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Résumé Du Rapport En Français

L'eau est une ressource naturelle renouvelable impliquée dans de nombreux aspects de la vie humaine. Des majeurs problèmes auxquels l'humanité est confrontée au XXIe siècle sont liés à la détérioration de l'eau par divers polluants provenant de diverses sources. Celles-ci peuvent être industrielles, provenir de l'agriculture intensive, du transport, des déchets domestiques, des produits de santé, des déchets urbains, de la pollution aérienne soluble dans l'eau, etc. Au cours des dernières décennies, une attention croissante a été portée à la présence d'un large groupe de polluants organiques présents dans les effluents provenant de diverses sources à des gammes de concentrations de l'ordre du ng L -1 et μg L -1 . Cette nouvelle classe de polluants est appelée micropolluants (MPs). Ces substances incluent notamment les composés pharmaceutiques, les produits de soins cosmétiques, et les produits chimiques industriels et hospitaliers. La grande majorité de ces composés est considérée comme dangereuses mêmes lorsque ces composés sont présents à l'état de traces: cancérogènes, perturbateur endocriniens, etc. Les procédés de traitement dans les stations d'épuration (STEP) ne permettent pas d'éliminer toute la pollution présente dans les effluents et de nombreux micropolluants demeurent présents dans les eaux en sortie des stations. En outre, le rejet de ces polluants pose également des problèmes pour le fonctionnement de l'écosystème.

Il devient donc nécessaire de développer des procédés de façon à éliminer, à un coût acceptable, les traces de mélanges micropolluants les plus indésirables tout en préservant l'écosystème. Il s'agit notamment de l'adsorption, de la technologie des membranes, des processus d'oxydation avancés Ce travail de thèse est donc divisé en deux grandes parties (Figure 1):

1) Dans un premier temps, il a été nécessaire de déterminer les constantes de vitesse cinétique d'élimination dans le processus de boues activées. Dans ce contexte, l'étude à l'échelle du laboratoire a été appliquée à des réacteurs discontinus en séquençage (SBR). Pour cela, le changement de concentration des MPs lors du traitement biologique a été suivi en phase aqueuse.

L'élimination des MPs a été évaluée par la détermination des constantes de vitesse cinétique selon la forme la plus populaire du modèle cinétique, à savoir le modèle apparent du premier ordre.

2) Dans une deuxième partie, nous avons développé un programme numérique comprenant une cinétique réelle déterminée à EBI-KIT pour la simulation de l'élimination des MPs en testant l'effet des conditions de fonctionnement telles que le mélange et les configurations hydrodynamiques du réacteur biologique. Dans une étape intermédiaire une étude approfondie de la cinétique liée aux résultats expérimentaux a été effectuée au LRGP-CNRS. Un nouveau modèle cinétique d'élimination des MPs effectué à diverses concentrations de biomasse a été élaboré. Par la suite, l'objectif était de simuler un réacteur de traitement biologique continu typique couplé à différentes cinétiques d'élimination des MPs et ainsi de tester la nouvelle cinétique afin de prédire l'effet de la conception du réacteur et de proposer une meilleure configuration du réacteur pour améliorer l'élimination des MPs.

Figure 1. Résumé des étapes de la thèse.

Ce travail se situe donc à la rencontre de la cinétique chimique, la génie des procédés, le traitement de l'eau, et la simulation numérique ceci dans le cadre d'une collaboration internationale entre la France, l'Allemagne et le Liban. Ceci constitue une des originalités de ce travail de thèse.

La première partie de ce travail a pour objectif d'estimer si l'élimination des MPs dans les boues activées peut être attribuée à la manipulation de la SRT et de la HRT, et donc liée aux paramètres du processus de traitement. D'autres expériences ont été effectuées dans des SBR à l'échelle du laboratoire variant en concentration de solides en suspension totaux (CTSS) pour étudier le rôle de la concentration de biomasse dans l'élimination des MPs et l'applicabilité de l'approche cinétique du pseudo-premier ordre pour la description des phénomènes d'élimination. Sept contaminants émergents couvrent un large spectre de biodégradabilité, allant de composés hautement biodégradables à des composés assez persistants. Ainsi, la caffeine (CAF), le sulfamethoxazole (SMX), le benzotriazole (BZT), la roxithromycine (ROX), l'érythromycine (ERY), le diclofenac Etude par simulation comprenant les phases suivantes: remplissage, réaction (phase aérobie), décantation de la biomasse et enfin tirage du surnageant clarifié. Les SBR ne différaient que par le SRT et le taux de charge organique de l'influent comme le montre le Tableau 1. Les SBR-3 j et 10 j ont été testés avec trois durées différentes de HRT (4, 8 et 12 h), tandis que le SBR-20 j a été testé uniquement avec un HRT de 4 h. Chaque expérience cinétique des combinaisons SRT et HRT a été dupliquée 3 fois (nombre de répétitions = 3). Plus tard, le SBR-10 j a également été utilisé pour mesurer l'effet de la concentration de biomasse. Les concentrations de TSS suivantes ont été testées -3, 5 et 8 gTSS L -1 et également répétées 3 fois par condition expérimentale. Au début de l'expérience cinétique, les réacteurs inoculés avec des boues activées et alimentés par des eaux synthétiques, ont été dopés directement avec une solution de mélange de MPs de concentration 1 µg L -1 et des échantillons ont été prélevés à des moments fixes pendant la phase d'aération de toutes les configurations testées. La quantification de l'élimination des différents MPs dans la phase aqueuse a été effectuée par analyse LC-MS/MS. Le taux d'élimination des micropolluants est généralement considéré comme directement proportionnel aux concentrations de micropolluants et de biomasse. En conséquence, la réaction doit suivre une cinétique de second ordre (Eq.1). Cependant, cette loi cinétique a été appelée approche de pseudo-premier ordre dans des études récentes car la biomasse n'est pas considérée comme un facteur limitant. Dans la littérature, des fluctuations relativement faibles du CTSS sont souvent supposées et, par conséquent, un effet négligeable également sur le processus de traitement, ce qui conduit à une cinétique apparente de premier ordre (Eq.2). Cette approche est appliquée dans la présente étude. La constante de vitesse d'élimination apparente du premier ordre, exprimée en k'(h -1 ), a été dérivée de l'ajustement de la solution analytique d'Eq. (2) aux données mesurées de chacune des configurations expérimentales et aucune normalisation à la concentration de biomasse n'a été appliquée 𝒓 𝑀𝑃𝑠 = -𝒌 𝑪 𝑻𝑺𝑺 𝑪 𝑀𝑃𝑠

(1)

𝒓 𝑀𝑃𝑠 = -𝒌 ′ 𝑪 𝑀𝑃𝑠 𝒘𝒊𝒕𝒉 𝒌 ′ = 𝒌 𝑪 𝑻𝑺𝑺 (2)
où rMPs est le taux d'élimination (µg L -1 h -1 ), k est la constante du taux d'élimination (L g -1 h -1 ),

CMPs est la concentration de micropolluants dissous au temps t (µg L -1 ), t est le temps (h), CTSS est la concentration totale de biomasse (g L -1 ), k' est la constante de vitesse d'élimination apparente du premier ordre (h -1 ) sans normalisation au CTSS. 0.08 g N g TSS -1 j -1 0.5 g DCO g TSS -1 j -1 0.08 g N g TSS -1 j -1 0.1 g DCO g TSS -1 j -1 0.08 g N g TSS -1 j -1 HRT 4 h, 8 h et 12 h 4 h

Les résultats majeurs de cette étude sont les suivants:

1-Les constantes de vitesse d'élimination ont été affectées par le HRT et le SRT.

L'amélioration du SRT a augmenté l'élimination de tous les MPs à l'exception de la roxithromycine et de l'érythromycine comme le montre la Figure 2. L'application d'un HRT plus élevé a également amélioré leur élimination, comme on pouvait s'y attendre à partir des constantes de vitesse d'élimination mesurées Pour les composés persistants, une très faible efficacité d'élimination dans tous les combinaisons testés (≥ 10%) a été rapportée;

Le HRT a montré un impact mineur et le SRT n'a présenté un léger effet que s'il était très long (par exemple, diclofénac SRT 20 j, 25%). Inversement, une nouvelle augmentation à 8 gTSS L -1 n'a produit qu'un effet modéré inattendu. En supposant une cinétique linéaire, l'évolution de k' en fonction du CTSS devrait donner une droite passant par l'origine avec une pente correspondant à k. Cependant, nos résultats ont mis en évidence que l'augmentation n'est pas linéaire et, par conséquent, k n'est pas constant. La constante apparente k' augmente avec la CTSS mais avec une évolution inférieure à celle qui serait attendue si elle était directement proportionnelle au CTSS (Eq.2). En termes de variation de k' (Δk'), les k 'attendus de tous les MPs sont plus grands que les k' mesurés expérimentalement. Cela signnifie qu'une augmentation de CTSS améliore l'élimination, mais la cinétique n'est pas proportionnelle à CTSS (Figure 3). La deuxième partie de ce travail de thèse a pour objectif de (a) simuler un réacteur de traitement biologique continu typique couplé à différentes cinétiques d'élimination des MPs, (b) prédire l'effet de la conception du réacteur et (c) proposer une meilleure configuration du réacteur pour améliorer l'élimination des MPs.

Les résultats de la première partie ont mis en évidence que la cinétique habituelle, qui considère que le taux est proportionnel à la concentration de biomasse n'est valable que pour des concentrations de biomasse faibles et modérées. Cet effet inattendu nous a poussé à développer une corrélation pour expliquer la dépendance du taux cinétique d'élimination des MPs à la concentration de biomasse élevée à la puissance de 𝑛 inférieure à 1 et d'environ [START_REF]00042%from_Setup_1 The values ranging from μ H to k a (line 1 to 14) are fixed for the ASM1 model either by optimization or default Benchmark value. The values of experimental kinetic constants (kcaffeine, ksulfametoxazole, etc…) depend[END_REF]5 (Eq.3).

𝒓 𝑴𝑷𝒔 = -𝒌 𝑴𝑷𝒔 𝑪 𝑴𝑷𝒔 (𝑪 𝑻𝑺𝑺 ) 𝒏 (3)

La cinétique de la loi de puissance permet une détermination simple des valeurs de vitesse d'élimination intrinsèque kMPs, en se concentrant sur certains phénomènes physiques. En structurant les facteurs influençant les taux d'élimination en paramètres d'advection et de diffusion, l'importance des conditions de mélange, qui sont représentées par l'ordre de la réaction 𝑛 sur la concentration de biomasse a été mise en evidence. Nous avons tracé 𝑛 vs. de 1/MMPs 0,6 (Figure 5). Deux modèles cinétiques ont été considérés, le modèle classique du premier ordre apparent et une cinétique de loi de puissance, afin de (i) vérifier les résultats expérimentaux et (ii) prédire l'effet du mélange local pour une large gamme de concentrations de biomasse sur l'élimination des MPs.

Les évolutions des concentrations entre le début et la fin de la réaction ont été évaluées. Des simulations ont été effectuées à l'aide du logiciel Matlab pour représenter les conditions du système fermé de deux série d'expériences. La première série a été réalisée à différents SRT et HRT mais en maintenant la concentration de biomasse presque constante autour de 3 gTSS L -1 . La deuxième série de simulations a été réalisée à SRT de 10 jours et HRT de 4 heures à différentes concentrations de biomasse de 3, 5 et 8 gTSS L -1 .

Les résultats des simulations avec deux cinétiques différentes d'élimination des MPs dans des systèmes fermés ont montré que le premier ordre apparent correspond bien aux expériences effectuées à divers SRT et HRT avec CTSS autour de 3 gTSS L -1 (Figure 6). Figure 6. Profils simulés et expérimentaux des concentrations de MPs en appliquant l'approche de premier ordre apparent à un exemple de la série 1des SBR opéré à CTSS de 3 g L -1 . Les croix se réfèrent aux données expérimentales et la ligne bleue se réfère aux résultats simulés.

Cependant, la cinétique apparente de premier ordre échoue pour les autres concentrations de biomasse de la série 2 des experiences (Figures 7a,7b). Alternativement, la cinétique de la loi de puissance a été testée et comparée aux profils de concentration expérimentaux. Cette nouvelle cinétique réussit à prédire l'élimination de tous les MPs étudiés à tous les CTSS testés (Figure 8). 1

Motivation and aim of the project

As natural resource, water is a real wealth, precious, fragile and limited, which must be managed sustainably and coherently. The complete water cycle is an essential part of the long-term management of water resources, requiring the protection of surface waters from persistent polluting compounds, the latter being difficult to remove and/or toxic. At the European level, 52

% of water is consumed by industry, 34 % by agriculture and 14 % for domestic use (FAO UN, 2002). It appears that during these various uses, the water becomes often polluted. Its discharge into the natural environment, in the form of more or less polluted effluents, can produce alterations of vital functions (= acute toxicity) of living beings, or even death caused by exposures (over a short period of time) to high doses of a toxic substance. They can also lead to alterations of the physiological functions (growth, reproduction) caused by exposures (in the long term) to low doses of a toxic substance. Over the last decades, increasing attention has been focused on the presence of micropollutants in the aquatic environment and in wastewater treatment plants [START_REF] Bramard | Monitoring micropollutants in French aquatic environments: Recent advances[END_REF]. Micropollutants (MPs) are pollutants that can have an effect on the environment and living beings even at low concentrations. They are often present in the aquatic environment at very low concentrations (range of ng L -1µg L -1 ) compared to other pollutants (mg L -1 ). The sources of micropollutants are of very diversed origin: domestic (pharmaceutical compounds, detergents), industrial (e.g. chemicals used in the products manufacturing or for cleaning), hospital (e.g. pharmaceutical compounds), urban (e.g. polycyclic aromatic hydrocarbon PAHs and metals from road traffic emissions or atmospheric deposition from building heating that in the form of runoffs reach soils or roofs), and agricultural (e.g. pesticides). The micropollutants released by cities and industries reach the WWTP via the segregated or unitary wastewater collection networks. The performance of micropollutant removal by WWTP is not negligible although they are not dimensioned with the aim of treating this type of substance (except recently for Switzerland).

However, some substances are quantified in treated wastewater at significant concentrations (> 100 ng L -1 ) (Miège et al. 2009;[START_REF] Coquery | Mesurer les micropolluants dans les eaux usées brutes et traitées: protocoles et résultats pour l'analyse des concentrations et des Flux[END_REF]. This is attributed to both their ′′high′′ concentrations in the raw inlet wastewater and their weak elimination due to their properties (hydrophobicity, low biodegradibility, etc.). The releases of WWTP thus represent one of the sources of entry of micropollutants into the environment (Stumpf et al. 1999;Heberer 2002) and the presence of these compounds in effluents from sewage treatment plants has been reported in several studies (Hamid and Eskicioglu 2012;Tran and Gin 2017;[START_REF] Blum | Persistence, mobility and bioavailability of Emerging Organic Contaminants discharged from sewage treatment plants[END_REF]. Several treatment methods are considered for the removal of these microcontaminants from wastewater and drinking water as well, often as post-treatment. These include adsorption, membrane technology, advanced oxidation processes (AOPs) including several oxidation methods, and biological treatments (Giannakis et al. 2015;Ribeiro et al. 2019). Biological treatment processes use the metabolic abilities of bacteria, fungi, algae or plants in order to oxidize or reduce organic and inorganic compounds [START_REF] Bhatia | Biological methods for textile dye removal from wastewater: A review[END_REF]Khandare and Govindwar 2015). [START_REF] Castiglioni | Removal of pharmaceuticals in sewage treatment plants in Italy[END_REF]. Therefore, the aerobic biological processes currently employed to treat these pharmaceutically active compounds are unsatisfactory in terms of efficiency. This is due to for instance the transfer of these pollutants to the gas phase, their adsorption and persistence in the solid phases, or an insufficient contact time with biomass. For these reasons, AOPs have been developed in several studies due to the overall high degradation efficiency of these methods (Paździor et al. 2018;Prieto-Rodríguez et al. 2013). Nevertheless, AOPs methods have several drawbacks including high costs, and risk of generation of toxic transformation products, or remaining oxidants (e.g. hydrogen peroxide) which may cause damage to microorganisms (Punzi et al. 2015;Ledakowicz et al. 2001). Matafonova and Batoev (2018) showed recently that practical implementation of AOPs is still limited at lab scale and more estimation of energy requirements are required.

The biological wastewater treatment remains the first solution that has been used for many years. One of the economical solutions suggested in this study is to investigate the effect of operational parameters of biological treatment, often employed in conventional processes, in order to improve the conversion of the biologically persistent pollutants (Majewsky et al. 2011;Falås et al. 2016). The WWTP operating conditions such as hydraulic retention time (HRT) and sludge retention time (SRT) offer a great flexibility of operation to the biological reactors. It is important to note that the influence of these parameters is not already clearly understood (Pomiès et al. 2013).

Membrane bioreactors are generally operated at high sludge ages and at large biomass concentrations represented by the total suspended solids (C TSS ), allowing the intensification of biological processes. The supplementary operating condition of high CTSS can also promote the removal of contaminants with particular characteristics, such as those with low bio-degradability and at low concentration (Sipma et al. 2010;Lejeune and Choubert 2019). Hydrodynamics is another filed to explore; long reactor could help to improve removal rates (Joss et al. 2006;Villermeaux, 1982).

This thesis project aims to evaluate the effect of these parameters on the removal efficiency of some selected micropollutants. This work was undertaken in cooperation between LRGP-CNRS University of Lorraine in Nancy, France and Engler-Bunte-Institut of the Karlsruhe Institute of Technology (EBI-KIT) in Karlsruhe, Germany. Experiments were performed in EBI-KIT in order to determine removal kinetic rate constants, and investigate the effects of SRT, HRT and CTSS. It was followed by a period of time in LRGP-CNRS to work on kinetics modelling and simulation.

At the beginning of the study a group of micropollutants that represent various characteristics was selected. The micropollutants had to meet the following criteria:

-Represent a chemical family encountered in a large number of domestic and hospital effluents as well as in the conventional WWTP effluents.

-Have different properties which lead to their different biodegradability distribution in the reactor.

-Be able to be handled and measured satisfactorily.

Thus, caffeine, sulfamethoxazole, benzotriazole, roxithromycin, erythromycin, diclofenac and carbamazepine were selected as model molecules.

In this context, the laboratory scale study is presented in chapter II. For this, the change of MPs' concentration during biological treatment was monitored in aqueous phase. The removal of MPs was assessed by the determination of kinetic rate constants according to the most popular form of kinetic model, namely the apparent first-order model.

Chapter III is dedicated to an in-depth study of kinetics related to the results of previous chapter.

Chapter IV presents a model including real kinetics determined at EBI-KIT used for the simulation of MPs' removal in the activated sludge process by testing the effect of operating conditions such as mixing and hydrodynamic configurations of biological reactor The first part elaborated on the assessment of European waters by highlighting the surface water state as well as the impact of some pressures including pollution on it.

Then, in a second main part, after a short discussion of the water pollution sources, the occurrence of micropollutants (MPs) in wastewaters, their categories and impacts on the environment, are investigated. Indeed, scientific researchers have tried throughout the two last decades to improve the removal of this pollution and counteract its harmful effects by different means of suitable treatment.

In terms of water treatment to remove organic contaminants, biological treatment is the technique of choice and in particular, the conventional process activated sludge is used the most. The effectiveness of these treatment processes as well as the expensive implementation of new advanced processes for water have attracted considerable attention from professionals to modify existing biological treatment. In addition, an estimation of micropollutants removal efficiency in conventional systems based on their physical-chemical properties was performed. This is continued with the evaluation of the effect of some adapted operational parameters to MPs removal improvement.

In the third main part, we exposed the MPs modelling in WWTPs which has become an integral part of WWTP design and operation. Various mechanisms of removal are described in order to asses and regulate MP emission into the environment. Finally, the hydrodynamic of the biological reactor which affect the MPs removal, were also investigated.

I.1. Introduction

Water is a renewable natural resource involved in many aspects of human life. Many of the major problems that humanity is facing in the twenty-first century are related to water quantity and/or water quality issues (UN, 2009). In terms of quantity, the saline waters of the oceans account for 97.6 % of the hydrosphere, leaving only 2.4 % of freshwater. The 86.3 % of these freshwaters are almost solidly blocked in the polar ice caps, snowfields and glaciers, and 11.7-29.9 % form groundwater (at 1 km depth), with only 0.26-2 % surface water in rivers, lakes, soil moisture, atmospheric moisture and biomass water [START_REF] Hanslmeier | Water in the universe[END_REF][START_REF] Li | Water resources research to support a sustainable China[END_REF]. Globally, rainfall pattern has changed because of rise in temperature as a result of climatic changes. As a result, water demand and availability of freshwater resources are affecting at local, regional and global levels. In addition, increased population growth, resulting urbanization, consequent industrialization, competing demands for water and altered socio-economic conditions have put additional pressure on the water supply.

In terms of quality, EU's water policy aims to ensure a good status in all bodies of surface water and groundwater for both people's needs and environment. In general, good status means that water shows only a slight change under undisturbed conditions. Achieving good status involves meeting certain standards for the ecology, chemistry and quantity of waters. The ecological status is an assessment of the functioning of surface water ecosystems based on biological quality elements such as phytoplankton, fauna and fish and supported by physico-chemical parameters, e.g. Brusseau and Artiola (2019) related that statistics to the influence of chemical pressures on the water systems. The significant pressures on water bodies are from a variety of sources including, industry, food production, health developments, agriculture, transport, waste disposal, household purposes and discharges that are not connected to sewage treatment plants (Amiri et al. 2019;[START_REF] Evans | Agricultural water pollution: key knowledge gaps and research needs[END_REF][START_REF] Schwarzenbach | Sorption I: general introduction and sorption processes involving organic matter[END_REF] . It is a well-known fact that the main objective of a wastewater treatment plant (WWTP) is the reduction of pollutants according to the legal requirements (carbon, nitrogen and phosphorus) and the second is to obtain a good quality of water reuse of treated municipal or industrial water effluents to minimize the disturbances of the discharge of organic/inorganic contaminants in the environment [START_REF] Esplugas | Ozonation and advanced oxidation technologies to remove endocrine disrupting chemicals (EDCs) and pharmaceuticals and personal Care Products (PPCPs) in water effluents[END_REF]. However, many studies showed that the WWTP itself are not efficiently and specifically designed to eliminate such contaminants (EEA, 2018;[START_REF] Laquaz | Ecotoxicity and antibiotic resistance of a mixture of hospital and urban sewage in a wastewater treatment plant[END_REF]. Beside the deep scientific investigations of various water contaminants such as microbial pollutants, heavy metals, nutrients and other pollutants, recent studies reported on the presence of a wide group of contaminants originating from diverse sources including WWTPs [START_REF] Rodriguez-Narvaez | Treatment technologies for emerging contaminants in water: A review[END_REF]) named as micropollutants. Because of their persistence, some organic micropollutants could be toxic and bioaccumulate with potential significant impacts on human health and ecosystems [START_REF] Grandclément | From the conventional biological wastewater treatment to hybrid processes, the evaluation of organic micropollutant removal: A Review[END_REF].

The purpose of this chapter is to present the current state of art concerning the occurrence of several contaminants detected in WWTPs, their possible removal mechanisms and modelling concepts with activated sludge, the effect of the operational parameters on their removal and finally the impact of the reactor configuration in order to improve the removal of such contaminants before discharging into surface water. Micropollutants are bioactive and persistent contaminants that cannot be fully eliminated with traditional wastewater treatment methods and that are not completely biodegradable (Luo et al. 2014). Most of them are enough to disturb natural balance, causing a potential danger towards environment (Al Aukidy et al. 2012;[START_REF] Blair | Pharmaceuticals and Personal Care Products found in the great lakes above concentrations of environmental concern[END_REF]. For some, they are still considered as emerging micropollutants (EMs; Richardson and Kimura 2017) since they are not specifically associated with any regulation to date (Tran and Gin 2017) or in process of regularization. Water is used in three main sectors: agriculture (including animal husbandry), industry and domestic use (Figure I.3). These anthropogenic activities make water contaminated by many compounds (mineral and organic) and in many ways (directly or by transfer from other natural environments) [START_REF] Yu | Optimizing gas chromatographic-mass spectrometric analysis of selected pharmaceuticals and Endocrine-Disrupting Substances in water using factorial experimental design[END_REF] .

In order to improve productivity in agriculture, fertilizers and pesticides are used intensively. Large quantities of agrochemicals, nutrients, organic matter, drug residues, sediments, saline drainage inducing salinization and alkalinization, microplastics and pathogens are discharged into surface water. Industrialized animal breeding also requires the use of veterinary drugs. The water used for irrigation and fish farming, as well as urinary and fecal waste of animal origin, will subsequently run off into surface water [START_REF] Barbosa | Occurrence and removal of organic micropollutants: an overview of the watch list of EU Decision 2015/495[END_REF], or can also pass by direct leaching into ground water which may contaminate the drinking water as well [START_REF] Feng | Removal of residual anti-inflammatory and analgesic pharmaceuticals from aqueous systems by electrochemical advanced oxidation processes. A review[END_REF].

Figure I. 3. Sources and possible pathways of water pollution into the environment (adapted from

Daughton ( 2006)).

In industry, air pollution induced by the release of toxic gases into the atmosphere is easily transferable to surface water through precipitation; it is the well-known phenomenon of "acid rain" that affects fauna and flora in lakes, public health and other enclosed water bodies [START_REF] Gwenzi | Water quality and public health risks associated with roof rainwater harvesting systems for potable supply: review and perspectives[END_REF]. Also, industrial wastewater from landfill leachate from improper disposal of used, improper or expired items find their way into surface water [START_REF] Walker | Surface water pollution[END_REF]. Moreover, the leakage of different micropollutants from industrial waste systems, find their way into surface water and ground water as well. For example, stationery mills, dairy products, textile dyes, drugs, fertilizers and pesticides are viewed with concern.

The domestic use of water to drink, wash, cook, clean and dispose of human waste results in the formation of municipal wastewater. Organic matter in these waters includes food waste, detergents, personal care products, medications and excreted metabolites. The effluents from hospitals that usually come into these same waters are particularly loaded with pharmaceutical substances (Richardson and Postigo 2015;Quesada et al. 2019).

To solve the problem of the limited availability of water, the purification of contaminated water for possible reuse seems to be the only solution. For decades, wastewater treatment plants have been the solution adopted in many developed countries (mainly in Europe and North America).

As can be seen in Figure I.3, even though the WWTPs act as primary barriers against the diffusion of pollutants to the environment, the effluents discharge is one of the pathways for the introduction of micropollutants to the aquatic environment. WWTP. This difference can be attributed to the water consumption (per person and per day), the habits of the population, the metabolism of the population (excretion rate), the size, the efficacy of WWTPs, and the physico-chemical properties of micropollutants [START_REF] Petrovic | Emerging contaminants in waste Waters: Sources and occurrence[END_REF][START_REF] Jelic | Occurrence and elimination of pharmaceuticals during conventional wastewater treatment[END_REF]) (see section I.2.2.3.1 for more details).

At present, standards and valid discharge guidelines limits are not yet being done for most micropollutants (Luo et al. 2014). However, in some countries, few regulations of a small group of micropollutants have been published [START_REF] Barbosa | Occurrence and removal of organic micropollutants: an overview of the watch list of EU Decision 2015/495[END_REF]). In the year 2000, an initial list of 33 priority substances was also identified within the EU Water Framework Directive (WFD) 2000/60/EC to be used as a control measure for the next 20 years (Directive 2000). In 2007, some substances/groups were identified as future emerging priority candidates such as diclofenac, iopamidol, musks and carbamazepine. At the same time, ibuprofen, clofibric acid, triclosan, phthalates and bisphenol were added to the previous list (Fairbairn et al. 2016) van Wijhe, 2002). In modern medicine, caffeine is used as an adjuvant to the analgesic actions of aspirin and paracetamol. Antibiotics can be categorized by their following structures: sulfonamides, fluoroquinolones, nitroimidazoles, penicillins, cephalosporins, tetracyclines and macrolides [START_REF] Jelic | Occurrence and elimination of pharmaceuticals during conventional wastewater treatment[END_REF]. In particular, the release of antibiotics into the environment can cause the appearance of resistant bacterial strains [START_REF] Potier | Effect of antibiotics on biological wastewater treatment processes. Pharmaceutical accumulation in the environment: prevention, control, health effects, and economic impact[END_REF] 2005). In addition, the chemicals that compose personal care products including skin care products, cosmetics, perfumes, preservatives, and UV filters, also number in the thousands. Unlike pharmaceuticals, they are designed for external usage and enter easily the environment without passing through the human body. Due to their intensive use, their presence in the aquatic environment and their potential impacts on wildlife and humans, residues of PhACs pose a significant environmental problem [START_REF] Mutiyar | Fate of pharmaceutical active compounds (PhACs) from river Yamuna, India: an ecotoxicological risk assessment approach[END_REF].

I.2.1.3.2. Impacts of MPs on environment and living beings

In the last few years, the potential impacts of MPs, even at concentrations as low as ng L -1 in different environmental compartments (K'oreje et al. 2018;[START_REF] Huang | Occurrence, removal, and environmental risks of pharmaceuticals in wastewater treatment plants in south China[END_REF][START_REF] Liu | Investigation of pharmaceutically active compounds in an urban receiving water: occurrence, fate and environmental risk assessment[END_REF], have raised a great concern that is currently a major axis of scientific research. [START_REF] Esplugas | Ozonation and advanced oxidation technologies to remove endocrine disrupting chemicals (EDCs) and pharmaceuticals and personal Care Products (PPCPs) in water effluents[END_REF] proved that the effect of these contaminants does not depend only on their concentrations in the environment. It depends also on many other factors such as exposition time, persistence, bioaccumulation and the mechanisms of eliminations and biotransformation. Several studies reported that the simultaneous presence of micropollutants recalcitrant compounds as complex mixtures and their long-term exposition lead to constant but imperceptible effects that can accumulate gradually resulting in irreversible effects on wildlife and human being as well [START_REF] Barbosa | Occurrence and removal of organic micropollutants: an overview of the watch list of EU Decision 2015/495[END_REF]. Toxicological studies have shown that PPCPs might can cause direct toxicity towards the ecosystem associated with a number of negative effects such as effects on the hormonal control of development in aquatic organisms, disruption of endocrine systems [START_REF] Esplugas | Ozonation and advanced oxidation technologies to remove endocrine disrupting chemicals (EDCs) and pharmaceuticals and personal Care Products (PPCPs) in water effluents[END_REF], and antibiotic resistance of microorganisms (Pruden et al. 2006). Moreover, the toxic potency of some residuals that inhibit microbial metabolism completely or partially in the case of antibiotics or antiseptics, can also disrupt the biological treatment process by damaging microorganisms in activated sludge. Concerning human beings, their exposure to EDCs could be through dermal absorption or contaminated media such as water, food, air, and soil (Tijani et al. 2013). The major concern is related to foetuses and newborn babies due to their higher sensitivity [START_REF] Barbosa | Occurrence and removal of organic micropollutants: an overview of the watch list of EU Decision 2015/495[END_REF]. Finally, the relevance of micropollutants to a surface water ecosystem also depends on the sensitivity of the ecosystem and the input of specific compounds or groups of compounds in the system, both in terms of concentration and duration between inputs. This makes the question of micropollutants also a location-specific issue. The removal processes in a conventional wastewater treatment plant start by the pretreatment that eliminates a large part of the suspended solids by grit removal and sand by decantation channel. A following physical primary treatment removes a part of colloidal and suspended solids through primary clarifier. Later on, a secondary treatment is applied that is based on attached or suspended growth systems for removal by biodegradation of easily biodegradable dissolved organics or residual solid. The sludge from both primary and secondary clarifiers after being separated from the water goes through the sludge treatment process. This treatment is based on a common employed technologies as filtration, sedimentation, centrifugation and sometimes on anaerobic digestion, aerobic digestion composting and incineration in order to reduce the amount of organic matter and microorganisms in the sludge prior to biosolids disposal (Das et al. 2017). Tertiary treatment is an optional system in order to remove nutrients but can also include processes to eliminate other pollutants. Finally, the WWTP effluent is discharged into a receiving water body.

Unfortunately, due to the fact that current conventional WWTPs are equipped to remove biodegradable pollution (carbon, nitrogen, phosphorus) and the microorganisms are not efficient to metabolize micropollutants as source of carbon at low concentrations (Daughton and Ternes 1999;Tijani et al. 2013), these compounds persist in the treatment effluents of WWTPs and are released into receiving water systems [START_REF] Esplugas | Ozonation and advanced oxidation technologies to remove endocrine disrupting chemicals (EDCs) and pharmaceuticals and personal Care Products (PPCPs) in water effluents[END_REF]).

I.2.2.2. Biological treatment process in secondary system

The biological treatment of wastewater is essentially based on the activity of bacteria. It has for main objective the removal of the soluble compounds of organic origin to make water acceptable by the natural environment in terms of organic, nitrogen, phosphorus and particulate pollution.

The principle of this treatment is to put in contact a diversified group of microorganisms (bacteria, fungi, protozoa, etc.) with the organic matter to be removed from wastewater. These bacteria consume the pollution for its own development.

I.2.2.2.1. Attached and suspended growth systems

There are mainly two families of biological processes for water treatment wastewater: fixed-film or attached growth processes (biological disks, bacterial bed and rotating biological contactors)

and free culture or suspended growth processes (activated sludge and membrane biological reactors) (Duchene, 2005). Below two fixed cultures and one free culture are characterized in detail:

-Biological disks: the biomass fixed on rotating disks within the mixture to be treated is very sensitive to climatic conditions such as leaching of the biofilm by rain. This system is characterized by low operating costs and high efficiency at low loading charge.

-Bacterial or granular bed: this technique allows the degradation of organic matter by organisms naturally present in wastewater (aerobic and anaerobic bacteria) and microscopic algae. This system is characterized by low operating costs and does not require clarifier.

-Activated sludge system: is the most commonly applied biological wastewater treatment technology. It is called two-phase treatment since biomass and the wastewater in a reactor are in contact. The process is followed by a separation of solids from the purified liquid phase by decantation. Ardern and Lockett (1914) noticed that the presence of oxygen increases the bacterial activity and so, the natural degradation of organic matters. 

Biological reactor.

It contains a mixture of a solid phase (micro-organisms, mineral matter, and debris organic) and a liquid phase containing dissolved matter. The microorganisms transform the organic biodegradable pollutions into inorganic compounds such as CO2, NO3 -, and NO2 -. Two types of organic pollution are generally encountered: macropollution (carbon, nitrogen and phosphorus) in concentration range of several hundreds of mg L -1 , and the micropollution reaching concentrations range of ng L -1 µg L -1 . To eliminate the organic matter, only an aerobic zone is necessary (Figure 1.6a). However, in the case of an influent charged with nitrogen matter, two separates aerobic and anoxic phases have to be applied to eliminate this type pf contaminants. In the majority of cases, an anoxic tank is placed upstream of the aerobic tank for denitrification process. The removal of oxidized nitrogen pollutants is due to the recycling of mixed liquor from the aerobic to the anoxic zone (Figure I.6b).

Secondary clarifier. At the reactor outlet, the mixed liquor composed of flocculated sludge starts to separate from water purified which is ready to be rejected in a natural environment. They are separated within the clarifier which has a phase separation function and a thickening function in order to bring back the most possible concentration of sludge into the biological reactor.

Return sludge. To maintain a constant biomass concentration in the reactor, a portion of the clarifier sludge is recycled to the reactor. Besides recycling rate, an excess sludge should be extracted in order to control the sludge age. 

I.2.2.2.2. Optimization of some parameters to improve the removal performances

In order to estimate micropollutant emissions to receiving waters, the removal performance of WWTPs is usually assessed by the determination of biodegradation rates at lab-scale [START_REF] Vieno | Elimination of pharmaceuticals in sewage treatment plants in Finland[END_REF]Wick et al., 2009). This estimation approach relies essentially on different operating characteristics which are defined below. They will be useful in the following chapters (II and IV).

-The massic loading rate-Cm (kg BDO5 kg TSS -1 d -1 ) is attributed to the loading of sludge in the reactor and corresponds to the relationship between the volumetric charge and the biomass concentration expressed by the Total Suspended Solids concentration (C TSS ) in the reactor of volume V (m 3 ) (Eq. І-1):

𝑪 𝒎 = 𝑸 𝟎 𝑩𝑶𝑫 𝟓 𝑽 𝑪 𝑻𝑺𝑺 (І-1)
The hydraulic retention time (HRT) represents the time required for a drop of liquid to pass through the reactor. This hydraulic characteristic of the reactor is an easily accessible parameter since it can be calculated from flow through and tank volumes using Eq. (І-2).

𝑯𝑹𝑻 = 𝐕 𝑸 (І-2)
where Q is the sum of flow rates through the reactor (inflow, recycling, addition of nutrients, etc.) (m 3 d -1 ).

-The sludge age (SRT)

The sludge age characterizes the mean residence time of the micro-organisms in a reactor. It represents the ratio between the mass of sludge present in the bioreactor and the extraction flow rate of sludge (Henze 2008). It can be estimated using the Eq. (І-3):

𝑺𝑹𝑻 = 𝑪 𝑻𝑺𝑺 𝑽 𝑪 𝑻𝑺𝑺 𝒆𝒇𝒇 𝑸 𝒆𝒇𝒇 +𝑪 𝑻𝑺𝑺 𝒘 𝐐 𝒘 (І-3)
where C TSS is the Total Suspended Solids concentration in the reactor (g TSS L -1 ); C TSSeff is the Total Suspended Solids concentration in the effluent (g TSS L -1 ); Qeff is the effluent flow rate (L d -1 ); C TSSw is the Total Suspended Solids concentration of the withdrawn sludge (g TSS L -1 ) and Qw is the sludge withdrawal (L d -1 ). The variation in removal efficiencies of PPCPs in WWTPs depends on (i) the degradability of the compounds, (ii) the treatment process employed and (iii) notably their physico-chemical properties such as solubility, octanol-water partition coefficient Kow, and Henry's constant [START_REF] Barbosa | Occurrence and removal of organic micropollutants: an overview of the watch list of EU Decision 2015/495[END_REF]Das et al. 2017). Chemical structure and some physico-chemical properties of micropollutants investigated in this work (see chapter II), were compiled in Table I.2.

