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Activation of homogeneous and heterogeneous Fenton processes by ultrasound and ultraviolet/visible irradiations for the removal of ibuprofen in water
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INTRODUCTION

Contaminated water is a world concern, and threatens both quality of life and public health. The oldest water pollution was that due to organic matter, followed in the beginning of twentieth century by metal pollution caused by the industrial development. With the increase of population, urbanization, industrialization and agriculture intensification, new types of pollutants have arisen such as organic solvents, fertilizers, pesticides and pharmaceuticals. It is now well-known that after medication, drugs can reach the aquatic environment via excreta and have an impact on non-target organisms. Thousands tons of pharmaceutical compounds (PCs) are commercially produced each year. Following their increasing use, numerous studies have demonstrated the presence of pharmaceuticals in various wastewater treatment effluents, typically at concentration levels from nanogram to few micrograms per liter. Possible risks associated to the release of pharmaceuticals are still unclear and require further research to better characterize their long-term effects for environment and human health. Regarding ecosystems, impacts can be blooms of microorganisms or apparition of mutant species. For humans, potential consequences of chronical exposure via drinking-water range from allergy to cancer through loss of fertility.

Therefore those emerging pollutants have become an important issue due to their recognized occurrence in wastewater and probable harmful effects on environment and health.

Due to their complex molecular structure, low concentration in water and possible toxicity to microorganisms, most of these molecules cannot be completely removed by conventional wastewater treatment (e.g. chemical precipitation and activated sludge) due to their complex molecular structure, low concentration in water and possible toxicity to AOPs are classified according to the reactive system (homogeneous or heterogeneous) and the radical generation methods (chemical, electrochemical, sonochemical or photochemical).

Fenton oxidation is one of the most popular AOPs. It classically involves the reaction of ferrous ions and hydrogen peroxide under acidic condition to form hydroxyl radicals.

However, the relatively high iron concentration needed (50-500 ppm) with respect to discharge limit (2 ppm in EU) and the difficulty in recovering dissolved iron promote the development of heterogeneous systems. Heterogeneous Fenton oxidation uses an iron containing solid as catalyst in order to facilitate its recovery, for instance by using membrane filtration.

Unfortunately, degradation rates in heterogeneous process are usually lower than that of homogeneous counterpart. In order to enhance the reaction, several activation methods have been proposed, the most popular being UV/Vis light in the so-called photo-Fenton process.

This irradiation enhances the regeneration of ferrous species (limiting step in dark Fenton process) by photo-reduction, while generating additional radicals. It also promotes the direct decomposition of H 2 O 2 into  OH and eventually the direct photolysis of the molecule depending on the applied wavelengths.

More recently, increasing attention has also been paid to the application of ultrasound ("sono-Fenton process") with nearly one hundred publications and two thirds of them from the last five years. In solution, a synergetic effect between Fenton reaction and ultrasound has been proven, in which US also improves Fe 2+ regeneration and subsequent formation of radicals. Moreover, acoustic cavitation gives rise to extreme conditions inside and around the collapsing bubble, which can result in the thermal cleavage of the organic pollutants. Low frequency ultrasound also induces mechanical effects, including particle aggregate disruption and possible surface activation and/or regeneration of the heterogeneous catalysts. Still, scarce information is available on the exact role of US enhancement in heterogeneous Fenton reaction (mechanical vs. chemical effects).

The aim of this study is to investigate the coupling of both homogeneous and heterogeneous Fenton reaction with these activation techniques (ultrasound and/or ultraviolet/visible) for the degradation of pharmaceutical compounds. Reaction tests are performed in a batch mode and investigate the effects of irradiation spectrum (sound frequency / light wavelength), power input, irradiation time and modulation, as well as oxidant and catalyst doses. Despite efficacies of these combined techniques are probably INTRODUCTION [START_REF] Cooper | Preliminary risk assessment database and risk ranking of pharmaceuticals in the environment[END_REF] greater, interactions could also be not so advantageous. Therefore the study progresses from the separate processes, via their two-by-two associations towards overall combination.

For this work, ibuprofen has been selected as model drug contaminant owing to its high consumption (for self-medication) and reported occurrence in the environment.

The manuscript starts with a review on pharmaceutical contaminants in aquatic systems, particularly ibuprofen, and advanced oxidation processes (AOPs) proposed to reduce this pollution. This literature survey focuses on homogeneous and heterogeneous Fenton reaction, as well as sonolysis, photolysis and their combination (sono-Fenton, photo-Fenton, sono-photo-Fenton). Finally, main operating parameters of these different AOPs are reviewed.

Description of materials, experimental equipment and procedures involved in this study is gathered in chapter 2. Liquid chromatography, analysis of Total Organic Carbon and residual hydrogen peroxide have been used as routine measurements for liquid samples so as to evaluate the process performance. Solid catalysts have been characterized by a range of techniques for their morphological and textural properties, as well iron species type, content and dispersion. For these heterogeneous systems, iron leaching in solution has also been monitored to evaluate possible contribution of homogeneous mechanism. Different types of ultrasound equipment and lamps have been used whose characteristics are also given in this chapter.

Chapter 3 is dedicated to the degradation of ibuprofen by homogeneous oxidation treatments: a parametric study is first carried out on the separate processes (sonolysis, photolysis, and Fenton oxidation) to highlight the involved mechanisms, prior to the investigation of their combinations.

Chapter 4 focuses on the heterogeneous Fenton reaction. The activity of two different catalysts (zero-valent iron particles and iron-containing zeolite) is first evaluated with respect to the homogeneous system. Then possible activation of selected catalyst by ultrasound and/or light irradiation is examined. In these two chapters, effect of water matrix and identification of degradation intermediates are also addressed in order to assess the feasibility and relevance of such advanced processes.

CHAPTER 1 LITERATURE REVIEW

This chapter provides a literature survey about pharmaceutical emerging pollutants and advanced oxidation processes as possible treatment for their remediation. Water is an indispensable resource for human life. Drinking water consumption and wastewater generation are directly related to the population growth and human activities.

Since the last decades, the characteristics of wastewater have become more complex along with increasing and diversifying industrial activities. At the same time, the development of analytical techniques has provided an overview of current conditions in which many refractory contaminants have been identified in the environment.

Among the organic pollutants, pharmaceutical and personal care products are of particular concern. For instance, in France, more than 3 milliards drug boxes are sold annually [1] with paracetamol, codeine and ibuprofen as the most used products. This high (and increasing) consumption should explain the accumulation of these molecules in the aquatic environment. Indeed, 24 pharmaceutical compounds were found in various water resources in France during national survey (2009-2010), caffeine, oxazepam and paracetamol being the most frequently detected [2]. This finding indicates that some pharmaceutical compounds are not fully degraded by conventional precipitation-biological treatments or by natural degradation process and follow complex pathway in the environment. According to the extensive review conducted by Deblonde et al. [3], anti-epileptics, contrast agents, analgesic and anti-inflammatories are reported as the most refractory pharmaceutical compounds. Example of anti-inflammatory removal in various conventional wastewater treatment plants is given in table 1.1 [4]. It can be seen that, if ibuprofen can be eliminated by conventional treatments processes, this molecule however may be not fully degraded, but only transformed into other by-products [5] or even may be only adsorbed on suspended solids and accumulated in settling tank [START_REF] Berthod | Quantitative structure-property relationships for predicting sorption of pharmaceuticals to sewage sludge during waste water treatment processes[END_REF][START_REF] Carballa | Removal of cosmetic ingredients and pharmaceuticals in sewage primary treatment[END_REF].

Several classic chemical oxidants, such as chlorine and chlorine dioxide, have shown capacity for the removal of pharmaceuticals, but their reaction is relatively slow, limited to only a few compounds and could form toxic intermediate substances, such as chloroform [START_REF] Huber | Oxidation of pharmaceuticals during water treatment with chlorine dioxide[END_REF][START_REF] Mao | Characterization of haloacetaldehyde and trihalomethane formation potentials during drinking water treatment[END_REF]. Physical techniques like adsorption on activated carbon [START_REF] Ahmed | Adsorption of non-steroidal anti-inflammatory drugs from aqueous solution using activated carbons: Review[END_REF] or membrane separation [START_REF] Vona | Comparison of different removal techniques for selected pharmaceuticals[END_REF] are also applied, either as individual treatment or as integrated treatment with oxidation processes [START_REF] Rivera-Utrilla | Pharmaceuticals as emerging contaminants and their removal from water. A review[END_REF][START_REF] Wang | Removal of pharmaceuticals and personal care products (PPCPs) from wastewater: A review[END_REF]. However, after adsorption of toxic compounds, activated carbon itself becomes a hazardous waste that must be regenerated, treated or disposed properly. Similarly, even though nanofiltration and reverse osmosis have proved to remove most of the pharmaceutical compounds, these techniques require a post-destructive process increasing the operation costs. AcS: activated sludge, N: nitrification, DeN: denitrification, 1°: primary settling tank, 2°: secondary settling tank, ppt: chemical precipitation, IBP: Ibuprofen, DCF: Diclofenac, NPX: Naproxen, KTF: Ketoprofen, MEF: Mefenamic acid

These facts lead pharmaceutical compounds to become emerging pollutants. Emerging pollutants are new products or chemicals without regulatory status and whose (cumulative) effects on environment and human health are unknown [3]. The concentration of the pharmaceutical products was not monitored in European waters until the revision of the Directive 2000/60/EC in 2013, when the European Commission has proposed to include on a "watch list" three pharmaceuticals (a painkiller and two hormones), namely diclofenac, αethinylestradiol, and β-estradiol.

Sources and environmental fate

It is widely accepted that pharmaceutical compounds are introduced into the environment mainly through wastewater effluent from pharmaceutical industries, hospitals, live-stock and household activities, as shown in figure 1.1 [START_REF] Rehman | Global risk of pharmaceutical contamination from highly populated developing countries[END_REF]. Pharmaceutical wastewater generated from industry is more easily measured and managed than that derived from domestic source. The latter has been identified as the main contamination pathway of ibuprofen in the aquatic environment [START_REF] Winkler | Selective degradation of ibuprofen and clofibric acid in two model river biofilm systems[END_REF]. In aquatic environment, the possible removal processes of organic compounds are biodegradation, sorption and photo-degradation (direct and indirect). However, since pharmaceuticals contain active ingredients are designed to have pharmacological effects on humans and animals, they are usually resistant to biodegradation [16,[START_REF] Cooper | Preliminary risk assessment database and risk ranking of pharmaceuticals in the environment[END_REF]. Photo-degradation might be also not efficient considering the spectral absorption of pharmaceuticals, which is usually in UV-C region [START_REF] Shu | Photodegradation of emerging micropollutants using the medium-pressure UV/H2O2 Advanced Oxidation Process[END_REF][START_REF] Packer | Photochemical fate of pharmaceuticals in the environment: Naproxen, diclofenac, clofibric acid, and ibuprofen[END_REF][START_REF] Bergheim | Recalcitrant pharmaceuticals in the aquatic environment: a comparative screening study of their occurrence, formation of phototransformation products and their in vitro toxicity[END_REF]. On the other hand, removal by sorption process is both soil (or site)-and molecule-specific, so it cannot be generalized on a global basis and it may be only a liquid-solid phase transfer without significant degradation process.

In the case of ibuprofen (IBP), several studies reported its presence in effluents from wastewater treatment plants (0.002 -95 µg/L), in surface water (0.01 -0.4 µg/L) and in drinking water (0.0002 -0.0013 µg/L) [4,[START_REF] Azzouz | Influence of seasonal climate differences on the pharmaceutical, hormone and personal care product removal efficiency of a drinking water treatment plant[END_REF]. After excretion by human body or treatment by biological process, IBP can enter the water bodies under unaltered parent compound, as metabolized hydroxy-ibuprofen and as carboxy-ibuprofen [START_REF] Farré | Assessment of the acute toxicity of triclosan and methyl triclosan in wastewater based on the bioluminescence inhibition of Vibrio fischeri[END_REF][START_REF] Lishman | Occurrence and reductions of pharmaceuticals and personal care products and estrogens by municipal wastewater treatment plants in Ontario, Canada[END_REF][START_REF] Méndez-Arriaga | Degradation of the emerging contaminant ibuprofen in water by photo-Fenton[END_REF]. In all cases, IBP also tends to adsorb onto suspended solids and sediments leading to an underestimation of its measured concentration in aquatic environment [START_REF] Bouissou-Schurtz | Ecological risk assessment of the presence of pharmaceutical residues in a French national water survey[END_REF]. (adapted from reference [START_REF] Rehman | Global risk of pharmaceutical contamination from highly populated developing countries[END_REF])

Possible adverse effect

Regardless of its function as a medicine, the presence of pharmaceuticals in the environment may have negative impacts, especially for microorganisms and aquatic organisms. Carlsson et al. [START_REF] Carlsson | Are pharmaceuticals potent environmental pollutants?: Part I: Environmental risk assessments of selected active pharmaceutical ingredients[END_REF] evaluated hazard and risk assessments of 27 pharmaceuticals based on some parameters such as daily dose, acute toxicity, degradation, and octanol-water partition coefficient (K OW ) and they found diclofenac, ethinylestradiol, ibuprofen, metoprolol, norethisterone, and oxytetracycline as having the potential for toxic and/or long-term effects.

Ecological risk assessment of 33 pharmaceutical compounds detected in French water resources was also carried out by Bouissou-Schurtz et al (2014). The results suggest that only ibuprofen was identified as posing real environmental risk based on its measured environmental concentration (Risk Quotient = 1.9) [START_REF] Bouissou-Schurtz | Ecological risk assessment of the presence of pharmaceutical residues in a French national water survey[END_REF].

Despite the unclear effect on human health [3,[START_REF] Kostich | Concentrations of prioritized pharmaceuticals in effluents from 50 large wastewater treatment plants in the US and implications for risk estimation[END_REF], ibuprofen has been shown to significantly affect the growth of several fishes, microorganisms, algae, bacterial and fungal species [START_REF] Pascoe | Do pharmaceuticals affect freshwater invertebrates? A study with the cnidarian Hydra vulgaris[END_REF][START_REF] Heckmann | Chronic toxicity of ibuprofen to Daphnia magna: Effects on life history traits and population dynamics[END_REF][START_REF] Pounds | Acute and chronic effects of ibuprofen in the mollusc Planorbis carinatus (Gastropoda: Planorbidae), Ecotoxicol[END_REF][START_REF] Quinn | An investigation into the acute and chronic toxicity of eleven pharmaceuticals (and their solvents) found in wastewater effluent on the cnidarian, Hydra attenuata[END_REF][START_REF] Han | Endocrine disruption and consequences of chronic exposure to ibuprofen in Japanese medaka (Oryzias latipes) and freshwater cladocerans Daphnia magna and Moina macrocopa[END_REF] (Table 1.2). Chronic exposure to ibuprofen at 0.1 -1 µg/L affects several endpoints related to the reproduction of the fish, including induction of vitellogenin in male fish, fewer broods per pair, and more eggs per brood [START_REF] Han | Endocrine disruption and consequences of chronic exposure to ibuprofen in Japanese medaka (Oryzias latipes) and freshwater cladocerans Daphnia magna and Moina macrocopa[END_REF]. Advanced Oxidation Processes (AOPs) are oxidative processes applied for the elimination of contaminants in water, soils and air, which are based on the formation of highly reactive and non-selective species, such as hydroxyl radical (  OH), superoxide radical (  O 2 ), hydroperoxyl radical (  O 2 H) and peroxy radical (ROO  ). These reactive radicals are generated in atmospheric or subcritical conditions of temperature and pressure, with or without catalyst and/or energy (electrochemical, UV-Vis or ultrasound) [START_REF] Méndez-Arriaga | Mineralization enhancement of a recalcitrant pharmaceutical pollutant in water by advanced oxidation hybrid processes[END_REF]. Among reactive oxidant species,  OH is usually considered as the main oxidant since it possesses high standard oxidation potential (E 0 = 2.8 V in acidic medium) that would be able to oxidize almost all organic compounds to carbon dioxide and water through different mechanisms, i.e.

electron transfer reaction (as oxidizing agent), abstraction of protons producing organic radicals (R  ) and electrophilic addition on a double bond or aromatic ring (figure 1.2) [START_REF] Legrini | Photochemical processes for water treatment[END_REF][START_REF] Navalon | Heterogeneous Fenton catalysts based on clays, silicas and zeolites[END_REF].

However, some of the simplest organic compounds, such as acetic, maleic, oxalic acids, acetone are more difficult to degrade by this process [START_REF] Pera-Titus | Degradation of chlorophenols by means of advanced oxidation processes: a general review[END_REF]. (adapted from reference [START_REF] Klavarioti | Removal of residual pharmaceuticals from aqueous systems by advanced oxidation processes[END_REF])

Numerous types of AOPs are known such as ozonation (O 3 ), Fenton reaction (H 2 O 2 and iron-based catalyst), UV photolysis, photo-peroxide oxidation (UV/H 2 O 2 ), photo-catalysis (UV/TiO 2 ), ultrasound (US), electrochemical oxidation, wet-air oxidation, pulse plasma and also their possible combination (such as UV/O 3 , UV/Fenton, US/Fenton, Electro-Fenton, etc.). Considering pharmaceutical compounds as model pollutants, ozonation and heterogeneous photocatalysis using TiO 2 are the most studied [START_REF] Klavarioti | Removal of residual pharmaceuticals from aqueous systems by advanced oxidation processes[END_REF] (figure 1.3).

Ibuprofen removal by AOPs

Various AOPs such as ozonation (O 3 ), O 3 /H 2 O 2 , photolysis, sonolysis, photo-Fenton... have been applied for IBP removal from water. Table 1.3 summarizes the main results and conclusions of the corresponding studies, where X stands for (IBP or total organic carbon) removal efficiency (%) and k is the pseudo first-order rate constant (min -1 ). 

Experimental conditions Remarks

Homogeneous and heterogeneous Fenton [START_REF] Sabri | Chemical oxidation of ibuprofen in the presence of iron species at near neutral pH[END_REF] [IBP] = 0.1 mM; T = 20°C; pH = 3 ; [H 2 O 2 ] = 1 mM; [Fe(II)] = 1 mM; [Fe 3 O 4 ] = 1 g/L (13 mM Fe); T = 20°C; pH = 6.6; under N 2 injection Homogeneous Fenton: X IBP > 90% in 5 min. Heterogeneous Fenton: X IBP = 50 % in 60 min. Heterogeneous Fenton reaction was much slower than homogeneous Fenton reaction. Heterogeneous Fenton [START_REF] Sun | Nano-magnetite catalyzed heterogeneous Fentonlike degradation of emerging contaminants carbamazepine and ibuprofen in aqueous suspensions and montmorillonite clay slurries at neutral pH[END_REF] [IBP] = 0.07 mM; [Fe 3 O 4 ] = 1.84 g/L ; [H 2 O 2 ] = 600 mM ; T = 23°C; pH =7 X IBP = 30% in 180 min. Degradation of ibuprofen was very influenced by pH. Poor degradation of ibuprofen at neutral pH could be compensated with high concentration of catalyst and oxidant. Sonolysis [START_REF] Méndez-Arriaga | Ultrasonic treatment of water contaminated with ibuprofen[END_REF] [IBP] = 0.1 mM; -T = 25°C; pH = 5; f US = 300 kHz; P US = 80 W; I US = 6.7 W/cm 2 ; D US = 270 W/L X IBP = 98% in 30 min. The reaction between radicals and IBP would be enhanced if IBP in molecular form (pH < pKa). Sonolysis [START_REF] Xiao | Sonochemical degradation of ciprofloxacin and ibuprofen in the presence of matrix organic compounds[END_REF] [IBP] = 0.1 mM; T = 25°C; pH = 8.5; f US = 20 and 620 kHz; D US = 400 W/L k = 0.67 µM/min (20 kHz) and 16.3 µM/min (620 kHz). A more hydrophobic target compound with higher diffusivity is less impacted by the presence of organic compounds from water matrix. Photolysis [START_REF] Szabó | Phototransformation of ibuprofen and ketoprofen in aqueous solutions[END_REF] [IBP] = 0.1 mM; V = 220 mL; T = 25°C; UV (254 nm; 3.45x10 -5 E/s) and VUV/UV lamp (185/254 nm; 3.66x10 -5 E/s); Q gas = 855 mL/min X IBP = 100%, X TOC = 60% in 60 min (UV lamp); X IBP = 100%, X TOC = 50% in 10 min (VUV/UV lamp). The presence of nitrogen negatively affects the degradation kinetics.

Homogeneous Sonophoto-Fe(III) oxidation [START_REF] Madhavan | Combined advanced oxidation processes for the synergistic degradation of ibuprofen in aqueous environments[END_REF] [IBP] = 0.09 mM; [Fe(NO 3 ) 3 ] = 0.05 mM; T = 20+2°C; pH = 2.7; f US = 213 kHz; P US = 55 W/L; Xenon lamp; P UV = 450 W X IBP = 100% in 60 min, X TOC = 70% in 240 min. A slight synergy was observed when combining ultrasound and photo-Fe(III) oxidation. Photolysis and UV/H 2 O 2 [START_REF] Shu | Photodegradation of emerging micropollutants using the medium-pressure UV/H2O2 Advanced Oxidation Process[END_REF] [IBP] = 0.19 mM; T = 22+0.3°C; pH = 7; [H 2 O 2 ] = 1.5 mM; MP Hg lamp; P UV = 60 W; λ UV = 200-320 nm k IBP = 0.097 min -1 (UV); k IBP = 0.56 min -1 (UV/H 2 O 2 ). UV and UV/H 2 O 2 processes using MP Hg lamp were effective for IBP removal. Photolysis and photocatalytic oxidation [START_REF] Da Silva | Photolysis and photocatalysis of ibuprofen in aqueous medium: characterization of byproducts via liquid chromatography coupled to high-resolution mass spectrometry and assessment of their toxicities against Artemia salina[END_REF] [IBP] = 0.02 mM; [TiO 2 ] = 240 mg/L; T = 25°C; pH = (-); LP Hg lamp (UV-A); P UV = 27 W; λ UV = 200 -280 nm; dark light lamp; P UV = 27 W, λ UV = 315 -400 nm X IBP = 13% (UV-A), 99% (UV-C), 93% (UV-A/TiO 2 ), 100% (UV-C/TiO 2 ) in 120 min; X TOC < 40% in 120 min. Direct photolysis by UV-C light was an effective process for IBP removal but not for mineralization process. Homogeneous Photo-Fenton [START_REF] Méndez-Arriaga | Degradation of the emerging contaminant ibuprofen in water by photo-Fenton[END_REF] [IBP] = 0. Despite it is difficult to compare these studies performed in rather different conditions, coupling ozone and hydrogen peroxide seems to be the most effective AOP, with complete removal of IBP in 10 min [START_REF] Zwiener | Oxidative treatment of pharmaceuticals in water[END_REF]. However, the high energy consumption for generating ozone by silent electrical discharges makes its use expensive [START_REF] Gonzalez-Olmos | Indications of the reactive species in a heterogeneous Fenton-like reaction using Fe-containing zeolites[END_REF]. Some other efficient treatments (photolysis, UV/H 2 O 2 ) use UV-C irradiation (λ = 200-280 nm). However, its application to large wastewater treatment plants may be a challenge considering the cost of mercury vapor lamps [START_REF] Ghaly | Photochemical oxidation of pchlorophenol by UV/H2O2 and photo-Fenton process. A comparative study[END_REF]. In order to reduce energy consumption, development of water treatment processes tends more towards a better utilization of sunlight (with major fraction in the visible domain, λ = 400-800 nm). On the other hand, for all the proposed AOPs, complete mineralization of ibuprofen is still a challenging issue. In any case, it should be mentioned that ibuprofen removal by heterogeneous Fenton coupled with ultrasound and light irradiations hasn't been investigated yet.

