -1 of phenols. Monlau et al., (2015c) have studied the adsorption of furfural and 5-HMF from lignocellulosic hydrolysates with a concentration of 1g L -1 using biochar derived from AD residues (DG).

Table. 4

Selected reported studies of Ex-situ addition of biochars as adsorbent for inorganic and organic contaminants. The authors reported that more than 94% and 99% of 5-HMF and furfural were removed respectively (Monlau et al., 2015c). Biochar has also exhibited great abilities to adsorb the excessive amount of nutrients from wastewater as a efficiency solution for environmental remediation [START_REF] Kizito | Evaluation of slow pyrolyzed wood and rice husks biochar for adsorption of ammonium nitrogen from piggery manure anaerobic digestate slurry[END_REF]. Ammonium (NH4 + ) in groundwater and surface water has been causing severe environmental pollution and people health issues [START_REF] Vocciante | Adsorption of ammonium on clinoptilolite in presence of competing cations: Investigation on groundwater remediation[END_REF].

Recent studies confirmed that the adsorption method is considered to be an economic and effective strategy for removing NH4 + using biochar and activated carbon [START_REF] Moreno-Castilla | Changes in surface chemistry of activated carbons by wet oxidation[END_REF][START_REF] Shang | Adsorption of Ammonium in Aqueous Solutions by the Modified Biochar and its Application as an Effective N-Fertilizer[END_REF][START_REF] Tang | Influence of pyrolysis temperature on production of digested sludge biochar and its application for ammonium removal from municipal wastewater[END_REF]. [START_REF] Vu | Removing ammonium from water using modified corncob-biochar[END_REF] have used a modified corncobbiochar with HNO3 and NaOH for removing NH4 + from a synthetic water (ammonium concentration from 10 to 100 mg L -1 ). The highest adsorption capacity of 22.6 mg NH4 + -N g -1

was obtained using modified biochar with NaOH 0.3M and HNO3 6M [START_REF] Vu | Removing ammonium from water using modified corncob-biochar[END_REF]. The authors reported that the ammonium adsorption depend strongly on the pH [START_REF] Vu | Removing ammonium from water using modified corncob-biochar[END_REF].

While, [START_REF] Yu | Effectiveness and mechanisms of ammonium adsorption on biochars derived from biogas residues[END_REF] investigated the biochar derived from biogas residues, as efficient adsorbent for ammonium removal using NH4 + -containing artificial wastewater solution (100 mg L -1 , with initial pH of 5.0) prepared from NH4Cl and a real sample of NH4 + -containing wastewater (855 mg L -1 ) collected from the supernatant of the biogas slurry produced from pig manure AD. The highest adsorption capacity of 48.89 mg NH4 + -N g -1 was obtained with the equilibrium study [START_REF] Yu | Effectiveness and mechanisms of ammonium adsorption on biochars derived from biogas residues[END_REF]. The authors reported that the ash in the biochars played an important role in ammonium adsorption [START_REF] Yu | Effectiveness and mechanisms of ammonium adsorption on biochars derived from biogas residues[END_REF]. Phosphate (PO4 3--P) recovery from liquid fraction of AD was also investigated using different type of biochars produced from wood, corncobs, rice husks and sawdust at 600°C for 10h [START_REF] Kizito | Phosphate recovery from liquid fraction of anaerobic digestate using four slow pyrolyzed biochars: Dynamics of adsorption, desorption and regeneration[END_REF]. Biochar from wood exhibited the highest adsorption capacity of 7.67 mg g -1 at initial concentration of 150 mg L -1 of PO4 3--P (highest loaded) [START_REF] Kizito | Phosphate recovery from liquid fraction of anaerobic digestate using four slow pyrolyzed biochars: Dynamics of adsorption, desorption and regeneration[END_REF]. The use of nitrification inhibitor (NI) is considered as a useful mitigation strategy for biochar-amended agricultural fields. [START_REF] Keiblinger | Biochar application increases sorption of nitrification inhibitor 3 , 4-dimethylpyrazole phosphate in soil[END_REF] tested the sorption behavior of a model NI of synthetic 3,4-dimethylpyrazole phosphate (DMPP) on 15-month-aged soil-biochar mixtures [START_REF] Keiblinger | Biochar application increases sorption of nitrification inhibitor 3 , 4-dimethylpyrazole phosphate in soil[END_REF]. They reported that the biochar additions increased DMPP sorption to varying extents depending on biochar feedstock type and pyrolysis temperature. The highest sorption (284 mg kg -1 of biochar)

was found for biochar-vineyard pruning, pyrolyzed at 400°C [START_REF] Keiblinger | Biochar application increases sorption of nitrification inhibitor 3 , 4-dimethylpyrazole phosphate in soil[END_REF]. Biochar effects on soil physicochemical characteristics (i.e., hydrophobicity) seem to be important factors. The use of biochar as efficiency adsorbent for pesticide-treated wastewater or some pharmaceutical effluents was also investigated. [START_REF] Taha | Adsorption of 15 different pesticides on untreated and phosphoric acid treated biochar and charcoal from water[END_REF] were studied the adsorption of 15 different pesticides (400 mg L -1 for individual pesticide) by untreated and treated biochar and charcoal. The authors reported that the effect of chemical treatment using phosphoric acid (H3PO4) on biochars is also higher than in charcoal. Treated rice straw biochar takes only 2h to reduce the individual pesticide concentration in water (pH 7) to 0.005 mg L -1 corresponding to 99% of removal efficiency [START_REF] Taha | Adsorption of 15 different pesticides on untreated and phosphoric acid treated biochar and charcoal from water[END_REF]. While, [START_REF] Yao | Adsorption of fluoroquinolone antibiotics by wastewater sludge biochar: Role of the sludge source[END_REF] investigated the adsorption of fluoroquinolone antibiotics using sludge-derived biochar. High adsorption capacity of sludge-derived biochar was observed with a highest adsorption capacity of 19.8 mg g -1 corresponding to about 96% of removal efficiency [START_REF] Yao | Adsorption of fluoroquinolone antibiotics by wastewater sludge biochar: Role of the sludge source[END_REF]. Recently, the removal of heavy metals has become a key area of research interest in relation to the potential of biochar for wastewater remediation. Heavy metals are persistent environmental contaminants because they are non-biodegradable and bio-accumulating substances, which are known to be toxic to living organisms even at very low concentrations [START_REF] Lu | Effect of bamboo and rice straw biochars on the mobility and redistribution of heavy metals (Cd, Cu, Pb and Zn) in contaminated soil[END_REF]. Heavy metal sorption using biochar as the adsorbent has emerged as a potential alternative technique to the existing methods for wastewater remediation [START_REF] Poo | Biochars derived from wasted marine macro-algae (Saccharina japonica and Sargassum fusiforme) and their potential for heavy metal removal in aqueous solution[END_REF][START_REF] Son | Heavy metal removal from aqueous solutions using engineered magnetic biochars derived from waste marine macro-algal biomass[END_REF][START_REF] Wang | Adsorption of heavy metals from aqueous solution by UV-mutant Bacillus subtilis loaded on biochars derived from different stock materials[END_REF]. Li et al.

(2017) studied the removal of Cd from aqueous solution by activated rap straw biochar with FeCl3, KMnO4 and NaOH. The authors showed that KMnO4 -treated biochar provided the highest sorption capacity (81.10 mg g -1 ), which reached about 95% of removal efficiency (Li et al., 2017). [START_REF] Hodgson | Optimisation of slow-pyrolysis process conditions to maximise char yield and heavy metal adsorption of biochar produced from different feedstocks[END_REF] investigated the removal of zinc from polluted groundwater using biochar produced from different biomass (i.e., Miscanthus x giganteus, Salix viminalis, Lolium perenne fibre, Fraxinus excelsior…etc.). The authors reported that, biochar produced from L. perenne and its extracted fiber displayed the greatest zinc adsorption performance and removed 83.27-92.96% respectively compared to others biochar-biomasses [START_REF] Hodgson | Optimisation of slow-pyrolysis process conditions to maximise char yield and heavy metal adsorption of biochar produced from different feedstocks[END_REF]. Biochar has been also showed a great removal potential toward dye, such as methylene blue, which is widely studied because this dye can be viewed as a model for visible pollution [START_REF] Anfar | Combined Methane Energy Recovery and Toxic Dye Removal by Porous Carbon Derived from Anaerobically Modi fi ed Digestate[END_REF][START_REF] Sun | Biochars prepared from anaerobic digestion residue, palm bark, and eucalyptus for adsorption of cationic methylene blue dye: Characterization, equilibrium, and kinetic studies[END_REF]Yuan et al., 2011). Yuan et al. (2011) have investigated the efficiency of activate carbon prepared from biogas residue impregnated in 30% v v -1 of H3PO4 for methylene blue removal (10-60 mg L -1 ). The physical and chemical properties of produced activated carbon showed its potential to be an efficient adsorbent (SBET of 1950 m 2 g - 1 ; total pore volume of 1.232 cm 3 g -1 ). The results indicated that the sorption of methylene blue onto activated carbon was dominated by intraparticle diffusion mechanism, with an adsorption capacity of 344.8 mg g -1 (Yuan et al., 2011). [START_REF] Sun | Biochars prepared from anaerobic digestion residue, palm bark, and eucalyptus for adsorption of cationic methylene blue dye: Characterization, equilibrium, and kinetic studies[END_REF] have been tested the removal efficiencies of biochars from different feedstock (palm bark, Eucalyptus and AD residues), the results showed that AD residue-biochar showed the highest adsorption efficiency and removed 96.4 % of methylene blue (5 mg L -1 ) [START_REF] Sun | Biochars prepared from anaerobic digestion residue, palm bark, and eucalyptus for adsorption of cationic methylene blue dye: Characterization, equilibrium, and kinetic studies[END_REF]. The adsorption and removal of heavy metals, toxins, pesticides, ammonium, phosphates, and dyes…etc. has become a key area of research interest in relation to the potential of biochar for wastewater and soil detoxification and remediation. Therefore, using biochar as effective adsorbent for various contaminants and molecules has emerged as a potential alternative and could replace activated carbon due to its cost-effective production from waste. This would make biochar less expensive compared to commercial activated carbon. The estimated break-even price for biochar is US $246 t -1 , which is approximately 1/6 of commercially available activated carbon (~US $1500 t-1) [START_REF] Ahmad | Biochar as a sorbent for contaminant management in soil and water: A review[END_REF].

The sorption of organic and inorganic contaminants on the biochar could be govern by multiples mechanisms as depicted in Fig. 10. These mechanisms depend mainly on the biochar properties (surface area, porosity, nature, and density of surface functional groups), which are in turn depended on the operating conditions, in particular pyrolysis temperature. Effectively, it was reported that biochar produced at higher pyrolysis temperatures retained higher quantity of anionic dyes and a lower quantity of cationic dyes [START_REF] Premarathna | Clay-biochar composites for sorptive removal of tetracycline antibiotic in aqueous media[END_REF][START_REF] Yang | Removal of Congo Red and Methylene Blue from Aqueous Solutions by Vermicompost-Derived Biochars 1-18[END_REF],

and their adsorption occurred by cation exchange and π-π interactions for cationic and anionic dyes, respectively [START_REF] Yang | Removal of Congo Red and Methylene Blue from Aqueous Solutions by Vermicompost-Derived Biochars 1-18[END_REF]. Several interactions between biochar and organic contaminants were suggested to clarify the adsorption mechanisms (Fig. 10). Polar organic interactions especially hydrogen bonding [START_REF] Chen | Sorption characteristics of N-nitrosodimethylamine onto biochar from aqueous solution[END_REF] and electrostatic interactions represent the principal and plausible mechanisms for the sorption of ionic organic compounds [START_REF] Ahmad | Biochar as a sorbent for contaminant management in soil and water: A review[END_REF][START_REF] Chen | Sorption characteristics of N-nitrosodimethylamine onto biochar from aqueous solution[END_REF]. Whereas aromatic organic contaminants were occurred π-electron donor-acceptor interaction (π-π EDA), this interaction takes place between the πelectron system of biochar (graphene-like biochar surfaces) and the aromatic ring of organic pollutants. In addition, partitioning mechanism occurs on the non-carbonized phase of biochar, which may characterize by small (poly) aromatic and aliphatic compounds including, pyrroles, phenols, ketones and sugars. While hydrophobic interactions are believed to contribute to the sorption of insoluble sorbates [START_REF] Inyang | The potential role of biochar in the removal of organic and microbial contaminants from potable and reuse water: A review[END_REF]. Last and not least, pore filling mechanism is a function of biochar total micro-pore and mesopore volumes while diffusion mechanism can occur either during pore filling or in noncarbonized phase of the biochar [START_REF] Inyang | The potential role of biochar in the removal of organic and microbial contaminants from potable and reuse water: A review[END_REF]. In the other hand, several mechanisms have been responsible for the sorption of inorganic contaminants on the surface of biochar (Fig. 10). The ion exchange interaction is one of the sorption mechanisms and is linked to the size of the compounds and to the surface chemical functional groups of the biochar [START_REF] Inyang | A review of biochar as a low-cost adsorbent for aqueous heavy metal removal[END_REF]. In addition, ion metal interaction also called complexation could be exhibited as cationic or anionic metal interactions. This mechanism depends mainly on the biochar surface functional groups [START_REF] Inyang | A review of biochar as a low-cost adsorbent for aqueous heavy metal removal[END_REF]. Finally, precipitation, which is the formation of solid either in solution or in a surface during the adsorption [START_REF] Masebinu | A review of biochar properties and their roles in mitigating challenges with anaerobic digestion[END_REF].

In-situ addition of biochar into AD systems for improvement of process stability and methane recovery

These last decades, several studies have investigated the supplementation of AD process using specific materials in order to improve stability, performances and microbial biofilms [START_REF] Codignole Luz | Biochar characteristics and early applications in anaerobic digestion-a review[END_REF][START_REF] Masebinu | A review of biochar properties and their roles in mitigating challenges with anaerobic digestion[END_REF]. Among these materials, have been tested activated carbon [START_REF] Kumar | A note on stimulation of biogas production from cattle dung by addition of charcoal[END_REF], zeolites [START_REF] Montalvo | Application of natural zeolites in anaerobic digestion processes: A review[END_REF] and more recently biochar [START_REF] Codignole Luz | Biochar characteristics and early applications in anaerobic digestion-a review[END_REF][START_REF] Masebinu | A review of biochar properties and their roles in mitigating challenges with anaerobic digestion[END_REF]. Due to their physicochemical properties but also their high porosity and accessible surface area, biochar have been largely investigated these last years to improve the AD performances [START_REF] Cai | Effects and optimization of the use of biochar in anaerobic digestion of food wastes[END_REF][START_REF] Masebinu | A review of biochar properties and their roles in mitigating challenges with anaerobic digestion[END_REF][START_REF] Meyer-Kohlstock | Biochar as additive in biogas-production from bio-waste[END_REF]. Carbonaceous material addition into AD systems have been first investigated by [START_REF] Kumar | A note on stimulation of biogas production from cattle dung by addition of charcoal[END_REF], that studied the effect of charcoal powder addition on mesophilic AD of cow slurry in continuous flow AD and batch AD. They demonstrated that adding 0.4 g g -1 fresh matter of charcoal conducted to an increase of methane yield of 34.7% and 17.4% for continuous flow AD and batch AD, respectively. However, the high production cost of charcoal limited its use in AD because the observed energy gain cannot cover the price of charcoal [START_REF] Meyer-Kohlstock | Biochar as additive in biogas-production from bio-waste[END_REF]. For this purpose, the use of biochar and/or activated biochar supplementation into AD process have been investigated as described in Table . 5 [START_REF] Cheng | Amending anaerobic bioreactors with pyrogenic carbonaceous materials: the influence of material properties on methane generation[END_REF][START_REF] Codignole Luz | Biochar characteristics and early applications in anaerobic digestion-a review[END_REF][START_REF] Fagbohungbe | The challenges of anaerobic digestion and the role of biochar in optimizing anaerobic digestion[END_REF][START_REF] Masebinu | A review of biochar properties and their roles in mitigating challenges with anaerobic digestion[END_REF] . Promising results have been highlighted and biochar addition have demonstrated to accelerate and improve the production of biomethane [START_REF] Fagbohungbe | The challenges of anaerobic digestion and the role of biochar in optimizing anaerobic digestion[END_REF][START_REF] Masebinu | A review of biochar properties and their roles in mitigating challenges with anaerobic digestion[END_REF]. To date, several assays of biochar or activated biochars supplementation on AD process have been tested: in wet AD process (J. Li et al., 2018;[START_REF] Linville | Insitu biogas upgrading during anaerobic digestion of food waste amended with walnut shell biochar at bench scale[END_REF], in dry AD process but also more recently on two stages hydrogen-methane production [START_REF] Sunyoto | Effect of biochar addition on hydrogen and methane production in two-phase anaerobic digestion of aqueous carbohydrates food waste[END_REF]. Acid-buffering issue represents one of the major reason of AD disruptive, it is happened generally when the composition of the feedstock change, by total ammonia accumulation or by high OLR (Organic Loading Rate) [START_REF] Masebinu | A review of biochar properties and their roles in mitigating challenges with anaerobic digestion[END_REF]. Biochar has proved its ability to adjust the alkalinity of AD system. Linville et al. [START_REF] Linville | Insitu biogas upgrading during anaerobic digestion of food waste amended with walnut shell biochar at bench scale[END_REF] have applied walnut shell biochar in a batch AD; and they found an increase of alkalinity of CaCO3 from 2800 mg L -1 to from 4800 to 6800 mg L -1 providing process stability for waste digestion [START_REF] Linville | Insitu biogas upgrading during anaerobic digestion of food waste amended with walnut shell biochar at bench scale[END_REF]. Similarly, Li et al. (2018) have studied the effects of manganese oxide-modified biochar (corn straw, 600°C) on AD of sewage sludge, which are known for their high heavy metals content. The results showed that the addition of 0.09 g g -1 DM of modified biochar enhanced the methane production by increasing the cumulative methane yield to 127.43% compared to the control. However, the high biochar dose (0.20 g g -1 DM) exhibited the lowest cumulative methane production (Table . 5), suggesting that microbial activities could be inhibited by high biochar doses (Li et al., 2018). Li et al. (2018) highlighted that the manganese oxide-modified biochar could increase the buffering capacity, enhance the methane production and degradation of intermediate acids and buffer the pH of the culture, therefore stabilize the sewage sludge AD process (Li et al., 2018). Besides the effect of biochar dose, biochar addition with different sizes have also showed a significant impact on maximum methane production rate (Qmax). Here, a study conducted by [START_REF] Cheng | Amending anaerobic bioreactors with pyrogenic carbonaceous materials: the influence of material properties on methane generation[END_REF], showed that the highest increase of Qmax was observed by using granular biochar (2.2 g g -1 VS), which was 12 ± 6.1% higher than the control (without biochar addition), and the increasing of granular biochar (SBET of 451 ± 11 m 2 g -1 ) . Moreover, the loading did not result in a clear trend in CH4 rate production. Whereas, increasing of powdered biochar (SBET of 531 ±11 m 2 g -1 ) loadings to 9.6 g g -1 VS decreased the methane rate production, reaching a minimum of -57 ± 3.0% lower than the control [START_REF] Cheng | Amending anaerobic bioreactors with pyrogenic carbonaceous materials: the influence of material properties on methane generation[END_REF].

These finding showed that a linear relationship between Qmax and biochar surface area did not exist, but in general, Qmax decreased with increasing surface area, suggesting that differences in adsorption capabilities of biochar may be one explanation for these observed discrepancies [START_REF] Cheng | Amending anaerobic bioreactors with pyrogenic carbonaceous materials: the influence of material properties on methane generation[END_REF]. In other side, Pan et al. (2019a) have investigated the impact of different biochar origin (i.e. wheat straw, fruitwood, chicken manure) and produced at various pyrolysis temperature (350, 450, and 550 °C) on the AD of chicken manure (Pan et al., 2019a). The best results were observed by addition of fruitwood biochar (550°C) with an increase of 69% of the cumulative methane yield compared to the control, with a methane potential of 294 L CH4 kg - 1 VS added compared to 174 L CH4 kg -1 VS added for the control. Interestingly, fruitwood biochar produced at 550°C exhibiter the larger surface area (202 m 2 g -1 ) and the highest total ammonia nitrogen reduction capacity (TAN concentration of 3.34 gL -1 compared to 4.48 g L -1 for the control) that can explain the improvement of the methane potentials (Pan et al., 2019a). In parallel, the buffering capacity of the AD system was improved by the biochar through accelerating the transformation of macromolecular substances to dissolved substrates and reducing the contents of soluble salts, total ammonia nitrogen, and free ammonia (Pan et al., 2019a). Finally, [START_REF] Wu | Improving methane yield from organic fraction of municipal solid waste (OFMSW) with magnetic rice-straw biochar[END_REF] also investigated the effect of the addition of magnetic biochars prepared with different FeCl3 : rice straw ratios on AD of organic fraction of municipal solid waste (OFMSW). The results showed that the methane production with magnetic biochar prepared with 3.2 g FeCl3:100 g rice straw ratio increased by 11.69 % compared to control (without biochar addition), these funding were justified by the selective enrichment of microorganisms on magnetic biochar that participate in AD. However high Fe content in magnetic biochar (33 g FeCl3:100 g rice straw ratio) conducted to a decrease of methane production by 38.34% compared to the control due to the competition of iron oxide for electron [START_REF] Wu | Improving methane yield from organic fraction of municipal solid waste (OFMSW) with magnetic rice-straw biochar[END_REF]. Besides to improve buffer capacity and overcome potential TAN inhibition, biochar addition have also been reported efficient in adsorption of potential inhibitors of the AD process such as D-limonene present citrus peel [START_REF] Fagbohungbe | The challenges of anaerobic digestion and the role of biochar in optimizing anaerobic digestion[END_REF]. In the experiment, three different kinds of biochars were used respectively from coconut shell, wood, and rice husk. The cumulative methane production in incubations containing biochar and citrus peel ranged from 178.2 (ratio 1:1 citrus peel/biochar) to 186.8 mL CH4 g -1 VS (ratio 1:3 citrus peel/biochar), while citrus peel only produced 165.9 mL CH4 g -1 VS. Furthermore, the authors noted high methanogenic activity within the digester due to the ability of the biochar to absorb limonene [START_REF] Fagbohungbe | The challenges of anaerobic digestion and the role of biochar in optimizing anaerobic digestion[END_REF]. [START_REF] Jang | Effects of dairy manure-derived biochar on psychrophilic, mesophilic and thermophilic anaerobic digestions of dairy manure[END_REF] have also investigated the effects of dairy manure-derived biochar on methane production of dairy manure at different temperatures (psychrophilic, 20 °C; mesophilic, 35 °C; thermophilic, 55 °C). Compared with the AD without any biochar, the methane yield with 10 g L -1 biochar were increased by 26.47% in psychrophilic, 24.90% in mesophilic and 24.69% in thermophilic digestions. The addition of biochar into the AD process shortened the lag phases of AD at all temperatures while it lowered the concentration of total VFAs and propionic acid [START_REF] Jang | Effects of dairy manure-derived biochar on psychrophilic, mesophilic and thermophilic anaerobic digestions of dairy manure[END_REF]. Biochar addition in AD process have also been investigated in continuous assays [START_REF] Giwa | Effect of biochar on reactor performance and methane generation during the anaerobic digestion of food waste treatment at long-run operations[END_REF]Pan et al., 2019b;[START_REF] Shen | Yearlong semi-continuous operation of thermophilic two-stage anaerobic digesters amended with biochar for enhanced biomethane production[END_REF][START_REF] Wambugu | Role of biochar in anaerobic digestion based biorefinery for food waste[END_REF]. For instance, [START_REF] Shen | Yearlong semi-continuous operation of thermophilic two-stage anaerobic digesters amended with biochar for enhanced biomethane production[END_REF] have investigated the biochar addition (from corn stover) to a yearlong semi-continuous AD reactors treating sewage sludge and they demonstrated that biochar addition promote the substrate utilization, methane productivity, and process stability of AD [START_REF] Shen | Yearlong semi-continuous operation of thermophilic two-stage anaerobic digesters amended with biochar for enhanced biomethane production[END_REF]. Corn stover biochar addition conducted to enhance methane production rate by up to 37% in comparison to the control [START_REF] Shen | Yearlong semi-continuous operation of thermophilic two-stage anaerobic digesters amended with biochar for enhanced biomethane production[END_REF]. Microbial communities were also investigated and corn stover addition (3.4-3.6 g biochar g -1 VS added) promoted the abundance of Clostridia and Methanosarcina. [START_REF] Giwa | Effect of biochar on reactor performance and methane generation during the anaerobic digestion of food waste treatment at long-run operations[END_REF] have also investigated the addition of biochar (0.25 g day -1 ) on long run AD of food waste. At an OLR of 2 g VS L -1 day -1 , the reactor without biochar addition lead to VFAs accumulation and failed whereas reactor fed with biochar remains stable until an OLR of 5.4 g VS L -1 day -1 [START_REF] Giwa | Effect of biochar on reactor performance and methane generation during the anaerobic digestion of food waste treatment at long-run operations[END_REF]. [START_REF] Wambugu | Role of biochar in anaerobic digestion based biorefinery for food waste[END_REF] have also investigated the addition of biochar (from waste wood, pyrolyzed at 600°C) on the AD of food waste in up-flow anaerobic sludge blanket (UASB). The average COD removal efficiencies of the control and the biochar-amended reactor were 47 and 77% at an OLR of 6.9-7.8 g COD L -1 .day -1 , respectively. Cumulative biogas production and methane composition was improved in the UASB fed with biochar and after 34 days the concentration of volatile fatty acids (VFAs) were respectively of 1600 mg L -1 and 350 mg L -1 for UASB without and with biochar addition [START_REF] Wambugu | Role of biochar in anaerobic digestion based biorefinery for food waste[END_REF].

Table. 5

Selected reported studies of in-situ addition of biochars in AD systems and their effects on biomethane production. 1070.0 ± 3 mL/L 1136.6 ± 7.0 mL/L +6.2 [START_REF] Sunyoto | Effect of biochar addition on hydrogen and methane production in two-phase anaerobic digestion of aqueous carbohydrates food waste[END_REF] Biochar addition to dry AD has also revealed positive results [START_REF] Capson-Tojo | Addition of biochar and trace elements in the form of industrial FeCl3 to stabilize anaerobic digestion of food waste: dosage optimization and long-term study[END_REF][START_REF] Meyer-Kohlstock | Biochar as additive in biogas-production from bio-waste[END_REF][START_REF] Sun | Feasibility of dry anaerobic digestion of beer lees for methane production and biochar enhanced performance at mesophilic and thermophilic temperature[END_REF] . [START_REF] Sun | Feasibility of dry anaerobic digestion of beer lees for methane production and biochar enhanced performance at mesophilic and thermophilic temperature[END_REF] have studied the effect manurederived biochar on dry AD of beer lees for methane production at both mesophilic and thermophilic conditions. In their study, they investigated the effect of biochar concentration (2 g L -1 , 6 g L -1 , 10 g L -1 and 14g L -1 ) on AD performances. The results showed that cumulative methane production rate and yield in the cultures with 10 g•L -1 of biochar were substantially improved by 82.9% and 82.6% at mesophilic condition and 47.2% and 46.8% at thermophilic condition compared to the control [START_REF] Sun | Feasibility of dry anaerobic digestion of beer lees for methane production and biochar enhanced performance at mesophilic and thermophilic temperature[END_REF] . Nonetheless, high concentration of biochar (14 g L -1 ) conducted to a decrease of methane production rate and yield compared to 10 g L -1 , but still higher than the control. Furthermore, [START_REF] Sun | Feasibility of dry anaerobic digestion of beer lees for methane production and biochar enhanced performance at mesophilic and thermophilic temperature[END_REF] have also investigated the impact of biochar addition in the microbial communities at both mesophilic and thermophilic temperature. It was demonstrated that the distribution of methanogens community under mesophilic condition was more intensively influenced by the supplement of biochar than under thermophilic conditions. Meyer-Kohlstock et al. ( 2016) have investigated the influence of biochar addition (wood residue at 650°C) in a mesophilic solid-state (batch) fermentation with percolation. The results showed that methane production increased by 5% with a biochar addition of 5% (based on organic dry matter biochar to bio-waste). While an addition of 10%
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Biochar

showed only an increase of 3% suggesting that to high biochar concentration can reduce the efficiency. Finally, Capson-Tojo et al. ( 2019) have recently investigated the impact of biochar and FeCl3 addition on dry continuous pilot reactors. It was demonstrated higher methane production rates (up to 1.75 L L -1 day -1 ) and lower concentrations of acetate and propionate when biochar and trace elements (FeCl3) were added [START_REF] Capson-Tojo | Addition of biochar and trace elements in the form of industrial FeCl3 to stabilize anaerobic digestion of food waste: dosage optimization and long-term study[END_REF]. Finally, biochar addition (biochar from pyrolysis of pine sawdust at 650°C) have also been investigated recently in the performances of a two stages hydrogen and methane production treating aqueous carbohydrates food wastes at mesophilic conditions (35°C) using bench-scale bioreactors [START_REF] Sunyoto | Effect of biochar addition on hydrogen and methane production in two-phase anaerobic digestion of aqueous carbohydrates food waste[END_REF]. Interestingly, biochar addition improved hydrogen yield by 31.0% and methane 10.0% and shortened the lag phases in the two phases by 36.0% and 41.0%, respectively. biochar addition also enhanced VFAs generation during hydrogen production and

VFAs degradation in methane production [START_REF] Sunyoto | Effect of biochar addition on hydrogen and methane production in two-phase anaerobic digestion of aqueous carbohydrates food waste[END_REF]. These different studies have demonstrated the benefits of using biochar in AD even if certain concentrations should not be exceeded to avoid an opposite effect [START_REF] Sun | Feasibility of dry anaerobic digestion of beer lees for methane production and biochar enhanced performance at mesophilic and thermophilic temperature[END_REF][START_REF] Sunyoto | Effect of biochar addition on hydrogen and methane production in two-phase anaerobic digestion of aqueous carbohydrates food waste[END_REF]. biochar can improve the AD stability and performances by several ways: 1) buffering the medium; 2) adsorption of substrate induced inhibitors (ammonium, phenols, limonene…) [START_REF] Fagbohungbe | The challenges of anaerobic digestion and the role of biochar in optimizing anaerobic digestion[END_REF][START_REF] Masebinu | A review of biochar properties and their roles in mitigating challenges with anaerobic digestion[END_REF].; 3) accelerating the transformation of macromolecular substances to dissolved ones and reducing the content of soluble salts (Pan et al., 2019a); 4) its high nutrients content (i.e Ca, Mg, P, K) [START_REF] Jang | Effects of dairy manure-derived biochar on psychrophilic, mesophilic and thermophilic anaerobic digestions of dairy manure[END_REF] ; 5) by acting as microbial carrier favoring biofilm development including bacteria and methanogens due to the high surface area and porosity of biochar [START_REF] Masebinu | A review of biochar properties and their roles in mitigating challenges with anaerobic digestion[END_REF][START_REF] Sun | Feasibility of dry anaerobic digestion of beer lees for methane production and biochar enhanced performance at mesophilic and thermophilic temperature[END_REF][START_REF] Sunyoto | Effect of biochar addition on hydrogen and methane production in two-phase anaerobic digestion of aqueous carbohydrates food waste[END_REF].; 6) by acting as a conductive material to stimulate methanogens by promoting direct interspecies electron transfer (DIET) among the bacteria and methanogens [START_REF] Capson-Tojo | Addition of biochar and trace elements in the form of industrial FeCl3 to stabilize anaerobic digestion of food waste: dosage optimization and long-term study[END_REF][START_REF] Sun | Feasibility of dry anaerobic digestion of beer lees for methane production and biochar enhanced performance at mesophilic and thermophilic temperature[END_REF].

Agronomic benefits of dual use of biochar and digestate (DG)

Nomination and history of using biochar in agricultural field

Biochar origin is linked to the ancient Amerindian populations in the Amazon region, locally known as Terra Preta de Indio, where the dark earth was created through the use of slash and char technics [START_REF] Ahmad | Biochar as a sorbent for contaminant management in soil and water: A review[END_REF][START_REF] Gul | Physico-chemical properties and microbial responses in biochar-amended soils: Mechanisms and future directions[END_REF][START_REF] Sohi | A review of biochar and its use and function in soil[END_REF]. These soils, estimated to occupy up to 10% of the Amazon, are characterized to be highly fertile compared to other soils where no organic carbon has been added [START_REF] Manyà | Pyrolysis for biochar purposes: A review to establish current knowledge gaps and research needs[END_REF]. Standard documentations from the International Biochar Initiative (IBI) defined biochar as a solid material obtained from biomass in an oxygen limited environment [START_REF] Ibi | Standardized product definition and product testing guidelines for biochar that is used in soil[END_REF]. While, European Biochar Certificate (EBC) defined it as heterogeneous substance rich in aromatic carbon and minerals produced from sustainably obtained biomass under controlled conditions with clean technology and used for any purpose that does not involve rapid mineralization of biochar to CO2 and may eventually become a soil amendment (EBC, 2015). Therefore, the term of biochar is presumably used when the char's carbon is not rapidly mineralized, but retrained in its stable form consequently contributing to carbon sequestration [START_REF] Ronsse | Report on biochar production techniques[END_REF] and increasingly used for agronomic purposes these last decades (Y. Ding et al., 2016;[START_REF] Laird | Biochar impact on nutrient leaching from a Midwestern agricultural soil[END_REF][START_REF] Rajakumar | Biochar for Sustainable Agriculture-A review[END_REF]. For instance, biochar has been shown to be useful in 1) soil nutrient dynamic as to retain and exchange nutrients with soil environment due to biochar porosity and negative surface charge [START_REF] Rajakumar | Biochar for Sustainable Agriculture-A review[END_REF], 2) enhancing water retention and soil microorganisms (D. A. Laird et al., 2010;[START_REF] Rajakumar | Biochar for Sustainable Agriculture-A review[END_REF], 3) retention of potential organic and inorganic soil contaminants [START_REF] Khorram | ScienceDirect Biochar : A review of its impact on pesticide behavior in soil environments and its potential applications[END_REF]Uchimiya et al., 2011), 4) improvement of soil physical and chemical properties such as pH and cation exchanges capacities (D. A. Laird et al., 2010), 5) reduction of the greenhouses gases emissions [START_REF] Nelissen | Soil Biology & Biochemistry Effect of different biochar and fertilizer types on N 2 O and NO emissions[END_REF] and 6) improvement of plant growth and yield [START_REF] Spokas | Qualitative analysis of volatile organic compounds on biochar[END_REF]. Furthermore, due to its stable structure, biochar can also contribute significantly to carbon sequestration (Y. Ding et al., 2016;[START_REF] Purakayastha | Characterisation, stability, and microbial effects of four biochars produced from crop residues[END_REF][START_REF] Spokas | Qualitative analysis of volatile organic compounds on biochar[END_REF].

Effects of combining biochar and digestate (DG) on plant nutrition and productivity.