The most important physico-chemical property that influence the fate of a compound during wastewater treatment is its hydrophilic/hydrophobic character. The hydrophilic compounds can remain in dissolved form in the aqueous phase of the effluent of the treatment plant, while the hydrophobic substances have the tendency to adsorb to bio-solids. Thus, these two types of compounds can reach the environment either via WWTP effluents that will be released into a receiving surface water or with bio-solids that will be discharged into agricultural land. This connection of pharmaceuticals with bio-solids occurs due to the hydrophobic interaction of aliphatic and aromatic group, to lipid molecules of sludge or to cell membrane of microorganisms and due to electrostatic interaction of a positively charged compound to negatively charged microbes and sludge. It means sorption depends on the values of logKow (octanol-water coefficient), Kd (sludge adsorption coefficient) and pKa (acid dissociation constant). Compounds with high logKow > 5 and high molecular weight tend to absorb stronger than the compounds with low logKow < 2.5 (Clara et al. 2004). Sorption of most of the pharmaceutical compounds on sludge is insignificant due to their low Kd values. [START_REF] Joss | Removal of Estrogens in Municipal wastewater treatment under aerobic and anaerobic conditions: consequences for plant optimization[END_REF] reported that compounds with Kd values < 500 L kg TSS L -1 will be removed by < 10% only via sorption and the overall removal can be evaluated by comparing the influent and effluent concentrations with no information about the intermediate steps (Joss et al. 2005). From Table I [START_REF] Azuma | Detection of pharmaceuticals and phytochemicals together with their metabolites in hospital effluents in Japan, and their contribution to sewage treatment plant influents[END_REF][START_REF] Verlicchi | What have we learned from worldwide experiences on the management and treatment of hospital effluent? -An overview and a discussion on perspectives[END_REF]Verlicchi et al. , 2017)). Alygizakis et al (2016) and [START_REF] López-Serna | Occurrence of 95 pharmaceuticals and transformation products in urban groundwaters underlying the metropolis of Barcelona, Spain[END_REF] studied the detection of pharmaceutical compounds together with their metabolites in conventional WWTP and river water receiving its effluent. Ternes (1998) noted that their removal occurs due to a combination of biodegradation and sorption pathways. Verlicchi et al. (2012) showed that conventional activated sludge systems give rise to a wide range of removal efficiencies regarding PPCPs. Among the PPCPs and some of their human metabolites, carbamazepine, ciprofloxacin, sulfamethoxazole and penicillin V are poorly removed from influent, whereas estrone1, ibuprofen and naproxen are well removed (> 90 %) [START_REF] Petrovic | Emerging contaminants in waste Waters: Sources and occurrence[END_REF][START_REF] Blair | Evaluating the degradation, sorption, and negative mass balances of pharmaceuticals and Personal Care Products during wastewater treatment[END_REF]. Carballa et al.

(2004) found that the removal efficiency during the primary treatment of the 8 pharmaceuticals in municipal WWTPs was in the range of 20-50 %. However, their removal efficiency was found to be better in the activated sludge process which was varied from 30 to 70 %. [START_REF] Joss | Removal of Estrogens in Municipal wastewater treatment under aerobic and anaerobic conditions: consequences for plant optimization[END_REF] revealed that the diclofenac removal rate is low and it is in a range of 10 and 50 %. This is attributed to a chlorine atom in their structure, which contribute to its persistence in the effluent of the WWTP. As far as the removal mechanism is concerned, there is still debate about the occurrence of biological degradation and adsorption. The study of [START_REF] Samaras | Fate of selected pharmaceuticals and synthetic endocrine disrupting compounds during wastewater treatment and sludge anaerobic digestion[END_REF] showed that biodegradation was the major removal mechanism for pharmaceutical pollutants in WWTP.

However, [START_REF] Jelic | Occurrence, Partition and Removal of Pharmaceuticals in Sewage Water and Sludge during Wastewater Treatment[END_REF] showed that the removal of 21 pharmaceutical compounds was due to the adsorption of the pharmaceuticals to the sludge. According to some authors, co-metabolic biodegradation could play a major role in the removal mechanism of micropollutants during activated sludge treatment of municipal wastewater, since the micropollutants concentrations could be too low to serve as a direct growth substrate (Xue et al. 2010). In an aerated tank the nitrification takes place and leads to the oxidation of ammonia to nitrates due to the presence of nitrifying microorganisms, which could co-metabolize the micropollutants and, thus, improve their removal from WWTPs [START_REF] Margot | Role of Ammonia-oxidizing bacteria in micropollutant removal from wastewater with aerobic granular sludge[END_REF]. [START_REF] Vieno | Elimination of pharmaceuticals in sewage treatment plants in Finland[END_REF] assumed that the higher concentrations of carbamazepine in effluent are most likely due to enzymatic cleavage of the glucuronic conjugate of carbamazepine and release of the parent compound in the treatment plant. Gobel et al. (2007) reported a negative elimination for erythromycin and roxithromycin resulting from an observed increase of loads from inflow to outflow of the respective treatment step. Since, the presence of conjugated metabolites is unlikely it has been hypothesized that these macrolides can be enclosed in fecal particles and then, be released to the liquid during biological treatment.

I.2.2.3.2.
Conventional activated sludge (CAS) vs. membrane bioreactor treatment (MBR)

Membrane bioreactors have been evaluated in order to improve the efficiencies of removal of many types of trace organic pollutants. MBR technology combines biodegradation by activated sludge followed by a solid-liquid separation using membrane filtration (MF), usually using microfiltration or ultrafiltration. Regarding the removal of micropollutants in WWTPs, no real difference was found between CAS and MBR (Cirja et al. 2008). Although they noted that the removal rates differed from one compound to another. This can probably be attributed to the different physico-chemical properties of each pharmaceutical. [START_REF] Kimura | Removal of pharmaceutical compounds by submerged membrane bioreactors (MBRs)[END_REF] reported that the removal efficiency of ibuprofen and diclofenac were similar when using the both techniques.

On the contrary, most of the studies pointed at higher removals in MBRs due to high SRT and biomass concentration, which contribute greater to biodegradation efficiency than CAS.

Generally, CAS are operated at 1-5 g L -1 of mixed liquor suspended solids (MLSS), while in MBR this concentration is much higher, ranging from 8 to ≥ 25 g L -1 [START_REF] Galil | Membrane bioreactors for final treatment of wastewater[END_REF]. The Table I.3 compares the removal efficiency and removal mechanism of some compounds in CAS and MBR processes. Enhanced xenobiotic removal in MBR could be achieved by the use of supporting medium which facilitate the biofilm growth and improve the micropollutant retention. Smaller flocs (10-100 µm in MBRs against 100-500 µm in CAS systems), higher specific floc surface (ten times higher in MBRs than in CAS system), and the presence of some free-living bacteria in MBRs could enhance mass transfer kinetics, and, thereby, removal efficiencies with this process. [START_REF] Kimura | Removal of pharmaceutical compounds by submerged membrane bioreactors (MBRs)[END_REF] showed that pharmaceuticals with a complex chemical structure, such as ketoprofen and naproxen, were not eliminated in a CAS treatment process, but could be eliminated by MBR. [START_REF] Snyder | Role of membranes and activated carbon in the removal of endocrine disruptors and pharmaceuticals[END_REF] showed that the concentrations of caffeine, sulfamethoxazole, acetaminophen, and carbamazepine, decreased in MBRs with removal efficiencies varying between 99.1 % (sulfamethoxazole) and 99.9 % (acetaminophen). In contrary, [START_REF] Petrovic | Emerging contaminants in waste Waters: Sources and occurrence[END_REF] reported that similar removal of carbamazepine was recorded by both techniques as well as slightly higher removal efficiency of sulfamethoxazole by the MBR technology (80 %) compared to that removal by the CAS (75 %). Another study of Kim et al. (2014), presented in Table I.3, showed the same trend for carbamazepine removal which remained non-degraded by both MBR and CAS by less than 30 %. Furthermore, the study conducted by [START_REF] Behera | Occurrence and removal of antibiotics, hormones and several other pharmaceuticals in wastewater treatment plants of the largest industrial city of Korea[END_REF] represented higher removal of diclofenac by the CAS (50 %) than by the MBR (32 %) as shown in Table I.3. Sipma et al. 2010 Moreover, in the case of highly degradable compounds, an important degradation has been observed with trace concentrations: 40 ng L -1 for caffeine, 1000 ng L -1 for metformin, and 90 ng L -1 for acetaminophen [START_REF] Blair | Evaluating the degradation, sorption, and negative mass balances of pharmaceuticals and Personal Care Products during wastewater treatment[END_REF], whereas, the results using MBRs did not show any significant improvements [START_REF] Hai | Chem In form Abstract: Recalcitrant industrial wastewater treatment by membrane bioreactor (MBR)[END_REF].

I.2.2.3.3. Advanced technologies in wastewater treatment

Despite the possible ecological risk, the spread of antibacterial resistance and the threat to drinking water quality no legal limits have been established for wastewater treatment. The aforementioned removal efficiencies of WWTPs showed that pharmaceuticals are from hardly to well biodegraded, depending on the substance. Hence, upgrading of existing WWTPs and implementing new technologies seem to be an alternative solution for enhanced MPs' removal before they enter the aquatic environment [START_REF] Sudhakaran | Hybridization of natural systems with advanced treatment processes for organic micropollutant removals: new concepts in multi-barrier treatment[END_REF]). These non-conventional technologies are mostly SRT is a key operating parameter for suspended growth systems allowing the selection of a desired microbial population. A critical SRT value for the SRT at 10 °C amounting to approximately 10 days, allows an estimation of outlet concentrations and the nitrification process along biological wastewater treatment systems (Kreuzinger et al. 2004). [START_REF] Polesel | Removal of antibiotics in biological WWTPs-a critical assessment using the activated sludge modelling framework for xenobiotics (ASM-X)[END_REF] reported that the activated sludge systems for COD removal (SRT ≤ 5 d) consist of single-stage aeration, whereas, biological nutrient removal (BNR) requires higher SRTs (≥ 8-10 d) for the growth of nitrifying bacteria.

Additionally, SRT was hypothesized to influence pharmaceuticals removal capacity by suspended and attached biomass. Clara et al. (2005a) proposed a minimum value of 10-15 days and low effluent concentrations can be achieved in WWTPs operated at SRTs higher than 10 days. This trend is particularly true for the biodegradation of hormones, bezafibrate, and ibuprofen. If a WWTP performed with SRT below this critical value, effluent concentrations of micropollutants are expected to be in the range of influent concentrations. High SRT increases metabolic capabilities (e.g., mixed substrate growth) or microbial diversity e.g., enrichment of slowly growing autotrophic bacteria such as nitrifiers. The latest can also excrete enzymes that can possibly decompose some low degradable compounds with aromatic rings (Cirja et al. 2008). A high SRT combined with low organic load (low substrate/biomass ratio) also seems to favor biodegradation of antibiotics (Gobel et al. 2007). [START_REF] Lesjean | Correlation between Membrane Fouling and Soluble/Colloidal Organic Substances in Membrane Bioreactors for Municipal Wastewater Treatment[END_REF] reported an increase removal of pharmaceutical compounds with the longer SRT of 26 days, whereas decreased removal with shorter SRT of 8 days. For a SRT of 15 days, the degradation of ketoprofen (KPF) and clofibric acid (CFA) was about 83 % and 50 %, respectively, whereas, their removal efficiencies achieved 99 % and 82 % for a SRT of 65 days [START_REF] Grandclément | From the conventional biological wastewater treatment to hybrid processes, the evaluation of organic micropollutant removal: A Review[END_REF]). Although, SRT has been reported

as critical for pharmaceutical biodegradation, the effect of SRT for some authors does not become clear since no direct correlations between SRT and removal rates of pharmaceuticals can be found (Zhang et al. 2014). Falås et al. (2016) confirm this idea, observing no systematic relation between the SRT and the rate constants of more than 20 micropollutants with SRTs ranging from 25 to 80 days. Increasing the SRT over 30 days does not seem to improve the removal for most pharmaceuticals [START_REF] Suarez | How are Pharmaceutical and Personal Care Products (PPCPs) removed from urban wastewaters?[END_REF]). An explanation could be that biodegradation of micropollutants is most likely performed in a co-metabolic manner. The low concentrations of micropollutants do not likely support growth for specific microorganisms and, thus, the SRT is relevant for an efficient biodegradation of the primary substrate. On the contrary, several studies showed that the removal by sorption was only important at short SRTs (i.e. 3 days) than at higher SRTs. There are two reasons to expect that sorption in bioreactors with low SRTs will play a more important role than for bioreactors with high SRTs: (i) at low SRT the slow growing specific degraders will be washed out from the reactor system. Consequently, biodegradation is stopped and the concentration level in the bioreactor increases, which leads to an increased sorption and

(ii) a higher mass-flow of wasted biomass will contribute to an increased removal of pollutants in the sorbed phase [START_REF] Jacobsen | Removal of organic micropollutants in laboratory activated sludge reactors under various operating conditions: sorption[END_REF][START_REF] Mannina | The effect of the solids and hydraulic retention time on moving bed membrane bioreactor performance[END_REF].

Besides SRT, a relation between HRT and biodegradation efficiency of pharmaceuticals could be expected as this defines the contact time between the pollutant and the microorganisms. The role of HRT has been highlighted by Joss et al. (2005) and [START_REF] Maurer | Elimination of β-Blockers in sewage treatment plants[END_REF]. Although a longer HRT implies prolonged contact between wastewater and sludge and would be expected to have a positive effect on the removal of micropollutants, this has not been shown in any full-scale test of different types of WWTPs [START_REF] Ejhed | The effect of hydraulic retention time in onsite wastewater treatment and removal of pharmaceuticals, hormones and phenolic utility substances[END_REF]. [START_REF] Vieno | Elimination of pharmaceuticals in sewage treatment plants in Finland[END_REF] also noticed that the relationship between HRT and biodegradation rates was not straightforward for all investigated compounds, sampled in different WWTPs in Finland, with an SRT ranging from 2 to 20 days. They found that a decrease of the HRT diminishes the removal of atenolol. However, the effect was not so evident for sotalol. Contrarily, Weiss and Reemtsma (2008) found no significant effects on removal of some organic contaminants when increasing HRT from 7 to 14 h in MBR systems.

In terms of abiotic factors, [START_REF] Tadkaew | Effect of mixed liquor pH on the removal of trace organic contaminants in a membrane bioreactor[END_REF] reported that the degradation of ionizable pharmaceuticals, such as ibuprofen and sulfamethoxazole, greatly depend on pH. However, the removal of non-ionizable compounds like carbamazepine is independent of pH. Cirja et al. (2008) showed that pH can affect the hydrophobicity and thus the sorption of ionizable compounds. Urase and Kikuta (2005), suggested that at a decrease of pH, lead to a better removal of various acidic pharmaceuticals electrically neutral solutes in the acidic condition. This is attributed to their high hydrophobic properties (high LogKow) that results in higher elimination.

Depending on pH, the acid-base nature of the compound as well as the anionic or cationic forms affect the sorption process. The potential of sorption of acidic compounds (positively charged)

increases for pH values higher than that of their pKa (Jones et al. 2005). Additionally, the basic compounds (negatively charged) pass more easily in octanol for pH values lower than that of their pKa, while the neutral compounds have a partition coefficient independent of the pH value (Figure Regarding the temperature, [START_REF] Joss | Removal of Estrogens in Municipal wastewater treatment under aerobic and anaerobic conditions: consequences for plant optimization[END_REF] reported that it has an effect on biodegradation rates of micropollutants, but no clear effects can be drawn from the literature. Gobel et al. (2007) found no difference in pharmaceutical removal based on defined temperatures, whereas, Vieno et al.

(2005) did find that temperature was responsible for variations in removal.

Beside these operational parameters, the increase of C TSS raised the number of reactive sites available for the sorption phenomenon (Zhao et al. 2008). [START_REF] Lu | Biodegradation of four selected Parabens with aerobic activated sludge and their transesterification product[END_REF] suggested that an increased amount of degradation bacteria is one reason for higher removal efficiencies at higher TSS concentration, i.e MBRs. Aminot et al ( 2018) also showed an overall increase in the biodegradation rate was measured for increasing concentrations of biomass concentrations. This tendency has been attributed to the additional bacteria brought with increasing C TSS and the promoted biochemical processes involved. Regarding kinetics, the pseudo-first order expressions (see section I.3.2.3. for more details) take into account mixed liquor suspended solids (MLSS) and so differentiates between, for example, an activated sludge reactor (high MLSS) and an aerated lagoon (low MLSS). [START_REF] Fernandez-Fontaina | Modelling cometabolic biotransformation of organic micropollutants in nitrifying reactors[END_REF]. It is important to note that the dynamic models were also applied for fate predictions in selected pilot-and full-scale WWTPs, mostly focusing on secondary treatment. Dynamic models developed, e.g., SimpleTreat [START_REF] Struijs | A spreadsheet-based box model to predict the fate of xenobiotics in a municipal wastewater treatment plant[END_REF], WWTREAT (Cowan et al. 1993), Water9 (USEPA 1994) and TOXCHEM [START_REF] Melcer | Modelling volatile organic contaminants' fate in wastewater treatment plants[END_REF] were calibrated to continuous pilotscale monitoring data. These models were often developed as extension of Activated Sludge Models, thus providing a simultaneous description of conventional pollutant and MPs removal processes during wastewater treatment. The ASM1 was well received in order to describe microbial growth/mortality and substrate degradation kinetics. Monod's formulation appears in the mass balance equations of ASM1 which has the advantage of its simplicity and relatively accurate representativeness. The models have grown more complex over the years, from ASM1, including nitrogen removal processes, to ASM2, including biological phosphorus removal processes [START_REF] Gujer | The Activated Sludge Model No[END_REF] and to ASM3 including internal storage compounds, which have an important role in the metabolism of the organisms [START_REF] Gujer | Activated Sludge Model No. 3[END_REF]. Advanced extensions of the ASM3 model to consider nitrification and denitrification phenomena have also been reported (Cruz et al. 2012). However, as many number of wastewater processes rely on low substrate concentrations, a deep understanding of constants, e.g. the affinity constant Ks, is mandatory. [START_REF] Arnaldos | From the affinity constant to the half-saturation index: Understanding conventional modelling concepts in novel wastewater treatment processes[END_REF] showed in his paper that different physical phenomena such as advectional and diffusional transports affect obviously the value of Ks. Additionally, it has been shown that the observed K S for some substrates will reflect transport or biological limitations more than others;

I.3. Modelling of micropollutant removal in biological

but no differentiation of the appropriate model of each substrate was supposed due to the biological complexity of the system.

Related to activated sludge models, ASM-X models were created for xenobiotic organic compounds by Plosz et al. (2010). Also, Joss et al. (2006) showed that the existing biological wastewater treatment processes can remove a broad array of pharmaceuticals to a certain extent [START_REF] Suarez | Removal of Pharmaceutical and Personal Care Products (PPCPs) under nitrifying and denitrifying conditions[END_REF][START_REF] Plosz | Modelling micropollutant fate in wastewater collection and treatment systems: status and challenges[END_REF]. More recently, full-scale dynamic models have been employed in integrated dynamic modelling tools [START_REF] Vezzaro | A model library for dynamic transport and fate of micropollutants in integrated urban wastewater and stormwater systems[END_REF], simulating MPs fate at catchment scale and describing fate and transport in sewer systems, WWTPs and recipients.

Generic WWTP layouts were considered using, e.g., Benchmark Simulation Model No. 1 (e.g., ;Alex et al., 2008). To date, application of integrated models in WWTP catchments has been limited to realistic scenario simulations. The MP fate models currently being developed differ in the number and definition of state variables and processes. Pomiès et al. (2013) showed that the number of different micropollutant models ( 18) is high compared to that of macropollutant models often represented by the ASM. One of the key issues is the question of the ′′optimum complexity′′ of process models, i.e., the simplest model structure that allows solving the problem to be addressed. Although most categories of MPs have been modelled before, ( Lee et al. 1998;[START_REF] Byrns | The fate of xenobiotic organic compounds in wastewater treatment plants[END_REF][START_REF] Chapter Iii Dionisi | Theoretical and experimental analysis of the role of sludge age on the removal of adsorbed micropollutants in activated sludge processes[END_REF] showed that volatile organic carbons, surfactants and priority metals (cadmium, lead and nickel) have been the most studied over the last 30 years. Polycyclic aromatic hydrocarbons (PAH), bisphenol A and some pesticides such as dieldrin, lindane, are referenced in a few models (Lee et al. 1998;[START_REF] Byrns | The fate of xenobiotic organic compounds in wastewater treatment plants[END_REF]Urase and Kikuta 2005;[START_REF] Lindblom | Dynamic experiments with high Bisphenol-A concentrations modelled with an ASM model extended to include a separate XOC degrading microorganism[END_REF]). More recently, models for pharmaceutical and personal care products have appeared in the literature (Urase and Kikuta 2005; Plosz et al. 2012). Fate processes as well as process rates and relevant parameters related to aforementioned models are described in the following sections.

BSM1

I.3.2. Mechanisms of micropollutants fate and modelling concepts

The mechanisms of MPs' removal in a standard WWTP play a role according to the treatment step and the properties of each compound. It started by sorption onto solids and sedimentation during preliminary and primary treatment. However, their removal capacity in these steps is noted to be low [START_REF] Zorita | Occurrence and removal of pharmaceuticals in a municipal sewage treatment system in the south of Sweden[END_REF]). The overall removal of MPs can be attributed to the photolysis, hydrolysis, volatilization to air phase, sorption on (i) suspended particulates, (ii) secondary sludge and (iii) on activated carbon (post-treatment), and biological transformation called biodegradation in secondary treatment. et al. 2013;[START_REF] Plosz | Modelling micropollutant fate in wastewater collection and treatment systems: status and challenges[END_REF]Pomiès et al. 2013).

The sorption and biodegradation processes reflect the transfers and reactions that take place in the dissolved phase and the particulate phase. Das et al. (2017) showed that the efficiency of the conventional methods in the removal of micropollutants (PPCPs assessed in this PhD thesis) do not distinguish between sorption and biodegradation. In the following, most important mechanisms and their process rates are described in details in the biological reactor.

• Modelling fate concepts

I.3.2.1. Volatilization
This process depends essentially on the one and only physico-chemical property of the micropollutant, namely the Henry's law constant, and on the operating conditions of the process (i.e. temperature, aeration, atmospheric pressure and mixing). It characterizes the transfer from dissolved to gaseous phase. Most of micropollutants such as PAHs and pesticides are characterized by a very low Henry's constant (< 10 -5 atm-m 3 mol -1 ) (Lee et al. 1998). [START_REF] Byrns | The fate of xenobiotic organic compounds in wastewater treatment plants[END_REF] reported that their volatilization at ′′the surface′′ of the biological reactor is often not taken into account (Table I.2). The volatilization may also be due to the effect of aeration, this phenomenon is called 'stripping'. However, and according to the authors, these two phenomena are included under the term of volatilization. It can be a relevant process for some MPs in treatment coupled with high aeration rate (e.g., membrane bioreactors). Therefore, Pomiès et al. (2013) modelled this phenomenon with Eq. (І-4) between the atmosphere and the wastewater surface at equilibrium.

(𝒓 𝑴𝑷𝒔 ) 𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒗𝒐𝒍𝒂𝒕𝒊𝒍𝒊𝒛𝒂𝒕𝒊𝒐𝒏 = -𝒌 𝑳 𝒂 𝑪 𝑴𝑷𝒔 (𝒕) ⨯ 𝑯 ′ 𝑯 ′ +( 𝒌 𝑳 𝒌 𝑮 ⁄ ) 𝒔𝒖𝒓𝒇 (І-4)
where r MPs is the removal rate (M L -3 T -1 ), H′ is the Henry's law constant (m 3 of wastewater/m 3 of air); C MPs is the dissolved micropollutant concentration (M L -3 ); a is the specific interface surface area (L -1 ); k L is the liquid side transfer mass coefficient (L T -1 ) and k G is the gas side transfer mass coefficient (L T -1 ).

I.3.2.2. Sorption of lipophilic compounds onto suspended sludge

Adsorption is the attachment of a molecule to the surface of a solid phase while absorption is the entry of a molecule into a bulk (here the liquid phase). In the case of activated sludge, mainly the lipophilic compounds that undergo these two phenomena once they are in contact with the solid phase in suspension. In the secondary sludge, micropollutants can be adsorbed (i) by electrostatic interactions that occur between the positively charged groups in the MPs and the negatively charged microorganisms or (ii) due to the hydrophobic interactions between the aliphatic and aromatic groups of the micropollutants with the lipophilic cell membrane of the microorganisms.

Since in this context it is difficult to study adsorption and absorption separately, we speak of a phenomenon of MP "sorption" and it is quantified by the partitioning or sorption coefficient onto CTSS (g L -1 ), as total suspended solids concentration. It can be characterized by assuming an equilibrium state between the concentrations of the dissolved micropollutant, C MPs (µg-ng L -1 ), and the solid phase, XMPs (µg-ng L -1 ) and denoted as Kd as follows:

𝐊 𝐝 = 𝐗 𝐌𝐏𝐬 𝐂 𝐓𝐒𝐒 𝐂 𝐌𝐏𝐬 (І-5)
Equilibrium partitioning can also be characterized with the ratio k Sor /k Des , where k Sor and k Des are the sorption and desorption rate coefficients, respectively (Joss et al. 2006). In this case, Ternes and Joss (2006) showed that sorption and desorption can be assumed to be in close equilibrium if the sorption substance mass flux is about 10 times higher than the biodegradation flux.

Subsequently, many studies showed that can also sorb to dissolved and colloidal matter (DCM) [START_REF] Barret | Micropollutant and sludge characterization for modelling sorption equilibria[END_REF]Clouzot et al. 2013;Plosz et al. 2013, Figure I.8). However, water quality analysis often consists of filtration through a 0.45 μm porous membrane to separate suspended solids from colloidal and soluble matter (APHA 2012). Therefore, the influence of colloids on sorption is not differentiated in most published cases.

In fact, since K d parameter is a physico-chemical property of a micropollutant, a unique K d value should be assumed for each micropollutant. However, the values of K d for the same molecule can be very different according to the impact of type of sludge, ionic interactions and pH. Indeed, (Pomiès et al. 2013) reported that the other interactions than hydrophobic ones (represented by logKow) play an important role in sorption mechanisms, such as electrostatic interactions, cationic exchanges, cationic bridges. Several MPs, such as most of the PPCPs found in municipal wastewater, are ionic substances, i.e., anionic, cationic or zwitterionic; therefore, their partitioning behavior is affected by pH and ionic interactions (Plosz et al. 2012). One way to account for the impact of pH on partitioning behavior is to use different K d values estimated under typical pH conditions prevailing in aerobic and anoxic reactors. K d values of some micropollutants in activated sludge published in the literature are gathered in Table I It appears that a large variability in values of K d is noticed especially for some pharmaceuticals such as erythromycin, ibuprofen, naproxen, sulfamethoxazole, diclofenac and carbamazepine.

According to [START_REF] Joss | Removal of Estrogens in Municipal wastewater treatment under aerobic and anaerobic conditions: consequences for plant optimization[END_REF], their removal by sorption is insignificant since their K d values were less than 0.5 L kgSS -1 . Note also that, higher K d values up to 1000 L kgSS -1 were recorded in other studies (Xue et al. 2010;Urase and Kikuta 2005;Fernandez-Fontaina et al. 2012). On the contrary, the high K d values for Loratidine, tetracycline (Sipma et al. 2010) reflect that these compounds tend to be strongly sorbed while being hardly biodegradable. We cannot speak about a ′′real′′ depollution. It means that the micropollutant has just been transferred from the water to the sludge which must then undergo a suitable posterior treatment. However, fluoroquinolone antibiotics, although their highly hydrophilic properties, are mostly removed from the aqueous phase by sorption to sludge probably through electrostatic interactions (Gobel et al. 2007;[START_REF] Vieno | Elimination of pharmaceuticals in sewage treatment plants in Finland[END_REF]).

I.3.2.3. Biodegradation/biotransformation

In addition to previously described physical elimination pathways, the fundamental biochemical phenomenon of biotransformation/biodegradation of many pharmaceuticals contribute significantly to the removal of micropollutants at the end of a secondary treatment [START_REF] Halling-Sørensen | Occurrence, fate and effects of pharmaceutical substances in the environment-A Review[END_REF]. The term biotransformation is applied if some end products are still organic whereas, a complete biodegradation term is used if the end products are all minerals.

Biodegradation is the breakdown of complex, toxic chemical compounds into simpler, less toxic products by the action of the enzymes secreted by the microorganisms (Tiwari et al. 2017). The first discrepancy depends on the discrimination whether (i) growth substrate supports MPs biotransformation as a result of cometabolism; or (ii) strongly limiting substrate availability is beneficial for MPs biotransformation. Various studies show that organic micropollutants are most often degraded by cometabolism in WWTPs, but for some compounds it may exist microorganisms capable of degrading them directly (Pomiès et al. 2013). The presence of growth substrates can affect, i.e. improve or competitively inhibit the cometabolic MP substrate oxidation process (Polosel et al. 2016, Figure I.8). Traditionally, cometabolic biotransformation kinetics is modelled using various approaches (Chang and Alvarez-Cohen 1995) which may often become complex models since large number of kinetic parameters could complicate the modelling effort.

The cometabolic model was assessed in activated sludge WWTP for selected antibiotics (occurring in the < 10 μg L -1 range) and hydrophobic MP removal present at low concentration [START_REF] Plosz | Modelling micropollutant fate in wastewater collection and treatment systems: status and challenges[END_REF]. Some MP models consider biotransformation in both dissolved and sorbed fraction simultaneously (Lee et al. 1998;[START_REF] Byrns | The fate of xenobiotic organic compounds in wastewater treatment plants[END_REF][START_REF] Peev | Modelling the degradation of low concentration pollutants in membrane bioreactors[END_REF]). However, Pomiès et al. (2013) showed that highest number of models (8 of 18 models) considered that only the micropollutant in the dissolved compartment is biodegraded (Figure I.8). Delgadillo-Mirquez et al. (2011) showed that the aqueous fraction can include both the freely dissolved fraction of MPs and the fraction sorbed onto dissolved and colloidal matter.

Moreover, the major difference among all models reviewed is certainly the mathematical description of the rate of biotransformation/biodegradation. The kinetic models usually used to describe the biodegradation of micropollutants are the following. (i) Monod-based kinetic expressions with respect to CMPs were considered to describe biotransformation as a growth process for the biomass (Polesel et al. 2016, Eq. I-6). (ii) This can be described using the second order kinetic expression also called pseudo-first order in literature if the C MPs is significantly lower than the half-saturation coefficient (Cowan et al. 1993;Helbling et al. 2012;[START_REF] Monteiro | Occurrence and fate of human pharmaceuticals in the environment[END_REF][START_REF] Polesel | Removal of antibiotics in biological WWTPs-a critical assessment using the activated sludge modelling framework for xenobiotics (ASM-X)[END_REF]Zhao et al. 2008, Eq. I-7). Nevertheless, using the assumption of negligible biomass growth (constant CTSS) during batch experiments or continuous operation, the biomass growth and transformation capacity increase linearly with the MPs concentrations. (iii)

This can be described using the apparent-first-order biotransformation kinetics [START_REF] Byrns | The fate of xenobiotic organic compounds in wastewater treatment plants[END_REF]Joss et al. 2006;Wick et al. 2009;Xue et al. 2010;[START_REF] Li | Mass flows and removal of antibiotics in two municipal wastewater treatment plants[END_REF]Zhao et al. 2008;Helbling et al. 2012;Min et al. 2018, Eq. І-8). (iv) Other possible micropollutants removal rate formulations on models describing the biodegradation and/or sorption of only aqueous MPs concentration are presented in Table I.5. A common assumption used in all models, describing biotransformation in suspended growth systems, is that diffusion into bacterial cells is not a rate limiting process, and MPs concentration in cells equals the concentration in bulk aqueous phase [START_REF] Schwarzenbach | Transformation Processes[END_REF]).

-Monod-based kinetics equation considering micropollutant biodegradation as a growing process:

𝐫 𝐌𝐏𝐬 = - µ 𝐌𝐏𝐬,𝐦𝐚𝐱 𝐘 𝐂 𝐌𝐏𝐬 ( 𝐂 𝐌𝐏𝐬 𝐊 𝐂 𝐌𝐏𝐬 + 𝐂 𝐌𝐏𝐬 ) 𝐂 𝐓𝐒𝐒 (І-6)
where μ MPs,max , Y CMPs and K CMPs denote the maximum growth rate to the total biomass (d -1 ), the conversion rate (g CTSS g MPs -1 ) and the affinity constant (mg MPs L -1 ) for growth on micropollutants.

-Pseudo-first order kinetics equation (C MPs << K CMPs ):

𝐫 𝐌𝐏𝐬 = -𝒌 𝒃𝒊𝒐𝒍 𝐂 𝐌𝐏𝐬 𝐂 𝐓𝐒𝐒 (І-7)
where k biol is the biodegradation kinetic constant in (L g TSS -1 d -1 ) and equals 

𝐫 𝐌𝐏𝐬 = -𝒌 ′ 𝐂 𝐌𝐏𝐬 (І-8)
where k' is the removal kinetic constant in (d -1 ) and equals k biol C TSS .

The pseudo-first order kinetics model and the apparent-first order are similar; C TSS is considered as a constant and including in k'. A review of biodegradation rates of some pharmaceuticals k biol and k' found in scientific literature is gathered in Table I.6. Joss et al (2006) showed that three groups of micropollutants can be identified according to their k biol biodegradation constant: (i) compounds with k biol < 0.1 L g -1 day -1 are not removed in significant amounts (< 20 %); (ii) compounds with k biol > 10 L g -1 day -1 are converted to more than 90 %; and (iii) for compounds with 0.1 L g -1 day -1 <k biol <10 L g -1 day -1 , moderate transformation is expected. However, it remains difficult to assess exactly the contribution of each of the mechanisms mentioned above because of: (i) the great diversity of MPs and their associated physicochemical properties, (ii) the structure and properties of the biological matrix and (iii) operational conditions such as SRT, HRT and biomass concentration. 

I.4. Hydrodynamics

Besides the kinetics aspect studied previously, the reactor modelling also requires the consideration of the hydrodynamics aspect being treated as the transport of the liquids (and possibly gas and solids) in the reactor. Over the last seventy years, the influence of hydrodynamics on reactor yields was shown thanks to the coupling of kinetics and hydrodynamics (Le Moullec et al. 2008;[START_REF] Lesage | Calibration and Application of a 1-D Model for Oxidation Ditches[END_REF][START_REF] Levenspiel | Chemical reaction engineering[END_REF]Potier et al. 2005;Rehman 2014Rehman , 2017;;Villermeaux 1982). In order to model the effect of the hydrodynamic on biological/biochemical reactions, the description of the reactor has a critical importance to obtain representative process dynamics.

Development of a hydrodynamical model of a reactor requires careful consideration with respect to the number of phases and their description, the reactor geometry, the spatial resolution of the numerical domain, the conditions applied (i.e. gas and liquid flow rates), in addition to the discretization and solution techniques used to characterize the hydrodynamics. In recent years a whole new perspective to this field of research was provided by modelling the hydrodynamics of WWTPs by the application of different approaches detailed in the following section.

I.4.1. Different hydrodynamics approaches

In the second half of the 20 th century, the systemic approach came from work in cybernetics and formalized by Danckwerts (1953); Dudukovic (2010); [START_REF] Villermaux | Ge´nie de la réaction chimique conception et fonctionnement des réacteurs[END_REF] and von [START_REF] Bertalanffy | General System Theory[END_REF]. The systemic approach observes and analyzes the problems globally in their entirety Same as for CFD, can be reduced with the help of the systemic model

Pharmaceutical k biol (L g TSS -1 d -1 ) Reference k' (h -
In the field of chemical engineering, the chemical reaction engineering has been well developed in order to study the reactions that produce desired products as well as to optimize the design of the necessary reactors accordingly. The optimization of a plant can be related to economy purpose by using adapted configurations in order to either minimize operating costs or to maximize the conversion rates or, yet again, to occupy less space.

I.4.2. Systemic modelling approach

In systemic model, there are a few basic elements (or basic reactors) that can be used alone or in a more or less complex networks (parallel, series, etc…). These elements are mainly the continuously stirred tank reactor (CSTRs), the plug flow reactor (PFR), and the plug flow reactor with axial dispersion. The simplest is the continuously stirred tank reactor (CSTR). It consists of a well-mixed tank with inlet and outlet (Figure I.9a). In the case of continuous operation, the perfect mixing gives rise to a large distribution of the residence time of the elements: some can leave the system quickly (like short circuit), others stay very long (as a result of recirculation), and residence times mainly range from zero to 5 times HRT. Plug Flow Reactor (PFR) is presented in Figure I.9b. Fluid going through a PFR may be modeled as flowing through the reactor as a series of coherent sections (A) for infinite thickness (Δx). The flow is characterized by the fact that all elements in a straight section progress at the same rate. The residence time is identical for all the elements and the composition changes along the reactor: in this way we obtain a very uniform treatment of the fluid. A PFR is assumed to be perfectly mixed radially. In an ideal PFR, there is no dispersion of the reactants and products [START_REF] Levenspiel | Chemical reaction engineering[END_REF]. In practice, some real reactors can have hydrodynamics close to CSTR, but PFR are impossible; there are only approximation of some very long real reactor. [START_REF] Levenspiel | Chemical reaction engineering[END_REF]).

It should be emphasized that generally PFR exhibit better performances than CSTR. It is important to mention that the term 'better' means that the volume of a PFR will be smaller than a well-mixed reactor in order to obtain a given conversion rate. In other words, a shorter residence time will be needed if one uses a PFR instead of a CSTR for identical steady-state performance requirements.

However, the PFR technology suffers from a number of drawbacks which have been known for a long time and have been extensively studied since the end of the 1950s, in particular in the field of catalytic chemical reactions.

A deviation from the two ideal models can be caused by many factors such as recycling, fluid channeling, creation of dead zones, geometrical changes inside the reactor or by a combination of all these factors (Renuka 2015). A number of investigators have studied the optimal design of continuously stirred tank reactors in series in the last 50 years (De Clercq et al. 1999;[START_REF] Harmand | The optimal design of two interconnected (Bio)chemical reactors revisited[END_REF]Dochain 2005, Levenspiel 1972) in order to describe the hydrodynamics in various wastewater treatment units. Others noticed the combination of stirred tank and tubular reactors in most practical industrial situations [START_REF] Aris | On optimal adiabatic reactors of combined types[END_REF]. Further complex behaviors of flow were detected by the Chapter I 57 presence of anomalies within the reactors, such as dead zones and short circuits, which can reduce the efficiency of these units (Cholette et al. 1960;Dias et al. 2018;Khalekuzzaman et al. 2018).