Transformation products of ibuprofen

Transformation products (TPs), also called degradation products or reaction intermediates, are related to the molecules formed during the oxidation process of the targeted compound. Degradation pathway of ibuprofen generally consists in decarboxylation, demethylation, hydroxylation and cleavage moiety reactions [START_REF] Michael | Proposed transformation pathway and evolution profile of diclofenac and ibuprofen transformation products during (sono)photocatalysis[END_REF]. These reactions form 4isobutylacetophenone and 4-ethylbenzaldehyde, that were found to be toxic, causing adverse effects to the central nervous system and presenting high dermal absorption [START_REF] Michael | Proposed transformation pathway and evolution profile of diclofenac and ibuprofen transformation products during (sono)photocatalysis[END_REF][START_REF] Miranda | In vitro assessment of the phototoxicity of anti-inflammatory 2-arylpropionic acids[END_REF][START_REF] Ruggeri | Photochemical transformation of ibuprofen into harmful 4-isobutylacetophenone: pathways, kinetics, and significance for surface waters[END_REF].

Hydroxylated ibuprofen molecules are usually detected as first degradation products by mass spectrometry. Hydroxylation is assumed to take place on the side chains in the secondary or tertiary positions or by attachment to the aromatic benzene ring [START_REF] Méndez-Arriaga | Degradation of the emerging contaminant ibuprofen in water by photo-Fenton[END_REF][START_REF] Madhavan | Combined advanced oxidation processes for the synergistic degradation of ibuprofen in aqueous environments[END_REF][START_REF] Choina | Photocatalytic decomposition of pharmaceutical ibuprofen pollutions in water over titania catalyst[END_REF][START_REF] Illés | Hydroxyl radical induced degradation of ibuprofen[END_REF], with H extractions kinetically favored over ring additions [START_REF] Ghaly | Photochemical oxidation of pchlorophenol by UV/H2O2 and photo-Fenton process. A comparative study[END_REF].

An example of ibuprofen degradation pathways during TiO 2 photocatalytic oxidation is given in figure 1.4 [START_REF] Michael | Proposed transformation pathway and evolution profile of diclofenac and ibuprofen transformation products during (sono)photocatalysis[END_REF]. The first transformation product TP1 (mono-hydroxylated IBP; m/z: 221) is formed via the addition of a hydroxyl group (  OH) onto ibuprofen molecule (hydroxylation), which was found here to take place rather on the aromatic ring. Together IBP transformation products reported by several researchers working on different Advanced Oxidation Processes (AOPs) are summarized in table 1.4. We can note that similar intermediates are found which indicates that hydroxyl radical plays important role in all these degradation processes. technologies, (iii) the ability to destroy a large number of organic compounds along with a reduction of toxicity, odor and color and an improvement of biodegradability, and (iv) the simplicity of the required equipment allowing an easy scale-up from laboratory to large scale [START_REF] Neyens | A review of classic Fenton's peroxidation as an advanced oxidation technique[END_REF][START_REF] Kavitha | The role of ferrous ion in Fenton and photo-Fenton processes for the degradation of phenol[END_REF][START_REF] Velichkova | Heterogeneous Fenton oxidation of paracetamol using iron oxide (nano)particles[END_REF].

The Fenton reaction was discovered in 1894 by H.J.H. Fenton, who reported that H 2 O 2 could be activated by ferrous (Fe 2+ ) salts to oxidize tartaric acid [START_REF] Fenton | Oxidation of tartaric acid in the presence of iron[END_REF]. Recently, Fenton reaction has been proved to be very effective in the removal of many hazardous organic pollutants from water. The Fenton reaction causes the dissociation of the oxidant and the formation of highly reactive hydroxyl radicals that attack and destroy the organic pollutants [START_REF] Neyens | A review of classic Fenton's peroxidation as an advanced oxidation technique[END_REF][START_REF] Babuponnusami | A review on Fenton and improvements to the Fenton process for wastewater treatment[END_REF].

It is usually accepted that Fenton reaction follows a free radical mechanism [START_REF] Neyens | A review of classic Fenton's peroxidation as an advanced oxidation technique[END_REF][START_REF] Babuponnusami | A review on Fenton and improvements to the Fenton process for wastewater treatment[END_REF][START_REF] Sychev | Iron compounds and the mechanisms of the homogeneous catalysis of the activation of O2 and H2O2 and of the oxidation of organic substrates[END_REF]:

hydroxyl radicals (  OH) are generated by the reaction between ferrous ions (Fe 2+ ) and hydrogen peroxide (H 2 O 2 ) in acid condition (pH between 2 -4):

Fe 2+ + H 2 O 2 → Fe 3+ + OH -+  OH {k = 40 -80 L.mol -1 .s -1 [60,62]} (R.1.1) Fe 3+ + H 2 O 2 ↔ Fe-OOH 2+ + H + {K = 3.1•10 -3 [62]} (R.1.2) Fe-OOH 2+ →  OOH + Fe 2+ {k = 2.7•10 -3 s -1 [62]} (R.1.3)
As abovementioned, generated hydroxyl radicals (  OH) can oxidize organic compounds (RH) by different mechanism [START_REF] Legrini | Photochemical processes for water treatment[END_REF], i.e. electron transfer reaction (as oxidizing agent), abstraction of protons producing organic radicals (R  ) and electrophilic addition on a double bond or aromatic ring:

 OH + RH → RH  + OH - (R.1.4) RH +  OH → R  + H 2 O (R.1.5) R -CH = CH 2 +  OH → R -C  R -CH 2 OH (R.1.6)
The organic radicals (R  ) are highly reactive and can further react with hydrogen peroxide, ferrous or ferric ions, dissolved oxygen, hydroperoxyl radicals (  OOH) or form a dimer, leading to reactions (R.1.7) to (R.1.14):

R  +H 2 O 2 → ROH +  OH (R.1.7) R  + Fe 3+ → R + + Fe 2+ (R.1.8) R  + Fe 2+ → R -+ Fe 3+ (R.1.9) R  + O 2 → RO 2  (R.1.10) RO 2  + H 2 O → ROH +  OOH (R.1.11) R  +  OOH → RO 2 H (R.1.12) RO 2 H + Fe 2+ → Fe 3+ + OH -+ OR  (R.1.13) 2R  → R-R (R.1.14)
Besides the reactions that generate free radicals, several detrimental reactions occur during the Fenton oxidation process, such as radical scavenging reactions (reactions between hydroxyl radicals with non-organic substances -(R. 

 OOH ↔  O 2 -+ H + {K = 1.58 x 10 5 s -1 [62]} (R.1.24) Fe 3+ +  O 2 -→ Fe 2+ + O 2 {k = 5 x 10 7 L.mol -1 .s -1 [62]} (R.1.25)
In addition, some studies proposed non-radical pathway producing high-valent iron species (Fe(IV)), especially under circumneutral pH condition [START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF][START_REF] Segura | Enhancement of the advanced Fenton process (Fe0/H2O2) by ultrasound for the mineralization of phenol[END_REF][START_REF] He | Interfacial mechanisms of heterogeneous Fenton reactions catalyzed by iron-based materials: A review[END_REF][START_REF] Ahmed | Degradation and mineralization of methylene blue using a heterogeneous photo-Fenton catalyst under visible and solar light irradiation[END_REF]:

Fe 2+ + H 2 O 2 → FeO 2+ + H 2 O (R.1.26) 1.3.1.

Heterogeneous system

There are several major drawbacks associated with homogeneous Fenton oxidation especially when applied at large scale, among which [START_REF] Klavarioti | Removal of residual pharmaceuticals from aqueous systems by advanced oxidation processes[END_REF][START_REF] Kavitha | The role of ferrous ion in Fenton and photo-Fenton processes for the degradation of phenol[END_REF][START_REF] Rahim Pouran | Review on the main advances in photo-Fenton oxidation system for recalcitrant wastewaters[END_REF]:

i. the need of operating in an acid pH range to avoid the precipitation of iron oxyhydroxides, requiring subsequent neutralization of the effluent;

ii. the difficulty to separate and recover dissolved iron ions from the treated solution, thus requiring an additional treatment stage;

iii. the possibility of iron sludge formation which creates disposal problems; iv. the limitations in oxidant utilization efficiency due to radical scavenging and H 2 O 2 self-decomposition;

v. the slow regeneration of ferrous ion (rate limiting step), thus increasing the catalyst demands.

Utilization of heterogeneous catalysts (containing surface ferrous and/or ferric species) is expected to overcome some of the drawbacks associated with Fenton oxidation: the uneasy recovery of dissolved catalyst and the necessity of iron sludge management.

There are numerous types of iron containing solids that can be used as [START_REF] Navalon | Heterogeneous Fenton catalysts based on clays, silicas and zeolites[END_REF][START_REF] Babuponnusami | A review on Fenton and improvements to the Fenton process for wastewater treatment[END_REF][START_REF] Garrido-Ramírez | Clays and oxide minerals as catalysts and nanocatalysts in Fenton-like reactions -A review[END_REF][START_REF] Nidheesh | Heterogeneous Fenton catalysts for the abatement of organic pollutants from aqueous solution: a review[END_REF]. Among these catalysts, iron containing zeolites are very promising due to their high activity and stability [START_REF] Garrido-Ramírez | Clays and oxide minerals as catalysts and nanocatalysts in Fenton-like reactions -A review[END_REF].

Compared with the homogeneous reaction, the mechanism of pollutant degradation via heterogeneous reaction has been less investigated and is still subject of discussion. In general there are two possible mechanisms for heterogeneous Fenton reaction (figure 1.5) [START_REF] He | Interfacial mechanisms of heterogeneous Fenton reactions catalyzed by iron-based materials: A review[END_REF]: first, a heterogeneous Fenton reaction mechanism induced by iron surface species on the catalyst [START_REF] Lin | Catalytic Decomposition of Hydrogen Peroxide on Iron Oxide: Kinetics, Mechanism, and Implications[END_REF][START_REF] Xue | Adsorption and oxidation of PCP on the surface of magnetite: Kinetic experiments and spectroscopic investigations[END_REF] and second, a homogeneous Fenton reaction mechanism induced by leached iron in solution [START_REF] Zeng | Fenton Degradation of 4,6-Dinitro-o-cresol with Fe2+-Substituted Ion-Exchange Resin[END_REF][START_REF] Zha | Nanoscale zero-valent iron as a catalyst for heterogeneous Fenton oxidation of amoxicillin[END_REF]. A surface radical mechanism similar to that of the homogeneous reaction has been proposed by several researchers [START_REF] Lin | Catalytic Decomposition of Hydrogen Peroxide on Iron Oxide: Kinetics, Mechanism, and Implications[END_REF][START_REF] Xue | Adsorption and oxidation of PCP on the surface of magnetite: Kinetic experiments and spectroscopic investigations[END_REF][START_REF] Pham | A silica-supported iron oxide catalyst capable of activating hydrogen peroxide at neutral pH values[END_REF][START_REF] Rusevova | LaFeO3 and BiFeO3 perovskites as nanocatalysts for contaminant degradation in heterogeneous Fenton-like reactions[END_REF]. If ferrous active sites are already available on catalyst surface, they can react directly with hydrogen peroxide (R. 1.27). If not, hydrogen peroxide first forms a complex with ferric sites located on catalyst surface, that are subsequently converted to ferrous species ((R. 1.28) and (R.1.29)) [START_REF] Lin | Catalytic Decomposition of Hydrogen Peroxide on Iron Oxide: Kinetics, Mechanism, and Implications[END_REF][START_REF] Xue | Adsorption and oxidation of PCP on the surface of magnetite: Kinetic experiments and spectroscopic investigations[END_REF][START_REF] Rusevova | LaFeO3 and BiFeO3 perovskites as nanocatalysts for contaminant degradation in heterogeneous Fenton-like reactions[END_REF]; The hydroxyl radical may attack species adsorbed on active sites, as well as aqueous species:

≡Fe(II) + H 2 O 2 → ≡Fe(III) +  OH + OH - (R.
(RH) ads / RH +  OH → intermediates → CO 2 + H 2 O (R.1.32)
In heterogeneous Fenton oxidation, some studies also reported a non-radical pathway producing high-valent iron species [START_REF] Gonzalez-Olmos | Indications of the reactive species in a heterogeneous Fenton-like reaction using Fe-containing zeolites[END_REF][START_REF] He | Interfacial mechanisms of heterogeneous Fenton reactions catalyzed by iron-based materials: A review[END_REF][START_REF] Bray | Ferryl ion, a compound of tetravalent iron[END_REF]:

≡Fe(II) + H 2 O 2 → ≡Fe(IV) + 2OH - (R.1.33)
Both mechanisms are illustrated on figure 1.6 for the case of an iron containing zeolite [START_REF] Gonzalez-Olmos | Indications of the reactive species in a heterogeneous Fenton-like reaction using Fe-containing zeolites[END_REF]. 

Review of recent studies on Fenton oxidation

Examples of recent studies ( 2013) about homogeneous Fenton oxidation of organic compounds are given in table 1.5. Homogeneous Fenton reaction was found to be effective for the removal of pharmaceuticals [START_REF] Fechete | The past, present and future of heterogeneous catalysis[END_REF][START_REF] De Luna | Kinetics of acetaminophen degradation by Fenton oxidation in a fluidized-bed reactor[END_REF]; however, the conversion and mineralization yield depended on the target pollutant [START_REF] Cavalcante | Application of Fenton, photo-Fenton, solar photo-Fenton, and UV/H2O2 to degradation of the antineoplastic agent mitoxantrone and toxicological evaluation[END_REF].

Some recent studies ( 2000) on heterogeneous Fenton oxidation are summarized in table 1.6: on the whole they exhibited slower degradation rates than the homogeneous system (see table 1.5), as shown by longer reaction times to yield significant X pol and X TOC . For instance, Kusić et al [START_REF] Kusić | Fe-exchanged zeolite as the effective REFERENCES 232 heterogeneous Fenton-type catalyst for the organic pollutant minimization: UV irradiation assistance[END_REF] reported that the removal rate of phenol was much slower in heterogeneous Fenton oxidation using Fe-ZSM5 than in homogeneous Fenton process performed under similar theoretical total iron concentration, as complete pollutant conversion required 30 and 2 min, respectively. Despite of its advantages described above, the application of the heterogeneous process thus requires activation techniques to improve its performance. 

Processes

Typical experimental conditions

Remarks

Centi et al. ( 2000) [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF] Pollutant: propionic acid (TOC = 30 mg/L); catalyst: Fe-ZSM5 0. Theoretically, ultrasound irradiation (or ultrasonication) alone is capable to generate hydroxyl radicals through water pyrolysis. When water is irradiated with sound waves, it generates compressions and rarefactions, thus micro-bubbles (cavitation bubbles) are formed in the rarefaction regions (figure 1.7). These micro-bubbles grow in successive cycles until they reach their resonant diameter and finally collapse violently producing shock waves (temperature of around 5000°C and pressure of 500 atmospheres during a few microseconds).

The process of rapid growth and implosive collapse of bubbles is known as cavitation and creates three regions for sonochemical reactions to take place (figure 1.8) [START_REF] Adewuyi | Sonochemistry: Environmental Science and Engineering Applications[END_REF][START_REF] Le | An executive review of sludge pretreatment by sonication[END_REF][START_REF] Pilli | Ultrasonic pretreatment of sludge: a review[END_REF]: i. The region inside the bubble cavity (gaseous region) where volatile and hydrophobic molecules are degraded via pyrolysis and hydroxyl radicals attacks ii. The region at the bubble-liquid interface where hydrophobic molecules are degraded via hydroxyl radical attacks iii. The liquid bulk region where free radicals formed at the bubble-liquid interface generate secondary sonochemical reactions 

Transformation products + ))) → CO 2 + H 2 O (R.1.35) H 2 O + ))) →  OH +  H (R.1.36)
Where ))) refers to the ultrasound irradiation  OH radicals formed by water sonolysis can further react with pollutants or recombine to form H 2 O 2 . It is well known that the resonance radius and duration of the collapse of a bubble are lower at high frequencies (> 100 kHz) because the finite time of the rarefaction cycle is too short to allow a bubble to grow and collapse [START_REF] Lorimer | Sonochemistry. Part 1-The physical aspects[END_REF]. For instance, the resonance radius of acoustic bubble ranges from 3.3 µm at 1 MHz, 7 µm at 515 kHz and 170 µm at 20 kHz according to linear acoustic theory [START_REF] González-García | Sonochemical treatment of water polluted by chlorinated organocompounds[END_REF][START_REF] Pang | Review on sonochemical methods in the presence of catalysts and chemical additives for treatment of organic pollutants in wastewater[END_REF]. Note, however, that in practice the size of cavitation bubbles is usually smaller than this radius, due to the nonlinear nature of the bubble pulsation [START_REF] Burdin | Characterisation of the acoustic cavitation cloud by two laser techniques[END_REF]. Since the resonance radius and duration of the bubble are lower at high Numerous works have been devoted to the sonolysis of organic compounds. Various ultrasound frequencies (f US ) ranging from 20 kHz to 1200 kHz have been used [START_REF] Méndez-Arriaga | Ultrasonic treatment of water contaminated with ibuprofen[END_REF][START_REF] Xiao | Sonochemical degradation of ciprofloxacin and ibuprofen in the presence of matrix organic compounds[END_REF][START_REF] Frontistis | Sonodegradation of 17α-ethynylestradiol in environmentally relevant matrices: Laboratory-scale kinetic studies[END_REF][START_REF] Gültekin | Ultrasonic destruction of bisphenol-A: the operating parameters[END_REF][START_REF] Güyer | Degradation of diclofenac in water by homogeneous and heterogeneous sonolysis[END_REF][100][START_REF] Xiao | Factors Influencing Pharmaceutical and Personal Care Product Degradation in Aqueous Solution Using Pulsed Wave Ultrasound[END_REF][START_REF] Kim | Removal of 17-β estradiol in water by sonolysis[END_REF][START_REF] Goel | Sonochemical decomposition of volatile and non-volatile organic compounds-a comparative study[END_REF][START_REF] Hung | Kinetics and Mechanism of the Sonolytic Degradation of Chlorinated Hydrocarbons: Frequency Effects[END_REF][START_REF] Liang | Improvement in sonochemical degradation of 4-chlorophenol by combined use of Fenton-like reagents[END_REF][START_REF] Cruz-González | Enhancement of paracetamol degradation by sono-Fenton process[END_REF]. However, most studies used a single frequency, and only a few investigated different frequencies [START_REF] Xiao | Sonochemical degradation of ciprofloxacin and ibuprofen in the presence of matrix organic compounds[END_REF][START_REF] Güyer | Degradation of diclofenac in water by homogeneous and heterogeneous sonolysis[END_REF]100,[START_REF] Goel | Sonochemical decomposition of volatile and non-volatile organic compounds-a comparative study[END_REF][START_REF] Hung | Kinetics and Mechanism of the Sonolytic Degradation of Chlorinated Hydrocarbons: Frequency Effects[END_REF][START_REF] Liang | Improvement in sonochemical degradation of 4-chlorophenol by combined use of Fenton-like reagents[END_REF][START_REF] Cruz-González | Enhancement of paracetamol degradation by sono-Fenton process[END_REF][START_REF] Manariotis | Degradation of PAHs by high frequency ultrasound[END_REF]. Based on their conclusions, the optimum frequency range in sonochemical processes seems to be molecule-and transducer-dependent. Degradation of volatile compounds are favored at low frequencies [START_REF] Goel | Sonochemical decomposition of volatile and non-volatile organic compounds-a comparative study[END_REF], while removal of non-volatile compounds usually increased with increasing frequencies [START_REF] Xiao | Sonochemical degradation of ciprofloxacin and ibuprofen in the presence of matrix organic compounds[END_REF][START_REF] Güyer | Degradation of diclofenac in water by homogeneous and heterogeneous sonolysis[END_REF]100,[START_REF] Hung | Kinetics and Mechanism of the Sonolytic Degradation of Chlorinated Hydrocarbons: Frequency Effects[END_REF][START_REF] Liang | Improvement in sonochemical degradation of 4-chlorophenol by combined use of Fenton-like reagents[END_REF][START_REF] Cruz-González | Enhancement of paracetamol degradation by sono-Fenton process[END_REF]. However, there exists an optimum frequency beyond which negative effects of frequency on degradation rates are observed [START_REF] Güyer | Degradation of diclofenac in water by homogeneous and heterogeneous sonolysis[END_REF]100,[START_REF] Hung | Kinetics and Mechanism of the Sonolytic Degradation of Chlorinated Hydrocarbons: Frequency Effects[END_REF][START_REF] Bel | Sonolysis of ciprofloxacin in aqueous solution: Influence of operational parameters[END_REF][START_REF] Lastre-Acosta | Ultrasonic degradation of sulfadiazine in aqueous solutions[END_REF]. In addition, even some ultrasound transducer are multi-frequency, the effective power may be very low at working limits (at low and high frequency limit) [100,108] that may explain why the optimum frequency for sonochemical process is normally around 580 -860 kHz. In any cases, the comparison of low and high frequency ultrasound is still rarely studied [START_REF] Eren | Sonolytic and sonocatalytic degradation of azo dyes by low and high frequency ultrasound[END_REF][START_REF] Naddeo | Ultrasonic degradation, mineralization and detoxification of diclofenac in water: Optimization of operating parameters[END_REF].

Regarding the effect of ultrasound power, some researchers reported the existence of optimum value, beyond which sonochemical effect is reduced because of the scattering effect and/or coalescence of cavitation bubbles resulting into lower collapse pressure [START_REF] González-García | Sonochemical treatment of water polluted by chlorinated organocompounds[END_REF][START_REF] Sivakumar | Ultrasound enhanced degradation of Rhodamine B: optimization with power density[END_REF].

Similar to ultrasound frequency, the optimum ultrasound power in sonochemical processes seems to be transducer-dependent.

Activation of Fenton reaction by ultrasound

However, due to the low mineralization yield and high energy consumption of ultrasound, it is usually not recommended as single treatment [START_REF] González-García | Sonochemical treatment of water polluted by chlorinated organocompounds[END_REF][START_REF] Frontistis | Sonodegradation of 17α-ethynylestradiol in environmentally relevant matrices: Laboratory-scale kinetic studies[END_REF]100,[START_REF] Naddeo | Ultrasonic degradation, mineralization and detoxification of diclofenac in water: Optimization of operating parameters[END_REF]. On the other hand, there is a strong interest in combining it with other AOPs such as Fenton reaction and taking advantage of possible beneficial synergistic effects for reducing treatment time and chemical costs [START_REF] Wang | Degradation and detoxification of diazinon by sono-Fenton and sono-Fenton-like processes[END_REF][START_REF] Neppolian | Sonolytic degradation of methyl tert-butyl ether: the role of coupled Fenton process and persulphate ion[END_REF][START_REF] Jih-Gaw | Oxidation of 2-chlorophenol in water by ultrasound/Fenton method[END_REF][START_REF] Papoutsakis | Coupling between high-frequency ultrasound and solar photo-Fenton at pilot scale for the treatment of organic contaminants: an initial approach[END_REF].

Indeed, in situ hydrogen peroxide generated from ultrasound can react with Fe 2+ , producing  OH in the solution bulk that can more easily react with the contaminants (R.1.1).