Co-application of biochar and DG has been recently tested on plant growth performances under both controlled (e.g. growth chambers and greenhouses) and fields conditions on a variety of crops such as maize [START_REF] Glaser | Biochar organic fertilizers from natural resources as substitute for mineral fertilizers[END_REF][START_REF] Kizito | Role of nutrient-enriched biochar as a soil amendment during maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand[END_REF][START_REF] Rodriguez | Integrated Farming Systems for Food and Energy in a Warming , Resource-depleting World[END_REF] , winter ryeu [START_REF] Greenberg | Substitution of mineral fertilizers with biogas digestate plus biochar increases physically stabilized soil carbon but not crop biomass in a field trial[END_REF], winter wheat [START_REF] Udall | The Potential of Biochar and Anaerobic Digestate use in a Temperate Conventional Wheat Production System[END_REF], taro [START_REF] Bouaravong | Effect of biochar and biodigester effluent on yield of Taro (Colocasia esculenta) foliage[END_REF]; geranium [START_REF] Calamai | The Influence of Biochar and Solid Digestate on Rose-Scented Geranium (Pelargonium graveolens L'Hér.) Productivity and Essential Oil Quality[END_REF]; Chinese melon [START_REF] Elbashier | Effect of Digestate and Biochar Amendments on Photosynthesis Rate, Growth Parameters, Water Use Efficiency and Yield of Chinese Melon (Cucumis melo L.) under Saline Irrigation[END_REF] and radish [START_REF] Sekar | Effects of Biochar and Anaerobic Digester Effluent on Soil Quality and Crop Growth in Karnataka[END_REF]. Rhizosphere biological modifications, notably the microbial communities and functions, also occurred in response to a dual application of biochar and DG and that co-application resulted in a reduction of the microbial respiration and activity concomitantly to an increased soil carbon sequestration [START_REF] Cardelli | Short-term effects on soil of biogas digestate, biochar and their combinations[END_REF][START_REF] Marchetti | Biochar from swine manure solids: Influence on carbon sequestration and Olsen phosphorus and mineral nitrogen dynamics in soil with and without digestate incorporation[END_REF][START_REF] Martin | Biochar-mediated reductions in greenhouse gas emissions from soil amended with anaerobic digestates[END_REF]Mukherjee et al., 2016a) and reduction of GHG emissions [START_REF] Bruun | Application of biochar to soil and N2O emissions: Potential effects of blending fast-pyrolysis biochar with anaerobically digested slurry[END_REF][START_REF] Martin | Biochar-mediated reductions in greenhouse gas emissions from soil amended with anaerobic digestates[END_REF]. In Fig. 11, several positive effects on coupling biochar and DG illustrate the likely advantages of combining biochar and AD for agronomic purposes. On another side, although biochar and DG are known to be agronomically beneficial, results on the benefits of coupling biochar and DG for crop yields are inconsistent from one study to another. Positive results of such a coupling were highlighted [START_REF] Bouaravong | Effect of biochar and biodigester effluent on yield of Taro (Colocasia esculenta) foliage[END_REF][START_REF] Elbashier | Effect of Digestate and Biochar Amendments on Photosynthesis Rate, Growth Parameters, Water Use Efficiency and Yield of Chinese Melon (Cucumis melo L.) under Saline Irrigation[END_REF][START_REF] Glaser | Biochar organic fertilizers from natural resources as substitute for mineral fertilizers[END_REF][START_REF] Vaughn | Evaluation of biochar-anaerobic potato digestate mixtures as renewable components of horticultural potting media[END_REF]. For instance, Glaser et al. (2016) demonstrated that application of biochar@DG (at rate of 1 and 40 tons ha -1 and DG at 200 kg N ha -1 ) on maize yielded better (e.g. yields and plant nutrition) comparatively to pure DG.

Interestingly, at a concentration of 40 tons/ha of biochar, the co-application of DG improved significantly maize yield by 42% as compared to untreated plants without biochar addition [START_REF] Glaser | Biochar organic fertilizers from natural resources as substitute for mineral fertilizers[END_REF]. This is consistent with other studies claiming that biochar application rates are around 30 tons ha -1 [START_REF] Greenberg | Substitution of mineral fertilizers with biogas digestate plus biochar increases physically stabilized soil carbon but not crop biomass in a field trial[END_REF][START_REF] Novak | Characterization of Designer Biochar Produced at Different Temperatures and Their Effects on a Loamy Sand[END_REF]. Similarly, [START_REF] Bouaravong | Effect of biochar and biodigester effluent on yield of Taro (Colocasia esculenta) foliage[END_REF] 
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doses (0 to 100 kg N ha -1 ) on the Taro plant growth [START_REF] Bouaravong | Effect of biochar and biodigester effluent on yield of Taro (Colocasia esculenta) foliage[END_REF] with the observation that co-application of DG at levels up to 100 kg N ha -1 with biochar resulted in linear increase in biomass yield, higher crude leaf protein content and improved soil fertility as measured by pH, water-holding capacity and N content. For instance, at a DG dose of 100 kg N ha -1 , biomass yield exhibited 1027 g m -2 compared to 609 g m -2 obtained with the biochar only [START_REF] Bouaravong | Effect of biochar and biodigester effluent on yield of Taro (Colocasia esculenta) foliage[END_REF]. Another study by [START_REF] Elbashier | Effect of Digestate and Biochar Amendments on Photosynthesis Rate, Growth Parameters, Water Use Efficiency and Yield of Chinese Melon (Cucumis melo L.) under Saline Irrigation[END_REF] and DG [START_REF] Marchetti | Biochar from swine manure solids: Influence on carbon sequestration and Olsen phosphorus and mineral nitrogen dynamics in soil with and without digestate incorporation[END_REF][START_REF] Monlau | Toward a functional integration of anaerobic digestion and pyrolysis for a sustainable resource management. Comparison between solid-digestate and its derived pyrochar as soil amendment[END_REF][START_REF] Udall | The Potential of Biochar and Anaerobic Digestate use in a Temperate Conventional Wheat Production System[END_REF] (Fig. 11). Indeed, both DG and biochar can have significant beneficial effects when co-applied owing to their complementary agronomic and bio-stimulant properties [START_REF] Marchetti | Biochar from swine manure solids: Influence on carbon sequestration and Olsen phosphorus and mineral nitrogen dynamics in soil with and without digestate incorporation[END_REF][START_REF] Monlau | Toward a functional integration of anaerobic digestion and pyrolysis for a sustainable resource management. Comparison between solid-digestate and its derived pyrochar as soil amendment[END_REF][START_REF] Udall | The Potential of Biochar and Anaerobic Digestate use in a Temperate Conventional Wheat Production System[END_REF] with positive consequences on soil fertility and nutrient availability, which would presumably have stimulated functional plant and microbial traits responsible for enhanced fertilizer use efficiency [START_REF] Kookana | Biochar Application to Soil : Agronomic and Environmental Benefits and Unintended Consequences, 1st ed[END_REF]. In addition, liquid-DGs are characterized to be nutrients-rich (e.g. ammonium, potassium) whereas solid-DGs usually contain high phosphorus and fibers [START_REF] Elbashier | Effect of Digestate and Biochar Amendments on Photosynthesis Rate, Growth Parameters, Water Use Efficiency and Yield of Chinese Melon (Cucumis melo L.) under Saline Irrigation[END_REF]. Thus, combining both solid-and liquid-DG would provide adequate nutrient elements and may, in some cases, improve soil properties and replace/minimize use of mineral fertilizers [START_REF] Cardelli | Short-term effects on soil of biogas digestate, biochar and their combinations[END_REF][START_REF] Marchetti | Biochar from swine manure solids: Influence on carbon sequestration and Olsen phosphorus and mineral nitrogen dynamics in soil with and without digestate incorporation[END_REF]. In terms of N supply, which is the most important macronutrient for crop productivity, most DGs are generally brought to the soil at N concentration varying from 80 to 275 kg N ha -1 [START_REF] Gell | Residues of bioenergy production chains as soil amendments: Immediate and temporal phytotoxicity[END_REF]. Regardless of the soil nature and plant species, a rate up to 170 kg N ha -1 is generally applied, which corresponds to the maximum amount initially allowed by the EU Nitrate Directive for spreading in vulnerable zones (EU.C, 1991). In addition to AD role in improving soil and plant N status, it has been demonstrated that adding biochar to AD could also improve the soil biological activity, antioxidant capacity and carbon sequestration [START_REF] Calamai | The Influence of Biochar and Solid Digestate on Rose-Scented Geranium (Pelargonium graveolens L'Hér.) Productivity and Essential Oil Quality[END_REF][START_REF] Elbashier | Effect of Digestate and Biochar Amendments on Photosynthesis Rate, Growth Parameters, Water Use Efficiency and Yield of Chinese Melon (Cucumis melo L.) under Saline Irrigation[END_REF] and that both substrates may be considered suitable as fertilizing substrates or soil conditioners in particular for acidic soils [START_REF] Bruun | Application of biochar to soil and N2O emissions: Potential effects of blending fast-pyrolysis biochar with anaerobically digested slurry[END_REF][START_REF] Monlau | Toward a functional integration of anaerobic digestion and pyrolysis for a sustainable resource management. Comparison between solid-digestate and its derived pyrochar as soil amendment[END_REF][START_REF] Sekar | Effects of Biochar and Anaerobic Digester Effluent on Soil Quality and Crop Growth in Karnataka[END_REF]. Another study by [START_REF] Marchetti | Biochar from swine manure solids: Influence on carbon sequestration and Olsen phosphorus and mineral nitrogen dynamics in soil with and without digestate incorporation[END_REF] also revealed the benefit of coupling biochar from animal manures (10 tons ha -1 ) with DG (170 kg N ha -1 ) that improved organic matter stock, available P for crops without modifying N availability for crops. Furthermore, the combination of DG with biochar have also been investigated in horticultural potting media as a replacement or alternative for inorganic media components such as vermiculite and perlite [START_REF] Vaughn | Evaluation of biochar-anaerobic potato digestate mixtures as renewable components of horticultural potting media[END_REF]. In this context, a comparative study by used a standard 1:1 peat moss:vermiculite substrate containing chemical fertilizer (control) against coapplication of different mixtures of dried potato DG combined with different biochars produced from acidified wood pellets, pelletized wheat straw (PS) and pennycress press cake (PC) was carried out. Likewise, greenhouse experiments were also conducted using tomato (Solanum lycopersicum L.) and marigold (Tagetes erecta L.) plants grown in 2.5-L pots [START_REF] Vaughn | Evaluation of biochar-anaerobic potato digestate mixtures as renewable components of horticultural potting media[END_REF]. Combining potato DG with acidified wood pellet biochar increased growth of tomato plants as compared to peat/vermiculite substrate, while the DG/acidified wheat straw pellet biochar substrate was equal to the control for marigold growth. Reversely, both crop species grown in the DG/pennycress press cake biochar substrate had lower growth than the control [START_REF] Vaughn | Evaluation of biochar-anaerobic potato digestate mixtures as renewable components of horticultural potting media[END_REF]. Although no negative impact has been reported yet about coupling biochar@DG on crop performances, few studies have reported no significant effect on this combination [START_REF] Greenberg | Substitution of mineral fertilizers with biogas digestate plus biochar increases physically stabilized soil carbon but not crop biomass in a field trial[END_REF][START_REF] Sekar | Effects of Biochar and Anaerobic Digester Effluent on Soil Quality and Crop Growth in Karnataka[END_REF][START_REF] Udall | The Potential of Biochar and Anaerobic Digestate use in a Temperate Conventional Wheat Production System[END_REF]. For exemple, Sekar et al. ( 2014) have investigated radish cultivation (Raphanus Sativus L.) in response to coapplication of biochar and DG in a 15 month-field experiment for. It was found that adding DG alone has significantly improved radish dry biomass (413 g DM compared to 31 g in soil alone)

and that the effect of biochar (30 tons/ha) was not significant as compared to DG alone [START_REF] Sekar | Effects of Biochar and Anaerobic Digester Effluent on Soil Quality and Crop Growth in Karnataka[END_REF]. Likewise, [START_REF] Udall | The Potential of Biochar and Anaerobic Digestate use in a Temperate Conventional Wheat Production System[END_REF] also reported no effect wheat growth and grain yields in response to a combination of biochar (20 tons/ha) and DG (250 kg N/ha) compared to DG alone.

Effects of combining biochar and DG on soil microbial activity

In addition to AD role in improving soil and plant N status, it has been demonstrated that adding biochar to AD could also improve the soil biological activity, antioxidant capacity and carbon sequestration [START_REF] Cardelli | Short-term effects on soil of biogas digestate, biochar and their combinations[END_REF][START_REF] Greenberg | Substitution of mineral fertilizers with biogas digestate plus biochar increases physically stabilized soil carbon but not crop biomass in a field trial[END_REF] and that both substrates may be considered suitable as biofertilizers or soil conditioners in particular for acidic soils [START_REF] Bruun | Application of biochar to soil and N2O emissions: Potential effects of blending fast-pyrolysis biochar with anaerobically digested slurry[END_REF][START_REF] Monlau | Toward a functional integration of anaerobic digestion and pyrolysis for a sustainable resource management. Comparison between solid-digestate and its derived pyrochar as soil amendment[END_REF][START_REF] Sekar | Effects of Biochar and Anaerobic Digester Effluent on Soil Quality and Crop Growth in Karnataka[END_REF]. Another study by [START_REF] Marchetti | Biochar from swine manure solids: Influence on carbon sequestration and Olsen phosphorus and mineral nitrogen dynamics in soil with and without digestate incorporation[END_REF] also revealed the benefit of coupling biochar from animal manures (10 tons ha -1 ) with DG (170 kg N ha -1 ) that improved organic matter stock, available P for crops without modifying N availability for crops. Reduced microbial respiration in soil that was associated with improved soil carbon sequestration were measured a s a result of the addition of biochar to DG [START_REF] Cardelli | Short-term effects on soil of biogas digestate, biochar and their combinations[END_REF][START_REF] Marchetti | Biochar from swine manure solids: Influence on carbon sequestration and Olsen phosphorus and mineral nitrogen dynamics in soil with and without digestate incorporation[END_REF][START_REF] Martin | Biochar-mediated reductions in greenhouse gas emissions from soil amended with anaerobic digestates[END_REF]Mukherjee et al., 2016a). Either applied alone or combined with DG, biochar tended to enrich the C sink of the soil through a reduction of soil respiration due to a reduction of dissolved organic carbon (DOC) owing to a lower accessibility of microbes to DOC (Mukherjee et al., 2016a). This is to be added to the findings that addition of biochar to DG reduced soluble compounds (DOC and phenols) due to a higher phenol content of biochar (from the pyrolysis process) that exhibit antioxidant capacity on soil microbial communities [START_REF] Cardelli | Short-term effects on soil of biogas digestate, biochar and their combinations[END_REF] biomass and activities (CO2 production and dehydrogenase activity) are likely limited [START_REF] Cardelli | Short-term effects on soil of biogas digestate, biochar and their combinations[END_REF]. Similarly, Mukherjee et al.

(2016a) investigated the microbial respiration of biochar and DG as a mixture and concluded that addition of DG to soil led to a significant increase in CO2 evolution compared to untreated soil. This may be resulted because of the higher proportion of easily degradable C in the DG as opposed to a much lower CO2 release (up to 11-fold) that was observed in soil added with a mixture of DG and biochar (Mukherjee et al., 2016a). This effect was observed even when only 1% (w/w) of biochar was added to the DG-treated soil, indicating that the biochar would have changed the physicochemical properties of the DG-treated soil and allowed dissolved organic carbon likely adsorbed on the biochar thus lowering the microbial accessible to DOC (Mukherjee et al., 2016a). Reversely, other findings by [START_REF] Marchetti | Biochar from swine manure solids: Influence on carbon sequestration and Olsen phosphorus and mineral nitrogen dynamics in soil with and without digestate incorporation[END_REF] found no significant effects in response when biochar (from wood chips and swine manure solids) was added soils previously amended with slurry DG. In this study, the DG-amended soils had an important CO2 emission rate (1188 mg CO2 kg -1 dry soil) compared to 874 mg measured in untreated soils, whereas the addition of biochar did not significantly reduced CO2 emission although lower values of 1059 and 959 mg CO2 released kg -1 dry soil were measured for both wood chips and swine manure solids biochar [START_REF] Marchetti | Biochar from swine manure solids: Influence on carbon sequestration and Olsen phosphorus and mineral nitrogen dynamics in soil with and without digestate incorporation[END_REF].

Effects of combining biochar and DG on GHG emissions

In parallel with carbon sequestration, some recent publications have also investigated the simultaneous addition in soil of biochar/DG mixtures on the N2O emissions [START_REF] Bruun | Application of biochar to soil and N2O emissions: Potential effects of blending fast-pyrolysis biochar with anaerobically digested slurry[END_REF][START_REF] Martin | Biochar-mediated reductions in greenhouse gas emissions from soil amended with anaerobic digestates[END_REF]. Whilst work has been conducted on the effects of biochar amendment on N2O emissions in soils fertilized with mineral fertilizers and raw animal manures, to date, few studies have examined the effects of biochar on nitrogen transformations within soil amended with DG [START_REF] Martin | Biochar-mediated reductions in greenhouse gas emissions from soil amended with anaerobic digestates[END_REF]. Nitrous oxide (N2O) is an important greenhouse gas (GHG), (iii) maize silage have been tested [START_REF] Martin | Biochar-mediated reductions in greenhouse gas emissions from soil amended with anaerobic digestates[END_REF]. Nitrous oxide emissions were greatest from soil amended with DG originating from a maize feedstock. In parallel, biochar amendment reduced N2O emissions from all DG tested, and the greatest effect was observed in the treatments with a maximum load of biochar [START_REF] Martin | Biochar-mediated reductions in greenhouse gas emissions from soil amended with anaerobic digestates[END_REF]. Similarly, [START_REF] Bruun | Application of biochar to soil and N2O emissions: Potential effects of blending fast-pyrolysis biochar with anaerobically digested slurry[END_REF] have investigated the effect of combining a fast-pyrolysis-biochar at small (1% by mass) and large (3%) concentrations with anaerobically digested slurry on soil N2O and carbon dioxide (CO2) emissions over a period of 55 days. Interestingly, fast-pyrolysis-biochar applied alone increased N2O emissions from soil up to 0.95 µg N-N2O g -1 soil [START_REF] Bruun | Application of biochar to soil and N2O emissions: Potential effects of blending fast-pyrolysis biochar with anaerobically digested slurry[END_REF]. However, when biochar (3% w/w soil) was applied together with DG, the larger biochar concentration decreased N2O emissions by 47%, relative to those from the slurry treatment with the smaller biochar concentration (1% w/w soil). Reduction of N2O emissions coincided with increased soil microbial activity creating anoxic conditions and immobilization of nitrogen [START_REF] Bruun | Application of biochar to soil and N2O emissions: Potential effects of blending fast-pyrolysis biochar with anaerobically digested slurry[END_REF].

Effects of combining biochar and digestate (DG) on soil organic and inorganic contaminants.

Besides to improve the physicochemical properties of the soil, the addition of biochar in soil, either with or without DG, have been shown to be effective in reducing the leaching of organic and inorganic contaminants [START_REF] Khorram | ScienceDirect Biochar : A review of its impact on pesticide behavior in soil environments and its potential applications[END_REF]Mukherjee et al., 2016a;[START_REF] Uchimiya | Influence of soil properties on heavy metal sequestration by biochar amendment :2. Copper desorption isotherms[END_REF]. Interesting synergy have been shown in combination of DG and biochar for simultaneous sorption/sequestration and mineralization of pesticides (Mukherjee et al., 2016a(Mukherjee et al., , 2016b)). Mukherjee et al. (2016b) have investigated the mineralization and dissipation of three pesticides (bentazone, boscalid, and pyrimethanil) in laboratory incubation experiments using sandy soil, biochar produced from Pine woodchips, and/or DG obtained from AD process agricultural wastes (Mukherjee et al., 2016b). Interestingly, the addition of DG as an easily available carbon source increased pesticide mineralization mainly by the stimulation of the soil microbial activity. Biochar addition decreased the mineralization for all pesticides and led to larger formation of non-extractable residues, resulting in increased dissipation of pesticides via sequestration in soil for all tested mixtures. Among the mixtures tested, a mixture of DG (5%) and biochar (5%) gave optimal results with respect to mineralization and simultaneous sorption for all three pesticides (Mukherjee et al., 2016b). Coupling biochar@DG have demonstrated promising results in the literature, but such approach is still in its infancy. Furthermore, the performances seem to be multifactorial, and several parameters can influence as biochar properties that will be influenced by biomass origin and pyrolysis condition, soil origin (sandy, loamy…), climatic conditions, plant types tested.

Concluding remarks

While AD and pyrolysis as single processes have been widely studied, dual combination of both processes in the field of waste management is still in its infancy [START_REF] Fagbohungbe | The challenges of anaerobic digestion and the role of biochar in optimizing anaerobic digestion[END_REF]Monlau et al., 2015b;Pecchi and Baratieri, 2019a). Co-application of AD and pyrolysis processes has proven advantages and benefits in energy recovery, improvement of stability and performances of AD itself along with positive consequences on soil fertility and crop ecoproduction that could be gained from the combinatory. This review provided clear evidence to showcase the "energy recovery and efficiency" advantage could be gained from the combinatory use of both AD and pyrolysis processes.

Notably, through several cascade integrations such as i) solid DG valorization during the pyrolysis process, ii) reuse of the APL of the bio-oil in AD process and iii) use of the produced syngas in BM. In these regards, several perspectives should focus on the APL valorization through AD process and syngas in BM. Indeed, until now, most research investigations on APL valorization through AD process have been performed at batch scale, meanwhile less is known on continuous pilot-scale tests that are worth considering giving the influence of the origin of APL but also its impact on AD stability/performance on the microbial diversity.

Similarly, the syngas BM is still in its infancy and the implementation of a higher TRL (Technology Readiness Level) scale is a prerequisite for the validation of the laboratory-scale results along with the influence of biochar addition that should also be extended. Biochar has been shown to be a central element in the coupling processes of AD and pyrolysis, notably by improving the AD stability/performances and applicability of the "biochar and DG" combination for agronomic purposes. Nonetheless, the use of biochar in AD process or for agronomic issues in combination with DG is still in its infancy and several perspectives are worth exploring:  So far, most of the studies related to the use of biochar in AD process have focused on raw biochar and the potential activation of these biochars to improve their physicochemical properties and further their performances have not been really investigated. Recently, several activation processes have been proposed by means of chemical, mechanical, thermo-chemical and thermal technologies [START_REF] Ioannidou | Agricultural residues as precursors for activated carbon production-A review[END_REF][START_REF] Tan | Biochar as potential sustainable precursors for activated carbon production: Multiple applications in environmental protection and energy storage[END_REF].

 Generally, the impact of adding biochar to the AD process is based on batch test results, which may fail in a true prediction of large-scale anaerobic reactors performance. Up to date, few studies have been conducted on a continuous pilot scale on the in-situ addition of biochar in the AD process and it seems necessary to state the real benefit of adding biochar on AD stability/performances, and soil biology such as microbial diversity.

 The benefit of the simultaneous use of biochar and DG for agronomic purposes have been investigated recently but the results from literature data remain inconsistent, especially for plant growth and productivity. Up to date, few data are available on the capacity of the biochar to reduce nutrients leaching. However, as point out, research is lacking regarding this topic as no interaction mechanism has been fully investigated, particularly on the benefits of using biochar to reduce nutrients leaching from DG, the biochar ability to reduce CO2 as well as its capacity to improve plant growth in combination with DG especially liquid-DG. In addition, a long-term research perspective regarding the application of biochar-DG mixtures at the field scale remains to be confirmed in terms of crop production efficacy and the absence of detrimental environmental effects. Furthermore, it is important to consider the various and intricate parameters that will influence the advantages of biochar@DG association such as biochar and DG origin, soil type, irrigation, agricultural processing methods, plant species, climate, and geographical context… etc.

Then, if the DG used is currently regulated by European standards (i.e., European Fertilizer Regulations, European Nitrate Directive, French Norm NF U 44051), there is no real conscious around the biochar, the only recommendations are made by the IBI and EBC. According to [START_REF] Wambugu | Role of biochar in anaerobic digestion based biorefinery for food waste[END_REF], biochar production at the industrial level for use in AD applications requires careful planning involving the integration of different policies (i.e. Waste Management, Renewable Energy, European GMO policy, Clean Development Mechanism (CDM) of the Kyoto Protocol, United Nations Framework Convention for Climate Change (UNFCCC), and Economic Policies) [START_REF] Wambugu | Role of biochar in anaerobic digestion based biorefinery for food waste[END_REF]. Finally, the influence on policymakers to help these combined technologies to enter the market does not only rely on the economic context but also on environmental and societal purposes [START_REF] Manara | Indicator-based economic, environmental, and social sustainability assessment of a small gasification bioenergy system fuelled with food processing residues from the Mediterranean agro-industrial sector[END_REF][START_REF] Nizami | Waste biorefineries: Enabling circular economies in developing countries[END_REF]. As mentioned by [START_REF] Manara | Indicator-based economic, environmental, and social sustainability assessment of a small gasification bioenergy system fuelled with food processing residues from the Mediterranean agro-industrial sector[END_REF], sustainability is held by three pillars around economy, environment and societal equitability. Future implementation of the dual AD-pyrolysis process does not depend solely on technical constraints. A multidisciplinary approach integrating technical, social, environmental, and economic sciences is worth implementing.

Future perspectives

Based on available data and to improve the synergy between the AD and pyrolysis process, the use of biochar can be extended in future works beyond the classical framework of AD as shown in Fig. 12. 1) Biochar can be added before the AD process directly as animal feed additives or in liquid manure storage to reduce gaseous emissions but also in the silage process for the juice recovery. Biochar as animal feed additive has attracted interest in last decades and has shown positive effects [START_REF] Nizami | Waste biorefineries: Enabling circular economies in developing countries[END_REF][START_REF] Schmidt | The use of biochar in animal feeding[END_REF]. It was demonstrated that the use of biochar as a feed additive has the potential to improve animal health, feed efficiency and livestock housing climate, to reduce nutrient losses and greenhouse gas emissions [START_REF] Schmidt | The use of biochar in animal feeding[END_REF]. Biochar can also be added to uncovered manure storage to reduce odorous emissions of ammonium, ammonia and other odorous substances, while simultaneously sorbing nutrients in the liquid manure [START_REF] Dougherty | Can biochar covers reduce emissions from manure lagoons while capturing nutrients?[END_REF][START_REF] Schmidt | Treating liquid manure with biochar[END_REF]. Biochar addition in crops silage dedicated to AD process can also be interesting because biochar can promote the lactic acid fermentation of the silage and prevent a faulty fermentation, but also by reducing fungus formation and also the risk of clostridia infections due to less acetic and in particular butyric produce during the silage process [START_REF] Schmidt | Treating liquid manure with biochar[END_REF]. Furthermore, thanks to biochar, there is little or no formation of fermentation juices reducing environmental burdens [START_REF] Schmidt | Treating liquid manure with biochar[END_REF].

2) Another interesting perspective is to use biochar for the production of slow-release fertilizers and/or organo-mineral fertilizers by absorbing the nutrients content of the liquid DG creating new markets and reducing the required land for the liquid-DG [START_REF] Kizito | Role of nutrient-enriched biochar as a soil amendment during maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand[END_REF]. Such approach can be performed by directly introducing the biochar in the DG before solid/liquid separation using filter press, screw press or centrifugal system (Fig. 12). Such option will allow concentrating the available nutrients from the liquid phase in the solid phase and thus produce an "enriched nutrients solid-DG". Another option is to mix the liquid-DG with biochar for the recovery of "biochar-enriched nutrients". These two strategies are dealing on the fact that biochar is able to adsorb available nutrients present in the liquid phase such as ammonium, potassium and phosphorous [START_REF] Kizito | Role of nutrient-enriched biochar as a soil amendment during maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand[END_REF][START_REF] Kizito | Phosphate recovery from liquid fraction of anaerobic digestate using four slow pyrolyzed biochars: Dynamics of adsorption, desorption and regeneration[END_REF]. So far, there are only few studies of nutrient recovery from the liquid fraction of the DG [START_REF] Kizito | Phosphate recovery from liquid fraction of anaerobic digestate using four slow pyrolyzed biochars: Dynamics of adsorption, desorption and regeneration[END_REF][START_REF] Kizito | Evaluation of slow pyrolyzed wood and rice husks biochar for adsorption of ammonium nitrogen from piggery manure anaerobic digestate slurry[END_REF]. [START_REF] Kizito | Evaluation of slow pyrolyzed wood and rice husks biochar for adsorption of ammonium nitrogen from piggery manure anaerobic digestate slurry[END_REF] have investigated the use of wood and rice husks biochar for adsorption of ammonium nitrogen from piggery manure DG slurry. The maximum NH4(+)-N adsorption from slurry at 1400 mg N L -1 was 44.64 ± 0.602 mg g -1 ) and 39.8 ± 0.54 mg g -1 for wood and rice husk biochar, respectively. [START_REF] Kizito | Evaluation of slow pyrolyzed wood and rice husks biochar for adsorption of ammonium nitrogen from piggery manure anaerobic digestate slurry[END_REF] have also investigated the performances of phosphate recovery from the liquid fraction of DG by using four biochars (from wood, corncobs, rice husks, sawdust pyrolysis). It was demonstrated that biochar can be effectively used to recover P-PO4 3-from DG and at an initial load of 150 mg P-PO4 3-L -1 , adsorptions varying from 5.41 to 7.67 mg P-PO4 3-/g biochar were recorded [START_REF] Kizito | Phosphate recovery from liquid fraction of anaerobic digestate using four slow pyrolyzed biochars: Dynamics of adsorption, desorption and regeneration[END_REF]. [START_REF] Kizito | Role of nutrient-enriched biochar as a soil amendment during maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand[END_REF] evaluated the addition of DG-enriched biochar as soil amendment during maize growth. There results highlighted that the addition of DG-enriched biochars improved soil quality and maize yield as it provided higher soil organic matter (232 % -514 %), macronutrients (110 % -230 %) and showed a significant increase of biomass yield compared to non-enriched biochar treatments based on control (soil) essay results (165 % versus 91% , respectively) [START_REF] Kizito | Role of nutrient-enriched biochar as a soil amendment during maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand[END_REF]. Last and not least, for mineral fertilizer, biochar has been used as a precursor for coating material or in the manufacture of mineral fertilizers with a slow-release character [START_REF] Chen | Preparation and characterization of slow-release fertilizer encapsulated by biochar-based waterborne copolymers[END_REF][START_REF] Peregrina | Biochar-based nitrogen fertilizers : Greenhouse gas emissions , use efficiency , and maize yield in tropical soils[END_REF]. Indeed, Chen et al. ( 2018) have developed a novel slow-release nitrogen fertilizer through coating urea granules with biochar-base waterborne copolymers. They have tested different biochars origin (maize straw, rice straw and forest litter) on the fertilizer's properties including water resistance, degradability in soil and leaching behavior of nutrient.

Interestingly, the urea particles coated with rice biochar-based copolymer exhibited a better release behavior with 65.28 % of nutrient leaching compared to more than 90 % from the pure urea [START_REF] Chen | Preparation and characterization of slow-release fertilizer encapsulated by biochar-based waterborne copolymers[END_REF]. Similarly, biochar (eucalyptus wood, 400°c) granulation with additives (22 % bentonite and 5 % pregelatinized maize flour) and urea using granulator dish has been investigated by [START_REF] Peregrina | Biochar-based nitrogen fertilizers : Greenhouse gas emissions , use efficiency , and maize yield in tropical soils[END_REF]. To evaluate the performance of these fertilizers on maize yield, a one-year field experiment with tropical soil has been performed. The best results were noticed using biochar-based fertilizers composed by 51% of biochar and 10 % of urea, resulting an increase of nitrogen use efficiency (NUE) and crop yield by 12 % and 21 % respectively compared to pure urea fertilizer [START_REF] Peregrina | Biochar-based nitrogen fertilizers : Greenhouse gas emissions , use efficiency , and maize yield in tropical soils[END_REF].

3) Besides to produce organo/mineral fertilizers or biochar enrich nutrients, biochar can also be incorporated to improve the performances, stability and agronomic quality of compost of the solid-DG if a composting process is applied [START_REF] Alburquerque | Agricultural use of digestate for horticultural crop production and improvement of soil properties[END_REF][START_REF] Casini | Production and characterization of co-composted biochar and digestate from biomass anaerobic digestion[END_REF][START_REF] Sánchez-Monedero | Biochar reduces volatile organic compounds generated during chicken manure composting[END_REF]. It was demonstrated that biochar addition in composting can: (1) improve compost mixture physicochemical properties, (2) enhance microbial activities and promote organic matter decomposition, (3) reduce ammonia (NH3) and greenhouse gas (GHG) emissions, (4) upgrade compost quality by increasing the total/available nutrient content, enhancing maturity, and decreasing phytotoxicity; 5) improving growth plants and crop yields [START_REF] Afnor Fd U ; Agegnehu | Organic amendments and growing media -Characterization of organic matter by the potential mineralization of carbon and nitrogen[END_REF][START_REF] Xiao | Recent developments in biochar utilization as an additive in organic solid waste composting: A review[END_REF].

In this thesis project, the work focused on the production of activated biochar from hardly biodegradable substrates from Moroccan wastes for the adsorption of organic micropollutants as an objective, and methylene blue (MeB) was chosen as the model. Then, particular attention was paid to the coupling of AD and pyrolysis to maximize energy recovery and agronomic utilization. To this end, coupling of AD and subsequent pyrolysis of solid DG was performed, and then the co-application of biochar and LD was evaluated by agronomic tests: nutrient leaching, phytotoxicity/growth plant test, nitrogen and carbon mineralization and ammonia volatilization.

This chapter presents the description of the protocols and methods used to produce activated biochar from agricultural residue trough pyrolysis and the adsorption process for methylene blue removal, as well as the production of biomethane and the experiment tests that we have done to evaluate the effect of coupling biochar and LD on plant growth, nutrient retention, mineralization of carbon and nitrogen and volatilization of ammoniac (NH3) (Fig. 13). A brief description of the different instrumental techniques used to characterize, analyze, and study the different materials prepared and products was also presented. 

Biomasses and products

Two industrial residues were selected to produce biochar and activated biochar. The residue of algae (AG) was collected from the company SETEXAM (Kenitra, Morocco) specializing in Agar-Agar extraction from the red macroalgae Gelidium sesquipedale, and olive pomace (OP) was collected from a farm in the BENI MELLAL region after the traditional olive oil extraction.

The two residues were first crushed using a knife mill (SM100, Retsch, Germany) and sieved to 4 mm. The catalysts used for the chemical activation of biochars were potassium hydroxide (KOH), phosphoric acid (H3PO4), urea (CH2ON2) and sodium hydroxide (NaOH) (purchased from Sigma-Aldrich ® ). Methylene blue (MeB) was purchased from Sigma-Aldrich ® .

The agricultural raw digestate was collected from an agricultural methanization unit (METHALAYOU unit located in Préchacq Navarrenx in the south-west of France). A solidliquid separation was carried out using a wine press and a 1 mm mesh net (Agri Euro capacity 127 liters). The solid fraction was dried at 60 °C to constant mass and the liquid digestate was analyzed for its physico-chemical properties and stored at -16 °C.

Quinoa residue was collected from a private farm located in Benguerir (Morocco) and used for the study of AD in co-digestion with wastewater sludge. The residue was dried at 40 °C for three days and crushed twice using an electric vegetable mill (Ge250, STIHL VIKING ® , Germany). The wastewater sludge was collected at the Lescar sewage treatment plant. The inoculum applied for Biochemical Methane Potential (BMP) and for the semi-continuous assay was an internal mesophilic inoculum produced at APESA center and feed with a mix of wastewater sludge and grass. Both soils were air dried and passed through a 2 mm sieve to remove large fragments. The main characteristics of soils (Soil-C and Soil-M) were presented in Table. 6.

Two commercial fertilizers were used:

• DAP-OCP ((NH4)2HPO4) characterized by 18 wt% of N-NH4 and 46 wt% of P-P2O5.

• Ammonium nitrate (NH4NO3) (99%).

Table. 6 :

Main agronomic characterizations of the soils used for agronomic tests.

Pre-activation process and description of different pyrolysis devices (laboratory

and pilot scale). 