The PFR cannot represent aerated reactors of wastewater treatment plant, even very long ones (Potier et al. 2005). However, another model can be used: the plug flow reactor with axial dispersion (axial dispersion model or ADM). Hydrodynamics of CSTR is characterized by the number of reactors (J). PFR with axial dispersion is characterized by the Peclet number:

𝑷 𝒆 = 𝒖𝑳 𝑫 (І-9)
where 𝑢 is the average longitudinal velocity of the liquid phase inside the reactor (m s -1 ), D is the axial dispersion coefficient (m 2 s -1 ) and L is the reactor length (m). (Potier et al. 2005;Villermeaux 1982):

There is similarity between the two models and their RTD curves. There is a relation between J

and Pe

𝑷 𝒆 # 2 (𝑱 -𝟏) (І-10)
The effect of the hydrodynamics on the reaction yields has particular practical as well as theoretical interests in both chemical and biological engineering fields [START_REF] Levenspiel | Notes on the diffusion-type model for the longitudinal Mixing of fluids in flow[END_REF]. The principle being that some reactors, because of their hydrodynamics, can create concentration gradients. Such gradients locally induce high concentrations, and so, the rate of the reaction will be also increased. This reasoning is true for reaction kinetics of order greater than zero. For example, the conversion rate for first order kinetics, is expressed as a function of the hydraulic retention time (Equations І-11 and I-12). These expressions show that the CSTR is less efficient than the PFR for the same hydraulic retention time. where XCSTR is the conversion rate for a perfectly continuous stirred tank reactor and XPFR is the conversion rate for Plug Flow Reactor, k is the rate constant and τ is the hydraulic retention time. series, is able to well predict the performance of the substrate concentration, biomass concentration, granule size, and height of the sludge bed. However, few studies have been done

on the improving of the reactor configurations in order to increase the rate of removal of micropollutants from wastewater treatment plants. Applying this approach, the effect of hydrodynamics on the degradation of micropollutants has been studied through the simulation of the extreme CSTR and PFR cases (Joss et al. 2006). Moreover, Majewsky et al. (2011b) developed a modelling approach to estimate xenobiotic removal efficiencies from monitoring data taking the hydraulic RTD in WWTPs into consideration by using a completely mixed tanks-in-series.

I.5. Conclusion of chapter I and objectives of the thesis

The bibliographic study shows the problematic of wastewater treatment with activated sludge, as well as a description of types of kinetics models of MPs' removal that exist and their modelling concepts. Removal mechanisms are not fully identified and there is a lack of available information on the effect of operational parameters on the MP's removal. The variety of models proposed in the literature to describe MPs' removal in activated sludge indicates that there is presently no consensus between authors, as they use various concepts to model micropollutants' fate in a WWTP. Therefore, the choice of the optimal operation conditions of a WWTP, the appropriate kinetic model of removal as well as the best hydrodynamic configuration(s) seem to be the key points of this study for better MPs' removal.

The major objective of this research is to define the conditions that can enhance MPs' removal and to develop a simulation able to find better hydrodynamic configuration(s) of biological reactor to improve the removal of different classes of MPs present in wastewater. In order to achieve this goal, an experimental approach was used and presented in chapter II to evaluate the removal kinetics for a group of investigated micropollutants taking into account the effect of different operational parameters such as SRT, HRT and biomass concentration. 

Abstract

The study of the effects of sludge retention time (SRT), hydraulic retention time (HRT) and biomass concentration on the elimination of micropollutants in activated sludge is the aim of this chapter. The studied MPs are caffeine, sulfamethoxazole, benzotriazole, erythromycin, roxithromycin, diclofenac and carbamazepine. These seven emerging contaminants cover a wide spectrum of biodegradability from highly biodegradable to quite persistent compounds. Seven experimental setups were applied to sequencing batch reactors (SBRs) which varied in SRT (3 d, 10 d and 20 d) and HRT (4 h, 8 h and 12 h). The effect of biomass concentration was measured for 3, 5 and 8 gTSS L -1 . The influence of this latter parameter on the pseudo-first order rate constant was verified. The removal rate constants were affected by both the HRT and SRT. The enhancement of the SRT increased the removal of all the MPs except for roxithromycin and erythromycin. Application of a higher HRT did also improve their removal as could be expected from the measured removal rate constants. More interesting, the results indicated that logically the increase of biomass concentration from 3 to 5 g TSS L -1 significantly enhanced the removal rate of the highly and moderately degradable compounds (caffeine, sulfamethoxazole, benzotriazole, erythromycin, roxithromycin). Conversely, a further increase to 8 g TSS L -1 produced only an unexpected moderate effect, showing that the rate is not proportional to biomass concentration contrary to what is generally postulated. Therefore, the use of classic kinetic models such as pseudo-first order, first order and global second-order is questionable since they do not cover the entire range of possible boundary conditions in activated sludge systems.

II.1. Introduction

It is now well admitted that a complete removal of all the micropollutants (MPs) cannot be achieved by wastewater treatment plants (WWTPs). This is due to the design of the wastewater treatment plants, their current operation modes, as well as due to the nature of anthropological contaminants present in the wastewater [START_REF] Chiavola | Fate of selected drugs in the wastewater treatment plants (WWTPs) for domestic sewage[END_REF]). Among these micropollutants (MPs), pharmaceuticals and personal care products, food additives, industrial chemicals and pesticides are of the increasing concern. As a result, they are discharged with the wastewater effluents to aquatic environments. However, despite their low concentrations, they may exhibit various adverse effects. As an example, Bonnefille et al. ( 2018) reviewed a deformation of the dorsal margin line in mussel shells after exposure at 0.01 to 100 μg L -1 of diclofenac for 48 h.

Moreover, the presence of antibiotics (ABs) in aquatic environments is often discussed in the context of the spread of antibiotic resistance, which has already been recognized as one of the major threats to human health 20 years ago (WHO). Therefore, an improvement of the existing wastewater treatment methods become essential to maintain the natural balance and minimize the potential risk to ecosystems.

In recent years, an application of advanced treatment as a support to biological treatment with activated sludge (CAS system) received a lot of attention. Among these technological solutions, adsorption on activated carbon [START_REF] Kårelid | Pilot-Scale removal of pharmaceuticals in municipal wastewater: Comparison of granular and powdered activated carbon treatment at three wastewater treatment plants[END_REF]) and ozonation [START_REF] Bourgin | Evaluation of a full-scale wastewater treatment plant upgraded with ozonation and biological post-treatments: Abatement of micropollutants, formation of transformation products and oxidation by-products[END_REF] seem to be the most common approaches. However, despite their high efficiency, these methods require additional investments and generate regular costs for the maintenance of the systems. Furthermore, as reported in numerous studies, oxidation methods, such as ozonation, lead to formation of byproducts of unknown ecotoxicological effects (Tay and Madehi, 2015). To remove them, additional post-treatment step is required [START_REF] Knopp | Elimination of micropollutants and transformation products from a wastewater treatment plant effluent through pilot scale ozonation followed by various activated carbon and biological filters[END_REF].

A cost-efficient alternative would be to modify the existing biological treatment and identify the critical parameters affecting the removal of problematic substances. In theory, the removal during the biological treatment can occur via three pathways: biological degradation, sorption, and volatilization. Due to the physico-chemical properties of MPs, volatilization of these substances is usually neglected as a removal pathway (Kim et al. 2014) but it contributes to releasing volatile MPs in the atmosphere. Sorption on sludge is considered as insignificant for compounds with solid-water distribution coefficients (Kd) below 500 L kgSS -1 [START_REF] Joss | Removal of Estrogens in Municipal wastewater treatment under aerobic and anaerobic conditions: consequences for plant optimization[END_REF]), which is the case for some MPs. The biological degradation appears then as the main removal pathway. To estimate MPs' removal kinetics in activated sludge, usually pseudo-first-order removal rate constants (k) were mostly determined in lab-scale tests in which biomass and MPs concentrations are the key parameters.

During the last decades, many studies reported on the MPs removal efficiency of WWTPs during biological treatment [START_REF] Jiang | Occurrence, transportation, monitoring and treatment of emerging micropollutants in waste water -A review from global views[END_REF]Luo et al. 2014). The results pointed out that operating parameters, such as hydraulic retention time (HRT) and sludge retention time (SRT), are important for MPs (Alvarino et al. 2018;[START_REF] Falås | Impact of solid retention time and nitrification capacity on the ability of activated sludge to remove pharmaceuticals[END_REF]Majewsky et al. 2011;[START_REF] Vieno | Fate of diclofenac in municipal wastewater treatment plant -A review[END_REF].

It has been observed that the biomass composition, i.e. the ratio between autotrophic and heterotrophic microbes, is controlled by the SRT [START_REF] Vuono | Disturbance and temporal partitioning of the activated sludge metacommunity[END_REF]. In this context, two important hypotheses are often discussed: (i) sludge with high SRT possesses higher microbial diversity than one with low SRT, and (ii) SRT longer than 10 days, operated at a temperature of 10˚C that allows the growth of nitrifying bacteria (Clara et al., 2005a) could enhance the removal of some micropollutants either by direct metabolism or by co-metabolic degradation via enzymatic reactions (Alvarino et al. 2014;Tran et al. 2013). On the contrary, the results of Saikaly et al.

(2005) showed a higher microbial diversity in the activated sludge bioreactors operated at SRT of 2 days than operated at SRT of 8 days. Thus, there are still no clear data indicating the optimal parameters and the key microorganisms involved in the biological removal of MPs (Falås et al. (2016). Regarding the effect of SRT and HRT on MPs' removal, differences in the removal efficiencies for some PPCPs have also been reported (Luo et al. 2014). Other recently published studies discussed the different removal efficiency depending on SRT, HRT, feed concentrations and total biomass concentration (Table II.1). For example, Santos et al. (2009) indicated that some compounds are removed in the same degree in four WWTPs operated at different low SRTs (1.5-5.1 days) such as caffeine (44-75 %) and carbamazepine (8-15 %). However, Majewsky et al. (2011) showed the same results for carbamazepine (<10 %) by applying higher SRT up to 54 d and HRT of 58.4 h. Although, SRT has been reported as a critical factor for pharmaceutical biodegradation, the effect of SRT for some authors does not become clear since no systematic relation between SRT and removal rates of organic micropollutants can be found (Falås et al. (2016). A statistical analysis performed by Zhang et al. (2014) showed the existence of significant linear correlation between DCF and CAF removal efficiency and HRT. However, the relation is no longer valid for CBZ.

The main objective of the present study is to investigate the relation between the biomass concentration of activated sludge, the operational parameters -SRT and HRT of biological treatment -and the removal efficiency of selected MPs. Seven compounds were selected based on their occurrence data and varying removal efficiency in WWTPs (Tarpani et al. 2018). According to the literature and our own experience, caffeine (CAF), sulfamethoxazole (SMX), benzotriazole (BZT), roxithromycin (ROX), erythromycin (ERY), diclofenac (DCF) and carbamazepine (CBZ) are used. They range from highly biodegradable to quite persistent MPs (Table II.1). The degradation experiments were conducted with three lab-scale SBRs to compare the effect of operation conditions. For this purpose, the kinetics of MPs removal was investigated and removal rate constants were determined to estimate whether MPs removal can be attributed to the manipulation of SRT and HRT, and therefore linked to treatment process parameters. Further experiments were performed in lab-scale SBRs varying in concentration of total suspended solids (C TSS ) to investigate the role of the biomass concentration in MPs removal and applicability of the pseudo-first-order kinetics approach for description of removal phenomena. 12-20h / 25d g 1-5 1-5 1-5 1-5 20-90 h <20 g <20 g 12-20h / 40d g 1-5 1-5 1-5 1-5 20-90 h <20 g <20 g 4-5.5 12-20h / 80d g 1-5 1-5 1-5 1-5 20-90 h <20 g <20 g 4-5.5 12h / 3d i 0.24 --12.5-13.6 / 52-114d i of a stock solution. This latter was a fresh mix of the following micropollutants: caffeine, benzotriazole, sulfamethoxazole, diclofenac, carbamazepine, erythromycin, roxithromycin, tetracycline and ciprofloxacin. The content was mixed using a stirrer in the reactor and samples (2 x 1 ml) were collected at [START_REF]00042%from_Setup_1 The values ranging from μ H to k a (line 1 to 14) are fixed for the ASM1 model either by optimization or default Benchmark value. The values of experimental kinetic constants (kcaffeine, ksulfametoxazole, etc…) depend[END_REF]3,6,24,48,72,96,120 and 144 h. 100 µL of each sample were transferred into an amber vial containing 900 µL of MilliQ water and preserved at 4 °C until analysis. To verify the effect of freezing on the compounds, one series was kept in the freezer and another in the fridge. Based on the sorption results, the following sections were treated using all mentioned micropollutants apart of tetracycline and ciprofloxacin. Results are presented in section II.3.1.

II.2.2.2. Physico-chemical properties of investigated micropollutants

The selection of the micropollutants to be studied was based on many criteria such as their usage (pharmaceuticals and personal care products), occurrence in the municipal wastewater, relevance for the environment, various degree of biodegradability to test a large spectrum of conditions and based on the sorption results obtained on the wall of the reactor.

Then, seven compounds detected frequently in wastewater influents in the concentration range of ng L -1 ̶ µg L -1 were selected (Table II Carbamazepine Anti-epileptic drug 236.2 13.9 c 2.45 c 0.1 c 

II.2.2.3. Chemicals and reagents

Benzotriazole (pure), carbamazepine (98 %), diclofenac sodium salt (pure), erythromycin (pure) and roxithromycin (≥ 90 %) were supplied by Sigma Aldrich (Germany). The sulfamethoxazole (99.5 %) was purchased at Dr. Ehrensdorfer GmbH (Germany). Caffeine (pure)

was obtained from Fluka Analytics (Germany). Benzotriazole-d4 (pure), caffeine-13 C3 (pure), carbamazepine-d8 (pure), diclofenac-d4 (pure), erythromycin-d3, roxithromycin-d7, sulfamethoxazole-d4 were obtained from Toronto Research Chemicals (Canada). All solvents i.e.

acetonitrile, methanol, HPLC water, formic acid were analytical grade (≥ 99 %) and purchased at VWR Chemicals International (Germany). Stock solutions of labelled and non-labelled isotope standards of micropollutants were prepared in methanol (1 g L -1 , 10 mL) and then, further serial dilution with HPLC grade water to required working concentrations. All standard solutions were stored at -20 °C. Calibration standards were prepared by dilution of the standard solution in HPLC grade water. 

II.2.3.1. Design of the SBRs

The experimental setup of all SBRs was identical. The SBRs differed only in the SRT and the organic load rate of the influent (Table II.4). Influents were pumped into the reactors from separate 100 L wastewater storage tanks. The SBRs were running on a fill-and-draw basis with consecutive cycles including the following phases: filling, reaction (aerobic phase), biomass settling and finally clarified supernatant draw. Filling of synthetic wastewater stopped when 50 % of the column volume was exchanged (Volume Exchange Ratio, VER = 50 %). Air was supplied at a flow rate of 3 L min -1 through a submerged air mixer which allowed the circulation of the synthetic wastewater through the settled biomass by pumping the supernatant from the top of the reactors to the bottom. This provided the reactors with oxygenation and guaranteed complete mixing. Air was also introduced continuously, through 3 cm long rectangular diffusers with airflow rates of 1.5 L min -1 , resulting in saturated oxygen conditions. Both devices were placed 2 cm above the bottom of the SBRs. In all reactors, pH was controlled by a sensor (Orbisint CPS11D Memosens) and it was typically in the range of 8.1 ± 0.2, at the temperature of 20 ± 2˚C. Dissolved oxygen (DO) concentration, measured by an oxygen sensor (Oxymax H COS22D), was maintained between 2 and 6 mg O 2 L -1 . A programmable logic controller (PLC) automatically controlled the duration of each phase of cycles, performance of the mixing, air supply, peristaltic pumps and sensors. The PLC was connected to a supervisory control and data acquisition (SCADA) system. 

Table II. 4. Sequencing Batch Reactor setups operated at different

II.2.3.2. Operation of the SBRs

The settings of SBRs were presented in Table II 

II.2.3.3. Sludge inoculum

The activated sludge withdrawn from the previously described WWTPs was inoculated in each column of SBRs. In order to remove potential residues of micropollutants from the withdrawn sludge, the following washing procedure was applied. The biomass was separated from the water phase by centrifugation at 4000 rpm for 10 min, the supernatant was discarded, and the biomass was re-suspended with tap water. The procedure was performed twice. After the second resuspension, the biomass was used as inoculum for the SBRs. During kinetics experiments the initial biomass concentration in SBRs was ~3 g TSS L -1 . For kinetic experiments, the biomass concentrations (g L -1 ), ratio of CVSS to CTSS (β (%)), the dissolved oxygen (mg L -1 ), the pH and T (˚C) were measured and compiled in Table II.6. 

II.2.3.5. Adjustment of SRT

The target SRTs were maintained manually by adjustment of biomass concentration in SBRs at the end of the aeration period. The volume of sludge withdrawn was calculated according to Henze, 2008 (see Eq.І-3).

II.2.3.6. kLa measurement and estimation

As the oxygen concentration changed in different SBRs during the experiments in different SBRs-3, 10 and 20 d, it was supposed to measure the kLa in different systems. Moreover, in order to ensure the growth of the biomass in the reactor, it is necessary to have a sufficient dissolved oxygen concentration ≥ 2 g O2 m -3 (which corresponds to the Flemish WWTP operation practice) for different setups, and an oxygen transfer denotes kLa sufficiently high (> 3 h -1 ). Therefore, the kLa was measured without the presence of activated sludge so that to test the operation of the aerators connected to each SBR. The used method for the determination of kLa was by the deoxygenation with N2 and reoxygenation of the reactor in absence of microorganisms. Prior to inoculation of the activated sludge in each of the three SBRs, kLa was measured in the clear water of each reactor separately at the same airflow of 2 L min -1 . The procedure was performed according to [START_REF] Finn | Agitation-aeration in the laboratory and in industry[END_REF].

The where S O is the dissolved oxygen concentration in the water supposed perfectly homogenized (g L -1 ), S O,sat is the dissolved oxygen concentration (g L -1 ) in water at saturation with the gas phase. kLa is the product of the coefficient kL (global exchange coefficient for O2 (m s -1 ) in the double film theory, on liquid side) and the coefficient "a" (specific exchange area reduced to the volume unit of liquid phase of culture medium, in m 2 per m 3 of culture medium). kLa is called volumetric transfer coefficient based on the volume unit of medium in (time -1 ).

By integrating this equation between t0 and t and S slightly greater oxygen transfer was observed compared to that in SBR-10 d (kLa = 9.9 h -1 ) and SBR-3 d (kLa= 9.3 h -1 ). Based on these results, we decided to add a second aerator (3 cm long rectangular diffuser) similar for the different setups in order to provide the same aeration conditions. Moreover, the kLa results will be useful for the simulation of the batch systems in chapter IV. [START_REF] Guerra | Occurrence and fate of antibiotic, analgesic/anti-inflammatory, and antifungal compounds in five wastewater treatment processes[END_REF]Luo et al., 2014;Miège et al., 2009;Santos et al., 2009;Sui et al., 2010;Verlicchi et al., 2012). In order to unify the used approach, we decided to use the concentration of 1 µg L -1 for all the compounds, which is in the middle of this range. In Tables II 

II.2.5. Apparent-first-order kinetics estimation

The rate of micropollutants' removal is usually considered to be directly proportional to both micropollutant and biomass concentrations. As a consequence, the reaction should follow a second-order kinetics (Eq.II-3). However, this kinetic law was called pseudo-first order approach in recent studies since the biomass is not considered as a limiting factor. Generally, kbiol also called

k (L g TSS -1 h -1
) is defined as an experimental elimination rate constant normalized to C TSS . In the literature, relatively small fluctuations of C TSS are often assumed and, therefore negligible effect on the treatment process too, which leads to the apparent-first-order kinetics (Eq.II-4). This approach is applied in this present study. The apparent-first-order removal rate constant expressed as k' (h -1 ), was derived from the fitting of the analytical solution of Eq. (II-4) to the measured data of each of the seven experimental setups and no normalization to biomass concentration was applied. The analytical solution describing apparent-first order MP's removal evolution with time is given in Eq. (II-5). The actual effect of biomass concentration on kinetics of MPs removal is discussed in Section II.3.5.

𝒓 𝑀𝑃𝑠 = -𝒌 𝑪 𝑻𝑺𝑺 𝑪 𝑀𝑃𝑠

(II-3)

𝒓 𝑀𝑃𝑠 = -𝒌 ′ 𝑪 𝑀𝑃𝑠 𝒘𝒊𝒕𝒉 𝒌 ′ = 𝒌 𝑪 𝑻𝑺𝑺 (II-4) 𝑪 𝑀𝑃𝑠 (𝒕) = 𝑪 𝟎 𝒆 -𝒌 ′ 𝒕 (II-5)
where rMPs is the removal rate (µg L -1 h -1 ), k is the removal rate constant (L g -1 h -1 ), CMPs is the dissolved micropollutant concentration at time t (µg L -1 ), t is the time (h), C TSS is the total biomass concentration (g L -1 ), k' is the apparent-first order removal rate constant (h -1 ) without normalization to C TSS , and C0 is the initial concentration of MPs ~1 µg L -1 .

II.2.6. Nitrification capacity (NC)

The nitrification capacity (NC %) was calculated for each HRT using the nitrate concentrations at the beginning ([N -NO3 -]i) and at the end of the cycle ([N-NO3 -]f): 3) before injection for the calculation of the normalized area (i.e., the ratio between the peak area of the analytes of interest and the peak area of the internal standard of the corresponding parent compound). Detection of positive and negative ions was performed in dynamic multi-reaction monitoring (MRM) mode. To maintain high quality of the measurement, the series of measured samples contained also blank samples constituted of ultra-pure water to track possible carry-over. Quality assurance samples containing the 500 μg L -1 of individual analytes were also utilized to verify the accurate performance of the device. External calibration was applied in the range of 1-1000 ng L -1 . Measured concentrations of micropollutants were plotted against the sampling time points including the applied dilution. Settings of the mass spectrometer were collected in Tables II.S1 and II.S2 of the Supplementary Information (SI).

𝑵𝑪 (%) = [[𝐍-𝑵𝑶 𝟑 -] 𝒇 -[𝐍-𝑵𝑶 𝟑 -] 𝒊 ] [𝐍-𝑵𝑶 𝟑 -] 𝒇

II.2.7.2. Measurement of basic chemical parameters of wastewater

During the kinetics studies, a volume of 30 mL of sludge mixed with synthetic wastewater was collected hourly for analyses of ammonium (N-NH4 + ), nitrate (N-NO3 -), and phosphate (P-PO4 3-) concentrations, as well as for the determination of COD. Ammonium concentration was determined using a 881 Compact IC pro -Anion (Metrohm, Switzerland; detection limit of this instrument is 0.3 mgN-NH4+ L -1 ). The nitrate and phosphate were quantified by ion chromatography (790 Personal IC, Metrohm, Switzerland; detection limit for nitrate 0.5 mgN L -1 and for phosphate 1 mgP L -1 ). Total chemical oxygen demand was measured using cuvette Hach test No. 514 (Hach Lange, Germany). Concentrations of TSS, effluent suspended solids (ETSS) and VSS were measured according to standard methods for the analysis of water and wastewater (APHA et al., 2012).

II.3. Results and discussion

II.3.1. Sorption on wall's reactor

According to the Figure II.5, the removal of the caffeine, benzotriazole, sulfamethoxazole, roxithromycin, erythromycin, diclofenac and carbamazepine concentrations are almost stable, they have not been adsorbed on the wall of the reactor. Oppositely, the tetracycline and ciprofloxacin disappeared rapidly from the beginning of the reaction, it showed successive sorption for a week.

Therefore, following the perception of ciprofloxacin and tetracycline, we decided to work on the seven listed above micropollutants. Moreover, no difference was observed between freezing and refrigeration conditions for all tested micropollutants. attributed to its physicochemical properties such as molecular structure and hydrophilicity (Cirja et al. 2008;[START_REF] Luo | Effects of salinity build-up on biomass characteristics and trace organic chemical removal: Implications on the development of high retention membrane bioreactors[END_REF]. In general, simple structured compounds, especially without branched/multi-chain groups, are readily degradable (Tadkaew et al. 2011). Moreover, compounds containing an electron withdrawing functional groups (EWG), such as carboxyl, halogens and amides, are resistant to biological treatment. Indeed, CBZ contains amide group that makes it resistant to biodegradation. Therefore, the persistence of DCF and CBZ seem to be independent from the sludge age, and it is more likely due to the individual properties of these compounds.

In general, as suggested by Joss et al. (2006), the enhancement of the micropollutants removal could be explained by the slight changes in biomass physiology and/or biomass quantity between different types of sludge (setups of SRT-3 d, HRT-4 h; SRT-10 d, HRT-4 h and SRT-20 d, HRT-4 h, Table II.5). Tiwari et al. ( 2017) reported that population balance of filamentous and flocframing microorganisms upholds the growth of steady and solid flocs at high SRT. In our study, for SMX, BZT, DCF and CBZ, the increase in k' is more pronounced from SRT 3 d to SRT 10 d than from SRT 10 d to SRT 20 d (Table II.8).

• Nitrification capacity (NC) and MP's removal

Low nitrification capacity of 28 % was achieved in SBR -3 d (Figure II.7). This can be explained by the slow growth of nitrifying bacteria [START_REF] Henze | Activated Sludge Models ASM1[END_REF]. Similarly, the study of 

II.3.3. Influence of HRT on MPs' elimination in activated sludge

All investigated micropollutants' removal plots at higher HRTs of 8 h and 12 h in both SBRs-3 d and 10d were presented in Figures II.9 and II.10, respectively. An overview of apparentfirst order constants (k') obtained for each MP for various HRT were compiled in the Table II.9.

The discussion is based on the comparison of the variation of k' for HRT from 4 h to 8 h, from 8 h to 12 h, and then from 4 h to 12 h with both sludge ages of 3 d and 10 d, respectively. For all studied compounds, the apparent constants increase with increasing HRT. The highest increase by 2.17 of k' was observed for SMX with the improvement of HRT from 4 h to 12 h in SBR-3 d. In comparison, in SBR-10 d, the increase of the constant is equal to 1.57. It is important to note that the enhancement of k' between HRT of 4 h and 8 h is not similar to that estimated between 8 h and 12 h. Therefore, the increase of k' is not proportional to the increase of HRT for the same sludge age. By calculating the k' changes between HRT of 8 h and 12 h, the removal of SMX and BZT was multiplied by 1.42 and 1.11, respectively, at the corresponding SRT of 3 d. 

II.3.4.2. Global effect of SRT and HRT

Overall, increasing SRT increases the removal efficiency of all micropollutants except for ROX and ERY. Similarly, increasing of HRT improves the removal efficiency of all studied compounds. On the one hand, increasing of HRT and SRT slightly modify the CAF and CBZ removal. Therefore, highly and non-biodegradable compounds are not sensitive to an increase of HRT or SRT. On the other hand, the moderately biodegradable compounds can be better removed by an increase of HRT and (except for ROX and ERY) by an increase of SRT.

II.3.5. Effect of biomass concentration on MPs' elimination in activated sludge

As mentioned before, the pseudo-first-order kinetic approach is the most commonly used for describing MPs' removal in activated sludge. The critical aspect of this approach is the assumption that the relatively small fluctuations of biomass concentration do not have an effect on the treatment process. To verify if the apparent-first order approach is valid, an additional kinetic study was carried out, to compare k' values in the reactors operated at SRT and HRT of 10 d and 4 h, respectively, with different biomass concentrations. These kinetics experiments were always performed with the same type of sludge (withdrawn from the WWTP 1).

Figure II.12 showed the change of concentration of selected MPs during biological treatment in reactors inoculated with biomass at concentrations of of 3, 5 and 8 g TSS L -1 . In general, CAF degraded very fast, with a significant difference in removal rate constant between 3 and 5 g TSS L -1 (k'TSS_3 = 1.356 ± 0.020 and k'TSS_5 = 3.107 ± 0.016 h -1 ), but with weak change between 5 and 8 g TSS L -1 (k'TSS_8 = 3.380 ± 0.046 h -1 ). Similarly, in the case of SMX, an increase of biomass concentration from 3 to 5 g TSS L -1 resulted in substantial improvement of k' value from 0.252 ± 0.042 h -1 to 0.484 ± 0.091 h -1 . Conversely, low change in SMX removal apparent constants was observed in reactors with biomass concentration of 5 and 8 g TSS L -1 (k'TSS_5 = 0.484 ± 0.098 h -1 and k'TSS_8 = 0.516 ± 0.043 h -1 ). A comparable trend, showing that the biomass concentration below 5 g TSS L -1 affected the kinetics was also observed for ROX ( CAF, SMX, BZT, ROX and ERY an evident increase of k' value was observed with a change of biomass concentration from 3 to 5 g TSS L -1 . This trend is logical and suggests that the amount of biomass significantly affected the removal kinetics. With the classic kinetics modelling, the expected apparent removal rate constants (k') is directly proportional to C TSS (Eq. II-4). However, apart from DCF (very low k'), further increase of biomass concentration (from 5 to 8 g TSS L -1 ) changes only slightly the removal rate. Following the assumption of linear kinetics, the evolution of k' versus CTSS should give a straight line through the origin with a slope corresponding to k.

However, our results highlighted that the increase is not linear and, hence, k is not constant. The apparent constant k' increases with CTSS but with evolution lower than that it would be expected if it was directly proportional to CTSS (Eq.II-4). In other words, an increase of CTSS improves the 123 removal, but the kinetics is not proportional to CTSS. [START_REF] Henkel | Oxygen transfer in membrane bioreactors treating synthetic greywater[END_REF] did show that masstransfer gas/liquid in activated sludge systems is hampered with increasing CTSS. It can be assumed that the increase of the floc volume at 8 gTSS L -1 reduce the free water and thereby slow down the local mixing and the transport of the MPs around the flocs before entering inside them. In the case of MP removal, the direct dependency of rMPs on biomass concentration (CTSS) will be thereby affected as can be seen from Continuous lines represented the linear expected pseudo-first-order approach (calculated from the first three C TSS of 0, 3 and 5 g L -1 ).

Table II. 10. Experimental and expected apparent-first-order rate constants estimated at C TSS = 8 g TSS L -1 as well as the experimental and expected CMPs of SMX, BZT, ROX, ERY and DCF at HRT of 4 h (Time of reaction = 170 min) and their removal efficiency (%).

MPs k'expected However, it appears logical to reason in terms of removal efficiency of each MP at the end of the reaction phase operated at HRT of 4 h (t = 2.83 h) for high C TSS . Thus, CMPs were calculated according to Eq. (II-5) for the experimental and the expected k' (extrapolated). The results are depicted in Table II.10. The ratio of the CMPs,expected to the CMPs,experimental designed by (ß) was developed in Eq. (II-8). It represents the ratio between the real remaining MPs concentration (CMPs,experimental) and the one that would be expected by extrapolation using the usual kinetics (pseudo-first order approach). ) 𝐭

(h -1 ) k'experimental (h -

(II-9)

Therefore, the expected k' of SMX and BZT for example, were 1.71 and 1.78 times larger than the experimentally measured k', respectively. However, because of the time parameter in the exponential relation in (Eq.II-9), the calculated experimental CMPs ratios are greater by 2.8 and 2.7 after 170 min, respectively. Then, it highlights that k' ratio and CMPs ratio changes are not necessary in the same order of magnitude.

II.4. Conclusion of chapter II

The systematic study of the operational conditions of the activated sludge process explained the potential effect of each parameter on the MPs removal that represent various degree of biodegradability. The results showed that operational conditions, namely SRT and HRT can influence the MPs removal efficiency to some extent, which depends on the nature of the MPs.

Highly biodegradable compounds have in general high removal efficiency, independently from applied conditions. In the case of moderately biodegradable compounds, an increase of SRT caused an improvement of removal efficiency. This aspect was evident at very high SRT for all the compounds except for roxithromycin and erythromycin. Longer HRT also led to higher removal efficiency. However, a complete MPs removal was not achieved in any of the studied setups. In terms of application, the improvement of removal obtained with a higher HRT should be compared to the cost of a larger reactor. For persistent compounds, very low removal efficiency in all tested scenarios (≥ 10 %) was reported; HRT showed minor impact and SRT exhibited a slight effect only if it was very long (e.g. diclofenac SRT 20 d, 25 %). Due to the high-energy demand, such conditions are rarely applied in conventional WWTP's with an activated sludge process. Finally, the increase of biomass concentration from 3 to 5 gTSS L -1 significantly increased the removal of the highly and moderately degradable compounds (caffeine, sulfamethoxazole, benzotriazole, roxithromycin and erythromycin), whereas a further increase to 8 gTSS L -1 had lower effect. The results highlighted that the usual kinetics, which consider that the rate is proportional to the biomass concentration is only valid for low and moderate biomass concentration. This unexpected effect of biomass concentration opens up a new field of research and, particularly, in terms of development of a new kinetic model that can be used for a wide spectrum of biomass concentrations. This will be presented in the following chapter. In last decades, the occurrence of various micropollutants (MPs) such as pharmaceutical and personal care products (PPCPs) in water bodies, has been widely reported (K'oreje et al. 2018;Sui et al. 2011). Most of the work to date has been aimed to examine the presence of MPs in wastewaters, the elimination efficiency of biological treatment in WWTPs [START_REF] Zheng | Selective effect and elimination of antibiotics in membrane bioreactor of urban wastewater treatment plant[END_REF][START_REF] Kosma | Occurrence and removal of PPCPs in municipal and hospital wastewaters in Greece[END_REF][START_REF] Onesios | Biodegradation and removal of pharmaceuticals and personal care products in treatment systems: a review[END_REF] as well as the identification of factors that can affect the fate of MPs [START_REF] Joss | Removal of Estrogens in Municipal wastewater treatment under aerobic and anaerobic conditions: consequences for plant optimization[END_REF][START_REF] Suarez | Removal of Pharmaceutical and Personal Care Products (PPCPs) under nitrifying and denitrifying conditions[END_REF]Tang et al. 2019). Actually, these studies state significant variations on MPs' removal rates, as well as contradictory results on their fate during the wastewater treatment (Tiwari et al. 2017;[START_REF] Vasiliadou | Biological removal of pharmaceutical and personal care products by a mixed microbial culture: sorption, desorption and biodegradation[END_REF][START_REF] Deblonde | Emerging pollutants in wastewater: a review of the literature[END_REF]Stasinakis et al. 2010). Additionally, [START_REF] Banihashemi | General fate model for microconstituents in activated sludge system[END_REF] mentioned that the possible fate models for MPs removal in biological processes have not been deeply investigated.

II.5. References of chapter II

Furthermore, most of published models assumed that (i) equilibrium is reached instantaneously between sorbed and dissolved MPs, (ii) sorption equilibria of MPs in water and sludge samples are mostly modelled by Freundlich isotherms, with a Freundlich coefficient close to 1 [START_REF] Yi | Exploring 17α-ethinylestradiol removal, mineralization, and bioincorporation in engineered bioreactors[END_REF]), (iii) volatilization is largely ignored in removal modelling compared to sorption and biodegradation pathways. However, all these assumptions are often not experimentally verified.

Many approaches have been reported with different model formulations that have been found

to describe biodegradation, including sorption, as a removal pathway in an activated sludge treatment plant. The zero-order and first-order on biomass concentration reported by some authors (Zhao et al. 2008;Helbling et al. 2012), the pseudo-first-order or mixed second-order kinetics (Eq.III-1) emphasized by other groups [START_REF] Tan | Modelling of the fate of selected endocrine disruptors in a municipal wastewater treatment plant in south east Queensland, Australia[END_REF]Plosz et al. 2010;[START_REF] Fernandez-Fontaina | Biodegradation kinetic constants and sorption coefficients of micropollutants in membrane bioreactors[END_REF]Joss et al. 2006;Suárez et al. 2012;[START_REF] Press-Kristensen | Modelling as a tool when interpreting biodegradation of micro pollutants in activated sludge systems[END_REF]Wick et al. 2009;[START_REF] Maurer | Elimination of β-Blockers in sewage treatment plants[END_REF]Xue et al. 2010;Abegglen et al. 2009;Majewsky et al. 2011;Plosz et al. 2012;Lee et al. 1998) or various types of growth-based Monod formulations [START_REF] Marfil-Vega | Abiotic transformation of estrogens in synthetic municipal wastewater: an alternative for treatment?[END_REF]Lee et al. 2012) or Haldane model [START_REF] Tomei | Biodegradation of 4-Nitrophenol in a two-phase sequencing batch reactor: concept demonstration, kinetics and modelling[END_REF] are some examples. In such an aeration tank, the sludge mainly composed of microorganisms generally ranging from 2 to 5 g L -1 at solid contents in a conventional activated sludge process (CAS) and > 10 g L -1 for membrane bioreactors (MBR), was assumed to be constant during the MPs elimination process.

This would justify the use of the apparent-first-order linked to the most commonly used expression (Eq.III-2). As a result, this model would implicitly lead to a linear increase in the removal rate, and also a linear increase of the apparent constant k' with the sludge concentration regardless the concentration range.

𝒓 𝑀𝑃𝑠 = -𝒌 𝑪 𝑻𝑺𝑺 𝑪 𝑀𝑃𝑠 ⇒ 𝒓 𝑀𝑃𝑠 ∝ 𝑪 𝑻𝑺𝑺 (III-1)

𝒓 𝑀𝑃𝑠 = -𝒌 ′ 𝑪 𝑀𝑃𝑠 ⇒ 𝒌 ′ ∝ 𝑪 𝑻𝑺𝑺 (III-2)
However, the reactions occurring in a biological reactor are of considerable complexity. The MP concentration profiles between and inside the flocs are influenced by many factors, such as diffusion coefficient, conversions rate, sludge size, biomass spatial distribution, density and mixing mode. For this purpose, it could be interesting to take into account the hydrodynamic of mixing, which mainly depends at high CTSS on the rheological behavior of activated sludge as well as the diffusion modelling of MPs inter/intraflocs. In the case of non-Newtonian sludge suspensions, such an increase in TSS concentration induces an increase in apparent viscosity of the suspension [START_REF] Durán | Impact of suspended solids on the activated sludge non-newtonian behaviour and on oxygen transfer in a bubble column[END_REF]Sanin 2002;Seyssiecq et al. 2008).

In the chapter II, the elimination of pharmaceuticals, such as caffeine (CAF), sulfamethoxazole (SMX), benzotriazole (BZT), roxithromycin (ROX), erythromycin (ERY), diclofenac (DCF)

and carbamazepine (CBZ), using an activated sludge in sequencing batch reactors was experimentally investigated. It was also demonstrated that the kinetics of removal is not proportional to biomass concentration. The removal rate increases by expanding CTSS from 3 to 8 g L -1 but with an increase lower than the proportionality. The present chapter aims to develop a new mathematical kinetic model for the elimination of these pharmaceuticals from wastewater for the broad range of biomass concentrations.

III.2. In-depth analysis of kinetics results at various biomass concentration

The effect of various biomass concentration of activated sludge on MP's removal kinetics was studied in chapter II. It was shown that the increase of biomass concentration (CTSS) from 3 to 5 g TSS L -1 significantly increased the removal of the highly and moderately degradable compounds (CAF, SMX, BZT, ROX and ERY), whereas a further increase to 8 g TSS L -1 improved slightly their removal. To our knowledge, these kinds of kinetics performed at high biomass concentration (C TSS = 8 g TSS L -1 ) in conventional activated sludge was not employed.

Based on the non-linear relation deduced from experimental set operated at various C TSS in corresponding HRT-4 h, we can consider a kind of saturation of the system by the presence of the C TSS . Therefore, a special effort to justify and explain these existing results is conducted in the present chapter.