Ultrasound also enhances the decomposition of Fe-OOH 2+ into Fe 2+ and hydroperoxyl radicals [START_REF] Ma | Short review : Current trends and future challenges in the application of sono-Fenton oxidation for wastewater treatment[END_REF] (R.1.37):

Fe-OOH 2+ + ))) → Fe 2+ +  OOH (R.1.37)
Moreover, hydrogen radicals (  H) formed by water sonolysis can react either with hydrogen peroxide, ferric ion, hydroperoxyl radicals or hydroxyl radical to produce hydroxyl radical, ferrous iron, hydrogen peroxide, or water respectively [START_REF] Vaishnave | Photo oxidative degradation of azure-B by sono-photo-Fenton and photo-Fenton reagents[END_REF]: With heterogeneous catalysts, the sono-Fenton reactions are similar to those reported for the homogenous system, but they occur on the catalyst surface [START_REF] Bremner | Degradation of phenolic aqueous solutions by high frequency sono-Fenton systems (US-Fe2O3/SBA-15-H2O2)[END_REF]. A coupling of heterogeneous catalyst with low frequency ultrasound can also be interesting since the ultrasonic irradiation may (i) improve mixing and decrease mass transfer limitation, (ii) reduce the particle size of heterogeneous catalysts leading to a higher amount of available catalyst active sites, and (iii) promotes a continuous cleaning of the solid catalyst surface. In addition, the presence of solid particles provides additional nuclei enhancing cavitation phenomena [START_REF] Gogate | A Sonophotochemical Reactor for the Removal of Formic Acid from Wastewater[END_REF][START_REF] Huang | Heterogeneous sono-Fenton catalytic degradation of bisphenol A by Fe3O4 magnetic nanoparticles under neutral condition[END_REF][START_REF] Segura | Integrated heterogeneous sono-photo Fenton processes for the degradation of phenolic aqueous solutions[END_REF][START_REF] Zhang | Degradation of CI Acid Orange 7 by ultrasound enhanced heterogeneous Fenton-like process[END_REF][START_REF] Neppolian | Effect of Fenton-like oxidation on enhanced oxidative degradation of para-chlorobenzoic acid by ultrasonic irradiation[END_REF]. However it can also result into ultrasound attenuation by scattering effect or viscous loss, depending on the particle size with respect to the sound wavelength [START_REF] Su | Particle size characterization by ultrasonic attenuation spectra[END_REF]. Similar mechanism to the homogeneous one is usually postulated for heterogeneous systems in which reaction (R.1.37) is assumed to occur on the solid catalyst surface [START_REF] Zhang | Degradation of CI Acid Orange 7 by ultrasound enhanced heterogeneous Fenton-like process[END_REF][START_REF] Khataee | Heterogeneous sono-Fenton process using pyrite nanorods prepared by non-thermal plasma for degradation of an anthraquinone dye[END_REF].

 H + H 2 O 2 →  OH + H 2 O (R

Review of recent studies

Previous works have showed that low and high frequency ultrasound was able to yield partial or complete degradation of pharmaceuticals [START_REF] Méndez-Arriaga | Ultrasonic treatment of water contaminated with ibuprofen[END_REF][START_REF] Xiao | Sonochemical degradation of ciprofloxacin and ibuprofen in the presence of matrix organic compounds[END_REF][START_REF] Frontistis | Sonodegradation of 17α-ethynylestradiol in environmentally relevant matrices: Laboratory-scale kinetic studies[END_REF][START_REF] Gültekin | Ultrasonic destruction of bisphenol-A: the operating parameters[END_REF][START_REF] Güyer | Degradation of diclofenac in water by homogeneous and heterogeneous sonolysis[END_REF][100][START_REF] Kim | Removal of 17-β estradiol in water by sonolysis[END_REF][START_REF] Naddeo | Ultrasonic degradation, mineralization and detoxification of diclofenac in water: Optimization of operating parameters[END_REF][START_REF] Bel | Sonolysis of ciprofloxacin in aqueous solution: Influence of operational parameters[END_REF][START_REF] Villaroel | Ultrasonic degradation of acetaminophen in water: Effect of sonochemical parameters and water matrix[END_REF][START_REF] Lastre-Acosta | Ultrasonic degradation of sulfadiazine in aqueous solutions[END_REF].

However, complete mineralization is usually difficult to achieve under single ultrasound process [START_REF] Méndez-Arriaga | Ultrasonic treatment of water contaminated with ibuprofen[END_REF][START_REF] Xiao | Sonochemical degradation of ciprofloxacin and ibuprofen in the presence of matrix organic compounds[END_REF][START_REF] González-García | Sonochemical treatment of water polluted by chlorinated organocompounds[END_REF][START_REF] Frontistis | Sonodegradation of 17α-ethynylestradiol in environmentally relevant matrices: Laboratory-scale kinetic studies[END_REF][START_REF] Güyer | Degradation of diclofenac in water by homogeneous and heterogeneous sonolysis[END_REF]100,[START_REF] Naddeo | Ultrasonic degradation, mineralization and detoxification of diclofenac in water: Optimization of operating parameters[END_REF][START_REF] Villaroel | Ultrasonic degradation of acetaminophen in water: Effect of sonochemical parameters and water matrix[END_REF].

Furthermore, several studies also have been devoted to evaluate the performance of sono-Fenton oxidation with homogeneous and heterogeneous systems. In homogeneous system, coupling ultrasound with Fenton reaction slightly improved the degradation rate of methyl tert-butyl ether, bisphenol A and dye RB19 compared with that observed for ultrasound or Fenton alone [START_REF] Siddique | Synergistic effects of combining ultrasound with the Fenton process in the degradation of Reactive Blue 19[END_REF][START_REF] Neppolian | Sonolytic degradation of methyl tert-butyl ether: the role of coupled Fenton process and persulphate ion[END_REF][START_REF] Torres | Sequential helio-photo-Fenton and sonication processes for the treatment of bisphenol A[END_REF]. On the other hand, the advantage of coupling ultrasound process with heterogeneous Fenton reaction is still a matter of discussion. It can be seen from table 1.7 that either a synergistic interaction [START_REF] Segura | Enhancement of the advanced Fenton process (Fe0/H2O2) by ultrasound for the mineralization of phenol[END_REF][START_REF] Liang | Improvement in sonochemical degradation of 4-chlorophenol by combined use of Fenton-like reagents[END_REF][START_REF] Huang | Heterogeneous sono-Fenton catalytic degradation of bisphenol A by Fe3O4 magnetic nanoparticles under neutral condition[END_REF] or minor effects (less than additive effects) [START_REF] Bremner | Mineralisation of 2,4dichlorophenoxyacetic acid by acoustic or hydrodynamic cavitation in conjunction with the advanced Fenton process[END_REF][START_REF] Madhavan | Ultrasound assisted photocatalytic degradation of diclofenac in an aqueous environment[END_REF][START_REF] Dükkancı | The sonochemical decolourisation of textile azo dye Orange II: effects of Fenton type reagents and UV light[END_REF] were reported. In some studies, the possibility of catalyst surface activation by ultrasound was unclear as no comparison was made with the sole Fenton reaction or the activity of leached iron was not evaluated [START_REF] Bremner | Degradation of phenolic aqueous solutions by high frequency sono-Fenton systems (US-Fe2O3/SBA-15-H2O2)[END_REF][START_REF] Zhang | Degradation of CI Acid Orange 7 by ultrasound enhanced heterogeneous Fenton-like process[END_REF][START_REF] Khataee | Heterogeneous sono-Fenton process using pyrite nanorods prepared by non-thermal plasma for degradation of an anthraquinone dye[END_REF][START_REF] Weng | Application of Fe0 aggregate in ultrasound enhanced advanced Fenton process for decolorization of methylene blue[END_REF][START_REF] Cai | Sono-advanced Fenton decolorization of azo dye Orange G: Analysis of synergistic effect and mechanisms[END_REF][START_REF] Herney-Ramirez | Heterogeneous photo-Fenton oxidation with pillared clay-based catalysts for wastewater treatment: A review[END_REF]. Initially restrained to water disinfection, ultraviolet (UV) photochemical processes continue to expand in water treatment due to the following features: (i) simple and chemical free process; (ii) inactivation of a broad range of microorganisms; (iii) formation of a minimum of side products; (iv) formation of innocuous and biodegradable low molecular weight products; (v) diminution of effluent toxicity [START_REF] Oppenländer | Photochemical purification of water and air, advanced oxidation processes: Principles, reaction mechanisms[END_REF]. The rate of photochemical transformation of a compound A is related to quantum yield (Φ) of the reaction at given wavelength (λ) and the local volumetric rate of photon absorption of the species A at given λ (amount of photons absorbed by the species per unit of time and per unit of reactor volume).

The second parameter depends upon the concentration of the species A, its Napierian molar absorption coefficient and the irradiance field (both function of λ). The irradiance field is a function of light source (power and wavelength), transparency of the medium and reactor geometry (shape, path length) [START_REF] Oppenländer | Photochemical purification of water and air, advanced oxidation processes: Principles, reaction mechanisms[END_REF][START_REF] Loubière | Continuous-flow photochemistry: A need for chemical engineering[END_REF]. Several types of UV-Vis lamps are available for water treatment (especially AOPs), which are described in table 1.8. Reports about mechanisms of heterogeneous photo-Fenton oxidation are scarce, and the authors usually assumed that they are similar to the ones of homogeneous system, but implying iron surface species [START_REF] Herney-Ramirez | Heterogeneous photo-Fenton oxidation with pillared clay-based catalysts for wastewater treatment: A review[END_REF][START_REF] Martínez | Heterogeneous photo-Fenton degradation of phenolic aqueous solutions over iron-containing SBA-15 catalyst[END_REF]. On the other hand, Wang et al. [START_REF] Wang | A review on Fenton-like processes for organic wastewater treatment[END_REF] proposed the mechanism illustrated in figure 1.9 for the case of goethite. It suggests that light irradiation promotes dissolution of iron complex formed on the solid surface, inducing photochemical reactions in the liquid phase. Likewise, some works using ZVI reported a higher iron leaching under UV light irradiation [START_REF] Son | A Fenton-like degradation mechanism for 1,4-dioxane using zero-valent iron (Fe0) and UV light[END_REF][START_REF] Ortiz De La Plata | 2-Chlorophenol degradation via photo Fenton reaction employing zero valent iron nanoparticles[END_REF]. 

Review of recent studies

Recent studies on photolysis, UV/H 2 O 2 and photo-Fenton are summarized in table 1.11.

Some researchers reported that UV irradiation is effective for removal of pharmaceuticals due to their high absorption in the UV-C spectrum region (λ=200 -280 nm). Addition of H 2 O 2 on UV photolysis was also found beneficial, but the enhancement is dependent on the molecule sensitivity to direct photolysis [START_REF] Shu | Photodegradation of emerging micropollutants using the medium-pressure UV/H2O2 Advanced Oxidation Process[END_REF][START_REF] Szabó | Phototransformation of ibuprofen and ketoprofen in aqueous solutions[END_REF][START_REF] Lopez | Kinetic investigation on UV and UV/H2O2 degradations of pharmaceutical intermediates in aqueous solution[END_REF][START_REF] Yuan | Degradation of selected pharmaceuticals in aqueous solution with UV and UV/H2O2[END_REF]. Regarding photo-Fenton process, coupling light irradiation and homogeneous Fenton reaction was usually beneficial [START_REF] Rahim Pouran | Review on the main advances in photo-Fenton oxidation system for recalcitrant wastewaters[END_REF][START_REF] Funai | Photo-Fenton treatment of valproate under UVC, UVA and simulated solar radiation[END_REF][START_REF] Sun | Degradation of the antibiotic sulfamonomethoxine sodium in aqueous solution by photo-Fenton oxidation[END_REF].

Conversely, real synergistic interaction in heterogeneous photo-Fenton is still subject of debate. Numerous studies observed that heterogeneous photo-Fenton was more efficient than heterogeneous Fenton oxidation [START_REF] Kusić | Fe-exchanged zeolite as the effective REFERENCES 232 heterogeneous Fenton-type catalyst for the organic pollutant minimization: UV irradiation assistance[END_REF][START_REF] Herney-Ramirez | Heterogeneous photo-Fenton oxidation with pillared clay-based catalysts for wastewater treatment: A review[END_REF][START_REF] Martínez | Heterogeneous photo-Fenton degradation of phenolic aqueous solutions over iron-containing SBA-15 catalyst[END_REF][START_REF] Iurascu | Phenol degradation in water through a heterogeneous photo-Fenton process catalyzed by Fe-treated laponite[END_REF][START_REF] Feng | Discoloration and mineralization of Reactive Red HE-3B by heterogeneous photo-Fenton reaction[END_REF][START_REF] Kasiri | Degradation of Acid Blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-Fenton catalyst[END_REF][START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF][START_REF] Gonzalez-Olmos | Fezeolites as heterogeneous catalysts in solar Fenton-like reactions at neutral pH[END_REF][START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF][START_REF] Grčić | Zero-valent iron (ZVI) Fenton oxidation of reactive dye wastewater under UV-C and solar irradiation[END_REF]. However, some of them concluded that the enhancement was due to the UV/H 2 O 2 reaction [START_REF] Feng | Discoloration and mineralization of Reactive Red HE-3B by heterogeneous photo-Fenton reaction[END_REF][START_REF] Kasiri | Degradation of Acid Blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-Fenton catalyst[END_REF][START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF], or reported a significant contribution of iron leaching [START_REF] Gonzalez-Olmos | Fezeolites as heterogeneous catalysts in solar Fenton-like reactions at neutral pH[END_REF][START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF][START_REF] Grčić | Zero-valent iron (ZVI) Fenton oxidation of reactive dye wastewater under UV-C and solar irradiation[END_REF]. The latter is rather difficult to assess considering the evolution of iron concentration and speciation during the reaction [START_REF] Feng | Discoloration and mineralization of Reactive Red HE-3B by heterogeneous photo-Fenton reaction[END_REF]. Therefore, more studies are needed to evaluate the possible synergistic effect and get better understanding in the involved mechanisms. Heterogeneous photo-Fenton [START_REF] Kasiri | Degradation of Acid Blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-Fenton catalyst[END_REF] Pollutant: C.I. Acid Blue 74 0.086 mM; catalyst: Fe-ZSM5 0.5 g/L (1 mM of Fe); [H 2 O 2 ] = 21.4 mM ; T = 25°C ; pH = 5.2; P UV = 15 W; λ = 254 nm (1.09x10 -5 E/s) X Pol = 100%, X TOC = 85% in 120 min. Additive effect between heterogeneous Fenton and UV/H 2 O 2 was observed in terms of TOC removal. Fe-ZSM5 showed a good stability upon multi-run experiments. Heterogeneous photo-Fenton [START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF] Pollutant: RB 137 dye 20 mg/L ; catalyst: Fe-ZSM5 1.5 g/L (1 mM of Fe); [H 2 O 2 ] = 10 mM; T = 25°C ; pH = 6; LP Hg lamp (4.4 mW/cm 2 , 0.37x10 -5 E/s) X Pol = 100%, X TOC = 80% in 60 min. UV/H 2 O 2 process was more effective than heterogeneous photo-Fenton due to light filtering effect by the catalyst. Heterogeneous photo-Fenton [START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF] Pollutant: azo-dye Orange II 0.1 mM; catalyst: Fe-ZSM5 0.2 g/L; [H 2 O 2 ] = 6 mM ; T = 53°C ; pH = 3; MP Hg lamp; P UV = 150 W; λ = 200 -600 nm X Pol = 100%, X TOC = 60% in 120 min. Degradation by UV/H 2 O 2 process was found to be significant and even more effective than heterogeneous Fenton. An additive effect between UV/H 2 O 2 and Fenton reactions was observed. Heterogeneous photo-Fenton [START_REF] Gonzalez-Olmos | Fezeolites as heterogeneous catalysts in solar Fenton-like reactions at neutral pH[END_REF] Pollutant: phenol 0.52 mM; catalyst: Fe-ZSM5 2 g/L; [H 2 O 2 ] = 22.7 mM; T = 35°C ; pH = 7; Xenon arc lamp (765 W/m 2 ); λ = 290 -800 nm X Pol = 100%, X TOC = 50% in 180 min. In the presence of light (photo-Fenton), phenol removal was about 1.6 times faster than in dark Fenton. Leaching test revealed that the contribution of homogeneous photo-Fenton reaction was significant. Heterogeneous photo-Fenton [START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF] Pollutant: paracetamol 0.66 mM; catalyst: Fe-ZSM5 1 g/L; [H 2 O 2 ] = 28 mM; T = 30°C; pH = 5; MP Hg lamp covered with glass cooling tube; P UV = 450 W; λ = 280 -355 nm X Pol = 100%; X TOC = 58% in 300 min. Faster paracetamol conversion and higher mineralization yield were obtained under photo-Fenton process. Leaching test revealed that the contribution of homogeneous photo-Fenton reaction was significant.

X pol refers to the conversion of pollutant, X TOC to the conversion of total organic carbon (mineralization yield)

SONO-PHOTO-FENTON PROCESSES

Principle and mechanisms

Combining different advanced oxidation processes can be more efficient for wastewater treatment as compared to individual processes, due to higher energy efficiency, chemical savings and/or enhanced generation of free radicals. In coupling ultrasound and ultraviolet irradiation process, hydroxyl radicals can be produced by UV decomposition of hydrogen peroxide generated by (high frequency) ultrasound. Apart from that, coupling of ultrasound, light irradiation and Fenton reaction should lead to faster pollutant conversion and higher mineralization yield due to higher generation of hydroxyl radicals and regeneration of ferrous ions according to reactions (R. 1.36) and (R.152-R.1.56), respectively. Possible mechanisms involved in the homogeneous sono-photo-Fenton oxidation are illustrated in figure 1.10 for bisphenol A (BPA) [START_REF] Torres | Sequential helio-photo-Fenton and sonication processes for the treatment of bisphenol A[END_REF]. The proposed pathways mainly combine those reported for the separate processes. In this scheme,  OH radicals generated from sonolysis of water oxidize BPA into more hydrophilic products at the bubble surface. 

Review of recent studies

Some contradictory findings are actually present in the literature. Only seven of the eleven studies (table 1.12) observed a net synergistic effect [START_REF] Torres | Sequential helio-photo-Fenton and sonication processes for the treatment of bisphenol A[END_REF][START_REF] Torres | Bisphenol A mineralization by integrated ultrasound-UV-iron (II) treatment[END_REF][START_REF] Madhavan | Degradation of acid red 88 by the combination of sonolysis and photocatalysis[END_REF][START_REF] Katsumata | Degradation of linuron by ultrasound combined with photo-Fenton treatment[END_REF][START_REF] Xu | Degradation of di-n-butyl phthalate by a homogeneous sono-photo-Fenton process with in-situ generated hydrogen peroxide[END_REF][START_REF] Madhavan | Sonophotocatalytic degradation of paracetamol using TiO2 and Fe3+[END_REF], while in others the effect of ultrasound was found to be marginal. This indicates a possible predominant effect of photo-Fenton over sono-Fenton process in some cases [START_REF] Méndez-Arriaga | Mineralization enhancement of a recalcitrant pharmaceutical pollutant in water by advanced oxidation hybrid processes[END_REF][START_REF] Madhavan | Combined advanced oxidation processes for the synergistic degradation of ibuprofen in aqueous environments[END_REF][START_REF] Madhavan | Sonophotocatalytic degradation of monocrotopos usingh TiO2 and Fe3+[END_REF][START_REF] Chakma | Investigations in synergism of hybrid advanced oxidation processes with combinations of sonolysis + Fenton process + UV for degradation of bisphenol A[END_REF]. In addition, it worth noting that only two studies applied external H 2 O 2 addition, because most of the studies were performed under high frequency ultrasound (200-300 kHz). [START_REF] Méndez-Arriaga | Mineralization enhancement of a recalcitrant pharmaceutical pollutant in water by advanced oxidation hybrid processes[END_REF] Pollutant: ibuprofen 0.039 mM; catalyst: FeSO 4 0.1 g/L Fe(II); [H 2 O 2 ] = 2.5 µmol/(L.min) (in-situ); T = 25°C; pH = 3; f US = 300 kHz; P US = 47* W; I US = 3.7 W/cm 2 ; D US = 78 W/L; Xenon arc lamp X pol > 90% in 60 min, X COD = 55% in 240 min. The addition of ultrasound to photo-Fenton process did not improve ibuprofen degradation because Fenton-like reaction is probably favored. Madhavan and coworkers (2010) [START_REF] Madhavan | Combined advanced oxidation processes for the synergistic degradation of ibuprofen in aqueous environments[END_REF] Pollutant: ibuprofen 0.09 mM; catalyst: Fe(NO 3 ) 3 0.05 mM Fe(III); T = 20°C ; pH = 2,7; f US = 213 kHz; P US = 13.75 W*; I US = 0.6 W/cm 2 ; D US = 55 W/L; P (U)V = 450 W; Xenon arc lamp X pol = 100% in 60 min, X TOC = 70% in 240 min. Combination of photo-Fenton-like oxidation and US showed a slight improvement for ibuprofen conversion.

Madhavan

and coworkers (2010) [START_REF] Madhavan | Sonophotocatalytic degradation of monocrotopos usingh TiO2 and Fe3+[END_REF] Pollutant: monocrotophos 0.12 mM; catalyst: Fe(NO 3 ) 3 0.025 mM Fe(III); T = 25°C ; pH = 2.7; f US = 213 kHz; P US = 13.75 W*; I US = 0.6 W/cm 2 ; D US = 55 W/L; P (U)V = 450 W; Xenon arc lamp X pol = 100% in 40 min, X TOC = 51% in 180 min. Performance of photo-Fenton-like oxidation was not improved by sonication.

Madhavan

and coworkers (2010) [START_REF] Madhavan | Degradation of acid red 88 by the combination of sonolysis and photocatalysis[END_REF] Pollutant: Acid red 88 0.09 mM; catalyst: Fe(NO 3 ) 3 0.05 mM Fe(III); T = 25°C ; pH = 2,7; f US = 213 kHz; P US = 13.75 W*; I US = 0.6 W/cm 2 ; D US = 55 W/L; P (U)V = 450 W; Xenon arc lamp X TOC = 40% in 240 min. Synergistic interaction between sono-Fenton and visible light irradiation was observed in the degradation and mineralization of AR88.

Katsumata

and coworkers (2011) [START_REF] Katsumata | Degradation of linuron by ultrasound combined with photo-Fenton treatment[END_REF] Pollutant: linuron 0.04 mM; catalyst: FeSO 4 0.12 mM Fe(II); T = 25°C ; pH = 3; f US = 200 kHz; P US = 100 W; Light intensity = 2 mW/cm 2 ; λ UV = 320 -410 nm X pol = 100% in 20 min, X TOC = 100% in 120 min. Sono-photo-Fenton process exhibited higher degradation and mineralization rates than photolysis and sono-Fenton oxidation, but the degradation efficiency was strongly affected by pH and catalyst concentration. Xu and coworkers (2013) [START_REF] Xu | Degradation of di-n-butyl phthalate by a homogeneous sono-photo-Fenton process with in-situ generated hydrogen peroxide[END_REF] Pollutant: n-butyl phthalate 0.01 mM; catalyst: FeSO 4 0.1 mM Fe(II); T = 24°C pH = 2; f US = 400 kHz; P US = 7.5 W*; D US = 30 W/L, λ UV = 254 nm (1.72 x 10 -6 E/(L.s))

X pol = 100% in 120 min. Synergistic effects were observed in sonophoto-Fenton process, due to the enhanced generation of hydroxyl radicals. Madhavan and coworkers (2013) [START_REF] Madhavan | Sonophotocatalytic degradation of paracetamol using TiO2 and Fe3+[END_REF] Pollutant: paracetamol (P) 0. *US power measured by calorimetric, ** Specific information not available X pol refers to the conversion of pollutant, X TOC to the conversion of total organic carbon (mineralization yield)

On the other hand, the combined heterogeneous process has been scarcely studied (table 1.13). Segura et al. [START_REF] Segura | Integrated heterogeneous sono-photo Fenton processes for the degradation of phenolic aqueous solutions[END_REF] compared sono-photo-Fenton with sono-and photo-Fenton oxidation and reported that it was superior to these processes, only if it was applied as sequential process (sono-Fenton followed by photo-Fenton). When both processes were performed simultaneously, photo-Fenton mechanism was dominant. However, a firm conclusion cannot be drawn due to the increase of temperature during photo-Fenton process (temperature not controlled) and higher iron leaching concentration (up to 4 mg/L). Likewise, Zhong et al [START_REF] Zhong | Mesoporous silica iron-doped as stable and efficient heterogeneous catalyst for the degradation of C.I. Acid Orange 7 using sono-photo-Fenton process[END_REF] also observed an additive effect for removal of acid orange 7 by sonophoto-Fenton oxidation (sum of sono-Fenton and photo-Fenton contributions).