Chemical and mechanical pre-activation

Laboratory

Description of pyrolysis device at laboratory and pilot scale 2.2.1. Laboratory-scale pyrolysis device

The laboratory scale pyrolysis device is shown in Fig. 15. This device was used to produce activated biochars. It consists of a horizontal fixed bed reactor made of stainless steel. The purge gas (99.99% pure nitrogen) was injected into the reactor at a rate varying between 250 and 260 mL/min. For each sample treated, 15 g of sample were placed in a stainless-steel weighing boat and placed in the middle of the reactor to ensure homogeneous pyrolysis. It was then purged for 10 min before starting the pyrolysis to remove residual oxygen (air) inside the reactor. Each sample was pyrolyzed at 500 °C with a heating rate of 10 °C/min and a residence time of 15 min at the final temperature. The oven was then cooled under a stream of nitrogen to 25 ° C. 

Pilot scale pyrolysis device and pyrolysis product yields (to produce biochar for agronomic use).

This device was used for the pyrolysis of solid digestates coming from: an agricultural biogas plant unit and semi-continuous lab CSTR reactor treating Moroccan residues in co-digestion with wastewater sludge (Fig. 16).
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Fig. 16. Photo of pilot-scale pyrolysis device at UPPA University (Pau), and its simplified scheme and the chosen operating condition.

The dried solid digestate sample (about 300 g) has been subjected to the pyrolysis process in a steel reactor. Before pyrolysis, the basket of feedstock and the furnace were purged with N2 for 30 min to ensure an oxygen free environment. Then, the experiments were carried out in duplicate at 500°C with a heating rate of 10°C/min, for 1 hour at high temperature. The collected pyrolysis products were biochar, bio-oil (condensable gas) and syngas (non-condensable gas).

The furnace was then cooled to 25°C under nitrogen flow (Fig. 17) and the biochar and bio-oil were collected and weighed.

Fig. 17. Descriptive scheme of pilot-scale pyrolysis device

The mass of the produced syngas MSyngas (g) was determined by the difference between the output and input gas flow during pyrolysis process using an acquisition system linked to two flowmeters, measuring input (flowmeter BROOKS) and output (flowmeter M.M.T). The Eq.

(1) was used to calculate the mass of syngas as described below:

𝐌 𝐒𝐲𝐧𝐠𝐚𝐬 (𝐠) = ∑ (𝐨𝐮𝐭𝐩𝐮𝐭 𝐟𝐥𝐨𝐰 (𝐠 𝐦𝐢𝐧 ⁄ ) -𝐢𝐧𝐩𝐮𝐭 𝐟𝐥𝐨𝐰 (𝐠 𝐦𝐢𝐧 ⁄ )) 𝟏𝟐𝟐 ⁄ (𝟏)
where 122 is the number of acquisitions per min.

biochar, bio-oil, and syngas products yield percentages were calculated as showed in Eq. ( 2), Eq. ( 3) and Eq. ( 4), respectively:

𝐁𝐢𝐨𝐜𝐡𝐚𝐫 (𝐰𝐭%) = 𝐌 𝐁𝐢𝐨𝐜𝐡𝐚𝐫 (𝐠) 𝐌 𝐒𝐨𝐥𝐢𝐝 𝐝𝐢𝐠𝐞𝐬𝐭𝐚𝐭𝐞 (𝐠) ⁄ × 𝟏𝟎𝟎 (𝟐) 𝐁𝐢𝐨 -𝐨𝐢𝐥 (𝐰𝐭%) = 𝐌 𝐁𝐢𝐨-𝐨𝐢𝐥 (𝐠) 𝐌 𝐒𝐨𝐥𝐢𝐝 𝐝𝐢𝐠𝐞𝐬𝐭𝐚𝐭𝐞 (𝐠) ⁄ × 𝟏𝟎𝟎 (𝟑) 𝐒𝐲𝐧𝐠𝐚𝐬 (𝐰𝐭%) = 𝐌 𝐒𝐲𝐧𝐠𝐚𝐬 (𝐠) 𝐌 𝐒𝐨𝐥𝐢𝐝 𝐝𝐢𝐠𝐞𝐬𝐭𝐚𝐭𝐞 (𝐠) ⁄ × 𝟏𝟎𝟎 (𝟒)
where MBiochar, MBio-oil, MSyngas represent the produced biochar, bio-oil and syngas during pyrolysis and Msolid digestate represents the mass of solid digestate.

The losses during pyrolysis (around 6%) were considered as the bio-oil trapped in the walls of the cooling system and were assumed in the bio-oil calculation.

Characterization of syngas and organic fraction of bio-oils

The syngas (hydrogen, oxygen, nitrogen, carbon monoxide and dioxide, methane, ethane, and ethylene) was quantified using a micro-chromatography device (Varian CP-4900, Agilent, Germany). The first column (CP-Sil CB) was operated at 37°C to separate H2 and O2, while the second column (Molsieve 5Å PLO) was operated at 37°C to separate N2, CO and CH4 and the third column (HayeSep A) was operated at 35°C to separate CO2, C2H2, C2H4, and C2H6. The detection of gaseous compounds was done by using a thermal conductivity detector. The injector and detector temperatures were 50°C and 55°C, respectively. The analyses of syngas were carried out every 5 minutes during pyrolysis reaction using the micro-GC.

The bio-oil obtained in this work was separated into two different phases: an organic phase and an aqueous phase obtained by decantation using dichloromethane (99.8% from Sigma Aldrich®) as the organic solvent. The weight and yield were measured after decantation. The anhydrous Na2SO4 was added into the solvent mixture/organic phase to remove residual water.

Then, the solvent was evaporated using a rotary evaporator, the organic phase of bio-oil was weighed, and its yield was measured.

The chemical composition of the organic phase of bio-oil was determined using gas chromatography-mass spectrometry (GC-MS, Thermo scientific ISQ single quadrupole). By comparing the recorded mass spectra of compounds with those given in the NIST2008 c2.0/Xcalibur data system library provided by the instrument software, compound identification was performed. Bio-oil were separated by silica capillary column, using helium as the carrier gas (1.2 mL/min). The injection volume was 1µL using a 20:1 split ratio and an injector temperature of 260°C. The GC temperature sequence was as follows: 70°C start, hold 2 min, ramp at 10°C/min to 300°C and hold at 300°C for 5 min.

The average low heating value (LHV) of syngas was calculated based on Eq. ( 5) [START_REF] Lv | An experimental study on biomass airsteam gasification in a fluidized bed[END_REF], considering that N2 was separated from produced syngas. The predictive higher heating value (HHV) (MJ/ kg) of organic phase of bio-oil was calculated using ultimate analysis in Eq. ( 6) [START_REF] Troy | Effect of sawdust addition and composting of feedstock on renewable energy and biochar production from pyrolysis of anaerobically digested pig manure[END_REF] 3. Anaerobic digestion process (AD)

Determination of biochemical methane potential (BMP)

The biochemical methane potential (BMP) test made it possible to determine the methanogenic potential of substrates under optimal conditions to overcome any inhibitions or instabilities during the process. All BMP tests were performed under anaerobic mesophilic conditions (35 ° C, pH = 7) and in duplicate. The inoculum was maintained under endogenous anaerobic conditions to reduce unspecified biogas production. In glass bottles with a total volume of 1 L, the substrate and inoculum were mixed, obtaining a substrate inoculum (S/I) ratio of 0.35. A control sample (contains only the inoculum) was considered to subtract the amount of biomethane produced by the inoculum. Once the bottle is prepared, it was purged with nitrogen gas (N2) to maintain anaerobic conditions. Then the bottles were sealed and placed in an oven at 35 °C to maintain optimal conditions (Fig. 18). The methane production was monitored using a manometer with LCD display (Testo 502, TESTOON, France), the pressure was taken from an outlet in the bottle closing system. The composition of the biogas (H2, O2, N2, CH4, CO2 and H2S) was determined using a micro gas chromatograph (490, Agilent Technology, USA). The first column (Molsieve 5A PLOT) was used at 110 °C to separate O2, N2 and CH4, and the second column (HayeSep A) was used at 70 °C to separate CO2 from other gases. The injector and detector temperatures were 110 °C and 55 °C, respectively. Detection of gaseous compounds was performed using a thermal conductivity detector. The calibration was performed with two standard gases composed of 9.5% CO2, 0.5% O2, 81% N2 and 10% CH4 and 35% CO2, and 5% O2, 20% N2 and 40% CH4

(gas special Air Liquide ®). All the results are presented under standardized conditions of temperature and pressure (P atm, 0 °C).

Continuous co-digestion test

After determining the BMP of substrates (Quinoa residues and wastewater sludge), a continuously stirred tank reactor (CSTR) was set up with a total volume of 20 L and maintained homogeneously using a continuous agitation system. The temperature was maintained at 39-40°C. The reactor was initially supplied with mesophilic inoculum. The input feedstock and the discharge digestate were done manually once a day (5 days per week). The feedstock mixture was 42.6% VS of wastewater sludge and 57.5% VS Quinoa residues. The organic load rate and the hydraulic retention time were set at 2.06 g VS /m 3 day and 41 days, respectively. The CSTR was monitored by measuring the pH and temperature daily, the FOS/TAC ratio twice a week and the volatile fatty acids (VFAs) as well as the ammonium concentration once a week. The measurement of the total solid (TS) and volatile solid (VS) of the digestate was carried out every weekend. The biogas produced was recorded every day by a PLC system connected to a Ritter. The biogas was collected in a gas pocket directly connected to the gas-meter (Fig. 19); the analysis of the biogas was carried out 5 days/week using micro gas chromatography (490, Agilent Technology, USA). At the end of the process, a solid-liquid separation was carried out using a wine press.

The solid fraction was dried in an oven at 60 °C until it had a constant mass, and the LD was analyzed to determine its agronomic value (TS, VS, N, P, K, Ca, Mg) and stored at -16 °C. A mass balance of chemical oxygen demand (COD) was also carried out at the end of the process.

AD parameters determination methods a. pH and ammonium concentration (NH4 + )

pH of digestate was determined directly after digestate discharge using a WTW 340i reference pH meter. Ammonium (NH4 + ) was determined by reagent kits (spectroquant ® , Germany) for NH4 + at the range 2.6-193 mg L -1 .

b. Volatile fatty acids (VFAs)

To determine the concentrations of volatile fatty acids (VFAs), the digestate was centrifuged for 20 minutes, at 9600 rpm to recover the liquid fraction and then treat it as a liquid sample.

An internal standard solution was prepared from 1g of Ethyl-2-butyryc acid diluted in 1L of acidified water at 2.5% phosphoric acid. Then 1 mL of internal standard solution was added to 2 mL of the liquid sample. The mixture was filtered at 0.2µm using a nylon filter via a syringe.

The filtered liquid was introduced into a vial to be analyzed with a liquid phase chromatography (GC-7890B) by FID detector (flame ionization detector).

c. Total acid and buffer capacity ratio (FOS/TAC)

The FOS/TAC ratio which corresponded to total acid and buffer capacity levels were determined using the dosage involving acidification of the sample prepared as 2 g of digestate diluted in 50 mL of deionized water under magnetic agitation with sulfuric acid (0.1N) by a graduated burette. A first acidification up to a pH equal to 5.1 determines the buffer capacity of the medium. A second acidification up to pH equal to 3.5 can quantify the amount of total acids in the medium.

d. Chemical Oxygen Demand (COD)

Chemical Oxygen Demand (COD) of LD was analyzed using commercial kits (Spectroquant 14,155, Merck, Germany). 1 mL of centrifuged LD were placed in the commercial tubes. The tubes were then heated to 148 °C in a preheated thermoreactor for 120 min. Finally, the COD was measured by an automatic spectrophotometer (Photolab S6, WTW, Germany). The theorical COD of feedstocks (wastewater sludge and Quinoa residue) and solid digestate were determined based on CHNS analysis according to the method reported in (Z. Wei et al., 2018).

Characterization of materials and products of pyrolysis and AD

Chemical and biochemical compositions

Total solid (TS) and volatile matter (VM) contents in alagae residue (AG), olive pomace (OP), Quinoa residue, wastewater sludge, soils (Soil-C and Soil-M) and LDs (industrial and from CSRT) were determined according to the protocol outlined by the American Public Health Association (APHA, 2005). Briefly, the TS was determined by drying the sample at 105°C for 24 h, whereas volatile matter was determined by heating the dried sample at 500°C under oxygen medium during 12 h. The ultimate analysis (C, H, N, O, and S) of all dry solid samples were analyzed in duplicate using an elemental analyzer (varioMicro V4.0.2, Elementar ® , Germany). Total Kjeldahl Nitrogen (TN) of soils and LDs was determined according to the Kjeldahl method [START_REF] Kjeldahl | A New Method for the Determination of Nitrogen in Organic Matter[END_REF], by using a mineralizator (BUCHI digestion unit K 438) and a BUCHI 370-K 76icroporous76/titrator. Moreover, N-NH4 + content of the LDs was determined by the titrimetric method after distillation using a BUCHI 370-K distillatory [START_REF] Rodier | Analysis of water[END_REF]. The fibers (cellulose, hemicelluloses) and the Klason lignin content of the dry residues and solid digestates were determined using the NREL protocol [START_REF] Sluiter | Determination of Structural Carbohydrates and Lignin in Biomass: Laboratory Analytical Procedure (LAP)[END_REF].

Briefly, the Klason lignin content was determined as the weight of the residues retained on the sintered glass crucible filter (Ø=25mm), and the soluble fractions were analyzed by highpressure liquid chromatography (HPLC) to quantify the monosaccharides content (i.e., glucose, xylose, and arabinose). The HPLC (Alliance ® system, Waters, USA) analysis was performed using a column (Aminex ® HPX-87H, BioRad, France) at 40°C and 0.3 mL/min of 0.005 M H2SO4. All the measurements were performed in triplicate. The cellulose and hemicelluloses percentages were determined by the Eq. ( 7) and Eq. ( 8), respectively.

𝑪𝒆𝒍𝒍𝒖𝒍𝒐𝒔𝒆(%) = [(𝑮𝒍𝒖𝒄𝒐𝒔𝒆(𝒈 𝑳 ⁄ ) × 𝑽 𝒕𝒐𝒕 ) 𝑴 𝒊𝒏𝒊 ⁄ ] × 𝟏𝟎𝟎 𝟏. 𝟏𝟏 ⁄ (𝟕) 𝑯𝒆𝒎𝒊𝒄𝒆𝒍𝒍𝒖𝒍𝒐𝒔𝒆𝒔 (%) = [(𝑿𝒚𝒍𝒐𝒔𝒆(𝒈 𝑳 ⁄ ) + 𝑨𝒓𝒂𝒃𝒊𝒏𝒐𝒔𝒆(𝒈 𝑳 ⁄ ) × 𝑽 𝒕𝒐𝒕 ) 𝑴 𝒊𝒏𝒊 ⁄ ] × 𝟏𝟎𝟎 𝟏. 𝟏𝟑 ⁄ (𝟖)
where Vtot and Mini represent the total volume of the hydrolysis medium (0.025 L) and the initial mass of sample in grams, respectively, while 1.11 represents the conversion factor between glucose and cellulose and 1.13 represents the conversion factor between monomers (xylose and arabinose) and hemicelluloses [START_REF] Barakat | Mechanical dissociation and fragmentation of lignocellulosic biomass: Effect of initial moisture, biochemical and structural proprieties on energy requirement[END_REF].

Major and minor metallic content determination

Nutrient content (P, K, Mg, S, Ca and Na) and minor metallic content (Pb, Cd, Cu, Ni, Hg, Zn, Cr, and As) of solid digestate and produced biochar were determined by the Inductively Coupled Plasma Mass Spectrometry (ThermoFisher Scientific, Xseries 2 ICP-MS) equipped with a cooled spray chamber, a quadruple mass spectrometer and a collision cell. The ICP-MS settings were as follows: Nebulizer flow of 0.82 L/min, auxiliary flow of 0.80 L/min, cool flow of 13 L/min, forward power 1400 Watts, cell gas flow He/H of 0.0045 L/min. For this purpose, a microwave-assisted mineralization of the sample was performed after the addition of nitric acid (65%) and hydrogen peroxide (30%). The reaction was conducted for 30 min at room temperature, and then the mixtures were placed in the microwave reactor (Flexiwave, Milestone, USA) and heated for 20 min to reach 210°C, which was maintained for 20 min and then cooled for 25 min. The obtained solutions were filtered using 0.2 µm filters then analyzed with ICP-MS.

Fourier transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA)

The residues and their biochars were analyzed by FT-IR infrared spectroscopy (Bruker tensor 27, Bruker Optics, USA) at wavelengths of 400-4000 cm -1 in 16-scan transmission mode. The moisture, volatile matter, fixed carbon, and ash contents of different products were determined using a thermogravimetric analyzer (TGA 2-LF, Mettler Toledo®, Switzerland). The moisture content was determined as the mass loss after the sample was heated to 110 °C under N2 for 60 min, with flow and heating rates of 50 mL/min and 5 °C/min, respectively. The amount of volatile matter, which is the mass loss between 110 °C and 900 °C under N2, was also determined. Fixed carbon is the solid lost after switching the medium of analysis from nitrogen to air at 900 °C with the same flow rate for 30 min; the amount of ash was determined as the remaining mass after combustion.

pH, zeta potential, scanning electron microscopy (SEM) and

Brunauer-Emmett-Teller test (BET)

The pH values of residues and their biochars were determined using a pH meter (FE20 FiveEasy ™, Mettler Toledo, Australia). For each product, 1 g of the sample was mixed with 20 mL of deionized water and the mixture was stirred for 5 minutes, then stand for 5 minutes before measuring the pH. The surface charge of biochars, represented by the zeta potential, was determined using a modified protocol from [START_REF] Yao | Biochar derived from anaerobically digested sugar beet tailings: Characterization and phosphate removal potential[END_REF]. For the measurement of the zeta potential, an amount of 0.5 g of biochar was diluted in 50 mL of ultrapure water and stirred for 30 minutes. The mixture was then sonicated at 50 W for 5 min, then filtered through a borosilicate glass crucible filter (25 mm filter, porosity 3). The zeta potential was measured using a Nicomp dynamic light scattering system (Z3000, Entegris, USA) with these parameters: electric field: 2 V / cm, electric intensity: 0.8 mA. The surface morphology of different samples and biochars were investigated using a tabletop scanning electron microscope-SEM (5 th generation-Phenom ProX, Phenom-World ® , Netherlands) using a backscattered electron detector and the following parameters: acceleration voltage of 10 kV and imaging mode. The specific surface was determined using the N2-BET test (3Flex, Micrometrics, Canada).

Adsorption experiments

The adsorption experiments were carried out in two parts: the first part was focused on the comparison of the removal efficiency of methylene blue (MeB) using the different chemically activated biochars at fixed dose and produced only from AG in comparison with a commercial activated carbon (Norit GAC 1240 activated by vapor) to specify the nature and the concentration of the most effective chemical catalyst. The second part focused on the comparison between the adsorption capacity of the chemically activated biochar (based on the results from the first part) and the mechanically activated biochar. In this part, AG and OP residues were used. A study of the effect of adsorption parameters on the adsorption process (i.e.: dose of biochar, pH of the initial solution, initial concentration of methylene blue, temperature, and contact time) was been carried out. Then, a kinetic and isothermal studies of the adsorption of MeB was performed on all the produced biochars to compare the theoretical data with the experimental data, as well as to determine the main adsorption mechanisms during the process. Finally, a thermodynamic study was carried out to determine the thermodynamic parameters.

Initial assessment activated biochars using different catalyst produced from macro-algae residue (AG)

The first adsorption experiment was performed in 5 mL glass vials. A volume of 1 mL of methylene blue solution (50 mg / L, pH = 7.4) and a dose of 40 g / L of each chemically activated biochar was introduced into the vials. The vials were closed and magnetically stirred at room temperature (25 ° C) at 250 rpm for 6 h.

Effect of operational parameters on MeB adsorption

The effect of different operational parameters (biochar dose, contact time, pH, initial MeB concentration and temperature) was performed as following:

• For the effect of the biochar dose, the experiment was carried out in 5 mL glass vials containing 1 mL of 50 mg/L of MeB solution (pH = 7.4). The dose of biochar (raw or activated) varied between 10 and 50 g/L. The mixtures were stirred magnetically at 250 rpm for 360 min at 25 °C.

• For the effect of pH on the adsorption of MeB, the experiment was performed in 5 mL vials, introducing a volume of 1 mL of 50 mg/L MeB solution and the optimal dose of biochar (brut or activated). The initial pH of the MeB solution was adjusted to values (2)(3)(4)(5)(6)[START_REF]1. "One-pot activation and pyrolysis of Moroccan Gelidium sesquipedale red macroalgae residue: production of an efficient adsorbent biochar" Saida Tayibi[END_REF](8)[START_REF] Hills | Effects of carbon: Nitrogen ratio on anaerobic digestion of dairy manure[END_REF](10)(11)(12)) by the addition of 0.1 mol/L HCL or 0.1 mol/L NaOH solutions. The mixtures were magnetically stirred at 250 rpm at 25 °C for 360 min.

• For the kinetic study, the experiment of the effect of contact time was also carried out using 5 mL vials with a working volume of 1 mL of MeB solution (50 mg/L, pH = 7.4)

and the optimal dose of each biochar (raw and activated), the contact time varied between 0 and 760 min. The mixtures were magnetically stirred at 250 rpm at 25 °C

• For the isotherm study, the effect of the initial MeB concentration was investigated, briefly, the optimal dose of each biochar (brut or activated) was introduced into 5 mL glass vials containing 1 mL of MeB solutions with different initial concentrations (50-400 mg/L). The mixtures were magnetically stirred at 250 rpm at 25 ° C for 360 min.

• For the thermodynamic study, the effect of temperature on the adsorption of MeB was performed; an optimal amount of each biochar was added to a set of 5 mL glass vials containing 1 mL of 50 mg/L MeB solution and the reaction temperatures chosen were 25, 40 and 60 ° C.

All supernatants were collected and the remained MeB concentration was determined using UV-visible spectrophotometer (7315, JENWAY, UK) at the wavelength of 664 nm. The experiments were duplicate and only the average values were reported. The removal efficiency (%) Eq. ( 9), the adsorbed amount of MeB on biochar at time t, qt (mg /g) Eq. ( 10), and the amount of MeB adsorbed at equilibrium, qe (mg/g) Eq. ( 11) were calculated using the following equations:

𝑹𝒆𝒎𝒐𝒗𝒂𝒍 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%) = ((𝑪 𝒊 -𝑪 𝒕 ) 𝑪 𝒊 ) ⁄ × 𝟏𝟎𝟎 (𝟗) 𝒒 𝒕 = (𝑪 𝒊 -𝑪 𝒕 ) × 𝑽 𝒘 ⁄ (𝟏𝟎) 𝒒 𝒆 = (𝑪 𝒊 -𝑪 𝒆 ) × 𝑽 𝒘 ⁄ (𝟏𝟏)
Where Ci (mg/L) is the initial MeB concentration, Ct (mg/L) is the MeB concentration at time t (min), Ce (mg/L) is the MeB concentration at equilibrium, V (L) is the volume of MeB solution and w (g) is the weight of the adsorbent.

Kinetic models

To analyze the adsorption kinetic process of all studied biochars (raw and activated), the pseudo-first order (PFO), pseudo-second order (PSO) and intraparticle diffusion models (ID)

were applied.

The linear form of PFO Eq. ( 12) and PSO Eq. ( 13) models are expressed in the following equations:

𝒍𝒏(𝒒 𝒆 -𝒒 𝒕 ) = 𝒍𝒏𝒒 𝒆 -𝒌 𝟏 𝒕 (𝟏𝟐) 𝒕 𝒒 𝒕 ⁄ = 𝟏 𝒌 𝟐 𝒒 𝒆 𝟐 ⁄ + (𝟏 𝒒 𝒆 ) ⁄ 𝒕 (𝟏𝟑)
The non-linear form of PFO Eq. ( 14) [START_REF] Jun | Modelling of methylene blue adsorption using peroxidase immobilized functionalized Buckypaper/polyvinyl alcohol membrane via ant colony optimization[END_REF], PSO Eq.( 15) [START_REF] Jun | Modelling of methylene blue adsorption using peroxidase immobilized functionalized Buckypaper/polyvinyl alcohol membrane via ant colony optimization[END_REF], and the ID Eq.( 16) [START_REF] Lei | Performance, kinetic, and equilibrium of methylene blue adsorption on biochar derived from eucalyptus saw dust modified with citric, tartaric, and acetic acids[END_REF] models are expressed in the following equations:

𝒒 𝒕 = (𝒒 𝒆 -𝒆 -𝑲 𝟏 𝒕 ) (𝟏𝟒) 𝒒 𝒕 = 𝑲 𝟐 𝒒 𝒆 𝟐 𝒕 𝟏 + 𝑲 𝟐 𝒒 𝒆 𝒕 ⁄ (𝟏𝟓) 𝒒 𝒕 = 𝒌 𝒑 𝒕 𝟏 𝟐 ⁄ + 𝐂 (𝟏𝟔)
where qe (mg/g) is the adsorption capacity at equilibrium, qt (mg/g) is the adsorption capacity at contact time t (min), and K1 (min -1 ), K2 (g/mg min) and Kp (g/mg min 1/2 ) are the equilibrium rate constants for the PFO, PSO and ID models, respectively; and C is a constant.

The normalized standard deviation Δq (%) Eq. ( 17) was applied to confirm the applicability of kinetic model and it is defined as in the following equation:

𝜟𝒒(%) = 𝟏𝟎𝟎 × √∑[(𝒒 𝒆𝒙𝒑 -𝒒 𝒄𝒂𝒍 )/𝒒 𝒆𝒙𝒑 ] 𝟐 𝑵 -𝟏 ⁄ (𝟏𝟕)
where N is the number of data points, qexp and qcal (mg/g) are the experimental and calculated adsorption capacity, respectively.

The Marquart's percentage standard deviation (MPSD) [START_REF] Paluri | Importance of estimation of optimum isotherm model parameters for adsorption of methylene blue onto biomass derived activated carbons: Comparison between linear and non-linear methods[END_REF] Eq.( 18) was applied to evaluate the applicability of isotherm models and it is defined as the following equation:

𝑴𝑷𝑺𝑫 = 𝟏𝟎𝟎 × √ 𝟏 𝒑-𝒏 ∑ (𝒒 𝒆,𝒆𝒙𝒑 𝒑 𝒊=𝟏 -𝒒 𝒆,𝒄𝒂𝒍) 𝒒 𝒆,𝒆𝒙𝒑 ) 𝟐 ⁄ ( 18 
)
Where qe,exp (mg/g) and qe,cal (mg/g) are the experimental and calculated adsorption capacity at equilibrium, respectively.

Equilibrium isotherm study

In this study, Langmuir and Freundlich isotherm models were used to determine the maximum adsorption capacity and mechanism [START_REF] Banerjee | Application of graphene oxide nanoplatelets for adsorption of Ibuprofen from aqueous solutions: Evaluation of process kinetics and thermodynamics[END_REF]. The non-linear form of Langmuir isotherm model Eq. ( 19) is expressed in the following equation:

𝒒 𝒆 = 𝑸 𝟎 𝑲 𝑳 𝑪 𝒆 (𝟏 + 𝑲 𝑳 𝑪 𝒆 ⁄ ) (𝟏𝟗)
where KL reflects the solute adsorptivity (L/g) and Q0 is the Langmuir adsorption capacity (mg/g).

A dimensionless separation factor (RL) can be defined based on the Langmuir isotherm as expressed in Eq. ( 20)

𝑹 𝑳 = 𝟏 (𝟏 + 𝑲 𝑳 𝑪 𝟎 ) ⁄ (𝟐𝟎)
where C0 and KL are the initial MeB concentration and the Langmuir constant, respectively.

The non-linear form of the Freundlish is expressed in Eq. ( 21):

𝒒 𝒆 = 𝑲 𝑭 𝑪 𝒆 𝒃 𝑭 (𝟐𝟏)
where KF reflects the adsorbent capacity (L/g), bF is the heterogeneity factor (unitless) ranging from 0 to 1.

Thermodynamic study

To investigate the adsorption thermodynamic of MeB adsorption onto raw and activated biochars, Gibbs free energy ΔG 0 (kJ/mol), enthalpy ΔH 0 (kJ/mol) and entropy ΔS (J/mol K)

were calculated in the following equations reported by [START_REF] Fan | Biochar prepared from co-pyrolysis of municipal sewage sludge and tea waste for the adsorption of methylene blue from aqueous solutions: Kinetics, isotherm, thermodynamic and mechanism[END_REF] respectively:

𝛥𝑮 𝟎 = -𝑹𝑻 𝒍𝒏(𝑲 𝒅 ) (𝟐𝟐) 𝒍𝒏𝑲 𝒅 = 𝜟𝑺 𝟎 𝑹 ⁄ -𝜟𝑯 𝟎 𝑹𝑻 ⁄ (𝟐𝟑)
where R (8.314 J/mol K) is the universal gas content, T (K) is the absolute solution temperature and Kd is the distribution coefficient which can be calculated as:

𝑲 𝒅 = 𝑪 𝑨𝒆 𝑪 𝒆 ⁄ (𝟐𝟒)
where CAe (mg/L) is the amount adsorbed on solid at equilibrium and Ce (mg/L) is the equilibrium concentration.

Data analyses

Analysis of variance (ANOVA) were performed using R version 3.4.4. The effect of chemical and mechanical modifications on biochar yield, pH, gravimetric water retention, zeta potential and specific surface area was tested by one-way ANOVA. Correlations between biochar properties and adsorption capacities were analyzed using a correlation matrix using software PAST.3 (Paleontological Statistics Software Package for Education and Data Analysis).

Agronomic experiments

The agronomic study was established in two parts: the first part was carried out using biochar and LD from the industrial digestate of agricultural biogas plant unit (Methalayou, http://www.methalayou.fr/ ), and the second part was performed using biochar and LD (from CSTR of co-digestion Quinoa residues with wastewater sludge). The following Table . 7

summarizes the different tests carried out in each part.

Table. 7 :

Summary of the various agronomic tests carried out and the products used. 

Determination of gravimetric soil water retention (GWR)

Gravimetric soil water retention (GWR) with or without addition of biochar was determined using a modified protocol described in [START_REF] Tayibi | Onepot activation and pyrolysis of Moroccan Gelidium sesquipedale red macroalgae residue : production of an efficient adsorbent biochar[END_REF]. The objective of this test is to determine the effect of the addition of biochar on soil GWR. The soil was dried at 70 °C for 24h. The different samples: soil, soil + biochar (50 tons/ha) (Soil + B50) and soil + biochar (100 tons/ha) (Soil + B100) were placed in plastic tubes cut at the bottom and linked by a 50 µm mesh. The biochar concentration of 50 tons/ha and 100 tons/ha (Table . 7-part 1) was chosen according to previous literary data (Glaser et coll., 2015;Greenberg et coll., 2019).

Water was then added gradually, until the first drop of water appeared. The total volume (L/kg of soil) of water added represents the GWR of the different samples. Same protocol was carried out at the second part of study (Table . 7-part 2), except the biochar applications were 25 and 50 tons/ha.

Nutrient leaching experiment

A leaching experiment was performed using a modified protocol described by [START_REF] Liu | Effects of biochar application on nitrogen leaching, ammonia volatilization and nitrogen use efficiency in two distinct soils[END_REF].

The leaching columns were designed using a 50 mL plastic medical syringe (with the plunger removed) as described in Fig. 20. Briefly, a filter paper (glass microfiber filter GF/F, diameter 25 mm) was placed first in each syringe and then 15 g of quartz sand were added. Subsequently, 20 g of each soil (Soil-C) sample with or without Biochar/LD was introduced. Finally, 20 g of quartz sand was used to fill the syringe to prevent potential soil disturbance during leaching (Fig. 20). Subsequently, LD was applied at a rate of 170 kg N/ha of soil to approach the application of nitrogen at field scale and according to the EU Nitrate Directive (EU.C, 1991). Accordingly, four different treatments were tested: soil (as control), soil + liquid digestate (Soil + LD), soil + liquid digestate + biochar (50 tons/ha) (Soil + LD + B50) and soil + liquid digestate + biochar (100 tons/ha) (Soil +LD+B100), and each treatment was performed in two replicates. At the starting of the experiment, deionized water was added to the soil columns for each condition to obtain 60% of GWR; then, the columns were incubated at room temperature.

After 48 hours of incubation, 20 mL of deionized water was added to the top of columns as the first leaching and the leachate volume was collected at the bottom of each syringe until it had totally leached out (approximately 7 hours), and then, the leachate volume was recorded. The duration of the experiment was 30 days, and the leaching processes were realized under this period. The leachate was filtered using 0.2 µm filters. The cations (NH4 + , K + , and Na + ), anions (NO3 -, PO4 3 ) and total mineral nitrogen (TMN) concentrations in the leachate were measured using an ion chromatography system (ICS-3000, Dionex, USA). This system, consisting of a dual pump module, eluent generator module, detector/chromatography module (single temperature zone configuration) and autosampler, was used to collect the data presented in this method. A 4-mm IonPac AS20 guard and analytical column set was used in the first dimension and a 2-mm IonPac AS16 guard and analytical column set was used in the second dimension.

Both column sets were kept in a thermally controlled column compartment, which was operated at 30°C.

Carbon and nitrogen mineralization tests

a.

Carbon mineralization test

The effect of biochar (25 tons/ha) on soil CO2 emission under the condition of with or without addition of LD (170 kg N/ha) was explored by a 91-day indoor incubation experiment. This test was inspired by the AFNOR FD U44-163, (2018) standard. The biochar and the LD were added and mixed with the soil (Soil-M) according to the following conditions: soil, soil + biochar (B25), soil + LD + biochar (B25) and soil + LD. Each condition was distributed in cups containing the equivalent of 25g of dry soil. Then these cups were placed in hermetically sealed enclosures in the presence of sodium hydroxide and incubated at 28 °C (Fig. 21b). The humidity was kept constant throughout the experiment (equivalent to the water retention capacity at pF 2.8). The carbon mineralized by the sample is measured after 1, 3, 7, 14, 21, 28, 49, 70 and 91 days of incubation, by assessing the C-CO2 trapped in sodium hydroxide (NaOH). This measurement is made over 3 repetitions.

A mixture of sodium carbonate (Na2CO3) and sodium hydroxide was assayed. The carbonates are precipitated with an excess of barium chloride (BaCl2) solution. The sodium hydroxide that has remained free is titrated with hydrochloric acid (HCl). The microbial respiration was calculated according to the following Eq. ( 25 

b. Nitrogen mineralization test

This test was also based on the AFNOR FD U44-163, (2018). The objective of this controlled incubation was to assess the potential mineralization of nitrogen in soil. biochar (25 tons/ha) and LD (170 tons/ha) were added and mixed to the soil according to the following conditions Ammonium (NH4 + ) and nitrate (NO3 -) ions were extracted from 3 repetitions after 0, 7, 14, 28, 56 and 90 days of incubation at 28°C with moisture maintenance. For each sampling date, a procedure for extracting the mineral nitrogen contained in the samples by mixing the soil with 100 mL of a KCl solution (1mol/L) was carried out. Samples were placed on rotating agitation for 1 hour. Then, the samples were filtered using a filter paper (Fig. 22). The filters are frozen before being sent to the laboratory for dosage of ammonia nitrogen levels NH4 and nitric NO3 - . The dosage of NH4 was performed according to the modified NF U 42-125, (1985) standard, while the NO3 dosing was performed by method colorimetry (Hood-Nowotny et al., 2010).

(Table.