Bearing in mind the activated sludge binding sites to MPs, it was convenient to assume such saturation phenomena for the number of moles of MPs instead of its mass concentration. The, CMPs are expressed in µmol L -1 .

In order to determine the removal rate rMPs (in µmol L -1 h -1 ) at the different biomass concentrations -3, 5 and 8 g TSS L -1 , the slopes of the tangents at every time t for the MPs 

L -1 h -1 ) Time (h) DCF TSS_3 g L-1 TSS_5 g L-1 TSS_8 g L-1
The Figure III.1 clearly shows a logical decrease of the removal rates of SMX, BZT, ROX, ERY and DCF with time at 3, 5 and 8 g TSS L -1 . Moreover, higher removal rates were recorded at higher biomass concentrations for all investigated micropollutants. However, almost very low change in removal rates was observed with high biomass concentrations (between 5 and 8 g L -1 ) for SMX, BZT, ROX and ERY (almost no change for ROX and ERY).

DCF exhibited a different behavior, higher removal rate can be noticed only with a very high biomass concentration, i.e 8 g TSS L -1 .

III.3. The power law kinetics

III.3.1. Determination of 𝑛 coefficient

Based on the results shown in Figure III.1, we can suppose that the kinetics can follow a power law, and then that the removal rate could be proportional to (CTSS) n with 𝑛 lower than 1.

Our new equation was developed in Eq. (III-3) and then linearized in Eq. (III-4).

𝒓 𝑴𝑷𝒔 = -𝒌 𝑴𝑷𝒔 𝑪 𝑴𝑷𝒔 (𝑪 𝑻𝑺𝑺 ) 𝒏

(III-3)

where 𝑘 𝑀𝑃𝑠 is the power law removal rate constant. It is important to note that due to the increase of relative error in the determination of 𝑟 𝑀𝑃𝑠 for the lowest concentrations of MPs remaining in the reactor, we limited the study time to 1 hour.

𝒍𝒐𝒈 (-𝒓

For high biodegradable compound such as caffeine, the change of concentration was fast and we realized that our measure of the time was not sufficiently precise. Consequently, due to high relative error, we were not able to treat caffeine. 

III.3.2. Determination of the new kinetic constants 𝑘 𝑀𝑃𝑠

The new kinetics constant 𝑘 𝑀𝑃𝑠 values were determined through Eq. (III-4). A real kinetic constants do not depend on time. The second term of the equation groups together the dissolved MP concentration CMPs (µmol L -1 ) and the new kinetic constant 𝑘 𝑀𝑃𝑠 (L n g -n h -1 ). In order to obtain satisfactory results of 𝑘 𝑀𝑃𝑠 with different biomass concentrations (3, 5 and 8 g TSS L -1 ) over the appropriate reaction time, a sensitive analysis was required. For more details, Table values could not be compared to literature data because their units depend on the order of the reaction. It is important to note that 𝑘 𝑀𝑃𝑠 will be used in the following chapter concerning the simulation.

Table III. 1. Calculated 𝑘 𝑀𝑃𝑠 (L n g -n h -1 ) of each MP for each CTSS and the average 𝑘 𝑀𝑃𝑠 (± RSD (%) of +20 % sensitivity test) determined for the three tested biomass concentrations.

𝒌 𝑴𝑷𝒔 (L n g Our observed kinetics was inconsistent with the apparent-first-order. In current study, the higher biomass concentration increases the active surface and thus the global MPs' removal, but hindered the system and then induces a non-linear kinetics at various biomass concentration.

From the equation above, two important conclusions can be drawn in terms of understanding of the 𝑛. Firstly, it is important to note that the so-called 𝑛 which constitutes our central results is, in fact, less than 1. Increasing CTSS increases the mass of reactive biomass but also reduces the mobility of flocs, and then the transport of MPs in the bulk of flocs. Given that the first transport step of MPs in the classical activated sludge system is mainly dominated by advection, factors affecting the MPs' removal will include the mixing energy input, the particular hydraulics in the reactor, and the rheological properties such as density and viscosity of the sludge. It is well known that activated sludge exhibits a pseudoplastic non-Newtonian behavior so that increase of CTSS leads to radical change in the mixing by a dramatic increase of the apparent viscosity and development of aggregates of flocs. Then, we are facing two opposite processes due to CTSS increasing: increase of the reactive biomass and decrease of the mobility of interflocs-water, which lead to a decrease of MPs transport to the flocs where they can be removed. It constitutes the first resistance faced by the MPs.

According to the magnitude of 𝑛, two extreme conditions can be encountered:

-For the classic case where 𝒏 = 1, the mixing is efficient and the transport is fast at moderate biomass concentration. So that, the power law model is equal to the biological removal of MPs, which is often described to be governed by apparent-first-order kinetics as following:

⇒ 𝒓 𝑴𝑷𝒔 = -𝒌 𝑴𝑷𝒔 𝑪 𝑴𝑷𝒔 (𝑪 𝑻𝑺𝑺 ) 𝒏 = -𝒌 𝑴𝑷𝒔 𝑪 𝑴𝑷𝒔 (𝑪 𝑻𝑺𝑺 ) = -𝒌′𝑪 𝑴𝑷𝒔 (III-5)
where k' is the intrinsic biological removal rate constant which is composed of 𝑘 𝑀𝑃𝑠 and CTSS n (k'= kMPs CTSS n ). This configuration occurs with low and moderate CTSS.

-For lower values of 𝑛 (𝒏 < 1), the apparent-first-order kinetics model cannot be used anymore. The general Eq. (III.3) must be used. Low 𝑛 values (𝑛 < 1) for different MPs could be due to different issues. Generally, the molecule of MP will first have to migrate through the liquid in the reactor until it finds an activated sludge floc. Since this first transport step is mainly dominated by advection, factors affecting the ′′kinetic constants′′ will be the mixing and fluid properties such as density and viscosity.

Consequently, it could explain the high sensitivity of the new biological kinetics to the physical process through the liquid bulk. Afterwards, MPs have to move in stagnant water between floc aggregates and inside the flocs to reach bacteria.

III.3.3.1. Effect of non-ideal mixing

As well as for heterogeneous kinetics or catalysis, the mixing conditions can be the first factor to be investigated in order to explain the new removal rate constants values, since they constitute the first resistance faced by the MP. If mixing issues happen in a real treatment system, there is the risk of calibrating incorrectly the rate constants by using classic kinetics such as first order, apparent-first-order, etc. The kinetic is dependent on the transfer of the MP from the bulk to the biomass activated sludge sites.

Other studies treated similar problems with transfer of substrate or oxygen in activated sludge flocs. In activated sludge systems, maximum dissolved oxygen for biomass growth of 2 mg O2 L -1 are commonly considered (Henze et al. 2002). It is therefore logical to assume that values significantly higher than 2 mgO2 L -1 at higher biomass concentrations (4.2 mg O2 L -1 and 6.1 mg O2 L -1 for reactors operated at 5 g TSS L -1 and 8 g TSS L -1 , respectively) are rather due to advection limitations of oxygen in the bulk liquid in their way to the biomass. By analogy, studies were performed on the inconsistencies of the intrinsic half saturation indices (Ks) of a

substrate. An incompatibility found by [START_REF] Fang | Kinetic analysis on the two-step processes of AOB and NOB in aerobic nitrifying granules[END_REF] about experimental and theoretical kinetic parameter in nitrifying granules could be attributed to the fact that the bulk concentration that reaches the interface from the bulk solution to the granules is different to the one expected, due to mixing problems. Moreover, [START_REF] Arnaldos | From the affinity constant to the half-saturation index: Understanding conventional modelling concepts in novel wastewater treatment processes[END_REF] showed that it would be important to first check bulk mixing conditions before attributing different Ks values to different physical such as diffusion and biological phenomena that affect its observed value.

III.3.3.2. Effect of solids concentration of activated sludge on the rheological behavior

On a structural point of view, it is well known that the biological sludge can be roughly described as concentrated dispersions of structural units, i.e. flocs or aggregates of flocs. The high concentration of solids has been given as the primary reason to break the movement of the bulk liquid carrying the MPs towards aggregates (Table III.2). High viscosity from large solids contents are likely causes of these effects. Considering that the properties of sludge highly depend on solids concentration, it becomes interesting to link the effects of this variable to the rheological properties of activated sludge. A well-mixed activated sludge at low CTSS may behave close to water (Newtonian behavior) in terms of rheological properties. However, with increasing biomass concentration, activated sludge exhibits non-Newtonian flow character. It has been identified as a pseudoplastic non-Newtonian fluid (Sanin et al. 2002). This is believed to be due to the increase of the apparent viscosity with solids concentration follows an exponential pattern. Several studies have reported the solids concentration and viscosity relationship in slightly different forms (Seyssiecq et al. 2008;[START_REF] Lotito | The rheology of sewage sludge at different steps of treatment[END_REF]. It indicates that for high CTSS (i.e. 8 g L -1 ) the local mixing become difficult leading to low shear stress, low shear rate and extremely high apparent viscosity. Consequently, this leads to the creation of large aggregates made of flocs and stagnant internal stationary liquid zone.

Table III. 2. Physical tranport and diffusion limitations of MPs at high biomass concentration.

Additionally, these advection limitations could influence diffusional limitations. Therefore, a

comprehensive study of all these starting with the diffusion limitations of MPs existent in the process is represented in the following section.

III.3.4. MPs diffusion limitation interflocs

Generally, and for practical reasons the fact of possible limitation of MPs diffusion was of minor importance, since the main focus was on increasing the removal efficiency of recalcitrant compounds. From diffusion point of view, a floc particle can be viewed as a heterogeneous system, where substrates, in this case MPs, diffuses through the matrix and reacts at the surface of the organisms distributed throughout. However, for activated sludge processes, natural diffusion is usually a slow process. Therefore, most of the processing operations depend mainly on the effective mixing for their success.

Based on the above results, the concept of the order of the reaction 𝑛 is understood for various MPs in a similar physical manner. However, it is important to note that there is difference in 𝑛 values between the investigated MPs (Figure III.3). This observation could mainly be due to the diffusion limitation of each micropollutant between and in the aggregates of flocs due to their molecular weight. Moreover, [START_REF] Mudliar | Steady state model for evaluation of external and internal mass transfer effects in an immobilized biofilm[END_REF] showed that a region exists near the floc surface where the liquid velocity is very low, giving rise to a near-stagnant film of liquid, which offers maximum resistance to the transfer of substrate to the surface. To test the hypothesis of MPs' limitation by diffusion, we compared the finding 𝑛-coefficients with diffusion coefficient of each MP. However, going through all available chemical database it was impossible to find diffusion coefficients of investigated MPs neither in CAS water nor in pure water. Subsequently, knowing that in polymer studies, they used correlation between diffusion coefficient and molecular weight (Dm ∝ 1/M w ), we followed a method inspired by Einstein equation of diffusion. Actually more precise than Einstein equation, models such as the Wilke-Chang and Tyn-Calus allow to obtain a good approximation to the real diffusion coefficient value of component in bulk liquid phase systems from the molecular weight [START_REF] Wilke | Correlation of diffusion coefficients in dilute dolutions[END_REF]. It is important to mention that the solvent of our systems is not a pure water (water + sludge) so that, the molecular weight will be useful instead of directly estimation of the MPs diffusion coefficients. The rearrangement of Wilke-Chang equation as a function of the MPs molecular weight (M MPs ), reveals, a functional dependence of the form Dm = ƒ

(1/M MPs 0.6 ). The complete equation is:

𝑫 𝒎 = 𝟕.𝟒 𝟏𝟎 -𝟖 𝑻 𝜶 𝟎.𝟓 𝑴 𝒔𝒐𝒍 𝟎.𝟓 𝝆 𝟎.𝟔 𝜼 𝑴 𝑴𝑷𝒔 𝟎.𝟔 (III-6)
where T is the absolute temperature, M MPs is the MPs molecular weight, M sol is the solvent molecular weight, η is the viscosity of the solvent, ρ is the density of the solvent and α is the association parameter which is assumed to be 2.3 for water (Treybal et al. 1980).

We plotted 𝑛 versus 1/M MPs 0.6 (Figure III.4). A very good fit is obtained, showing that there is a relation between the 𝑛-coefficient and the diffusion phenomena. The correlation coefficient (R 2 ) for a linear fit with the respective model was 0.92. This indicates that the decrease of the order of the reaction is attributed to the increasing of the molecular weight of the MP. Then, the expression of 𝑛 can be rewritten as:

𝒏 = 𝓴 𝟏 𝑴 𝑴𝑷𝒔 -𝟎.𝟔 + 𝓴 𝟐 (III-7)
with 𝓀1 = -0.00275 (mol 0.6 g -0.6 ) and 𝓀2 = 0.593.

Particularly small molecules such as BZT (M BZT = 119 g mol -1 ) possess relatively high diffusion coefficient, and reach higher 𝑛 values. In the contrary, ROX characterized by the highest molecular weight of 837 g mol -1 recorded the lowest 𝑛 value. Consequently, the MPs with low diffusion coefficient have a slower transport between the flocs and, the rate of MPs removal in the system is thereby slightly decelerated.

It can be noticed that 𝓀1 and 𝓀2 become then another kind of parameters for characterization of MPs removal. As a first approach, it can be supposed that the values found in the sludge can be used for other sludge for CAS and eventually, SBR and MBR since we used different sludge from two WWTPs in our experiments. 

(III-8)

Under these conditions the intrinsic rate is no longer observed since the diffusion of MPs in the bulk liquid affects the rate of MPs' removal and the true kinetics of the reaction (Eq. III-8) must be used. These findings helped to explain the unusual contributions in terms of 𝑛 in the overall process of micropollutants removal in previous literature. For activated sludge processes, the diffusion study of micropollutants is often neglected and not considered in the mathematical models. However, LaMotta (1976); [START_REF] Pérez | Modelling biofilm and floc diffusion processes based on analytical solution of reaction-diffusion equations[END_REF]; [START_REF] Benefield | A kinetic model for the activated sludge process which considers diffusion and reaction in the microbial floc[END_REF] kinetic models for biological process by considering both substrates diffusion and reaction in the microbial floc/biofilm. The new current kinetic model seems applicable to all situations, whereas the use of other kinetic relationships would limit the applicability of the model to certain specified conditions (i.e. mixing, sludge properties...).

III.4. Conclusion of chapter III

In this chapter, a correlation has been developed to explain the dependence of the kinetic rate of MPs' removal on the biomass concentration raised to the power of 𝑛 less than 1 and around 0.5. The power law kinetics allows simple determination of the intrinsic removal rate values and fits to all CTSS concentrations.

Furthermore, following consequences of the power law kinetics were discussed.

-The removal rate value is directly dependent on mixing conditions.

-The removal rate depends on MPs diffusion.

-The removal rates rely on the rheological properties of the sludge, i.e, biomass concentration. Therefore, further investigations into the rheological properties of sludge would be of high interest.

-Since 𝑛 is dependent on local mixing, further research is needed in the reactor design at different scales: local mixing and mixing at the scale of the reactor by using the same experimental data of the current study.

-Moreover, the sensitivity of the simulation of such reaction to the value of 𝑛 implies working with care with CFD or systematic simulations.

All of this indicates that still much research is required to gain a better insight into the MPs' removal in biological wastewater treatment. 

III.5. References of chapter III

IV.1. Introduction

Modelling and simulation are very important tools to design new wastewater treatment plants, optimize and increase the efficiency of the existing ones [START_REF] Laurent | A protocol for the use of Computational Fluid Dynamics as a supportive tool for wastewater treatment plant modelling[END_REF][START_REF] Nopens | To Mix, or Not to Mix, That Is the Question[END_REF][START_REF] Samstag | CFD for wastewater treatment: an Overview[END_REF][START_REF] Wicklein | Good modelling practice in applying Computational Fluid Dynamics for WWTP modelling[END_REF]. [START_REF] Gernaey | Activated sludge wastewater treatment plant modelling and simulation: state of the art[END_REF] showed that modelling makes it possible to better understand the operation of the wastewater treatment plant (WWTP)

and the consequences of modifying the operating parameters (residence time, aeration time, organic load, sludge age, etc.). During the last decades, design, modelling, optimization and control of biological wastewater treatment systems, i.e. activated sludge system, has gained a lot of importance due to the fact that not all existing WWTPs comply with the effluent norms.

Many WWTPs require modifications to reduce the potential environmental risk of effluents.

Typically, model-based assessment is used to generate predicted environmental concentrations for recipient water bodies. Several studies showed that modelling a treatment plant actually requires the use of several models such as a hydrodynamic model (representing the hydraulic behavior of the installation), an aeration and mixing models, models for physicochemical processes (variation of pH and alkalinity, flocculation, precipitation, decantation ...), a biokinetic model (biological processes), a fractionation model (converting the measurements made on the tributary, i.e. chemical oxygen demand, COD, and Kjeldal nitrogen, NTK, into state variables of the biokinetic models such as fractions of substrate slowly and rapidly biodegradable) and the MPs kinetics studied in new frameworks of activated sludge modelling (Bellandi 2014;[START_REF] Fenu | Activated Sludge Model (ASM) based modelling of membrane bioreactor (MBR) processes[END_REF]Gillot et al. 2006;Plosz et al. 2010;Pomies et al. 2013;Rehman et al. 2014;[START_REF] Tan | Modelling of the fate of selected endocrine disruptors in a municipal wastewater treatment plant in south east Queensland, Australia[END_REF]Kristenten et al 2013;Couzot et al. 2013).

The first goal of this chapter is to model the biokinetics of activated sludges represented by ASM1 coupled with the kinetic model of micropollutant removal. A preliminary simulation was performed in order to reproduce the experimental time evolution of the ASM1 state variables (macropollutants and biomass) measured in chapter II. In a second step the micropollutants removal kinetics was added to the ASM1 model. Two kinetics model were considered, the classical apparent-first-order model and a power law kinetics, in order to (i) verify the experimental results of previous chapters and (ii) predict the effect of local mixing for a wide range of biomass concentrations on MPs' removal in the batch system.

The second goal of the chapter is the extrapolation of the new kinetics defined in chapter III to continuous systems in order to predict the effect of the local mixing but also of the hydrodynamic configurations on the MPs removal. The predictions of concentrations evolution between the inlet and the outlet of the systems were performed with MATLAB/Simulink software.

IV.2.

Modelling of activated sludge biological treatment [START_REF] Henze | Activated sludge model No. 1[END_REF][START_REF] Wijhe | The history of caffeine as used in anaesthesia[END_REF] proposed a mathematical modelling of wastewater treatment process using the activated sludge biological treatment. The most widely accepted and used model from this set of models is the activated sludge model no.1 (ASM1) [START_REF] Hauduc | Critical review of activated sludge modelling: State of process knowledge, modelling concepts, and limitations[END_REF]). The ASM1 model incorporates the basic biotransformation processes of an activated sludge wastewater treatment plant for the prediction of biological phenomena in the reactor: it represents phenomena such as carbon oxidation, nitrification and denitrification within an activated sludge system by quantifying the kinetics and stoichiometry of each reaction. This is why the ASM1 model was chosen in the present chapter to describe the evolution of macropollutants during the activated sludge process in the SBR systems studied experimentally in chapter II.

The equations of this semi-deterministic model describe the growth and death of heterotrophic and autotrophic biomasses during the biological conversion of COD and NH4. The system of equations consists of first-order differential equations with respect to time, describing the phenomena of growth, death, hydrolysis and ammonification. Although this model is commonly used, it suffers from following disadvantages: (i) the calibration of all the kinetic parameters can be hazardous task and (ii) the model is highly nonlinear due to the appearance of Monod like kinetics in the material balance equations (Smetz et al. 2003). Many simplified ASM1 were proposed through linearization.

IV.2.1. State variables and biological phenomena of ASM1

Often not ASM1 state variables and/or not all processes are considered. The most straightforward simplification consists in assuming only oxic conditions, which is the case of our experiments.

The compounds involved in ASM1 are represented by twelve state variables described in Table IV.1. 

Dissolved oxygen

The letter X is proposed for particulate compounds and the letter S for soluble compounds.

These state variables can be divided into 5 groups:

-substrates: the readily biodegradable substrate SS (mg O2 L -1 ) and the slowly biodegradable substrate XS (mg O2 L -1 ). The latter is considered particulate by the model ASM1 although soluble and colloidal fractions are also present in reality;

-biomasses: the heterotrophic biomass XB,H (mg O2 L -1 ), responsible for the oxidation of organic matter and denitrification, and the autotrophic biomass XB,A (mg O2 L -1 ), responsible for nitrification. Biomass growth is described by Monod's law. A third state variable, noted XP (mg O2 L -1 ), represents the products of dead biomass;

-nitrogen compounds: particulate biodegradable organic nitrogen XND (mg N L -1 ), nitrogen organic soluble biodegradable SND (mgN.L -1 ), ammoniacal nitrogen SNH (mg N L -1 ), and nitrate-nitrite SNO (mgN L -1 );

-dissolved oxygen SO (mg O2 L -1 );

-biologically inert states: the inert soluble organic compounds SI (mg O2 L -1 ) and particulate XI (mg O2 L -1 ).

The four major biological processes that take place are schematized as follows:

biological growth of heterotrophic and autotrophic biomass:

Substrate + Biomass Biomass + Products endogenous respiration of heterotrophic and autotrophic biomass (mortality):

Biomass Products ammonification by heterotrophic biomass, organic nitrogen converts to ammonium; hydrolysis of slowly biodegradable compounds, non-soluble carbon and non-soluble nitrogen:

Substrate Products

IV.2.2. ASM1 model description

Each biological reaction is characterized by the concentrations of the compounds (substrate, biomass and products), the reaction kinetics (ρ u ) and the conversion rates (Y). The conversion rate represents the theoretical amount of product formed from a given amount of reactant. It therefore depends on the nature of the compounds involved in the reaction. There is a conversion rate Y i,u for each biological reaction and compound (i) involved.

For each biological process, the consumption and production rates of the compound (i) involved are given by the product Y i,u × ρ u , preceded respectively by the sign -and the sign +.

The set of rates acting on compound (i) of ASM1 model is called the overall biological rate, denoted ri. It is represented by the following expression:

𝐫 𝐢 = ∑ 𝐘 𝐢,𝐮 𝛒 𝐮 (IV-1)
The reaction kinetics for the different processes (ρ u) are an important part of the dynamics of the system. However, the way in which each compound influences reaction kinetics is sometimes difficult to evaluate. The writing of these kinetics in the form of an equation is generally based on empirical considerations and formulations is therefore often approximate relations. The reaction kinetics of each process is expressed by the following equation:

𝛒 𝐮 = µ 𝒖 𝐂 𝐓𝐒𝐒 (IV-2)
where CTSS represents the concentration of the total biomass and μu represents a parameter that can be expressed by a constant or a parameter varying in time or a product of other system state variables. For example, in the case of biomass mortality, μu equals a constant coefficient of biomass mortality ''b'', which is not usually the case for kinetic parameters.

However, Eq. (IV-2) is not sufficient to describe complex kinetics (oxidation of biodegradable organic matter, nitrification, denitrification, hydrolysis) since it does not allow the representation of saturation or inhibition phenomena. Therefore, the equation of complex kinetics requires determining whether a compound, according to its concentration in the reaction medium, inhibits, activates or limits the reaction and in what proportion. The biomass growth reaction is considered as a complex reaction of the treatment process. The empirical model of Monod provides a solution to this problem (Monod 1941). For example, Monod equation translates the exponential growth phase corresponding to the saturation of the specific growth of heterotrophic biomass in aerobic condition as follows:

µ 𝟏 = µ 𝑯 ( 𝑺 𝑺 𝑲 𝑺 +𝑺 𝑺 ) ( 𝑺 𝑶 𝑲 𝑶,𝑯 +𝑺 𝑶 ) (IV-3)
where µ 1 is the specific growth rate of 𝑋 𝐵,𝐻 (d -1 ), µ 𝐻 is the maximum growth rate (d -1 ), KS is the substrate half-saturation constant (mg O2 L -1 ) that represents the substrate concentration when the growth rate is equal to half of its maximum value (µ 𝐻 ), KO,H is the dissolved oxygen half-saturation coefficient for heterotrophic biomass and SO is the dissolved oxygen.

Table IV.2 summarizes the equations of the biological processes involved and their reaction rates.

Although they are different in nature, the biological phenomena present in the anoxic and aerobic phases are simulated under a single model. This is possible thanks to the use of switching functions:

the kinetics taking place only in the anoxic phase will include the term ( However, our experimental results in batch mode will be exclusively simulated during the aerobic phase and thus inhibiting the reactions in the anoxic phase.

The production rates of each compound are:

The values of the stoichiometric parameters of the ASM1 model as well as their units are presented in Table IV.3. The kinetic parameters values were taken either from the Benchmark Simulation Model no. 1 (BSM1, Alex et al., 2008), or in the range of variation reported by the study of (Henze et al. 2002). The values are summarized in Table IV As commonly known, the operation of the sequencing batch reactor (SBR) process consists of a filling, a reacting, a settling, a decanting (effluent emptying), and an idling stage (pause) in sequence. In the present study, only the reacting stage (aerobic phase) in the batch mode was modeled in order to simulate the experimental configuration.

The composition of wastewater influents varies during the day in WWTP and so the choice of a typical influent composition is difficult and raises a reproducibility question for laboratory studies. This is why synthetic influents with properties close to average wastewater are often used. As mentioned before in Table II.7, our synthetic influent was composed of sugars (sodium acetate) for the biodegradable carbon substrate, ammonium bicarbonate for ammonia nitrogen, potassium dihydrogen phosphate for phosphorus and various mineral compounds (MgSO4, FeSO4, CaCl2, NaHCO3). However, the literature is rich with other examples of sugars such as ethanol, molasses, and Viandox for biodegradable carbon substrate. In our study, a substrate was made of only readily biodegradable substance (SS) and no slowly biodegradable substrate was added (XS). By definition, slowly biodegradable substances need to be hydrolyzed before being metabolized, while readily biodegradable substances can be metabolized without prior hydrolysis. The sodium acetate was the only carbon source chosen as the basis for the initial composition of the three different SBRs. The composition of the mixtures used experimentally is detailed in chapter II. In particular:

-The concentrations of acetate, expressed in COD, were calculated for a volume exchange ratio (VER) of 50 %. The volumetric exchange ratio is defined as the ratio between the volumes treated per cycle to the maximum reactor volume. It is equal to 600 mg O2 L -1 of COD, 250 mg O2 L -1 of COD, and 50 mg O2 L -1 of COD in SBR-3 d, SBR-10 d, and SBR-20 d, respectively.

-The ammonia nitrogen concentration equals 37.5 mg N-NH4+ L -1 , with a VER of 50 %, in the three above-mentioned SBRs.

In order to use the experimental data in the simulated ASM1 model, many equivalence relationships can be found in the literature between experimentally measured parameters in wastewater treatment plants and ASM1 variables. The following relationships were proposed by Copp et al. (2002). They read as follows.

[𝑪𝑶𝑫] = 𝑺 𝑰 + 𝑺 𝑺 + 𝑿 𝑰 + 𝑿 𝑺 + 𝑿 

[𝑵𝑶 𝟑 -+ 𝑵𝑶 𝟐 -] = 𝑺 𝑵𝑶 (IV -27)
In the batch mode study, we assumed that no non-biodegradable non-soluble (XI) nor any nonbiodegradable soluble substrates (𝑆 𝐼 ) were present and that the 0.45 µm filtration process made it possible to eliminate all the biomass. Consequently, we reach [CODfiltered] = 𝑆 𝑆 . The 𝑆 𝑁𝑂 represents the sum of nitrites and nitrates, but in all classical situations the nitrites are considered to be negligible.

Dionisi et al ( 2017) assumed that endogenous metabolism converts the biomass to carbon dioxide, with very small generation of inert (XP). Hence, the sum of 𝑋 𝐵,𝐻 + 𝑋 𝐵,𝐴 represents the active biomass. Generally, in CAS systems, authors assumed that most of bacteria that biodegrade pollutants are heterotrophic bacteria (Le Moullec, 2008). Hence, the following relations for biomass concentration will be used: where β is the ratio of the volatile suspended solids (CVSS) to the total suspended solids (CTSS).

• ASM1 limitations

The assumptions and limitations of the ASM1 model are numerous. It is important to keep some of them in mind during our simulation:

-The hydrolysis of the nitrogen and carbon compounds take place simultaneously with equal rates.

-The parameters for nitrification are assumed to be constant.

-Only the rapidly biodegradable part of the biodegradable organic matter can be used by the biomass.

-The mortality of the bacteria is not affected by the absence of oxygen during the whole cycle of SBR (settling and drawing phases).

IV.3. Kinetics of MPs removal

Two types of kinetics of MPs removal are tested in the following sections: the common apparent-first order kinetics described in chapter II, and the new power law kinetics investigated in chapter III. In order to simulate the removal of micropollutants concentration (CMPs), additional biological processes must be taken into account:

-Growth of bacteria that biodegrade micropollutants -Mortality of bacteria that biodegrade micropollutants

The bacteria that biodegrade pollutants were assumed to be heterotrophic (𝑋 𝐵,𝐻 ). Moreover, we considered no biomass growth due to micropollutants since at very low concentration of micropollutants, the removal of MPs has negligible on biomass.

For low substrate concentrations, much lower than the half-saturation coefficient, e.g. the case of micropollutants in this study, the Monod kinetics can be simplified into the common pseudofirst order kinetics (Eq. IV-31).

𝐫 𝐌𝐏𝐬 = -𝐤 𝐂 𝐌𝐏𝐬 𝐂 𝐓𝐒𝐒 (ІV-31)

However, as explained in previous chapters, Eq. (IV-31 and II-3) is often simplified; people assuming that the fluctuations of CTSS are negligible. Further simulations were carried out by testing the apparent-first-order described in Eq. (IV-32 and II-4) for the different experimental CTSS of 3, 5 and 8 g TSS L -1 .

𝐫 𝐌𝐏𝐬 = -𝐤′ 𝐂 𝐌𝐏𝐬 (ІV-32)
Accordingly, the substituted kinetics called power law model for MPs' removal derived as the following equation (Eq. IV-33 and III-3) from chapter III, was also put to a test.

𝐫 𝐌𝐏𝐬 = -𝐤 𝐌𝐏𝐬 𝐂 𝐌𝐏𝐬 (𝐂 𝐓𝐒𝐒 ) 𝐧

(ІV-33)

Both kinetics were tested in batch systems to simulate the experimental setups. But only the new kinetics of Eq. ІV-33 was applied later on the continuous system.

IV.4. Sequencing Batch Reactor simulations

The first modelling approach has been especially developed to simulate the macropollutants during the reaction phase of the SBR system. The ASM1 model was coded with MATLAB version R2018b (the language of technical computing). Two sets of simulation were performed on the batch system as following:

series 1 groups the seven experimental setups of SBR(s) performed at low CTSS (~ 3 g L -1 ) presented in chapter II.

series 2 encompasses a set of experiments carried out only for the SBR-10 d, operated at HRT of 4 h with various biomass concentrations of 3, 5 and 8 g TSS L -1 in chapter II. During the aeration phase of the SBR systems, no continuous flow enters the system or leaves the system while the reaction takes place. For oxygen, the material balance is expressed by Eq.

(IV-34). For both aforementioned series, the material balance for any compound 𝑖 in the reactor was presented by the following Eq. (IV-35) for soluble compounds and Eq. (IV-36) for non- where V denotes the volume of the reactor and r i denotes the rate of production of the soluble compound (Si) and the non-soluble compound (Xi) in the reactor, while kLa (S O,sat -S O ) reflects the oxygen supply when the reactor is aerated.

The programs used for simulations consisted of:

a main program which reads the external files that contain the ASM1 model data (parameters, initial concentrations, kLa…) as well as the experimental data as function of time. The differential equations describing the material balances were solved with ode23s Matlab function which uses an order 2 modified Rosenbrock method.

a function containing the material balances a function which makes it possible to calculate the reaction rates of each compound, i.e. ASM1 compounds or MPs (which are discussed in detail in the following section).

Figure IV.2 described in more details how the program works. After initialization of the vector ''y'' that groups the concentration of all compounds in the batch reactor, an interval of time is defined to do the integration.

The function definining the differential equations for the SBR system i.e. Eqs. 35 and 36), was called ''Balance_SBR''. All the parameters that have been defined or imported into the main program (time, kLa, and stoichiometric data) as well as the compound concentrations are the input of the ''Balance_SBR'' function. At the output, the derivative of the concentrations are returned.

Following equations IV-12 to IV-23, and IV-32 or IV-33, the reaction rates of the compounds ASM1 state variables and micropollutants are established, respectively. For this reason, the function ''rate'' which calculates the reaction rates of each compound is created. The function returns as an output the vector [dydt] containing the derivatives of the concentrations, that is to say the derivatives of the vector [y] (see more details in Text IV.S2a).

In batch reactors, the derivative of each compound is equal to the compound production rate due to all reactions involving the compound (see more details in Text IV.S2b). In aerobic conditions however, term kLa (S (O,sat) -S (O,SBR) ) is added to the production rate.

IV.4.2. Parameter optimization of ASM1 model

In order to reproduce the variations of the (i) dissolved oxygen, (ii) the macropollutants as well as (iii) the biomass concentrations in the SBR systems, a pre-simulation step was realized and two types of calibration were suggested as following:

-Optimization of the kLa parameter to reproduce the experimental oxygen concentration evolution;

and simulated kLa in bulk liquid (γ = kLa (clear water) / kLa (bulk)). The calculated γ values are almost identical. Consequently, in order to unify the aeration operation, the average kLa around 12.1 h -1 can be interpreted as an optimized reactor transfer coefficient used in both series.

Subsequently, both SS and SNH showed faster elimination in simulation compared to the experimental variation. The rate ρ1 only depends on the KS and µH. Hence, the increase of KS up to 120, 150 and 225 g COD m -3 in setups 1, 2 -6, and 7, respectively, decreased the biomass growth and so the consumption of SS becomes slower in simulation. Moreover, the decrease of µH from 4 to 2.5 day -1 diminushed the consumption of SS in all studied setups. The parameter ρ2 only depends on the KNH and µA. A slightly decrease of µA from 0.5 to 0.2 day -1 was enough to reduce the biomass growth and so the consumption of SNH. However, the heterotrophic and autotrophic biomasses were lower in simulation compared to experimental results in SBR operated at high SRT of 20 d. According to Eqs. (IV-7) and (IV-8), a decrease of the mortality coefficients (bH and bA) adjusted the heterotrophic and autotrophic biomasses growth, respectively. The optimized values were compiled in Table IV.5 (the non-calibrated parameters are the default values according to Benchmark). Similar steps were performed for series 2 of SBRs operated with three various biomass concentrations of 3, 5 and 8 g TSS L -1 . The optimized parameters were compiled in Table IV Crosses refer to the experimental data and the blue line refer to the simulated results.

From the point of view of the macropollutants' concentrations along the reactor, there is a marked [COD] decay (from 606 to 250 g m -3 ) in 3 hours. At the beginning of the reaction, oxygen value is high, greater than 2 g m -3 , which implies no limitation due to lack of oxygen.

The evolution is also notably pronounced from 2.5 to 0.01 g m -3 due to the gradually consumption of the substrate quantity. In other setups operated at longer HRTs, the drop of dissolved oxygen concentrations is followed by a regain of oxygen. This can be explained by the exhaustion of soluble carbon source at longer reaction time for the same SRT (see Figures andS6). As stated above, slowly biodegradable XS is not added to the system.

IV S1 and
Thus, producing XS from 0 to an almost stable value of 38 g m -3 at the end of the reaction was explained by the mortality of the bacteria. Similarly, the same reason explains the increase of XND. XND and XS, which can be subsequently hydrolyzed to SND and SS, respectively. When the bacteria are ′′destroyed′′, they produce XP unused by the bacteria. XP increases in batch system. Table IV.7 and IV.8 showed the verification of the ASM1 modelling based on experimental/simulated data generated with the ASM1 model in series 1 and 2, respectively.

The numerical application matches very well with the experimental results with %error by around 0-5 % for the series 1 and 1-5 % for the series 2. The small discrepancies between experiments and simulations were also shown graphically in Figures IV.S1-S8. This seemed in good agreement with the above tabulated data. Therefore, the macropollutants profiles verified the good operation of the biological reactors performed at different operating conditions. In this section, we have focused on the macropollutants and the simulation of their evolution by optimizing ASM1 parameters. In the following sections we will focus on the micropollutants by testing different kinetics: the apparent-first-order kinetics and the power law kinetics. In order to test the models of MPs' removal kinetics, the most common apparent-first-order kinetics in literature was successively performed for the study of the MPs' removal in both series 1 and 2 of SBRs.

Starting with series 1 (CTSS = 3 g L -1 ), one example of graphical results showing the experimental and simulated profiles of aqueous MPs' concentrations was illustrated in Figure IV.5. The agreement between the simulated and the experimental data is high, considered with respect to the investigated MPs' concentration. The apparent-first order kinetics reproduces all the experimental setups for series 1 with good agreement, within the simulated scatter. Other graphical variations of MPs' concentrations during the aeration phase of different setups of series 1 were reproduced in the Figures IV. S9-S14 of the supplementary information. These results show a similar agreement between experimental data and the numerical simulations. It can be seen that application of apparent-first order approach is greatly recommended in systems operated with biomass concentration up to 3 g TSS L -1 at different combinations of SRT and HRT. Several studies performed at biomass concentrations lower than or equal to 3 g TSS L -1 and operated at various operational conditions used successfully the apparent-first order (Kang et al. 2018;Majewsky et al. 2011;[START_REF] Massot | Biodegradation of phytosanitary products in biological wastewater treatment[END_REF]. For these setups, similar conclusions have been obtained. Therefore, the apparent-first-order model was able to predict the aqueous MPs' concentrations.

%error of ASM1 parameters in series 2 of SBRs SRT/HRT 10 d/4 h CTSS 3 g L -1 5 g L -1 8 g L -1

XB,H (g m -3 ) 1% 2% 3%

SS (g m -3 ) 1% 1% 5%

SO (g m -3 ) 1% 5% 5%

SNH (g m -3 ) 1% 1% 1%

SNO (g m -3 ) 1% 3% 5%

The Figures IV.6 and IV.7 were joined in order to compare graphically the experimental and simulated profiles of series 2 during the aeration phase of different biomass concentrations of 5 and 8 g L -1 , respectively. By applying apparent-first-order, a deviation of all predicted values of MPs with respect to experimental data can be observed, mainly at higher biomass concentration (8 g TSS L -1 ). The SMX recorded the highest value of 93 % of deviation with biomass concentration increasing up to 8 g TSS L -1 . These results highlighted the fact that the experiments of series 2 did not obey the common kinetics of apparent-first-order. Therefore, it was interesting to implement in the simulation the new kinetics model deduced from chapter III in order to predict the new MPs' removal in such conditions of high biomass concentrations. To study the accuracy of the apparent-first-order on series 2, similar calculations were carried out. The %error of series 2 are compiled in Table IV.10. as seen in chapter III.