EFFECT OF OPERATING PARAMETERS IN (SONO-)(PHOTO-)FENTON PROCESSES 1.7.1. Hydrogen peroxide concentration

A higher H 2 O 2 dosage than the theoretical stoichiometric amount (1.5 to 5 times) is usually required to achieve high mineralization yields due to the presence of inorganic ions that react with hydroxyl radicals [START_REF] Velichkova | Heterogeneous Fenton oxidation of paracetamol using iron oxide (nano)particles[END_REF][START_REF] Cihanoğlu | Degradation of acetic acid by heterogeneous Fenton-like oxidation over iron-containing ZSM-5 zeolites[END_REF][START_REF] Segura | Integrated heterogeneous sono-photo Fenton processes for the degradation of phenolic aqueous solutions[END_REF][START_REF] Sirtori | Solar photo-Fenton degradation of nalidixic acid in waters and wastewaters of different composition. Analytical assessment by LC-TOF-MS[END_REF]. Generally, the degradation rate of organic compounds increases with an increase in initial H 2 O 2 concentration until an optimum value is reached, after which it decreases mainly due to scavenging of  OH by excess H 2 O 2 [START_REF] Cihanoğlu | Degradation of acetic acid by heterogeneous Fenton-like oxidation over iron-containing ZSM-5 zeolites[END_REF][START_REF] Huang | Heterogeneous sono-Fenton catalytic degradation of bisphenol A by Fe3O4 magnetic nanoparticles under neutral condition[END_REF][START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF][START_REF] Segura | Zero valent iron (ZVI) mediated Fenton degradation of industrial wastewater: Treatment performance and characterization of final composites[END_REF]. Indeed, at high H dosage should be preferred because an excessive H 2 O 2 dosage would increase the treatment cost and be harmful for the microorganisms [START_REF] Wang | A review on Fenton-like processes for organic wastewater treatment[END_REF][START_REF] Yoon | Kinetic study for phenol degradation by ZVI-assisted Fenton reaction and related iron corrosion investigated by X-ray absorption spectroscopy[END_REF].

Effect of iron catalyst concentration

Degradation rate of organic compounds first increases with an increase in (homogeneous or heterogeneous) iron catalyst. However, beyond an optimum value, the degradation efficiency reaches a plateau [START_REF] Babuponnusami | A review on Fenton and improvements to the Fenton process for wastewater treatment[END_REF][START_REF] Wang | A review on Fenton-like processes for organic wastewater treatment[END_REF].

In the homogeneous Fenton oxidation, the optimum iron concentration corresponds to a ] molar ratio between 10 to 50 [START_REF] Kusić | Fe-exchanged zeolite as the effective REFERENCES 232 heterogeneous Fenton-type catalyst for the organic pollutant minimization: UV irradiation assistance[END_REF][START_REF] Dükkancı | The sonochemical decolourisation of textile azo dye Orange II: effects of Fenton type reagents and UV light[END_REF][START_REF] Duesterberg | pH Effects on Iron-Catalyzed Oxidation using Fenton's Reagent[END_REF][START_REF] Pérez | Fenton and photo-Fenton oxidation of textile effluents[END_REF][START_REF] Elmolla | Optimization of Fenton process for treatment of amoxicillin, ampicillin and cloxacillin antibiotics in aqueous solution[END_REF][START_REF] Saghafinia | Performances Evaluation of Photo-Fenton Process and Sonolysis for the Treatment of Penicillin G Formulation Effluent[END_REF] and this ratio can be much higher up to 400 if dealing with real and concentrated wastewater [START_REF] Bauer | The Photo-Fenton Oxidation ---A cheap and efficient wastewater treatment method[END_REF]. According to Koprivana and Kusic [START_REF] Koprivanac | AOP as an Effective tool for the Minimization of Hazardous Organic Pollutants in Colored Wastewater; Chemical and Photochemical Processes[END_REF], the minimal concentration of Fe 2+ or Fe 3+ required for Fenton reaction is in the range 3 -15 mg/L (0.05 -0.3 mM). On the other hand, excessive iron concentration would increase the process cost due to the subsequent iron precipitation required to lower its concentration below the discharge limit (2 mg/L in EU [188]), the management of generated iron sludge and the uneasy catalyst recovery [START_REF] Wang | A review on Fenton-like processes for organic wastewater treatment[END_REF].

[H 2 O 2 ] / [Fe
The same criteria ([H 2 O 2 ] / [Fe] ratio or minimal iron concentration) are not easily applied to the heterogeneous process, as only a fraction of immobilized iron is in fact accessible. Solid catalyst concentrations ranging from 0.2 to 5 g/L have been used in previous studies using Fe-ZSM5 catalyst [START_REF] Gonzalez-Olmos | Indications of the reactive species in a heterogeneous Fenton-like reaction using Fe-containing zeolites[END_REF][START_REF] Kusić | Fe-exchanged zeolite as the effective REFERENCES 232 heterogeneous Fenton-type catalyst for the organic pollutant minimization: UV irradiation assistance[END_REF][START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF][START_REF] Cihanoğlu | Degradation of acetic acid by heterogeneous Fenton-like oxidation over iron-containing ZSM-5 zeolites[END_REF][START_REF] Kasiri | Degradation of Acid Blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-Fenton catalyst[END_REF][START_REF] Velichkova | Vers un procédé Fenton hétérogène pour le traitement en continu d'eau polluée par des polluants pharmaceutiques[END_REF], but values up to 25 -70 g/L have been also reported [START_REF] Makhotkina | Catalytic detoxification of 1,1dimethylhydrazine aqueous solutions in heterogeneous Fenton system[END_REF][START_REF] Gonzalez-Olmos | Fe-zeolites as catalysts for chemical oxidation of MTBE in water with H2O2[END_REF]. Indeed, the associated operating cost is now only related to catalyst separation/retention (by membrane filtration for instance) and catalyst stability.

Note that, in heterogeneous (sono-)(photo-)Fenton process, low concentration of solid catalyst should be preferred (< 2 g/L) to limit light and sound wave scattering/attenuation [START_REF] Goel | Sonochemical decomposition of volatile and non-volatile organic compounds-a comparative study[END_REF][START_REF] Iurascu | Phenol degradation in water through a heterogeneous photo-Fenton process catalyzed by Fe-treated laponite[END_REF][START_REF] Feng | Discoloration and mineralization of Reactive Red HE-3B by heterogeneous photo-Fenton reaction[END_REF][START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF][START_REF] Gogate | Treatment of wastewater streams containing phenolic compounds using hybrid techniques based on cavitation: a review of the current status and the way forward[END_REF].

Effect of temperature

Based on Arrhenius law, it is expected that an increase in temperature leads to a faster generation of hydroxyl radicals by the Fenton reaction. However several studies reported an optimal value (about 40°C), due to the concomitant accelerated decomposition of H 2 O 2 into oxygen and water [START_REF] Babuponnusami | A review on Fenton and improvements to the Fenton process for wastewater treatment[END_REF][START_REF] Dükkanci | Heterogeneous Fenton-like degradation of Rhodamine 6G in water using CuFeZSM-5 zeolite catalyst prepared by hydrothermal synthesis[END_REF].

Compared to Fenton, effect of temperature was found to be marginal in homogeneous photo-Fenton oxidation [START_REF] Pérez | Fenton and photo-Fenton oxidation of textile effluents[END_REF]. Regarding ultrasound mediated processes, too high temperature could be detrimental because it increases the amount of vapor in cavitation bubbles cushioning their implosion, and it also results into a higher number of bubbles attenuating ultrasound propagation [START_REF] Mason | Applied Sonochemistry: Uses of Power Ultrasound in Chemistry and Processing[END_REF][START_REF] Darsinou | Sonoactivated persulfate oxidation of bisphenol A: Kinetics, pathways and the controversial role of temperature[END_REF]. Therefore, the effect of temperature in combined (sono-)(photo-)Fenton processes has been rarely studied and the set temperature is typically around 20 -25°C (see tables 1.8 -1.11).

It should be finally noted that high temperature may affect the stability of heterogeneous iron catalyst by increasing metal leaching [START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF].

Effect of pH

Besides catalyst recovery, heterogeneous Fenton reaction was also developed to overcome the classical problem of narrow pH range (pH=2-4) in homogeneous Fenton reaction. However, most of the studies using solid catalystin Fenton [START_REF] Velichkova | Heterogeneous Fenton oxidation of paracetamol using iron oxide (nano)particles[END_REF][START_REF] Zhou | Oxidation of 4-chlorophenol in a heterogeneous zero valent iron/H2O2 Fenton-like system: Kinetic, pathway and effect factors[END_REF][START_REF] Cihanoğlu | Degradation of acetic acid by heterogeneous Fenton-like oxidation over iron-containing ZSM-5 zeolites[END_REF][START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF][START_REF] Gonzalez-Olmos | Fe-zeolites as catalysts for chemical oxidation of MTBE in water with H2O2[END_REF],

sono-Fenton [START_REF] Zhang | Degradation of CI Acid Orange 7 by ultrasound enhanced heterogeneous Fenton-like process[END_REF][START_REF] Bremner | Mineralisation of 2,4dichlorophenoxyacetic acid by acoustic or hydrodynamic cavitation in conjunction with the advanced Fenton process[END_REF], photo-Fenton [START_REF] Kusić | Fe-exchanged zeolite as the effective REFERENCES 232 heterogeneous Fenton-type catalyst for the organic pollutant minimization: UV irradiation assistance[END_REF][START_REF] Kasiri | Degradation of Acid Blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-Fenton catalyst[END_REF][START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF] and sono-photo-Fenton [START_REF] Segura | Integrated heterogeneous sono-photo Fenton processes for the degradation of phenolic aqueous solutions[END_REF][START_REF] Zhong | Mesoporous silica iron-doped as stable and efficient heterogeneous catalyst for the degradation of C.I. Acid Orange 7 using sono-photo-Fenton process[END_REF] oxidationstill work at low pH values (2 to 5). Only a few works report good results at circumneutral pH (6 -7) [START_REF] Pham | A silica-supported iron oxide catalyst capable of activating hydrogen peroxide at neutral pH values[END_REF][START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF][START_REF] Gonzalez-Olmos | Fe-zeolites as catalysts for chemical oxidation of MTBE in water with H2O2[END_REF][START_REF] Rusevova | Nano-sized magnetic iron oxides as catalysts for heterogeneous Fenton-like reactions-Influence of Fe(II)/Fe(III) ratio on catalytic performance[END_REF]. In heterogeneous Fenton, acidic pH may be important if the main mechanism of degradation is through leached iron (homogeneous Fenton process), like observed for instance with ZVI catalyst [START_REF] Zha | Nanoscale zero-valent iron as a catalyst for heterogeneous Fenton oxidation of amoxicillin[END_REF].

Basically, the efficacy of Fenton reaction is reduced at both high and low pH [START_REF] Babuponnusami | A review on Fenton and improvements to the Fenton process for wastewater treatment[END_REF]. At high pH, the oxidation potential of hydroxyl radicals decreases and H 2 O 2 is decomposed into HO 2 -or H 2 O and O 2 [START_REF] Kasiri | Degradation of Acid Blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-Fenton catalyst[END_REF][START_REF] Szpyrkowicz | A Comparative study on oxidation of disperse dyes by electrochemical process, ozone, hypochlorite and fenton reagent[END_REF][START_REF] Wang | Removal of chlorpheniramine in a nanoscale zero-valent iron induced heterogeneous Fenton system: Influencing factors and degradation intermediates[END_REF]. Low degradation rate at high pH (> 4) can also be explained by the formation of selective oxidants, such as ferryl ions (FeO 2+ ) [START_REF] He | Interfacial mechanisms of heterogeneous Fenton reactions catalyzed by iron-based materials: A review[END_REF][START_REF] Wang | Removal of chlorpheniramine in a nanoscale zero-valent iron induced heterogeneous Fenton system: Influencing factors and degradation intermediates[END_REF]. On the other hand, at low pH (below 3), iron active species may be converted into iron complexes which react more slowly with hydrogen peroxide [START_REF] Xu | Degradation of melatonin by UV, UV/H2O2, Fe2+/H2O2 and UV/Fe2+/H2O2 processes[END_REF]. Moreover, at pH  2,  OH can be scavenged by H + and H 2 O 2 can be stabilized through the formation of oxonimum ion (H 3 O 2 + ), reducing its reactivity with ferrous species, and thus decreasing the process efficiency [START_REF] Wang | A review on Fenton-like processes for organic wastewater treatment[END_REF][START_REF] Kwon | Characteristics of p-chlorophenol oxidation by Fenton's reagent[END_REF]. Therefore, the optimum pH of homogeneous Fenton reaction is usually around 3.

It is also worth noting that iron leaching from heterogeneous catalyst is favored at low pH. In addition, pH may evolve during the reaction due to H 2 O 2 depletion [START_REF] Segura | Zero valent iron (ZVI) mediated Fenton degradation of industrial wastewater: Treatment performance and characterization of final composites[END_REF] and formation of acidic intermediates [START_REF] Kavitha | The role of ferrous ion in Fenton and photo-Fenton processes for the degradation of phenol[END_REF][START_REF] Papoutsakis | Coupling between high-frequency ultrasound and solar photo-Fenton at pilot scale for the treatment of organic contaminants: an initial approach[END_REF].

Several researchers investigated the effect of initial pH in heterogeneous Fenton reaction and observed contrasted trends. [START_REF] Cihanoğlu | Degradation of acetic acid by heterogeneous Fenton-like oxidation over iron-containing ZSM-5 zeolites[END_REF] found that a pH increase from 4 to 7 in Fe-ZSM5 catalyzed Fenton oxidation of acetic acid reduced COD conversion after 120 min from 50% to 20% [START_REF] Cihanoğlu | Degradation of acetic acid by heterogeneous Fenton-like oxidation over iron-containing ZSM-5 zeolites[END_REF]. [START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF] also reported a decrease of azo dye removal (from 70% to 20%) when the initial pH was increased from 2 to 4 [START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF]. On the contrary, Aleksić et al. ( 2010) and [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF] reported that Fe-ZSM5 activity was not sensitive to pH and could work well in mildly acidic conditions (pH=4-6) [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF][START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF]. A plausible explanation lies in the acidic property of Fe-ZSM5 [START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF][START_REF] Weitkamp | Zeolite and catalysis[END_REF] and/or the existence of an interaction between the positively charged iron ions and negatively charged zeolite framework that prevents or postpones the formation of stable iron hydro-complexes as pH approaches neutral value [START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF].

Regarding sonochemical process, degradation of organic compounds is improved if pH < pKa because in its molecular form the molecule can be vaporized into the cavitation bubbles and both thermal cleavage and oxidation with  OH radicals can occur [START_REF] Méndez-Arriaga | Ultrasonic treatment of water contaminated with ibuprofen[END_REF][START_REF] Darsinou | Sonoactivated persulfate oxidation of bisphenol A: Kinetics, pathways and the controversial role of temperature[END_REF][START_REF] Adewuyi | Sonochemistry in Environmental Remediation. 2. Heterogeneous Sonophotocatalytic Oxidation Processes for the Treatment of Pollutants in Water[END_REF].

On the other hand, the effect of direct photolysis is more pronounced at alkali pH since deprotonated species are less stable under light irradiation [START_REF] Burrows | Reaction pathways and mechanisms of photodegradation of pesticides[END_REF][START_REF] Iovino | Degradation of Ibuprofen in Aqueous Solution with UV Light: the Effect of Reactor Volume and pH, Water, Air[END_REF].

Regarding heterogeneous sono-photo-Fenton process, we can cite the work of Zhong et al. ( 2011) which investigated pH effect on the degradation of acid orange 7 using mesoporous iron-containing silica (Fe 2 O 3 /SBA-15): the increase of initial pH from 3 to 5 led to the reduction of removal efficiency from 65% to 40% [START_REF] Zhong | Mesoporous silica iron-doped as stable and efficient heterogeneous catalyst for the degradation of C.I. Acid Orange 7 using sono-photo-Fenton process[END_REF].

Effect of initial concentration of pollutant

The degradation rate usually decreases when increasing the initial concentration of the pollutant (other conditions remaining the same) due to an insufficient number of hydroxyl radicals [START_REF] Cihanoğlu | Degradation of acetic acid by heterogeneous Fenton-like oxidation over iron-containing ZSM-5 zeolites[END_REF][START_REF] Wang | Removal of chlorpheniramine in a nanoscale zero-valent iron induced heterogeneous Fenton system: Influencing factors and degradation intermediates[END_REF][START_REF] Gomathi Devi | Photo degradation of methyl orange an azo dye by advanced Fenton process using zero valent metallic iron: influence of various reaction parameters and its degradation mechanism[END_REF]. At high concentration, the pollutant may also occupy iron active sites on the catalyst surface to the detriment of H 2 O 2 , resulting in less  OH generation [START_REF] Wang | Removal of chlorpheniramine in a nanoscale zero-valent iron induced heterogeneous Fenton system: Influencing factors and degradation intermediates[END_REF].

Furthermore, along with temperature, pH and H 2 O 2 concentration, initial pollutant concentration can influence the complex mechanism of iron leaching [START_REF] Najjar | Catalytic wet peroxide photo-oxidation of phenolic olive oil mill wastewater contaminants[END_REF].

Effect of dissolved gas

Dissolved oxygen in solution can react with organic radicals (R  ) to form organic peroxyl radicals (ROO  ) and organic peroxides (ROOH). These radicals can participate to the degradation process as secondary oxidants. [START_REF] Segura | Zero valent iron (ZVI) mediated Fenton degradation of industrial wastewater: Treatment performance and characterization of final composites[END_REF] showed that air injection ( 5L/min) can improve TOC removal in heterogeneous Fenton process by up to 17% [START_REF] Segura | Zero valent iron (ZVI) mediated Fenton degradation of industrial wastewater: Treatment performance and characterization of final composites[END_REF].

Furthermore, dissolved oxygen reacts with H  and  OH, and thereby prevents their loss by termination reactions Likewise, high O 2 concentration disfavors  OOH recombination [START_REF] Chakma | Investigations in synergism of hybrid advanced oxidation processes with combinations of sonolysis + Fenton process + UV for degradation of bisphenol A[END_REF][START_REF] Sivasankar | Mechanistic approach to intensification of sonochemical degradation of phenol[END_REF]:

 OH + O 2 ↔  O +  OOH (R.1.56) H  + O 2 ↔  OOH (  O +  OH) (R.1.57) H 2 O 2 + O 2 ↔ 2  OOH (R.1.58)
Gases affect differently sonochemical reactions depending on their thermodynamic properties. For instance, Gültekin and Ince observed that sonolysis of biphenol A under argon was slightly faster than under oxygen, which could be ascribed to its higher polytropic ratio and low conductivity, favoring higher collapse temperatures [START_REF] Neppiras | Acoustic cavitation[END_REF]. Regarding photolysis, injection of nitrogen could be detrimental by inhibiting the formation of reactive oxygenated

species ( 1 O 2 , O 2 -
,  OH) by photo-sensitization reactions (R.1.44 -R.1.48), as observed for the photodegradation of ibuprofen [START_REF] Szabó | Phototransformation of ibuprofen and ketoprofen in aqueous solutions[END_REF].

Effect of ultrasound power and frequency

The effect of ultrasound power in homogeneous sono-Fenton process has been scarcely investigated. Siddique et al [START_REF] Siddique | Synergistic effects of combining ultrasound with the Fenton process in the degradation of Reactive Blue 19[END_REF] reported that dye sono-oxidation (at 20 kHz) increased from 60% to 75% by increasing ultrasonic intensity from 4 W/cm 2 (40 W/L) to 8 W/cm 2 (80 W/L).

The authors attributed this enhancement to better mixing and improved hydroxyl radical generation by ultrasound.

In heterogeneous system, similar results have been reported: degradation yield increased by increasing ultrasound power [START_REF] Neppolian | Effect of Fenton-like oxidation on enhanced oxidative degradation of para-chlorobenzoic acid by ultrasonic irradiation[END_REF][START_REF] Khataee | Heterogeneous sono-Fenton process using pyrite nanorods prepared by non-thermal plasma for degradation of an anthraquinone dye[END_REF][START_REF] Weng | Application of Fe0 aggregate in ultrasound enhanced advanced Fenton process for decolorization of methylene blue[END_REF] and optimum value was rarely observed [START_REF] Weng | Application of Fe0 aggregate in ultrasound enhanced advanced Fenton process for decolorization of methylene blue[END_REF]. This trend was explained by more hydroxyl radicals generated from water sonolysis [START_REF] Khataee | Heterogeneous sono-Fenton process using pyrite nanorods prepared by non-thermal plasma for degradation of an anthraquinone dye[END_REF] and more intense mixing [START_REF] Neppolian | Effect of Fenton-like oxidation on enhanced oxidative degradation of para-chlorobenzoic acid by ultrasonic irradiation[END_REF]. Note, however, that these explanations were not supported by study of sole sonolysis and activity of iron leached was not investigated.

Effect of US frequency on sono-Fenton reaction, particularly on decomposition of Fe-OOH 2+ iron complex into Fe 2+ and  OOH (R.1.37), is not well-known. Bremner et al [START_REF] Bremner | Degradation of phenolic aqueous solutions by high frequency sono-Fenton systems (US-Fe2O3/SBA-15-H2O2)[END_REF] varied US frequency between 20 and 1142 kHz and found that 584 kHz should be preferred for heterogeneous sono-Fenton oxidation of phenol over Fe 2 O 3 /SBA catalyst.

Effect of lamp type (wavelength) and power

Various lamp types have been used by researchers to study photo-Fenton and sonophoto-Fenton oxidation processes: low pressure mercury vapor (LP Hg) lamp [START_REF] Torres | Bisphenol A mineralization by integrated ultrasound-UV-iron (II) treatment[END_REF][START_REF] Shemer | Degradation of the pharmaceutical metronidazole via UV, Fenton and photo-Fenton processes[END_REF],

medium pressure mercury vapor (MP Hg) lamp [START_REF] Kusić | Fe-exchanged zeolite as the effective REFERENCES 232 heterogeneous Fenton-type catalyst for the organic pollutant minimization: UV irradiation assistance[END_REF][START_REF] Nichela | Iron cycling during the autocatalytic decomposition of benzoic acid derivatives by Fenton-like and photo-Fenton techniques[END_REF][START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF], halogen lamp [START_REF] Tomašević | Study on the photocatalytic degradation of insecticide methomyl in water[END_REF], black light blue (BLB) lamp [START_REF] Lee | Temperature dependence of hydroxyl radical formation in the hv/Fe3+/H2O2 and Fe3+/H2O2 systems[END_REF] and xenon Arc (Xe) lamp [START_REF] Méndez-Arriaga | Degradation of the emerging contaminant ibuprofen in water by photo-Fenton[END_REF][START_REF] Méndez-Arriaga | Mineralization enhancement of a recalcitrant pharmaceutical pollutant in water by advanced oxidation hybrid processes[END_REF][START_REF] Madhavan | Combined advanced oxidation processes for the synergistic degradation of ibuprofen in aqueous environments[END_REF][START_REF] Gonzalez-Olmos | Fezeolites as heterogeneous catalysts in solar Fenton-like reactions at neutral pH[END_REF][START_REF] Madhavan | Sonophotocatalytic degradation of paracetamol using TiO2 and Fe3+[END_REF][START_REF] Pérez | Fenton and photo-Fenton oxidation of textile effluents[END_REF]. Among them, LP Among them, MP Hg lamp is the most effective since it covers a wide range of wavelengths (λ=200-600 nm), but it is more expensive compared to the other lamps. LP Hg lamp (λ=254 nm) is also interesting due to its low cost, efficiency for H 2 O 2 decomposition and ability to initiate photo-reduction of ferric to ferrous iron. Xenon arc lamp (λ=300-800 nm) may be not as effective as MP and LP Hg lamps, but it can be used to assess the efficiency of a solar process since it mimics sunlight irradiation.

Increase of irradiation power is generally followed by an increase in the catalytic activity, due to faster photo-reduction of Fe (III) to Fe(II) [START_REF] Feng | Discoloration and mineralization of Reactive Red HE-3B by heterogeneous photo-Fenton reaction[END_REF].