Ammonia nitrogen volatilization (NH3) test

The objective of this test was to estimate the losses of nitrogen by evaporation of ammonia nitrogen (NH3) related to the supply of LD (170 kg N/ha) and biochar at 25 tons/ha (B25) on agricultural soil (Table . 7-part 2), using a closed dynamic flow system. The following conditions were investigated: soil, soil + biochar (B25), soil + LD + biochar (B25), and soil + LD. The amended soils were incubated for 15 days and added at 183 g. All conditions were repeated 4 times. To allow microbiological activity in each enclosure, distilled water has been added to reach 60% of the soil retention capacity. Volatile ammonia nitrogen was captured in an acid trap (Fig. 23). The traps were changed eight times over the 15-day period to see the kinetic aspect of volatilization. The first step was to set up the device to quantify ammonia nitrogen losses from a soil-product mixture. The volatile device was consisted of three major parts: an incoming air conditions control system (consisting of a bottle of distilled water, a bottle of sulfuric acid, and a second bottle of distilled water); a volatile chamber containing the modified soil (biochar with or without LD)

or not; and an acidic ammonia trapping system (Fig. 23). The acid trap (here sulfuric acid)

provides the proton needed to switch from gaseous NH3 to NH4 + . The acid traps were dosed by colorimetry to obtain the concentration of NH4 + in the volume of acid, and thus evaluate the amount of NH3 vanished. Each enclosure of each conditions was filled with 183 g of each mixture. All conditions were repeated 4 times. To allow microbiological activity in each enclosure, distilled water has been added to reach 60% of the soil retention capacity. The volume of water was calculated from the maximum soil retention capacity, as well as the water levels already present in the soil and products. An air pump system was installed to propel the ambient air into a water bottle, then a vial of sulfuric acid, then a second vial of water, before blowing the air on the surface of the ground in the volatile chamber. The air was later guided to the sulfuric acid trap. Each pump distributed the air propelled into 2 volatile chambers. To ensure a complete independence of the conditions, repetitions of the same condition were never connected to the same pump. The airflow was regulated at 600 L/h (1.25 L/min) at the chamber outlet. On each device, 9 samples were taken during this test, at time 1, 2, 3, 6, 8, 10, 13 and 15 days. At each stop, before each sample, the remaining volume of acid was measured. The contents of each tube have been transferred to hemolysis tubes, and then the NH4 + content was measured by an external analysis laboratory. The traps were again filled with 50 mL of sulfuric acid and the airflow was again checked with a rotameter. The amounts of gaseous ammonia volatilized by each enclosure between each shutdown were obtained from the NH4 + concentrations measured in the acid traps. These amounts were related to the dry soil mass. The quantities were accumulated to obtain a kinetic of volatilization of ammonia nitrogen.

Growth plant test

The agronomic value of coupling biochar with LD (170 kg N/ha) was evaluated by determining the growth parameters (relative seed germination and aerial dry biomass) (Table . 7) using tomato and wheat seeds as the plant models. Plants trials with seeds of tomato were performed in small pots with a volume of 0.5 L, placed in a growth chamber (Fitotron, Weiss Gallenkamp, UK) according to the OECD 208 guidelines ( 2006) under controlled conditions. During the trial, the environmental conditions were as follows: 16 h of light at 25°C, 8 h of darkness at 18°C, with 60% relative humidity for the periods of light and 80 % during periods of darkness.

For the agronomic evaluation of the coupling of biochar and LD from part 1 of the Table . 7, wheat seeds were chosen for this part and four conditions were tested: soil alone (Soil); soil with LD (Soil + LD); soil + LD + biochar (50 tons/ha) (Soil + LD + B50); soil + LD + biochar (100 tons/ha) (Soil + LD + B100). The soil used for this part was Soil-C.

The agronomic evaluation of the coupling of biochar and LD from part 2 of the Table . 7 was carried out on the tomato plants. Seven modalities were tested: soil alone (soil),; soil + liquid digestate (Soil + LD); soil + industrial fertilizers using a mixture of DAP and ammonium nitrate to reach an application of 170 kg N/ha of mineral nitrogen and 26 kg P/ha of phosphorus (soil + IF); soil + liquid digestate + biochar (25 tons/ha) (Soil + LD + B25); soil + liquid digestate + biochar (50 tons/ha) (Soil + LD + B50); soil + biochar (25 tons/ha) (soil + B25) and soil + biochar (50 tons/ha) (soil + B50). The soil used for this part was Soil-M.

The mixture of each condition was prepared at 70% of the water retention of soil. Six seeds in the case of tomato plant and ten seeds in the case of wheat plant, were planted in each pot, using four replicates for each condition. Each pot was manually watered every 48 h by adding water to reach the initial weight. After 70% germination on the control, half of germinated seeds was removed, and the other half was kept for the growing period. After 21 days for wheat and 41 days for tomato, the plants were harvested by cutting them at ground level and then dried them in the oven at 70 °C for 24 h. For each condition, relative seed germination expressed in % Chapter II. Materials and methods 89 according to the Eq. ( 26) and the aerial dry biomass expressed in (g TS/100 plants) was determined according to the Eq. ( 27). Generally, a relative seed germination above 70% indicates low phytotoxicity.

𝐑𝐞𝐥𝐚𝐭𝐢𝐯𝐞 𝐒𝐞𝐞𝐝 𝐆𝐞𝐫𝐦𝐢𝐧𝐚𝐭𝐢𝐨𝐧 (%) = (𝐌𝐞𝐚𝐧 𝐨𝐟 𝐠𝐞𝐫𝐦𝐢𝐧𝐚𝐭𝐞𝐝 𝐬𝐞𝐞𝐝 𝐈𝐧𝐢𝐭𝐢𝐚𝐥 𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐬𝐞𝐞𝐝𝐬) ⁄ × 𝟏𝟎𝟎 (𝟐𝟔) 𝐀𝐞𝐫𝐢𝐚𝐥 𝐝𝐫𝐲 𝐛𝐢𝐨𝐦𝐚𝐬𝐬 (𝐠 𝐓𝐒/ 𝟏𝟎𝟎 𝐩𝐥𝐚𝐧𝐭𝐬) = ( 𝐌 𝐝𝐫𝐲 (𝟕𝟎°𝐂) 𝐧) ⁄ × 𝟏𝟎𝟎 (𝟐𝟕)
where Mdry (70°C) represents the mean of the aerial dry biomass (g TS) for each condition and n is the number of plants in each pot at harvesting time.

Introduction

Au fil des années, la présence de micropolluants dans les effluents industriels (par exemple, les colorants, les antibiotiques, etc.) a augmenté. Le rejet de ces effluents contaminés dans l'environnement est préoccupant pour des raisons toxicologiques et esthétiques [START_REF] Tan | Adsorption of basic dye on high-surfacearea activated carbon prepared from coconut husk: Equilibrium, kinetic and thermodynamic studies[END_REF]. Pour remédier à ce problème, de nombreuses technologies de traitement des effluents ont été étudiées et développées. Par exemple, les technologies de filtration membranaires représentent une solution prometteuse pour le traitement des eaux usées, et leurs applications industrielles se sont donc considérablement développées au cours des 50 dernières années [START_REF] Aluigi | Study of Methylene Blue adsorption on keratin nanofibrous membranes[END_REF].

Cependant, comme ces technologies sont associées à des coûts opérationnels élevés, ce type de traitement des effluents urbaines et industriels déchets pourrait avoir un coût prohibitif [START_REF] Thompson | Environmental Comparison of Biochar and Activated Carbon for Tertiary Wastewater Treatment[END_REF].

En parallèle, le charbon actif (AC) commercial peut également éliminer efficacement les micropolluants organiques et inorganiques des effluents [START_REF] Beesley | A review of biochars' potential role in the remediation, revegetation and restoration of contaminated soils[END_REF][START_REF] Tan | Application of biochar for the removal of pollutants from aqueous solutions[END_REF][START_REF] Zhang | Effects of ionic strength on removal of toxic pollutants from aqueous media with multifarious adsorbents : A review[END_REF]. Néanmoins, le coût élevé du charbon actif peut freiner son utilisation à l'échelle industriel, vu que les matières premières couramment utilisées pour la production traditionnelle du charbon actif sont le bois, les résidus de pétrole, la tourbe et le lignite, qui sont très chers et ne sont pas non renouvelables [START_REF] Tan | Biochar as potential sustainable precursors for activated carbon production: Multiple applications in environmental protection and energy storage[END_REF].

L'utilisation de résidus agricoles et agro-industriels a attiré l'attention ces dernières années en raison de leur renouvellement et de leur capacité à être utilisés comme précurseurs pour le développement de nouveaux produits à valeur ajoutée par des procédés d'extraction, biologiques ou thermochimiques (adsorbants, biofertilisants) [START_REF] González | Biochar derived from agricultural and forestry residual biomass: Characterization and potential application for enzymes immobilization[END_REF]. Parmi les procédés de conversion thermochimique, la pyrolyse lente est l'un des procédés de pyrolyse les plus classiquement utilisés pour la production du biochar [START_REF] Bahng | Current technologies for analysis of biomass thermochemical processing: A review[END_REF]. En même temps, la pyrolyse lente produit également du bio-huile et du syngaz qui pourraient être utilisés comme vecteurs énergétiques, contribuant ainsi à l'autosuffisance de l'ensemble du système. Le biochar a été utilisé dans les domaines de l'environnement [START_REF] Gul | Physico-chemical properties and microbial responses in biochar-amended soils: Mechanisms and future directions[END_REF], de l'énergie [START_REF] Li | Benzenesulfonic acid functionalized hydrophobic mesoporous biochar as an efficient catalyst for the production of biofuel[END_REF] et a également attiré l'attention en tant qu'adsorbant de micropolluants organiques et inorganiques [START_REF] Inyang | The potential role of biochar in the removal of organic and microbial contaminants from potable and reuse water: A review[END_REF]. Néanmoins, pour atteindre des performances équivalentes à celles du charbon actif, plusieurs types d'activation, notamment chimique et mécanique, ont été étudiés au cours des dernières décennies [START_REF] Cha | Production and utilization of biochar: A review[END_REF]. Toutefois, l'efficacité de l'activation sur le biochar dépend principalement de la nature et de la structure de la matière première et des méthodes d'activation (Wang and Wang, 2019). Jusqu'à présent, les activations chimiques et mécaniques ont été fréquemment appliquées pour améliorer les performances d'adsorption des matériaux carbonés [START_REF] Ahmed | Application of agricultural based activated carbons by microwave and conventional activations for basic dye adsorption: Review[END_REF][START_REF] Inyang | Synthesis, characterization, and dye sorption ability of carbon nanotube-biochar nanocomposites[END_REF]Lyu et al., 2018a). L'activation chimique de la biomasse brute à l'aide de catalyseurs alcalins a permis d'améliorer les propriétés physico-chimiques, puis la capacité d'adsorption en générant de la porosité, améliorant la surface accessible et en introduisant de nouveaux groupes fonctionnels sur la surface du biochar (Z. Ding et al., 2016;[START_REF] Hou | Sorghum-Waste-Derived High-Surface Area KOH-Activated Porous Carbon for Highly E ffi cient Methylene Blue and Pb(II) Removal[END_REF] 

Thermal behavior

The behavior of the algae residue during thermogravimetric analysis is shown in Fig. 25.

According to the curve, the main loss of mass started at approximately 240 °C onward and progressed extensively until 480 °C with a heating rate of 5 °C/min.

Fig. 25. TGA analysis of algae residues (AG)

This weight loss represents almost 66% of initial weight, and it is due to degradation of main components (fibers and lignin) of AG. Indeed, according to previous studies, hemicelluloses and cellulose consisting of sugar monomers (i.e., arabinose, glucose, and xylose) degrade at low temperatures (less than 480 °C), thereby generating volatile components and vapors (biooil and syngas). Unlike lignin, which is an amorphous polyphenol, that decomposes slowly, resulting in the formation of a condensed aromatic solid with reduced functional groups [START_REF] Yang | Characteristics of hemicellulose, cellulose and lignin pyrolysis[END_REF]. This indicates that AG thermally degraded beyond 480 °C, which explains the choice of 500 °C as pyrolysis temperature. In addition, the fixed carbon represented only 19%

(dry ash-free basis) of the initial weight.

Production yields of biochar and activated biochar

The mass yields of the biochar and activated biochars are presented in Fig. 26. According to these results, the production yields of BCAG and activated-BCAG varied from 31 to 43% of the initial dry weight. These variations in the mass yields were due to the effect of chemical catalysts on volatilization and solid formation reactions [START_REF] Manyà | Study on the biochar yield and heat required during pyrolysis of two-phase olive mill waste[END_REF]. For the raw BCAG, the production yield was 6% higher than the 28% yield reported by [START_REF] Francavilla | Cascade approach of red macroalgae Gracilaria gracilis sustainable valorization by extraction of phycobiliproteins and pyrolysis of residue[END_REF]. Moreover, Fig. 26 shows that the nature and the concentration of the chemical catalyst affected the biochar yield. The yields of biochars activated by phosphoric acid and urea were higher compared to the ones with alkaline activation. These findings may be explained by the increase of the degradation of lignin polymer in the presence of alkaline catalysts (e.g., NaOH

and KOH) compared to acidic catalysts [START_REF] Putro | Pretreatment and conversion of lignocellulose biomass into valuable chemicals[END_REF]. In addition, it was reported that during biomass pyrolysis, inorganic matter, especially alkali metals (i.e., K, Na, etc.), can catalyze both biomass decomposition and biochar-forming reactions [START_REF] Manyà | Study on the biochar yield and heat required during pyrolysis of two-phase olive mill waste[END_REF]. 

Physicochemical properties of produced biochars

The chemical composition and structural characterization of the different biochars that were produced were determined using TGA, FTIR, SEM, and elemental analysis (CHNS). shows that the carbon content ranged from 43 wt% to 62 wt% of dry matter for both raw and activated biochars and that it was the most abundant element [START_REF] Aghababaei | Optimized removal of oxytetracycline and cadmium from contaminated waters using chemically-activated and pyrolyzed biochars from forest and wood-processing residues[END_REF][START_REF] Carpenter | Biomass feedstocks for renewable fuel production: a review of the impacts of feedstock and pretreatment on the yield and product distribution of fast pyrolysis bio-oils and vapors[END_REF].

Table . 9 Chemical composition and physicochemical properties of the different produced biochars.

BCAG-NaOH (5 wt %) had the lowest carbon content, while BCAG-CH4N2O had the highest.

The nature and the concentration of the chemical catalyst, as well as the pyrolysis temperature, significantly affected the O/C ratio more than the H/C ratio. According to Table 9, the O/C ratio of BCAG-NaOH increased from 0.44 to 0.72 when the NaOH concentration was increased from 2.5 wt% to 5 wt %. The O/C ratio of BCAG-KOH increased from 0.24 to 0.38 when the catalyst concentration was increased. On the other hand, the O/C ratio of BCAG-H3PO4 exhibited a decrease of 0.26 (going from 0.33 to 0.07) as the phosphoric acid concentration was increased, while there was not a significant difference between 2.5 wt% and 5 wt% BCAG-CH4N2O. In parallel, TGA analyses were performed on raw and all activated biochars to evaluate their stability (Fig. 27). The curves revealed a clear difference compared to the BCAG, with a slight loss from 110 to 900 °C, which is an indicative of the high stability of biochar after pyrolysis in an inert medium. However, this weight loss was more pronounced for biochars activated by alkaline catalysts (KOH and NaOH), as was also the case when the catalyst concentration was increased (from 2.5 wt% to 5 wt %), compared to acidic and urea-based catalysts. These finding can be explained by the effect of the alkaline catalyst residues on BCAG (NaOH and KOH), which might lead to the volatilization of the non-complete charred phase of the biochar.

The pH of the various biochars was also determined (Table 9). The pH values of the biochars (raw and activated) varied from 8 to 12, indicating that all produced biochars were generally alkaline. According to the data in the literature, the alkalinity of biochar is mainly determined by organic functional groups, carbonates, and inorganic alkalis [START_REF] Lee | Comparison of biochar properties from biomass residues produced by slow pyrolysis at 500°C[END_REF]. Compared to BCAG, the pH values of BCAG-(NaOH and KOH) increased due to the enrichment of ash by the formation of carbonates such as K2CO3 and Na2CO3 [START_REF] Oliveira | Environmental application of biochar: Current status and perspectives[END_REF]. The pH can play an important role in adsorption tests as It can determine the ionic strength, thereby influencing the sorption of organic particles onto the biochar's surface [START_REF] Zhang | Effects of ionic strength on removal of toxic pollutants from aqueous media with multifarious adsorbents : A review[END_REF]. An increase in pH from 7.7 to 8.7 has been reported to enhance the adsorption capacity of methyl violet by increasing the net negative surface charge of biochar, thus enhancing the electrostatic binding of methyl violet [START_REF] Xu | Adsorption of methyl violet from aqueous solutions by the biochars derived from crop residues[END_REF].

The gravimetric water retention (GWR) of the different biochars were also determined (Table 9). The GWR values of raw and all activated biochars were found to range from 2.4 to 3.6 L/kg.

In this study, BCAG-NaOH (2.5 wt %) had the highest GWR value, while the lowest values were obtained with acidic activation by H3PO4 (2.5 and 5 wt %). The real densities were also measured for the raw and all activated biochars, and the results are summarized in Table 9. The results show that only the BCAG and BCAG-KOH (2.5 wt%) had a density of 0.84 g/cm 3 and 0.9 g/cm 3 , which are slightly lower than that of water (1 g/cm 3 ). However, this is still acceptable according to the study of Inyang and Dickenson, (2015a) which reported that at a density less than 0.45 g/cm 3 , biochar can cause problems in filtration applications due to poor settleability during backwashing in pilot or full-scale filters. Chemical activation had significant effects on density of BCAG, increasing from 0.8 to 3.2 g/cm 3 for BCAG-H3PO4 (5 wt %) compared to 1.2, 1.3, and 2.5 g/cm 3 for BCAG-KOH, BCAG-NaOH, and BCAG-CH4N2O (5 wt%), respectively. While none of all BCAG (2.5 wt%) exhibited significant changes compared to the raw biochar.

Direct information about changes in surface chemical functional groups could be obtained by FT-IR spectroscopy, which can be used for structural analysis of biomasses before and after pyrolysis (Monlau et al., 2015c). The FTIR-spectra of AG, raw, and all the activated BCAGs (2.5 wt % and 5 wt %) are presented in Fig. 28, and the functional groups corresponding to each spectrum are presented in Table 10. The FTIR spectra clearly indicate that the pyrolysis significantly modified the chemical surface of the AG. A wide band at 3284 cm -1 attributed to the -OH stretching vibration of hydroxyl groups [START_REF] Aboulkas | Valorization of algal waste via pyrolysis in a fixed-bed reactor: Production and characterization of bio-oil and bio-char[END_REF][START_REF] Zhu | Structural and adsorption characteristics of potassium carbonate activated biochar[END_REF], this band disappeared for the biochar and all of the BCAG after the pyrolysis process, due to dihydroxylation during the pyrolysis. These findings were confirmed by the O/C ratio. Hence, the O/C ratio was 0.95 for the AG and became 0.24 for the biochar after pyrolysis. The two weak bands at 2920 cm -1 and 2840 cm -1 correspond to asymmetric and symmetric -C-H stretching vibrations of aliphatic groups [START_REF] Mecozzi | Molecular and structural characteristics in toxic algae cultures of Ostreopsis ovata and Ostreopsis spp. evidenced by FTIR and FTNIR spectroscopy[END_REF], and they indicate the presence of methyl and methylene groups [START_REF] Zhang | Effects of steam activation on the pore structure and surface chemistry of activated carbon derived from bamboo waste[END_REF].

Table. 10

Functional groups of algae residues (AG), its raw biochar (BCAG), and various prepared activated biochars.

These characteristic bands of the aliphatic groups disappeared after the pyrolysis process for the raw and all activated biochars. The peak at 1635 cm -1 , which can be assigned to C=O of carboxyl and C=C stretching vibrations , corresponds to carboxylic groups of hemicelluloses [START_REF] Pandey | A study of chemical structure of soft and hardwood and wood polymers by FTIR spectroscopy[END_REF][START_REF] Zhu | Structural and adsorption characteristics of potassium carbonate activated biochar[END_REF]. This peak disappeared for the raw and all activated biochars, due to decarboxylation reactions. The presence of aromatic rings was proven by the presence of bands at approximately 1570-1590 cm -1 that reflect vibrations in condensed aromatic carbon skeletons [START_REF] Zhang | Effects of steam activation on the pore structure and surface chemistry of activated carbon derived from bamboo waste[END_REF], and they occurred in BCAG-NaOH (2.5 wt%), BCAG-H3PO4 (2.5 wt%), and BCAG-KOH (5 wt %). However, the peak observed at 1430 cm - 1 , can be assigned to bending vibrations of C-H aliphatic bonds (B. Li et al., 2017). Although Zhu et al., 2018).

AG: algae residue, BCAG: biochar from raw AG, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCAG-KOH: biochar from AG activated by potassium hydroxide, BCAG-H3PO4: biochar from AG activated by phosphoric acid, and BCAG-CH4ON2: biochar from AG activated by urea. The 2.5 wt% and 5 wt% refer to the concentration of catalysts per 100 g of residue.

there was a positional shift for all of the activated biochars, which was probably due to the carbonization process [START_REF] González | Biochar derived from agricultural and forestry residual biomass: Characterization and potential application for enzymes immobilization[END_REF]. The peak at 1300-1430 cm -1 may be assigned to bending vibration of O-H and C-H bonds corresponded to phenol and hydrocarbon, respectively. A strong peak at 1028 cm -1 , which can be attributed to the stretching vibration of -C-O of the hydroxyl functions of the carbohydrate of raw residues of AG, decreased in intensity for all of the activated biochars due to the degradation of carbohydrate [START_REF] Liu | Production of biochars from Ca impregnated ramie biomass (Boehmeria nivea (L.) Gaud.) and their phosphate removal potential[END_REF]. The peak around 1035-1050 cm -1 which are detected for BCAG-KOH (2.5 wt %), and BCAG-NaOH (2.5 wt %) corresponds to the angular deformation in plan of C-H bonds of the aromatic rings (L. Zhu et al., 2018). While the peaks around 1143 cm -1 corresponds to C-O stretching vibration of esters bonds (B. Li et al., 2017). An exception for BCAG-H3PO4 (2.5 and 5 wt %), they showed a peak at 1076 and 1082 cm -1 which are ascribed to the symmetrical vibration in chain of P-O-P (Polyphosphate) [START_REF] Puziy | Synthetic carbons activated with phosphoric -Acid I. Surface chemistry and ion binding properties[END_REF]. Some peaks were observed at 700-950 cm -1 assigned for out-of-plan deformation mode of C-H in various benzene rings [START_REF] Puziy | Synthetic carbons activated with phosphoric -Acid I. Surface chemistry and ion binding properties[END_REF] and alkene (B. Li et al., 2017). Due to the high ash amount in BCAG (Table 1) analysis, inorganic groups were also detected by FTIR, the peaks around 400-600 cm -1 could be associated to the Si-O-Si groups (L. Zhu et al., 2018), and those peaks were observed on all produced biochar and BCAG except AG.

Efficiency of biochar adsorption: removal of methylene blue (MeB) and its linked to surface characterizations

The raw and all activated biochars that were produced were tested in terms of their capacities to remove methylene blue (MeB). The results of these tests are presented in Fig. 29. It can clearly be seen that BCAG activated with NaOH and KOH appears to be the most efficient adsorbent at removing MeB dye compared to the other activated and raw biochars. For alkalineactivated BCAG, the removal efficiencies ranged from 65.5% to 92% and were comparable to commercial activated charcoal (97% removal efficiency). These results highlight the efficiency of the "one-pot" activation pyrolysis approach to produce activated biochars that have the capacity to efficiently remove MeB. For these reasons, the determination of surface area and zeta potential was performed for these biochars: BCAG, BCAG-NaOH (2.5 wt% and 5 wt%)

and BCAG-KOH (5 wt%) and according to This is the reason why, the BCAG-NaOH (2.5 wt%) was selected as the biochar for optimization of conditions (i.e., the contact time and biochar dose) for MeB removal, as from As shown in Table 11, these results are in agreement with the data in the literature [START_REF] Inyang | Synthesis, characterization, and dye sorption ability of carbon nanotube-biochar nanocomposites[END_REF][START_REF] Lei | Performance, kinetic, and equilibrium of methylene blue adsorption on biochar derived from eucalyptus saw dust modified with citric, tartaric, and acetic acids[END_REF][START_REF] Mahmoud | Batch adsorption of basic dye using acid treated kenaf fibre char: Equilibrium, kinetic and thermodynamic studies[END_REF][START_REF] Sun | Biochars prepared from anaerobic digestion residue, palm bark, and eucalyptus for adsorption of cationic methylene blue dye: Characterization, equilibrium, and kinetic studies[END_REF]. Indeed, [START_REF] Sun | Biochars prepared from anaerobic digestion residue, palm bark, and eucalyptus for adsorption of cationic methylene blue dye: Characterization, equilibrium, and kinetic studies[END_REF] reported an MeB removal efficiency ranging from 78 % to 96 % using biochars produced from various biomasses (i.e., palm bark, eucalyptus, and anaerobic digestate). Similarly, [START_REF] Mahmoud | Batch adsorption of basic dye using acid treated kenaf fibre char: Equilibrium, kinetic and thermodynamic studies[END_REF] reported an MeB removal efficiency of 95% using HCl-activated biochar produced from Kenaf fiber, using only 0.5 g/L of adsorbent in a 50 mg/L solution of MeB. This finding could be explained partially by the high SBET, which was 347 m 2 /g compared to only 3.3 m 2 /g for the BCAG-NaOH (2.5 wt%) in this study (Table 11). Furthermore, the SBET of CNTmodified biochar (1%) reported by [START_REF] Inyang | Synthesis, characterization, and dye sorption ability of carbon nanotube-biochar nanocomposites[END_REF] was estimated to be 390 m 2 /g, which is 118 times higher than the SBET of BCAG-NaOH (2.5 wt%).

However, the CNT-modified biochar only had a removal efficiency of 64 % with a 20 mg/L medium of MeB. Moreover, it is of interest to note that the removal of MeB by biochar, at concentrations of 10 and 20 g/L, increased as the contact time increased, until it reached saturation. Thus, the sites of biochar are initially vacant and therefore readily accessible to the MeB dye molecules. However, as the contact time increases, access to the remaining sites decreases and the adsorption becomes less rapid due to slower diffusion of the dye molecules through the pores of the biochar (Vignesh [START_REF] Vignesh Kumar | Synthesis and characterization of coral-like hierarchical MgO incorporated fly ash composite for the effective adsorption of azo dye from aqueous solution[END_REF] and the occupation of all chemical sites on the surface of BC.

For the surface reactions, the linear PFO and PSO models were evaluated to determine whether the solute interactions with the active sites on the activated biochar surface are physical or chemical in nature. The resulting model parameters and linear plots (R 2 ) are presented Fig. 31 and Table 12. According to the data obtained, the adsorption of MeB onto BCAG-NaOH (2.5 wt%) at different concentrations is best described by the linear PSO kinetic model (R 2 ~1). The correlation coefficient values were higher compared to those obtained with the linear PFO model. This confirms that the MeB adsorption rate is mainly determined by chemical interactions with the active functional groups, which are largely independent on the accessible surface area, as can be seen in the FT-IR spectra. This is in agreement with the low accessible surface area of the produced biochar, as reported in Table 10. [START_REF] Aghababaei | Optimized removal of oxytetracycline and cadmium from contaminated waters using chemically-activated and pyrolyzed biochars from forest and wood-processing residues[END_REF] obtained similar values with wood biochar activated by 5 M and 1 M of NaOH, with SBET of 3.6 m 2 /g and 0.5 m 2 /g, respectively. The surface charge also plays an important role in the adsorption process, which can be identified and quantified as a negative or positive value for the zeta potential (Table 10). The zeta potential represents the potential in the sliding plane of colloidal particles, and its value and sign are related to the surface charge of the particles. Protonation and deprotonation of functional groups can, therefore, create a net charge on the surface of the solid particles, which can form an electrical double-layer in the solution phase in proximity of the surface [START_REF] Xu | Adsorption of methyl violet from aqueous solutions by the biochars derived from crop residues[END_REF], and this property is required in adsorption materials.

In this study, the surface of all the selected biochars (Table 10) were negatively charged.

Increasing the NaOH concentration from 2.5 wt% to 5 wt% has led to an increase of zeta potential (absolute value) by -34.12 mV and -41.45 mV, in term of absolute value, respectively.

The commercial activated charcoal had the lowest zeta potential value of -20.60 mV, which is similar to the zeta potential of raw BCAG (-22.77 mV). Scanning electronic microscopy (SEM) was used to characterize the morphology of the algae residue (AG) and the porosity of selected biochars: BCAG, BCAG-NaOH (2.5 and 5 wt%), BCAG-KOH (5 wt%), as well as commercial activated charcoal (AC), as shown in Fig. 33.

According to the SEM images, alkaline activation with KOH (Fig. 33e) and NaOH (Fig. 33c and Fig. 33d) generated porous structures compared to the non-activated one (Fig. 33a), with the latter exhibiting a surface morphology with a low degree of porosity. These findings are in accordance with the SBET results presented in Table 10, which reveal an improvement of the SBET after alkaline activation, with a slight enhancement of the accessible surface (Table 10).

However, these values of SBET are still exceptionally low compared to the 947.2 m 2 /g value for commercial activated charcoal (AC). Nonetheless, based on the adsorption experiment presented in Fig. 30, the removal efficiencies of BCAG-NaOH (2.5 wt%) and AC appear to be almost similar. Therefore, the adsorption NaOH (2.5 wt%) was mostly controlled and depended strongly on chemisorption, which involves valency forces through sharing or exchange of electrons, and not only on the specific surface area. In this case, the affinity of biochar to adsorb MeB depends strongly on the surface chemistry of biochar. The types and levels of surface-functional groups determine the adsorption rate (X. Y. Li et al., 2018). As it was detected on FTIR analysis, which highlight the presence of -C-O, C=C and aromatic rings, these functional groups gave the biochar the ability to attract cationic molecule (MeB in this study), and it was proved by the determination of zeta potential (negative charge). The kinetic study has been used to fit the experimental finding, and the results could also explain the adsorption mechanism, it was found that the chemical adsorption monitored the adsorption of MeB onto raw and activated BCAG. Therefore, and according to the literature [START_REF] Inyang | The potential role of biochar in the removal of organic and microbial contaminants from potable and reuse water: A review[END_REF][START_REF] Zhao | Improving the co-digestion performance of waste activated sludge and wheat straw through ratio optimization and ferroferric oxide supplementation[END_REF] the mechanism of interaction could be through π-π stacking electrostatic interaction, hydrophobic interaction, and hydrogen bonding interaction or formation of other complexes (X. Y. Li et al., 2018), in addition the porous structure of BCAG has also an advantage on the adsorption properties, providing adsorption sites.(X. Y. Li et al., 2018) 

Conclusion

This Part 1 investigated the production of chemically activated biochars using "one-pot activation/pyrolysis" method. The results show that BCAG-NaOH (2.5 wt%) represents the most promising adsorbent due to its high zeta potential, and represents the BCAG with the highest SBET, compared to the other selected biochars. The results of adsorption tests on the various biochars indicate that the removal efficiency of MeB holds considerable promise compared to commercial activated charcoal (the removal efficiency of BCAG-NaOH (2.5 wt%)

was the most optimizing, at 87% compared to 97% for AC, despite the SBET were 3.3 and 947.2 m 2 /g respectively.

Table. 13

Proximate, ultimate and fibers composition of algae residue (AG) and olive pomace (OP) used in this study and their equivalents reported in literature.

Yields and chemical composition of produced biochars

The yield of produced raw and activated biochar are presented in Fig. 33. The yields of raw and activated biochar produced from AG were higher than those from OP and ranged from 25.5 wt % for BCOP to 34.8 wt % for BCAG-NaOH. Interestingly, pre-activation of AG and OP residues (chemical or mechanical) did not influence the yield of biochar compared to raw materials. The AG-biochars yields are in the same range of produced biochar from palm shell at 600°C (31.8 wt %) [START_REF] Windeatt | Characteristics of biochars from crop residues: Potential for carbon sequestration and soil amendment[END_REF], whereas the OP-biochar yields are close to the produced biochar from sugarcane bagasse (27.7 wt %) [START_REF] Windeatt | Characteristics of biochars from crop residues: Potential for carbon sequestration and soil amendment[END_REF]. It was reported that the inorganic matter, especially alkali metals (i.e., K, Na, etc.) which represent the ash content, can play a crucial role in shifting the balance in favor of heat release because of its catalytic effect, which simultaneously reduces the energy requirements for the volatilization of biochemical compounds and promotes the exothermic secondary char formation [START_REF] Manyà | Study on the biochar yield and heat required during pyrolysis of two-phase olive mill waste[END_REF]. Therefore, it could be suggested that the high ash content in AG (9. [START_REF] Aghababaei | Optimized removal of oxytetracycline and cadmium from contaminated waters using chemically-activated and pyrolyzed biochars from forest and wood-processing residues[END_REF]. The chemical and mechanical activations have led to slight decrease of carbon content in BCOP-NaOH and BCOP-BM compared to the raw materials. For AG-biochars, both activations have conducted to a decrease of 10.4 wt % of C in BCAG-NaOH and BCAG-BM. Finally, hydrogen content ranged from 2.4 wt% for BCAG-BM to 4 wt% for BCOP, while nitrogen ranged from 6.9 wt % for BCAG to 4.8 wt % for BCOP. After carbon, oxygen was the most affected element. Compared to BCAG, the oxygen content was increased from 14.4 wt % to 21.3 wt % and 21.7 wt % in BCAG-NaOH and BCAG-BM, respectively. While, for BCOP, it went from 12.3 wt % to 14.4 wt % and 14.6 wt % for BCOP-NaOH and BCOP-BM, respectively. An interesting observation was also noticed in terms of molar ratio of oxygen and carbon that describe the surface hydrophobicity of biochar [START_REF] Linville | Insitu biogas upgrading during anaerobic digestion of food waste amended with walnut shell biochar at bench scale[END_REF]. The O/C ratio tended at first to decrease from 1.0 for AG to 0.24 for BCAG due to the decarboxylation reactions during pyrolysis [START_REF] Poo | Biochars derived from wasted marine macro-algae (Saccharina japonica and Sargassum fusiforme) and their potential for heavy metal removal in aqueous solution[END_REF]. Furthermore, both activation methods tended to enhance the polarity of activated biochar. The O/C increase from 0.24 for BCAG to 0.42 and 0.43 for BCAG-NaOH and for BCAG-BM, respectively. Whereas the O/C ratio for BCOP tended to increase from 0.17 for BCOP to 0.20 and 0.21 for BCOP-NaOH and BCOP-BM, respectively.

Table . 14 Chemical composition and physico-chemical properties of the different biochars (raw and activated) produced from algae residue (AG) and olive pomace (OP).

These results indicated that the polarity of biochar depends on the nature of the used biomass and pyrolysis conditions, but both chemical and mechanical activations conducted to an increase in polar group content of biochar (i.e., hydroxyl, carboxylate, and carbonyl groups).

These oxygenated functional groups can contribute to high cationic exchange capacity (J. H. Yuan et al., 2011) and high surface charge (zeta potential) of activated biochar [START_REF] Peterson | Increasing biochar surface area: Optimization of ball milling parameters[END_REF]. In addition, the molar ratio of hydrogen and carbon (H/C) indicated the degree of carbonization [START_REF] Ahmed | Insight into biochar properties and its cost analysis[END_REF], AG and OP showed a change in H/C ratio after pyrolysis, it was decrease from 0.1 for both AG and OP to 0.04 and 0.06 for BCAG and BCOP, 0.04 ± 0.0 0.05 ± 0.0 0.05 ± 0.0 0.06 ± 0.0 0.04 ± 0.0 0.04 ± 0.0 O/C 0.24 ± 0.0 0.42 ± 0.01 0.43 ± 0.0 0.17 ± 0.0 0.20 ± 0.0 0.21 ± 0.0

Proximate analysis

Moisture wt% 6.5 ± 0. respectively. During pyrolysis reaction, biomass lost hydrogen due to the volatilization of hydrocarbon species and conducted to an increase in the carbon content and an increase in the aromatic structure in biochar [START_REF] Windeatt | Characteristics of biochars from crop residues: Potential for carbon sequestration and soil amendment[END_REF]. For both residues (AG and OP), H/C ratios of activated biochar were the same and were not shown a high difference compared to raw biochar, however, the H/C ratio of activated BCAG tended to increase by 0.01 compared to raw BCAG, whereas it tended to decrease by 0.02 compared to BCOP.