Three consecutive simulations were applied in order to evaluate the effect of the power law kinetics that was investigated in chapter III on the MPs removal in batch mode at different C TSS .

Recall that Eq. IV-33 including the 𝑛-coefficient constitutes our central result about the kinetics of MPs' removal deduced from previous chapter. In order to run the simulations, the following input parameters were needed: the MPs' initial concentration in the dissolved phase, the biomass concentration as well as the kinetic constant, and n-coefficient that have been calculated for each studied MP. The parameter values, obtained from the experiments, were compiled in Table IV.11. 

IV.4.4.3. Predictions by applying power law kinetics

As seen in previous section, it is of particular importance to use the new kinetic law in order to model MPs removal at different C TSS . Moreover, it is important to mention that the order of reaction 𝑛 directly depends on the mixing quality. Therefore, the objective of this section is to

(c)

give a concise overview of the effect of the mixing quality beside the biomass concentration, on MPs removal efficiency. To this aim, another Matlab code was developed. For all aforementioned files described in Text IV. S4, the "nvect" vector was simply replaced by a scalar. For every simulation, the user defines one value of n for all investigated MPs and the biomass concentration is input in the external file (Conc_Ini). Twelve different biomass concentrations were tested in the range 1.5 to 12 g TSS L -1 and 10 values of n in the range 0.1 to 1. The averages of the experimental initial concentrations of each micropollutant for 3, 5 and 8 g TSS L -1 were used to initialize the MPs concentration in the simulations. They can be found in the last column of Table IV.11. Similarly, the average of the experimental kMPs were injected in the numerical model. The computer simulation was performed for the following different cases.

The first set (i) was performed with different mixing levels at the same biomass concentration for each MP, including the calculated 𝑛 of Chapter III, section III.3.1. The second set (ii) was realized with low to high biomass concentrations up to 12 g TSS L -1 (including the tested biomass of 3, 5 and 8 g TSS L -1 ) by using the same 𝑛 level for all MPs. As a result, the removal efficiency (RE) was computed by comparing the numerical value of the remaining C MPs to the experimental average initial C MPs (last column of Table IV.11) and plotted in Figure IV.9.

As reported in Table IV.11, the order of magnitude for new kinetic constants kMPs of investigated MPs is correct. It decreases according to their degree of biodegradability i.e. (from moderately biodegradable compound SMX to persistent compound DCF). Therefore, the variation of the removal efficiency differs from one micropollutant to another. As shown in Figure IV.9, the removal efficiency of all MPs increases considerably when the 𝑛 coefficient increases, especially for 𝑛 > 0.3. For low values of 𝑛, lower than 0.5, increasing the biomass generally does not improve the removal efficiency. For 𝑛 values higher than 0.5, the biomass concentration has a significant effect on the removal efficiency. It is useless to increase the biomass concentration if the local mixing is bad. These results confirm the sensitivity of the system to the mixing level and alert on the need for good mixing conditions in order to provide higher removal of MPs. It is reminded here that the parameter 𝑛 describes both the macromixing and the local diffusion, which is related to the molecular mass of each MP.

All MPs showed significant increase of removal for 𝑛 values greater than the corresponding 𝑛 of each MP up to 1 and high biomass concentration, above 8 g TSS L -1 , resulting in an almost total disappearance of all SMX, BZT, ROX and ERY (RE > 95 %). For DCF, the highest achievable removal is lower than for the other MPs (RE up to 70 %).

The simulated removal efficiencies at 3, 5 and 8 g TSS L -1 of each MP for the experimental values of 𝑛 are close to the experimental removals (white boxes in Figure IV.9). For the values of 𝑛 determined experimentally, we observe again that micropollutants SMX and BZT are more efficiently removed (74 % and 70 % for 8 g TSS L -1 ) than ROX, ERY and DCF (36 %, 45 % and 35 % for 8 gTSS L -1 ). The values of 𝑛 obtained from the experiments, compiled in Table IV.11 for all investigated MPs, do not exceed 0.6. In order to improve further the removal, it is recommended to increase 𝑛 towards 1. The material balance for oxygen in an aerated reactor 𝑗 is written as follows: A global mass balance on the clarifier leads to:

𝑸 𝑰𝑪 = 𝑸 𝒐𝒖𝒕 + 𝑸 𝑩𝑶𝑪 (IV-48)
Material balance is then written for each compound 𝑖 of each elementary cell 𝑗𝑐 of the clarifier.

We need to distinguish at this stage the soluble and the non-soluble compounds. It is important to mention here that the micropollutants are considered as soluble compounds. The non-soluble compounds settle down to the bottom of the clarifier. The soluble compounds leave the clarifier by both the bottom and the overflow. Furthermore, it is assumed that the compounds are not involved in any reaction in the clarifier. They leave the clarifier at the same concentration as they enter, but with a delay due to the residence distribution time in the clarifier.

• Clarifier upper volume:

Even if in real clarifier the settling process happens progressively, in this simple model, there are only soluble compounds in the upper volume.

-First cell (jcT = 1T) Here, we considered that coef = 0.5. This case corresponds to equal fluxes of soluble compounds in the upper and lower parts of the clarifier; and to a concentration of non-soluble compounds twice the one in the inlet.

The material balance on the bottom of the clarifier is the following:

-First cell (jcB = 1B) (IV-56)

IV.5.1.3. Benchmark parameters

The following parameter values were chosen in the Benchmark study (Alex et al. 2008). The first two reactors of the cascade (anoxic zone) had an individual volume of 1000 m 3 . The 3 following reactors representing the aerobic zone had an individual volume of 1333 m 3 (see Table IV.12).

The flow rate of the internal recirculation QL is kept at 55338 m 3 d -1 . The flow rate of the sludge (QS) recirculation equals the inlet flow rate Qe at 18446 m 3 d -1 and the excess sludge is removed from the settler at 385 m 3 d -1 (See Table IV.13). The initial concentrations were not mentioned in the Benchmark. The chosen initial values of ASM1 compounds are given in Table IV.14. The initial concentration of micropollutants is equal to zero. This means that there is no MP in the WWTP before operating the system.

The inlet concentrations were given in the Benchmark study, except for the MPs concentrations.

We adopted the same inlet values of ASM1 compounds in our simulations (Table IV.15). The inlet concentrations of MPs were taken equal to the average of the initial CMPs measured in the batch reactors. 

Initial concentration of ASM1 compounds and

MPs XB,H (g m -3 ) 2500 XB,A (g m -3 ) 190 XP (g m -3 ) 870 SS (g m -3 ) 14 XS (g m -3 ) 200 SNO (g m -3 ) 5 SNH (g m -3 ) 4 SND (g m -3 ) 1.4 XND (g m -3 ) 6 SI (g m -3 ) 18 XI (g m -3 ) 1150 SO (g m -3 ) 0.4 CSMX (µmol m -3 ) 0 CBZT (µmol m -3 ) 0 CROX (µmol m -3 ) 0 CERY (µmol m -3 ) 0

CDCF (µmol m -3 ) 0 Inlet concentration of ASM1 compounds and MPs XB,H (g m -3 ) 28.17 XB,A (g m -3 ) 0 XP (g m -3 ) 0 SS (g m -3 ) 69.5 XS (g m -3 ) 202.32 SNO (g m -3 ) 0 SNH (g m -3 ) 31.56 SND (g m -3 ) 6.95 XND (g m -3 ) 10.59 SI (g m -3 ) 30 XI (g m -3 ) 51.2 SO (g m -3 ) 0 CSMX (µmol m -3 ) 4.56 CBZT (µmol m -3 ) 7.57 CROX (µmol m -3 ) 0.97 CERY (µmol m -3 ) 1.71 CDCF (µmol m -3 ) 3.72 The concentrations in the feed of the cascade (reactor 1) as well as in feed of clarifier (exit of reactor 5), the effluent, and the return sludge are very well predicted by our model. However, the difference observed in the Table IV. 16 could be explained by the performance of the clarifier which is not similar for that used in the Benchmark Simulation Model no. 1 (BSM1).

IV.
Furthermore, in the case of the Benchmark, the clarifier is not 100 % effective. It does not completely separate the insoluble compounds from the soluble ones. On the contrary, in the present Matlab simulations, a complete separation of the insoluble and soluble compounds is assumed. This is why the %error was not computed for the non-soluble compounds (XB,H, XB,A, XP, XS, XND and XI) in the upper part of the clarifier and were marked N/A in Table IV.16. was simply changed each time in the "MainPrgm_cas" of continuous system described in Text IV.S5A. Additionally, hydrodynamic parameters such as the volume of reactors and kLa were also reset with respect to the tested number of reactors while keeping the same ratio of anoxic

(2/5 th ) and aerobic (3/5 th ) as that used in the Benchmark. Table IV.17 shows the changes that have been performed on different hydrodynamic configurations. Note that the volume of the reactor used in the Benchmark, of around 6000 m 3 , was divided into reactors of equivalent volume in order to compare correctly the effect of different hydrodynamics on MPs' removal.

After developing and running the simulation code, we obtained all the MPs effluent data (from the overflow outlet of the clarifier). These results are plotted on 3D surfaces in Figure IV.13 representing the removal efficiency of the 5 investigated MPs, as a function of coefficient n and as a function of the number of the aerobic reactors (which amounts for 3/5 th of the total number of reactors). We made the choice to present the removal efficiency as function of aerobic reactors instead of the total number of reactors because only the aerobic zone will be used afterwards in sizing section (IV.6). DCF, the persistent compound, showed the lowest removal up to 39 % by applying the most favorable conditions.

Note that we choose to consider at most 60 reactors, since the removal remains almost constant above 45 reactors, coupled with good mixing, for all tested compounds. Joss et al. (2006) showed that dividing of the available reactor volume into reactor cascades (e.g. three tanks in series) can appreciably improve the removal of 25 pharmaceuticals including (ROX and DCF), hormones and fragrances. However, the same authors found that if sorption levels are high (Kd > 100 L kgTss -1 ), which is the case of none of our compounds, the impact of dividing the reactor volume into cascades becomes less significant. Moreover, [START_REF] Ternes | Removal of pharmaceuticals and personal care products: results of the Poseidon project[END_REF] found that, due to first order kinetics of biological degradation of all compounds with kbiol > 0.5 L gSS -1 d -1 such as SMX and ROX, the removal produced by a single completely stirred reactor is significantly lower as compared to the same total volume subdivided into cascaded compartments. To the best of our knowledge, there exists no other reported works in literature on the experimental effect of dividing the reactor volume into cascades on MP's removal. The kinetics of MPs removals is dependent on their inlet concentration feeding the first reactor of the system. Hence, it is of importance to study the effect of a wide range of micropollutants inlet concentration (CMPs) on their removal efficiency. The classic values of all studied MPs concentration in the influent of WWTP are in the range of 10 ng L -1 to 100 µg L -1 , as mentioned in Table I.1. Several compounds studied by (Luo et al., 2014), including the 5 MPs investigated in the present study, showed an inlet concentration ranging from 0.007 to 56.7 µg L -1 . The caffeine entered with the highest concentration, 56.7 µg L -1 , and underwent a removal rate of around 97 %. Based on the kinetics of MPs removal, it is well known that a higher inlet concentration of MPs induces an increase of their removal. In order to test whether our model based on the power law kinetic reproduced this fact, several simulations were performed on the basic configuration of 5 reactors (3 aerobic and 2 anoxic), using the same conditions of kMPs, and different MPs inlet concentrations. The five consecutive simulations were realized at 10 ng L -1 , 100 ng L -1 , 1 µg L -1 , 10 µg L -1 and 100 µg L -1 , respectively. For better mixing conditions (0.6 < 𝑛 < 1), despite low CMPs, the removal of moderately biodegradable compounds SMX and BZT increased up to 65 % and 45 % respectively and the removal of both antibiotics ROX and ERY increased significantly up to 60%. As opposed to the others DCF was little removed (20 %), due to its poor biodegradability.

Inversely, at high CMPs i.e, 10 and 100 µg L -1 , and bad local mixing conditions (low 𝑛), the removal efficiencies increased only slightly, of approximately 5 %, for all tested MPs.

Finally, high conditions of mixing coupled with high CMPs showed the highest removal regardless the type of the compound. The removal of SMX, BZT, ROX, ERY and DCF reached up to 75 %, 55 %, 70 %, 65 % and 45 %, respectively. Limited literature about the effect of increasing MPs inlet concentration, coupled with the mixing conditions, on their removal behavior was found. The present results obtained at high CMPs are in good agreement with those reported by the studies of (Gobel et al. 2007 and[START_REF] Gros | Removal of pharmaceuticals during wastewater treatment and environmental risk assessment using hazard indexes[END_REF], while [START_REF] Deblonde | Emerging pollutants in wastewater: a review of the literature[END_REF] showed lower removal efficiencies at high CMPs, with a removal rate for antibiotics of about 50 % and 30 % removal rate for analgesics and anti-inflammatories.

IV.6. Estimation of fundamental dimensions of the continuous reactor configuration IV.6.1. Reactor modelling

In previous section, we realized that hydrodynamics is important both at micro and macro scales. The reactor design explained in this section is based on knowhow and modelling developed in our laboratory. It is based, on the one hand, models binding Peclet numbers to the geometry, shape and size of aerated reactors and on the other hand on equivalence of hydrodynamic of cascade of CSTR and plug flow reactor with axial dispersion.

The goal is then to design aerated channel reactors, which hydrodynamics correspond to different cascades of CSTR presented in previous section about simulation. We will first start with an aerated channel reactor corresponding to the one of the Benchmark: volume of 3600 m 3 . Afterwards, we will change its shape proportions to fit higher corresponding number of CSTR. The total volume, horizontal surface, and depth remain constant for all configurations.

• The Peclet number (𝑃 𝑒 ) is one of the main parameters in the classic plug flow reactor with axial dispersion (axial dispersion model or ADM). It is represented as following (Potier et al. 2005):

𝑷 𝒆 = 𝒖𝑳 𝑫 (IV-57) with 𝒖 = 𝑸 𝒆 𝜴 ; 𝜴 = 𝑯𝑾
where 𝑢 is the average longitudinal velocity of the liquid phase inside the reactor (m s -1 ), D is the axial dispersion coefficient (m 2 s -1 ), Qe is the volumetric flow rate of the liquid (m 3 s -1 ), Ω is the vertical section (m 2 ), L is the reactor length (m), H is the water depth (m) and W is the width (m). Wd is the aeration width. In this modelling, it would be equal to the total width (aeration device covers the whole bottom). For a given geometry of reactor, the volume is simply calculated by 𝑉 = 𝐻 𝑊 𝐿. The given total volume is 3600 m 3 . We proposed a channel with depth (H = 7 m).

For the simplest tested configuration, there are 3 CSTR in series. The constant H means that W L is constant and equals the horizontal section designed by (Sh = 514.3 m).

When W decrease, L increase in a way to keep the horizontal surface constant according to Eq. With QG = 0.1 m 3 s -1 and Qe = 1.07 m 3 s -1 already used in Benchmark (Alex et al. 2008), the reactor can be represented as a plug flow reactor with axial dispersion with 𝑃 𝑒 = 4.

• In most cases the following equivalence between the plug flow reactor with axial dispersion and the tanks in series models may be applied [START_REF] Villermaux | Ge´nie de la réaction chimique conception et fonctionnement des réacteurs[END_REF]Potier et al. 2005):

(𝑱 -𝟏) # 𝑷 𝒆 𝟐 So, (𝑱 -𝟏) # 𝑷 𝒆 𝟐 = 𝑸 𝒆 𝑳 𝟐 𝑯𝑾𝑫 (IV-62)
J is the number of tanks in series.

In terms of J, the geometrical parameters (H = 7 m, W = 9.65 m and L = 53.3 m) correspond to the configuration of J = 3 (𝑃 𝑒 = 4), that is the number of CSTR used by the Benchmark.

From Eqs. (IV-59) and (IV-62), the following Eq. (IV-63) can be deduced in order to calculate the number of mixing cells (J) as following:

(𝑱 -𝟏) = (IV-66)

Remark: as mentioned before, this equation is obtained for Wd = W. For the same 𝑛 kinetic coefficient, increasing the length and reducing the width will increase the number of CSTR (J) and consequently, could increase the removal of micropollutants. For example, for the case of SMX 𝑛 = 0.51, the removal with J = 3 was only 50 %, but, increasing J up to 60 reactors increases the SMX removal up to 80 %.

IV.7. Conclusion of chapter IV

The aim of this chapter was (i) to simulate the experimental data (in batch mode 

V. Conclusions and perspectives

This last chapter presents the conclusions of this thesis work. In addition, the particular perspectives relating to the study of mixing effect on wastewater treatment reactors and the biological reactor design are also discussed.

V.1. General conclusion

In this thesis we confirmed that the operational parameters of WWTPs such as SRT, HRT, and CTSS have a great impact on micropollutants removal efficiency. However, the performance of activated sludge MPs removal is not only dependent on the operational parameters and the nature of the micropollutant, but we highlight that the hydrodynamic conditions such as the reactor configuration and careful mixing promote MPs removal. To reach these conclusions, three main aspects were investigated.

-Experimental study

Emerging micropollutants detected in wastewater representing various degrees of biodegradability were selected. According to the literature and our own experience, caffeine (CAF), sulfamethoxazole (SMX), benzotriazole (BZT), roxithromycin (ROX), erythromycin (ERY), diclofenac (DCF) and carbamazepine (CBZ) were selected. They range from highly biodegradable to quite persistent MPs. Subsequently, a systematic study of the operational conditions of WWTPs was managed to study the potential effect of each parameter on the MPs removal with activated sludge. To achieve this goal seven experimental setups were applied to sequencing batch reactors (SBRs), which varied in SRT (3 d, 10 d and 20 d) and HRT (4 h, 8 h and 12 h). The effect of biomass concentration was measured for 3, 5 and 8 g TSS L -1 . At the beginning of each kinetics experiment, reactors were spiked directly with fresh mix solution of MPs of concentration 1 µg L -1 and samples were collected in the fixed time points during aeration phase of all tested setups. The micropollutants were successively quantified using the LC-MS/MS analysis. The kinetics of MPs removal was investigated and removal rates were determined. The results indicated that the operational conditions such as SRT and HRT can influence the MPs removal efficiency to some extent, which depends on the nature of the MPs.

Highly biodegradable compounds have in general high removal efficiency. In terms of HRT, better removal with higher HRT of 12 h compared to 8 h and 4 h was reported. In the case of moderately biodegradable compounds, SRT and HRT had larger influence. In general, an increase of SRT caused an improvement of removal efficiency. This aspect was evident for very high SRT except for roxithromycin and erythromycin. Higher HRT also produced larger removal efficiency. However, complete MPs removal was not achieved in any of the studied setups. In terms of application, the improvement of removal obtained with a higher HRT should be compared to the cost of a larger reactor. For persistent compounds, very low removal efficiency in all tested scenarios (> 10 %) was reported. HRT produced minor impacts and SRT exhibited a slight effect only if it was very long (e.g. DCF SRT 20 d, ~ 25 %). Due to higher energy consumption, such conditions are not often applied in existing WWTP with activated sludge. Furthermore, although the conditions tested in SBRs covered both nitrifying and nonnitrifying conditions, a relation between nitrification capacity and MPs removal was observed.

The influence of the biomass concentration on the pseudo-first order rate constant was discussed. This allowed us to widen our research study. The increase of biomass concentration from 3 to 5 g TSS L -1 significantly increased the removal of the highly and moderately degradable compounds (CAF, SMX, BZT, ROX and ERY), whereas a further increase to 8 g TSS L -1 had lower effect. These results highlighted that usual kinetics, which consider that the removal rate is directly proportional to the biomass concentration is only valid for low and moderate biomass concentration. This unexpected effect of biomass concentration opens up a new field of research and questionning. We, consequently, worked to develop new kinetics model able to represent it.

-Development of a new kinetic model

Our investigations highlighted that the MPs removal is proportional to CTSS to the power of n.

Then, the new investigated kinetics was called the power law (r MPs = -k MPs C MPs (C TSS ) n ). For all the MPs, the power n appeared less than 1. It is around 0.5 in our study. The power law kinetics allows simple determination of the intrinsic rate removal values (kMPs), which fits to a wide range of CTSS. So, we can propose an explanation of that phenomenon. As a result, the removal rate value of MPs was found to be strongly dependent -Simulation and hydrodynamic study A simulator was created to reproduce the experimental data performed in the batch mode. This simulation highlights the application of the new model on the operation at the full-scale wastewater treatment reactor. The power law kinetics was applied in order to predict the effect of different hydrodynamic configurations as well as different inlet MPs concentration coupled with local mixing conditions on the MPs' removal in continuous systems. The numerical results confirmed that the experimental setups in batch mode were simulated successfully. The experiments performed at low biomass concentration and different SRT and HRT follow approximately an apparent-first-order kinetics. However, a power law kinetics is only able to describe the MPs removal at high biomass concentration. Several simulations in batch mode by applying the new kinetics were subsequently performed at different biomass concentrations.

The simulated removal efficiencies at 3, 5 and 8 g TSS L -1 of each MP for the experimental values of n are very close to the experimental removals. Moreover, the simulations predicted that high biomass concentration coupled with efficient local mixing conditions (high values of n) enhanced the removal of all investigated MPs (SMX, BZT, ROX, ERY and DCF). Later on, the new kinetics was applied to continuous system modeled as tanks in series. Different configurations were tested. Increasing the number of reactors increases MPs removal.

Moreover, enforcing local mixing (high value of n) significantly improves the removal of all studied MPs, too. Similarly, the effect of the input concentrations of MPs at time T0 was tested.

High CMPs coupled with high local mixing produce the highest removal of all MPs. However, high local mixing level and low CMPs also improve significantly the removal of SMX, BZT, ROX and ERY. Finally, it was showed that decreasing the width of a reactor, but keeping the same reactor volume and the same horizontal surface is useful to design a reactor whose hydrodynamics is equivalent to a cascade of CSTRs with high number of tanks in series. Then, the sizing approach of a reactor could help to enhance the removal of moderately and slowly biodegradable MPs. It seems also possible to change the already existing built reactors by adding Baffles to increase Peclet number.

V.2. Perspectives

The perspectives relate to three topics:

-better understanding and modelling of micromixing and diffusion -study of design of new mixing devices -design of new shapes of reactor The effect of local mixing and MPs removal could be further investigated. Since n is dependent on both local mixing and diffusion, and is function of the molecular weight (MMPs), 𝓀1 and 𝓀2. It would be interesting to investigate how local mixing influences 𝓀1 and 𝓀2. Such study could help to bind together different approaches such as mixing energy, sensors, mixing device design, sludge rheology and properties, simulation, etc. However, we can suppose that 𝓀1 is a constant only related to diffusion, and 𝓀2 is related to the local mixing. Therefore, 𝓀2 could be a function (not necessary a constant) of local mixing. Then, 𝓀2 is probably related to pseudo-plastic rheology properties (apparent viscosity increasing with CTSS would decrease 𝓀2), dissipated mixing energy (higher energy, higher 𝓀2), mixing process and characteristics of mixing devices, etc. This also leads to new studies focusing on best aeration devices. Impellers could be also added in aerated reactors. In chemical reactors, turbulence promoters are sometimes added. Are the turbulence promoters interesting in wastewater reactors? Which size? Which shape? Systemic modelling is very useful to obtain global trend of reactor design; giving ideas of reactor shape and size. However, to best design reactors, it would be interesting to be able to implement such approach in computational fluid dynamics and multi-scale compartmental modelling.

Another important point, what we can call the paradox of mixing, should be solved: we need a high Peclet number so, a low local mixing; but we also need a high n so, a large local mixing. Therefore, we should find a technical solution allowing a high local mixing and low global mixing along the length of the reactor.

Remark about adding Baffles in aerated reactor: we can suppose that these Baffles can help to avoid channelling of oxygen bubbles and then would help to also increase local mixing.

In this case, Baffles could help to not only increase the global Peclet number but also the value of n. This hypothesis would be verified, but it requires very large pilot reactor or real full-scale plant.

Finally, the cost of all possible improvements should be estimated and compared to performance refinements and post-treatment costs. Text IV. S1. Matlab script main program "MainPrgm_SBR" for the first setup of experiments performed at SRT of 3 d and HRT of 4 hours.
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• External text (.txt) files for batch setups For the files "Stoichiometric_Data.txt", and "Conc_Ini", the first column corresponds to the names of the variables and their units (in parentheses), the second column represents the values.

Leave a space between the two columns, but no space between the name of the variable and its unit. As for the "Reactors" file, it contains three columns, the first corresponds to the name of the reactor, the second corresponds to volumes and the third to kLa (h -1 ). Similarly, make sure to leave a space between each column.

-"Stoechiometric_data" Function that contain the derivatives of the concentrations defined from the material balances of each compound in the reactor (s) of the cascade (s). This is the file that will be changed at the material balance according to the further studied hydrodynamics in order to verify the kinetics of micropollutants in the following sections. However, the vector "ycas" still remain of the same general configuration as follows: 

Abstract

One of the main challenges currently facing environmental conservation is to reduce the discharge of micropollutants (MPs) from wastewater treatment plants outflows (WWTPs). Biological aerobic processes are the most commonly used treatment, but conventional systems were not conceived with the objective of eliminating micropollutants (MPs). In this work, the removal enhancement of seven micropollutants compounds (pharmaceuticals and industrial chemical) which cover various degree of biodegradability was studied using activated sludge process. To achieve this goal, an experimental methodology followed by a simulation strategy were developed. The systematic study of the impact of WWTPs operational parameters, such as sludge retention time (SRT), hydraulic retention time (HRT) and biomass concentration (CTSS), on the MPs removal was experimentally quantified in nine Sequencing Batch Reactor (SBR) setups. The enhancement of the SRT increased the removal of all the MPs except for two macrolides antibiotics. Application of a higher HRT did also improve MPs removal as could be expected from the measured removal rate constants. More interestingly, our results indicated that, contrary to what is postulated, the removal rate of micropollutants is not proportional to biomass concentration, especially for high ones. Compared to removal rates at 3 to 5 gTSS L -1 of biomass, an additional increase at 8 gTSS L -1 produced only an unexpected moderate effect. New kinetics of the power law have been studied to cover the full range of biomass concentration conditions in activated sludge systems. It takes into account the limitation of the transport of micropollutants to biomass when its concentration is high. In this case, it has also been shown that the transport of micropollutants is based on molecular diffusion. This process has been added to the proposed kinetic equation. A simulation program of a wastewater treatment plant (SBR and continuous) has been developed. The numerical results using the new kinetics corresponded well to the experimental results. The simulations showed that, on the one hand, the improvement of the local mixing of the mixture greatly favors the elimination, on the other hand, the tiering of the reactor configuration by giving it a hydrodynamic close to a very large cascade of reactors also contributes to greatly improve the elimination of MPs. This can be achieved by building baffle reactors with a width of 2 m and an extended length of more than 200 m. Finally, the combination of these two local and global processes makes it possible to considerably increase the elimination of moderately and slowly biodegradable MPs.

Keywords: Micropollutants, wastewater treatment, kinetics, activated sludge, new kinetic model, hydrodynamic, simulation, reactor configuration, local mixing.

Résumé

L'un des défis auxquels la conservation de l'environnement est actuellement confrontée est la reduction des rejets de micropolluants par les effluents des stations d'épuration des eaux usées. Les procédéds biologiques sont les traitements les plus couramment utilisés, mais ces techniques classiques n'ont pas été conçues dans le but d'éliminer les micropolluants (MPs). Dans ce travail, l'amélioration de l'élimination de sept composés de micropolluants (des produits pharmaceutiques et un produit chimique industriel) qui couvrent divers degrés de biodégradabilité est étudiée à l'aide du procédé de traitement par boues activées. Pour atteindre cet objectif, une méthodologie expérimentale suivie d'une stratégie de simulation a été développée. L'étude systématique de l'impact des paramètres opérationnels des stations d'épuration sur les MPs, tels que l'âge des boues (SRT), le temps de passage (HRT) et la concentration de biomasse (CTSS), sur les MPs a été quantifiée expérimentalement dans neuf installations de réacteur discontinu (SBR). L'augmentation de SRT a amélioré l'élimination des MPs, à l'exception de deux antibiotiques macrolides. L'application d'un HRT plus élevé a quant à elle conduit aussi à une amélioration. De manière plus intéressante, nos résultats ont indiqué que, contrairement à ce qui est postulé, le taux d'élimination des micropolluants n'est pas proportionnel à la concentration en biomasse, en particulier pour celles élevées. Comparé aux taux d'élimination à 3 et 5 g L -1 de biomasse, une augmentation supplémentaire à 8 gTSS L -1 n'a produit qu'un effet modéré inattendu. Une nouvelle cinétique de la loi de puissance a été étudiée afin de couvrir toute la gamme des conditions de concentration de biomasse dans les systèmes à boues activées. Elle prend en compte la limitation du transport des micropolluants vers la biomasse quand sa concentration est élevée. Dans ce cas, il a été aussi montré que le transport des micropolluants repose sur la diffusion moléculaire. Ce processus a été ajouté à l'équation cinétique proposée. Un programme de simulation de station d'épuration (SBR et continu) a été développé. Les résultats numériques utilisant la nouvelle cinétique correspondent bien aux résultats expérimentaux. Les simulations montrent que d'une part, l'amélioration de l'agitation locale du mélange favorise grandement l'élimination, d'autre part, l'étagement du réacteur en lui conférant une hydrodynamique proche d'une très grande cascade de réacteurs contribue aussi à améliorer fortement l'élimination des MPs. Ceci peut être obtenu en construisant des réacteurs en chicanes d'une largeur de 2 m et d'une longueur déployée de plus de 200 m. Finalement, l'association de ces deux processus locale et globale permet de considérablement augmenter l'élimination des MPs moyennement et lentement biodégradables. Mots clés: Micropolluants, traitement des eaux usées, boues activées, nouveau modèle cinétique, hydrodynamique, simulation, configuration du réacteur, agitation locale.
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  AOP), y compris plusieurs méthodes d'oxydation, et des traitements biologiques. Néanmoins, les méthodes AOP présentent plusieurs inconvénients, notamment des coûts élevés et un risque de génération de produits de transformation toxiques ou d'oxydants restants (par exemple le peroxyde d'hydrogène) qui peuvent endommager les micro-organismes. Par ailleurs, les bioprocédés ont encore plusieurs limites. Par exemple, ils ne peuvent transformer que des composés biodégradables et, par conséquent, ne sont pas en mesure d'éliminer les contaminants biologiquement persistants. Par conséquent, les processus biologiques aérobies actuellement utilisés pour traiter ces composés pharmaceutiquement actifs ne sont pas satisfaisants en termes d'efficacité. Cela est dû par exemple au transfert de ces polluants vers la phase gazeuse, à leur adsorption et à leur persistance dans les phases solides, ou à un temps de contact insuffisant avec la biomasse. Malgré cela, le traitement biologique des eaux usées reste la première solution utilisée depuis de nombreuses années. Les traitements conventionnels à boues activées sont considérés comme rentables -en termes de coûts d'exploitation. Le principe des traitements biologiques repose sur les capacités métaboliques des bactéries, des champignons, des algues ou des plantes afin d'oxyder ou de réduire les composés organiques et inorganiques. Les processus qui se produisent dans la nature sont intensifiés en garantissant des conditions appropriées telles que la concentration en oxygène, le pH, l'accès aux nutriments, etc. Ils sont généralement mis en oeuvre dans des réacteurs biologiques, avec un équipement d'aération et d'agitation adéquat. Les mécanismes d'élimination des MPs dans une station d'épuration à boues activées classiques dépendent des propriétés physico-chimiques de chaque composé telles que la solubilité, la volatilité et la sensibilité à la photodégradation ainsi que la biodégradabilité des produits pharmaceutiques. L'efficacité de l'élimination des micropollutants par traitement biologique a déjà été étudiée auparavant. De plus, ces efficacités sont potentiellement influencées par les paramètres opérationnels des stations d'épuration, souvent utilisés dans les procédés conventionnels, tels que l'âge des boues (SRT), le temps de passage (HRT), les concentrations de biomasse représentées par la concentration de solides en suspension totaux (CTSS), le pH et la température. Les conditions de fonctionnement HRT et SRT offrent une grande flexibilité de fonctionnement aux réacteurs biologiques. Il est important de noter que l'influence de ces paramètres sur les cinétiques d'élimination des MPs n'est pas déjà clairement comprise dans la littérature. La très grande majorité des travaux ont été conduits à des faibles concentrations en biomasse i.e. 3 g L -1 . Dans des autres études, les HRT et SRT sont relativement élevés i.e. entre 6 h et 12 h et supérieur à 5 jours, respectivement. Seulement quelques études travaillent à des SRT très élevés supérieurs à 20 jours. Il apparaît donc très intéressant de conduire une étude systémique sur l'effet de ces paramètres afin d'améliorer l'élimination des polluants biologiquement persistants. Ce travail a été réalisé en coopération entre LRGP-CNRS Université de Lorraine à Nancy, France et Engler-Bunte-Institut de l'Institut de Technologie de Karlsruhe (EBI-KIT) à Karlsruhe, Allemagne et plus particulièrement via une collaboration avec Monsieur Harald Horn et Madame Ewa Borowska. Au début de cette étude, le groupe de micropolluants choisi représente une famille chimique rencontrée dans un grand nombre d'effluents domestiques, hospitaliers et les effluents classiques de la station d'épuration ainsi qu'un degré de biodégradabilité different dans le réacteur. Il est important de mentionner le fait que la dégradation de micropollutants à ces très faibles niveaux de concentration (1 µg L -1 ) est représentative des niveaux de concentrations en micropollutant émergents rencontrés dans les stations d'épurations.
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  DCF) et la carbamazepine (CBZ) ont été sélectionnés comme molécules modèles. Durant une période de 6 mois, sept configurations expérimentales ont été appliquées au séquençage des réacteurs discontinus (SBR). La configuration expérimentale de tous les SBR était identique. Les SBR fonctionnaient sur une base de remplissage et d'étirage avec des cycles consécutifs • Détermination de la cinétique d'élimination des micropolluants dans le SBR; KIT (Allemagne) • Estimation de l'effet de SRT, HRT et C TSS sur l'élimination Etude expérimentale • Elaboration d'un nouveau modèle cinétique d'élimination des micropolluants (LRGP-Nancy) • Etude de l'effet de l'hydrodynamique et du mélange local sur l'élimination des MPs • Dimensionnement de la configuration du réacteur

Tableau 1 .

 1 Opération des réacteurs discontinus en séquençage à différents SRT au cours des expériences cinétiques.

Figure 2 .

 2 Figure 2. Élimination (%) des MPs sélectionnés dans les SBR -3, 10 et 20 j sur trois HRT 4, 8 et 12 h différents. CTSS ~ 3 gTSS L -1 et CMPs ~ 1 µg L -1 .

Figure 3 .

 3 Figure 3. Effet du CTSS (g L -1 ) sur la constante de vitesse d'élimination apparente du premier ordre k' (h -1 ) pour CAF, SMX, BZT, ROX, ERY et DCF. Les constantes apparentes k 'de SMX, BZT, ROX, ERY et DCF et k' de CAF sont montrées respectivement sur le côté gauche et le côté droit du graphique. Les lignes continues représentaient l'approche pseudo-premier ordre linéaire attendue (calculée à partir des trois premiers CTSS de 0, 3 et 5 g L -1 ).
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  'une part, si des problèmes de mélange se produisent, les cinétiques classiques telles que le premier ordre ou le premier ordre apparent sont inadéquates. D'autre part, une concentration élevée de biomasse augmente la surface active de la biomasse mais également l'augmentation de la viscosité conduit à la création de gros agrégats de flocs et de zone liquide stagnante comme le montre la Figure 4. Par la suite, les MPs doivent diffuser dans l'eau stagnante entre les agrégats des flocs et à l'intérieur des flocs pour atteindre les bactéries où ils peuvent être éliminés.

Figure 4 .

 4 Figure 4. Limites physiques de transport et de diffusion des MPs à une concentration élevée de biomasse.

Figure 5 .

 5 Figure 5. Tracé de l'ordre de la réaction 𝑛 pour les cinq micropolluants étudiés SMX, BZT, ROX, ERY et DCF en fonction de 1/MMPs 0,6 .

Figure 7 .

 7 Figure 7. Profils simulés et expérimentaux des concentrations de MPs en appliquant l'approche de premier ordre apparent à la série 2 des experiences opérés à CTSS de 5 g L -1 (a) et 8 g L -1 (b).

Figure 8 .

 8 Figure 8. Profils simulés et expérimentaux des concentrations de MP en appliquant l'approche de la loi de puissance au SBR exploité à SRT de 10 j et HRT de 4 h testé à CTSS de 3 g L -1 , 5 g L -1 et 8 g L -1 .

Figure 9 .

 9 Figure 9. Contours de l'efficacité d'élimination (%) du BZT en fonction de la concentration de la biomasse des boues et du coefficient 𝑛. La couleur rouge signifie l'efficacité d'élimination la plus élevée de chaque MP. La ligne noire et les pourcentages sur chaque figure correspondent à la valeur expérimentale 𝑛 et à l'efficacité d'élimination de chaque MP à 3, 5 et 8 gTSS L -1 , respectivement.

Figure 10 .

 10 Figure 10. Schéma de la station d'épuration de Benchmark.

Figure 11 .

 11 Figure 11. Tracé 3D représentant l'efficacité d'élimination (%) de SMX en fonction de l'ordre de la réaction 𝑛 (variant de 0,1 à 1) et en fonction du nombre de réacteurs aérobies (de 3 à 60). La couleur rouge signifie l'efficacité d'élimination la plus élevé.

Figure 12 .Figure 13 .

 1213 Figure 12. Nombre de RPA (Jcal) correspondant à la largeur du réacteur (Wcal). Jcal a été calculé pour la gamme du Wcal initial jusqu'à 9,65 m (Ji = 3, Wi = 9,65 m et surface horizontale de 514,3 m 2 ).

Figure I. 2 .

 2 Figure I. 2. Chemical status of (a) surface water bodies (SWBs), with and without ubiquitous, persistent, bioaccumulative and toxic (uPBTs) pollutants and (b) groundwater bodies, by area, reported in first and second River Basin Management Plans (RBMPs) (EEA Report No 7/2018 2018).

Figure I. 4 .

 4 Figure I. 4. Basic steps of wastewater treatment process (adapted from[START_REF] Gandiglio | Enhancing the energy efficiency of wastewater treatment plants through co-digestion and fuel cell systems[END_REF]).

  Comparable to a self-cleaning process present in the natural environment, the active biomass was called activated sludge. The basic diagram of biological treatment with activated sludge is presented in Figure I.5. This process is composed of two main tanks: a biological reactor and a clarifier connected by a return activated sludge loop.

Figure I. 5 .

 5 Figure I. 5. Schematic of basic diagram of biological treatment with activated sludge (Duchene, 2005).

Figure I. 6 .