CONCLUSION

Complete removal and mineralization of pharmaceuticals are still a major challenge in conventional water treatment processes. On the other hand, this literature review showed that advanced oxidation (AOPs) processes are very promising techniques for the remediation of refractory organic compounds in water, such as pharmaceuticals. Among them, ibuprofen was chosen as model molecule due to its regular presence in aquatic environment and potential environmental risks. To eliminate ibuprofen, both homogeneous and heterogeneous Fenton processes were evaluated. However, drawbacks associated to each process, such as uneasy regeneration of ferrous ion and use of dissolved iron concentrations well above the discharge limit for homogeneous system or lower reaction rates for heterogeneous system, encourage more developments by coupling processes. Indeed, despite of the limited oxidation capacity of sole ultraviolet/visible and ultrasound irradiation, it was demonstrated that these processes can be used to (re)activate Fenton reaction, mainly by improving the regeneration of ferric to ferrous iron species.

Notwithstanding, more information is actually needed, especially concerning Prior to result report and discussion, next chapter details analytical methods and equipment, as well as experimental set-up and procedures.

CHAPTER 2 METHODS AND MATERIALS

This chapter presents the methods and materials involved in this study. The first part of this chapter is dedicated to the analytical methods used for the characterization of liquid samples and heterogeneous catalysts. Then properties of chemicals and catalysts are provided. Finally, the experimental apparatus and procedures applied for investigating AOPs are described. IBP stock solution was prepared by dissolving 40 mg of IBP powder in 2 L of distillated water and stirred for 14 hours using a magnetic stirrer (600 rpm) at 25°C to ensure complete powder dissolution. Complete dissolution was confirmed by comparison to the peak area obtained when IBP solution was prepared in acetonitrile. Before each analysis, five standard solutions were prepared to calibrate the machine, with concentration ranging from 2 to 20 mg/L (example of calibration curve can be found in appendix: figure II). Analysis of standard solution was duplicated, showing a coefficient of variation lower that 2%.

ANALYTICAL METHODS

Analysis of liquid phase

Detail of HPLC separation method is given in table 2.1. Acetonitrile (Scharlau, Ref.

AC03334000) and ultrapure water acidified with phosphoric acid (Sigma-Aldrich, Ref.

79606) were chosen as eluents due to their low absorption in UVC region. Acidification of water eluent (pH = 2.3) prevented ionization of ibuprofen (pKa = 4.9) during the analysis so as to improve reproducibility and resolution of the method. According to the absorption spectrum of ibuprofen (see figure 2.8) exhibiting a maximum at 222 nm, this wavelength was chosen for pollutant monitoring. A temperature of 40°C was set to improve the separation between the pollutant and its degradation intermediates, especially to prevent co-elution between ibuprofen and 4-isobutylacetophenone (see appendix: figure I). Limits of detection and quantification of ibuprofen with this method were 10 µg/L and 30 µg/L, respectively. Spectrometry (HPLC/MS) was used as complementary analysis in order to identify the reaction intermediates (degradation products) formed during the different oxidation processes. In the MS detector, the injected compounds are vaporized, ionized and undergo fragmentation. The fragmented ions are separated according to their mass-to-charge ratio (m/z). These analyses were carried out using a liquid chromatograph (ACCELA LC, Thermo scientific Inc.) working in tandem with a mass spectrometer (Exactive™ Plus Orbitrap Mass Spectrometer, Thermo scientific Inc.) in positive and negative ion modes. This HPLC machine was also equipped with diode array detector in order to detect non-ionizable compounds. The applied method and schematic diagram of MS system are depicted in table Theoretical TOC concentration of prepared solutions ([TOC] theo in mg/L) was calculated by the following equation: 2.4. This method allows the measurement of hydrogen peroxide concentration between 0.01 and 3 mM (0.34 -102 mg/L), the detection limit being 0.003 mM (0.1 mg/L). For higher concentration ranges, a smaller sample volume was taken and diluted with distillated water before treatment and analysis.

[TOC] theo = n C x M C x [Molecule] M Molecule (E.2.
The result of H 2 O 2 analysis was expressed in either residual (remaining) concentration (in mM) or in percentage consumption.(%). 

Gas porosimetry

Gas porosimetry was used to determine the specific surface area of the solid catalyst.

The measurement is based on the physical adsorption of a gas (nitrogen, argon or helium) on the surface of a solid material, which depends upon temperature and pressure.

Prior to the analysis, the solid samples were degassed at 200°C during 2 h. The adsorption isotherm (or quantity of gas adsorbed as a function of pressure) was then measured at the temperature of liquid nitrogen (77 K), and the specific surface area was determined by calculating the amount of adsorbed gas corresponding to a monomolecular layer (Brunauer, Emmet and Teller, or BET equation). Furthermore, gas porosimetry also gave access to mesoporous and microporous volumes by application of Barrett-Joyner-Halenda (BJH) and Horvath-Kawazoe (HK) models, respectively.

This analysis was carried out by Gwenaëlle Raimbeaux using an ASAP 2010 M porosimeter (Micromeritics Instrument Corporation) at SAP, LGC Toulouse. Note that caution must be taken on the interpretation of such measurement for Fe/zeolite, as Fe 2+ ions (resulting from the preliminary reduction of ionic iron species) also chemisorb CO [START_REF] Marchetti | Study of the Fe/Zeolite-L system Part II: CO and H2 chemisorption behavior[END_REF]. Therefore room temperature (RT) 57 Fe Mössbauer spectroscopy of Fe/MFI was performed on a WissEl spectrometer to investigate iron oxidation state and quantify the amount of isolated ionic species. It showed mainly hematite and a very low amount of Fe 3+ ions in octahedral coordination (7%) [START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF], whose contribution to CO chemisorption was neglected.

CO chemisorption was carried out by Pascale Mascunan at Institut de Recherches sur la

Catalyse et l'Environnement de Lyon (IRCELyon), Villeurbanne.

Identification of the pH at the point of zero charge

The pH at the point of zero charge (pH pzc ) is the pH at which a solid surface immersed in an electrolyte solution has a net neutral charge. When the pH of the solution is below pH pzc , the solid surface is positively charged, thus promoting the adsorption of organic compounds in ionic form. Conversely, at a pH value above pH pzc , the catalyst surface is negatively charged and repels anions.

pH pzc value was measured by mass titration method [START_REF] Noh | Estimation of the point of zero charge of simple oxides by mass titration[END_REF]. Several suspensions with concentrations of solid catalyst ranging from 2 and 14 g/L were prepared in distilled water and bubbled with nitrogen. Then the suspensions were agitated during 24 h and filtered before measuring the pH (Model C861 pH-meter, Consort). Beyond a certain concentration of solid, the contact pH reached a plateau corresponding to the pH at the point of zero charge.

Carbon trace analysis

Carbon traces analysis was performed to determine the (residual) organic amount adsorbed on Fe-ZSM5 catalyst, so that to calculate the global mineralization yield (TOC removal in both solid and liquid phases). At the end of heterogeneous reaction, the suspension was filtered through a nitrocellulose membrane filter with 0.22 µm pore size (GSWP, Merck Millipore) and the collected solid was dried at 70°C during 24 h. About 400 mg of dried sample was subjected to combustion at 1350°C, in the presence of oxygen. The formed carbon dioxide was detected using an infrared detector (SC144, LECO, dosing range from 50 ppm to 10% of C).

This analysis was carried out by Patrick Jame at Institut des Sciences Analytiques (ISA), Villeurbanne.

CHEMICALS AND CATALYSTS

Considering that our objective was to develop and evaluate the efficiency of a hybrid wastewater treatment process, synthetic wastewater (ibuprofen solution) has been used in almost all experiments (unless otherwise stated) in order to avoid delicate sample analysis and interferences that may arise from real pharmaceutical wastewaters. All reagents and catalysts used in this study were analytically grade and used as received unless otherwise specified.

Ibuprofen

Classed in the World Health Organization's (WHO) model list of essential medicines for pain and palliative care, ibuprofen ((2-(4-isobutylphenyl)propionic acid) -marketed as Advil, Brufen, Motrin, Nurofen, etc-is a non-steroidal anti-inflammatory drug (NSAID) used for relieving pain, alleviating fever, reducing inflammation and osteoarthritis. The recommended dosage of ibuprofen as a pain reliever is 200 to 400 mg and as an antirheumatic for adults from 1.2 to 3.2 g/day in separate doses [START_REF] Basf | Ibuprofen 38 -Technical information[END_REF].

Ibuprofen was purchased from BASF Corporation (Ref. 30076128, purity 99.9%).

Physicochemical properties and UV absorption spectrum of ibuprofen are given in table 2.4 figure 2.7 and 2.8, respectively. As mentioned previously in chapter 1, concentration of ibuprofen (IBP) in the water bodies of the environment is usually of tens ng/L to tens μg/L. However considering that application of AOPs is more economical for high contaminant loadings (and small volumes) [START_REF] Miralles-Cuevas | Combined nanofiltration and photo-Fenton treatment of water containing micropollutants[END_REF][START_REF] Andreozzi | Advanced oxidation processes (AOP) for water purification and recovery[END_REF], as well as to facilitate the analytical aspects, 20 mg/L (0.097 mM) of IBP was used as initial concentration. According to SEM analysis, Fe-MFI particles consisted in agglomerates of micronic grains (figures 2.11A and 2.11B). Laser diffraction analysis showed a narrow size distribution of the suspended particles (mainly between 1 -20 µm), with volume mean diameter (d 43 ) of 7.9 µm (figure 2.12). EDX analysis (figure 2.11C) shows a "surface" iron content of 3.1+0.9 wt%, almost same as the bulk content, and confirms a homogeneous distribution of the metal within the particles. Iron can be located either in the framework of the zeolite or in the form of cations at the exchange sites in the channels, or in the form of oxide nanoparticles [START_REF] Fechete | The past, present and future of heterogeneous catalysis[END_REF]. As abovementioned (cf. § 2.1.2.5), iron is mainly present as hematite phase and to a much lesser extent as Fe 3+ ions according to Mössbauer 
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EXPERIMENTAL SETUP

Three types of sono-photochemical reactors have been used in the previous works, i.e.

combined sono-photo-reactor with immersed lamp [START_REF] Zhong | Mesoporous silica iron-doped as stable and efficient heterogeneous catalyst for the degradation of C.I. Acid Orange 7 using sono-photo-Fenton process[END_REF], combined sono-photo-reactor with external lamp [START_REF] Segura | Integrated heterogeneous sono-photo Fenton processes for the degradation of phenolic aqueous solutions[END_REF][START_REF] Dükkancı | The sonochemical decolourisation of textile azo dye Orange II: effects of Fenton type reagents and UV light[END_REF][START_REF] Katsumata | Degradation of linuron by ultrasound combined with photo-Fenton treatment[END_REF][START_REF] Xu | Degradation of di-n-butyl phthalate by a homogeneous sono-photo-Fenton process with in-situ generated hydrogen peroxide[END_REF] and separate sono-and photo-reactors [START_REF] Méndez-Arriaga | Mineralization enhancement of a recalcitrant pharmaceutical pollutant in water by advanced oxidation hybrid processes[END_REF][START_REF] Torres | Sequential helio-photo-Fenton and sonication processes for the treatment of bisphenol A[END_REF][START_REF] Giannakis | Ultrasound enhancement of near-neutral photo-Fenton for effective E. coli inactivation in wastewater[END_REF]. To the author's knowledge, there is no report on the advantages and disadvantages of each system.

However, [START_REF] Segura | Integrated heterogeneous sono-photo Fenton processes for the degradation of phenolic aqueous solutions[END_REF] pointed out that the presence of an ultrasonic field results in light scattering (due to cavitation bubbles) and thus a lower efficiency for the combined reactors. Therefore, a system comprising separate sono-and photo-reactors was chosen for this study.

Experiments were thus performed using two batch glass reactors (sono-and photoreactors), either individually or in a loop system. Each was equipped with a jacket connected to a thermostated bath (F18, Julabo). The suspension was circulated in between the two reactors by a dual-head peristaltic pump (Masterflex, model 7554-95, Teflon tubing) at a high flow rate (150 mL/min) to ensure a uniform concentration.

Sono-reactor

The sono-reactor (1000 mL) was of Cup-Horn type and equipped with a pitch blade impeller (400 rpm), temperature probe, several injection/sampling points. The sonication probe was placed at the bottom of the reactor and the fitting between glass reactor and sonication probe was accommodated by Teflon joint braced with a clamp ring (figure 2.18A).

Three sonication devices emitting different frequencies were used in this study (figure 2.18). Note that almost all experiments performed at 20 kHz were carried out in equipment 1.

In addition, it should be mentioned here that experiments with high frequency ultrasound (ultrasonic equipment 3, figure 2.18D) were conducted in Instituto Superior de Tecnologías y Ciencias Aplicadas (InSTEC), at University of Habana, Cuba. Properties of the sonication devices used in this study are given in table 2.9. The actual sonication power was determined by calorimetric method [START_REF] Mason | Quantifying sonochemistry: Casting some light on a "black art[END_REF]. A vertical mechanical stirrer was used to ensure the homogeneity of temperature throughout the reactor and cooling jacket is emptied during the test. Calorimetric sonication power delivered into the solution (P cal ) can be determined using following equation:

P cal = (dT/dt) x (C pw + C pg ) x (M w + M g ) (E.2.6)
Where P cal is the calorimetric power (W), dT/dt is the rate of temperature increase (K/s), C pw is the specific heat of water = 4181 J/kg.K and M w is the mass of solution (kg). It should be noted that the accumulation of heat in the glass reactor wall (in contact with water) was not taken into account since the corresponding mass (M g ~ 0.2 kg) and heat (C pg = 720 J/kg.K for glass) are much smaller than those of water, thus giving an imprecision of less than 3%.

Calorimetric evaluation of ultrasound equipment 1 is illustrated in figure 2.19, for three different amplitudes (Amp). Amp: Amplitude, P gen : Electrical power consumed by US generator (W), P cal : calorimetric power (W)

Furthermore, several parameters can be defined to characterize the ultrasound power delivered into the solution (suspension) [START_REF] Pilli | Ultrasonic pretreatment of sludge: a review[END_REF]: probe area (cm 2 ), V: volume of treated solution or suspension (L), M: weight of treated solution or suspension (kg), and t: sonication time (s).

Photo-reactor

The photo-reactor (500 mL) consisted in a cylindrical glass reactor with an immersion lamp contained in a thermostated quartz sleeve. Quartz lamp holder was chosen to ensure that almost all ultraviolet (UV) and visible irradiation emitted by the tested lamps was transmitted to the treated solution (>90% light transmittance between 200-1000 nm). A magnetic stirrer was used to prevent particle settling. For safety reasons, this photochemical reactor was installed inside a closed cabinet and equipped with an automatic shutdown system if the temperature of the solution exceeds 60°C and/or the box door was opened (figure 2.20A). Finally, figure 2.24 shows the complete sono-photochemical reactor system. 

EXPERIMENTAL PROCEDURE

As abovementioned, 20 mg/L ibuprofen solution was treated in this work. After introduction of the solution in the sono-reactor and/or photo-reactor, stirring, thermostat and pump circulation were turned on. The zero time of the reaction depended on the type of experiment (homogeneous or heterogeneous, with or without ultrasound/light irradiation).

Homogeneous processes

In homogeneous processes (e.g. Fenton, ultrasound and/or light irradiation, sono-Fenton, photo-Fenton, etc), a first sample (9 mL) was taken once the desired temperature was reached (referred to as zero time of the reaction) and oxidation was started by the addition of H 2 O 2 and/or application of ultrasound. In case of experiment using light irradiation, lamp was turned on 2 min before in order to attain a constant irradiation prior to the oxidation. In case of Fenton reaction, ibuprofen solution was previously mixed with iron salt (FeSO 4 .7H 2 O) and the pH was adjusted with 1 M H 2 SO 4 and 1 M NaOH. Aliquots samples (9 mL) were withdrawn throughout the reaction (t = 5, 10, 30, 60, 120, 180 min).

Heterogeneous processes

When heterogeneous reaction was performed, the solution was first contacted with the solid catalysts (Fe-MFI or ZVI) under stirring in order to approach the adsorption equilibrium (adsorption step). After 120 min, 15 mL of solution was withdrawn and this first sampling corresponded to zero time of the reaction. Recently, it was found that potassium iodide can pass through the halogen filter and accumulate in the NDIR cell detector of TOC analyzer reducing the lifetime of the NDIR cell. Therefore, the utilization of potassium iodide should be avoided in further studies before the installation of specific iodide filter in TOC analyzer.

Experimental data analysis

In chapter 3 and chapter 4, IBP degradation and TOC elimination during the reaction were presented in terms of normalized concentration (C/C 0 ). In addition, a first-order kinetic constant (k) for IBP degradation was also estimated from linear regression of the logarithm of ibuprofen concentration against time:

ln ([IBP] 0 / [IBP] t ) = kt → y = ax + b (R.2.7)
k values in each experiment were based on data corresponding to IBP removal level of less than 60%.

CONCLUSION

This chapter has given details about the analytical methods used to characterize liquid samples, as well as solid catalysts studied in this work. The experimental tools have been also

presented. Two batch reactors connected in a loop system have been implemented: a sonoreactor and a photo-reactor whose main characteristics have been described. Finally, the operating protocols, including the treatment of the liquid samples before analysis, have been explained. The following chapters investigate the removal of ibuprofen by homogeneous and heterogeneous advanced oxidation processes.

CHAPTER 3 HOMOGENEOUS PROCESSES

As mentioned in the literature section, main limitation of the conventional Fenton reaction lies in the uneasy regeneration of ferrous iron that may cause wastage of expensive H 2 O 2 reagent by limiting the pollutant mineralization. Furthermore, high iron salt concentrations -well above European discharge limit (2 mg/L) -are normally needed to gain appreciable reactions rates, leading to techno-economic issues related to the formation of excessive ferric hydroxide sludge and continuous loss of iron especially in large scale operation. Therefore, activation methods would be of special interest if they can significantly reduce the required amounts of Fenton's reagent.

Beyond their ability for direct pollutant lysis or radical generation, ultrasound and UV/Vis light irradiation have shown to be promising methods for the (re)activation of iron catalyst, but the underlying mechanisms are complex and their contribution is not easily appreciable, due to the large number of concomitant processes involved.

In this first chapter dedicated to the degradation of ibuprofen (IBP) by homogeneous advanced oxidation treatments, the study will progress stepwise, from the separate processes sonolysis, photolysis, and Fenton oxidationthen their two-by-two combinations, to conclude about the benefit(s) of the global hybrid process. At each stage the effect of several operating parameters on the pollutant conversion and mineralization (Total Organic Carbon removal) will be investigated, such as pH of the solution, amount of reagents, applied power, sound frequency or irradiation spectrum etc., in order to get some insight of the implied phenomena.

IBUPROFEN REMOVAL BY SINGLE PROCESSES

Preliminary considerations: reference conditions of the study

It should be first recalled that a 20 mg/L solution of IBP (just below the molecule solubility, 21 mg/L at 25°C) was used for all the experiments. This concentration is much higher that encountered in usual wastewaters, but according to recent reviews on hybrid processes [START_REF] Oller | Combination of advanced oxidation processes and biological treatments for wastewater decontamination-a review[END_REF][START_REF] Ganiyu | Coupling of membrane filtration and advanced oxidation processes for removal of pharmaceutical residues: A critical review[END_REF], advanced oxidation processes would be better used downstream a preconcentration step so as to treat smaller streams, limit radical scavenging and save chemicals.

This concentration also allowed both the liquid and the solid phases to be analyzed with enough precision to determine the fate of the pollutant during the batch oxidation tests.

The synthetic solution was first prepared in distilled water, leading to a "natural" pH of As mentioned previously in chapter 2 ( § 2.3), 20 kHz was chosen as reference ultrasound frequency considering its practical application in water treatment [START_REF] Babuponnusami | A review on Fenton and improvements to the Fenton process for wastewater treatment[END_REF][START_REF] Bagal | Wastewater treatment using hybrid treatment schemes based on cavitation and Fenton chemistry: a review[END_REF]. Likewise, low pressure mercury vapor lamp irradiating around 254 nm was used as reference equipment for photochemical processes, due to its moderate cost and successful application in photodegradation of pharmaceutical compounds [START_REF] Wang | Removal of pharmaceuticals and personal care products (PPCPs) from wastewater: A review[END_REF][START_REF] Shu | Photodegradation of emerging micropollutants using the medium-pressure UV/H2O2 Advanced Oxidation Process[END_REF][START_REF] Packer | Photochemical fate of pharmaceuticals in the environment: Naproxen, diclofenac, clofibric acid, and ibuprofen[END_REF][START_REF] Szabó | Phototransformation of ibuprofen and ketoprofen in aqueous solutions[END_REF][START_REF] Da Silva | Photolysis and photocatalysis of ibuprofen in aqueous medium: characterization of byproducts via liquid chromatography coupled to high-resolution mass spectrometry and assessment of their toxicities against Artemia salina[END_REF][START_REF] Iovino | Degradation of Ibuprofen in Aqueous Solution with UV Light: the Effect of Reactor Volume and pH, Water, Air[END_REF][START_REF] Kim | Photodegradation characteristics of PPCPs in water with UV treatment[END_REF][START_REF] Yuan | Degradation of selected pharmaceuticals in aqueous solution with UV and UV/H2O2[END_REF].

Ultrasound irradiation

Tests described in this section were performed in the sono-reactor only (V = 1000 mL). 

 OH +  H → H 2 O (R.3.4)  OH +  OOH → H 2 O + O 2 (R.3.5)  OOH +  OOH ↔ H 2 O 2 + O 2 (R.3.6)  OOH +  H → H 2 O 2 (R.3.7)
Degradation of IBP by low frequency ultrasound (20 kHz) or sonolysis process is depicted in figure 3.2. As final conversion was below 50%, time evolution of IBP can be fitted using both zero (k = 0.0002 mM/min, R 2 = 0.992) and first order (0.0035 min -1 , R 2 = 0.996) kinetics, but the latter was chosen in accordance with the literature (and to facilitate comparison with other processes). After 180 min of sonication, 48% of IBP was degraded and mainly converted to oxidation intermediates, as mineralization yield was only 7%. For comparison, Xiao and coworkers [START_REF] Xiao | Sonochemical degradation of ciprofloxacin and ibuprofen in the presence of matrix organic compounds[END_REF] reported that 60% of IBP was degraded after 60 min of 20 kHz sonication, but they used much higher ultrasound density (D US = 400 W/L) and different pH (8.5). Based on the result of HRMS analysis, low TOC conversion in sonolysis process can be ascribed to the formation of more hydrophilic degradation products such as 1hydroxyibuprofen and 2-hydroxyibuprofen (log K ow = 2. 25 [246]).

As mentioned in the literature section, organic compounds can be degraded under ultrasound (US) irradiation in three different zones: inside cavitation bubble (R. According to its low volatility (Henry's law constant = 1.5 x 10 -7 atm.m 3 /mol [START_REF] Méndez-Arriaga | Ultrasonic treatment of water contaminated with ibuprofen[END_REF],

vapor pressure = 1.18 x 10 -8 atm [START_REF] Ertel | Determination of ibuprofen vapor pressure at temperatures of pharmaceutical interest[END_REF] at 25°C) and low water solubility (Log K ow = 3.97 [START_REF] Ineris | Données technico-économiques sur les substances chimiques en France : Ibuprofène[END_REF]), IBP degradation mechanism may correspond to a radical attack at the bubble surface [START_REF] Méndez-Arriaga | Ultrasonic treatment of water contaminated with ibuprofen[END_REF][START_REF] Xiao | Sonochemical degradation of ciprofloxacin and ibuprofen in the presence of matrix organic compounds[END_REF].