Moisture, volatile matter, fixed carbon, and ash determined from TGA analysis of all produced biochars are given in Table 14. The volatile matter content varied from 48.1 wt % for BCAG to 21.1 wt % for BCOP-BM, while fixed carbon content varied from 66.5 wt % for BCOP to 35.6 wt % for BCAG. Ash content of biochar mainly depends on feedstock, as previously mentioned and ash content of AG biomass was higher than OP. Therefore, all biochars produced from AG exhibited high ash contents compared to biochars from OP (Table 14); in addition, chemical and mechanical activation led to the same increase in ash content for BCAG and BCOP activated biochars.

Physicochemical properties of raw and activated biochars

FTIR analysis was performed to identify the different functional groups induced by different activation methods. Fig. 34 represents the FTIR spectrums of AG and BCAG (raw and activated) (Fig. 34a) and the FTIR spectrums of OP residue and BCOP (raw and activated) (Fig. 34b). OP and AG FTIR spectrums showed large peak between 3200-3500 cm -1 correspond to the stretching vibration of -O-H groups, indicating the presence of polysaccharides and proteins [START_REF] Aboulkas | Valorization of algal waste via pyrolysis in a fixed-bed reactor: Production and characterization of bio-oil and bio-char[END_REF]. The symmetric and asymmetric stretching vibrations of -C-H groups were also detected as two peaks between 2700-3000 cm -1 for both samples, whereas the peak intensities were higher in OP than in AG, indicated the presence of aliphatic groups as methyl and methylene groups [START_REF] Zhang | Effects of steam activation on the pore structure and surface chemistry of activated carbon derived from bamboo waste[END_REF]. These peaks were completely absent in all produced BCAG and BCOP indicating that -O-H and -CH3 were removed or transformed with preactivation/pyrolysis process [START_REF] González | Biochar derived from agricultural and forestry residual biomass: Characterization and potential application for enzymes immobilization[END_REF] except for BCOP-NaOH and BCOP-BM.

These two activated biochars showed the presence of hydroxyl groups (3457 cm -1 versus 3607 cm -1 , respectively), which could be suggested to be assign to the hydroxyl groups provided by NaOH catalysis for BCOP-NaOH. Whereas, for BCOP-BM, the OH groups could be the result a b

of the BM effect on the OP structure, that may introduce numerous oxygen-containing functional groups such as carboxyl and hydroxyl groups on BCOP-BM surface (Lyu et al., 2018a). A peak at 1716 cm -1 corresponds to C=O carboxyl groups, was only present in OP (Fig. 34b), this peak completely disappeared in BCOP after pyrolysis. C=O carbonyl groups were detected in both samples around 1640 cm -1 , this peak disappeared in all BCAG (raw and activated) and BCOP-BM, whereas it was shifted from 1642 cm -1 to a lower energy of 1608 cm -1 in BCOP, and to a higher energy of 1681 cm -1 in BCOP-BM. This shifting was probably due to the carbonization [START_REF] González | Biochar derived from agricultural and forestry residual biomass: Characterization and potential application for enzymes immobilization[END_REF] and activation processes. The presence of aromatic C=C rings were proven by the presence of peaks around 1560-1590 cm -1 , which assigned the vibrations in condensed aromatic carbon skeletons [START_REF] Zhang | Effects of steam activation on the pore structure and surface chemistry of activated carbon derived from bamboo waste[END_REF], and they occurred in BCAG-NaOH, BCAG-BM, and BCOP-BM. This peak was obviously bigger and sharper in BCOP-BM spectrum, indicating that on-pot mechanical pre-activation/pyrolysis of OP leads to a biochar with aromatic graphene-structure likely contributes to MeB adsorption through π-π EDA (electron donor-acceptor) interactions [START_REF] Inyang | The potential role of biochar in the removal of organic and microbial contaminants from potable and reuse water: A review[END_REF]. Some peaks were observed at 700-950 cm -1 assigned for out-of-plan deformation mode of C-H in various aromatic rings and alkene (B. Li et al., 2017). BOP-BM showed the most intense peak at 700 cm -1 . All produced biochar showed an alkaline pH (Table 14) ranging from 9.6 for BCAG to 12.9 for BCOP-NaOH and it was evidence that activation process led to an increase of pH compared to raw biochar. The alkalinity of produced biochar is generally related to the organic functional groups, carbonates, and inorganic alkalis [START_REF] Lee | Comparison of biochar properties from biomass residues produced by slow pyrolysis at 500°C[END_REF].

The zeta potential values of produced biochar are presented in Table 14. In this study, the surface charge of produced biochar ranged from -22.8 mV for BCAG to -59.7 mV for BCOP-BM indicating that the surfaces of all biochars were negatively charged (Y. Zhu et al., 2018).

The BCOP-BM carried out more negative charges than BCOP-NaOH, in addition this latter showed a decrease of -13.1 mV, in term of absolute value, compared the BCOP. Compared to the zeta potential of BCAG, alkaline activation increased the surface charge from -22.8 mV to -34.2 mV in term of absolute value, in the other hand, BM activation has led to increase of zeta potential-by -4.7 mV in term of absolute value, compared to BCAG-NaOH.

All SEM images of the raw material (AG and OP), pre-activated biomasses, and their biochars are displayed in Fig. 35. A structural difference was found among biochars, especially between BAG-NaOH (Fig. 35e) and BOP-NaOH (Fig. 35k) compared to their control (Fig. 35b andh.).

The alkaline pre-activation using sodium hydroxide for both residues has led to a porous structure compared to the mechanical pre-activation. Sodium hydroxide is known as an effective activating agent for disordered carbon materials. The pore enlargement promoted by NaOH is associated to reduction and oxidative modification responsible for separation and degradation of graphitic layers, which leads to the development of porosity through the evaporation of impregnated NaOH and derived compounds [START_REF] Souza | NaOH-activated carbon of high surface area produced from guava seeds as a high-efficiency adsorbent for amoxicillin removal: Kinetic, isotherm and thermodynamic studies[END_REF]. In parallel, there is no significant difference between the morphology of raw biochar and mechanical modified biochar produced from the same residue. 

Effects of operating conditions on MeB adsorption

Effect of dose adsorbent and initial solution pH

The biochar dose is a significant factor influencing the MeB adsorption. Generally, the removal efficiency of MeB increased with increasing of biochar dose at a constant MeB concentration [START_REF] Fan | Biochar prepared from co-pyrolysis of municipal sewage sludge and tea waste for the adsorption of methylene blue from aqueous solutions: Kinetics, isotherm, thermodynamic and mechanism[END_REF]. Fig. 36 presented the results of the adsorption tests for the purpose of determining the optimized adsorbent concentration (varying from 10-55 g biochar/L with 50 mg/L of MeB for 360 min). The optimized doses of different biochar are presented in Fig. 37a.

The results showed that NaOH and BM activation influenced the removal efficiency of MeB (Fig. 37a). The removal efficiency of MeB increased for activated biochar produced from AG compared to the raw one; however, the dose quantity decreased which indicate the increase in available sorption surfaces and adsorption sites due to the positive advantages of activation processes [START_REF] Lei | Performance, kinetic, and equilibrium of methylene blue adsorption on biochar derived from eucalyptus saw dust modified with citric, tartaric, and acetic acids[END_REF]. BCAG showed 71.54 % of removal efficiency using 40 g/L, whereas BCAG-NaOH and BCAG-BM reached removal efficiency of 96.97 % and 93.99 % using only 25 g/L and 20 g/L, respectively. For the biochar produced from OP, the BCOP-BM showed the most promising results, using only 15 g/L conducted to 95.7 % of MeB removal, while BCOP and BCOP-NaOH needed 30 g/L and 50 g/L to reach 97.6 % and 87.6 % of MeB removal, respectively. By maintaining the optimized dose of different produced biochar, the effect of initial pH (2)(3)(4)(5)(6)[START_REF]1. "One-pot activation and pyrolysis of Moroccan Gelidium sesquipedale red macroalgae residue: production of an efficient adsorbent biochar" Saida Tayibi[END_REF](8)[START_REF] Hills | Effects of carbon: Nitrogen ratio on anaerobic digestion of dairy manure[END_REF](10)(11)(12) for MeB adsorption have been investigated and the results are presented in Fig. 37b. The pH variation of the initial MeB solution did not exhibit a significant effect on the efficiency of MeB removal for all biochars (raw and activated). These results could be explained by the high alkalinity (pH varied from 10 to~13 as showed in Table 14) of different produced biochars.

The pH of the biochar and MeB solutions mixture indicate a pH ranged between 9 and 12, and the results confirmed that the highest MeB removal was founded in this range (Fig. 37b). It was reported that alkaline condition favors the removal of MeB, indicating that high pH exited electrostatic interaction between MeB and biochar [START_REF] Fan | Biochar prepared from co-pyrolysis of municipal sewage sludge and tea waste for the adsorption of methylene blue from aqueous solutions: Kinetics, isotherm, thermodynamic and mechanism[END_REF]. Therefore, the pH of MeB solution is 7.4 and it was not adjusted in the subsequent kinetic and isotherm experiments. 

Effect of contact time

The effect of contact time with the optimized dose of biochar is shown in Fig. 38. The adsorption is rapid during the initial period of contact time (0-60 min) and then became slow and stagnated with further increase in contact time, the same results was reported by [START_REF] Sun | Characterization of potassium hydroxide (KOH) modified hydrochars from different feedstocks for enhanced removal of heavy metals from water[END_REF]. These finding can be explained by the fact that most vacant surface sites and chemical functional groups are available for adsorption during the initial period and the remaining ones are hard to be utilized due to repulsive forces between the MeB molecules on biochar surface [START_REF] Fu | Adsorption of methylene blue by a high-efficiency adsorbent (polydopamine microspheres): Kinetics, isotherm, thermodynamics and mechanism analysis[END_REF]. With the optimized dose of 15 g/L, BCOP-BM depicted the highest removal efficiency of 87.7 % after only 60 min, whereas BCOP and BCOP-NaOH needed 30 and 50 g/L to reach 71.3 % and 78.3 % of removal efficiencies, respectively in the same period. BCAG-NaOH and BCAG-BM showed almost same trend of MeB adsorption, they attained 77.9 % and 77.7 % of MeB removal using optimized concentration of 25 and 20 g/L, respectively compared to BCAG which achieves only 68.3% of MeB removal using almost twice the amount (40 g/L) used for the activated biochar. 

Adsorption kinetics

The non-linear kinetics models fitting the pseudo-first order (PFO), pseudo-second order (PSO)

and intraparticle diffusion (ID) are illustrated in Fig. 39. The values of the kinetics adsorption parameters for the various biochar were determined and summarized in Table 15. Fig. 39 presents the fitting plots of non-linear PFO and PSO models and according to the obtained R 2 values (Table 15), the kinetics data of all biochars produced from AG fitted well PFO model, will BCOPs kinetic data fitted well PSO, except BCOP-NaOH. Furthermore, the qe cal values were remarkably close to the experiment values qe exp and matched well the results of R 2 (Table 15). The normalized standard deviation Δq values (Table 15) determined from PFO and PSO data were in accordance with the results of R 2 , they ranged from 0.02 % to 2.24 % for PFO data versus 1.62 % to 4.73 % for PSO data for BCAGs (raw and activated) and BCOP-NaOH. However, the Δq values were 3.03 % and 0.26 % based on PSO data of BCOP and BCOP-BM, respectively, compared to 4.21 % and 1.99 % based on PFO data, respectively.

Table . 15 Kinetic parameters of all biochars (raw and activated) using non-linear PFO, PSO (non-linear) and ID kinetic models.

These results are consistent with previously reported studies in the literature [START_REF] Kumar | Linear and non-linear regression analysis for the sorption kinetics of methylene blue onto activated carbon[END_REF][START_REF] López-Luna | Linear and nonlinear kinetic and isotherm adsorption models for arsenic removal by manganese ferrite nanoparticles[END_REF]. To analyze more in depth the adsorption kinetics data, the intraparticle diffusion modal was applied (Fig. 39c) according to Zhu et al. (2018) and the fitted parameters summarized in of biochars versus t 1/2 showed linear relationship. The first linear part of the curves represent the surface adsorption, whereas the second linear portion is the slow diffusion of MeB onto the surface to the inner holes [START_REF] Guo | Removal of methylene blue from aqueous solutions by chemically modified bamboo[END_REF]. However, the lines of the plots did not pass through the origin C≠0, indicating that the rate-controlling step did not only involve intraparticle diffusion but also boundary layer diffusion to some degree [START_REF] Yang | Removal of Congo Red and Methylene Blue from Aqueous Solutions by Vermicompost-Derived Biochars 1-18[END_REF] .

Adsorption isotherm

The adsorption isotherm plots for the various biochar are shown in Fig. 40. The fitting parameters of the adsorption isotherm models, the correlation coefficients of the experimental data and the MPSD error function values are presented in Table 16. The results showed that the correlation coefficients (R 2 ) indicate that the Langmuir model fitted better than the Freundlich model for the different produced biochars. It means that the active sites were homogeneously distributed, have the same adsorption energy and the MeB adsorption on biochar was likely to be monolayer [START_REF] Maneerung | Activated carbon derived from carbon residue from biomass gasification and its application for dye adsorption: Kinetics, isotherms and thermodynamic studies[END_REF]. Even though, the correlation coefficient suggested the Langmuir model, the MPSD error function values from Langmuir data and Freundlich were similar, except for the BCOP-BM that showed a higher value of 50 from Langmuir data compared to 1.7 from Freundlich data. The highest adsorption capacities were obtained for BCOP-BM, followed by BCAG-NaOH and BCAG-BM with 31.81 mg/g, 13.09 and 9.12 mg/g respectively. On the contrary, BCOP-NaOH, BCOP and BCAG showed lower adsorption capacities of 2.62 mg/g, 2.97 mg/g and 4.06 mg/g respectively. A dimensionless separation factor (RL) can be defined based on the Langmuir isotherm was also determined. It was reported that when 0 < RL < 1 indicates favorable adsorption, RL > 1 means unfavorable adsorption; RL= 0 indicates irreversible adsorption, and RL= 1 means linear adsorption (Y. Zhu et al., 2018).

In this study, Fig. 40c showed that this factor was found to be varied from 0.077 to 0.400 for BCAG and BCAG-NaOH, from 0.059 to 0.333 for BCAG-BM, from 0.014 to 0.100 for BCOP, from 0.010 to 0.074 for BCAG-NaOH, and from 0.385to 0.833 for BCOP-BM. These values were less than one for all produced biochar (raw and activated), furthermore, with the increase of initial MeB concentration, RL decreased (Fig. 40c), which suggested that the Langmuir isotherm was favorable for adsorption of MeB on the biochar under the conditions used in this study [START_REF] Ahmed | Application of agricultural based activated carbons by microwave and conventional activations for basic dye adsorption: Review[END_REF]. The comparison of ours results and literature are reported in Table 17.

By comparing raw produced biochar prepared from eucalyptus and palm bark [START_REF] Sun | Biochars prepared from anaerobic digestion residue, palm bark, and eucalyptus for adsorption of cationic methylene blue dye: Characterization, equilibrium, and kinetic studies[END_REF], the BCAG and BCOP showed higher adsorption capacities of MeB (Table 17). BM activated biochar produced from sugarcane bagasse reported by Lyu et al. (2018a) showed great results

in MeB adsorption compared to biochar produced in this study, it was reported that the adsorption capacity was 354 mg/g which was explained by the high SBET of 331 m 2 /g (Lyu et al., 2018a). Whereas, BCAG-NaOH and BCOP-BM had better adsorption performances compared to CNT-modified biochar (1%) reported by [START_REF] Inyang | Synthesis, characterization, and dye sorption ability of carbon nanotube-biochar nanocomposites[END_REF]. Despite the large SBET of 390 m 2 /g versus 2.9 m 2 /g and 3.8 m 2 /g given by BCAG-NaOH and BCOP-BM respectively, the adsorption capacities of BCAG-NaOH and BCOP-BM were higher by 7.6 and 26.3 mg/g than the CNT-modified biochar (1%), respectively. Moreover Dou and Jiang, (2019b) showed comparable adsorption capacity values of peanut shell (PS) and white clover (WC)sodium humate (SH) modified biochar, with BCAG-NaOH. Despite the high SBET values (Table 17), the results showed that the adsorption capacity of PS-HS-biochar and WC-HSbiochar was 3.1 mg/g higher and 2.06 mg/g, respectively, compared to BAG-NaOH. Lyu et al. (2018a) suggested that other than simply exposure of new surfaces sites might be also responsible for the high adsorption. Indeed, they are reported that the adsorption of MeB onto carbonaceous materials including biochar and activated carbon is mainly controlled by two mechanisms: electrostatic interactions and π-π interactions (Lyu et al., 2018b). The presence of these interactions was confirmed by FTIR, which explained the high removal efficiency of MeB showed by BCOP-BM and BCAG-NaOH despite the low values of SBET. 

Effect of temperature and thermodynamic parameters determination

The thermodynamic parameter values of the adsorption of MeB into different produced biochars were determined based on the corresponding plots (Fig. 40d) and summarized in Table 16. The results showed that ΔG 0 values were negative, which indicate that the adsorption of MeB by produced biochars was a spontaneous and feasible process [START_REF] Fan | Removal of methylene blue from aqueous solution by sewage sludge-derived biochar: Adsorption kinetics, equilibrium, thermodynamics and mechanism[END_REF]. The ΔH 0 values were positives except for BCAG-NaOH and BCAG-BM, which had given negative values. A positive value of ΔH 0 indicates that the process of adsorption was endothermic, while negative value confirms the exothermic nature of the process [START_REF] Ahmed | Application of agricultural based activated carbons by microwave and conventional activations for basic dye adsorption: Review[END_REF]. The randomness at the solid solution interface is evident by positive ΔS° value [START_REF] Mishra | Synthesis, Characterization, and Application of a Thiophene-Pyrrole Copolymer As an Efficient Adsorbent for Removal of Methylene Blue[END_REF].

Relationship between the adsorption capacity of biochar and its properties: correlation matrix study and adsorption mechanisms

A correlation matrix was applied (Fig. 41) to confirm the relationship between the maximum adsorption capacity and the physicochemical properties of biochar. The results exhibit that the maximum adsorption capacity (Q0) shows a strong positive correlation with zeta potential (zeta.

P) and SBET with R = 0.872 and R = 0.765, respectively. The zeta potential represents the surface charge, which indicates the presence of negative functional groups confirmed previously by FTIR specifically for BCOP-BM. Despite the low values of SBET, the presence of oxygenic functional groups and aromatic rings promotes the adsorption capacity of MeB more than exposition of high surface area (Lyu et al., 2018a). In addition, Q0 showed a weak correlation with ash content with R = 0.212, which in in accordance with the study of [START_REF] Zhang | Adsorption and catalytic hydrolysis of carbaryl and atrazine on pig manure-derived biochars: Impact of structural properties of biochars[END_REF].

It was demonstrated that adsorption capacity increased greatly on the deashed biochar (remove of ash) compared with not treated biochar, indicating that some organic sorption sites in the original biochar were blocked or difficult to access due to their interactions with inorganic moiety (ash) [START_REF] Zhang | Adsorption and catalytic hydrolysis of carbaryl and atrazine on pig manure-derived biochars: Impact of structural properties of biochars[END_REF]. pH showed a very weak correlation with adsorption capacity with R = 0.245, due to the high alkalinity of biochar (raw and activated) which leads to neglecting the effect of pH on Q0. activation increase functional group on biochar surface and surface area compared to raw biochar (Fig. 42). The presence of negative functional charge on the biochar surface increased also the MeB adsorption on biochar surface (Fig. 42). According to these results, the interaction between biochar and MeB could be dominated by multiple mechanisms, mainly involves electrostatic and π -π interactions (π-electron donor-acceptor interaction) and/or hydrophobic interactions more than the surface accessibility. *This chapter is based on the articles: 

Introduction

L'augmentation de la population mondiale engendre des problèmes environnementaux tels que la surexploitation des combustibles fossiles et l'accumulation de déchets. Au cours des dernières décennies, la communauté scientifique s'est mobilisée pour trouver des procédés permettrait une meilleure valorisation des déchets organiques, biomasses et co-produits (biodéchets, déchets agricoles, déchets agro-industriels, déchets urbains...) dans des perspectives de l'économie circulaire et bioraffinerie environnementale [START_REF] Demichelis | Technical , economic and environmental assessement of bioethanol biorefinery from waste biomass[END_REF]Monlau et al., 2015a). Le Maroc s'est rapidement transformé en un pays largement urbain au cours de la dernière décennie, avec environ 60 % de ses citoyens vivant maintenant dans les villes et les zones urbaines, en raison d'une tendance à la migration rurale vers les centres côtiers. Le taux élevé de croissance de la population dans les agglomérations urbaines ces dernières années s'est accompagné de problèmes environnementaux liés à l'augmentation des déchets et des effluents [START_REF] Alhamed | Business Opportunities Report for Reuse of Wastewater in Morocco[END_REF][START_REF] Belloulid | Solar drying of wastewater sludge: a case study in Marrakesh, Morocco[END_REF]. Le Maroc a réalisé une amélioration significative dans le traitement des eaux usées au cours des dix dernières années et 123 stations d'épuration des eaux usées (STEP) ont été construites, portant la capacité de traitement à 900 millions m 3 /an [START_REF] Alhamed | Business Opportunities Report for Reuse of Wastewater in Morocco[END_REF]. En 2015, la production potentielle de boues au Maroc dans les stations d'épuration a été estimée à 155 450 tonnes de matière sèche [START_REF] Belloulid | Solar drying of wastewater sludge: a case study in Marrakesh, Morocco[END_REF]. Cependant, l'accumulation de ces quantités importantes des boues, nécessite en urgence la mise en place d'une stratégie de valorisation.

La digestion anaérobie (AD) est l'un des procédés les plus connus qui a été utilisé pendant de nombreuses décennies pour traiter les déchets organiques tels que les boues d'épuration [START_REF] Sawatdeenarunat | Anaerobic biorefinery: Current status, challenges, and opportunities[END_REF]. Ce processus transforme la matière organique dans un milieu anaérobie en biogaz (un mélange de CH4 et de CO2) et en un résidu non dégradé appelé digestat (Monlau et al., 2015b). Le biogaz comme source d'énergie est généralement utilisé : pour la production de chaleur et d'électricité par cogénération ou injecté dans le réseau de gaz naturel après un processus d'épuration du biogaz en biométhane [START_REF] Roubaud | Improving performances of a lean burn cogeneration biogas engine equipped with combustion prechambers[END_REF].

Néanmoins, la mono-AD des déchets organiques a montré des complexités dues à la difficulté de maintenir un rapport C/N optimal entre 15-30 [START_REF] Chandra | Methane production from lignocellulosic agricultural crop wastes : A review in context to second generation of biofuel production[END_REF] qui peut conduire à l'instabilité et à des pertes de performance [START_REF] Sawatdeenarunat | Anaerobic biorefinery: Current status, challenges, and opportunities[END_REF]. La co-digestion anaérobie avec la biomasse lignocellulosique est une technologie prometteuse pour améliorer les performances des digesteurs de boues d'épuration en améliorant le rapport C/N [START_REF] Giuliano | Co-digestion of livestock effluents, energy crops and agro-waste: Feeding and process optimization in mesophilic and thermophilic conditions[END_REF][START_REF] Zhao | Improving the co-digestion performance of waste activated sludge and wheat straw through ratio optimization and ferroferric oxide supplementation[END_REF]. Par exemple, [START_REF] Zhao | Improving the co-digestion performance of waste activated sludge and wheat straw through ratio optimization and ferroferric oxide supplementation[END_REF] ont étudié la co-digestion de la paille de blé et des boues activées dans un rapport de 1:1 et ont obtenu une augmentation de 26% de la production de méthane par rapport à la somme des rendements en méthane des boues activées et de la paille de blé traitées séparément. Malgré l'intérêt de la co-digestion, la biomasse lignocellulosique en tant que co-substrat peut entraîner une augmentation significative du volume du digestat nécessitant une élimination/récupération finale [START_REF] González | Biochar and Energy Production : Valorizing Swine Manure through Coupling Co-Digestion and Pyrolysis[END_REF]. En général, le digestat anaérobie est séparé en une fraction liquide (riche en nutriments, en particulier N et K) et une fraction solide riche en P et en fibres, principalement par filtre-presse, centrifugeuse, tamis vibrant, …etc. [START_REF] Akhiar | Comprehensive characterization of the liquid fraction of digestates from full-scale anaerobic co-digestion[END_REF].

Comme déjà décrit dans le chapitre I, l'approche en cascade de la valorisation de la biomasse par le couplage de deux ou trois processus est devenu une nouvelle stratégie pour atteindre l'objectif « zéro déchet » à l'échelle industrielle. Récemment, le couplage des processus de digestion anaérobie (AD) et de pyrolyse du digestat solide a été considéré comme une solution au problème de la gestion du digestat de méthanisation et comme un moyen d'accroître la durabilité de l'ensemble du processus en produisant davantage de vecteurs énergétiques: syngaz et bio-huile [START_REF] Fabbri | Linking pyrolysis and anaerobic digestion (Py-AD) for the conversion of lignocellulosic biomass[END_REF][START_REF] Ghysels | Integrating anaerobic digestion and slow pyrolysis improves the product portfolio of a cocoa waste biorefinery[END_REF][START_REF] González | Biochar and Energy Production : Valorizing Swine Manure through Coupling Co-Digestion and Pyrolysis[END_REF]Pecchi and Baratieri, 2019b). Le syngaz peut être converti en chaleur ou en chaleur/électricité seul ou mélangé à du biogaz dans des chaudières et des moteurs [START_REF] Seyedi | Toxicity of various pyrolysis liquids from biosolids on methane production yield[END_REF]. La phase organique de la bio-huile est utile comme combustible, peut être ajoutée aux produits raffinés du pétrole ou upgradé par des catalyseurs pour produire des combustibles raffinés de meilleure qualité [START_REF] Pütün | Bio-oil from olive oil industry wastes: Pyrolysis of olive residue under different conditions[END_REF].

Fig. 43

Schéma descriptif de l'approche du couplage de la méthanisation et de la pyrolyse pour la valorisation de la biomasse/déchets et des produits résultant du couplage pour une utilisation énergétique et agronomique.

Les avantages énergétiques et environnementaux du couplage de l'AD et de la pyrolyse par rapport à l'AD seule ont été précédemment démontrés [START_REF] Ghysels | Integrating anaerobic digestion and slow pyrolysis improves the product portfolio of a cocoa waste biorefinery[END_REF]Monlau et al., 2015b). Monlau et al. (2015b) ont démontré que la chaleur supplémentaire produite lors de la méthanisation (par le système de cogénération) peut couvrir un séchage complet du digestat solide avant le processus de pyrolyse et ont souligné que le système hybride fonctionnant en symbiose pourrait augmenter la production d'électricité de 9 896 kWhel/jour à 14 066 kWhel/jour, ce qui correspond à une augmentation de 42 % par rapport au processus de méthanisation seul. En parallèle, [START_REF] González-Arias | Integrating Anaerobic Digestion of Pig Slurry and Thermal Valorisation of Biomass[END_REF] ont démontré que l'approche combinée de la pyrolyse et de la digestion résout le problème de l'élimination du digestat en générant du biochar qui est un sous-produit mieux accepté sur le marché. En effet, le biochar, qui est la matière carbonée obtenue par le processus de pyrolyse, présente plusieurs avantages et peut être utilisé dans plusieurs applications environnementales et agronomiques [START_REF] Abdeljaoued | Bibliometric analysis of the evolution of biochar research trends and scientific production[END_REF].

Néanmoins, à ce jour, le couplage de l'AD et de la pyrolyse a été bien décrit et discuté dans la littérature d'un point de vue énergétique, mais il existe moins d'information sur l'utilisation du biochar (matière carbonée résiduelle de la pyrolyse) pour des questions agronomiques, utilisé seul ou en combinaison avec des engrais et/ou du digestat [START_REF] Glaser | Biochar organic fertilizers from natural resources as substitute for mineral fertilizers[END_REF][START_REF] Opatokun | Agronomic assessment of pyrolysed food waste digestate for sandy soil management[END_REF]Tayibi et al., 2021b). En effet, au cours des dernières décennies, le biochar a fait l'objet d'une grande attention en raison de son potentiel pour améliorer la qualité et la conservation des sols et atténuer le changement climatique par la séquestration du carbone [START_REF] Fernández | Carbon dioxide emissions from semi-arid soils amended with biochar alone or combined with mineral and organic fertilizers[END_REF][START_REF] Semida | Biochar implications for sustainable agriculture and environment : A review[END_REF]. [START_REF] Semida | Biochar implications for sustainable agriculture and environment : A review[END_REF] ont souligné que le biochar pouvait contribuer à une agriculture plus durable en réduisant les émissions de gaz à effet de serre, en améliorant les propriétés physico-chimiques et biologiques des sols, en réduisant le lessivage des nutriments et des polluants et en améliorant la production végétale. La co-application de biochar avec différents types d'engrais a récemment attiré l'attention de la communauté scientifique [START_REF] Dunsin | Effects of biochar and poultry manure on soil characteristics and the yield of radish[END_REF], mais peu d'études évaluant le potentiel agronomique de la co-application du biochar avec le digestat ont été rapportées [START_REF] Glaser | Biochar organic fertilizers from natural resources as substitute for mineral fertilizers[END_REF][START_REF] Kizito | Role of nutrient-enriched biochar as a soil amendment during maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand[END_REF][START_REF] Ronga | Using digestate and biochar as fertilizers to improve processing tomato production sustainability[END_REF]. En effet, [START_REF] Kizito | Role of nutrient-enriched biochar as a soil amendment during maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand[END_REF] ont étudié l'effet de l'ajout de biochar enrichi en digestat (biochar imprégné dans le digestat) pendant la croissance du maïs en serre. Leurs résultats ont montré une amélioration de la matière organique du sol, une augmentation de la teneur en macronutriments, et une augmentation significative de la biomasse de maïs en surface a été observée par rapport au traitement au biochar non enrichi [START_REF] Kizito | Role of nutrient-enriched biochar as a soil amendment during maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand[END_REF].

De plus, le biochar a été utilisé pour améliorer la séquestration du carbone dans les sols agricoles, des études menées en laboratoire et dans des conditions réelles ont montré des changements significatifs dans l'activité microbienne du sol qui influencent évidemment la minéralisation du carbone organique du sol (J. Chen et al., 2017;[START_REF] Li | Interactions between biochar and nitrogen impact soil carbon mineralization and the microbial community[END_REF].

L'application du biochar en combinaison avec des engrais azotés peut être une approche pour réduire les pertes gazeuses (NH3), améliorant l'efficacité de l'utilisation de N, réduisant ainsi l'impact environnemental de la fertilisation [START_REF] Amin | Carbon sequestration , kinetics of ammonia volatilization and nutrient availability in alkaline sandy soil as a function on applying calotropis biochar produced at different pyrolysis temperatures[END_REF][START_REF] Manka' Abusi | Carbon dioxide and gaseous nitrogen emissions from biochar-amended soils under wastewater irrigated urban vegetable production of Burkina[END_REF] Part 1. Coupling of AD and pyrolysis processes for maximizing energy recovery and soil preservation according to the concept of circular economy (using digestate from an agricultural plant unit)

Chemical composition and pyrolysis of solid digestate

The main chemical properties of the solid digestate are listed in Table 18. Low hemicelluloses content was detected in the digestate. In contrast, a relatively high lignin content and cellulose were observed in the solid digestate which was in agreement with previous studies that reported 16.1 wt% of lignin and 17 wt% of cellulose on solid anaerobic digestate [START_REF] Monlau | Toward a functional integration of anaerobic digestion and pyrolysis for a sustainable resource management. Comparison between solid-digestate and its derived pyrochar as soil amendment[END_REF]. In addition, [START_REF] Santi | Anaerobic digestion of corn silage on a commercial scale: Differential utilization of its chemical constituents and characterization of the solid digestate[END_REF] have found higher contents of fibers from corn-silage solid digestate, as their values for cellulose, hemicelluloses and lignin were higher by 15.8 wt%, 19 wt% and 7.8 wt%, respectively, in comparison to our study. These discrepancies could be explained by the feeding difference on the agricultural biogas plants investigated [START_REF] Santi | Anaerobic digestion of corn silage on a commercial scale: Differential utilization of its chemical constituents and characterization of the solid digestate[END_REF]. 140 biochar is in agreement with previous results demonstrated by [START_REF] Opatokun | Agronomic assessment of pyrolysed food waste digestate for sandy soil management[END_REF], which found 38 wt% in biochar produced from food waste digestate pyrolyzed at 500°C. Finally, the results of our study differed slightly compared to results demonstrated by Monlau et al., (2015b), which determined 32.5 wt% after pyrolysis at 500°C on a full-scale biogas digestate (mixture of chicken manure, groats, olive oil cake and triticale). The syngas produced during pyrolysis was analyzed and its compounds distribution is presented in Fig. 45. According to our results, the LHV of syngas was 12.9 MJ/N m 3 , in contrast to 15.7 MJ/N m 3 reported by Monlau et al. (2015b). Similarly, [START_REF] Cen | Investigation of the relevance between biomass pyrolysis polygeneration and washing pretreatment under different severities: Water, dilute acid solution and aqueous phase bio-oil[END_REF] reported value of LHV of syngas of 11.3 MJ/N m 3 after pyrolysis of rice straw at 550°C. [START_REF] Neumann | Production and characterization of a new quality pyrolysis oil, char and syngas from digestate -Introducing the thermo-catalytic reforming process[END_REF] reported a lower heating value of the syngas of 13.1 MJ/kg after pyrolysis at 750°C of digestate from agricultural biogas plant. The syngas mainly consisted of CO2, CH4, CO and H2 with small amounts of C2H4, C2H6 and C2H2, which corresponds to the results reported by [START_REF] Opatokun | Product based evaluation of pyrolysis of food waste and its digestate[END_REF]. Similarly, [START_REF] Cen | Investigation of the relevance between biomass pyrolysis polygeneration and washing pretreatment under different severities: Water, dilute acid solution and aqueous phase bio-oil[END_REF] reported that the gaseous products from pyrolysis of rice straw at 550°C were mainly CO, CO2, CH4, and H2, accompanied with small amounts of C2+ gases. Specifically, CO2 and CO mostly derived from decarboxylation and decarbonylation reactions [START_REF] Jȩczmionek | Hydrodeoxygenation, decarboxylation and decarbonylation reactions while co-processing vegetable oils over a NiMo hydrotreatment catalyst. Part I: Thermal effects -Theoretical considerations[END_REF]. Moreover, a large portion of CO2 produced resulted from the cracking of remaining fibers like cellulose and hemicelluloses in digestate [START_REF] Liu | Theoretical studies on formation mechanisms of CO and CO2in cellulose pyrolysis[END_REF]. The content of (H2 + CO) was determined to be 46.4%(v/vsyngas) and the ratio H2/CO was found to be 0.3, which is in agreement with results obtained in previous studies (Monlau et al., 2015b). The bio-oil was obtained from pyrolysis of dry solid digestate, including organics and aqueous phase (Fig. 46) at a ratio of 42.8 wt%, and 57.2 wt%, respectively. Similarly, [START_REF] Cen | Investigation of the relevance between biomass pyrolysis polygeneration and washing pretreatment under different severities: Water, dilute acid solution and aqueous phase bio-oil[END_REF] reported a distribution of 49.4 wt% and 50.6 wt% of aqueous phase and organic phase respectively after pyrolysis of rice straw at 550°C.