 6 Figure I. 6. Reactor configuration according to the composition of the influent (adapted from Lee et al. (2017)).

  photodegradation as well as the biodegradibility of pharmaceuticals control the fate and removal efficiency of these micropollutants. Moreover, these efficiencies are potentially influenced by the WWTP operational parameters such as sludge retention time (SRT), hydraulic retention time (HRT), C TSS , pH, and temperature.

I

  

Figure I. 7 .

 7 Figure I. 7. Schematic of the relation between pH and charge forms partition in aqueous phase.

  wastewater systems I.3.1. State of the art Starting from 1950, wastewater treatment plants have been broadly studied and, more particularly, the activated sludge biological reactors, because of the different species of bacteria residing in the sludge drive the treatment cycle. To technically facilitate this procedure the residence time of the bacteria in the treatment plant is increased and their oxygen consumption is supplied by injecting pressurised air. Early examples of multimedia models (′′Mackay models′′) were established to predict the distribution of organic contaminants in different media (air, water, soil, sediments) of an ideal environment section (the ′′Unit World′′; Mackay, 1979), under steady state conditions. Subsequently, the development of mathematical models that can predict the fate of MPs in WWTPs started in the 1980s, after the publication of Mackay 1979. To increase the understanding of the process, concentration-based models whether state-state or dynamic were used for fate predictions in laboratory-scale systems (Polosel et al. 2016). On one hand, in steady-state concentration-based models, analytical solutions, derived from mass balance equations, are used to predict MPs concentrations and removal efficiencies in full-scale WWTP. Steady-state generic WWTP models have been developed and applied for: (i) scenario simulations in an ideal WWTP (Byrns, 2001); (ii) model validation with measured data, following model implementation of actual design parameters from the WWTPs investigated (Cowan et al. 1993). In both cases, limited data was required in terms of model input (chemical properties, collected from literature or estimated via experiments) and of full-scale measurements (assuming steady-state WWTP operation). On other hand, dynamic fate models are sets of ordinary differential equations, describing specific process rates and overall mass balances in the systems studied. Models were calibrated to data obtained in batch (Urase and Kikuta 2005) or continuous flow experiments

  Figure I.8 shows a schematic representation of the underlying mechanisms influencing MP removal in biological reactor. The volatilization, the sorption/desorption on the activated sludge and the biodegradation are characterized by the relevant parameters: Henry constant of the molecule, the K d coefficient and the k biol , respectively. Moreover, the fate of MPs is governed by the solubilisation which is characterised by the logKow.In general, the removal process in the secondary sludge system is characterized by the fast sorption onto the sludge and subsequent slow biodegradation(Zhao et al. 2008), and loss through volatilization is expected to be minimal for most of the pharmaceuticals. Moreover, for the majority of pharmaceutical compounds and pesticides, sorption can be neglected because these compounds are generally hydrophilic(Pomiès et al. 2013).

Figure I. 8 .

 8 Figure I. 8. Scheme of the fate of a micropollutant in a biological reactor: mechanisms occurring between the different compartments (gas, dissolved, solid). Compiled based on studies by (Clouzot

  first order kinetics equation (C TSS is constant):

Figure I. 9 .

 9 Figure I. 9. Scheme of a continuous stirred tank reactor (CSTR) (a) and a plug-flow reactor (PFR)

  𝑿 𝑷𝑭𝑹 = 𝟏 -𝒆 -𝛕 𝒌 (First order) (І-12)

  I.4.3. Impact of hydrodynamic reactor configuration on MPs removalHydrodynamic performance of a biological reactor is an important design concern since it directly affects the water treatment efficiency. Many models based on basic elements such as CSTR, tubular reactor or closed-loop reactor, mixer and decanter offer simple modelling tools for wastewater treatment plant. Such basic hydrodynamic takes into consideration the number of reactors, the operation in anoxic or in aerobic conditions, and the multiple recycling.[START_REF] Szpyrkowicz | Application of electrochemical oxidation for treatment of industrial wastewater -the influence of reactor hydrodynamics on direct and mediated processes[END_REF] showed that the hydrodynamic conditions such as mixing in the reactor for treatment of industrial wastewater can affect the differential selectivity of the removal of pollutants and this can be used for optimizing the performance of the reactor with respect to a target pollutant.[START_REF] Meister | Integrating hydrodynamics and biokinetics in wastewater treatment modelling by using smoothed particle hydrodynamics[END_REF] reported that whilst the original ASM1 was further developed during the past 30 years, a common approximation of the hydraulics based on fully mixed units of reactors connected in series remains as the established concept. Some studies such as ofRenuka et al. (2016) showed that the mixing behaviour of an anaerobic baffled reactor (ABR) was intermediate between plug flow and completely mixed and so, improve the treatment performance in terms of chemical oxygen demand removal.[START_REF] Rodriguez-Gomez | A model to describe the performance of the UASB reactor[END_REF] showed that the Upflow Anaerobic Sludge Blanket (UASB) reactor viewed as several continuous stirred tank reactors connected in

  Sillanpää (2014); b Fernandez-Fontaina et al. (2012) ; c Santos et al. (2009) ; d Majewsky et al. (2011); e Gobel et al. (2007) ; f Suárez et al. (2012) ; g Falås et al. (2016) ; h Joss et al. (2006) ; i Hai et al. (2018). / --negligeable. II.2. Materials and Methods II.2.1. Wastewater system and sampling site Activated sludge were collected from two wastewater treatment plants, the Bruchsal WWTP and the Neureut WWTP, in the city of Karlsruhe in Germany. The samples in Bruchsal WWTP were taken every 3 weeks from the sludge collecting point as shown in Figure II.1. The samples inNeureut were collected once directly after the ′cleaning′ procedure of the trickling filter reactor performed once per month. The samples were collected using plastic bottle using a thick long stick that was dropped into the sites to take the sludge samples. Samples were placed in 15 L tank and transported to the laboratory. Bruchsal WWTP treats the municipal wastewater received from 57'750 population equivalents (PE). At the time of sampling, the SRT and HRT were 6 d and 4 h, respectively. Neureut/Karlsruhe WWTP covers the 875'000 PE and it receives a fraction of industrial wastewater mainly from electronic and food industry. The treatment is performed by a combination of activated sludge and trickling filter operated with SRT of 10-20 days. Activated sludge of both plants achieves chemical oxygen demand (COD), nitrogen and total phosphorus removal.

Figure II. 1 .

 1 Figure II. 1. Sampling sites located in the Bruchsal and Neureut WWTPs. The notation B refers to sludge collecting point in Bruchsal WWTP and N trickling filter reactor in Neureut WWTP.

a

  Ejhed et al. (2018); b Majewsky et al. (2011); c Sipma et al. (2010); d Weiss et al. (2006); e Vasiliadou et al. (2014) ; f Xue et al. (2010).

  kinetics of MPs' in activated sludge, three SBRs with a working volume of 10 L were operated at different SRTs (3, 10, and 20 days) (see Figure II.2). The reactor setups and further procedures applied in this study are discussed in detail in Sections II.2.3.1 -2.3.5 and Table II.4.

Figure II. 2 .

 2 Figure II. 2. Photographs of the lab-scale of the Sequencing Batch Reactors (SBR-3 d, SBR-10 d and SBR-20 d).

  .5. SBR-3 d and 10 d were tested with three different duration of HRT (4, 8 and 12 h), whereas SBR-20 d was tested only with HRT of 4 h (TableII.4). Each kinetics experiment of SRT and HRT combinations was duplicated 3 times (number of replicates = 3). It has to be emphasized that here the HRT corresponds to hydraulic retention time applied for the kinetics experiments that were performed in a batch mode. Typical operational HRT for SBRs between kinetics experiments was set to 4 h.The setups of SRT-3 d, HRT-4 h; SRT-3 d, HRT-8 h and SRT-3 d, HRT-12 h were set at the low-end SRT of a conventional biological wastewater treatment. The operating conditions of the setups of SRT-10 d, HRT-4 h and SRT-10 d, HRT-8 h are consistent with a conventional activated sludge process (HRT: 4-8 h and SRT: 5-15 d). The conditions of SRT-10 d, HRT-8 h and SRT-20 d, HRT-4 h are typically similar to those of the activated sludge approach applied with long sludge retention times to remove biodegradable organics (SRT: 10-30 d)(Tchobanoglous et al., 2002). SBR-10 d was also used for experiments with various biomass concentrations. The following TSS concentrations were tested -3, 5 and 8 g TSS L -1 and also repeated 3 times per experimental condition.Table II. 5. Operating schedule of SBRs.*: Actual kinetics periods. These periods include transition period between phases.

  input of atmospheric oxygen via the liquid surface was taken into account in the model used for simulation between different sludge age (SRTs-3 d, 10 d and 20 d) in chapter IV.

Figure II. 3 .

 3 Figure II. 3. Method of determination of d kLa by de-oxygenation re-oxygenation, in absence of biomass.

  Figure II.4 shows the ln(S Osat -S O ) curve versus time and the result of a linear regression on each curve of the different setups. The displayed slopes were 0.1551, 0.1642 and 0.1683 for the SBR-3 d, SBR-10 d and SBR-20 d, respectively. It can be noted that in SBR-20 d of kLa = 10.1 h -1 , a

Figure II. 4 .

 4 Figure II. 4. ln(S Osat -S O ) curve versus time for kLa estimation in 10 d and 20d. 

  .5, the kinetics experiments were performed in a batch mode with the fixed values of SRT, HRT and CTSS.Before each kinetics experiment, microorganisms of activated sludge were fed with synthetic wastewater spiked with MPs mix (1 µg L -1 each) for 7 days, to facilitate their adaptation to anthropogenic contaminants. The complete cycles time between the SBRs acclimatization and the beginning of the first kinetic experiment spanned 35 days. Afterwards, to ensure identical initial concentration of MPs at the beginning of the kinetics experiment, 5 L/cycle of bulk water was replaced by fresh SWW (without MPs) 24 hours before removal study. At the beginning of the kinetics experiment, reactors were spiked directly with a fresh mix solution of MPs of samples were collected at fixed time points during the aeration phase of all tested setups.

(FigureFigure II. 5 .

 5 Figure II. 5. Continued

  Figure II. 6. Continued

  [START_REF] Ribeiro | Effects of different operating conditions on total nitrogen removal routes and nitrous oxide emissions in a lab-scale activated sludge system[END_REF] showed that incomplete nitrification occurs at critical SRT of 5 d and limited DO concentration. Higher nitrification capacities of 55 % and 96 % were measured in moderate and high SRTs of 10 d and 20 d, respectively. For CAF, SMX, BZT, DCF and CBZ, nitrification capacities seem correlated to k' for the various SRTs tested (3 d, 10 d and 20 d). However, the apparent correlation between NC and k', should be the consequences of the fact that the biomass diversity increases when the SRT is enhanced. This larger diversity produces the increase of both k' and the nitrification capacity (Figure II.7).

Figure II. 7 .

 7 Figure II. 7. Linear (on the left side) and logarithmic (on the right side) scales of the correlation between the nitrification capacities (%) and the apparent constants k' (h -1 ) of SMX, BZT, ROX, ERY, DCF and CBZ estimated at different three different sludge ages (3 d, 10 d and 20 d) at HRT of 4 h. Nitrogen load -0.08 g N g TSS -1 d -1 .

Figure II. 8 .

 8 Figure II. 8. Removal efficiencies of wastewater parameters (COD, N-NH4 + and P-PO4 3-) and nitrate-nitrogen production over 4 h, 8 h and 12 h HRT for SRT -3 d and SRT -10 d (error bars present standard error).

  Figure II. 9. Continued

Figure II. 11 .

 11 Figure II. 11. Removal (%) of selected MPs in SBRs -3, 10 and 20 d over three different HRT 4, 8 and 12 h. C TSS ~3 g TSS L -1 and C MPs ~1 µg L -1 .

  Figure II.12d), BZT (Figure II.12c, k'TSS_3 = 0.239 ± 0.043, k'TSS_5 = 0.422 ± 0.041, k'TSS_8 = 0.449 ± 0.037 h -1 ) and ERY (Figure II.12e, k'TSS_3 = 0.165 ± 0.030, k'TSS_5 = 0.295 ± 0.041, k'TSS_8 = 0.303 ± 0.115 h -1 ). However, DCF exhibited a different behaviour (Figure II.12f). An increase of removal rate constant was recorded only in the SBR operated with high biomass concentration, i.e. 8 g TSS L -1 (k'TSS_8 = 0.121 ± 0.021 h -1 ). k' at 3 and 5 (k'TSS_3 = 0.059, k'TSS_5 = 0.078) remain very low. We can suppose that the rate of DCF is too low for being able to exhibit the same trend as the other MPs.

Figure II. 12 .

 12 Figure II. 12. Change of concentration of (a) CAF, (b) SMX, (c) BZT, (d) ROX, (e) ERY and (f) DCF during biological treatment in reactors inoculated with biomass at concentrations of 3, 5 and 8 g TSS L -1 ; k' is the apparent-first-order removal rate constant (h -1 ) operated at SRT-10 d and HRT-4 h.

  Figure II.13.

Figure II. 13 .

 13 Figure II. 13. Effect of the C TSS (g L -1 ) on the apparent-first-order removal rate constant k' (h -1 ) for CAF, SMX, BZT, ROX, ERY and DCF. The apparent constants k' of SMX, BZT, ROX, ERY and DCF and k' of CAF are shown on the left side and the right side of the graph, respectively.

  In order to determine the relation of the CMPs ratio to the k' ratio, Eq. (II-8) can be rewritten; it leads to the exponential equation, which takes into consideration the time of the experiment (Eq. (II-9):

  concentration remaining in the reactors were recalculated (Figure III.S1). The resulting rMPs results were illustrated in Figure III.1 for the first hour of the reaction.

Figure III. 1 .

 1 Figure III. 1. Plot of the removal rate rMPs versus time for the first hour of the reaction for SMX, BZT, ROX, ERY and DCF.

  𝑴𝑷𝒔 ) = 𝒏 𝒍𝒐𝒈(𝑪 𝑻𝑺𝑺 ) + 𝒍𝒐𝒈 (𝒌 𝑴𝑷𝒔 𝑪 𝑴𝑷𝒔 ) removal rate logarithm (𝑙𝑜𝑔 (-𝑟 𝑀𝑃𝑠 )) vs. C TSS logarithm (𝑙𝑜𝑔(𝐶 𝑇𝑆𝑆 )) profiles were then represented up to the first hour of the reaction phase for all investigated MPs in Figure III.2.

The

  Figure III.2 confirmed our hypothesis. Although there was a moderate scatter of the points at different biomass concentration, a straight line of slope 𝑛 on the log-log correlates well each micropollutant. The linear regression analysis with respect to SMX (average R 2 = 0.9559), BZT (average R 2 = 0.9557) and DCF (average R 2 = 0.9280) was found to be better than for ROX (average R 2 = 0.8840) and ERY (average R 2 = 0.8815). Results in terms of 𝑛 values for each MP are illustrated in Figure III.3. The 𝑛 for all MPs are arranged around a horizontal line that represents the average value of 𝑛. It seems obvious that the 𝑛 values of all MPs are not significantly different from each other and the average 𝑛 of allMPs remains around 0.5 ± 0.12. However, it seems pertinent to compare the homogenized distribution of 𝑛 values of each MP with respect to the horizontal line. The 𝑛 of ROX and ERY are slightly below 0.5, 𝑛 of SMX and DCF are next to 0.5 while that of BZT are rather above 0.5. According to the Figure III.3, it can be deduced that 𝑛 values are less than 1 (𝑛 < 1) for CTSS and the new kinetics deviates from the classic apparent-first-order for all micropollutants.

Figure III. 3 .

 3 Figure III. 3. Plot of the slope 𝑛 for the five investigated micropollutants vs. time. The black horizontal line represents the average 𝑛 values rounded to 0.5.

Figure III. 4 .

 4 Figure III. 4. Plot of the order of the reaction 𝑛 for the five investigated micropollutants SMX, BZT, ROX, ERY and DCF vs. 1/M MPs 0.6 .

  Abegglen, C.,Joss, A., McArdell, C.S., Fink, G., Schlüsener, M.P.,[START_REF] Wick | Fate of beta blockers and psychoactive drugs in conventional wastewater treatment[END_REF] Fate of selected micropollutants in a single-house MBR. Water Research, 43, 2036-46. Arnaldos, M., Amerlinck, Y., Rehman, U., Maere, T., Van Hoey, S., Naessens, W., Ingmar N., I. 2015. From the affinity constant to the half-saturation index: understanding Chapter IV. Simulation of the micropollutants removal in batch and continuous systems In the first part, this chapter introduced the Activated Sludge Model 1 (ASM1), a biological model used for simulation of the evolution of macropollutant concentrations, with attention for the simplifications and parameter optimization behind the model during biological experiments performed in batch mode. Moreover, the modelling of micropollutants (MPs) removal was added to ASM1. This modelling of MPs integrated in the activated sludge process was based on the data presented in chapter II in order to estimate accurate concentrations at the end of the reaction phase of the SBR. Two sets of simulations were performed by testing the apparentfirst order in batch system. The first set included the combinations of SRT and HRT experiments and the second the experiments performed with various biomass concentrations. In the second part, this chapter goes to validate numerically the new power law kinetics model in batch experiments and to predict the biomass concentration and the local mixing effects on the kinetics. It also presents the new appropriate kinetics on continuous system by testing different hydrodynamic conditions such as local mixing and reactor configurations in order to enhance the removal of the contaminants of water bodies.

-)

  the kinetics taking place only in the aerobic phase will include the following terms of inhibiting the reaction in the anoxic phase.

  𝑪 𝑻𝑺𝑺 = 𝟎. 𝟕𝟓 (𝑿 𝑩,𝑯 + 𝑿 𝑩,𝑨 ) (IV -28) 𝑿 𝑩,𝑨 = 𝟎. 𝟎𝟓 𝑿 𝑩,𝑯 (IV -29) 𝑿 𝑩,𝑯 = 𝜷 𝑪 𝑻𝑺𝑺 (IV -30)

From

  the 12 compounds of ASM1 only 5 compounds are evaluated experimentally: SS, SNH, SNO, SO and biomass concentration expressed by XB,H. Their measured initial concentrations are summarized in Tables IV S.1 and IV S.2 for series 1 and 2, respectively. The general characteristics of the batch reactor with activated sludge for the default case are shown in Figure IV.1.

Figure IV. 1 .

 1 Figure IV. 1. General characteristics of the batch reactor with activated sludge for modelling.

Figure IV. 2 .

 2 Figure IV. 2. Description of the different steps of the simulation of the batch system.

Figure

  Figure IV.4 depicts one example of results obtained with series 1. Other detailed graphical results on Matlab are included in Figures IV. S1-S6 and Figures IV. S7-S8 for the SBRs operated at (i) three different SRT and (ii) at various biomass concentrations, respectively. The shape of parameters variations obtained for all setups were qualitatively similar to the trends observed in Figure IV. 4. It must be noted that the setup 4 of series 1 is experimentally the same as setup 1 of series 2.

Figure IV. 4 .

 4 Figure IV. 4. Simulated and experimental profiles of some parameters of ASM1 in the SBR operated at SRT of 3 d and HRT of 4 h.

  S2). At the same time, the concentration of active biomass in the reactor has slightly increased by 13 % after an aeration phase of 3 hours (HRT-4 h). Biomass consumes almost 55% of the [COD] of the synthetic wastewater after 3 hours of the reaction. Jing et al(2013) showed that [COD] removal in form of acetate achieved above 80 % at HRT of 6 hours. Similar numerical results were obtained in current setups operated at higher HRTs. The [COD] removal increased up to 89 % and 90 %, in SBR-3 d and SBR-10 d, respectively, with an increase of HRT up to 12 h. It should be recalled that Figure II.5 showed experimentally the increase of COD up to 89 % and 91 % at HRT of 8 h and 12 h, respectively. Moreover, Figures IV. S1-S2, S4-S5 verified numerically the aforementioned results by drawing their profiles variation as function of the reaction time. As shown for current setup, the evolution of the concentrations of ammonium is slightly decreasing from 37.1 g m -3 to 29 g m -3 . This translated into a fairly strong variability in nitrate ion measurements at low SRT. These results confirmed the low nitrification capacities (NC = 28 %) by autotrophic bacteria at low SRT less than 5 days, i.e. SRT of 3 days. Also, the high nitrification capacity of 55 % and 96 % recorded at high SRTs of 10 and 20 d was numerically verified comparing to the experimental data at low HRT of 4 h (see Figure IV.S3

Figure

  Figure IV.4 showed that the profiles for XBH, SS, SNH, SNO and SO are approximated almost perfectly after calibration.

Figure

  Figure IV. 6. Simulated and experimental profiles of MPs' concentrations by applying the apparent-first order approach to the SBR operated at C TSS of 5 g L - 1 . Carbamazepine has not been detected during biological experiments of series 2.

Figure IV. 7 .

 7 Figure IV. 7. Simulated and experimental profiles of MPs' concentrations by applying theapparent-first order approach to the SBR operated at C TSS of 8 g L -1 .

For

  the current kinetic study, we started with the same Matlab code as the one used for series 1 in SBR performed at SRT of 10 d and HRT of 4 h. The apparent-first-order kinetics of MPs' removal previously modelled was replaced by the power law kinetics (Eq. IV-33) with the order of reaction 𝑛. The code returned the value of the MPs' concentrations at the end of the reaction phase and compared it with experimental measurements at various biomass concentrations. The Text IV. S4 in the supplementary information explained the code for one example of MPs removal by using the power law kinetics performed at 3 g TSS L -1 . A similar code was used for the other tested C TSS . The user may change the biomass concentration expressed by XB,H as well as the initial concentration of each MP according to each setup of biomass concentration in the external file ''Conc-Ini''. It is important to remind that the calculated average of the initial MPs concentrations for each C TSS was distinguished for current kinetics and presented in (µmol L -1 )

Figure IV. 8 .

 8 FiguresIV.8 (a), (b) and (c) for SBRs operated at 3, 5 and 8g TSS L -1 , respectively. For every considered biomass concentration, the theoretical values fit well the experimental curves. These results confirmed that the power law kinetic model is more adapted to describe the MPs' removal at different biomass concentrations than the apparent-first order kinetics model. A similar behaviour was noted for SMX, BZT, ROX and ERY. Their concentrations obviously decreased only during the first increase of C TSS from 3 to 5 g TSS L -1 . However, when the C TSS reaches 8 g L -1 , the trends of residual MPs concentrations do not vary that much at the corresponding 𝑛-coefficients are around 0.5. Further simulations with various biomass concentrations for MPs modelling will be carry out in the next section to investigate the predictions of wide range of CTSS with various 𝑛-coefficients in order to characterize different local mixing levels.

Figure

  Figure IV. 9. Continued

Figure IV. 10 .

 10 Figure IV. 10. Schematic of the Benchmark plant layout.

••

  (𝑭 𝒊𝒏,𝑶,𝒋 -𝑭 𝒐𝒖𝒕,𝑶,𝒋 ) + 𝑽 𝒋 𝒓 𝑶,𝒋 + 𝑽 𝒋 𝒌 𝒍 𝒂(𝑺 𝑶,𝒔𝒂𝒕 -𝑺 𝑶,𝒋 )(IV-42)Remark: 𝐹 𝑖𝑛,𝑂,𝑗 = 𝐹 𝑜𝑢𝑡,𝑂,𝑗-1 The material balance on the compound 𝑖 in the reactor 1 thus reads: 𝑪 𝒊,𝒕𝒐𝒕 -𝑪 𝒊,𝟏 ) + 𝒓 𝒊,𝟏 (IV-43)• The material balance on the compound 𝑖 (except for oxygen) in the other reactor of the cascade (2 ≤ 𝑗 ≤ jmax-1) is written as following: The material balance on the compound 𝑖 (except for oxygen) on the last reactor jmax is written as following: 𝑪 𝒊,𝒋𝒎𝒂𝒙-𝟏 -𝑪 𝒊,𝑰𝑪 ) + 𝒓 𝒊,𝒋𝒎𝒂𝒙 (IV-45)with 𝑪 𝒊,𝑰𝑪 = 𝑪 𝒊,𝒋𝒎𝒂𝒙IV.5.1.2. Material balance in the clarifierA typical WWTP model consists of biological reactor(s) coupled with a clarifier. The sedimentation in the settling tank is a complex process. Indeed, biological models typically consist of ordinary differential equations, whereas a sedimentation model involves both time and space dependence, leading to partial differential equation. The simulation models developed for the Benchmark do not fully represent the physical and mathematical properties of sedimentation. In our study, a complete separation of the compounds, without reaction, is assumed. In other words, the clarifier is 100 % effective and so, all non-soluble compounds fall into the sludge (at the bottom) while soluble compounds travel both up and down. In this study, we used a realistic residence time distribution. It was inspired from the studies performed byBendounan (1995) and[START_REF] Roche | Modélisation de l'hydrodynamique d'un décanteur primaire de station d'épuration[END_REF] about residence time distribution in clarifiers. The clarifier is divided into an upper part and a lower part of volumes VT and VB, respectively. VT and VB are modelled by a cascade of interconnected well-mixed cells of 𝑛 𝑇 and 𝑛 𝐵 cells, respectively. In the simplest case, 𝑉 𝑇 = 𝑉 𝐵 and 𝑛 𝑇 = 𝑛 𝐵 . Thus, the volume of each elementary cell of both parts of the clarifier is calculated as follows:

•--

  Clarifier lower volume: There are both soluble and non-soluble compounds in this volume. At the volume inlet, the concentrations of soluble compounds are equal to that at the output of the cells cascade. But the concentrations of non-soluble compounds are different. They are computed with a mass balance at node (M) which separates the upper and lower clarifier volumes. For soluble compounds: 𝑸 𝑰𝑪 𝑪 𝒊,𝑰𝑪 = 𝑸 𝒐𝒖𝒕 𝑪 𝒊,𝒐𝒖𝒕 + 𝑸 𝑩𝑶𝑪 𝑪 𝒊,𝑩𝑶𝑪 (IV-51) For non-soluble compounds: 𝑸 𝑰𝑪 𝑪 𝒊,𝑰𝑪 = 𝑸 𝑩𝑶𝑪 𝑪 𝒊,𝑩𝑶𝑪 (IV-52)It is important to remind here that Ci,out of non-soluble compound is equal to zero in the present model in which a perfect clarifier was considered. The following coefficient "coef" compares the flow rate at the overflow of the clarifier to the total flow rate entering the clarifier:

Figure IV. 11 .

 11 Figure IV. 11. Profiles of solubles and non-solubles concentrations obtained from simulation on Matlab (blue line) for Ceff denoted for clear water concentration (a) at the overflow outlet of the clarifier and CS denoted to sludge concentration (b) at the bottom outlet of the clarifier, respectively. Concentration obtained at the end of simulation of Benchmark are represented by the red line.

Figure(

  Figure IV. 12. Continued

  Figure IV. 13. Continued

  Potier (2008) proposed a correlation giving the axial dispersion coefficient as a function of the geometrical parameters (H, L, W) and the gaz flowrate (QG) as following:

(

  65 m, L is calculated to be 53.3 m.From Eqs. (IV-58) and (IV-59), the following relation can be deduced:

  Based on Eq. (IV-66), Jcal was calculated for the range of the initial Wcal up to 9.65 m. Jcal has been plotted versus Wcal (Figure IV.14). Moreover, the calculated length (Lcal) was estimated by dividing the surface (Sh) of 514.3 m 2 by every Wcal for the same range. Jcal has been plotted versus Lcal (Figure IV.15). For example, for Jcal = 12 reactors, the width become 4 m and the length of 120 m. Jcal almost increases linearly with the ratio of Lcal/Wcal, so it depends upon the geometry of the reactor (Figure IV.16).

Figure IV. 14 .

 14 Figure IV. 14. Number of CSTR (Jcal) corresponding to the reactor width (Wcal). Red crosses refer to the calculated width (Wcal) by projection for every tested configuration of aerobic reactors:3, 6, 9, 12, 18, 27, 36, 45, 54 and 60 (by progressive transformation of the reactor of the benchmark: Ji =3, Wi = 9.65 m and Sh of 514.3 m 2 ).

Figure IV. 15 .

 15 Figure IV. 15. Number of CSTR (Jcal) corresponding to the reactor length (Lcal). Blue circles refer to the calculated length (Lcal) by projection for every tested configuration of aerobic

  ), (ii) to test different kinetics of MPs removal (including the effect of 𝑛) and (iii) to predict the effect of different hydrodynamic configurations as well as different MPs concentration coupled with mixing conditions on the MPs' removal in continuous systems. The experiments performed in chapter II in batch mode were simulated successfully. The experiments performed at different SRT and HRT follow approximately an apparent-first order kinetics. However, the power law kinetics is only able to describe the MPs removal at all biomass concentrations and especially at high ones, showing the interest of the new kinetic model. Subsequently, several simulations were performed in batch mode by applying the new kinetics to a wide range of CTSS. The results showed that high biomass concentration coupled with high local mixing conditions increased the removal of all investigated MPs (SMX, BZT, ROX, ERY and DCF).

  on the transport of MPs based on mixing conditions. High concentration of solids leads to the creation of both large aggregates made of flocs and stagnant internal liquid zone. Consequently, in this condition, the MPs transport is also due to their diffusion in the aggregates. Subsequently, we used the Wilke-Chang equation, (which is an improvement of Einstein equation of diffusion), which relates the molecular weight of MPs (M MPs ) to the diffusion coefficient. It reveals a functional dependence of the form Dm = ƒ(12 ) . It seems applicable to all situations. In addition, it helped to explain the unusual contributions in terms of n, in the overall process of micropollutants removal previously reported in the literature. Moreover, in accordance with our observation and the model structure, n is characteristic of both MP diffusion and local mixing. Then, n values can be very different from a reactor to another. This leads to important consequences in simulation and design: the necessity to know actual value of n of studied reactor; values coming from literature or pilot plants could lead to error if they do not take into account the actual local mixing.
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 18116 Figure I. 1. Map showing the percentage of water bodies in Europe's River Basin District (RBD) that are not in good ecological status: second River Basin Management Plans (RBMPs) (EEA, 2018). ............................................................................................................................ 11 Figure I. 2. Chemical status of (a) surface water bodies (SWBs), with and without ubiquitous, persistent, bioaccumulative and toxic (uPBTs) pollutants and (b) groundwater bodies, by area, reported in first and second River Basin Management Plans (RBMPs) (EEA Report No 7/2018 2018). ........................................................................................................................................ 12 Figure I. 3. Sources and possible pathways of water pollution into the environment (adapted from Daughton (2006)). ........................................................................................................... 14 Figure I. 4. Basic steps of wastewater treatment process (adapted from Gandiglio et al. (2017)). .................................................................................................................................................. 24 Figure I. 5. Schematic of basic diagram of biological treatment with activated sludge (Duchene, 2005). ........................................................................................................................................ 26 Figure I. 6. Reactor configuration according to the composition of the influent (adapted from Lee et al. (2017)). ..................................................................................................................... 27 Figure I. 7. Schematic of the relation between pH and charge forms partition in aqueous phase. .................................................................................................................................................. 38 Figure I. 8. Scheme of the fate of a micropollutant in a biological reactor: mechanisms occurring between the different compartments (gas, dissolved, solid). Compiled based on studies by (Clouzot et al. 2013; Plosz et al. 2013; Pomiès et al. 2013). .................................. 41 Figure I. 9. Scheme of a continuous stirred tank reactor (CSTR) (a) and a plug-flow reactor (PFR) (b) (Levenspiel 1999). ................................................................................................... 56

Figure III. S2 .

 S2 Figure III. S2. Plot of the new removal rate constants kMPs (L n g -n h -1 ) versus time (h) with sensitivity analysis on CMPs of -20 % for SMX, BZT, ROX, ERY and DCF.

•

  Figure IV. S1. Simulated and experimental profiles of some parameters of ASM1 in the SBR operated at SRT of 3 d and HRT of 8 h (setup 2 of series 1). Crosses refer to the experimental data and the blue line refer to the simulated results.

Figure

  Figure IV. S2. Simulated and experimental profiles of some parameters of ASM1 in the SBR operated at SRT at SRT of 3 d and HRT of 12 h (setup 3 of series 1).

Figure

  Figure IV. S3. Simulated and experimental profiles of some parameters of ASM1 in the SBR operated at SRT of 10 d and HRT of 4 h (setup 4 of series 1).

Figure

  Figure IV. S4. Simulated and experimental profiles of some parameters of ASM1 in the SBR operated at SRT of 10 d and HRT of 8 h (setup 5 of series 1).

Figure

  Figure IV. S5. Simulated and experimental profiles of some parameters of ASM1 in the SBR operated at SRT of 10 d and HRT of 12 h (setup 6 of series 1).

Figure

  Figure IV. S6. Simulated and experimental profiles of some parameters of ASM1 in the SBR operated at SRT of 20 d and HRT of 4 h (setup 7 of series 1).

Figure

  Figure IV. S8. Simulated and experimental profiles of some parameters of ASM1 in the SBR operated at 8 g TSS L -1 (setup 3 of series 2).

Figure IV. S10 .

 S10 Figure IV. S10. Simulated and experimental profiles of MPs' concentrations by applying the apparent -first approach to the SBR operated at SRT of 3 d and HRT of 12 h.

Figure

  Figure IV. S11. Simulated and experimental profiles of MPs' concentrations by applying theapparent -first approach to the SBR operated at SRT of 10 d and HRT of 4 h.

Figure IV. S12 .

 S12 Figure IV. S12. Simulated and experimental profiles of MPs' concentrations by applying theapparent -first approach to the SBR operated at SRT of 10 d and HRT of 8 h.

Figure

  Figure IV. S13. Simulated and experimental profiles of MPs' concentrations by applying the apparent -first approach to the SBR operated at SRT of 10 d and HRT of 12 h.

Figure IV. S14 .

 S14 Figure IV. S14. Simulated and experimental profiles of MPs' concentrations by applying the apparent -first-order approach to the SBR operated at SRT of 20 d and HRT of 4 h.

  figure; subplot(2,2,1),plot(toutmin,yout(:,13),'b-',tsmx,CSMX,'kx'); xlabel('time (min)'),ylabel('SMX (µmol_m^-3)'),axis([0 180 0 5]) subplot(2,2,2),plot(toutmin,yout(:,14),'b-',tbzt,CBZT,'kx'); xlabel('time (min)'),ylabel('BZT (µmol_m^-3)'),axis([0 180 0 10]) subplot(2,2,3),plot(toutmin,yout(:,15),'b-',trox,CROX,'kx'); xlabel('time (min)'),ylabel('ROX (µmol_m^-3)'),axis([0 180 0 2])

  inputs of the function "balance_cas" are the following:-Time t -Vector [y]ncomp: the number of compounds alpha: recirculation rate jmax: the number of reactors in the cascades -Deb: vector containing the input flowrates ry(7,1)=-iXB*(rate(1)+rate(2))-(iXB+(1/Ya))*rate(3)+rate(6); ry(8,1)=rate(8)-rate(6); ry(9,1)=(iXB-fp*iXP)*(rate(4)+rate(5))-rate(8files are common for the continuous system. Moreover, the user has an open access to edit the external files according to the adapted configurations.E. External files read by the mainProgram_continuous system:-'Stoichiometric_data.txt' is the same file used for batch system -'Conc_initial.txt': the initial concentrations for all state variables of the system are presented as following: -'Conc_entrance.txt': is the file where are stored the inlet concentrations to the cascade, it corresponds to the concentrations of flow Qe. Lines 1 to 12 below are the concentrations used for the simulation of the benchmark model. The average experimental concentrations
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	N/A CL N2 [y] Parameters of ASM1 model Not applicable Mixed liquor concentration Nitrogen gaz Vector of concentrations
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). L'équation complète est: où T est la température absolue, MMPs est la masse moléculaire des MPs, Msol est la masse moléculaire du solvant, η est la viscosité du solvant, ρ est la densité du solvant et α est le paramètre d'association qui est supposé être 2,3 pour l'eau.
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Chapter I.

Table I . 1. The

 I concentrations and removals of several micropollutants present in the WWTPs of different countries.