In order to confirm this hypothesis, two types of radical scavengers, namely n-butanol and acetic acid, were added to the IBP solution before 20 kHz sonolysis: n-butanol is a short chain alcohol with only partial solubility in water (log K ow = 0.88) and known to be an effective  OH scavenger for the gaseous region and/or the interfacial region of the collapsing bubble [100,109], while fully miscible acetic acid (log K ow = -0.17) reacts with  OH in the solution bulk [START_REF] Xiao | Using pulsed wave ultrasound to evaluate the suitability of hydroxyl radical scavengers in sonochemical systems[END_REF]. As shown in figure 3.2, addition of n-butanol and acetic acid (at 50 mM, i.e. 500 times the molar concentration of IBP) reduced the pollutant conversion from 48% after 3 h to 8% and 40%, respectively. Therefore, sono-degradation of IBP is mainly due to

 OH attack at the liquid-bubble interface. As the pKa of its carboxyl group is 4.9, IBP is in molecular form at pH 2.6 and 4.3 (natural pH), but fully deprotonated at pH 8.0. In ionic form, IBP should be less accumulated at the surface of the cavitation bubbles, where radical attacks mainly occurred. This result is also in agreement with previous studies on the sonolysis of ibuprofen [START_REF] Méndez-Arriaga | Ultrasonic treatment of water contaminated with ibuprofen[END_REF], diclofenac [START_REF] Güyer | Degradation of diclofenac in water by homogeneous and heterogeneous sonolysis[END_REF],

dicloxacilin [START_REF] Villegas-Guzman | Enhancement and inhibition effects of water matrices during the sonochemical degradation of the antibiotic dicloxacillin[END_REF] and paracetamol [START_REF] Villaroel | Ultrasonic degradation of acetaminophen in water: Effect of sonochemical parameters and water matrix[END_REF], that showed a reduction of the degradation rate at a pH value higher than the pKa of the molecule.

In all cases, removal of total organic carbon (TOC) remained below 8% (figure 3.3B). Therefore, ultrasound density of 50 W/L was chosen as reference.

Effect of sonication frequency

The influence of frequency on sonochemistry is complex. Despite cavitation threshold increases and less energy is released upon collapse at high frequency (>100 kHz), fewer acoustic cycles are required for the bubbles to reach their resonant size [START_REF] Beckett | Impact of ultrasonic frequency on aqueous sonoluminescence and sonochemistry[END_REF]. Moreover, more radicals can escape before being recombined due to faster collapse and smaller bubbles [START_REF] Pétrier | The sonochemical degradation of aromatic and chloroaromatic contaminants[END_REF]. Therefore, high frequency is usually preferred for "pure" sonochemistry applications.

As part of a collaborative work with Instec Cuba, two high US frequencies (580 and 862 kHz) were thus investigated for the sonolysis of IBP (details on the corresponding equipment is also provided in chapter 2). In addition, an audible frequency (12 kHz) was also applied to further evaluate the impact of this parameter in the low value range.

According to figure 3.5A, IBP removal after 180 min was increased from 48% to 87% when increasing f US in the 20 -862 kHz range. Degradation rates followed a first-order kinetic trend with: k 20kHz = 0.0035 min -1 (R 2 =0.996), k 580kHz = 0.0084 min -1 (R 2 =0.984) and k 862kHz = 0.0102 min -1 (R 2 =0.959) (figure 3.5B). Close values obtained at 580 and 862 kHz could be explained by similar  OH effective production rate, as reported by Güyer and Ince on an analogous high f US equipment by monitoring H 2 O 2 concentration [START_REF] Güyer | Degradation of diclofenac in water by homogeneous and heterogeneous sonolysis[END_REF]. An optimal frequency for radical-mediated sonolysis was also observed by these authors at 861 kHz as the consequence of abovementioned antagonist effects at high frequency. generation and IBP degradation rates. This significant loss of efficiency from 20 to 12 kHz is in complete contrast with the gain observed in sludge treatment where radical formation is not involved [START_REF] Le | An executive review of sludge pretreatment by sonication[END_REF][START_REF] Delmas | Optimization of hydrostatic pressure at varied sonication conditionspower density, intensity, very low frequency for isothermal ultrasonic sludge treatment[END_REF].

In all cases, total organic carbon (TOC) removal was low: 2%, 7%, 10% and 11% under 12, 20, 580 and 862 kHz irradiation, respectively (figure 3.5C). [START_REF] Pang | Review on sonochemical methods in the presence of catalysts and chemical additives for treatment of organic pollutants in wastewater[END_REF][START_REF] Gogate | Treatment of wastewater streams containing phenolic compounds using hybrid techniques based on cavitation: a review of the current status and the way forward[END_REF]. The latter was found to be an important factor, as volatile and hydrophobic compounds are normally not affected by addition of H 2 O 2 [START_REF] Pang | Review on sonochemical methods in the presence of catalysts and chemical additives for treatment of organic pollutants in wastewater[END_REF].

In this study, two and seven times the stoichiometric amount of First, at natural pH, addition of two times (2x) the stoichiometric amount of H 2 O 2 did not modify IBP sono-oxidation rate, while a slight decrease was observed for the highest amount of oxidant. These results are thus in agreement with studies reporting negligible [START_REF] Chakma | Investigations in synergism of hybrid advanced oxidation processes with combinations of sonolysis + Fenton process + UV for degradation of bisphenol A[END_REF] or detrimental effect of H 2 O 2 [START_REF] Frontistis | Sonodegradation of 17α-ethynylestradiol in environmentally relevant matrices: Laboratory-scale kinetic studies[END_REF] As some of the reported mechanisms involve radical pathways, methanol was added as radical scavenger to evaluate their contribution. Since methanol absorbs light at wavelength lower than 240 nm, its addition should not lower the photon absorption by IBP under 254 nm irradiation, nor quenched the possible contribution of 1 O 2 [START_REF] Li | Photodegradation of Ibuprofen Under UV-Vis Irradiation: Mechanism and Toxicity of Photolysis Products[END_REF]. In the presence of 50 mM methanol, IBP degradation yield and rate constant were reduced to 47% (figure 3.7) and 0.0035 min -1 , respectively. A plausible explanation for this observation may be related to the possibility that photo-sensitization reactions produced active radicals (R.3.17 -R.3.20) [START_REF] Oppenländer | Photochemical purification of water and air, advanced oxidation processes: Principles, reaction mechanisms[END_REF][START_REF] Derosa | Photosensitized singlet oxygen and its applications[END_REF]. Furthermore, an additional experiment carried out under anoxic condition (solution was bubbled with N 2 ) showed similar result as the addition of methanol (IBP removal 50%, rate constant 0.0038 min -1 ) indicating negligible contribution of 1 O 2 .

Therefore, it can be concluded that degradation of IBP under UV light irradiation (λ = 254 nm, pH = 4.3) is mainly due to direct photolysis (R.3.13 -R.3.14) and to a lesser extent to radical mechanism (R.3.17 -R.3.20). 

pH effect

As for sonolysis, the effect of pH on IBP photolysis was investigated using three levels (2.6, 4.3 and 8.0). Figure 3.9A shows that the degradation of IBP was enhanced when increasing the pH of the solution and followed a first-order kinetic trend with: k pH2.6 = 0.0035 min -1 (R 2 = 0.9663), k pH4.3 = 0.0063 min -1 (R 2 = 0.9805) and k pH8.0 = 0.0116 min -1 (R 2 = 0.9813). The plot of these rate constants on figure 3.9B revealed an almost linear increase with respect to pH value. Regarding TOC removal (figure 3.9C), main improvement seemed to occur at the alkaline pH value for which up to 19% mineralization was observed.

At pH 8.0, IBP molecule is mainly in anionic form and it seems to be more photoactive [START_REF] Iovino | Degradation of Ibuprofen in Aqueous Solution with UV Light: the Effect of Reactor Volume and pH, Water, Air[END_REF]. To evaluate this effect, the absorbance of ibuprofen at the different pH values was measured in the 200-300 nm range: the corresponding spectra indicate that IBP absorbs more light at higher pH (figure 3.8). However, it did not explain the gap between photolysis under pH 2.6 and 4.3.

Effect of irradiated volume fraction

As described in chapter 2, two distinct reactors were used to investigate sono-and photo-based processes and the solution was circulated in between the two by means of a peristatic pump for coupling tests (loop reactor system). Thus for a proper comparison of the corresponding effects, photolysis experiments were also performed for the same configuration of partly irradiated volume (500 mL vs. 1.5 L of total volume) with ultrasound OFF.

As seen in figure 3.10A, this new configuration led to a decrease of final IBP conversion from 69% to 40%, which is expected considering the larger volume to be treated and its partial irradiation. On the other hand, TOC removal was slightly higher in the loop reactor system (figure 3.10B). In this case, less degradation products were formed (lower IBP conversion), that could absorb light and limit photo-sensitization reactions if less photo-active than IBP. Note that higher mineralization in loop reactor system vs. unique photo-reactor has already been reported in literature [START_REF] Oppenländer | Photochemical purification of water and air, advanced oxidation processes: Principles, reaction mechanisms[END_REF]. of TOC was removed after 3 h of irradiation with MP Hg lamp vs. 19% for LP Hg. These findings are in agreement with previous studies reporting that degradation products formed during photolysis were less photoactive, resulting in TOC conversion less than 50% [START_REF] Szabó | Phototransformation of ibuprofen and ketoprofen in aqueous solutions[END_REF][START_REF] Da Silva | Photolysis and photocatalysis of ibuprofen in aqueous medium: characterization of byproducts via liquid chromatography coupled to high-resolution mass spectrometry and assessment of their toxicities against Artemia salina[END_REF]. Reactions were performed in the same reactor as used for sono-mediated processes (but under silent conditions).

Thereby, three levels of Fenton's reagent concentration were applied: In the presence of Fenton's reagent, a fast oxidation of IBP was observed in the first 5 minutes followed by a much slower degradation (figure 3.14A), which cannot be fitted either with first or second order kinetics. This behavior is consistent with that reported in previous studies [START_REF] Sabri | Chemical oxidation of ibuprofen in the presence of iron species at near neutral pH[END_REF][START_REF] Pignatello | Advanced Oxidation Processes for Organic Contaminant Destruction Based on the Fenton Reaction and Related Chemistry[END_REF][START_REF] Marković | Application of non-thermal plasma reactor and Fenton reaction for degradation of ibuprofen[END_REF][START_REF] Malik | Oxidation of direct dyes with hydrogen peroxide using ferrous ion as catalyst[END_REF] where it was explained by radical pathway at acidic pH. A supplementary experiment in the presence of methanol as radical scavenger confirmed that the degradation of ibuprofen in homogeneous-Fenton reaction was indeed due to radical mechanism (figure 3.15). 
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Highlights: homogeneous single processes  Partial degradation of ibuprofen was observed after 3 hours of ultrasound and light (ultraviolet and visible) irradiation.

 Degradation mechanism of ibuprofen under ultrasound corresponded to radical attack, mainly at the bubble-solution interface.

 Sono-degradation of ibuprofen was favoured by high power and high frequency.

 Degradation mechanism of ibuprofen under ultraviolet light corresponded mainly to direct photolysis and in a lower extent to radical attack.

 Photo-degradation of ibuprofen was improved in the ultraviolet wavelength range and oxic condition.

 Effect of H 2 O 2 as radical promoter was found to be significantly beneficial for ultraviolet irradiation process only.

 Fenton reaction was mainly effective during the first 5 minutes, then hindered

by the formation of ferric complexes.

IBUPROFEN REMOVAL BY COMBINED PROCESSES

Sonophotolysis and sonophoto-oxidation with H 2 O 2

Actually, study on the combination of ultrasound and light irradiation without catalyst or oxidant promoter (called sonophotolysis process) is scarce [START_REF] Joseph | Sonophotocatalysis in advanced oxidation process: a short review[END_REF][START_REF] Xu | Sonophotolytic degradation of dimethyl phthalate without catalyst: analysis of the synergistic effect and modeling[END_REF][START_REF] Zaviska | Effect of nitrate ions on the efficiency of sonophotochemical phenol degradation[END_REF]. Moreover sonophotolysis using low frequency ultrasound has not been studied yet. Basically, this combined process is based on the photo-decomposition of hydrogen peroxide produced by ultrasound [START_REF] Xu | Sonophotolytic degradation of dimethyl phthalate without catalyst: analysis of the synergistic effect and modeling[END_REF][START_REF] Zaviska | Effect of nitrate ions on the efficiency of sonophotochemical phenol degradation[END_REF], and thus it has the main advantage of being chemical-free. In fact, figure 3.16A reveals no significant beneficial interaction between the processes with both the lamps. Indeed, IBP removal rate constant for US/ LP Hg was 0.0045 min -1 (R 2 = 0.9971), which is lower than the sum of those corresponding to the separate processes: k = 0.0035 min -1 for single US and k = 0.0028 min -1 for 254 nm photolysis. It should be noted that, since US and UV were applied in separate reactors, light scattering effect by cavitation bubbles was not possible. Competition in between IBP and reaction intermediates might be then suspected, either for photons (« inner filter effect ») or radicals formed by both the processes, limiting a possible additive effect.

Interestingly, even though US was slightly more effective than LP Hg lamp in IBP removal (48% vs. 40%), US process was found less effective for TOC removal (7% vs. 19%, figure 3.16B). This could be explained by the formation of degradation products being less hydrophobic than IBP, but still exhibiting similar absorption properties, such as 1hydroxyibuprofen and 2-hydroxyibuprofen (log K ow = 2.25 [246], λ max = 222 nm). These oxidation intermediates would be less sensitive to radicals formed by US, mainly located at the bubble interface, while they could be decomposed by light through direct photolysis or radical attack in the bulk.

With MP Hg lamp, a simple additive effect was observed in the combined process: k = 0.0647 min -1 (R 2 = 0.9872) vs. k = 0.0567 min -1 without US. In this case, competition effect was not observed because MP Hg lamp was very effective for both IBP and TOC degradation (figure 3.16A).

Thus synergistic effect was not observed under any circumstances for 20 kHz sonophotolysis that should be mainly due to the too low sono-generation of H 2 O 2 at this low frequency (0.41 µM/min). Nonetheless, ultrasonic frequency should not be the only explaining factor, since a previous study about US/UV process using f US = 800 kHz only reported an additive effect [START_REF] Zaviska | Effect of nitrate ions on the efficiency of sonophotochemical phenol degradation[END_REF]. Conversely, it could depend upon model pollutant or reactor configuration. The effect of 6.4 mM H 2 O 2 dosage on US/UV(-Vis) combined process was also evaluated, and the results compared to those of the corresponding photo-oxidation (figure 3.17). Following the trend observed for the photo-mediated process, H 2 O 2 addition enhanced the removal rate of both IBP and TOC (cf. figure 3.13). For both the lamps, photolysis of H 2 O 2 producing hydroxyl radicals was clearly the dominating process and the role of ultrasound appeared to be insignificant.

Sono-Fenton oxidation

In order to evaluate sonication as an activation technique for Fenton oxidation, some of the oxidation tests described in section 3. Beyond additional radicals generated from water sonolysis (R.3.2), synergistic effect observed in the combined process could be ascribed to the sono-regeneration of ferrous ions, as illustrated by equation R.3.24 [START_REF] Jih-Gaw | Oxidation of 2-chlorophenol in water by ultrasound/Fenton method[END_REF]. Furthermore, the existence of a minimum Fenton's reagent concentration for synergistic interaction between Fenton oxidation and US is also suggested, that could be due to formation of variety of ferric complexes (for instance, with IBP itself or oxidation intermediates), which are more or less sensitive to sonication.

Fe-OOH 2+ + ))) → Fe 2+ +  OOH (R.3.24)
In order to confirm the activation effect at high reagent concentration, a complementary experiment was conducted. Same amounts of H 2 O 2 and ferrous salt as in F(+) experiment were mixed into 100 mL of acidic distillated water (pH 2.6) during 60 min to pre-form the expected Fe-OOH 2+ complex. Fenton oxidation was then started by addition of this solution into 900 mL of IBP solution. The system was let under stirring for 180 min (silent Fenton oxidation), then sonication was applied for another 180 min period (sono-Fenton oxidation). In this case, only 4% of IBP was converted within 5 min (figure 3.19) vs. 60% for the standard Fenton oxidation procedure (figure 3.14A). The concentration-time profile of the pollutant also exhibited two different stages, with an IBP removal yield almost plateauing at 20-25% after 90 min. Ultrasound application at t = 240 min immediately accelerated IBP oxidation, the first-order rate constant (k = 0.0102 min -1 , R 2 = 0.978) being three times higher than for the sole sonolysis (cf. § 3.1.2.1, k = 0.0035 min -1 ).

Effect of ultrasound density

As abovementioned, high ultrasound density (D US ) promotes higher formation of hydroxyl radicals and thus improves degradation rate and efficiency of sonolysis process.

Nonetheless, the effect of D US on sono-Fenton oxidation process has been scarcely investigated.

Siddique et al. [START_REF] Siddique | Synergistic effects of combining ultrasound with the Fenton process in the degradation of Reactive Blue 19[END_REF] reported that degradation of dye by homogeneous sono-Fenton oxidation increased from 60% to 75% with increasing ultrasonic intensity from 4 W/cm 2 (40 W/L) to 8 W/cm 2 (80 W/L). In our study, the effect of ultrasound density on sono-Fenton oxidation process was evaluated at 25 W/L, 50 W/L and 100 W/L (figure 3.20).

Concentration-time profiles of IBP were found similar on the whole D US range, with even a slight decrease of initial degradation rate at 100 W/L. Similarly, varying D US from 25 to 50 W/L improved TOC removal from 29% to 39%, but further increase to 100 W/L also did not show additional benefit. These observations suggest the existence of optimum D US for sono-Fenton process. This trend might be due to a balance in between sono-reduction (R.3.24) and sono-oxidation (due to  OH) mechanisms affecting the iron cycle. [START_REF] Madhavan | Combined advanced oxidation processes for the synergistic degradation of ibuprofen in aqueous environments[END_REF] and sono-Fenton oxidation (55%) [START_REF] Méndez-Arriaga | Mineralization enhancement of a recalcitrant pharmaceutical pollutant in water by advanced oxidation hybrid processes[END_REF] of IBP under high frequency US (213-300 kHz). 

Photo-Fenton oxidation

Photo-activation of Fenton process has been more largely investigated than sonoactivation for the abatement of pharmaceutical compounds [START_REF] Babuponnusami | A review on Fenton and improvements to the Fenton process for wastewater treatment[END_REF][START_REF] Rahim Pouran | Review on the main advances in photo-Fenton oxidation system for recalcitrant wastewaters[END_REF]. Several processes were reported to contribute to the remarkable performance of photo-Fenton oxidation:

(i) photolysis of the organic pollutant and/or its oxidation intermediates, but mainly in the UVC range (see § First, it can be concluded that photo-Fenton oxidation at 254 nm yielded much higher IBP and TOC oxidation rates than the previous processes, and the expected synergistic interaction was clearly visible.

What is more, the xenon lamp was also found very efficient for photo-Fenton process, albeit not outperforming LP Hg lamp. With these two lamps, H 2 O 2 consumption was 80% (Xe lamp) and 99% (LP Hg lamp), as compared to 13% only in Fenton oxidation (figure

3.22C).

Accounting for the much lower nominal power of the LP Hg lamp (6 W vs 150 W), its remarkable effect -especially on mineralization rate -could be attributed to additional  OH formed by H 2 O 2 photolysis (R. 3.19), but also to higher photo-reduction yields of ferric ions and/or iron(III) complexes (R.3.25 -R.3.28), favored rather under UVC than UVA [START_REF] Benkelberg | Photodecomposition of Iron(III) hydroxo and sulfato complexes in aqueous solution: wavelength dependence of OH and SO4-quantum Yields[END_REF] or visible irradiation [START_REF] Pérez | Fenton and photo-Fenton oxidation of textile effluents[END_REF]. It is also worth mentioning that TOC removal by Xe/Fenton (59%)

and LP Hg/Fenton (82%) was comparable to that obtained by previous studies on photo-Fenton oxidation of IBP (40-96% mineralization) [START_REF] Méndez-Arriaga | Degradation of the emerging contaminant ibuprofen in water by photo-Fenton[END_REF][START_REF] Loaiza-Ambuludi | Removal of the antiinflammatory drug ibuprofen from water using homogeneous photocatalysis[END_REF]. 

Sono-Photo-Fenton oxidation (20 kHz US / Xe lamp)

Combining homogeneous Fenton oxidation, ultrasound and light irradiation may be expected to reduce reaction time and/or minimize the utilization of chemical reagents, due to higher generation of hydroxyl radicals coming from various concomitant processes (i.e.

Fenton reaction, sono-and photo-regeneration of ferrous ions). However, as mentioned in chapter 1, contradictory findings are actually present in literature. For instance, the coupling of UV irradiation and high frequency sono-Fenton oxidation was found synergistic for the decolorization of azo dye Orange II solution [START_REF] Dükkancı | The sonochemical decolourisation of textile azo dye Orange II: effects of Fenton type reagents and UV light[END_REF], but detrimental interaction between UV and sono(40 kHz)-Fenton was observed by Chakma and coworkers [START_REF] Chakma | Investigations in synergism of hybrid advanced oxidation processes with combinations of sonolysis + Fenton process + UV for degradation of bisphenol A[END_REF] for degradation of bisphenol A. On the other hand, Méndez-Arriaga et al. [START_REF] Méndez-Arriaga | Mineralization enhancement of a recalcitrant pharmaceutical pollutant in water by advanced oxidation hybrid processes[END_REF] reported that ibuprofen oxidation by photo(visible)-Fenton and sono(300 kHz)-photo(visible)-Fenton process was similar. In addition, Papoutsakis et al. [START_REF] Papoutsakis | Coupling between high-frequency ultrasound and solar photo-Fenton at pilot scale for the treatment of organic contaminants: an initial approach[END_REF] observed that the combined effect between ultrasound (400 kHz) and photo(sunlight)-Fenton oxidation was pollutant-dependent: it was synergistic for phenol, only additive for diuron, while photo-Fenton process dominated in the case of bisphenol A.

Therefore, further investigation is required to conclude about the possible benefits of sono-photo-Fenton oxidation. 

C

Consumed Remaining

In our case, low frequency ultrasound and visible irradiation were applied: 20 Hz ultrasound was chosen as most usual equipment and already very good efficiency in sono-oxidation with respect to higher frequencies (cf. § 3.2.2.3), and xenon lamp to examine the potential of sunlight irradiation.

In order to estimate quantitatively the interaction coming from different individual processes, some researchers proposed to calculate a synergy factor (SF) according to the following equation [START_REF] Dükkancı | The sonochemical decolourisation of textile azo dye Orange II: effects of Fenton type reagents and UV light[END_REF][START_REF] Weavers | Aromatic Compound Degradation in Water Using a Combination of Sonolysis and Ozonolysis[END_REF]:

SF = k coupling process / (k process 1 + k process 2 + k process …) (E.3.1)
in which k is the corresponding first-order degradation rate constant.

The coupling process can be thus considered as synergistic if SF > 1.

Sono-photo-Fenton oxidation of IBP was first performed at low reagent concentration It shows that the rate constant for sono-photo-Fenton oxidation was higher than the sum of k values for the separate processes (namely US, Xe and F), and also than the sum of k values for sonolysis and photo-Fenton or photolysis and sono-Fenton (table 3.2), resulting in synergy factors of 3.0, 1.5 and 1.3, respectively. Therefore, it is clear that combination of these three processes was synergistic and combination of Fenton process with visible light (photo-Fenton) exhibited higher synergistic effect with ultrasound (sono-Fenton). Superiority of visible light over ultrasound as activation technique can be ascribed to its negligible effect for pollutant photolysis (or photo-peroxide oxidation), but very high efficiency in ferrous iron regeneration (R.3.25 -R.3.28). However, this beneficial effect was hardly observed for TOC removal: the highest mineralization yield was only 17% under sono-photo-Fenton process, very similar to that of photo-Fenton intermediates acted as inner filter, while at high reagent concentration (ratio = 1.4) this competition for photons was strongly reduced. Indeed, IBP degradation by US/F was better than Vis/F at low reagent concentration, but Vis/F was more efficient at high dosage. On the other hand, the moderate differences between the two processes in the latter case would not allow to presume of their combined effect. Samples collected at various time intervals from corresponding experiments were analyzed on a liquid chromatograph coupled to a HR mass spectrometer working in positive and negative ionization modes and scanning mass range from 50 to 1000 m/z. However, due to the limited availability of analytical standards (and use of gradient method), these intermediates were not quantified.