On the contrary, [START_REF] Neumann | Production and characterization of a new quality pyrolysis oil, char and syngas from digestate -Introducing the thermo-catalytic reforming process[END_REF] have found 71 wt% of organic phase versus 29 wt% of aqueous phase from the bio-oil produced from pre-conditioned digestate from an anaerobic digestion plant. The distribution of aqueous and organic phase of bio-oil mainly depends on the nature of initial material and the pyrolysis condition [START_REF] Zhang | Review of biomass pyrolysis oil properties and upgrading research[END_REF].

Syngas products

Values Generally, the aqueous phase of bio-oil is mainly composed of water originating from the initial moisture content and from the product of dehydration and the secondary cracking reaction (Y. Wei et al., 2018;[START_REF] Zhang | Review of biomass pyrolysis oil properties and upgrading research[END_REF]. Table 19 summarizes the properties of the organic phase of bio-oil. The organic phase of bio-oil presented a high carbon content (64.5 wt%) and low oxygen content (21.4 wt%), which is required for bio-oil fuel application. These values are also in agreement with results obtained by [START_REF] Zhang | Review of biomass pyrolysis oil properties and upgrading research[END_REF], which mentioned HHV of bio-oil ranging from 20 to 41 MJ/kg. Nonetheless, [START_REF] Opatokun | Product based evaluation of pyrolysis of food waste and its digestate[END_REF] reported a lower value of 13.5 MJ/kg from food waste digestate pyrolyzed at 500°C, which could be explained by the difference of feedstock origin.

After comparing our results with the NIST library data, it was determined that all compounds of the organic phase of bio-oil with more than 1 % of the total area (defined by the percentage of the compound's chromatographic area out of the total area) were identified. The GC-MS chromatogram of detected peaks and their area percentages are presented in Fig. 47 and Table 20, respectively. As indicated in Fig. 47 and Table 20, the main compounds of the obtained organic phase of bio-oil were phenolic compounds, furans, organic acids, aldehydes, alcohols, ethers, and ketones that were mostly obtained from carbohydrate and lignin degradation. The main compounds were phenol and phenol derivatives from depolymerization of lignin as the major constituent of the solid digestate, which represent almost 65% of the total area of the detected peaks. Moreover, these results are in agreement with previous studies that investigated pyrolysis of anaerobic digestate [START_REF] Liang | Enhancing the quality of bio-oil and selectivity of phenols compounds from pyrolysis of anaerobic digested rice straw[END_REF][START_REF] Opatokun | Product based evaluation of pyrolysis of food waste and its digestate[END_REF]Y. Wei et al., 2018). Wei et al. ( 2018) reported that the contents of phenolics compounds were 70.4% of the total area of the detected peaks in organic phase of bio-oil produced from digestate (originating from sargassum anaerobic digestion) pyrolyzed at 450°C.

High selectivity to the phenol, cresol-derivatives, guaiacol, syringol and cyclopentanone was also observed, with 17.5%, 22%, 14.2%, 10.0% and 8.2% of the total area of the detected peaks, respectively (Table 20). Higher temperature (over 450°C) facilitated the degradation of lignin in aromatic compounds, through the cleavage of C-C and C-O-C linkages among three phenylpropane units (namely coumaryl, coniferyl, and sinapyl alcohols) of lignin [START_REF] Asmadi | Thermal reactions of guaiacol and syringol as lignin model aromatic nuclei[END_REF]Y. Wei et al., 2018), resulting in increasing of phenol compounds content. Indeed, lignin has various functional groups of methoxyl, phenolic hydroxyl, aliphatic hydroxyl, benzyl alcohol, noncyclic benzyl ether, and carbonyl groups. Therefore, groups of phenol, alkyl phenols, methoxy phenols, alkylmethoxy phenols, benzenes, and benzenediols were produced from decomposition of lignin in the solid digestate [START_REF] Mansur | Identification of Compounds Released During Pyrolysis of Palm Kernel Shell (PKS) Using Pyrolysis-GC/MS[END_REF].

In a recent study, [START_REF] Liang | Enhancing the quality of bio-oil and selectivity of phenols compounds from pyrolysis of anaerobic digested rice straw[END_REF] have demonstrated that anaerobic digestion process can be considered as a pretreatment method for lignocellulose biomass to improve the quality of bio-oil and to increase the selectivity of pyrolytic products compared to biomass that was not anaerobically pretreated. Indeed, it was reported that the bio-oil recover from rice straw digestate showed a high total yields of phenols compared to the yields of alcohols, acids, aldehydes, furans, anhydrosugars , and ketones than the bio-oil from original rice straw [START_REF] Liang | Enhancing the quality of bio-oil and selectivity of phenols compounds from pyrolysis of anaerobic digested rice straw[END_REF].

In parallel, to have a clearer understanding of the compound distribution of the whole bio-oil, an analysis was carried out using 1 H NMR in order to further examine the compound distribution (aromatic:aliphatic) of the organic phase of bio-oil [START_REF] Aboulkas | Valorization of algal waste via pyrolysis in a fixed-bed reactor: Production and characterization of bio-oil and bio-char[END_REF]. The 1 H-NMR spectrum of organic phase of bio-oil in Fig. 48 was explained in Table 21. The proton resonance between the chemical shift of 0.5-1.5 ppm corresponded to the presence of 15.9% of aliphatic protons attached to the paraffinic CH3. Moreover, peaks in the region between 1.5-3.0 ppm were assigned to the proton of aromatic ring or acetylenic (37.5%), which was previously confirmed by GC-MS analysis. The region of 3.0-4.0 ppm contributed 9.1% of the protons in hydroxyls, ring-joining methylene, methyl or methoxy. The presence of ligninderived methoxy phenol and non-conjugated olefins observed from the GC-MS results was also confirmed by the peaks between 4.0-6.0 ppm (14.2%). Finally, a region between 6.0-9.5 ppm corresponds to aromatic protons and hetero-aromatics (23.4%) [START_REF] Garg | Pyrolysis of babool seeds (Acacia nilotica) in a fixed bed reactor and bio-oil characterization[END_REF].

Table . 21 1 H-NMR results of the pyrolysis organic phase of bio-oil.

Biochar characterization

The resulting biochar produced at 500°C was also characterized, with its physicochemical characteristics presented in Table 18. The carbon content of biochar was 45.3 wt%, indicating it as class 2 biochar according to IBI, which is considered as bio carbon minerals (BCM) and not as biochar according to EBC (Table 18). The amount of O and H decreased in the biochar due to the decarboxylation and dehydration reactions during the pyrolysis process, while N showed a slight decrease (1.5 to 1.3 wt%). These findings corresponded to the results reported by [START_REF] Neumann | Production and characterization of a new quality pyrolysis oil, char and syngas from digestate -Introducing the thermo-catalytic reforming process[END_REF], where pyrolysis of solid digestate was performed at 500°C, with the exception of higher amounts of carbon (65 wt%) and lower oxygen content (2.2 wt%) reported by these authors. Similarly, [START_REF] Opatokun | Agronomic assessment of pyrolysed food waste digestate for sandy soil management[END_REF] reported biochar carbon content varying from 35.7 wt% to 60.2 wt% after pyrolysis (performed between 300-700°C) of solid digestate from anaerobic digestion of food wastes. Moreover, the ash content in biochar was found to be 23.4 wt%, similar to the 29.1 wt% reported by [START_REF] Neumann | Production and characterization of a new quality pyrolysis oil, char and syngas from digestate -Introducing the thermo-catalytic reforming process[END_REF] after performing pyrolysis of solid digestate at 500°C. During the AD, microorganisms convert the organic fraction of the organics into CO2 and CH4, resulting in a high concentration of inorganics in the digestate.

Generally, the inorganics exist as mineral salts and are bonded to the organic matrices through ionic or covalent bonds [START_REF] Saddawi | Commodity fuels from biomass through pretreatment and torrefaction: Effects of mineral content on torrefied fuel characteristics and quality[END_REF]. Furthermore, P and other major nutrients essential for the plants were found to be higher in biochar compared to digestate, which is in agreement with previous publications that have investigated biochar production from solid digestate [START_REF] Calamai | The Influence of Biochar and Solid Digestate on Rose-Scented Geranium (Pelargonium graveolens L'Hér.) Productivity and Essential Oil Quality[END_REF][START_REF] Monlau | Toward a functional integration of anaerobic digestion and pyrolysis for a sustainable resource management. Comparison between solid-digestate and its derived pyrochar as soil amendment[END_REF]. Moreover, the biochar was determined to have the highest P (1.9 versus 1. 18.

The behavior of the solid digestate during thermogravimetric analysis is shown in Fig. 49.

According to the curve, the main loss of mass began at approximately 240°C onward and progressed extensively until 500 °C, with a heating rate of 5 °C/min. This weight loss represents almost 64% of initial weight, and it is due to degradation of main recalcitrant compounds (fibers and lignin) of the solid digestate [START_REF] Yang | Characteristics of hemicellulose, cellulose and lignin pyrolysis[END_REF]. The TGA curve of biochar revealed a clear difference compared to the solid digestate, with a slight loss from 110-900 °C, which is an indicative of the high stability of biochar after pyrolysis process. Slight loss could result from both moisture evaporation and volatilization of the incomplete carbonized phase of biochar [START_REF] Tayibi | Onepot activation and pyrolysis of Moroccan Gelidium sesquipedale red macroalgae residue : production of an efficient adsorbent biochar[END_REF]. et al., 2015). However, our results differed significantly from those obtained from agricultural plant digesters pyrolyzed at 600°C (ranging from 7.7 wt% to 12.6 wt%) reported by [START_REF] Monlau | Toward a functional integration of anaerobic digestion and pyrolysis for a sustainable resource management. Comparison between solid-digestate and its derived pyrochar as soil amendment[END_REF]. 

Water retention and nutrients leaching

The results of the effect of biochar on GWR of soil are presented in Fig. 51. Biochar was found efficient in improving gravimetric water retention of soil from 10-40%, compared to soil alone at biochar doses of 50 tons/ha and 100 tons/ha, respectively. This result is in agreement with previous results published by Glaser et al. (2015), which reported an improvement of water retention after biochar addition at 40 tons/ha that can be explained by an improvement of the soil porosity after biochar addition. Similarly, [START_REF] Novak | Characterization of Designer Biochar Produced at Different Temperatures and Their Effects on a Loamy Sand[END_REF] found that the water retention capacity was increased from 6.7 vol% to 15.9 vol%, after adding 2 wt% of switchgrass biochar on a loamy sandy soil.

Fig. 51

Gravimetric water retention of soil alone (Soil) and in mixtures of soils/biochar with increasing amount of biochar (50 tons/ha-B50 and 100 tons/ha-B100).

Subsequently, leaching tests and growth plant tests were performed. Although biochar is not considered as a nutrient-supplying biological source, its potential in crop fertilization has been demonstrated when combined with mineral fertilizers or other types of organo-fertilizers such as digestate and compost. In practical application, biochar is not used alone, but in coapplication with a fertilizer and, consequently, the condition using biochar alone has not been retained. The leaching tests were intended to represent the worst-case scenario with extremely heavy rainfall shortly after adding the LD causing it to spread [START_REF] Sogn | Recycling of biogas digestates in plant production: NPK fertilizer value and risk of leaching[END_REF]. The results of the leaching experiments are presented in the application of biochar influenced the ammonium leaching positively. Compared to soil with LD, biochar application at 50 tons/ha and 100 tons/ha increased the cumulative NH4 + leaching by 32% and 64% (Fig. 52a). On the contrary, biochar addition significantly reduced the cumulative of nitrate leaching (Fig. 52b). Indeed, compared with soil + LD, biochar application at 50 tons/ha and 100 tons/ha reduced the cumulative loss of NO3 -by 82% and 91%, and no significant difference was observed for the two concentrations. Furthermore, [START_REF] Gonzaga | Positive and negative effects of biochar from coconut husks, orange bagasse and pine wood chips on maize (Zea mays L.) growth and nutrition[END_REF] found the same results testing the effect of biochar application on ammonium and nitrate leaching in two distinct soils (sandy and loamy) and demonstrated that the leaching of nitrogen in soil mainly depends on biochar properties and soil type. Similarly, [START_REF] Yao | Effect of biochar amendment on sorption and leaching of nitrate, ammonium, and phosphate in a sandy soil[END_REF] demonstrated that a biochar produced from Brazilian Pepperwood at 600°C effectively reduced the nitrate leaching in the sandy soil column by 34%, but caused additional phosphate release. The effect of biochar on total mineral nitrogen (TMN) is presented in Fig. 52c, with results showing that the cumulative concentration of TMN in leachate under different treatments were similar to that of NO3 -(Fig. 52b), as the largest proportion of total mineral leached N was in the form of NO3 -. The results of the cumulative leached phosphorus (PO4 3-), potassium (K + ) and sodium (Na + ) were also investigated and are represented in Fig. 52d, e, and f, respectively. Regarding the nutrient analysis of LD and biochar, it is obviously clear that the main source of the phosphorus, potassium and sodium was provided from biochar and not from LD or soil. In the case of cumulative PO4 3-leaching, the results showed that at application of 50 tons/ha, phosphorus leaching was very low and was in the same range as leaching of soil and soil + LD. Such results are in agreement with previous results demonstrated by Hamid Iqbal et al. (2015) in a study which showed that the co-application of biochar produced from pyrolysis of forest slash at 650°C (25% by volume) and mature compost (75% by volume) did not affect the leaching of phosphorus [START_REF] Iqbal | Effect of biochar on leaching of organic carbon, nitrogen, and phosphorus from compost in bioretention systems[END_REF]. On the contrary, Laird et al. (2010), found that a biochar (mixed hardwood and hickory, using slow pyrolysis) application at 60 tons/ha on a Midwestern agricultural soil resulted in a total dissolved P leaching of 69%. Surprisingly, at an application of 100 tons/ha, the cumulative leached P increased significantly (from 0.002 mg PO4 3-/g to 0.044 mg PO4 3-/g of soil) compared to soil with LD, suggesting that P loss is from biochar, as previously demonstrated by other studies [START_REF] Nguyen | Contrastive nutrient leaching from two differently textured paddy soils as influenced by biochar addition[END_REF].

In addition, the same tendency was also observed for K, with a significant increase of cumulative K + leaching (Fig. 52e), with increases of 0.40 and 1.35 mg K/g of soil observed

for biochar application of 50 tons/ha and 100 tons/ha, respectively, compared to soil with LD application only. These results correspond to those reported by [START_REF] Widowati | The use of biochar to reduce nitrogen and potassium leaching from soil cultivated with maize[END_REF], which demonstrated that application of 45 tons/ha of biochar obtained from coconut shells significantly increased the leaching of K + by 15 mg/L compared to soil only. Moreover, cumulative sodium leaching results are also presented in Fig. 52f. At application of 50 tons/ha, the result showed that the cumulative sodium leaching was nearly the same as soil treated with LD. Nonetheless, an increase of the biochar dose at 100 tons/ha resulted in higher cumulative sodium leaching, with a value of 0.58 mg Na/g of soil. Such results are in agreement with those reported in previous study, which demonstrated that biochar (produced from rice husk and rice straw, at temperature ranging from 400-450°C) incorporation to a sandy soil at a proportion of 5% w/w increased the concentration of leached sodium by 92% compared to soil alone [START_REF] Nguyen | Contrastive nutrient leaching from two differently textured paddy soils as influenced by biochar addition[END_REF]. In parallel, [START_REF] Nguyen | Contrastive nutrient leaching from two differently textured paddy soils as influenced by biochar addition[END_REF] demonstrated that biochar addition linearly and significantly reduced Ca concentration (by 38%), but increased K (by 292%), and P (by 411%) concentrations in the leachate, compared to the non-biochar-added soil. Some recent studies have also suggested that when applied to soils, biochar may not only affect soil ion exchange capacity, but also provide refugia for soil microbes to influence the binding of nutritive cations and anions [START_REF] Liang | Black Carbon increases cation exchange capacity in soils[END_REF][START_REF] Yao | Effect of biochar amendment on sorption and leaching of nitrate, ammonium, and phosphate in a sandy soil[END_REF]. Further investigations are needed to uncover the underlying mechanisms and will be the subject of future works. In our study, except for nitrate compounds, an application of biochar at 50 tons/ha in combination with LD did not have significant effect on leaching behavior, whereas an increase of biochar load to 100 tons/ha resulted in improvement of Na + , K + and PO4 3- leaching and from an operational point of view, it can be recommended not to exceed application of 50 tons/ha. Nonetheless, such results have also to be taken carefully as the effect of biochar on the leaching of agricultural nutrients in soils is not uniform and varies by biochar, nutrient type and soil origin [START_REF] Yao | Effect of biochar amendment on sorption and leaching of nitrate, ammonium, and phosphate in a sandy soil[END_REF].

Growth plant test performances

The impact of biochar addition was also evaluated on growth plant tests (i.e., on wheat plants)

to evaluate the potential phytotoxicity or benefits of biochar addition (at 50 and 100 tons/ha) on the relative seed germination and plant growth measured in terms of aerial dry biomass (Fig. 53).Interestingly, biochar application at 50 tons/ha in combination with LD did not exhibit negative impact on the relative seed germination (Fig. 53a). On the contrary, higher biochar application of 100 tons/ha led to an inhibitory effect of the relative seed germination that can be attributed to the potential released of remaining toxicants (phenols, furans, sodium, etc.) from the biochar, as it was not washed prior to being used [START_REF] Kookana | Biochar Application to Soil : Agronomic and Environmental Benefits and Unintended Consequences, 1st ed[END_REF].

Furthermore, as previously reported in Fig. 5, the load of 100 tons/ha of biochar resulting in higher sodium concentrations released and sodium content has been reported to affect the relative seed germination [START_REF] Anaya | Influence of salicylic acid on seed germination of Vicia faba L. under salt stress[END_REF]. In parallel, the growth plant efficiency of biochar (at 50 tons/ha) in combination with LD exhibited a significant positive effect compared to soil alone and soil treated with LD. At 100 tons/ha, besides the initial germination inhibition observed, plant growth in terms of aerial dry biomass was equivalent to 50 tons/ha. Such results are in agreement with those reported by [START_REF] Greenberg | Substitution of mineral fertilizers with biogas digestate plus biochar increases physically stabilized soil carbon but not crop biomass in a field trial[END_REF], which demonstrated no impact on winter rye crop biomass by increasing the biochar load from 1 to 40 tons/ha. Glaser et al. (2015) demonstrated that application of biochar-digestate (at biochar application of 1 and 40 tons/ha and digestate at pure digestate. Interestingly, at a concentration of 40 tons/ha of biochar, the co-application of digestate with biochar significantly improved maize yield by 42% compared to untreated plants without biochar addition [START_REF] Glaser | Biochar organic fertilizers from natural resources as substitute for mineral fertilizers[END_REF]. On the contrary, [START_REF] Chan | Agronomic values of greenwaste biochar as a soil amendment[END_REF] have found that co-application of biochar at 10 tons/ha (green waste produced at 450°C) with nitrogen fertilizer (100 kg N/ha) decreased the dry biomass of radish by 29.7% compared to soil treated with nitrogen fertilizer only. Nonetheless, the literature data currently available are sometimes contradictory and the benefits of coupling biochar and LD requires further indepth study. Furthermore, laboratory assays are not necessarily representative of real conditions and therefore, such experiments need to be extended to field-scale in the future. In parallel, several parameters could potentially influence the efficiency of coupling of LD and biochar, including environmental factors and quantity of biochar used, digestate origin and properties, soil composition, climatic conditions and plant tested, and should be investigated accordingly.

Conclusion

In this part, the coupling of agricultural AD and pyrolysis through pyrolysis of solid digestate has been demonstrated to serve as a promising strategy for solid digestate valorization into syngas, bio-oil and biochar. A specific focus was made on combining biochar and anaerobic LD for agronomic issues. The characteristics of biochar were in accordance with IBI and EBC recommendations for soil amendment. Biochar application improved the GWR of soil by 10% at application of 50 tons/ha. The co-application of biochar with LD did not decrease nutrients leaching except for nitrate; however, their simultaneous use improved the growth of wheat plant up to 27.5% and 67.8 % in comparison to application of soil with LD and soil alone.

Part 2. Coupling of CSTR of co-digestion of Quinoa residue and wastewater sludge and pyrolysis processes for maximizing energy recovery and soil preservation

Subtracts characterization and Anaerobic digestion process

The main physico-chemical properties of Quinoa residues and wastewater sludge are reported in the Table 22. The Quinoa residues were composed of 24.6 wt% TS, 14 wt% TS and 7%TS of cellulose, hemicelluloses, and lignin, respectively. The Quinoa residues had a low nitrogen content of 0.2%TS and high C/N ratio of 216. All of these values are in agreement with what has previously been reported for lignocellulosic biomass in the literature [START_REF] Monlau | Lignocellulosic materials into biohydrogen and biomethane: Impact of structural features and pretreatment[END_REF].

By contrast, the wastewater sludge had a higher nitrogen content of 7% TS and a lower C/N ratio of 5.8%. Interestingly, co-digestion of Quinoa residues and wastewater sludge in the AD process resulted in a C/N ratio of 13, which is more in agreement with the C/N ratios that have been reported to be optimal for the AD process, with values ranging from 15 to 30 [START_REF] Morales-Polo | applied sciences Reviewing the Anaerobic Digestion of Food Waste : From Waste Generation and Anaerobic Process to Its Perspectives[END_REF][START_REF] Van | A review of anaerobic digestion systems for biodegradable waste : Configurations , operating parameters , and current trends[END_REF]. The concentration of ammonium remained below 2.5 gN-NH4 /L, and no specific inhibition was observed in term of methane production (Fig. 55b). The threshold inhibition level for total ammonia nitrogen reported in the literature varies 1.5 to 2.5 g/L [START_REF] Jiang | Ammonia inhibition and toxicity in anaerobic digestion : A critical review[END_REF]C Sambusiti et al., 2013;[START_REF] Yenigün | Ammonia inhibition in anaerobic digestion : A review[END_REF], but after inoculum acclimation concentration up to 2.5 g/L can be reach inside the anaerobic digester [START_REF] Jiang | Ammonia inhibition and toxicity in anaerobic digestion : A critical review[END_REF]. The total ammonia nitrogen (TAN), which is generally defined as the sum of free ammonia nitrogen (FAN, NH3-N) and ammonium nitrogen (NH4 + -N), is generated during the hydrolysis of proteins, urea and nucleic acids [START_REF] Morozova | Effects of Increasing Nitrogen Content on Process Stability and Reactor Performance in Anaerobic Digestion[END_REF]. The content of VFAs (Fig. 56) remained lower than 0.1 geq.acetate/L throughout the assay, thus demonstrating good stability of the process and no acidification. These results were also reflected by the FOS/TAC ratio (Fig. 55b) which was below the safety threshold value of 0.3 (Sambusiti et al., 2013). 

Pyrolysis of solid digestate: yield production and characterization of products

Pyrolysis process was carried out on the solid fraction of the digestate at 500°C for 1h after drying of the solid digestate, the pyrolysis device used was the same as in the part 1. Pyrolysis products distribution (Fig. 59) was as follows: 40 ± 1.2 wt% biochar, 35.8 ± 2.9 wt% bio-oil, and 23.7 ± 4.9 wt% syngas.

Fig. 59

Yield distribution of solid digestate pyrolysis products at 500°C. The syngas produced during the pyrolysis process was analyzed and the distribution of the syngas compounds is presented in Fig. 60. The LHV of the syngas was 11.8 MJ/Nm 3 , which is in agreement with previously reported values ranging from 12.9 MJ/Nm 3 to 15.7 MJ /N m 3 as described in the Table 23 (Monlau et al., 2015b;[START_REF] Neumann | Production and characterization of a new quality pyrolysis oil, char and syngas from digestate -Introducing the thermo-catalytic reforming process[END_REF]Tayibi et al., 2021b).

Fig. 60 Syngas distribution and composition during the pyrolysis process

The syngas mainly consisted of CO2, CH4, CO, and H2, with a small amount of C2H4, C2H6, and C2H2. The production of CO2 and CO was mostly due to decarboxylation and decarbonylation reactions [START_REF] Jȩczmionek | Hydrodeoxygenation, decarboxylation and decarbonylation reactions while co-processing vegetable oils over a NiMo hydrotreatment catalyst. Part I: Thermal effects -Theoretical considerations[END_REF]. The high content of CO2 can also result from the cracking of remaining fibers such as cellulose and hemicelluloses in the solid digestate fraction [START_REF] Liu | Theoretical studies on formation mechanisms of CO and CO2in cellulose pyrolysis[END_REF]. In a recent study, [START_REF] Ghysels | Integrating anaerobic digestion and slow pyrolysis improves the product portfolio of a cocoa waste biorefinery[END_REF] reported a similar composition of syngas from cocoa wastes after pyrolysis at 500 °C. Indeed, on an N2free basis, the dominant compound in this stream was carbon dioxide, at a concentration of 79.5

vol% for pyrolysis at 500 °C, and CO, CH4, and H2 were also present at concentrations of 13.2 vol%, 3.9 vol%, and 2.5 vol%, respectively. In parallel to syngas, bio-oil was also generated during the pyrolysis process. In our study, the bio-oil obtained was separated into an organic and aqueous phase, at a ratio of 23.1 wt%, and 76.9 wt%, respectively. Similarly, [START_REF] Ghysels | Integrating anaerobic digestion and slow pyrolysis improves the product portfolio of a cocoa waste biorefinery[END_REF] reported a ratio of organic and aqueous phases of 25% and 75%, respectively, after pyrolysis of solid digestate derived from cocoa wastes at 500 °C, which is in agreement with our study. The main physicochemical properties of the organic phase of the bio-oil are summarized in Table 24.

Table. 24

The properties of the organic phase of bio-oil from the pyrolysis of the solid digestate.

The organic phase of the bio-oil had a high carbon content (70.5 wt%) and a low oxygen content (0.8 wt%), which is required for bio-oil fuel applications. The higher heating value (HHV) of the organic phase of the bio-oil (Table 24) was estimated to be 33.9 MJ/kg. This HHV of biooil is higher than that reported by [START_REF] Opatokun | Product based evaluation of pyrolysis of food waste and its digestate[END_REF] from food digestate pyrolyzed at 500 °C with a calorific value of 13.5 MJ/kg, but in their case all the bio-oil was considered and not only the organic phase. Nonetheless, our value was in the same range as the value of 29.7

MJ/kg reported by [START_REF] Ghysels | Integrating anaerobic digestion and slow pyrolysis improves the product portfolio of a cocoa waste biorefinery[END_REF] after pyrolysis at 500 °C of solid digestate from the anaerobic digestion of cocoa wastes. Generally, the organic phases from bio-oil after pyrolysis of solid digestate at 500 °C have been reported to be dominated by phenolic compounds [START_REF] Ghysels | Integrating anaerobic digestion and slow pyrolysis improves the product portfolio of a cocoa waste biorefinery[END_REF]Tayibi et al., 2020a;Wei et al., 2018). For instance, Wei et al. (2018) reported that the content of phenolic compounds was 70.4% in the OP of the bio-oil produced from digestate (originating from sargassum anaerobic digestion) pyrolyzed at 450 °C (Wei et al., 2018). Finally, a third compound was generated during the pyrolysis process (at 40 wt%), as a carbonaceous material called biochar. Similarly, [START_REF] Opatokun | Agronomic assessment of pyrolysed food waste digestate for sandy soil management[END_REF] 25). Compared to the solid digestate, the amount of O and H decreased in the biochar due to the decarboxylation and dehydration reactions during the pyrolysis process. The ash content of the biochar was 38.2 wt% compared to only 15.9 wt% in the solid digestate (Table 25). The relatively high ash content in the solid digestate can be attributed to the fact that during the AD process the microorganisms convert the organic fraction of the organics into CO2 and CH4 (Monlau et al., 2015a), resulting in a higher concentration of inorganics in the digestate than in the original feedstocks. Macronutrients (i.e., N, P, K, Mg, and Ca) were also analyzed in the solid digestate and the respective biochar. Except for N, all the macronutrients were enriched in the biochar, which is in agreement with previous publications that investigated biochar production from solid digestate [START_REF] Calamai | The Influence of Biochar and Solid Digestate on Rose-Scented Geranium (Pelargonium graveolens L'Hér.) Productivity and Essential Oil Quality[END_REF][START_REF] Monlau | Toward a functional integration of anaerobic digestion and pyrolysis for a sustainable resource management. Comparison between solid-digestate and its derived pyrochar as soil amendment[END_REF]. Minor metals (i.e., Pb, Cd, Cu, Ni, Hg, Zn, Cr, and As) were also analyzed in the biochar. All of the values obtained were lower than the maximal threshold levels recommended by the IBI (International Biochar Initiative). Nonetheless, most of the values were higher than the threshold levels recommended by the EBC (European Biochar Certificate), except for Hg, as

shown in Table 25.

Agronomic potential of coupling biochar and LD

Plant growth tests on tomato plants

The impact of biochar (at 25 and 50 tons/ha) on the growth of tomatoes was investigated during the first vegetative stage of the plants. The biochar concentration was chosen based on the data in the literature [START_REF] Glaser | Biochar organic fertilizers from natural resources as substitute for mineral fertilizers[END_REF][START_REF] Greenberg | Substitution of mineral fertilizers with biogas digestate plus biochar increases physically stabilized soil carbon but not crop biomass in a field trial[END_REF]. Biochar has recently been shown to be of considerable relevance to sustainable agriculture [START_REF] Mandal | Technology Progress and future prospects in biochar composites : Application and reflection in the soil environment[END_REF][START_REF] Semida | Biochar implications for sustainable agriculture and environment : A review[END_REF], even though biochar does not have any fertilizing actions and should generally be added with a fertilizer [START_REF] Greenberg | Substitution of mineral fertilizers with biogas digestate plus biochar increases physically stabilized soil carbon but not crop biomass in a field trial[END_REF][START_REF] Ronga | Using digestate and biochar as fertilizers to improve processing tomato production sustainability[END_REF]Tayibi et al., 2021b). Since biochar does not provide an adequate supply of nutrients to serve as the sole source of fertilization, combined effects with the LD (applied at 170 kg N/ha) were evaluated on the relative seed germination and the aerial dry biomass of tomatoes. The liquid digestate was composed of 3.8 wt% dry matter, 2.4 wt% volatile matter, 0.37 wt% total Kjeldahl nitrogen (TKN), 0.15 wt% ammonium (NH4 + ), 0.27 wt% potassium (K2O), and 0.25 wt% phosphorus (P2O5).

Seed germination is a relevant indicator of potential phytotoxicity. Interestingly, biochar addition at 25 and 50 tons/ha did not exhibit a negative impact on the germination rate, as shown in Fig. 61.

Similarly, [START_REF] Bu | Effect of Biochar on Seed Germination and Seedling Growth of Robinia pseudoacacia L . In Karst Calcareous Soils[END_REF] investigated the effect of rice husk and woodchip biochar at various application rates (1%, 2%, and 5% by weight) on seed germination of Robinia pseudoacacia in calcareous soil, and they did not find that there was a negative impact. Furthermore, the combination of LD and biochar did not exhibit a negative impact on germination [START_REF] Bu | Effect of Biochar on Seed Germination and Seedling Growth of Robinia pseudoacacia L . In Karst Calcareous Soils[END_REF]. These results are also in agreement with those of Tayibi et al. (2020a), who similarly did not observe a negative impact on the germination of wheat when biochar (at 50 tons/ha) was added in combination with LD. growth as previously demonstrated [START_REF] Elalami | Effect of coupling alkaline pretreatment and sewage sludge co-digestion on methane production and fertilizer potential of digestate[END_REF][START_REF] Nkoa | Agricultural benefits and environmental risks of soil fertilization with anaerobic digestates: A review[END_REF][START_REF] Solé-Bundó | Assessing the agricultural reuse of the digestate from microalgae anaerobic digestion and co-digestion with sewage sludge[END_REF].

A higher aerial dry biomass was obtained for the condition that combined biochar and LD, with an increase of 33% compared to soil amended with biochar alone (ANOVA test: p < 0.05) and an increase of 88% compared to soil only (ANOVA test: p < 0.05). In parallel, the dry biomass obtained for the condition combining soil and LD was lower by 13.8% compared to the soil treated with industrial fertilizers, although the results were not significantly different according to the ANOVA test (p = 0.18)

Adding biochar with LD increased the dry biomass by 4.5% and 7.9% for 25 tons/ha and 50 tons/ha, respectively, compared to soil fertilized with industrial fertilizers, which shows the positive effect of coupling biochar and LD. [START_REF] Ronga | Using digestate and biochar as fertilizers to improve processing tomato production sustainability[END_REF] also assessed the effect of digestate and biochar fertilizers on the yield and fruit quality of tomatoes grown in an organic farming system, and they obtained similar results. Indeed, they demonstrated that plants fertilized with LD and biochar had the maximum marketable yield (72 tons/ha), followed by biochar (67 tons/ha), and LD (59 tons/ha); while the lowest production (47 tons/ha) was recorded with unfertilized plants. These results are in agreement with Glaser et al. (2015), who reported a positive effect on maize silage by combining digestate with biochar. Glaser et al. (2015) demonstrated that the application of biochar-digestate (at a biochar rate of 1 and 40 tons/ha and digestate at 200 kg N /ha) to maize increased the yields and plant nutrition compared to pure digestate. Interestingly, at a concentration of 40 tons/ha of biochar, the co-application of digestate with biochar significantly increased the maize yield by 42% compared to untreated plants without biochar addition [START_REF] Glaser | Biochar organic fertilizers from natural resources as substitute for mineral fertilizers[END_REF]. [START_REF] Greenberg | Substitution of mineral fertilizers with biogas digestate plus biochar increases physically stabilized soil carbon but not crop biomass in a field trial[END_REF] also investigated the effect of coupling LD with biochar added at 2 and 40 tons/ha on Zea mays. For both biochar applications, there were no significant differences in terms of the rye above-ground biomass.

Nonetheless, such experiments must be extended in the future at a field-scale, and several parameters should be carefully investigated such as the nature and the quantity of biochar, the digestate origin and properties, the type of the soil, and climatic conditions.