	(Directive, 2013) was concerned to the study of the treatment processes for a group of 45
	pharmaceuticals (Barbosa et al. 2016). Also, Baltic Sea Action Plan (BSAP) and the EU's Baltic Group Selected Country Influent Effluent Removal	References
	compound Sea strategy have led to a greater focus on problems with the load of pharmaceuticals to the in land (µg L -1 ) (µg L -1 ) efficiency (%)
	water bodies and the marine environment in the Baltic Sea (Marine Framework directive 2008/ Pharmaceutical Sulfapyridine Switzerland; 0.06 -1.5 -29 -20	Gobel et al. 2007;
	Antibiotic 56/EG, Water Framework directive (WFD) 2000/60/EEG, and the WFD daughter directive UK	Kasprzyk-Hordern et al. 2009
	2008/105/EG). Moreover, the EU has identified a number of priority substances on the EU N 4 -acetyl Switzerland 8.5 -1.6 1.27 -0.24 9 -21	Gobel et al. 2007
	pollutants priority watch list (European Commission, 2016). sulfamethoxazole			
		Trimethoprim	Switzerland;	0.21 -0.44 0.19 -0.41 -13 -31	Gobel et al. 2007;
			UK				Kasprzyk-Hordern et al.
							2009
		Azithromycin	Switzerland	0.09 -0.38 0.08 -0.34 10 -33	Gobel et al. 2007
		Clarithromycin	Switzerland;	0.33 -0.6	0.26 -0.48 11 -14	Gobel et al. 2007; Sahar
			Germany				et al. 2011; Ternes et al.
							2003
	Anti-	Paracetamol	UK	68 -482	18 -24	73.5 -95* Kasprzyk-Hordern et al.
	inflammatory/analgesics						2009
		Salicylic acid	Greece; Spain	0.58 -63.7 ND -0.50	89.6 -100 Gracia-Lor et al. 2012;
							Kasprzyk-Hordern et al.
							2009; Stamatis et al.
							2010; Santos et al. 2009
		Mefenamic acid	Korea; Spain ;	<0.017 -	<0.005 -	< 0 -70.2	Behera et al. 2011;
			UK	0.32	1.03		Gracia-Lor et al. 2012;
							Kasprzyk-Hordern et al.
							2009; Santos et al. 2009
		Codeine	Germany; UK 0.12 -0.16 0.022 -	81.6 -	Wick et al. 2009;
					0.025	84.3*	Kasprzyk-Hordern et al.
							2009
							(Continued on next page)
					. Always in terms
	of protection of human health and aquatic environment, the European Union 2013/39/EU

Table I . 1. Continued
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						Chapter I
	ND: not detected. * When the removal efficiency was not mentioned in the research, it was calculated using the following equation, drugs (Tijani et al. 2013). Concerning stimulants, i.e. caffeine was used as a cardiotonic till the
	Group removal efficiency (%) = (Influent-Effluent) / Influent × 100. ** Personal care product. Selected Country Influent Effluent Due to the various chemical nature as well as the large number of emerging contaminants (ECs), Removal end of 19th century (	References
	compound Selected compound the Environment Agency (EA) of England and Wales proposed a classification system in order to (µg L -1 ) (µg L -1 ) efficiency Group Country Influent Effluent Removal (%) Anti-inflammatory/ analgesics Ibuprofen UK; Korea; Greece; Sweden; Spain <0.003 -603 ND -55 70 -100 (µg L -1 ) (µg L -1 ) efficiency Kasprzyk-Hordern et al. References identify substances with great potential to pose a risk to the aquatic environment. Moreover, (%) 2009; Behera et al. 2011; PCP** Estriol China; Korea 0.125 -0.80 ND 100 Behera et al. 2011; Nie regulatory agencies as European Commission and scientific community is working on covering a Zorita et al. 2009; Radjenovic et al. 2009; Gracia-Lor et al. 2012 Ketoprofen UK; Korea; Spain <0.019 -1.27 < 0.005 -0.39 0 -70* Hormones et al. 2012 Estrone France; Germany; Italy; 0.01 -0.26 larger groups, 46 of toxic micropollutants to set their regulatory limits as well as to study their <0.001 -0.09 72.8 -90.8* Janex-Habibi et al. 2009; Nie et al. 2012; detrimental effects and new treatment processes (Luo et al. 2014; Barbosa et al. 2016). Kasprzyk-Hordern et al. Korea Zorita et al.2009 2009; Behera et al. 2011; Estradiol France; 0.002 -0.05 0.001 -0.007 92.6 -100 Janex-Habibi et al. Gracia-Lor et al. 2012; Germany; Italy; 2009; Nie et al. 2012; I.2.1.3. Categories of micropollutants Zorita et al. 2009; Korea Zorita et al. 2009 Radjenovic et al. 2009 Naproxen Spain; Sweden 0.002 -52.9 0.13 -0.67 64 -98.7* Radjenovic et al. 2009; Industrial chemicals Bisphenol-A Austria; UK 0.013 -2.3 0.026 -1.53 <0 -33.4 Clara et al. 2005b; In general, emerging micropollutants can be grouped into six major categories specifically Kasprzyk-Hordern et Singer et al. 2010; Gracia-al. 2009 pharmaceuticals active compounds (PhAC), personal care products (PCPs), endocrine disruptor Lor et al. 2012; Santos et al. 2009 Gabapentin UK 10.6 -25 1.78 -3.51 83.2 -85.9* Kasprzyk-Hordern et al. Antiseptics Triclosan Spain; UK; Greece; Korea; France; USA 0.03 -23.9 0.01 -6.88 71.3 -99.2 Santos et al. 2009; compounds (EDCs) including hormones (Rodriguez-Narvaez et al. 2017; Luo et al. 2014), Behera et al. 2011; Kumar et al. 2010; Yu surfactants, industrial compounds (Ribeiro et al. 2015), and pesticides (Luo et al. 2014). This 2009 Primidone Germany 0.23 -0.42 0.14 -0.25 39.1 -40.4* Wick et al. 2009 Lipid regulator Clofibrate Spain; Korea; EU-wide; UK 0 -0.7 0.33 52.8 and Chu 2009 Galaxolide Germany; Switzerland; 0.6 -3.1 0.45 -1.15 25 -62.9* classification into categories and groups is based on their application or chemical structure. It also Janex-Habibi et al. 2009 illustrates the diversity of use of compounds considered as emerging contaminants. Behera et al. 2011; Gracia-Lor et al. 2012; Loos et al. 2013; Santos et al. 2009 Bezafibrate Spain; Korea; 0.05 -1.9 0.03 -0.67 10 -64.7* Behera et al. 2011; Gracia-Austria Pesticide Diuron EU-wide 0.03 -1.96 0.002 -2.53 26.7 -71.9 Pharmaceuticals and personal care products, two main categories of emerging contaminants are Loos et al. 2013 Industrial chemicals 4-Tolyltriazole Germany 1.3 1.2 11 Weiss et al. 2006 often combined in one category called Pharmaceuticals and Personal Care Products (PPCPs).
	UK					Lor et al. 2012
	5-Tolyltriazole	Germany	2.1	2.2	-6	(Continued on next page) Weiss et al. 2006
	I.2.1.3.1. Focus on Pharmaceuticals and Personal Care Products (PPCPs) and industrial		
	Table I. 1. Continued chemicals					
	Over the last twenty years, the PPCPs constitute a highly heterogeneous group of compounds of		
	quite diverse chemical properties and structures. However, the structural formula of these		20
	compounds shows in most cases a non-polar hydrocarbon backbone with a polar functional group		
	which is most often oxygenated or nitrogenous. Detection of pharmaceuticals in aquatic		
	environment at high concentrations is strongly impacted by the pharmaceutical industry waste,		
	hospital and domestic waste, as well as animal waste that eventually reach natural waters (Utrilla		
	et al. 2013). This important category of ECs includes about 3000 different compounds such as		
	stimulant, anti-inflammatory drugs, antibiotics, beta blockers, antidiabetics, antiseptics,		
	antidepressants, lipid regulators, 49 anti-epileptics, antimicrobials, contraceptives and impotence		

Table I . 2. Physical-chemical properties and chemical structure of the target compounds which are studied in this thesis. PPCPs Abbreviation Molecular weight (g mol -1 ) pKa Log Kow Kd (L kgSS -1 ) Solubility (g L -1 ) in water Henry's constant (atm-m3 mol -1 ) Chemical structure

 I 

	Caffeine	CAF	194.1	14.0 a	-0.07 b	-	11	1.90 10 -19
	Sulfametoxazole SMX	253.2	7.1 c	0.48 c	200-400 c	0.459	6.42 10 -13
				.2, it is clear that sorption is a minor removal	
	pathway for most of the pharmaceuticals. Cirja et al. (2008) reported that depending on the pKa Benzotriazole BZT 119.1 8.2-1.23 d 220 (±9) e 19	-
	value, a pharmaceutical can exist in various protonation states due to pH variation, which results 8.8 e	
	in changing hydrophobicity at different pH values (see sections I.2.2.4 and I.3.2.2 for more details).	
	Roxithromycin	ROX	837.0	9.2 c	2.1-2.8 c	200-400 c	18.87	7.8 10 -23

(Continued on next page)

Table I . 2. Continued PPCPs Abbreviation Molecular weight (g mol -1 ) pKa Log Kow Kd (L kgSS -1 ) Solubility (g L -1 ) in water Henry's constant (atm-m3 mol -1 ) Chemical structure

 I Ejhed et al. 2018; b Majewsky et al. 2011a; c Sipma et al. 2010; d Vasiliadou et al. 2014; e Weiss et al. 2006 

	• Removal efficiencies						
	Pharmaceuticals load in the wastewater produced by medical services has become source of	
	concern because pharmaceuticals are continuously used in hospitals and health clinics		
	Erythromycin	ERY	733.9	8.8 c	2.48 c	160 c	0.459	2.22 10 -27
	Diclofenac	DCF	296.1	4.5 a,c	4.02 c	16 c	477 10 -5	4.73 10 -12
	Carbamazepine	CBZ	236.2	13.9 a,c 2.45 c	0.1 c	0.152	1.08 10 -10

-: Data not available. a

Table I . 3 .

 I3 Comparison of the average removal efficiency of a pharmaceuticals in conventional activated sludge process and in MBR and their removal mechanisms(Tiwari et al. 2017).

	Compound	%Removal	%Removal	Biodegradation% Sorption	References
		MBR	CAS			
	Ibuprofen	99	99	90 -100	<5	Samaras et al.
						2013; Joss et al.
						2006
	Naproxen	94	95	55 -85	<5	Jelic et al. 2011
	Diclofenac	32	50	5 -45	<5	Behera et al.
						2011
	Ketoprofen	99	50	70	0	Jelic et al. 2011
	Sulfamethoxazole 81	52	50 -90	0	Behera et al.
						2011
	Carbamazepine	28	<25	<40	<5	Kim et al. 2014
	Mefenamic acid	63	36	55 -58	<30	Jelic et al. 2011;

Table I .

 I -4. 4. K d values of some pharmaceuticals in activated sludge found in the literature.

						Chapter I
	Pharmaceutical	K d (L kgSS -1 )	Reference		
	Benzotriazole	220	Vasiliadou et al. 2014	
	Bezafibrate	87	Abegglen et al. 2009	
	Carbamazepine	1	Ternes et al. 2004; Fernandez-
		<1	Fontaina et al. 2012; Radjenovic et
		135	al. 2009			
	Caffeine	50	Xue et al. 2010		
	Clarithromycin	1200	Abegglen et al. 2009; Joss et al.
		260	2006			
	Codeine	14	Wick et al. 2009		
	Paracetamol	0.4	Joss et al. 2006; Radjenovic et al.
		1160	2009			
	Loratidine	3321	Radjenovic et al. 2009	
	Diclofenac	151	Hyland et al. 2012; Radjenovic et
		118	al. 2009; Joss et al. 2006;
		16	Fernandez-Fontaina et al. 2012;
		32.1	Ternes et al. 2004; Stevens-
		<30	Garmon et al. 2011	
	Naproxen	13-444	Urase	and	Kikuta	2005;
		16.7	Fernandez-Fontaina et al. 2012;
		<30	Stevens-Garmon et al. 2011; Joss
		13	et al. 2006		
	Roxithromycin	200-400	Sipma et al. 2010; Joss et al. 2005
		158				
	Sulfametoxazole	77	Radjenovic et al. 2009; Joss et al.
		160-500	2005			
		11				
	Erythromycin	160	Sipma et al. 2010		
	Tetracycline	7943	Kim et al. 2005		
						45

Table I . 5 .

 I5 Different models for biological degradation/and sorption of micropollutants found in the literature.

	Cometabolic model			𝑟 = -(q	𝑆 S+𝐾 𝑆	)	𝐶 𝑀𝑃𝑠 𝐶 𝑀𝑃𝑠 +𝐾 𝐶 𝑀𝑃𝑠	𝐶 𝑇𝑆𝑆	Assumption of non-limiting growth substrate availability	Fernandez-Fontaina et al.
	Kinetic model Second order Pseudo-first order/pseudo -second order -	Sorption	Biodegradation +kbiol ,Ax] 𝐶 𝑀𝑃𝑠 𝑘 𝑂 +𝑆 𝑂 𝑘 𝑂 ranoxic=-[qC,Ax f(S) raerobic= -[qC,Ox f (S) +kbiol, Ox 𝐶 𝑇𝑆𝑆 𝐶 𝑀𝑃𝑠 𝑆 𝑂 𝑘 𝑂 +𝑆 𝑂 𝐶 𝑇𝑆𝑆	Sorption+ biodegradation Description q (L gX -1 d -1 ) defined as maximum MPs utilization rate 𝑟 = -𝑘 𝑏𝑖𝑜𝑙 𝐶 𝑇𝑆𝑆 𝐶 𝑡𝑜𝑡 1 + 𝐶 𝑇𝑆𝑆 𝐾 𝑑 In order to account for the instantaneous adjustment of partitioning equilibria via desorption during concentration in water in µg L -1 𝑟 = -𝑘 𝑏𝑖𝑜𝑙 𝐶 𝑀𝑃𝑠 𝐶 𝑉𝑆𝑆 Same kinetics formulated in Eq I-7, but with biomass expressed by the volatile suspended solids the semi-saturation in oxygen conditions, respectively. kO is water in aerobic and anoxic (S) for the MPs dissolved in presence of growth substrate biotransformation rate in the Ctot is the total MPs cometabolic substrate biodegradation. constant in the presence of growth substrate (S). ASM-X qC,Ox and qC,Axf are the maximum specific	2014; Plosz et al. References 2012 Fernandez-2010 2013; Suarez et al. Fontaina et al. Andersen et al. 2005; Joss et al. (Lee et al. 2012; 2006 Plosz et al. 2010; Pomiès et al. 2013)
	-Pseudo-first order -	𝑟 𝑠𝑜𝑙𝑖𝑑 = 𝑘 𝑠𝑜𝑟 𝐶 𝑇𝑆𝑆 𝐶 𝑀𝑃𝑠 -𝑘 𝑠𝑜𝑟 𝑋 𝑀𝑃𝑠 𝑘 𝑑 log(𝑋 𝑀𝑃𝑠(𝑒) -𝑋 𝑀𝑃𝑠(𝑡) ) 2.303 = 𝑙𝑜𝑔𝑋 𝑀𝑃𝑠(𝑒) -𝑘′ 𝑡 𝑟 = -𝑘 𝑏𝑖𝑜𝑙	𝑟 = -𝑘 𝑏𝑖𝑜𝑙 𝐶 𝑀𝑃𝑠 𝑋 𝐵,𝐻 𝑟 𝑤𝑎𝑡𝑒𝑟 = -(𝑘 𝑏𝑖𝑜𝑙 𝐶 𝑉𝑆𝑆 + 𝑘 𝑠𝑜𝑟 𝐶 𝑇𝑆𝑆 )𝐶 𝑀𝑃𝑠 + k 𝑠𝑜𝑟 k 𝑑 𝑋 𝑀𝑃𝑠 𝑆 + 𝐾 𝐼 𝐶 𝑀𝑃𝑠 𝐶 𝑀𝑃𝑠 + ( 𝐾 𝐼 𝐶 𝑇𝑆𝑆 )	concentration CVSS (g L -1 ) Same kinetics formulated in Eq I-7, but with biomass expressed by the heterotrophic Dynamic model biomass XBH (g L -1 ) respectively and k2 is the rate the solid phase and at time t, XMPs (e) and XMPs (t) are the inhibition constant sorbed MPs concentration in Competitive inhibition effects on MPs biodegradation KI (mgS L -1 ) is defined as	Majewsky et al. 2011a; Plosz et al. 2012; Fernandez-Fontaina et al. 2013 Sathyamoorthy et al. 2013 Al-Othamn al. 2013 Lee et al. 2012; Plosz et al. 2010; Pomiès et al. 2013
									constant of the pseudo-second
									order sorption (g mg -1 h -1 ).
	Pseudo-		𝑟 = 𝑘 2 (𝑋 𝑀𝑃𝑠(𝑒) -𝑋 𝑀𝑃𝑠(𝑡) ) 2				
	second order							

Table I

 I 

	. 6. Values of biodegradation rates k biol and k' of some pharmaceuticals in activated sludge
	found in the literature.					
	Pharmaceutical	(L g TSS -1 d -1 ) k biol	Reference	(h -1 ) k'	Reference
	Benzotriazole	0.21-0.22	Mazioti et al.	0.026-0.028	Mazioti et al.
			2015		2015	
	Bezafibrate	2.1-3.0	Joss et al. 2006 -	-	
	Carbamazepine	<0.1	Wick et al.	0.03-0.011	Urase	and
			2009		Kikuta 2005
	Caffeine	-	-	0.38	Xue et al. 2010
	Clarithromycin	≤0.5	Joss et al. 2006; -	-	
	Codeine	4.8	Wick et al.	-	-	
			2009			
	Paracetamol	58-80	Joss et al. 2006 -	-	
	Diclofenac	0.02	Plosz et al.	0.052-0.493	Urase	and
		1.2	2012; Joss et al.		Kikuta 2005
		5	2006			
		≤0.1				
	Naproxen	0.2-9	Suarez et al.	0.013-0.389	Urase	and
		0.5-4.2	2010		Kikuta 2005
	Ketoprofen	-	-	0.01-0.02	Xue et al.
				0.028-0.389	2010; Urase
					and	Kikuta
					2005	
	Naproxen	0.2-9	Suarez et al.	0.013-0.389	Urase	and
		0.5-4.2	2010		Kikuta 2005
	Roxithromycin	<0.2	Joss et al. 2006;	-	-	
		0.2-9	Suarez et al.			
			2010			
				(Continued on the next page)

Table I . 6. Continued

 I 

Table I . 7 .

 I7 to understand the functioning of the sub-systems one by one. The reactor is seen through its inputs and outputs and is modeled globally. Afterwards, other processes were added such as thermodynamics, kinetics, transfers of mass and heat. The notion of residence time distribution (RTD, Danckwerts 1953) allowed the development of the systemic modelling of the reactor hydrodynamics. Chemical Reaction Engineering (CRE) was then created by the association of systemic modelling of hydrodynamics, kinetics, etc. One of the limitations of the systemic approach to process engineering lies in the difficulty of linking, in principle, the overall operation of the reactor to its geometrical characteristics, below a certain scale. Thus, to overcome this limitation, researchers and engineers in chemical engineering used the computational fluid dynamics (CFD) method to solve additional physical phenomena(Gresch et al. 2011, Laurent et Summary of the characteristics of different modelling approaches byLe Moullec (2008).

	without necessarily trying Modelling Systemic Table I.7 Continued			CFD		1 )	Reference Compartmental
	Sulfametoxazole Scientific background Modelling Systemic 0.3 5.9-7.6 Approach Based on experimental Technical and economic analysis	Suarez et al. CFD 2010; Joss et al. 2006 Based	-	on	-Compartmental Based on both experimental
	Erythromycin Use	observations Optimization,		phenomenological Understanding,	0.11	Xue et al. 2010 observations and Design, optimization,
	Tetracycline	0.44 comparison,		Plosz et al. equations design, comparison -	-phenomenological equations comparison
	Structure of the model understanding		2010	
	Simplicity Adjustable parameters Cost	Relatively simple Limited in numbers Low on pilot reactor High on industrial reactor	Complex Equations of transport and the parameters of the models Relatively high (software + working time)	Relatively simple Some for the model itself, like the CFD for the design of the model structure
	Number of	Limited	:	kinetic,	Turbulence,	bubble
	sub models	oxygen transfer		shapes, forces, oxygen
					transfer, etc.
	Preliminary work				
	Experimental	Some		tracing	Many physicochemical	Same as for CFD
	research	experiments needed	constants	to	be
					determined
	Tool design	Simple algorithm, fast	Very	complex	Relatively simple algorithm
		programming		programming replaced	and fast programming
					by the handling of the
					software quite long
	Preparation and calculation time		
	Preparation	Relatively		short:	Long:	bibliography,	Long: same as for CFD +
	time	experience of tracing	tests and validation	programming time (CFD+4
		and programming (2 to	experiments,	days)
		4 days)			adjustment	of
					adjustable parameters
					(2 months)
	Calculation	Very short			Long-very long	Short
	time					
							(Continued on next page)

al. 2015al. , Nopens et al. 2015))

. The 2000s have seen the development of CFD with reaction applied to wastewater reactor. Currently, the systemic approach and the CFD are commonly used; each of these two approaches has its advantages and disadvantages; systemic: global, rapid, proven and easy to use in CRE to optimize the reactor design; CFD: precise, long computational time, and not easy to use in global optimization of design but very useful to optimize local process. A third methodology: the compartmental modelling, is in between for each characteristic; it is notably useful to model and design very large processes

(Jourdan et al. 2019)

. The models obtained by this approach allow to combine more comprehensive results than the systemic approach without requiring as much computing time as the CFD approach. Table I-7 summarizes most of the characteristics of the three aforementioned modelling approaches (Le

Moullec 2008)

. However, in this work since we need only global reactor design trend, the systemic approach is taken into consideration.
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The influence of the biomass concentration on the kinetics of MPs' removal is dedicated to chapter III, with development of a new kinetic model. Furthermore, the implementation of such kinetic modelling approaches in digital simulation tools dedicated to removal of micropollutants with activated sludge is the key of kineticshydrodynamics relation. Thus, we evaluated the extension of the ASM1-MPs integrating the appropriate kinetics to describe removal of some investigated MPs in chapter IV. Numerical predictions were estimated for different hydrodynamics of continuous system in the same chapter.

Various cascades of different numbers of CSTRs up to 100 were tested in order to minimize the concentrations of MPs released into the environment. Subsequently, a new reactor hydrodynamic configuration was proposed.
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Table II . 1 .

 II1 Overview of the removal efficiency of some MPs in published studies according to some operational conditions in activated sludge.

	HRT / SRT	Feed concentration (µg L -1 )		Removal efficiency (%)			Sludge
											concentration
											(g TSS L -1 )
		CAF SMX	BZT ROX ERY DCF CBZ	CAF	SMX	BZT ROX ERY DCF CBZ
	>2-3 / >150d			≤1					70 b	
	(nitrifying									
	conditions) a									
	12-17h / 1.5-					44-75				8-15
	5.1d c									
	16.7h / 6d d	1	1	1	1	99	90		20	<10	2.4
	58.4h / 54d d	1	1	1	1	95	45		10	<10	2.5
	15h / 10-12d e		0.23-0.57				9	25	2		3
	31h / 21-25d e		0.23-0.57				60				3
	-/ 20-40d, >40d f									

Table II . 3 .

 II3 The concentrations and removals of investigated micropollutants present in the WWTPs of different countries. Application and physico-chemical properties of the target micropollutants (industrial chemical and PPCPs).

	Group Stimulant Pharmaceutical Antibiotic Industrial chemical Pharmaceutical Antibiotic Pharmaceutical Antibiotic Anti-inflammatory/ analgesics Anticonvulsant Caffeine Selected compound Country Caffeine China; EU-wide; Greek; Korea; Spain; UK Sulfamethoxazole UK; Switzerland; spain; Austria Benzotriazole Germany Roxithromycin Switzerland; Hong Kong; Spain; Germany Erythromycin Switzerland; Hong Kong; UK Diclofenac UK; Hong Kong; Greece; Korea; Sweden Carbamazepine Greece; Korea; Spain; UK; Germany Application Stimulant Sulfametoxazole Antibiotic Benzotriazol Detergent/ corrosion inhibitor Roxithromycin Antibiotic Erythromycin Antibiotic inflammatory drug 2009; Wick et al. Compound Influent (µg L -1 ) Effluent (µg L -1 ) Removal efficiency (%) References 0.22-209 ND-43.50 49.9 -99.6 Behera et al. 2011; Santos et al. 2009; Singer et al. 2010 <0.003-0.98 <0.003-1.15 4 -88.9 Behera et al. 2011; Kasprzyk-Hordern et al. 2009; Santos et al. 2009 12 7.7 37 Weiss et al. 2006 0.01-0.04 0.008-0.036 3 -9 Clara et al. 2005b; Gobel et al. 2007; Kreuzinger et al. 2004; Li and Zhang 2011; Sahar et al. 2011 0.06-0.19 0.09-0.20 -8 -4 Gobel et al. 2007; Li and Zhang 2011 0.26-2.57 0.33-1.42 <0 -81.4 Kasprzyk-Hordern et al. 2009; Kreuzinger et al. 2004; Behera et al. 2011; Gracia-Lor et al. 2012 <0.04-4.1 <0.005-4.7 0 -62.7 Behera et al. 2011; Kasprzyk-Hordern et al. Molecular weight (g mol -1 ) pKa Log Kow Kd (L kgSS -1 ) 194.1 14.0 a -0.07 b 50 f 253.2 7.1 c 0.48 c 200-400 c 119.1 8.2-8.8 e 1.23 d 220 (±9) e 837.0 9.2 c 2.1-2.8 c 200-400 c 733.9 8.8 c 2.48 c 160 c Diclofenac Non-steroidal anti-296.1 4.5 c 4.02 c 16 c

.2). The caffeine (CAF), sulfamethoxazole (SMX), benzotriazole (BZT), roxithromycin (ROX), erythromycin (ERY), diclofenac (DCF) and carbamazepine (CBZ) range from easily biodegradable to persistent MPs. Caffeine is the highly biodegradable compound; SMX, BZT, ROX, and ERY are well known as moderately biodegradable compounds; whereas DCF and CBZ are mostly recognized as not readily biodegradable compounds. The application and the physico-chemical properties of the target MPs were summarized from Table

I

.2 and displayed in Table

II

.3. Table II. 2.

Table II

 II 

	SRT (d)	3	3	3	10	10	10	20
	HRT (h)	4	8	12	4	8	12	4
	Biomass concen-	3.3	3.3	3.2	3.0	3.3	3.1	3.5
	tration (g L -1 )	± 0.1	± 0.1	± 0.1	± 0.1	± 0.1	± 0.1	± 0.1
	β (%)	70	72	71	79	77	79	81
	DO (mg L -1 )	2.5	2.4	2.2	4.4	4.3	4.2	4.4
	pH	8.1	8.1	8	7.5	7.8	7.9	8
	T (˚C)	20.1	19	19	18.1	18	18	19.5
	II.2.3.4. Synthetic wastewater					
	Synthetic wastewater (SWW) containing sodium acetate as a carbon and energy source and
	ammonium bicarbonate as a nitrogen source was used. Detailed composition of synthetic
	wastewater was presented in Table II.7.					

. 6. Mean values of biomass concentration (± standard error), ratio of CVSS to CTSS (β), dissolved oxygen (DO), pH and T (˚C) in the three SBRs during seven experimental setups.

Table II . 7 .

 II7 Composition of the synthetic wastewater and supplementary solutions I and II.

	Synthetic wastewater		Concentration (mg L -1 )
	(SWW)			
		SWW1 (SBR-3 d) SWW2 (SBR-10 d) SWW3 (SBR-20 d)
	CH3COONa	1200	500	100
	NH4HCO3	75	75	75
	KH2PO4	5	5	5
	MgSO4.7H2O	50	50	50
	CaCl2.2H2O	21	21	21
	NaHCO3	36	36	36
	Supplementary solution I			
	C10H6N2O8	50	50	5
	FeSO4.7H2O	20	20	2
	Supplementary solution II			
	C10H6N2O8	20	20	20
	ZnSO4.7H2O	0.43	0.43	0.43
	CoCl2.6H2O	0.24	0.24	0.24
	MnCl2.4H2O	1	1	1
	CuSO4.5H2O	0.25	0.25	0.25
	NaMoO4.2H2O	0.22	0.22	0.22
	NiCl2.6H2O	0.19	0.19	0.19
	NaSeO4.10H2O	0.21	0.21	0.21
	H3BO4	0.14	0.14	0.14

  III.S1 and Figures III.S2-S5 display the results of the sensitive analysis that have been performed. The new estimated kinetic constants 𝑘 𝑀𝑃𝑠 were compiled in TableIII.1. The 𝑘 𝑀𝑃𝑠

		1.40		SMX	BZT	ROX	ERY	DCF
		1.20					
		1.00					
	Slope n	0.60 0.80					
		0.40					
		0.20					
		0.00					
		0	0.2	0.4		0.6	0.8	1	1.2
					Time (h)	

Table IV .

 IV 1. Variables of the ASM1 model.

	Type of	Notation Description
	compound		
	Biomass	𝑋 𝐵,𝐻	Heterotrophic biomass
		𝑋 𝐵,𝐴	Autotrophic biomass
		𝑋 𝑃	Inert biomass
	Organic	𝑆 𝑆	Substrate rapidly biodegradable
	substrate	𝑋 𝑆	Substrate slowly biodegradable
	Nitrogen	𝑆 𝑁𝑂	Nitrates and nitrites
	compound	𝑆 𝑁𝐻	Ammonium and ammonia
		𝑆 𝑁𝐷	Organic nitrogen substrate rapidly biodegradable
		𝑋 𝑁𝐷	Organic nitrogen substrate slowly biodegradable
	Non-	𝑆 𝐼	Carbon and nitrogen substrate soluble and non-biodegradable
	biodegradable	𝑋 𝐼	Carbon and nitrogen substrate non-soluble and non-
	compound		biodegradable
	Oxygen	𝑆 𝑂	

Table IV .

 IV 2. Biological processes of the ASM1 model and their reaction rates.Mortality of biomassHeterotrophic 𝑋 𝐵,𝐻 → (1 -𝑓 𝑃 )𝑋 𝑆 + 𝑓 𝑃 . 𝑋 𝑃 + (𝑖 𝑋𝐵 -𝑓 𝑃 . 𝑖 𝑋𝑃 )𝑋 𝑁𝐷

	Process								Reaction			Reaction rate
	Biological growth of biomass	Heterotrophic	1 𝑌 𝐻	𝑆 𝑆 +	1 -𝑌 𝐻 𝑌 𝐻 → 𝑋 𝐵,𝐻 𝑆 𝑂 + 𝑖 𝑋𝐵 𝑆 𝑁𝐻	𝛒 𝟏 = 𝛍 𝐇 (	𝑺 𝑺 𝑲 𝑺 + 𝑺 𝑺	) (	𝑺 𝑶 𝑲 𝑶,𝑯 + 𝑺 𝑶	) 𝑿 𝑩,𝑯	(IV-4)
			1 𝑌 𝐻	𝑆 𝑆 +	1 -𝑌 𝐻 2.86 𝑌 𝐻 → 𝑋 𝐵,𝐻 𝑆 𝑁𝑂 + 𝑖 𝑋𝐵 𝑆 𝑁𝐻	𝛒 𝟐 = 𝛍 𝐇 𝛈 𝐠 ( 𝐊 𝐒 + 𝐒 𝐒 𝐒 𝐒	) ( 𝑲 𝑶,𝑯 + 𝑺 𝑶 𝑲 𝑶,𝑯	) (	𝑺 𝑵𝑶 𝑲 𝑵𝑶 + 𝑺 𝑵𝑶	) 𝑿 𝑩,𝑯	(IV-5)
		Autotrophic	(𝑖 𝑋𝐵 +	1 𝑌 𝐴	) 𝑆 𝑁𝐻 + → 𝑋 𝐵,𝐴 + 4.57 -𝑌 𝐻 𝑌 𝐻 𝑌 𝐴 𝑆 𝑁𝑂 𝑆 𝑂 1	𝛒 𝟑 = 𝛍 𝐀 ( 𝑲 𝑵𝑯 + 𝑺 𝑵𝑯 𝑺 𝑵𝑯	) ( 𝑲 𝑶,𝑨 + 𝑺 𝑶 𝑺 𝑶	) 𝑿 𝑩,𝑨	(IV-6)
												𝛒 𝟒 = 𝒃 𝑯 𝑿 𝑩,𝑯	(IV-7)
		Autotrophic	𝑋 𝐵,𝐴 → (1 -𝑓 𝑃 )𝑋 𝑆 + 𝑓 𝑃 . 𝑋 𝑃 + (𝑖 𝑋𝐵			𝛒 𝟓 = 𝒃 𝑨 𝑿 𝑩,𝑨	(IV-8)
									-𝑓 𝑃 . 𝑖 𝑋𝑃 )𝑋 𝑁𝐷		
	Ammonification of the								𝑆 𝑁𝐷 → 𝑆 𝑁𝐻		𝛒 𝟔 = 𝐤 𝐚 𝑺 𝑵𝑫 𝑿 𝑩,𝑯	(IV-9)
	soluble nitrogen										
	compound										
	Hydrolysis of slowly biodegradable compound	Carbon compound							𝑋 𝑆 → 𝑆 𝑆	𝛒 𝟕 = 𝒌 𝒉 (	+ 𝛈 𝐡 ( 𝑲 𝑶,𝑯 + 𝑺 𝑶 𝑲 𝑶,𝑯 𝑿 𝑺 /𝑿 𝑩,𝑯 𝑲 𝑿 + 𝑿 𝑺 /𝑿 𝑩,𝑯 ) ⌈( 𝑲 𝑶,𝑯 + 𝑺 𝑶 ) ( 𝑲 𝑵𝑶 + 𝑺 𝑵𝑶 𝑺 𝑵𝑶 𝑺 𝑶 )	)⌉ 𝑿 𝑩,𝑯	(IV-10)
		Nitrogen compound							𝑋 𝑁𝐷 → 𝑆 𝑁𝐷			𝛒 𝟖 =	𝑿 𝑵𝑫 𝑿 𝑺	𝛒 𝟕	(IV-11)

Table IV . 3 .

 IV3 .4. Values of the stoichiometric parameters of the ASM1 model.

	Coefficient	Value of		Unit	Description
				Benchmark			
	𝒀 𝑨			0.24	g X B,A COD formed (gN oxidized) -1 Conversion rate of the substrate into
	𝑿 𝑩,𝑯 𝒀 𝑯	0.67	𝐫 𝟏 = 𝛒 𝟏 + 𝛒 𝟐 -𝛒 𝟒 g X B,H COD formed (gCOD	autotrophic biomass Conversion rate of the substrate into (IV-12)
	𝒇 𝑷	𝑿 𝑩,𝑨	0.08	𝐫 𝟐 = 𝛒 𝟑 -𝛒 𝟓 oxidized) -1 without dimension	heterotrophic biomass Inert COD fraction generated by (IV-13)
	𝒊 𝑿𝑩	𝑿 𝑷	0.086	𝐫 𝟑 = 𝒇 𝑷 (𝛒 𝟒 + 𝛒 𝟓 ) gN (gCOD) -1 in biomass (X B,A	dead biomass Fraction of nitrogen assimilated by (IV-14)
	𝒊 𝑿𝑷	𝑺 𝑺	0.06	𝐫 𝟒 = -and X B,H ) 𝟏 𝒀 𝑯 gN (gCOD) -1 in X P (𝛒 𝟏 + 𝛒 𝟐 ) + 𝛒 𝟕	heterotrophic biomass Nitrogen fraction assimilated by inert (IV -15) biomass
			𝑿 𝑺		𝐫 𝟓 = (𝟏 -𝒇 𝑷 )(𝛒 𝟒 + 𝛒 𝟓 ) -𝛒 𝟕	(IV -16)
			𝑺 𝑵𝑶		𝐫 𝟔 = -	𝟏 -𝒀 𝑯 𝟐. 𝟖𝟔𝒀 𝑯	𝛒 𝟐 +	𝟏 𝒀 𝑨	𝛒 𝟑	(IV -17)
		𝑺 𝑵𝑯		𝐫 𝟕 = -𝒊 𝑿𝑩 (𝛒 𝟏 + 𝛒 𝟐 ) -(𝒊 𝑿𝑩 +	𝟏 𝒀 𝑨	) 𝛒 𝟑 + 𝛒 𝟔	(IV -18)
			𝑺 𝑵𝑫				𝐫 𝟖 = 𝛒 𝟖 -𝛒 𝟔	(IV -19)
		𝑿 𝑵𝑫		𝐫 𝟗 = (𝒊 𝑿𝑩 -𝒇 𝑷 𝒊 𝑿𝑷 ) × (𝛒 𝟒 + 𝛒 𝟓 ) -𝛒 𝟖	(IV -20)
			𝑺 𝑰				𝐫 𝟏𝟎 = 𝟎	(IV -21)
			𝑿 𝑰				𝐫 𝟏𝟏 = 𝟎	(IV -22)
			𝑺 𝑶		𝐫 𝟏𝟐 = -	𝟏 -𝒀 𝑯 𝒀 𝑯	𝛒 𝟏 -	𝟒. 𝟓𝟕 -𝒀 𝑨 𝒀 𝑨	𝛒 𝟑	(IV -23)

Table IV . 4 .

 IV4 Kinetic parameter values of the ASM1 model.

	IV.2.3.	Relations between ASM1 model & usual experimental analyses and some ASM1
		limitations				
	Parameter	Value of	Henze		Unit		Description
		Benchmark	(2002) at			
				20°C			
	𝝁 𝑯	4		0.6-13.2		day -1	Maximum growth rate of heterotrophic
							biomass
	𝝁 𝑨	0.5	0.2-1		day -1	Maximum growth rate of autotrophic
							biomass
	𝜼 𝒈	0.8	0.6-1	without dimensions Comparative efficacy of anoxic growth
							versus aerobic growth
	𝜼 𝒉	0.8	-	gCOD m -3	Effectiveness of the anoxic pathway
							compared to the aerobic pathway
	𝑲 𝑺	10	2-225		gO2 m -3	Readily biodegradable substrate half-
							saturation coefficient
	𝑲 𝑶,𝑯	0.2	0.01-0.5	gNO3-N m -3	Dissolved	oxygen	half-saturation
							coefficient for heterotrophic biomass
	𝑲 𝑵𝑶	0.5	0.01-0.5	gNH3-N m -3	Nitrate-nitrite half-saturation coefficient
	𝑲 𝑵𝑯	1		-		gO2 m -3	Coefficient of half-saturation of
							ammoniacal nitrogen
	𝑲 𝑶,𝑨	0.4	0.4-2	gCOD gX B,H COD -1	Dissolved	oxygen	half-saturation
							constant for autotrophic biomass
	𝑲 𝑿	0.1	0.03	gCOD gX B,H COD day -1 Semi-saturation	constant	of	the
							proportion of substrate to be hydrolyzed
							with respect to the heterotrophic biomass
	𝒌 𝒉	3		-		day -1	Hydrolysis rate constant of slowly
							biodegradable substrates
	𝒃 𝑯	0.3	0.04-1.6		day -1	Coefficient of mortality of heterotrophic
							biomass
	𝒃 𝑨	0.05	0.04-0.2	m -3	COD g day -1	Coefficient of mortality of autotrophic
							biomass
	𝒌 𝒂	0.05	-		gCOD m -3	Ammonification rate constant

  𝑩,𝑯 + 𝑿 𝑩,𝑨 + 𝑿 𝑷 (IV -24) and [𝑪𝑶𝑫 𝒇𝒊𝒍𝒕𝒆𝒓𝒆𝒅 ] = 𝑺 𝑰 + 𝑺 𝑺 + 𝟎. 𝟐𝟓 (𝑿 𝑰 + 𝑿 𝑺 + 𝑿 𝑩,𝑯 + 𝑿 𝑩,𝑨 + 𝑿 𝑷 )

		(IV -25)
	𝑪 𝑻𝑺𝑺 = 𝟎. 𝟕𝟓 (𝑿 𝑰 + 𝑿 𝑺 + 𝑿 𝑩,𝑯 + 𝑿 𝑩,𝑨 + 𝑿 𝑷 )	(IV -26)
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 IV 

	Series 1	Setup	Setup	Setup	Setup	Setup	Setup	Setup
		1	2	3	4	5	6	7
	SRT		3 d			10 d		20 d
	HRT	4 h	8 h	12 h	4 h	8 h	12 h	4 h
	Experimental kLa		9.3			9.9		10.1
	Optimized kLa		12.1			12.5		13.6
	γ*		0.76			0.79		0.74
	Uniform kLa		12.1			12.1		12.1
	Optimized KS	120	150	150 150	150	150	225
	Optimized µH	2.5	2.5	2.5	2.5	2.5	2.5	2.5
	Optimized µA	0.2	0.2	0.2	0.2	0.2	0.2	0.2
	Optimized bH	-	-	-	-	-	-	0.01
	Optimized bA	-	-	-	-	-	-	0.01
	Optimized KO,H	0.5	0.5	0.5	0.3	0.3	0.3	-
	-: default value of the Benchmark without calibration.			

. 5. Experimental kLa (h -1 ) in water, optimized kLa in the presence of sludge and optimized ASM1 parameters in three SBRs operated at different SRT and HRT.

*γ = kLa (clear water) / kLa

(bulk) 

  .6.