Identified intermediates and general IBP degradation scheme

Up to 16 transformation products of ibuprofen (IBP) were found during the reactions, including several isomers. Among them, three could be unequivocally identified thanks to available standards: 1-hydroxy-IBP (referred to as TP1A), 2-hydroxy-IBP (TP1B) and 4-isobutylacetophenone (TP4). 4-ethylbenzaldehyde (C 9 H 10 O) which was reported in some previous studies [START_REF] Michael | Proposed transformation pathway and evolution profile of diclofenac and ibuprofen transformation products during (sono)photocatalysis[END_REF][START_REF] Skoumal | Electro-Fenton, UVA photoelectro-Fenton and solar photoelectro-Fenton degradation of the drug ibuprofen in acid aqueous medium using platinum and boron-doped diamond anodes[END_REF][START_REF] Caviglioli | Identification of degradation products of Ibuprofen arising from oxidative and thermal treatments[END_REF] was not detected in any of the samples. Table 3.3 indicates all the compounds identified from HPLC-HRMS, at least by their molecular formula. Note that the developed technique was not suited for either low molecular weight molecules or nonpolar compounds.

Based on these results and on the available information in literature, a general degradation scheme of IBP was presumed which is depicted in figure 3.26. Occurrence of the intermediates in the different AOPs is also reported in this figure.

It can be seen that the principal reactions involved in IBP degradation by AOPs are hydroxylation, decarboxylation and cleavage of C-C bond. The latter mechanism was assumed, as TP7 formula (C 9 H 10 O 2 ) matched that of 2-phenyl-propionic acid, observed in preceding works [START_REF] Michael | Proposed transformation pathway and evolution profile of diclofenac and ibuprofen transformation products during (sono)photocatalysis[END_REF][START_REF] Illés | Hydroxyl radical induced degradation of ibuprofen[END_REF]. According to the available sites on IBP molecule, hydroxylation can take place either on the side chains (methylpropyl moiety or phenylpropionic moiety) [START_REF] Méndez-Arriaga | Degradation of the emerging contaminant ibuprofen in water by photo-Fenton[END_REF][START_REF] Sun | Nano-magnetite catalyzed heterogeneous Fentonlike degradation of emerging contaminants carbamazepine and ibuprofen in aqueous suspensions and montmorillonite clay slurries at neutral pH[END_REF][START_REF] Madhavan | Combined advanced oxidation processes for the synergistic degradation of ibuprofen in aqueous environments[END_REF][START_REF] Da Silva | Photolysis and photocatalysis of ibuprofen in aqueous medium: characterization of byproducts via liquid chromatography coupled to high-resolution mass spectrometry and assessment of their toxicities against Artemia salina[END_REF] or on the aromatic ring [START_REF] Michael | Proposed transformation pathway and evolution profile of diclofenac and ibuprofen transformation products during (sono)photocatalysis[END_REF][START_REF] Illés | Hydroxyl radical induced degradation of ibuprofen[END_REF][START_REF] Marković | Application of non-thermal plasma reactor and Fenton reaction for degradation of ibuprofen[END_REF]. In agreement with the literature, mono-hydroxylated intermediates (C 13 H 18 O 3 ) were detected, up to 4 in our case referred to as TP1(A-D), among which those classically mentioned: 1-hydroxy-IBP (TP1A) and 2-hydroxy-IBP (TP1B).

These hydroxylated IBP can undergo further hydroxylation forming TP2 (C 13 H 18 O 4 ) [START_REF] Méndez-Arriaga | Degradation of the emerging contaminant ibuprofen in water by photo-Fenton[END_REF][START_REF] Sun | Nano-magnetite catalyzed heterogeneous Fentonlike degradation of emerging contaminants carbamazepine and ibuprofen in aqueous suspensions and montmorillonite clay slurries at neutral pH[END_REF][START_REF] Da Silva | Photolysis and photocatalysis of ibuprofen in aqueous medium: characterization of byproducts via liquid chromatography coupled to high-resolution mass spectrometry and assessment of their toxicities against Artemia salina[END_REF] then TP3 (C 13 H 18 O 5 ) [START_REF] Sun | Nano-magnetite catalyzed heterogeneous Fentonlike degradation of emerging contaminants carbamazepine and ibuprofen in aqueous suspensions and montmorillonite clay slurries at neutral pH[END_REF][START_REF] Da Silva | Photolysis and photocatalysis of ibuprofen in aqueous medium: characterization of byproducts via liquid chromatography coupled to high-resolution mass spectrometry and assessment of their toxicities against Artemia salina[END_REF]. 3 di-hydroxylated and 3 tri-hydroxylated isomers were observed, but identification of their detailed structure was not possible.

In parallel to hydroxylation route, decarboxylation of hydroxylated IBP may yield 4isobutylacetophenone (TP4, C 12 H 16 O) [START_REF] Méndez-Arriaga | Degradation of the emerging contaminant ibuprofen in water by photo-Fenton[END_REF][START_REF] Sun | Nano-magnetite catalyzed heterogeneous Fentonlike degradation of emerging contaminants carbamazepine and ibuprofen in aqueous suspensions and montmorillonite clay slurries at neutral pH[END_REF][START_REF] Michael | Proposed transformation pathway and evolution profile of diclofenac and ibuprofen transformation products during (sono)photocatalysis[END_REF]. Direct photo-decarboxylation of IBP to TP4 was also proposed in literature [START_REF] Ruggeri | Photochemical transformation of ibuprofen into harmful 4-isobutylacetophenone: pathways, kinetics, and significance for surface waters[END_REF][START_REF] Jacobs | Fulvic acid mediated photolysis of ibuprofen in water[END_REF]. Isomer of TP4 was observed, referred to as

TP5 (C 12 H 16 O).
Next, TP6 (C 9 H 8 O 3 ) could be formed by successive hydroxylation and loss of terminal propyl group from TP4 [START_REF] Da Silva | Photolysis and photocatalysis of ibuprofen in aqueous medium: characterization of byproducts via liquid chromatography coupled to high-resolution mass spectrometry and assessment of their toxicities against Artemia salina[END_REF]. TP8 (C 9 H 10 O) was an isomer of 4-ethylbenzaldehyde, but in the absence of structural information its formation pathway could not be clearly derived. It was probably similar to that of TP6. Finally, ring opening could lead to the formation of small aliphatic molecules, such as TP9 (C 5 H 10 O 3 ). Note that such molecule was rarely mentioned in the literature [START_REF] Da Silva | Photolysis and photocatalysis of ibuprofen in aqueous medium: characterization of byproducts via liquid chromatography coupled to high-resolution mass spectrometry and assessment of their toxicities against Artemia salina[END_REF].

In addition, an alternative degradation pathway of IBP might go through the cleavage of isobutyl moiety from IBP, forming 2-phenyl-propionic acid (C 9 H 10 O 2 , TP7 ?) [START_REF] Michael | Proposed transformation pathway and evolution profile of diclofenac and ibuprofen transformation products during (sono)photocatalysis[END_REF][START_REF] Illés | Hydroxyl radical induced degradation of ibuprofen[END_REF].

Comparison of different homogeneous processes

Comparison of degradation pathways induced by different AOPs is still rarely reported in literature. As shown in figure 3.26, similar intermediates were formed during ultrasound (US), ultraviolet irradiation (LPHg), UV/H 2 O 2 (LPHg/H), homogeneous Fenton (F), sono-Fenton (US/F) and photo(Vis)-Fenton (Xe/F), which is consistent with the involved mechanisms: with the exception of photolysis, for which a direct transformation pathway was put into evidence (cf. § 3.1.3.1), all other processes involved hydroxyl radical attack.

However all transformation products were not observed during the different AOPs.

Under ultrasound irradiation 20 kHz (US), only six transformation products were identified i.e. TP1A, TP1B, TP1C, TP1D, TP5 and TP7 (figure 3.27). Formation of monohydroxylated IBPs (TP1A-D) is consistent with radical attack at cavitation bubble surface (and to a much smaller extent in the liquid bulk). By comparing the concentration-time profiles of these compounds, it can be seen that all degradation products reached their maximum almost at the end of the reaction time, resulting in rather high residual TOC. As mentioned previously, plausible explanation for this limited mineralization (only 7% after 180 min) could be that several of these intermediates were more hydrophilic, thus less prone to be degraded by the radicals formed at the bubble interface. For instance, subsequent hydroxylation of TP1 (Log K ow =2. 25 [246]) was rather difficult, as confirmed by the absence of TP2 and TP3, and the reaction might mainly progress through decarboxylation of TP1 to TP5 (and/or C-C bond cleavage of IBP forming TP7). UV irradiation at 254 nm was able to yield higher mineralization (TOC removal = 19%) than US and thus more intermediates were detected. Moreover TP4 exhibits a maximum absorbance (λ max =255 nm) closer to the lamp emission wavelength than IBP (λ max =222 nm). all the transformation products were detected. These findings could be explained by the dominant contribution of powerful and non-selective free radical attack in these processes.

However, it is not clear why TP1A, TP1B, TP1D and TP2B were not detected under Fenton oxidation. Interestingly, even if similar mineralization yield was obtained for ultrasound (7%)

and Fenton reaction (9%), Fenton reaction was able to degrade almost all hydroxylated IBP within reaction time (figure 3.29). 

Evolution of selected intermediates during homogeneous processes

The evolution of four transformation products, TP1A (1-hydroxy-ibuprofen), TP1B (2hydroxy-ibuprofen), TP4 (4-isobutylacetophenone) and TP5 (TP4 isomer), was more particularly examined. While TP1A and TP1B are the most frequently reported in the literature [START_REF] Méndez-Arriaga | Degradation of the emerging contaminant ibuprofen in water by photo-Fenton[END_REF][START_REF] Sun | Nano-magnetite catalyzed heterogeneous Fentonlike degradation of emerging contaminants carbamazepine and ibuprofen in aqueous suspensions and montmorillonite clay slurries at neutral pH[END_REF][START_REF] Madhavan | Combined advanced oxidation processes for the synergistic degradation of ibuprofen in aqueous environments[END_REF][START_REF] Da Silva | Photolysis and photocatalysis of ibuprofen in aqueous medium: characterization of byproducts via liquid chromatography coupled to high-resolution mass spectrometry and assessment of their toxicities against Artemia salina[END_REF][START_REF] Choina | Photocatalytic decomposition of pharmaceutical ibuprofen pollutions in water over titania catalyst[END_REF][START_REF] Méndez-Arriaga | Photocatalytic degradation of non-steroidal anti-inflammatory drugs with TiO2 and simulated solar irradiation[END_REF][START_REF] Michael | Proposed transformation pathway and evolution profile of diclofenac and ibuprofen transformation products during (sono)photocatalysis[END_REF][START_REF] Illés | Hydroxyl radical induced degradation of ibuprofen[END_REF][START_REF] Marković | Application of non-thermal plasma reactor and Fenton reaction for degradation of ibuprofen[END_REF][START_REF] Caviglioli | Identification of degradation products of Ibuprofen arising from oxidative and thermal treatments[END_REF], TP4 (and probably TP5) is known for its possible toxicity effects [START_REF] Miranda | In vitro assessment of the phototoxicity of anti-inflammatory 2-arylpropionic acids[END_REF][START_REF] Illés | Hydroxyl radical induced degradation of ibuprofen[END_REF][START_REF] Castell | Photolytic degradation of ibuprofen. Toxicity of the isolated photoproducts on fibroblasts and erythrocytes[END_REF][START_REF] Gong | Ibuprofen degradation and toxicity evolution during Fe2+/Oxone/UV process[END_REF].

TP1A and TP1B exhibited very similar profiles for all the homogenous AOPs (figures 3.30 and 3.31, respectively): continuous concentration increase under ultrasound, and maximum observed at 30 minutes or less in LP Hg/H 2 O 2 , Xe/F and US/F processes. until complete removal after 120 minutes. Conversely, less TP4 was formed under UV irradiation, but the concentration was relatively stable during the reaction. TP5 was detected in all processes except photolysis, for which radical mechanism was not dominant. Moreover, in US/F similar trend was observed for this compound as for TP4: rapid concentration increase in 5 minutes and slow decrease afterwards. A complete removal of formed TP5 was also achieved in 60 min for LPHg/H 2 O 2 and Xe/F.Therefore, it can be concluded that, even if IBP removal can be achieved rather rapidly by some processes such as US/F, much longer reaction time is needed to gain sufficient mineralization and remove some toxic intermediates formed during the reaction.

EFFECT OF WATER MATRIX

Sono-and photo-Fenton oxidation processes were shown to be promising methods for the removal of ibuprofen (IBP) in water. However, all the experiments that have been done so far were conducted in distillated water (DW). In order to investigate the efficiency in real application, some experiments with a real wastewater matrix (WW) were performed.

Wastewater consists in a complex mixture of organic and inorganic compounds, such as nutrients, salts and many substances that could influence the outcome of advanced oxidation processes [START_REF] Giannakis | Ultrasound enhancement of near-neutral photo-Fenton for effective E. coli inactivation in wastewater[END_REF]. For instance, the presence of organic (humic acid, fulvic acid, …) and inorganic compounds (chloride, carbonate, bicarbonate, and phosphate ions) in WW may hamper Fenton reaction by scavenging  OH and/or forming iron complex [START_REF] Xiao | Sonochemical degradation of ciprofloxacin and ibuprofen in the presence of matrix organic compounds[END_REF][START_REF] Tokumura | Comprehensive study on effects of water matrices on removal of pharmaceuticals by three different kinds of advanced oxidation processes[END_REF]. On the other hand, phenolic compounds that WW may contain could reduce ferric ion to ferrous ion and thus enhance Fenton reaction [START_REF] Tokumura | Comprehensive study on effects of water matrices on removal of pharmaceuticals by three different kinds of advanced oxidation processes[END_REF].

According to recent reviews on hybrid processes [START_REF] Oller | Combination of advanced oxidation processes and biological treatments for wastewater decontamination-a review[END_REF][START_REF] Ganiyu | Coupling of membrane filtration and advanced oxidation processes for removal of pharmaceutical residues: A critical review[END_REF], AOPs are recommended in combination with membrane filtration as post-treatment of biological process for destruction of refractory organics in concentrate stream. Such hybridization allows the AOPs to reach appreciable mineralization level in relatively short oxidation time, and to save chemicals and energy.

In this study, water samples taken after biological treatment of a municipal wastewater treatment plant located in Nailloux village (France) were used to prepare the IBP solution (at 20 mg/L). Table 3.4 shows the physicochemical characteristics of this effluent. After addition of IBP, TOC concentration increased to 25 mg/L, IBP being the major organic compound in the resulting solution. The amount of carbonate and bicarbonate was evaluated from inorganic carbon (IC) analysis and the measured concentration level (29.4 mg/L) could be high enough to scavenge hydroxyl radicals at neutral and alkaline pH [START_REF] Zhang | Degradation of CI Acid Orange 7 by ultrasound enhanced heterogeneous Fenton-like process[END_REF]. On the other hand, the initial iron concentration (< 0.05 mg/L) appeared too low to effectively contribute to Fenton oxidation mechanism. was also recalled for comparison purpose. As usual, the initial pH of DW and WW was set to 2.6 (using H 2 SO 4 ) for the Fenton and sono-Fenton oxidation runs, while the pH of WW was not adjusted for sonolysis.

Degradation of both IBP and TOC by ultrasound was significantly hampered in WW.

Lower IBP removal in WW (24% vs. 48% in DW after 180 min) could be mainly explained by a pH effect, the initial pH of the IBP solution varying from 4.3 to 8.0 whether prepared with DW or WW, respectively. As abovementioned (see § 3.1.2.2) pH value of 8.0 indeed reduced the sono-degradation of IBP to 31% in DW by increasing the molecule solubility.

Competition or scavenging effects from organic and/or inorganic compounds of WW thus seemed to have only a minor effect.

After preliminary acidification to 2.6, concentration-time profiles of IBP during Fenton oxidation were almost superimposed for the two matrixes, while a slight decrease was observed for sono-Fenton process when in WW (figure 3.34A). Therefore, it seems to confirm that IBP didn't strongly compete for radicals with the organic molecules present in WW, and that iron complexation and free-radical scavenging were not significantly increased in this matrix. In particular, inorganic carbon content was almost totally converted into carbonic acid and CO 2 by initial acidification. Moreover, overall TOC removal by Fenton oxidation was improved in WW (25% vs.

9%, figure 3.34B). Fenton oxidation test without IBP proved this result to be mainly the consequence of more readily oxidized organic compounds in WW (50% of TOC removal).

However, similar behavior was not observed in sono-Fenton oxidation. This might due to selective effect of acoustic cavitation towards specific organic molecules [START_REF] Torres | Sequential helio-photo-Fenton and sonication processes for the treatment of bisphenol A[END_REF] and complex interplay between iron and WW compounds (and/or their oxidation intermediates) somewhat hampering sono-regeneration of Fe 2+ .

The effect of WW matrix was also evaluated in photo-based advanced oxidation processes, i. 

CONCLUSIONS

This chapter was dedicated to the degradation of ibuprofen by homogeneous AOPs.

The performance of separated (ultrasound, light irradiation -with or without H 2 O 2 , Fenton oxidation) and combined processes (sonophotolysis, sono-Fenton, photo-Fenton and sonophoto-Fenton oxidation) was investigated with the aim of identifying synergistic effects, and obtaining "benchmark" for heterogeneous counterparts.

Single processes such as sonolysis, UV photolysis and Fenton oxidation were able to achieve at least partial degradation of ibuprofen in 3 hours, while addition of hydrogen peroxide as promoter was found significantly beneficial under ultraviolet light only (with 5to 24-fold enhancement of IBP degradation rate). For instance, peroxide oxidation with MP Hg lamp resulted in nearly complete abatement of both IBP and TOC within reaction time.

Conversely, Fenton oxidation yielded less than 10% mineralization yield.

Combination of homogeneous Fenton oxidation with ultrasound or light (ultraviolet / visible) irradiation was found to be more effective than the sum of individual processes in most cases, although it seemed to be dependent on the Fenton's reagent concentration. In addition, ultrasound and visible light emitted by xenon lamp was able to activate Fenton oxidation conducted at very low iron concentration (1.8 mg/L). For instance, coupling US/Vis/Hom-F process was found to be synergistic at very low reagent concentration (0.033 mM Fe and 1.6 mM H 2 O 2 ), while Vis/Hom-F becomes predominant at higher reagent concentration (0.134 mM Fe and 6.4 mM H 2 O 2 ). In all cases, sufficient Fenton's reagent concentration was necessary to gain appreciable mineralization yield, which could exceed 60% only under photo-activation.

Up to 16 transformation products (mainly aromatics) were detected during the different AOPs, and the monitoring of their evolution allowed to confirm some specific features of the processes.

In real wastewater effluent, sonolysis and all photo-based advanced oxidation processes were hampered mainly due to alkaline pH and light scattering effect, respectively. On the other hand, preliminary acidification could maintain the efficiency of Fenton and sono-Fenton oxidation.

In the next chapter, degradation of ibuprofen by heterogeneous Fenton oxidation and activation effect by ultrasound and light irradiation are assessed.

CHAPTER 4. HETEROGENEOUS PROCESSES

Degradation of ibuprofen (IBP) by homogeneous Fenton based-processes has been presented in the previous chapter (chapter 3). It was found that an iron concentration in the order of magnitude, but still higher than the discharge limit (7.5 mg/L vs. 2 mg/L), was necessary to achieve within 3 hours almost complete conversion of IBP and appreciable TOC removal (40% or more) under activation by ultrasound, low pressure mercury vapor lamp or xenon lamp. This would thus still require post-treatment to precipitate excess iron. Moreover, the limited pH range (pH = 2 -4) of the homogeneous Fenton reaction is a major obstacle, especially for real applications since real water matrices are usually buffered around neutral pH [START_REF] Gonzalez-Olmos | Fezeolites as heterogeneous catalysts in solar Fenton-like reactions at neutral pH[END_REF][START_REF] Segura | Zero valent iron (ZVI) mediated Fenton degradation of industrial wastewater: Treatment performance and characterization of final composites[END_REF]. In order to overcome these problems, recent studies are moving towards heterogeneous catalyst utilization. This is the purpose of this chapter, where different types of iron-based solid catalysts are first screened for the degradation of IBP. Then a parametric study is conducted with the selected catalyst, before the investigation of heterogeneous reaction coupling with ultrasound and/or light irradiation. The experiments were first performed in sono-reactor, and loop reactor configuration was used for UV/Vis coupling.

PRE-SELECTION OF THE HETEROGENEOUS CATALYST

Extensive comparison of various heterogeneous catalysts for Fenton oxidation including iron oxide particles (hematite, magnetite, maghemite) and iron containing ZSM5 zeolite (Fe-BEA and Fe-MFI) had been conducted in a previous study of our research group on the remediation of paracetamol [START_REF] Velichkova | Vers un procédé Fenton hétérogène pour le traitement en continu d'eau polluée par des polluants pharmaceutiques[END_REF], an analgesic drug with a relatively similar structure to ibuprofen. Among the tested catalysts, Fe-MFI catalyst appeared as the most promising catalyst due to its high catalytic activity and low iron leaching. In addition, zero-valent iron powder (ZVI) was also considered here, based on results from the literature which indicated that ZVI can catalyze H 2 O 2 decomposition under circumneutral pH conditions [START_REF] Zha | Nanoscale zero-valent iron as a catalyst for heterogeneous Fenton oxidation of amoxicillin[END_REF][START_REF] Zhou | Oxidation of 4-chlorophenol in a heterogeneous zero valent iron/H2O2 Fenton-like system: Kinetic, pathway and effect factors[END_REF][START_REF] Wang | Removal of chlorpheniramine in a nanoscale zero-valent iron induced heterogeneous Fenton system: Influencing factors and degradation intermediates[END_REF][START_REF] Xu | A heterogeneous Fenton-like system with nanoparticulate zero-valent iron for removal of 4-chloro-3-methyl phenol[END_REF]. In this section, efficacies of Fe-MFI and ZVI are compared for the catalytic oxidation of ibuprofen.

Adsorption of ibuprofen over Fe-MFI and ZVI catalysts

Preliminary adsorption tests (without oxidant) were first conducted in order to investigate the possible adsorption of IBP on the solid catalysts. From figure 4.1 it can be seen that negligible adsorption occurred on ZVI (up to 1 g/L). For Fe-MFI, IBP removal increased from 7% to 25% when increasing solid concentration from 0.5 g/L to 4.8 g/L, and adsorption equilibrium was reached within 120 min. These experiments were conducted without any pH adjustment, but the pH of the solution decreased from 4.3 to 3.3-3.7 by simple contact with the Fe-MFI catalyst (depending on its concentration), while no pH change was observed for ZVI. The acidity of Fe-MFI is due to the presence of Brønsted and Lewis acid sites on zeolite framework [START_REF] Weitkamp | Zeolite and catalysis[END_REF]. Higher adsorption capacity of Fe-MFI compared to ZVI can be attributed to its much larger specific surface area (329 vs 0.5 m 2 /g). It should be mentioned that since molecular size of IBP (1.3 nm x 0.6 nm) is larger than minor and major axes of the sinusoidal (0.51 nm x 0.55 nm) and straight channels (0.54 nm x 0.56 nm) of Fe-MFI zeolite, IBP molecules may be only adsorbed at the intersection of the straight and sinusoidal channels, as proposed by Yazaydin et al. [START_REF] Yazaydin | Molecular simulation of the adsorption of mtbe in silicalite, mordenite, and zeolite beta[END_REF] in the case of methyl tert-butyl ether (MTBE) (figure 4.2). Moreover, strong interaction between IBP and zeolite could be possible due to the formation of iron-or aluminium-ibuprofenate complexes (ibuprofenate coordinately bonded to iron active sites or extra-framework aluminium species) [START_REF] Gonzalez | Infuence of Microstructure in Drug Release Behavior of Silica Nanocapsules[END_REF][START_REF] Hamburger | Spin Trapping of Ibuprofen Radicals: Evidence That Ibuprofen is a Hydroxyl Radical Scavenger[END_REF][START_REF] Kennedy | Ibuprofen prevents oxidant lung injury and in vitro lipid peroxidation by chelating iron[END_REF]. 