Ammonia volatilization, C and N mineralization

In light of the results obtained with tomato plant growth during the first vegetative stage, we decided to assess the effect of coupling LD with biochar at a dose of 25 tons/ha on other agronomic parameters (e.g., ammonia volatilization, C and N mineralization). The addition of biochar on the C mineralization compared with the control (soil alone) was investigated first, as shown in Fig. 62. A slight but non-significant reduction of C mineralization was observed in the presence of biochar compared to the control (soil alone). Carbon dioxide is generally released by microbial decay of residual organic matter [START_REF] Semida | Biochar implications for sustainable agriculture and environment : A review[END_REF]. These results confirm the capacity of biochar to sequester C in soils and to contribute to carbon sequestration [START_REF] Clough | A Review of Biochar and Soil Nitrogen Dynamics[END_REF][START_REF] Semida | Biochar implications for sustainable agriculture and environment : A review[END_REF]. [START_REF] Bruun | Biochar effect on the mineralization of soil organic matter[END_REF] investigated the effect of biochar addition to soil amended by barley straw. Without biochar, 48 ± 0.2% of the straw carbon was mineralized during the 451 days of the experiment. In comparison, 45 ± 1.6% of C was mineralized after biochar addition of 1.5 g kg -1 . Similarly, [START_REF] Yoo | Effects of Biochar Addition on Greenhouse Gas Emissions and Microbial Responses in a Short-Term Laboratory Experiment[END_REF] demonstrated that the addition of biochar (at 2 wt%) in silt loam soils did not affect the C mineralization compared with the soil alone. The soil sequestration capacity of biochar appears to depend on the soil typology, the climatic conditions, and the biochar origin [START_REF] Semida | Biochar implications for sustainable agriculture and environment : A review[END_REF][START_REF] Yoo | Effects of Biochar Addition on Greenhouse Gas Emissions and Microbial Responses in a Short-Term Laboratory Experiment[END_REF]. The addition of LD to the soil led to an enhancement of the C mineralization due to the presence of soluble organic carbon that is mineralized and NH4 + , and the C mineralization rate was determined to confirm that, aside from a high biochar C/N ratio of 17 that can further increase the C/N of soil, no N immobilization was noted, thus suggesting that biochar is composed of recalcitrant organic carbon [START_REF] Semida | Biochar implications for sustainable agriculture and environment : A review[END_REF]. Furthermore, the absence of N mineralization enhancement after biochar application can be explained by the biochar capacity to absorb NH4 + and NO3 -that masks N mineralization or by the low amount of hydrolyzable organic N forms in biochar [START_REF] Ameloot | Biochar amendment to soils with contrasting organic matter level : effects on N mineralization and biological soil properties[END_REF][START_REF] Clough | A Review of Biochar and Soil Nitrogen Dynamics[END_REF]. The impact of coupling LD and biochar was also investigated in regard to ammonia volatilization, as shown in Fig. 63b. Interestingly, the addition of biochar alone at 25 tons/ha did not have any influence on the ammonia volatilization compared to soil alone. The addition of LD to the soil led to an increase of the ammonia volatilization of 1.8 mg N/kg dry soil versus 0.4 mg N/kg dry soil for the non-amended soil. This increase of 1.8 mg N/kg dry soil corresponded to 3.5% of the total nitrogen provided by the LD. This ammonia volatilization is due to the presence of ammoniacal nitrogen present in the LD that became volatilized [START_REF] Nkoa | Agricultural benefits and environmental risks of soil fertilization with anaerobic digestates: A review[END_REF][START_REF] Plaimart | Coconut husk biochar amendment enhances nutrient retention by suppressing nitrification in agricultural soil following anaerobic digestate application[END_REF]. Similarly, [START_REF] Plaimart | Coconut husk biochar amendment enhances nutrient retention by suppressing nitrification in agricultural soil following anaerobic digestate application[END_REF] have reported that approximately 4.8% of the nitrogen was evaporated in the form of ammonia after the application of digestate on a clay loam soil. Surprisingly, the co-application of biochar and LD enhanced the ammonia volatilization by as much as 3 mg N/kg dry soil, which can be explained by the fact that the alkaline nature of biochar added to soil promotes ammonia volatilization [START_REF] Sha | Response of ammonia volatilization to biochar addition : A meta-analysis[END_REF].

Similar as well as contradictory results have been observed in the literature, and the impact of biochar addition on ammonia volatilization appears to depend on several parameters such as the nature of the soil, the origin of the biochar, and the experimental conditions [START_REF] Plaimart | Coconut husk biochar amendment enhances nutrient retention by suppressing nitrification in agricultural soil following anaerobic digestate application[END_REF][START_REF] Sha | Response of ammonia volatilization to biochar addition : A meta-analysis[END_REF].

Conclusion

In this part, an original cascading biorefinery approach that coupled AD and pyrolysis was investigated with the aim of minimizing the generation of wastes, improving energy recovery, and enhancing soil preservation. AD led to a methane production of 219 NL CH4/kg VS, and the organic phase (OP) of bio-oil and syngas from subsequent pyrolysis of the solid digestate exhibited higher and lower heating values of 34 MJ/kg and 11.8 MJ/Nm 3 , respectively.

Specific attention was paid to combining biochar and anaerobic LD for agronomic purposes. 

Perspectives (première partie)

Au terme de ces travaux, il sera intéressant de poursuivre et d'explorer dans de futures activités de recherche :

• Tester l'activation physique par d'autres procédés physiques comme la steam explosion, CO2 explosion et le plasma en amont du procédé de pyrolyse.

• Tester la capacité d'adsorption des biochars produits vers d'autres potentiels inhibiteurs ou micropolluants. Il serait intéressant notamment dans l'optique d'un couplage de procédé de pyrolyse et de méthanisation de regarder l'impact de tels biochars sur l'adsorption d'inhibiteurs de méthanisation comme les phénols ou les composés furaniques.

• Il serait pertinent de regarder l'ajout direct dans des procédés de méthanisation traitant des effluents riches en polyphénols ou autres inhibiteurs de biochars ou biochars activés et de regarder l'impact sur la stabilité et les communautés microbiennes.

• Tester la régénération des biochars activés afin de minimiser le coût de l'activation/production

• Etudier la durabilité de tels procédés par une analyse économique, environnementale mais aussi sociétale.

La deuxième partie de ma thèse a été consacré à l'étude du couplage des procédés de digestion • Utiliser le biochar comme précurseur pour les matériaux d'enrobage dans la fabrication d'engrais organo-minéral à libération lente et contrôlée [START_REF] Chen | Preparation and characterization of slow-release fertilizer encapsulated by biochar-based waterborne copolymers[END_REF][START_REF] Peregrina | Biochar-based nitrogen fertilizers : Greenhouse gas emissions , use efficiency , and maize yield in tropical soils[END_REF].

• Incorporer le biochar pour améliorer la performance, la stabilité et la qualité agronomique du compost de digestat solide si un processus de compostage est appliqué [START_REF] Alburquerque | Agricultural use of digestate for horticultural crop production and improvement of soil properties[END_REF][START_REF] Casini | Production and characterization of co-composted biochar and digestate from biomass anaerobic digestion[END_REF][START_REF] Sánchez-Monedero | Biochar reduces volatile organic compounds generated during chicken manure composting[END_REF]. Il a été démontré que l'ajout de biochar dans le compostage peut :

✓ Améliorer les propriétés physicochimiques du mélange de compost, et al., 2017;[START_REF] Xiao | Recent developments in biochar utilization as an additive in organic solid waste composting: A review[END_REF].

✓
• Valoriser mieux les huiles de pyrolyse que ce soit pour produire des molécules d'intérêt avec des propriétés biocontrôle et biostimulants ou comme des précurseurs pour synthétiser des résines et matériaux composites.

• Il sera aussi intéressant de tester dans le futur la possibilité de valoriser les phases aqueuses des bio-huiles par procédé de méthanisation [START_REF] Torri | Biochar enables anaerobic digestion of aqueous phase from intermediate pyrolysis of biomass[END_REF]. For carotenoid content, tomato plants from industrial fertilizer (soil + IF) represent the highest value of carotenoid, followed by plant from untreated soil, then the ones treated with LD, with values of 298.8 ± 38.33 µg/g TS, 290.5 ± 16.9 µg/g TS and 274.9 ± 5.09 µg/g TS, respectively.

The industrial fertilizer trial showed the highest values for all pigment contents (chlorophylls and carotenoids), this result may be due to the greater availability of mineral nitrogen, which is known to be an integral part of chlorophyll molecules [START_REF] Libutti | Biochar , Vermicompost , and Compost as Soil Organic Amendments : Influence on Growth Parameters , Nitrate and Chlorophyll Content of Swiss Chard ( Beta vulgaris L . var . cycla )[END_REF]. Industrial fertilizers contain mainly ammonium molecules (NH4 + ), while organic nitrogen LD is transformed into nitrate (NO3 -) in its final form due to the rapid nitrification of NH4 + provided by the mineralization of organic nitrogen LD. Therefore, NH4 + was higher in the soil + IF. It was reported that under NH4 + nutrition, there was a positive correlation between the chlorophyll concentration of tomato leaf plants and the external NH4 + concentration [START_REF] Horchani | Effect of ammonium or nitrate nutrition on photosynthesis, growth, and nitrogen assimilation in tomato plants[END_REF].

They found that for the same N concentration, leaf chlorophyll content was always higher under NH4 + compared to NO3 -based nutrition [START_REF] Horchani | Effect of ammonium or nitrate nutrition on photosynthesis, growth, and nitrogen assimilation in tomato plants[END_REF].
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 10 Fig. 10. Adsorption mechanisms of organic and inorganic pollutant on biochar surface. Adapted from Ahmad et al. (2014).

Fig. 11
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Fig. 12 .

 12 Fig. 12. Innovative routes of biochar used beyond the classical framework of the AD process.
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 13 Fig. 13 Methodological and experimental planning of the thesis works.

For

  agronomic tests, two agricultural soils sampled at the surface (0-25 cm) were collected in the south-west of France (Cescau, 15 km from Pau, named Soil-C) and on the INRAE site in Mauguio (15.8 km from Montpellier, named Soil-M). It was not possible to receive soil from UM6P in Morocco and thus in concertation with INRAE, it was decided to use two French soil for the trials. The second one was selected to be more representative of Moroccan soil.
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 14 Fig. 14. A descriptive scheme of the chemical and mechanical pre-activation of the residues.
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 15 Fig. 15. Laboratory-scale pyrolysis device developed within UMR-IATE: a) photo of the electric pyrolysis furnace; b) photo of bio-oil recovery tanks and c) photo of the reactor connected with the cooling system.
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 18 Fig. 18. Photo of the BMP bottles in the oven at 38 ° C.

Fig. 19 .

 19 Fig. 19. Descriptive diagram of the configuration of the CSTR of co-digestion of Quinoa residue with wastewater sludge
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 20 Fig. 20. Experiment scheme of leaching columns for different conditions: Soil (S); soil + liquid digestate (S + LD); soil + liquid digestate + biochar (50tons/ha) (S + LD + B50); soil + liquid digestate + biochar (100 tons/ha) (S + LD + B100), the soil used in this experiment was soil-C.

Fig. 21 .

 21 Fig. 21. (a) Cups for C mineralization and (b) incubation device.

  MNaOH and MHCl are the concentration of NaOH and HCl solution used in mol/L, respectively, Vol.NaOH is the volume of NaOH in solution, Vol.HCl is the volume of HCl used in the titration (L), MmC represents the molar mass of carbon (12.01 g/mol) and, msoil is the amount of soil in each condition (0.025 kg).
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 722 Fig. 22. Filtration of soil mixtures after extraction.
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 23 Fig. 23. Photo of volatile device used for ammonia volatilization in this study.
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 241 Fig. 24. Schéma de comparaison entre la méthode conventionnelle de production de biochar activé et notre approche.
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 26 Fig. 26. Mass yield percentages recovery of raw and activated BCAGs produced during the dual one-pot activation/pyrolysis process. BCAG: biochar from raw algae residue (AG), BCAG-NaOH:biochar from AG activated by sodium hydroxide, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCAG-KOH: biochar from AG activated by potassium hydroxide, BCAG-H3PO4: biochar from AG activated by phosphoric acid, and BCAG-CH4ON2: biochar from AG activated by urea. The 2.5 wt% and 5 wt% refer to the concentration of catalysts per 100 g of residue.

Fig. 27 .

 27 Fig. 27. TGA curves of algae residue, raw and activated biochars at: a) 2.5 wt% of chemical catalyst and, b) 5 wt% of chemical catalyst. AG: algae residue, BCAG: biochar from raw AG, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCAG-KOH: biochar from AG activated by potassium hydroxide, BCAG-H3PO4: biochar from AG activated by phosphoric acid, and BCAG-CH4ON2: biochar from AG activated by urea. The 2.5 wt% and 5 wt% refer to the concentration of catalysts per 100 g of residue.

Fig. 28 .

 28 Fig. 28. FT-IR spectrum (4000-400 cm -1 range) of raw and activated biochars: a) 2.5 wt% of chemical catalyst and, b) 5 wt% of chemical catalyst. AG: algae residue, BCAG: biochar from raw AG, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCAG-KOH: biochar from AG activated by potassium hydroxide, BCAG-H3PO4: biochar from AG activated by phosphoric acid, and BCAG-CH4ON2: biochar from AG activated by urea. The 2.5 wt% and 5 wt% refer to the concentration of catalysts per 100 g of residue.

Fig. 30 .

 30 Fig. 30. Effect of contact time on MeB removal (50 mg/L) by BCAG-NaOH (2.5 wt%):biochar from algae residue activated by 2.5 wt% of sodium hydroxide.

Fig. 31 .

 31 Fig. 31. Linear fitting of the PFO (a) and PSO (b) models for methylene blue (MeB) adsorption at different BCAG-NaOH (2.5 wt%) doses (10 g/L, 20 g/L, and 40 g/L).

Fig. 32 .

 32 Fig. 32. SEM images of AG (a), BCAG (b), BCAG-NaOH (2.5 wt%) (c), BCAG-NaOH (5 wt%) (d), BCAG-KOH (5 wt%) (e), and AC (f). AG: algae residue, BCAG: biochar from AG, BCAG-NaOH: biochar from AG activated by NaOH, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCAG-KOH: biochar from AG activated by potassium hydroxide, BCAG-H3PO4: biochar from AG activated by phosphoric acid, BCAG-CH4ON2: biochar from AG activated by urea, and AC: commercial activated charcoal. The 2.5 wt% and 5 wt% refer to the concentration of catalysts per 100 g of residue.

  the PSO model confirmed that the rate of adsorption of MeB on BCAG-

Fig. 33 .

 33 Fig. 33. Mass yield percentages of different biochars (raw and activated) produced from algae residue (AG) and olive pomace (OP). Different lowercase letter indicates significant differences (Anova test, p ≤ 0.05) between biochars. BCAG: biochar from algae residue (AG), BCOP: biochar from raw olive pomace (OP), BCAG-NaOH: biochar from AG activated by NaOH, BCOP-NaOH: biochar from OP activated by NaOH, BCAG-BM: biochar from AG activated by ball milling, BCOP-BM: biochar from OP activated by ball milling.

Fig. 34

 34 Fig. 34 Fourier transform infrared (FTIR) spectroscopic spectrums of: (a) algae residue (AG) and their raw and activated biochars, and (b) olive pomace (OP) and their raw and activated biochars. BCAG: biochar from AG, BCOP: biochar from raw OP, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCOP-NaOH: biochar from OP activated by sodium hydroxide, BCAG-BM: biochar from AG activated by ball milling, BCOP-BM: biochar from OP activated by ball milling.

Fig. 35 .

 35 Fig. 35. Scanning electron microscopy (SEM) images of AG (a), AG-NaOH (b), AG-BM (c), and their BCAGs: BCAG (d), BCAG-NaOH (e) and BCAG-BM (f) respectively, and SEM images of OP (g), OP-NaOH (h), OP-BM (i) and their BCOPs: BCOP (j), BCOP-NaOH (k) and BCOP-BM (l), respectively. AG: algae residue, AG-NaOH: AG pre-activated by sodium hydroxide, AG-BM: AG pre-activated by ball milling. BCAG: biochar from raw AG, BCAG-NaOH: biochar from AG-NaOH, BCAG-BM: biochar from AG-BM, OP: olive pomace, OP-NaOH: OP pre-activated by NaOH, OP-BM: OP preactivated by ball milling BCOP: biochar from OP, BCOP-NaOH: biochar from OP-NaOH, BCOP-BM: biochar from OP-BM.

Fig. 36 .

 36 Fig. 36. Effect of dose concentrations of different produced biochars on removal efficiency (%) and adsorption capacity (mg/g). (MeB concentration =50 mg/L, temperature= 25 °C and pH of initial solution =7.4). BCAG: biochar from AG, BCOP: biochar from raw OP, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCOP-NaOH: biochar from OP activated by sodium hydroxide, BCAG-BM: biochar from AG activated by ball milling, BCOP-BM: biochar from OP activated by ball milling.

Fig. 37 .

 37 Fig. 37. (a) Appropriate biochar doses and their removal efficiencies of different produced biochars concluded from the optimized dose experiment showed in Fig. 36 (different lowercase letter indicate significant differences (p ≤ 0.1) between removal efficiency of different biochars) and (b) effect of initial pH on the adsorption of MeB onto different biochars (using optimized dose of each biochar). BCAG: biochar from AG, BCOP: biochar from raw OP, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCOP-NaOH: biochar from OP activated by sodium hydroxide, BCAG-BM: biochar from AG activated by ball milling, BCOP-BM: biochar from OP activated by ball milling.

Fig. 38 .

 38 Fig. 38. Effect of contact time on the adsorption of MeB onto different biochars (using optimized dose of each adsorbent). BCAG: biochar from AG, BCOP: biochar from raw OP, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCOP-NaOH: biochar from OP activated by sodium hydroxide, BCAG-BM: biochar from AG activated by ball milling, BCOP-BM: biochar from OP activated by ball milling.

Fig. 39 .

 39 Fig. 39. Non-linear fit of the kinetics models of MeB adsorption on different produced biochars: (a) pseudo-first order plots, (b) pseudo-second order plots, and (c) intraparticle diffusion plots. (MeB concentration =50 mg/L, using optimized absorbent doses: 40 g/L for BCAG, 25 g/L for BCAG-NaOH, 20 g/L for BCAG-BM, 30 g/L for BCOP, 50g/L for BCOP-NaOH and 15g/L for BCOP-BM, temperature= 25 °C and pH=7.4). BCAG: biochar from algae residue (AG), BCOP: biochar from olive pomace (OP), BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCOP-NaOH: biochar from OP activated by sodium hydroxide, BCAG-BM: biochar from AG activated by ball milling, BCOP-BM: biochar from OP activated by ball milling.

Fig. 40 .

 40 Fig. 40. Adsorption isotherm models plots of MeB adsorption on all produced biochars: (a) non-linear Langmuir adsorption model; (b) non-linear Freundlich adsorption model, (c) dimensionless separation factor at different initial MeB concentrations and (d) plot of ln (Kd) against 1/T for the adsorption of MeB onto all produced biochars. BCAG: biochar from algae residue (AG), BCOP: biochar from raw olive pomace (OP), BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCOP-NaOH: biochar from OP activated by sodium hydroxide, BCAG-BM: biochar from AG activated by ball milling, and BCOP-BM: biochar from OP activated by ball milling.

Fig. 41 .

 41 Fig. 41. Correlation matrix between the maximum adsorption capacity (Q0) and the physicochemical and surface properties: specific surface area (SBET), zeta potential (Zeta. P), ash content (Ash), and pH. Positive correlations are presented in blue, and negative correlations are presented in red. Color intensity and circle size are proportional to the correlation coefficient R. On the right side of the correlogram, the legend color shows the correlation coefficients and the corresponding colors.

Fig. 42

 42 Fig. 42 describe the proposed mechanism of biochar activation and MeB adsorption on biochar surface according to different results obtained in this study. The results confirm that Ball milling

Fig. 42

 42 Fig. 42 Biochar activation and mechanism of MeB adsorption on biochar.

Fig. 44 .

 44 Fig. 44. Yield distribution of solid digestate pyrolysis products at 500°C.

Fig. 45 .

 45 Fig. 45. Syngas distribution and composition during the pyrolysis process.

Fig. 46 .

 46 Fig. 46. Photos of bio-oil during the decantation experiment to determine the aqueous and organic fraction of bio-oil.

Fig. 47 .

 47 Fig. 47. GC-MS chromatogram of the organic phase of bio-oil, with numbered compound names representing each peak.

Fig. 48 1 H

 1 Fig. 48 1 H NMR spectrum of organic phase of bio-oil.

Fig. 49

 49 Fig. 49 TGA curves of solid digestate and its biochar

Fig. 52 .

 52 Interestingly, it was demonstrated that

Fig. 52

 52 Fig. 52 Cumulative concentration of nutrients leaching experiments (8 leaching) during 30 days of trials: a) NH4 + , b) NO3 -, c) TMN (Total Mineral Nitrogen), d) PO4 3 , e) K + , and f) Na + from soil; soil + LD (liquid digestate); soil + LD (liquid digestate) + B50 (biochar (50 tons/ha)) and soil + LD (liquid digestate) + B100 (biochar (100 tons/ha)). The data represents the cumulative means ± standard deviations.

Fig. 53 .

 53 Fig. 53. a). Relative seed germination (after 10 days of sowing) and aerial dry biomass of wheat plant (after 24 days of sowing) in the different applied treatments: soil (S); S + LD (liquid digestate); S + LD (liquid digestate) + B50 (biochar (50 tons/ha)) and S + LD (liquid digestate) + B100 (biochar (100 tons/ha)), b). Plants before the harvesting step for each condition (the soil used in this experiment was soil-C).

Fig. 54

 54 Fig. 54 Biochemical methane potential (BMP) results of Quinoa residue and wastewater sludge under anaerobic mesophilic conditions (35 ° C, pH = 7).

Fig. 55

 55 Fig. 55 (a) Organic loading rate effect, temperature, and pH evolution during AD process; and (b) biomethane production and evolution of NH4 + concentration during AD.

Fig. 56 Fig. 57 Fig. 58

 565758 Fig. 56 Evolution of volatile fatty acids (VFAs) concentration of CSTR of co-digestion of Quinoa residue and wastewater sludge during AD process

Fig. 61

 61 Fig. 61 Relative Seed Germination (%) and aerial dry biomass (gTS / 100 plants) of tomato plants under the following conditions: soil (alone), soil + IF (industrial fertilizer), soil + LD (liquid digestate), soil + LD + B25 (liquid digestate + biochar (25 tons / ha)), soil + LD + B50 (liquid digestate + biochar 50 tons / ha), soil + B25 (biochar at 25 tons / ha) and soil + B25 (biochar at 50 tons / ha).

  [START_REF] Fidel | Effect of Biochar on Soil Greenhouse Gas Emissions at the Laboratory and Effect of Biochar on Soil Greenhouse Gas Emissions at the Laboratory and Field Scales[END_REF] also investigated the impact of biochar (derived from wood) added at 0.5 wt%/wt% of silt soil on CO2 mineralization at different temperatures and humidity. They did not observe any significant differences for any of the conditions between the CO2 mineralization in the biochar-amended soil and the unamended soil.

Fig. 62

 62 Fig. 62 Microbial respiration behavior during 91 days of incubation for the four conditions: soil, soil with biochar (at 25 tons/ha), soil with liquid digestate (LD) and soil with liquid digestate (LD) and soil with biochar at 25 tons/ha (B25).

be 1 ,

 1 517 mg C-CO2/kg dry soil. Finally, as shown in Fig. 62, the combination of biochar and LD led to equivalent C mineralization compared to soil amended with LD only, and a net C mineralization of 1,539 mg C-CO2/kg dry soil. Aside from potentially sequestering carbon, we also verified the impact of biochar added alone or in combination with LD on the N dynamics by performing N mineralization experiments. The addition of biochar did not appear to affect the N mineralization dynamics compared to soil alone, as shown in Fig. 63a. These results

Fig. 63

 63 Fig. 63 (a) Total Nitrogen mineralization during incubation time (from 0 to 91 days), and (b) Ammonia volatilization for the four conditions: soil, soil with biochar (at 25 tons/ha), soil with liquid digestate (LD) and soil with liquid digestate (LD) and biochar at 25 tons/ha (B25).

Fig. 2

 2 Fig.2 Diagramme descriptif des objectives de la thèse et de l'originalité du couplage de la méthanisation et de la pyrolyse pour répondre à différents enjeux environnementaux.

  anaérobie (AD) ou la méthanisation et de la pyrolyse ainsi que l'étude des propriétés agronomiques des co-produits (biochar et LD seuls ou en mélange). Ce couplage des deux processus est destiné à couvrir un large spectre de biomasses mobilisables sur le territoire Marocains : facilement biodégradables en méthanisation et plus difficilement biodégradables en pyrolyse. Cette partie est composée de deux étapes : la 1 ère étape a été basée sur l'étude du couplage d'une unité de méthanisation agricole Française réel et la pyrolyse de son digestat solide à l'échelle laboratoire. La pyrolyse du digestat solide (500°C, 1h et 10°C/min) a permis de produire du biochar (37,6 % wt), des bio-huiles (33,7 % wt) et du syngaz(29,3 % wt). La phase organique des bio-huiles et le syngaz présentaient des pouvoirs calorifiques de 28,4 MJ/kg et 12,9 MJ/Nm 3 , respectivement. Par la suite, la synergie du couplage du biochar avec le LD à des fins agronomiques a été étudiée par une expérience de lixiviation de nutriments et des essais de phytotoxicité/croissance sur le blé. Les expériences de lixiviation utilisant la combinaison de LD (170 kg N/ha) et de biochar (50 et 100 tons/ha) ont démontré que l'ajout de biochar a augmenté la lixiviation cumulative de tous les nutriments, à l'exception du nitrate, qui a montré une diminution significative de 82 % et 91 %, respectivement, par rapport au sol traité uniquement avec du LD. L'effet de la co-application de biochar et de LD sur la germination et la croissance des plants de blé a démontré que l'application de biochar à 50 tonnes/ha n'avait pas d'impact négatif sur la germination relative et améliorait la production aérienne de biomasse sèche (jusqu'à 27,5 %) par rapport à un sol traité uniquement avec du LD.Ensuite, la 2 ème étape a été consacrée à l'étude complète en laboratoire du couplage de méthanisation (en réacteur semi-continue de co-digestion de déchets de Quinoa (Faerme expérimental UM6P de Ben guérir) et boues de STEP (France)) et la pyrolyse du digestat solide obtenu. Le procédé de digestion anaérobie a montré une bonne stabilité du processus sans inhibition majeure remarquée. La production de méthane expérimentale a atteint les 100% de la valeur de production calculée par les tests de potentiels méthanogènes. Les résultats de rendements de production de pyrolyse sur le digestat solide ont été de 40.4 wt% pour le biochar, 35.7 wt% pour les bio-huiles et 28.8 wt% pour le syngaz. Le pouvoir calorifique supérieur de la fraction organique de bio-huile était de 33.9 MJ kg -1 , alors que le pouvoir calorifique inferieur du syngaz était de 11.8 MJ/Nm 3 . Le couplage du LD (170 kg N/ ha) avec le biochar (25 tonnes/ha) a amélioré la croissance des plants de tomates jusqu'à 25 % par rapport à l'application du LD seul. Enfin, la co-application de biochar avec du LD a augmenté de manière significative la volatilisation de l'ammoniaque de 64 % par rapport à l'application du LD seule, mais n'a pas eu d'impact sur la minéralisation du C et du N.Perspectives (deuxième partie)Une étude énergétique sur le couplage de la méthanisation et du procédé de pyrolyse sur le digestat solide est en cours en collaboration avec le LCA de Toulouse et INRAE. Une étude ACV (analyse du cycle de vie) est en cours également et les résultats de cette partie seront valorisés sous la forme d'une publication scientifique en partenariat avec l'UM6P, INRAE, LCA et APESA. Au terme de ces travaux, il serait intéressant de : • Confirmer les résultats des tests agronomiques (tests de croissance/phytotoxicité) obtenus à l'échelle du laboratoire (phytotron), par des tests en grandeur réelle en utilisant des micro-parcelles et en travaillant sur des cultures et des sols représentatifs du Territoire Marocain. • Il serait pertinent d'étendre l'étude du couplage biochar/LD à d'autres tests d'écotoxicité à la fois sur des organismes terrestres (type vers de terres) mais aussi aquatique (algues, lentilles d'eau, daphnie...).

  Renforcer les activités microbiennes et favoriser la décomposition de la matière organique, ✓ Réduire les émissions d'ammoniac (NH3) et de gaz à effet de serre (GES), ✓ Améliorer la qualité du compost en augmentant le total des nutriments disponibles, en améliorant la maturité et en diminuant la phytotoxicité, ✓ Améliorer les plantes en croissance et le rendement des cultures (Agegnehu

ANNEX 1 :

 1 Fig. A1 (a) photos of tomato plants at the harvesting day, (b) leaf number per plant for different conditions: soil; soil + liquid digestate (Soil + LD); soil + industrial fertilizers using a mixture of DAP and ammonium nitrate to reach an application of 170 kg N/ha of mineral nitrogen and 26 kg P/ha of phosphorus (soil + IF); soil + liquid digestate+ biochar (25 tons / ha) (Soil + LD + B25); soil + liquid digestate + biochar (50 tons / ha) (Soil + LD + B50); soil + biochar(25 tons / ha) (soil + B25) and soil + biochar(50 tons / ha) (soil + B50), and, (c) correlation curve of the leaf number with the aerial dry biomass of each condition.

Fig.

  Fig. A2 chlorophyll A, chlorophyll B and carotenoids contained in tomato plants under the following conditions: soil, soil + IF (industrial fertilizer), soil + LD (liquid digestate), soil + LD + B25 (liquid digestate + biochar (25 tons / ha), soil + LD + B50 (liquid digestate + biochar 50 tons / ha), soil + B25 (biochar at 25 tons / ha) and soil + B25 (biochar at 50 tons / ha).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table . 1

 . Potentiel de déchets et résidus organiques et son équivalent énergétique au Maroc rapporté de Mohamed elamin, (2015).

	Type de déchets	Potentiel théorique (tonnes/an)	Potentiel disponible (tonnes/an)	Potentiel disponible (*tep)
		Déchets d'élevage	68633884	34753844	1793298.3
	Agriculture	Résidus agricoles	18082589	-	-
		Total	86716473	34753844	1793298,3
	Déchets de	Industrie laitière	400000	8000	412.8
	l'industrie agro-	Industrie oléicole	505800	493155	25446
	alimentaire	Abattoirs	3810633	3810633	196632.8
		Total	4716433	4311788	221495
		FFOM	3658854	2137382	110289
	Déchets urbains	Boues de STEP	435600	14782	762.7
		Total	4272054	2152164	111051.7
	Total	95704960		41217796	3896536.8

  les protocoles pour l'activation des biochars par différents procédés mécaniques chimiques, les protocoles utilisés pour les tests agronomiques pour évaluer l'effet du couplage du biochar et du digestat liquide sur la croissance des plantes, la rétention des nutriments, la minéralisation (carbone et de l'azote) et la volatilisation de l'ammoniaque (NH3). Une brève description des différentes techniques instrumentales utilisées pour caractériser, et analyser les différentes biomasses, et produits utilisés dans les travaux de la thèse.

	Le chapitre III est focalisé sur l'étude d'optimisation des conditions de production de biochar
	activé à partir de biomasses lignocellulosiques et l'étude d'adsorption du colorant bleu
	méthylène. Nous avons présenté les résultats des études cinétiques, d'isothermes et
	thermodynamiques. Une corrélation entre la capacité d'adsorption maximale des biochars testés
	et leurs propriétés physico-chimiques est aussi présentée.

Le chapitre I présente une étude bibliographique portée sur la description des procédés de pyrolyse et de méthanisation et leurs sous-produits. Les différentes complémentarités et synergies positives entre les deux procédés sont également présentées et discutées. Les avantages agronomiques de l'utilisation de biochar et digestat liquide sont détaillés. Ce chapitre termine par une conclusion générale et des perspectives de ces travaux de thèses. Le chapitre II présente un descriptif des protocoles et méthodes utilisés lors des expérimentations menées dans le cadre de cette thèse. Cette partie comprend le détail des protocoles utilisés pour la pyrolyse et la méthanisation (de l'échelle laboratoire à l'échelle pilote), Le chapitre IV est divisé en deux parties : la première partie est consacrée à l'étude du couplage de la méthanisation et de la pyrolyse du digestat solide récupéré sur une unité de méthanisation agricole Française. Les rendements et les valeurs calorifiques des sous-produits du procédé de pyrolyse sont déterminés et présentés. Enfin, une étude agronomique visant à déterminer l'effet du couplage du biochar et du digestat liquide (unité de méthanisation) via la réalisation de tests de lixiviation des nutriments, de phytotoxicité et de croissance de plantes (blé) est présentée. La deuxième partie de ce chapitre est consacré aux résultats obtenus sur le couplage méthanisation/pyrolyse mené à l'échelle pilote laboratoire sur des résidus du Territoire Marocains. Les résultats du couplage sont présentés en termes de rendements et déterminations des valeurs calorifiques des différents sous-produits à la fois pour la méthanisation et la pyrolyse. Une caractérisation physico-chimique fine des différents coproduits a été menée. Enfin, les résultats de l'étude agronomique de la co-application du biochar produit et du digestat liquide sont présentés, avec un focus sur l'effet de cette co-application sur la minéralisation du carbone et de l'azote, la volatilisation d'ammoniaque (NH3), la phytotoxicité et la croissante des plantes (tomates). Enfin, une conclusion générale met en lumière les résultats les plus importants et présente des perspectives visant à développer des pistes de R&D prometteuses pour le futur en particulier en Afrique.

Table . 2

 . Lignocellulosic compound yield (wt.%) and biochar yield of some species of forestry and agricultural biomass.

	Biomass type	Feedstock	Cellulose (wt %)	Hemicelluloses (wt %)	Lignin (wt %)	Biochar (wt %)	Ref.
	Forestry crops and waste biomass	Softwood (spruce wood) Hardwood shavings	35-40 45-50	20-25 21-25	27-30 20-25	32.4 12.7	(Kan et al., 2016)
		Rice straw	32.0	35.7	22.3	~22	(Wannap eera et
	Agricultural crops						al., 2007)
	and waste biomass	Corncob	50.5	31.0	15.0	~10	(Wannap eera et

Table . 3

 . Overview of different types of pretreatment adapted from[START_REF] Elalami | Pretreatment and co-digestion of wastewater sludge for biogas production: Recent research advances and trends[END_REF].