	Table IV. 6. Optimized kLa and ASM1 parameters in the SBRs operated at three different
	biomass concentrations of 3, 5 and 8 g TSS L -1 .		
	Series 2	Setup 1	Setup 2	Setup 3
		TSS_3 g L -1	TSS_5 g L -1	TSS_8 g L -1
	SRT/HRT	10 d/4 h	10 d/4 h	10 d/4 h
	Uniform kLa	12.1	12.1	12.1
	Optimized KS	50	50	50
	Optimized µH	2.5	2.5	2.5
	Optimized KO,H	0.5	0.5	0.5
	Optimized µA	0.2	1	1

Table IV

 IV 

	Table IV. 8. Percentage error (%) for some parameters of ASM1 between measured and
	simulated values for series 2 of batch experiments.		
		. 7. Percentage error (%) for some parameters of ASM1 between measured and
	simulated values for series 1 of batch experiments.		
				%error of ASM1 parameters in series 1 of SBRs	
	SRT			3 d			10 d		20 d
	HRT	IV.4.4.	4 h Simulation of MPs removal 8 h 12 h	4 h	8 h	12 h	4 h
	XB,H (g m -3 ) IV.4.4.1. Simulation of the apparent-first-order kinetics 1% 2% 3% 1% 2%	2%	1%
	SS (g m -3 )	0%	2%	5%	1%	1%	5%	2%
	SO (g m -3 )	5%	1%	1%	1%	1%	5%	4%
	SNH (g m -3 )	0%	2%	5%	1%	2%	5%	2%
	SNO (g m -3 )	5%	1%	1%	1%	1%	5%	4%

Table IV

 IV 

	IV.4.4.2. Modelling of series 2 with the power law kinetics	
	. 10. Percentage error (%) between experimentally measured and simulated values of
	micropollutants by apparent-first-order approach for series 2 of batch experiments.
	%error of MPs' removal by applying apparent-first-order kinetic to series 2 of SBRs
	Biomass concentration-CTSS	3 g L -1	5 g L -1	8 g L -1
	CAF	7%	41%	67%
	SMX	2%	49%	93%
	BZT	1%	36%	28%
	ROX	0%	36%	27%
	ERY	4%	21%	19%
	DCF	4%	19%	21%

Table IV .

 IV 11. Average initial CMPs calculated at various biomass concentration setup (number of replicates=3) and averages of n-coefficient of each MP and new constants kMPs used incomputer simulation.

		Initial CMPs 10 -3 (µmol L -1 )	Average	Average	Average initial
					𝑛-	kMPs	CMPs 10 -3 (µmol
					coefficient	(L n g -n h -1 )	L -1 ) from batch
							experiments*
	Biomass	3	5	8	3,5 and 8 3,5 and 8	3,5 and 8
	concentration						
	(gTSS L -1 )						
	SMX	4.66	4.58	4.46	0.51	0.201	4.56
	BZT	7.61	7.64	7.47	0.56	0.123	7.57
	ROX	0.96	0.96	0.98	0.45	0.115	0.97
	ERY	1.77	1.71	1.65	0.44	0.112	1.71
	DCF	3.73	3.73	3.71	0.50	0.033	3.72
	*Used as inlet for continuous simulations in section IV.4.4.3.		
	Simulated curves testing the power law kinetics were compared to the experimental results in
	Figures IV.8						

  𝑸 𝒐𝒖𝒕 𝑪 𝒊,𝒐𝒖𝒕 + 𝑽 𝟏 𝑻 𝒓 𝒊,𝟏 𝑻 = 𝑸 𝒐𝒖𝒕 𝑪 𝒊,𝟏 𝑻 + 𝑽 𝟏 𝑻 𝒅𝑪 𝒊,𝟏 𝑻 𝒅𝒕 For 2 ≤ 𝑗𝑐 𝑇 ≤ 𝑛 𝑇 𝑸 𝒐𝒖𝒕 𝑪 𝒊,𝒋𝒄𝑻-𝟏 + 𝑽 𝒋𝒄𝑻 𝒓 𝒊,𝒋𝒄 𝑻 = 𝑸 𝒐𝒖𝒕 𝑪 𝒊,𝒋𝒄 𝑻 + 𝑽 𝒋𝒄 𝑻 𝒅𝑪 𝒊,𝒋𝒄 𝑻 𝒅𝒕

	Then,				
	𝒅𝑪 𝒊,𝟏 𝑻 𝒅𝒕	=	𝟏 𝑽 𝟏 𝑻	𝑸 𝒐𝒖𝒕 (𝑪 𝒊,𝒐𝒖𝒕 -𝑪 𝒊,𝟏 𝑻 )	(IV-49)
	-Then,				
	𝒅𝑪 𝒊,𝒋𝒄 𝑻				

  𝑸 𝑩𝑶𝑪 𝑪 𝒊,𝑩𝑶𝑪 + 𝑽 𝟏𝑩 𝒓 𝒊,𝟏 𝑩 = 𝑸 𝑩𝑶𝑪 𝑪 𝒊,𝟏 𝑩 + 𝑽 𝟏𝑩 𝒅𝑪 𝒊,𝟏 𝑩 𝒅𝒕 𝑸 𝑩𝑶𝑪 𝑪 𝒊,𝒋𝒄 𝑩 -𝟏 + 𝑽 𝒋𝒄𝑩 𝒓 𝒊,𝒋𝒄 𝑩 = 𝑸 𝑩𝑶𝑪 𝑪 𝒊,𝒋𝒄𝑩 + 𝑽 𝒋𝒄𝑩 𝒅𝑪 𝒊,𝒋𝒄𝑩 𝒅𝒕

	Then,				
	𝒅𝑪 𝒊,𝟏 𝑩 𝒅𝒕	=	𝟏 𝑽 𝟏 𝑩	𝑸 𝑩𝑶𝑪 (𝑪 𝒊,𝑩𝑶𝑪 -𝑪 𝒊,𝟏 𝑩 )	(IV-55)
	-For 2 ≤ jcB ≤ nB	
	Then,				
	𝒅𝑪 𝒊,𝒋𝒄𝑩 𝒅𝒕	=	𝟏 𝑽 𝒋𝒄𝑩	𝑸 𝑩𝑶𝑪 (𝑪 𝒊,𝒋𝒄 𝑩 -𝟏 -𝑪 𝒊,𝒋𝒄𝑩 )	

Table IV .

 IV 12. Volumes and values of the transfer in the BSM1.

	Reactors R1 R2 R3 R4 R5 of ASM1 compounds. Initial MPs concentration Volumes (m 3 ) kLa (h -1 ) 1000 -1000 -1333 10 1333 10 1333 3.5 Qw Table IV. 14.The chosen initial concentration Table IV. 13. Flow rates of the coefficients of the BSM1 reactors. Flow rates (m 3 d -1 ) Qe 18446 QL 55338 QS 18446 equals zero.

Table IV

 IV 

	. 15. Inlet concentrations of ASM1 compounds
	borrowed from the BSM1 except for the MPs
	concentrations which were equal to the average of the
	initial CMPs measured in the batch reactors.

  Figure IV.11 shows the concentration profiles obtained with Matlab compared to the Benchmark values. It can be seen that the duration of simulation of 100 days is sufficient to reach almost similar Benchmark concentrations. For more details, TableIV.S4 shows the numerical results obtained with Matlab in terms of concentrations. For further evaluation of the simulation results, the generated output data compiled in TableIV.16 is compared to the standardized output that is included in the Benchmark description gathered in TableIV.S5. The relative difference between the concentrations is less than 11% for all concentrations in the cascade of reactors as well as at the overflow and the bottom outlets of the clarifier.

	5.1.4.	Comparison with the Benchmark results

Table IV . 16 .

 IV16 Percentage error (%) of the simulated results compared to the Benchmark results.N/A refers to a large %error for the non-soluble compounds in the upper part of the clarifier. Cascade of an arbitrary number of CSTR operated with power law kinetics The objective of the current set of simulations is to test the effects of hydrodynamic configurations coupled to the power law kinetics on the MPs removal. In order to do that, the tested plant model is identical to that used for the above Benchmark reference (Section IV.5.1), but with a higher number of CSTR with constant total volume. The whole reactor is always represented by cascades of same total volume, but with different number of tanks in series. For this reason, ten different configurations of total number of5, ,10, 15, 20, 30, 45, 60, 75, 90 and 100 reactors of equal volumes were simulated consecutively with different 𝑛 values of the kinetic model from 0.1 to 1 for each configuration. The number of reactors represented by 𝑗 𝑚𝑎𝑥

	IV.5.2.				
			%error		
		Reactor 1	Reactor 5	Sludge	Effluent
	XB,H	2.8	2.7	8.9	N/A
	XB,A	6.4	5.4	5.5	N/A
	XP	10.4	10.3	10.1	N/A
	SS	3.8	1.9	0.9	0.9
	XS	1.6	0.8	0.8	N/A
	SNO	0.33	0.86	0.62	0.8
	SNH	2.3	0.5	0.5	0.5
	SND	2.3	0.4	0.3	0.2
	XND	2.2	3	3.3	N/A
	SI	0.1	0.11	0.2	0.11
	XI	0.8	0.8	4.5	N/A
	SO	0.6	0	0	0

Table IV .

 IV 17. Adjustment of physical parameters according to different hydrodynamic configurations.Comparable trends were observed for both macrolides ROX and ERY but with lower removal up to 72 % and 69 % respectively, compared to SMX and BZT in most favorable conditions (high 𝑛 and 60 aerobic reactors). Indeed, a higher plateau is observed for 𝑛 > 0.45 and high number of aerobic reactors (starting from 27 reactors) showing the saturation of the system to remove both macrolides.

	Total number of	5	10	15	20	30	45	60	75	90	100
	reactors											
	Number	of	3	6	9	12	18	27	36	45	54	60
	aerobic reactors										
	(kLa per reactor										
	= 10 h -1 )											
	Number	of	2	4	6	8	12	18	24	30	36	40
	anoxic reactors										
	(kLa per reactor										
	= 0 h -1 )											
	Volume	per	1200 600	400	300	200 133.33 100	80 66.66 60
	aerobic reactor										
	(m 3 )											
	Volume	per	1200 600	400	300	200 133.33 100	80 66.66 60
	anoxic reactor										
	(m 3 )											
	From Figure IV.12, it appears that the worst removal efficiency is achieved for low 𝑛 and low
	number of reactors. Increasing 𝑛 or the number of the reactors tends to enhance the removal of
	micropollutants. The highest removal, 92 %, is achieved for SMX, followed by BZT, ROX and
	ERY which reach at best 80 %, 72 % and 69 %, respectively. DCF is the most poorly removed
	with only 39 % at best.									
	For BZT, ROX and ERY, a plateau is observed at low 𝑛 < 0.4 and high number of reactors
	(starting from 27 reactors): it is useless to increase the number of reactors if 𝑛 is low.	
	The moderately biodegradable compounds SMX and BZT show a similar behavior for low
	hydrodynamics conditions. For low 𝑛 (generally, n < 0.5) and low number of aerobic reactors
	(i.e. 3 to 18), SMX and BZT are removed by 20-40 % and 16-34 %, respectively. These results
	imply that 3 to 18 reactors produce an insufficient removal of the moderately biodegradable
	compounds if the local mixing is not good enough (i.e. low 𝑛). The higher 𝑛 values, up to 1,
	reflecting better mixing conditions, improve the removal of SMX and BZT up to 79 % and 59
	%, for the same low number of reactors. Additionally, increasing the number of aerobic

reactors, up to 60, coupled with a good local mixing (high 𝑛), significantly increases the removal of SMX and BZT up to 92 % and 80 %, respectively.

Table III .

 III S1. Relative standard deviation (RSD, %) of different sensitive analysis of kMPs values inL n g -n h -1 .Reproducibility was assessed from calculating average kMPs for each CTSS over 1 hour. The lowest RSD was obtained with +20 % on CMPs for the five investigated MPs. The results of all sensitive analysis over the range -20% to + 20 % were plotted in Figures III.S2-S5.

			Relatif standard deviation		
	Micropollutants -20 %	-10 %	+10 %	-15 %	20 %
	SMX	1.8	1.2	0.8	0.7	0.4
	BZT	0.8	0.5	0.3	0.4	0.2
	ROX	2.4	2.3	1.5	1.2	0.3
	ERY	2.1	1.9	1.2	0.8	0.3
	DCF	0.2	0.2	0.1	0.1	0.08
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	subplot(2,2,4),plot(toutmin,yout(:,8)); 0.786 150
	xlabel('time (min)'),ylabel('SND (g/m^3)'), 0.726 170
	0.652 ];
	figure; 0.579 CCBZ=1e-3*[1.165
	subplot(2,2,1),plot(toutmin,yout(:,9)); 0.500 1.128
	xlabel('time (min)'),ylabel('XND (g/m^3)'), ]; 1.125
	subplot(2,2,2),plot(toutmin,yout(:,10)); 1.123
	xlabel('time (min)'),ylabel('SI (g/m^3)'),axis([0 180 0 0.001]) tery=[0 1.121
	subplot(2,2,3),plot(toutmin,yout(:,11)); 5 1.125
	xlabel('time (min)'),ylabel('XI(g/m^3)'),axis([0 180 0 0.001]), 10 1.085
	tSO=[0 30 1.065
	60 45 1.065
	120 60 1.065
	180 90 ];
	]; 120
	170
	CSO=[2.41 ]; figure;
	0.415 0.712 1.4 ]; subplot(2,2,4),plot(toutmin,yout(:,12),'b-',tSO,CSO,'kx');xlabel('time (min)'),ylabel('SO (g/m^3)') %% WITH EXPERIMENTAL POINTS txp=[0 5 10 15 CERY=1e-3*[1.15 1.113 1.112 1.042 1.014 0.974 0.902 0.843 0.791 ]; tdcf=[0 5 10 subplot(2,2,15e-3])
	30 15 subplot(2,2,3),plot(toutmin,yout(:,19),'b-',tcbz,CCBZ,'kx');
	45 30 xlabel('time (min)'),ylabel('CBZ (g/m^3)'),axis([0 180 0 1.5e-3])
	60 45
	90 60 vectvalfinalesNum=[
	120 90 spline(toutmin,yout(:,1),170);
	150 120 spline(toutmin,yout(:,4),170);
	170 150 spline(toutmin,yout(:,6),170);
	]; 170 spline(toutmin,yout(:,7),170);
	]; spline(toutmin,yout(:,12),170);
	CCAF=1e-3*[0.978 CDCF=1e-3*[1.187 spline(toutmin,yout(:,13),170);
	0.908 1.184 spline(toutmin,yout(:,14),170);
	0.806 1.182 spline(toutmin,yout(:,15),170);
	0.706 1.181 spline(toutmin,yout(:,16),170);
	0.500 1.176 spline(toutmin,yout(:,17),170);
	0.359 1.156 spline(toutmin,yout(:,18),170);
	0.232 1.145 spline(toutmin,yout(:,19),170);
	0.119 1.103 ]
	0.0382 1.093
	0.03612 1.061 vectvalfinalesExp=[CXBH(end),CSS(end),CSNO(end),CSNH(end),CSO(end),CCAF(end
	0.0282 1.056 ),CSMX(end),CBZT(end),CROX(end),CERY(end),CDCF(end),CCBZ(end)]'
	]; ];
	RelativestandarddeviationValFinalNumExp=[abs(vectvalfinalesNum-
	tcbz=[0 vectvalfinalesExp)./vectvalfinalesExp]
	tsmx=[0 5
	5 10
	10 15 MatResult=[vectvalfinalesExp,vectvalfinalesNum,RelativestandarddeviationVal
	15 45 FinalNumExp];
	30 60
	45 90 save SRT10dHRT4h.txt MatResult -ASCII
	60 120

figure; subplot(2,2,1),plot

(toutmin,yout(:,17)

,'b-',tery,CERY,'kx'); xlabel('time (min)'),ylabel('ERY (g/m^3)'),axis([0 180 0 1.2e-3]) subplot(2,2,2),plot

(toutmin,yout(:,18)

,'b-',tdcf,CDCF,'kx'); xlabel('time (min)'),ylabel('DCF (g/m^3)'),axis([0 180 0 1.

(Continued on the next page)

(Continued on next page)

Acknowledgement

Error! No text of specified style in document.

Chapter II. Biological experiments-Effect of SRT, HRT and biomass concentration on elimination of micropollutants with activated sludge

This chapter corresponds to an article published in Water Journal. It follows the structure of this article.

The BZT removal (Table II.8 and Figure II.6c) was also affected by the SRT. The calculated k' values were equal to 0.239 ± 0.043 h -1 and 0.169 ± 0.036 h -1 , for respectively. This corresponded to an increase of 41 %. On the opposite, a slight improvement of 8.8 % was observed between reactors operated from SRT 10 d to 20 d. Thus, these results confirmed the existence of a critical SRT around 10 days below which BZT elimination might be low. The partial removal of BZT has also been reported in studies of full-scale WWTPs (Weiss et al. 2006;[START_REF] Stasinakis | Contribution of primary and secondary treatment on the removal of benzothiazoles, benzotriazoles, endocrine disruptors, pharmaceuticals and perfluorinated compounds in a sewage treatment plant[END_REF].

The removal of both antibiotics ROX and ERY (Figure II.6d and Figure II.6e) exhibited a different behaviour. The removal rate constants decreased for higher SRTs of 10 d and 20 d. In other words, the performance of SBR-3 d with respect to ROX (k'3d = 0.232 ± 0.156 h -1 ) and ERY (k'3d = 0.185 ± 0.020 h -1 ) was found to be larger than in SBR operated at high SRT, i.e. 20 d (k'20d = 0.156 ± 0.024; 0.132 ± 0.123 h -1 ). [START_REF] Li | Biodegradation and adsorption of antibiotics in the activated sludge process[END_REF] showed that the maximum removals recorded for both ROX and ERY was 40-46 % and 15-26 % for SRT < 10 d, respectively. [START_REF] Louvet | Assessment of erythromycin toxicity on activated sludge via batch experiments and microscopic techniques (Epifluorescence and CLSM)[END_REF] showed that the erythromycin toxicity was observed at low concentration of 4 µg L -1 which inhibited the growth of fragile biomass and the removal of N-NH4 + , and hence bothered the WWTP efficiency.

Persistent compounds. The removal of DCF and CBZ was low in all tested types of activated sludge. In general, the SRT had a minor influence on the removal rate of persistent compounds, which do not exceed the standard error in SBRs-3 d and 10 d, for both compounds (Figures II.6f and II.6g). Moreover, an increase of k' (1.45 and 1.39) was recorded with increasing the SRT from 3 d to 20 d for DCF and CBZ, respectively. In the case of CBZ, [START_REF] Zhang | Carbamazepine and diclofenac: Removal in wastewater treatment plants and occurrence in water bodies[END_REF] did not observe any CBZ removal by CAS even at SRT of 100 days. For DCF, the data provided in the literature were not so consistent. [START_REF] Vieno | Fate of diclofenac in municipal wastewater treatment plant -A review[END_REF] reported that DCF removal was 8-38 % when SRT was 20-48 d, 59 % at SRT of 62 d and 53 % at SRT of 322 d. The low removal efficiency is also in agreement with the work of Joss et al. (2005), in which they reported no enhancement of DCF removal even when extreme duration of SRT (> 60 d) was applied. The authors suggested that DCF persistence in the effluent of the WWTP could be due to a chlorine atom in the structure. Also, formation of nitro diclofenac (NO2-DCF) in activated sludge could give false positive results [START_REF] Vieno | Fate of diclofenac in municipal wastewater treatment plant -A review[END_REF]. Regarding CBZ, its persistence can be In order to emphasize the difference between the expected kinetic constants of studied MPs and the experimental k' recorded at high biomass concentration, an extrapolated parameter was estimated as shown in Figure II.13 at C TSS = 8 g TSS L -1 . The k' ratio designed by (δ) is defined as: 𝛅 = 𝒌′ 𝒆𝒙𝒕𝒓𝒂𝒑𝒐𝒍𝒂𝒕𝒆𝒅 𝒌′ 𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍 (II-7) Suárez, S., Reif, R., Lema, J.M., Omil, F., 2012. Mass balance of pharmaceutical and personal care products in a pilot-scale single-sludge system: Influence of T, SRT and recirculation ratio. Chemosphere, 89, 164-171. Sui, Q., Huang, J., Deng, S., Yu, G., Fan, Q., 2010. Occurrence and removal of pharmaceuticals, caffeine and DEET in wastewater treatment plants of Beijing, China. Water Resource, 44, 417-426. Tadkaew, N., Hai, F.I., McDonald, J.A., Khan, S.J., Nghiem, L.D., 2011. Tay, K.S., Madehi, N., 2015. Ozonation of ofloxacin in water: By-products, degradation pathway and ecotoxicity assessment. Science of The Total Environment, 520, 23-31. Tchobanoglous, G., Burton, F.L., Stensel, H.D., 2002. Wastewater engineering: treatment and reuse. Boston. Ternes, T., Janex-Habibi, M., Knacker, T., Kreuzinger, N., Siegrist, H., 2004 -Optimization of parameters (KS, µH, µA, bH, bA, and KO,H), starting with the Benchmark values and remaining within the ranges defined by Henze 2002 (Table IV.4), in order to reproduce the experimental variation of SS, SNH and the biomass concentrations.

To this aim, the methodology described in In order to evaluate the accuracy of the current simulation, the variation between the experimental and simulated results of MPs' concentrations were presented in terms of %error.

The results are given in Tables IV.9 and IV.10 for series 1 and series 2, respectively. For low HRT of 4 h, the %error is very low, lower than 5 % regardless of the SRT (Table IV.9).

Conversely, large HRT (8 h, 12 h) increases the deviation between the experimental and simulated values for some compounds. The highest deviation, of 14 %, was recorded for CAF in different type of sludge, i.e. SRT-3 d and SRT of 10 d. This can be attributed to the fact that the analytical measurements of CAF become less accurate with increasing reaction time, since CAF concentration become very low. In general, these calculated values prove the relevancy of apparent-first-order kinetics for a given value of CTSS (here 3 g L -1 ). reactors: 3, 6, 9, 12, 18, 27, 36, 45, 54 and This is the file where are stored the initial concentrations of biomass inoculated into the reactor, the organic matter and the MPs concentrations spiked directly during the reaction phase of each reaction phase.

XBH(g_COD_m^-3) 2.69e3 XBA(g_COD_m^-3) 153.3 XP(g_COD_m^-3) 0 SS(g_COD_m^-3) 606 XS(g_COD_m^-3) 0.001 SNO(g_N_m^-3) 0.05 SNH(g_N_m^-3) 37.1 SND(g_N_m^-3) 0 XND(g_N_m^-3) 0 SI(g_COD_m^-3) 0 XI(g_COD_m^-3) 0 SO(g_O2_m-3) 2.5 Ccaffeine(g_m^-3) 0.97e-3 Csulfametoxazole(g_m^-3) 1.25e-3 Cbenzotriazole(g_m^-3) 1.029e-3 Croxithromycin(g_m^-3) 0.999e-3 Cerythromycin(g_m^-3) 1.15e-3 Cdiclofenac(g_m^-3) 1.187e-3 Ccarbamazepine(g_m^-3) 1.165e-3 -"Reactors" This is the file that contains the reactor volumes (useful only in the continuous system) and the values of the oxygen transfer coefficients. The first column corresponds to the name of the reactor, the second to volume (in m 3 ) and the third to kLa (in h -1 ). SBR 1e-2 12.1 % Volume of SBR in m^3; kLa in h-1

All external files can be modified. In the further case of continuous system, when the number of reactors and / or their volumes and transfer coefficient values are modified, the Reactors.txt file must be modified. If there are more/less than 7 micropollutants the used can add additional lines to the files Conc_Init.txt and Stoechiometric_data.txt. It is necessary to add the initial concentrations of the micropollutants for the batch mode and the inlet CMPs in the continuous program as well as the values of the appropriate kinetic constants of MPs elimination. 

Text IV. S2. Functions "rate" and "balance_SBR" of the batch systems

A. "Balance_SBR"

B. Function "rate"

Rate function denoted "rate" is a function that calculates the production rates of each compound in the given reactor of each setup.

Input:

-conc is a vector of size ncomp containing the concentrations of the compounds in the given reactor -don: vector where the stoichiometric data are stored -Var: number of micropollutants Output:

-r is a vector of size ncomp containing the production/removal rate of all ASM1 compounds and MPs.

function [ry] = rate(conc,don,var) %Input: %rate are the rates of the reactions of the ASM1 model+ MPs %conc is the vector of size (ncomp, 1) containing the concentrations of the compounds in a given reactor %don is the stochiometric data of ASM1 model %stoechiometriques du modèle ASM1 %var is the number of micropollutants %Output: %ry is a vector of size ncomp containing the production rates of each compound muh=don(1); mua=don(2); etag=don(3); etah=don(4); KS=don(5); KOH=don(6); KNO=don(7); KNH=don(8); KOA=don(9); KX=don(10); kh=don(11); bh=don(12); ba=don(13); ka=don(14); kbiol=zeros(1,var); if var ~=0 for i=1:var kbiol(1,i)=don(14+i); end end muh bh Ya=0.24; %(g_XBACOD/gN_utilised) %Benchmark Yh=0.67;%(g_XBHCOD/gCOD_utilised) %Benchmark fp=0.08;%(dimensionless) %Benchmark iXB=0.08;%(gN/gCOD_in_biomass) %Benchmark iXP=0.06;%(gN/gCOD_in_XP) %Benchmark % XBH=y(1,j); % XBA=y(2,j); % XP=y(3,j); % SS=y(4,j); % XS=y(5,j); % SNO=y(6,j); % SNH=y(7,j); % SND=y(8,j); % XND=y(9,j); % SI=y(10,j); % XI=y(11,j); % SO=y(12,j); %ASM1 model %Aerobic growth of heterotophic biomass rate(1,1)=muh*(conc(4)/(KS+conc(4)))*(conc(12)/(KOH+conc(12)))*conc(1); %Anoxic growth of heterotophic biomass rate(2,1)=muh*etag*(conc(4)/(KS+conc(4)))*(KOH/(KOH+conc(12)))*(conc(6)/(KN O+conc(6)))*conc(1); %Growth of autotrophic biomass rate(3,1)=mua*(conc(7)/(KNH+conc(7)))*(conc(12)/(KOA+conc(12)))*conc(2); %Mortality of heterotrophic biomass rate(4,1)=bh*conc(1) %Mortality of autotrophic biomass rate(5,1)=ba*conc(2); %Ammonification of the soluble nitrogen compound rate(6,1)=ka*conc(8)*conc(1); %Hydrolysis of slowly biodegradable carbon compounds rate(7,1)=kh*((conc(5)/conc(1))/(KX+(conc(5)/conc(1))))*((conc(12)/(KOH+con c(12)))+etah*(KOH/(KOH+conc(12)))*(conc(6)/(KNO+conc(6))))*conc(1); %Hydrolysis of slowly biodegradable nitrogen compounds rate(8,1)=rate(7)*conc(9)/conc(5); %rate of each compound of ASM1 ry(1,1)=rate( 1)+rate(2)-rate(4); ry(2,1)=rate(3)-rate(5); ry(3,1)=fp*(rate(4)+rate( 5)); ry(4,1)=(-rate(1)-rate(2))/Yh+rate(7); ry(5,1)=(1-fp)*(rate(4)+rate( 5))-rate(7); ry(6,1)=-((1-Yh)/(2.86*Yh))*rate(2)+rate(3)/Ya; ry(7,1)=-iXB*(rate(1)+rate( 2))-(iXB+(1/Ya))*rate(3)+rate(6); ry(8,1)=rate( 8)-rate(6); ry(9,1)=(iXB-fp*iXP)*(rate(4)+rate( 5))-rate(8); ry(10,1)=0; ry(11,1)=0; ry(12,1)=-((1-Yh)/Yh)*rate( 1 Text IV. S4. Adapted files for power law kinetics simulation of series 2 setups. The difference comparing to the previous files of series 1 was marked in red color.

• Setups of series 2 of experiments (ASM1 parameters)

• Function rate function [ry] = rate (conc,don,var,nvect) %Input: %rate are the rates of the reactions of the ASM1 model+ MPs %conc is the vector of size (ncomp, 1) containing the concentrations of the compounds in a given reactor %don is the stochiometric data of ASM1 model %stoechiometriques du modèle ASM1 %var is the number of micropollutants %Output: %ry is a vector of size ncomp containing the production rates of each compound muh=don(1); mua=don(2); etag=don(3); etah=don(4); KS=don(5); KOH=don(6); KNO=don(7); KNH=don(8); KOA=don(9); KX=don(10); kh=don(11); bh=don(12); ba=don(13); ka=don(14); kbiol=zeros(1,var); if var ~=0 for i=1:var kbiol(1,i)=don(14+i)*24/(1000)^nvect(i); end end Ya=0.24; %(g_XBACOD/gN_utilised) %Benchmark Yh=0.67;%(g_XBHCOD/gCOD_utilised) %Benchmark fp=0.08;%(dimensionless) %Benchmark iXB=0.08;%(gN/gCOD_in_biomass) %Benchmark iXP=0.06;%(gN/gCOD_in_XP) %Benchmark % XBH=y(1,j); % XBA=y(2,j); % XP=y(3,j); % SS=y(4,j); % XS=y(5,j); % SNO=y(6,j); % SNH=y(7,j); % SND=y(8,j); % XND=y(9,j); % SI=y(10,j); % XI=y(11,j); % SO=y(12,j); %ASM1 model %Aerobic growth of heterotophic biomass rate(1,1)=muh*(conc(4)/(KS+conc(4)))*(conc(12)/(KOH+conc(12)))*conc(1); %Anoxic growth of heterotophic biomass rate(2,1)=muh*etag*(conc(4)/(KS+conc(4)))*(KOH/(KOH+conc(12)))*(conc(6)/(KN O+conc(6)))*conc(1); %Growth of autotrophic biomass rate(3,1)=mua*(conc(7)/(KNH+conc( 7)))*(conc( 12)/(KOA+conc( 12)))*conc(2); %Mortality of heterotrophic biomass rate(4,1)=bh*conc(1) %Mortality of autotrophic biomass rate(5,1)=ba*conc(2); %Ammonification of the soluble nitrogen compound rate(6,1)=ka*conc(8)*conc(1); %Hydrolysis of slowly biodegradable carbon compounds rate(7,1)=kh*((conc(5)/conc(1))/(KX+(conc(5)/conc(1))))*((conc( 12)/(KOH+con c( 12)))+etah*(KOH/(KOH+conc( 12)))*(conc(6)/(KNO+conc(6))))*conc(1); %Hydrolysis of slowly biodegradable nitrogen compounds rate(8,1)=rate(7)*conc(9)/conc(5); %rate of each compound of ASM1 ry(1,1)=rate( 1)+rate(2)-rate(4); ry(2,1)=rate(3)-rate(5); ry(3,1)=fp*(rate(4)+rate( 5)); ry(4,1)=(-rate(1)-rate( 2))/Yh+rate(7); ry(5,1)=(1-fp)*(rate(4)+rate( 5))-rate( 7); ry(6,1)=-((1-Yh)/(2.86*Yh))*rate(2)+rate(3)/Ya; ry(7,1)=-iXB*(rate(1)+rate( 2))-(iXB+(1/Ya))*rate(3)+rate(6); ry(8,1)=rate( 8)-rate(6); ry(9,1)=(iXB-fp*iXP)*(rate(4)+rate( 5))-rate(8); ry(10,1)=0; ry(11,1)=0; ry(12,1)=-((1-Yh)/Yh)*rate( 1 Text IV. S5. User guide for a general configuration of the continuous system.

A. "MainPrgm_cas":

The main program of the cascade configuration (starting from 1 reactor) is similar to the batch system. The main program reads external files already shown in section 4.1 and supplementary files detailed in section 5.3.2.

The balances on the clarifier are in the main program and not in the same function as the other balance sheets because there is a lag in time. In fact, it is important to know the concentrations at the outlet of the last reactor at a given time t to calculate the sludge concentration and the outlet concentration of the clarifier. The balance sheets are thus made on the reactor (s) in the cascade. The concentration at the outlet of the last reactor found at time (Tf) allows to calculate the sludge concentration and the concentration of the outlet flow after τT and τB by writing a balance on the clarifier named "balance_clarifier ". The steady state solution was achieved by running the system for 5 days.

In general, the values requested from the user by the program "MainPrgm_cas" could be:

-Number of reactors in the cascade -Recirculation rate (0< alpha <1)

-Number in cascade in parallel

The script of the "MainPrgm_cas" performed on continuous system is presented in the following Text IV. S5a.

-Text IV. S5a. Matlab script main program "MainPrgm_cas" of continuous system. [tout,yout]=ode15s(@(t,y) balance_cas (t,y,ncomp,jmax,alpha,Deb,Ce,don,CS,vol,kla,n),tps,yk,options); ykP1=yout(end,:); resu3tps(:,it+1)=ykP1; % ykP1 column vector that contains compound 1 in the jmax reactors, then the % compound 2 in the jmax reactors .... up to ncomp in the jmax reactors % resu3tps is a matrix that contains in its columns the ykp1 at different times % concentrations at the outlet of the cascade and thus at the inlet of % the clarifier for i=1:ncomp CenterC(i)=yk(i*jtot); CenterCtps(i,it)=CenterC(i); end tpsdec=[tk tkP1]; ydeck=ydeckP1; [toutdec,youtdec] 

B. "balance_clarifier"

Function that contain the material balances on the top and bottom part of the clarifier for soluble and non-soluble compounds. Since the Matlab functions integrate vectors, a vector "ydec" containing the concentrations has been defined divided into two main parts: Top part and bottom part. The indices ic and jc respectively denote the compound i and the cell jc of the clarifier (1 <i < ncomp and 1T <jcT <nT for the top cascade of reactors of the clarifier and 1 <jcB <nB for the bottom cascade of reactors of the clarifier). Thus C (i, jc) denotes the concentration of compound i in cell jc. The vector ydec is defined as follows:

if ic==1 ||ic==2 ||ic==3 ||ic==5||ic==9||ic==11% Non-soluble compounds CenterCB(ic)=(QIC* CenterC(ic)-Qout* CenterCT(ic))/QBOC; end end %%% the vector ydec contains in its first part the concentrations in the % high part of the clarifier as following: % the 1st solute in the 1st reactorT, % then the 2nd solute in the 1st reactorT, % then the ncomp-th solute in the 1st reactorT % ... % then from 1st to ncomp-th solute in 2nd reactorT % then from 1st to ncomp-th solute in n reaction %%% and in its 2nd part the concentration in the % lower part of the clarifier as following: % the first solute in the first reactorB, % then the 2nd solute in the first reactorB, % then the ncomp-th solute in the first reactorB % ... % then from the 1st to the ncomp-th solute in the nB % then from 1st to ncomp-th solute in n reactorB %%%% Its size is therefore ncomp * nT + ncomp * nB % Balance at node 2 before entering the clarifier for all compounds since % the soluble go up and down, (CBOC=Cout) % For all compounds, the balance is written as following: QIC*CBIC=QBOC*CBOC + QOUT*Cout % However, this balance was used to calculate CBOC of non soluble noted by CenterB % Be careful, you can express the loss of biomass that does not decant % (i.e, Benchmark case) % or and if you wanted to express different flow rates in each branch % with respect to that entering the clarifier with 0 <coef <1; Exit:

[dydt]: vector containing the derivatives of the concentrations, that is to say the derivatives of the vector y.

To reduce the time taken by the program, and to facilitate understanding of the code, the matrix A of concentrations arranged by reactors has been defined:

The matrix A was used in the "balance_cas". In the same way, a matrix B containing the derivatives of the concentrations was defined. Further details on the script of the "balance_cas" in continuous system were provided in Text IV. S5c.

-Text IV. S5c. "balance_cas" file of continuous system. 

D. "Rate"

"Rate" is the function that calculates the rates of each compound in all the reactors and "vit" is a matrix defined from the matrix A. This matrix has been defined to avoid that the concentrations become negative, which is not possible physically but can be mathematically. Thus, the matrix "vit" takes the values of the concentrations of the matrix A, but set to zero as soon as a concentration is negative. Therefore, we do not take into account the production of a compound whose rate has become negative. The Function "Rate" of continuous system is presented in the following Text IV. S5d.

-Text IV. S5d. Function "Rate" of continuous system. function [ry] = Rate(conc,don,var,n) %Input: %rate are the rates of the reactions of the ASM1 model+ MPs %conc is the vector of size (ncomp, 1) containing the concentrations of the compounds in a given reactor %don is the stochiometric data of ASM1 model %stoechiometriques du modèle ASM1 %var is the number of micropollutants %Output: %ry is a vector of size ncomp containing the production rates of each compound muh=don(1); mua=don(2); etag=don(3); etah=don(4); KS=don(5); KOH=don(6); KNO=don(7); KNH=don(8); KOA=don(9); KX=don(10); kh=don(11); bh=don(12); ba=don(13); ka=don( 14 % XBH=y(1,j); % XBA=y(2,j); % XP=y(3,j); % SS=y(4,j); % XS=y(5,j); % SNO=y(6,j); % SNH=y(7,j); % SND=y(8,j); % XND=y(9,j); % SI=y(10,j); % XI=y(11,j); % SO=y(12,j); %ASM1 model %Aerobic growth of heterotophic biomass rate(1,1)=muh*(conc(4)/(KS+conc(4)))*(conc(12)/(KOH+conc(12)))*conc(1); %Anoxic growth of heterotophic biomass rate(2,1)=muh*etag*(conc(4)/(KS+conc(4)))*(KOH/(KOH+conc(12)))*(conc(6)/(KN O+conc(6)))*conc(1); %Growth of autotrophic biomass rate(3,1)=mua*(conc(7)/(KNH+conc(7)))*(conc(12)/(KOA+conc(12)))*conc(2); %Mortality of heterotrophic biomass rate(4,1)=bh*conc(1) %Mortality of autotrophic biomass rate(5,1)=ba*conc(2); %Ammonification of the soluble nitrogen compound rate(6,1)=ka*conc(8)*conc(1); %Hydrolysis of slowly biodegradable carbon compounds rate(7,1)=kh*((conc(5)/conc(1))/(KX+(conc(5)/conc(1))))*((conc(12)/(KOH+con c(12)))+etah*(KOH/(KOH+conc(12)))*(conc(6)/(KNO+conc(6))))*conc(1); %Hydrolysis of slowly biodegradable nitrogen compounds rate(8,1)=rate(7)*conc(9)/conc(5); %rate of each compound of ASM1 ry(1,1)=rate(1)+rate(2)-rate(4); ry(2,1)=rate(3)-rate(5); ry(3,1)=fp*(rate(4)+rate( 5)); ry(4,1)=(-rate(1)-rate(2))/Yh+rate(7); ry(5,1)=(1-fp)*(rate(4)+rate( 5))-rate(7); ry(6,1)=-((1-Yh)/(2.86*Yh))*rate(2)+rate(3)/Ya; of the MPs (lines 13 to 19) will be useful in the following section regarding MPs' kinetic predictions on continuous system.

-'data_react.txt': contains the value of the inlet flow rate Qe, the value of the sludge recycling QS and the sludge waste Qw.

-'Reactors.txt': is the same file as described for batch system. The data used for the simulation of the benchmark model is present below