	Pretreatment	Advantages	Increase in biogas production	Energy demand	Drawbacks
	Mechanical: grinding	Simple	+	Electrical	High energy demand
	Pulsed fields Low retention time	+ +	Electrical	-
	Microwave	Low retention time	+ +	Electrical	High energy demand
					Risk of
	Thermal	Sanitation, viscosity reduction	+ + +	Heat	recalcitrant compounds
					formation
					Chemical
	Chemical	Simple process	+	Chemical productions	contamination of digestate Risk of inhibitor
					formation
					Chemical
	Thermo chemical	Lower energy demand than thermal alone	+ + +	Chemical production + heat	contamination of digestate Risk of inhibitor
					formation
					High costs
	Combined	Lower energy demand than physical alone	+ + +	Electricity + chemical production	Chemical contamination of digestate Risk of inhibitor
					formation
	Biological	Low energy demand	+ +	Heat	High exposure time
		a. Physical pretreatments		
	With physical pretreatment, there are no additional compounds such as chemicals, enzymes, or

Table . 5

 . (the following) 

	AD substrate	AD process conditions	Biochar feedstock/ carbonaceous material	Pyrolysis conditions/ Activation	Biochar Dose	Cumulative/ yield CH4-control	Cumulative /yield CH4-biochar	Improvement rate %	Ref.
	Cow slurry	Mesophilic batch under 35°C Semi continuous digesters under	Powder charcoal (Darco G60)	--	0.4 g g -1 fresh matter	--	--	+ 17.4 + 34.7	(Kumar et al., 1987)
		35°C							
	Swine sludge and wastewater	Glass serum bottles under 30°C	Pine wood	Pyrolysis 980 °C	2.2 g g -1 VS (granular loading) 9.6 g g -1 VS (powder loading)	--	--	+12 ± 6.1 -57 ± 3	(Cheng et al., 2018)
				Pyrolysis 600 °C	0.09 g g -1 dry matter		121.2 Lkg -1 VS	+ 127.4	
	Dewatered sewage sludge	Mesophilic batch wet AD under 35 °C	Corn straw	RT of 120 min HR of 25 K min -1 /Soaking in KMnO2 MR of biochar:	0.20 g g -1 dry matter	~53.3 3 L kg -1 VS	~37.0 a L kg -1 VS	-30.6	(J. Li et al., 2018)
				KMnO2=10:1					
	Chicken manure	Mesophilic batch wet AD under 35°C	Fruitwood biochar	Pyrolysis 550°C RT of 2h	5 g g -1 dry matter	174 L kg -1 VS	294 L kg -1 VS	+43.1	(Pan et al., 2019a)
	Citrus peel	-	coconut shell, wood and rice husk	-	1 g g -1 3 g g -1	165.9 mL CH4 g -1 VS	178.2 mL CH4 g -1 VS 186.8 mL CH4 g -1 VS	+ 12.3 + 20.9	(Fagbohungbe et al., 2017)
		Psychrophilic serum bottles under 20°C		Pyrolysis	10 g L -1	-	368.2 mL CH4 g -1 VS	+ 26.5	
	Dairy manure	Mesophilic serum bottles under 35°C	Dairy manure	350 °C RT of 3 h	10 g L -1	-	474.6 mL CH4 g -1 VS	+24.9	(Jang et al., 2018)
		Thermophilic serum bottles under 55°C		HR of 10°C min -1	10 g L -1	-	431.3 mL CH4 g -1 VS	+24.7	
		Mesophilic batch		Pyrolysis	10 g L -1	220.1± 7.7 L kg -	401.8 ± 7.7 L kg -1 VS	+82.6	
	Beer lees	dry AD under 35°C Thermophilic batch	Cow manure	500°C RT of 4 h	14 g L -1 10 g L -1	1 VS 310.4 ± 9.2 L	358.1±4.2 L•kg-1 VS 456.8 ± 7.7 L kg -1 VS	+62.7 +47.2	(Sun et al., 2018)
		dry AD under 55°C		HR of 100 °Ch -1	14 g L -1	kg -1 VS	416.9±8.9 L•kg -1 VS	+34.3	
	Aqueous	Bach wet two-phase							
	carbohydrates	anaerobic digestion		Pyrolysis					
	food waste	(H2 and CH4	Pine sawdust	650°C	8.3 g L -1				
	stimulated from	production) under		RT of 20 min					
	white bread	35°C							

  also demonstrated positive effect of coupling biochar (2 kg m -2 ) with different DG

	Hardly biodegradable substrates (e.g. wood, forestry & agricultural residues, solid digestate, etc.)	BIOCHAR Pyrolysis (PY)	Easily biodegradable substrates (e.g. agricultural
					residues, crop
					biomasses,
		Liquid digestate	and/or	Solid digestate	effluents, etc.)
					Aboveground biomass
			CO 2 NH 3	Grain yield
		Carbon sequestration	Root biomass and
		Nutrient uptake		functioning
	Soil	Contaminant uptake	Soil organic carbon
	Groundwater	Nutrient leaching Inorganic and organic contaminant leaching

  investigated the effect of biochar@DG amendments and compared it with NPK fertilizer on photosynthesis rate, growth parameters, water use efficiency and yield of the Chinese Melon (Cucumis melo L.) under saline and no saline water irrigation. This study found the combination of biochar with DG to be more productive and protective fertilization approach specifically under saline

irrigation conditions compared to mineral NPK fertilizer. Furthermore, under saline water treatment, the biochar with DG increased the plant height about 36, 22 and 54% under vegetative growth compared to biochar, DG and control; respectively. It is evident that biochar could not be considered as nutrient-supplying biological source, but its potential in crop fertilization have been demonstrated in combination with mineral fertilizers or other types of organo-fertilizers such as compost

[START_REF] Sánchez-Monedero | Biochar reduces volatile organic compounds generated during chicken manure composting[END_REF][START_REF] Somerville | Biochar and compost equally improve urban soil physical and biological properties and tree growth, with no added benefit in combination[END_REF] 

  comprising 8% of global GHG emissions (as CO2 equivalent) in 2004, and N2O have 298 times the global warming potential of CO2 over a 100-year period (Denman, K.L., Brasseur, G., Chidthaisong, A., Ciais, P., Cox, P.M., Dickinson, 2007; Smith P, Martino D, Cai Z, Gwary D, Janzen H, Kumar P, et al. Agriculture. In: Metz B, Davidson OR, Bosch PR, Dave R, Meyer

	LA, 2007). The agricultural sector is one of the major contributing and the production of N2O
	in soil is due to nitrification and denitrification processes (Smith P, Martino D, Cai Z, Gwary
	D, Janzen H, Kumar P, et al. Agriculture. In: Metz B, Davidson OR, Bosch PR, Dave R, Meyer
	LA, 2007). Martin et al. (2015) have investigated the greenhouses gases nitrous oxide (N2O)
	fluxes from soil amended simultaneously with DG and biochar from wood pyrolysis at 450°C
	at different concentrations (0%, 1% and 3% w/w soil). In their experiment, three DG from AD

of different feedstocks; (i) cattle dung and potato waste, (ii) cattle slurry and maize silage and

  as follows:

	𝐋𝐇𝐕(𝐌𝐉 /𝐍𝐦 𝟑 ) = [𝟑𝟎 × 𝐯 𝐯% 𝐂𝐎 ⁄	+ 𝟐𝟓. 𝟕 × 𝐯 𝐯% 𝐇 𝟐 ⁄	+ 𝟖𝟓. 𝟒 × 𝐯 𝐯% 𝐂𝐇 𝟒 ⁄	+ 𝟏𝟓𝟏. 𝟑 ×
	𝐯 𝐯% (𝐂 𝟐 ⁄	𝐇 𝟒 + 𝐂 𝟐 𝐇 𝟔 )] × 𝟎. 𝟒𝟐]	(𝟓)
	𝐇𝐇𝐕 (𝐌𝐉/𝐤𝐠) = 𝟑. 𝟓𝟓 × 𝐂 𝟐 -𝟐𝟑𝟐 × 𝐂 -𝟐𝟐𝟑𝟎 × 𝐇 + 𝟓𝟏. 𝟐 × (𝐂 × 𝐇) + 𝟏𝟑𝟏 × 𝐍 + 𝟐𝟎, 𝟔𝟎𝟎 /
	𝟏𝟎𝟎𝟎			(𝟔)

Table . 8

 . These findings are almost in accordance with the results reported by[START_REF] Francavilla | Cascade approach of red macroalgae Gracilaria gracilis sustainable valorization by extraction of phycobiliproteins and pyrolysis of residue[END_REF] with Gracilaria gracilis red macroalgae residue (Table. 8). Indeed, this residue contained 31.7 wt% of carbon, 5.2 wt% of hydrogen, 4.0 wt% of nitrogen, 1.6 wt% of sulfur, and 36 wt% of oxygen. However, the moisture (1.32 wt %) and ash (20.0 wt %) contents differed significantly from those of the AGresidue used in this study. Proximate, ultimate and fibers composition of algae residues (AG) and its equivalent reported in literature.

	1. Algae residue (AG) characterization
	1.1.	Elemental, biochemical, and proximate analysis
	Gelidium sesquipedale algae residue (AG) was used for biochar production. This biomass
	contained approximately 40.4 wt% of carbon, 6.0 wt% of hydrogen, 5.1 wt % of nitrogen, 0.9
	wt % of sulfur, and 38.5 wt % of oxygen. The AG also contained approximately 17.4 wt % of
	cellulose, 4.3 wt % of hemicelluloses, and 17.0 wt % of lignin. Furthermore, the residue
	contained 5.4 wt % of moisture, 65.8 wt % of volatile matter, 18.7 wt % of fixed carbon, and
	9.1 wt % of ash. Parameter	Algae residue (AG)	Gracilaria gracilis (Francavilla et al., 2014)
	Ultimate analysis	
	C (wt %)		40,4 ± 0.1	31.7
	H (wt %)		6.0 ± 0.2	5.2
	N (wt %)		5.1 ± 0.1	4.0
	S (wt %)		0.9 ± 0.0	1.6
	O a (wt %)		38.5 ± 0.1	37.8
	H/C		0.1	-
	O/C		1	-
	Fibers and proteins composition	
	Cellulose (wt %)	17.4 ± 5.1	-
	Hemicelluloses (wt %)	4.3 ± 2.8	-
	Lignin (wt %)		17.0 ± 4.7	-
	Proteins b (wt %)		31.9 ± 0.5	25
	Proximate analysis	
	Moisture (wt %)		5.4 ± 0.3	1.32
	Volatile matter (wt %)	65.8 ± 2.1	-
	Fixed carbon (wt %)	18.7 ± 0.9	-
	Ash (wt %)		9.1 ± 0.1	20.0

a O%=100%-C%-H%-N%-S%-Ash% b Proteins (%) = 6.25 × N %

Table 8

 8 

Table 11 ,

 11  exhibited the highest values of SBET and zeta potential.

Table . 11

 . Pyrolysis, adsorption conditions/results and surface properties of selected biochars and activated biochars for methylene blue (MeB) adsorption compared to other adsorbents from literature.

	Feedstock/ Adsorbent	Pyrolytic Conditions	SBET (m 2 /g)	Zeta potential (mV)	MeB (mg/L)	Biochar/ Activated biochar dose (g/L)	Removal Efficiency %	Kinetic model (linear)
	Algae residue/BCAG	500 °C (15 min)	1.3	22.8±0.9	50	40 (at room temperature)	42.3	-
	Algae residue/ BCAG-NaOH (2.5 wt%)	500 °C (15 min)	3.3	34.1±2.2	50	10 (at room temperature)	90.6	PSO
	Algae residue /BCAG-NaOH (5 wt%)	500°C (15 min)	2.9	41.5±5.5	50	40 (at room temperature)	91.2	-
	Algae residue /BCAG-KOH (5 wt%)	500 °C (15 min)	1.9	30.5±5.6	50	40 (at room temperature)	91.5	-
	Commercial activated charcoal (AC)	500 °C (15 min)	947.2	20.6±1.4	50	40 (at room temperature)	96.8	-
	Palm bark/biochar (Sun et al., 2013)	400 °C (30min)	2.5	-	5	8 (at 40 °C)	89.8	PSO
	Eucalyptus/biochar (Sun et al., 2013)	400 °C (30min)	10.4	-	5	8 (at 40 °C)	78.3	PSO
	Anaerobic digestion residues /biochar (Sun et al., 2013)	400 °C (30min)	7.6	-	5	8 (at 40 °C)	96.4	PSO
	Bagasse/CNT-modified biochar (1 %)* (Inyang et al., 2014)	600 °C (2h)	390	-	20	2	64	PSO
	Kenaf fiber/Activated							
	biochar-HCl (3 M)	1,000 °C	346.6	-	50	0.5	95	PSO
	(Mahmoud et al., 2012)							
	Eucalyptus sawdust/							
	activated biochar-citric acid (0.9M)	800 °C (fast pyrolysis)	0.69	-	15	0.5 (at 30 °C)	95.3	PSO
	(Lei et al., 2015)							

*CNT-modified biochar (1%): hybrid multi-walled carbon nanotube (CNT)-coated biochars synthesized by dip-coating biomass in carboxyl-functionalized CNT solutions (1 wt%).

Table . 12

 . Linear PFO and PSO parameters for MeB adsorption at different BCAG-NaOH (2.5 wt%) doses.

	Kinetic parameters	10 g.L -1	20 g.L -1	40 g.L -1
		Pseudo-first order (PFO)	
	qethe (mg. g -1 )	4.37	1.67	0.34
	K1 (min -1 )	0.05	0.06	0.08
	R²	0.94	0.88	0.82
		Pseudo-second order (FSO)	
	qethe(mg. g -1 )	5.07	2.49	1.73
	K2 (g.mg -1 .min -1 )	0.01	0.08	0.58
	R²	0.98	0.99	1

Table 14 .

 14 Here carbon content varied from 50.7 wt % for BCAG-NaOH and BCAG-BM to 72.1 wt % for BCOP and represents the most abundant element

				Gracilaria gracilis	Olive pomace
	Parameter	AG	OP	(Francavilla et al.,	(Windeatt et al.,
				2014)	2014)
	Ultimate analysis				
	C (wt %)	40,4 ± 0.1	50.9 ± 0.2	31.7	49.2
	H (wt %)	6.0 ± 0.2	7.1 ± 0.2	5.2	6.8
	N (wt %)	5.1 ± 0.1	0.9 ± 0.1	4.0	2
	S (wt %)	0.9 ± 0.0	0.1 ± 0.0	1.6	0
	O a (wt %)	38.5 ± 0.1	35.8 ± 0.3	37.8	45.8
	H/C	0.1	0.1	-	-
	O/C	1	0.7	-	-
	Fibers and proteins composition			
	Cellulose (wt %)	17.4 ± 5.1	6.8 ± 0.4	-	34
	Hemicelluloses (wt %)	4.3 ± 2.8	10.3 ± 0.0	-	15
	Lignin (wt %)	17.0 ± 4.7	36.2 ± 2.2	-	20
	Proteins b (wt %)	31.9 ± 0.5	5.8 ± 0.7	25	12.5
	Proximate analysis				
	Moisture (wt %)	5.4 ± 0.3	2.0 ± 0.1	9.13	5.7
	Volatile matter (wt %)	65.8 ± 2.1	75.7 ± 1.6	-	80.5
	Fixed carbon (wt %)	18.7 ± 0.9	18.2 ± 1.4	-	19.5
	Ash (wt %)	9.1 ± 0.1	5.2 ± 0.1	20.0	4.5

1 wt %) has led to promote biochar-forming reactions in account of decomposition reactions. Ultimate and

Table 15 .

 15 As shown in the Fig. 39c, the plots of the MeB adsorption capacities

						Algae residue biochars	Olive pomaces biochars
	Kinetic parameters	BCAG	BCAG-NaOH	BCAG-BM	BCOP	BCOP-NaOH	BCOP-BM
		qe	exp (mg/g)	1.223	1.987	2.490	1.646	0.955	3.265
		qe	cal	(mg/g)	1.162	1.961	2.430	1.491	0.955	3.120
	PFO	K 1 (1/min) R 2	0.018 0.78	0.015 0.94	0.018 0.89	0.018 0.58	0.039 0.98	0.023 0.80
		Δq (%)	2.24	0.59	1.08	4.21	0.02	1.99
		qe	cal	(mg/g)	1.286	2.152	2.580	1.757	1.056	3.246
	PSO	K 2 (g/mg min)) R 2	0.025 0.77	0.015 0.63	0.016 0.84	0.018 0.70	0.025 0.53	0.028 0.97
		Δq (%)	2.32	3.71	1.62	3.03	4.73	0.26
		Kd (mg/g min 1/2 )	0.012	0.022	0.024	0.022	0.004	0.014
	ID	C			0.814	1.456	1.914	1.112	0.867	2.870
		R 2			0.732	0.796	0.722	0.765	0.655	0.828

PFO: pseudo-first order, PSO: pseudo-second order, ID: intraparticle diffusion, BCAG: biochar from AG, BCOP: biochar from raw OP, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCOP-NaOH: biochar from OP activated by sodium hydroxide, BCAG-BM: biochar from AG activated by ball milling, and BCOP-BM: biochar from OP activated by ball milling.

Table . 16

 . Adsorption isotherm and thermodynamic parameters of MeB adsorption for the various biochars investigated.

		Langmuir parameters		Freundlich parameters			Thermodynamic parameters ΔG 0 (kJ /mol)
	Adsorbent	Q0 (mg/g)	KL (L/mg)	R 2	MPSD	KF (mg 1-bF L bF g -1 )	bF	R 2	MPSD	ΔH 0 (kJ/mol)	ΔS 0 (J/K mol)	T=298 K	T=313 K	T=333 K
	BCAG	4.06	0.03	0.82 6.84	1.33	0.16 0.80 1,28	20.2	102.5	-9.4	-13.9	-13.0
	BCAG-NaOH 13.09	0.03	0.87 10.79	2,40	0.29 0.86 12,33	-4.6	23.6	-12.4	-10.5	-13.2
	BCAG-BM	9.12	0.04	0.79 5.47	3.08	0.17 0.84 3,39	-13.0	2.3	-13.9	-13.5	-13.9
	BCOP	2.97	0.18	0.63 0.71	1.90	0.08 0.80 0,45	4.7	51.7	-10.9	-10.9	-12.7
	BCOP-NaOH	2.62	0.25	0.64 6.65	1.11	0.16 0.38 11,26	27.3	118.4	-7.5	-10.6	-13.7
	BCOP-BM	31.81	0.004 0.98 50.01	3.15	0.24 0.66 1,56	1.4	40.2	-9.6	-12.1	-11.0

BCAG: biochar from algae residue (AG), BCOP: biochar from olive pomace (OP), BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCOP-NaOH: biochar from OP activated by sodium hydroxide, BCAG-BM: biochar from AG activated by ball milling, and BCOP-BM: biochar from OP activated by ball milling.

Table . 17

 . Comparison of proprieties and adsorption performances of different adsorbents in the literature with the results of this study.

	Feedstock/ Adsorbent	Pyrolytic conditions	Properties	MeB Concent. (mg/L)	Removal efficiency %	Qmax (mg/g)	Isotherm model	Kinetic model	Ref.
			SBET= 1.1						
	Algae residue /BCAG	500°C 15 min	m 2 /g Zeta= -	50	97,8	4.06	Langmuir	PFO	This work
			22.8 mV						
			SBET= 0.9						
	Olive pomace/ BCOP	500°C 15 min	m 2 /g Zeta=-39.8	50	98,8	2.97	Langmuir	PSO	This work
			mV						
	NaOH (2.5 wt%)-		SBET=3.3						
	impregnated algae residue/BCAG-	500°C 15 min	m 2 /g Zeta=-34.2	50	96.8	13.09	Langmuir	PFO	This work
	NaOH		mV						
	BCOP-BM	500°C 15 min	SBET= 3.8 Zeta=-59.7 mV	50	97.9	31.81	Langmuir	PSO	This work
	Encalyptus /Biohar Palm bark /Biochar	400°C 30min 400°C 30min	SBET= 10.4 m 2 /g SBET=2.5 m 2 /g	5 5	78.3 89.3	2.1 2.7	Langmuir Langmuir	PSO PSO	(Sun et al., 2013)
	Municipal sewage sludge + tea waste/ Biochar	300°C 2h	-	100	90	12,6	Langmuir	PSO	(Fan et al., 2016)
	Bagasse/CNT-modified Biochar (1%) 1	600°c 2h	SBET= 390 m 2 /g Zeta=-44.6 mV	20	64	5,5	Langmuir	PSO	(Inyang et al., 2014)
	Sugarcane bagasse/ Ball milling modified Biochar (300 rpm, 1h)	450°c 1,5h	SBET= 331 m 2 /g	50	100	354	Langmuir	PSO	(Lyu et al., 2018a)
	Peanut shells								
	residues/ Sodium humate modified Biochar (PS-HS-	600 °C	SBET= 280.5 m 2 /g	1-200	-	16.2	Redlich-Peterson Elovish	(Dou
	biochar)								and
	White clover/								Jiang,
	Sodium humate modified Biochar (WC-HS-biochar)	600 °C	SBET= 37.28 m 2 /g	1-200	-	11.0	Redlich-Peterson Elovish	2019b)
	1 CNT-modified biochar (1%): hybrid multi-walled carbon nanotube (CNT)-coated biochars synthesized by dip-coating biomass
	in carboxyl-functionalized CNT solutions (1 wt%).						
	BCAG: biochar from algae residue, BCOP: biochar from raw OP, BCAG-NaOH: biochar from AG activated by sodium
	hydroxide, and BCOP-BM: biochar from OP activated by ball milling.				

anaerobic digestion and pyrolysis processes for maximizing energy recovery and soil preservation according to the circular economy concept."

  

	Saida Tayibi, Florian Monlau, Frederic Marias, Guillaume Cazaudehore, Nour-Elhouda Fayoud,
	Abdallah Oukarroum, Youssef Zeroual, and Abdellatif Barakat (published at Journal of environmental
	management)
	2. "

1. "Coupling

Industrial symbiosis of anaerobic digestion and pyrolysis for maximizing energy recovery and studying the effect of combining biochar and liquid digestate for agricultural purposes."

  Saida Tayibi, Florian Monlau, Frederic Marias, Nicolas Thevenin, Raquel Jimenez, Abdallah Oukarroum, Youssef Zeroual and Abdellatif Barakat (published at Science of Total Environment) 

  . L'effet du biochar sur la volatilisation de l'ammoniac a également montré un effet neutre. En effet, dans une étude récentede Plaimart et al., (2021) utilisant un biochar de coques de noix de coco (378°C pendant 70 min) avec du digestat (CSTR alimenté avec du lait/fumier de porc), les résultats ont montré que le biochar n'avait aucun effet sur la volatilisation de l'ammoniaque mais qu'il réduisait la nitrification dans les sols en ralentissant la nitrification. L'azote nitrique lessivé était significativement plus élevé dans le système sol + digestat à 120 ± 24% de la quantité d'azote initialement présente, contre 40 ± 10% dans le système sol + digestat + biochar[START_REF] Plaimart | Coconut husk biochar amendment enhances nutrient retention by suppressing nitrification in agricultural soil following anaerobic digestate application[END_REF].Dans ce chapitre VI, deux scénarios ont été testés et les résultats sont présentés en deux parties.

	La première partie est consacrée à l'étude du couplage de la méthanisation et de la pyrolyse
	du digestat solide récupéré sur une unité de méthanisation agricole Française. Les rendements
	et les valeurs calorifiques des sous-produits du procédé de pyrolyse sont déterminés et
	présentés. Enfin, une étude agronomique visant à déterminer l'effet du couplage du biochar et
	du LD (provenant de l'unité de méthanisation) via une étude de lixiviation des nutriments, de
	phytotoxicité et de croissance de plantes (blé) est présentée. La deuxième partie de ce chapitre
	est consacrée à présenter les résultats sur le couplage méthanisation/pyrolyse mené à l'échelle
	pilote laboratoire sur des résidus du Territoire Marocains. Les résultats du couplage sont
	présentés en termes de rendements et déterminations des valeurs calorifiques des différents
	sous-produits à la fois pour la méthanisation et la pyrolyse. Une caractérisation physico-
	chimique fine des différents co-produits a été menée. Enfin, les résultats de l'étude agronomique
	de la co-application du biochar produit et du LD sont présentés, en se concentrant sur l'effet de
	cette co-application sur la minéralisation du carbone et d'azote, la volatilisation d'ammoniaque
	(NH3), la phytotoxicité et la croissante des plantes (tomates).

Table . 19

 . Properties of organic phase of bio-oil at 500°C.

	Parameters	Values
	C (wt%)	64.5 ± 0.8
	H (wt%)	6.7 ± 0.2
	N (wt%)	6.5 ± 1.7
	O a (wt%)	21.4 ± 2.7
	Density (kg/L)	1.12
	HHV b (MJ/kg)	28.4
	The high heating value (HHV) of organic phase of bio-oil (Table 19) was estimated as 28.4
	MJ/kg. These values are in the same range as those reported by Monlau et al. (2015b) after
	carrying out pyrolysis at 500°C of solid digestate from an agricultural biogas plant with an HHV
	of 23.5 MJ/kg. Similarly, Neumann et al. (2015) reported pyrolysis at 750°C of digestate from
	an agricultural biogas plant, resulting in a bio-oil with a slightly higher HHV of 33.9 MJ/kg.

a Defined by difference b High heating value

Table . 20

 . GC-MS analysis results of the organic phase of bio-oil.

	Peak number	Compound name	Chemical formula	Retention time (min)	Peak area%
			C6H6O2		
	1	2-acetylfuran		2.81	3.62
	2	4-hydroxy-butanoic acid			

Table 20 .

 20 the following

	Peak number	Compound name	Chemical formula	Retention time (min)	Peak area%
			C8H10O		
	13	3-ethyl-phenol		5.53	3.03
			C8H10O2		
	14	2-methoxy-4-methylphenol (cresol)		5.78	2.04
			C9H12O2		
	15	4-ethyl-2-methoxy-phenol		6.90	1.67
			C8H10O3		
	16	2,6-dimethoxy-phenol		7.90	9.74
			C10H14O3		
	17	5-tert-butylpyrogallol		10.02	1.31
			C11H16O2		
	18	4-butyl-guaiacol		10.12	1.56

  respective biochar(3.0 vs. 2.6 wt%). Trace metal content (i.e., Pb, Cd, Cu, Ni, Hg, Zn, Cr, As) was also analyzed in the biochar. All the values obtained were lower than threshold level recommended by the IBI and EBC as shown in Table

	compared to its		
	Chemical shift (ppm)	Type of protons	Area (%)
	0.5-1.5	o CH3  or further from aromatic ring and paraffinic CH3 o CH3, CH2 and CH β to aromatic ring	15.9
	1.5-3.0	o CH2 and CH attached to naphthenic o CH3, CH2 and CH  to aromatic ring or acetylenic	37.5
	3.0-4.0	o Hydroxyls, ring-joining methylene, methyl or methoxy	9.1
	4.0-6.0	o Phenolic (OH), non-conjugated olefin proton	14.2
	6.0-9.5	o Aromatics, conjugated olefins proton	23.4
		1 wt%), Ca (4.1 versus 2.3 wt%), Fe (0.3 versus 0.3 wt%), Mg

(1.2 versus 0.7 wt%) and Na (0.6 versus 0.2 wt%) elemental contents compared to solid digestate. On the contrary, the solid digestate presented a slightly elevated K elemental content

  Table 18 also shows the volatile matter (VM) and fixed carbon (FC) of produced biochar. The VS of biochar was lower than those of solid digestate and estimated to 23.4%. The FC of biochar was 43.2 wt% compared to only 13w t% in solid digestate. The amounts of FC obtained from biochar in this study corresponded to the results of a previous study, where biochar was produced from pyrolyzed food waste digestate (Opatokun

Table . 22

 . Main chemical composition of subtracts introduced in the anaerobic lab-scale CSTR digester.

	Parameter (units)	Quinoa residue	Wastewater sludge
	TS (wt% FM)	90.1 ± 0.1	18.7±0.1
	VS (wt% TS)	88.9 ± 0.3	79.6±2.2
	C (wt%)	43.3 ± 0.2	41.2 ± 0.2
	H (wt%)	6.0 ± 0.1	6.2 ± 0.2
	N (wt%)	0.2 ± 0.0	7.0 ± 0.2
	S (wt%)	0.1 ± 0.0	0.6 ± 0.0
	O a (wt%)	40.5 ± 0.3	41.2 ± 0.5
	Cellulose (wt%)	24.6 ± 0.4	-
	Hemicelluloses (wt%)	14.1 ± 0.5	-
	Klason lignin (wt%)	7.0 ± 0.3	-
	Ash (wt%)	10.0 ± 0.2	3.8 ± 0.4
	First of all, biochemical methane potential tests were carried out and a value of 236 ± 2 NL
	CH4/ kg VS was determined for wastewater sludge and 237 ± 2 NL CH4/ kg VS for Quinoa
	residues Fig. 54.		

a O%= 100%-C%-H%-N%-S%-Ash% FM: fraiche matter, TS: total solid, and VS: volatile solid

Table . 23

 . Comparison of literature data that have investigated the pyrolysis process on anaerobic solid digestate.

						31,1				
	Solid digestate from	350			38	(46 % organic,	13.5	1.92	24.9	
	Digestate origin laboratory anaerobic digester treating cacao wastes Solid digestate from industrial agricultural biogas plant Solid digestate from laboratory anaerobic digester treating cacao wastes and cow manures	Temp. (°C) 500 350 500	Pyrolysis condition Heating rate (°C/min) Residence time (min) 10 -10 60 10 -	Pyrolysis products yield Biochar (%TS) Bio-oil (%TS) Syngas (%TS) 54% aqueous) 24,7 30 (36 % organic, 15 64% aqueous) 38 34 (42.8% organic, 57.2% aqueous) 29 36 53 11 21 33 (18 % organic, 22 82% aqueous) 23 83% aqueous) 28 (17 % organic, 21	Energy (MJ / Nm 3 ) Syngas Organic Bio-2.35 29.7 oil (MJ / kg) 12.9 28.4 9.5 -1.43 32 5.3 30.3	Ref. (Ghysels et al., (Tayibi et al., 2021b) 2020)
	Solid digestate from industrial agricultural biogas plant Composted solid digestate from industrial agricultural	600	20	30 15	33 49	58 (55% organic, 45% aqueous) 17	9 34	15.7 12	18,1 (including 23.5 organic and aqueous	(Monlau et al., 2015b) (Troy et al., 2013)
	biogas plant				34	56	10	15.5	-phases)	
	Anaerobically Solid digestate from									
	digestated food waste laboratory anaerobic					36				
	in a dried pellet form collected from a commercial food wastewater sludges quinoa residues and digester treating	500	10 10	240 60	42.5 40	52.2 76.9% aqueous) (23.1 % organic,	5.3 24	11.8	13.5 33.9	al., 2015) (Opatokun et This study
	waste-to-energy									
	treatment plant									
	Solid digestate from				50	30	18			
	laboratory anaerobic digester treating		5	20	47 42	29 23	21 32	-	-	(Wei et al., 2018)
	sargassum wastes				39	19	37			
					36	37	27			
					33	35	32			
	Solid digestate from industrial agricultural biogas plant		6.25	25	33 31	33 28 27	34 41			(Neumann et al., 2015)
					29	(22 % organic,	44	13,1	33,9	
						78% aqueous)				

  reported biochar yields from 25 to 61%wt after pyrolysis at temperatures ranging from 300 °C to 700 °C of solid digestate from anaerobic digestion of food wastes. Similarly,[START_REF] Neumann | Production and characterization of a new quality pyrolysis oil, char and syngas from digestate -Introducing the thermo-catalytic reforming process[END_REF] reported a

	the EBC (Table	
	Parameter (units)	Organic phase of bio-oil
	C (wt %)	70.6 ± 0.9
	H (wt %)	8.1 ± 0.7
	N (wt %)	5.6± 0.5
	O (wt %)	0.8 ± 0.1
	HHV (MJ/kg)	33.9
	Density (kg/L)	1.1

day -1 ), and + 32 (OLR of 6.25 g VS L -1 day -1 )(Pan et al., 

2019b) 

a O%=100%-C%-H%-N%-S%-Ash% b Proteins (wt%) = 6.25 × N (wt%)

kg N /ha) on maize yielded better results (e.g., yields and plant nutrition) compared to

a O%= 100%-C%-H%-N%-S%-Ash%

This thesis project is part of the ATLASS project (http://atlass-project.com/home/) financed by OCP group (Morocco) and INRAE (France). The work presented in the thesis was conducted at two different institutions. Chapters III was done at INRAE-UMR IATE (Agropolymer Engineering and Emerging Technologies) while the work of Chapter IV was done at both INRAE-UMR IATE and APESA (Association pour l'Environnement et la Sécurité en Aquitaine).
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Chapter II. Materials and methods

an economic point of view such biochar is the most relevant regarding the efficiency to remove MeB compared to AC as well as its surface characterizations were the best among the selected ones.

Fig. 29.

Adsorption experiments of MeB using all the produced biochars (raw and activated) compared to commercial activated charcoal (AC) at conditions: adsorbent dose 40g/L, contact time of 10 min, MeB: 5 mg/L. AC: commercial activated charcoal, BCAG: biochar from raw algae residue (AG), BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCAG-NaOH: biochar from AG activated by sodium hydroxide, BCAG-KOH: biochar from AG activated by potassium hydroxide, BCAG-H3PO4: biochar from AG activated by phosphoric acid, and BCAG-CH4ON2: biochar from AG activated by urea. The 2.5 wt% and 5 wt% refer to the concentration of catalysts per 100 g of residue.

The effect of the contact time on the MeB adsorption by BCAG-NaOH (2.5 wt%) at different concentrations (10, 20, and 40 g/L) is presented in Fig. 30. The results clearly show that the MeB adsorption rate was dependent on the biochar concentration. Thus, the MeB adsorption rate increased as the biochar concentration increased. In parallel, the rate of MeB removal increased as the biochar concentration increased. This can be explained by the accessibility and the availability of adsorption sites, which increased with an increase in the adsorbent concentration [START_REF] Fayoud | Kinetic, isotherm and thermodynamic studies of the adsorption of methylene blue dye onto agro-based cellulosic materials[END_REF]. At the stationary phase (> 100 min), the MeB removal efficiencies were 92.6%, 96.1%, and 97.3% at BCAG-NaOH (2.5 wt%) concentrations of 10, 20, and 40 g/L, respectively. For 40 g/L of BCAG -NaOH (2.5 wt%), the MeB was almost completely removed from the synthetic medium (94.4%) after 15 min. This Part 2 represents a continuous study of Part 1, and aimed to compared optimized chemical activation (using 2.5 wt% of NaOH) with proposed mechanical activated using ball milling to produce activated biochar from algae residue (AG) and olive pomace (OP), as we previously reported, the objective was to produce activated biochar in a single pyrolysis step using small volume of water and energy unlike the conventional method which required many steps, which again generate a certain amount of effluent and energy consumption: agitation, soaking followed by filtration, washing and a thermal activation step which generally requires high temperatures (Fig. 25), for example 875 °C and 675 °C reported by [START_REF] Dehkhoda | A novel method to tailor the porous structure of KOH-activated biochar and its application in capacitive deionization and energy storage[END_REF].

Comparison between chemical and biochemical compositions of algae residue (AG) and olive pomace (OP).

The comparison between the results of ultimate, proximate and fibers analysis of algae residue (AG) and olive pomace (OP) are presented in Table 13. The results showed that AG has low carbon content compared to OP (40.4 wt % versus 50.9 wt %). AG has also 1.1 wt % and 2.4

wt % lower hydrogen and oxygen contents, respectively, than OP. However, AG's nitrogen and sulfur contents were higher by 4.2 wt% and 0.8 wt % respectively compared to OP. The proximate analysis revealed that OP has high volatile matter (75.7 wt%) and low ash content (5.2 wt%) compared to AG, whereas fixed carbon was almost similar for both residues. Such values are in agreement with previous studies as listed in Table 13 [START_REF] Francavilla | Cascade approach of red macroalgae Gracilaria gracilis sustainable valorization by extraction of phycobiliproteins and pyrolysis of residue[END_REF][START_REF] Windeatt | Characteristics of biochars from crop residues: Potential for carbon sequestration and soil amendment[END_REF]. The hemicelluloses and lignin contents of OP were 6 wt % and 19.2 wt% higher than for AG, respectively, whereas cellulose content was 10.6 wt% lower. The experimental results regarding pyrolysis product yields distribution were as follows: 37.6 ± 1.8 wt% of biochar, 33.7 ± 1.9 wt% of bio-oil and 29.3 ± 2.5 wt% of syngas (Fig. 44). In comparison, Wei et al. (2018) biochar yield of 36%wt after pyrolysis at 500 °C of solid anaerobic digestate. The produced biochar was characterized, and their main physicochemical properties are reported in Table 25.

The carbon content of the biochar was 47.2 wt%, indicating that it is a class 2 biochar according to the IBI and that it is considered a bio carbon mineral (BCM) and not a biochar according to 

Material and method

During the plant harvest, 0.5 g of fresh tomato leaves were collected from different modalities and homogenized in a mortar with 10 mL of methanol (99.8% Sigma Aldrich®). The mixture was centrifuged at 8000 rpm for 15 minutes at room temperature. Then, 0. Were chlorophylls A, B and carotenoids were expressed in (µg/g TS).

Results and discussions

The photosynthesis parameters: chlorophyll A, chlorophyll B and carotenoids were evaluated, and the results are presented in Fig. A2 Higher levels of foliar chlorophyll A were observed in plants treated with industrial fertilizer (soil + IF), followed by soil + LD + B25, then plants from the soil alone (soil only) with values of 1113± 121.4 µg/g TS, 1046± 2.3 µg/g TS, and 1036± 80.04 µg/g TS, respectively. Whereas the higher levels of foliar chlorophyll B were observed in plants treated with industrial fertilizer (soil + IF), followed by plants from soil alone, then plants from soil + LD + B25 with values of 313± 23.6 µg/g TS, 292± 30.1 µg/g TS and 290± 4.5 µg/g TS respectively.

Contributions in publications