Consumed Remaining

reported that H 2 O 2 decomposition (determined as the oxygen release rate measured barometrically) was three times faster using iron salt (Fe(NO 3 ) 3 ) than Fe-ZSM5 [START_REF] Sashkina | The role of zeolite Fe-ZSM-5 porous structure for heterogeneous Fenton catalyst activity and stability[END_REF] as catalyst. Kusić and coworkers [START_REF] Kusić | Fe-exchanged zeolite as the effective REFERENCES 232 heterogeneous Fenton-type catalyst for the organic pollutant minimization: UV irradiation assistance[END_REF] also observed that Fenton oxidation of phenol was faster with ferrous or ferric salt than with Fe-ZSM5 (total pollutant conversion being achieved in 2 vs. 30 min, respectively). Conversely, Centi and coworkers [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF] reported that Fe-ZSM5 led to a higher removal efficiency (72% in 60 min) of propionic acid than ferric salt (43% in 60 min). Velichkova et al. [START_REF] Pounds | Acute and chronic effects of ibuprofen in the mollusc Planorbis carinatus (Gastropoda: Planorbidae), Ecotoxicol[END_REF] compared the activity of the same iron containing zeolite as the one used here (Fe-MFI-27) to that of the homogeneous system for the Fenton oxidation of paracetamol. They found a similar mineralization yield of about 30% with 2 g.L Furthermore, accounting for the very low iron dispersion on ZVI, it is noticeable that this catalyst outperformed the homogeneous system when the solution was initially acidified, and suggests extensive leaching. These parameters, as well as the aging of the solid catalysts are examined in the following section.

Evaluation of Fe-MFI and ZVI catalysts after reaction

The morphology and iron content of Fe-MFI and ZVI catalysts before and after reaction were investigated by SEM-EDX. Morphology of Fe-MFI catalyst was found unchanged after Fenton oxidation (figures 4.4A and 4.4B), as well as estimated "surface" iron content Evaluation by ICP-AES of dissolved iron concentration after reaction with ZVI showed that acidic condition caused significant iron leaching (3.3 mg/L i.e. 0.06 mM of Fe) from this catalyst (table 4.1). This concentration in solution is lower than that used for the homogenous reaction depicted in figure 4.3 and possible mechanism explaining the higher activity of this system with respect to ferrous salt is addressed in the next section. [START_REF] Garrido-Ramírez | Clays and oxide minerals as catalysts and nanocatalysts in Fenton-like reactions -A review[END_REF]. Since the half-life of  OH radical is only a few nanoseconds and its migration distance is only a few micro-meters [START_REF] He | Interfacial mechanisms of heterogeneous Fenton reactions catalyzed by iron-based materials: A review[END_REF], reaction with IBP in bulk solution might be in fact limited on the most external surface of Fe-MFI catalyst.

Mechanisms of Fenton reaction over investigated catalysts

The catalytic activity of iron-containing zeolite catalyst is thus not only influenced by the iron content, but also metal dispersion, type of iron species [START_REF] Gonzalez-Olmos | Fe-zeolites as catalysts for chemical oxidation of MTBE in water with H2O2[END_REF], intensity of Brønstedlewis acid sites [START_REF] Cihanoğlu | Degradation of acetic acid by heterogeneous Fenton-like oxidation over iron-containing ZSM-5 zeolites[END_REF], and possibly pore size distribution and particle size [START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF][START_REF] Sashkina | The role of zeolite Fe-ZSM-5 porous structure for heterogeneous Fenton catalyst activity and stability[END_REF] if diffusional limitations are involved.

Due to its negligible iron leaching (and thus truly heterogeneous catalytic mechanism), Fe-MFI was selected for further investigation on heterogeneous Fenton oxidation. 

PARAMETRIC STUDY

Prior to evaluate possible sono-and/or photo-activation of the heterogeneous Fenton reaction, a parametric study was first carried out to investigate the effect of catalyst concentration, hydrogen peroxide concentration, pH and temperature. Except in the last two cases, the pH of the IBP solution was not modified and the temperature was set to 25°C. As abovementioned, a preliminary adsorption step (120 min) was conducted in order to discriminate IBP removal by adsorption and oxidation.

Effect of solid catalyst concentration

In this study, concentration of Fe-MFI was varied in between 1 and 4.8 g/L, which should correspond to 0.13 -0.62 mM of accessible iron. This investigated range was thus larger than for the homogeneous reaction, thanks to iron immobilization allowing easy catalyst separation and recycling. In these conditions, increasing Fe-MFI concentration was always found beneficial for both IBP and TOC removal (figures 4.8A and 4.8B).

IBP degradation was well fitted by a first-order kinetic law, resulting in: k 1g/L = 0.0014 min -1 (R 2 =0.9741), k 3g/L = 0.0071 min -1 (R 2 =0.9984), k 4.8g/L = 0.0139 min -1 (R 2 =0.9976).

There was thus no plateauing of the oxidation rate when increasing the catalyst concentration, which excludes any significant radical scavenging effect from surface iron species. The fact that rate constants did not strictly increase proportionally with respect to the Fe-FMI concentration could make suspect a possible role of the pollutant adsorption inducing nonlinear effects.

The effect of solid catalyst concentration could be explained by a higher amount of active sites for H 2 O 2 decomposition, as confirmed by the increased oxidant consumption (figure 4.8C). Note however that it was higher than in the homogeneous reaction (1.7 mM or 26% with 1 g/L of Fe-MFI vs. 0.85 mM or 13% with [Fe 2+ ] = 0.134 mM), despite the conversion of IBP was much lower. According to the literature, higher H 2 O 2 consumption in the heterogeneous system could be attributed to the decomposition of H 2 O 2 to water and oxygen on the zeolite surface [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF]. 

Consumed Remaining

The observed trends were consistent with previous studies using Fe-ZSM5 catalyst.

Olmos et al. [START_REF] Gonzalez-Olmos | Fe-zeolites as catalysts for chemical oxidation of MTBE in water with H2O2[END_REF] and Makhotkina et al. [START_REF] Makhotkina | Catalytic detoxification of 1,1dimethylhydrazine aqueous solutions in heterogeneous Fenton system[END_REF] reported that increasing catalyst concentration improved the oxidation of acetone and MTBE, even at very high concentrations (5-25 and 5-70 g/L of Fe-ZSM5, respectively).

Effect of H 2 O 2 concentration

As seen in chapter 3 for the homogeneous systems, an optimal dosage is expected for the oxidant, due to the scavenging of mainly due to some levelling off after 60 min. This kind of plateau in TOC removal profile was also observed by previous studies [START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF][START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF][START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF]. It might result from the complexation of iron active sites by oxidation intermediates, that hampered Fenton cycle [START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF], or to the formation of intermediates exhibiting slower rate constants for radical attack (especially small organic compounds, such as carboxylic acids [START_REF] Pera-Titus | Degradation of chlorophenols by means of advanced oxidation processes: a general review[END_REF]). Moreover, under excess of H 2 O 2 higher iron leaching concentration was observed (0.1 mg/L of Fe at 22.4 mM H 2 O 2 vs. 0.048 mg/L at 6.4 mM H 2 O 2 )which might be the result of higher complexation of surface iron.

Note also that similar amount of H 2 O 2 was consumed -5.1 mM vs. 6.5 mM -when starting with either 6.4 mM or 22.4 mM, respectively (figure 4.9C). These results confirmed that a too large excess was useless to further improve IBP mineralization. 

Effect of temperature

Based on Arrhenius law, it is expected that an increase in temperature leads to a faster generation of hydroxyl radicals by the Fenton reaction. On the other hand, it also increases the rate of wasteful reactions, and temperature effect thus depends on the respective activation energies. Previous studies in heterogeneous Fenton oxidation using Fe-ZSM5 catalyst reported that catalytic activity was improved by increasing temperature (from 10°C to 80°C) and no optimum value was observed [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF][START_REF] Cihanoğlu | Degradation of acetic acid by heterogeneous Fenton-like oxidation over iron-containing ZSM-5 zeolites[END_REF][START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF][START_REF] Makhotkina | Catalytic detoxification of 1,1dimethylhydrazine aqueous solutions in heterogeneous Fenton system[END_REF]. On the other hand, iron leaching was significantly higher at 45°C (0.21 mg/L of Fe) than at 25°C (0.048 mg/L) and 15°C (0.046 mg/L), and possible contribution of homogeneous contribution will be thus addressed in section 4.2.6. Even though dissolved iron is still below the standard limit for discharge (2 mg/L), metal loss should be minimized to limit catalyst deactivation upon recycling or continuous operation. From economical point of view, working under room temperature is better in industrial scale application. Therefore, room temperature was preferred for further investigation of Fe-MFI. Note however that under process conditions, the reaction could thus benefit from the temperature increase by ultrasound/light activation. 

pH effect

Heterogenization of the Fenton system usually overcomes the classical problem of loss of iron catalyst and narrow pH range (pH = 2 -4). However, several studies using Fe-ZSM5 catalyst reported that acidic conditions (pH = 3 -4) were still necessary to obtain appreciable catalytic activity [START_REF] Cihanoğlu | Degradation of acetic acid by heterogeneous Fenton-like oxidation over iron-containing ZSM-5 zeolites[END_REF][START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF][START_REF] Makhotkina | Catalytic detoxification of 1,1dimethylhydrazine aqueous solutions in heterogeneous Fenton system[END_REF], while others indicated that this type of catalyst could work well under near-neutral pH (pH = 4 -6) [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF][START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF][START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF][START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF]. Velichkova et al. [START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF] observed that the oxidation rate of paracetamol over Fe-MFI was similar with or without preliminary acidification of the solution (at pH 0 2.8), probably due to the zeolite ability to significantly lower the pH (from 5.5 to 3.6). As abovementioned, the acidity of Fe-MFI is due to the presence of Brønsted and Lewis acid sites on the zeolite [START_REF] Weitkamp | Zeolite and catalysis[END_REF].

The investigation of pH effect was here carried out close to neutral conditions (pH = 4 -8) with or without controlled pH. This range was also chosen to mimic the pH of a real wastewater matrix which is usually buffered at circumneutral or slightly alkaline value [START_REF] Rahim Pouran | Review on the main advances in photo-Fenton oxidation system for recalcitrant wastewaters[END_REF][START_REF] Gonzalez-Olmos | Fezeolites as heterogeneous catalysts in solar Fenton-like reactions at neutral pH[END_REF][START_REF] Segura | Zero valent iron (ZVI) mediated Fenton degradation of industrial wastewater: Treatment performance and characterization of final composites[END_REF][START_REF] Sanchez-Prado | Sonochemical degradation of triclosan in water and wastewater[END_REF]. The experimental conditions are given in table 4.3 and the experiments were performed with 4.8 g/L of Fe-MFI. 4.3).

On the contrary, IBP adsorption was reduced from 25% to 5% and degradation kinetics was significantly hampered if the reaction was performed under a controlled pH of 7 by continuous addition of NaOH during the experiment: IBP removal rate was found 12 times slower (k = 0.0012 min -1 ) than under non-controlled pH, and final TOC abatement decreased from 27% to 7%. Under this condition, IBP was in ionic form and zeolite surface was negatively charged, thus leading to electrostatic repulsion. This observation provides support for the hypothesis that of  OH attack in heterogeneous Fenton oxidation of IBP mainly occurred on the catalyst surface.

Moreover, lower IBP and TOC conversions at pH 7 were not followed by lower H 2 O 2 consumption, figure 4.12C. It is noteworthy to recall that the mixture of IBP and H 2 O 2 (6.4 mM) was previously found to be stable at pH 8, as self-decomposition of H 2 O 2 only occurs only at pH > 10 [START_REF] Mathre | Destruction of cyanide in aqueous solutions[END_REF][START_REF] Yazici | Factors affecting decomposition of hydrogen peroxide[END_REF]. Similar trends were reported by Makhotkina et al. [START_REF] Makhotkina | Catalytic detoxification of 1,1dimethylhydrazine aqueous solutions in heterogeneous Fenton system[END_REF] for the wet peroxide oxidation Non-radical mechanism at neutral or alkaline pH, mediated by high-valent iron species, was also proposed by other researchers [START_REF] Gonzalez-Olmos | Indications of the reactive species in a heterogeneous Fenton-like reaction using Fe-containing zeolites[END_REF][START_REF] He | Interfacial mechanisms of heterogeneous Fenton reactions catalyzed by iron-based materials: A review[END_REF]. Note that in our case the zeolite support also 
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Consumed Remaining induced such mechanism [START_REF] Winkler | Selective degradation of ibuprofen and clofibric acid in two model river biofilm systems[END_REF]. An alternative explanation for this lower performance at pH 7 could lie in the reduction of  OH oxidation potential at neutral pH (2.8 V at pH 3 vs 1.9 V at pH 7 [START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF]).

Regarding iron leaching, increasing pH toward alkaline condition (pH controlled at 7) reduced the concentration of dissolved iron from 0.048 mg/L to 0.024 mg/L.

Activity of leached iron

Metal loss into the solution could initiate homogeneous Fenton reaction, whose contribution should depend not only on the concentration of dissolved iron, but also the nature of the corresponding species (for instance free or as complexes).

First, the concentration of leached iron in the present study (0.048 -0.21 mg/L corresponding to 0.03 -0.13 % of total iron content in Fe-ZSM5) was in the lower range compared to that measured in previous works with Fe-ZSM5 catalyst (0.040 -4 mg/L or 0.4 -7% of initial catalyst content) [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF][START_REF] Kasiri | Degradation of Acid Blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-Fenton catalyst[END_REF][START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF][START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF][START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF]. Iron leaching rate is influenced by many factors including pH, temperature, catalyst particle size, but also H 2 O 2 concentration [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF][START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF] and intermediates formed during reaction [START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF]. It should be also mentioned that commercial Fe-ZSM5 catalyst [START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF][START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF] is usually more stable than laboratory-prepared Fe-ZSM5 [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF][START_REF] Kasiri | Degradation of Acid Blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-Fenton catalyst[END_REF][START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF].

Nonetheless, despite these wide variations in dissolved iron concentration (0.04 -4 mg/L), negligible contribution of homogeneous reaction was always reported when examined [START_REF] Centi | Catalytic wet oxidation with H2O2 of carboxylic acids on homogeneous and heterogeneous Fenton-type catalysts[END_REF][START_REF] Kasiri | Degradation of Acid Blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-Fenton catalyst[END_REF][START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF].

To verify this point in the present conditions, activity of the leachates was also 

HETEROGENEOUS SONO-FENTON PROCESSES

Besides the easiest recovery of the catalyst, heterogeneous Fenton oxidation also allows to operate at wider pH ranges than the homogeneous reaction. However its main drawback lies in significantly lower reaction rates as shown in § 4.1.2 and possible catalyst deactivation by reaction byproducts (such as oligomers formed at catalyst surface blocking the active surface) [START_REF] Choina | Photocatalytic decomposition of pharmaceutical ibuprofen pollutions in water over titania catalyst[END_REF]. To overcome these issues, ultrasound irradiation can be used for chemical activation and continuous cleaning of the catalyst surface [START_REF] Neppolian | Effect of Fenton-like oxidation on enhanced oxidative degradation of para-chlorobenzoic acid by ultrasonic irradiation[END_REF][START_REF] Gogate | Treatment of wastewater streams containing phenolic compounds using hybrid techniques based on cavitation: a review of the current status and the way forward[END_REF], as well as for improvement of active surface area due to particle size reduction [START_REF] Kim | The beneficial role of use of ultrasound in heterogeneous Fenton-like system over supported copper catalysts for degradation of p-chlorophenol[END_REF]. In this section, coupling of heterogeneous Fenton oxidation (F) and ultrasound (US) called heterogeneous sono-Fenton oxidation (US/F) was studied. In addition to the operating parameters of the Fenton reaction, different US characteristics were varied, namely density, intensity, frequency and application mode. As for homogeneous processes, 20 kHz was chosen as reference ultrasound frequency.

Investigation of 20 kHz sono-Fenton oxidation

Effect of catalyst particles on sonolysis

First, to better assess the effect of ultrasound on heterogeneous systems, a preliminary test was performed to investigate the possible influence of Fe-MFI particles on sonolysis at 20 kHz in the absence of oxidant.

Previous studies conducted at higher frequencies (80-200 kHz) reported contradictory conclusions for particles in the 5-15 µm range (0.1 -1% solid content): no effect [START_REF] Liang | Improvement in sonochemical degradation of 4-chlorophenol by combined use of Fenton-like reagents[END_REF],

detrimental [START_REF] Zhang | The impact of particulates on the aqueous sonication of bromobenzene[END_REF] or positive one [START_REF] Hartmann | Degradation of the drug diclofenac in water by sonolysis in presence of catalysts[END_REF]. Indeed, regardless of the particle type (active or inert), solid can either provide additional nuclei for cavitation improving the generation of radicals [START_REF] Gogate | Treatment of wastewater streams containing phenolic compounds using hybrid techniques based on cavitation: a review of the current status and the way forward[END_REF][START_REF] Keck | Influence of particles on sonochemical reactions in aqueous solutions[END_REF] or attenuate the sound waves involving a decrease in the net energy transferred into the system [START_REF] Dükkancı | The sonochemical decolourisation of textile azo dye Orange II: effects of Fenton type reagents and UV light[END_REF]. Ultrasound attenuation in slurry depends upon the size of the particles with respect to the sound wavelength ( = c/f with c the sound velocity  1500 m/s in water). Scattering effect is important when the particle radius (R p ) is of the same order of magnitude or higher than the sound wavelength, while viscous loss dominates in the reverse case [START_REF] Su | Particle size characterization by ultrasonic attenuation spectra[END_REF]. Nonetheless, under cavitation conditions, the effect of bubbles might be higher than that of solid. On the other hand, apparent additive effect between US and Fenton reaction was observed at catalyst concentration of 1 g/L, resulting for IBP oxidation into: k US/F = 0.0059 min -1 vs. k F = 0.0014 min -1 and k US (or k US/6.4 mM H2O2 ) = 0.0038 min -1 . In the same way, TOC conversion by the coupling process (14%) was close to the sum of individual Fenton oxidation (5%) and sonolysis (7%). Similar H 2 O 2 consumption was observed in both cases (26% in Fenton vs. 27% in sono-Fenton), discarding any enhancement of the reaction as it was observed for the homogeneous system (cf. § 3.2.2).

The benefit of hybridizing heterogeneous Fenton oxidation with US is still a matter of discussion, because some studies reported a synergistic interaction [START_REF] Segura | Enhancement of the advanced Fenton process (Fe0/H2O2) by ultrasound for the mineralization of phenol[END_REF][START_REF] Liang | Improvement in sonochemical degradation of 4-chlorophenol by combined use of Fenton-like reagents[END_REF][START_REF] Huang | Heterogeneous sono-Fenton catalytic degradation of bisphenol A by Fe3O4 magnetic nanoparticles under neutral condition[END_REF][START_REF] Neppolian | Effect of Fenton-like oxidation on enhanced oxidative degradation of para-chlorobenzoic acid by ultrasonic irradiation[END_REF][START_REF] Weng | Application of Fe0 aggregate in ultrasound enhanced advanced Fenton process for decolorization of methylene blue[END_REF][START_REF] Zhong | Mesoporous silica iron-doped as stable and efficient heterogeneous catalyst for the degradation of C.I. Acid Orange 7 using sono-photo-Fenton process[END_REF],

while others indicated only minor effects [START_REF] Bremner | Mineralisation of 2,4dichlorophenoxyacetic acid by acoustic or hydrodynamic cavitation in conjunction with the advanced Fenton process[END_REF][START_REF] Madhavan | Ultrasound assisted photocatalytic degradation of diclofenac in an aqueous environment[END_REF][START_REF] Dükkancı | The sonochemical decolourisation of textile azo dye Orange II: effects of Fenton type reagents and UV light[END_REF]. Moreover, when a synergistic effect was observed, activation of heterogeneous catalyst was only concluded in some cases [START_REF] Liang | Improvement in sonochemical degradation of 4-chlorophenol by combined use of Fenton-like reagents[END_REF][START_REF] Neppolian | Effect of Fenton-like oxidation on enhanced oxidative degradation of para-chlorobenzoic acid by ultrasonic irradiation[END_REF][START_REF] Zhong | Mesoporous silica iron-doped as stable and efficient heterogeneous catalyst for the degradation of C.I. Acid Orange 7 using sono-photo-Fenton process[END_REF]. Absence of synergistic effect in the present study could be ascribed to limited iron surface (re)activation, negligible contribution of iron leaching and/or limited particle size reduction (discussed in details in § 4.6).

To further investigate this coupling, a parametric study was conducted by varying ultrasound parameters: application mode, power intensity, power density and frequency.

Heterogeneous sono-Fenton oxidation was then mainly performed at high catalyst concentration ([Fe-MFI] = 4.8 g/L), considering the appreciable IBP removal under this condition. 

Effect of US application mode

For applications where mechanical effects were mainly sought, like in sludge pretreatment, high power for a short time was found beneficial [START_REF] Delmas | Optimization of hydrostatic pressure at varied sonication conditionspower density, intensity, very low frequency for isothermal ultrasonic sludge treatment[END_REF][START_REF] Grönroos | Ultrasound assisted method to increase soluble chemical oxygen demand (SCOD) of sewage sludge for digestion[END_REF].

Previous studies on sono-Fenton process were performed in either continuous [START_REF] Siddique | Synergistic effects of combining ultrasound with the Fenton process in the degradation of Reactive Blue 19[END_REF][START_REF] Wang | Degradation and detoxification of diazinon by sono-Fenton and sono-Fenton-like processes[END_REF][START_REF] Cruz-González | Enhancement of paracetamol degradation by sono-Fenton process[END_REF] or sequential (pulse) mode [START_REF] Bremner | Degradation of phenolic aqueous solutions by high frequency sono-Fenton systems (US-Fe2O3/SBA-15-H2O2)[END_REF][START_REF] Zhang | Degradation of CI Acid Orange 7 by ultrasound enhanced heterogeneous Fenton-like process[END_REF][START_REF] Bremner | Mineralisation of 2,4dichlorophenoxyacetic acid by acoustic or hydrodynamic cavitation in conjunction with the advanced Fenton process[END_REF][START_REF] Weng | Application of Fe0 aggregate in ultrasound enhanced advanced Fenton process for decolorization of methylene blue[END_REF]. However, they rarely compared the effect of US operation mode with same applied specific energy (E US ).

In this study, effect of ultrasound application mode was firstly investigated by doubling the power input (100 W/L) with a cycle of 10 seconds US ON and 10 seconds US OFF, in order to get higher transient mechanical effects for the activation of the catalyst surface at similar energy consumption (540 kJ/kg). Actually, it didn't result in any measurable influence: IBP and TOC removal at the end of the reaction remained at 96% and 23%, respectively, figure 4.16. Therefore, continuous mode was used for following experiments.

Effect of ultrasound intensity

Ultrasound intensity (I US ) or ultrasound power input per unit probe surface is one of the main parameters of ultrasound, as it is directly linked to the amplitude of the acoustic pressure. However, it is usually investigated by varying ultrasound power with the same probe [START_REF] Siddique | Synergistic effects of combining ultrasound with the Fenton process in the degradation of Reactive Blue 19[END_REF][START_REF] Zhang | Degradation of CI Acid Orange 7 by ultrasound enhanced heterogeneous Fenton-like process[END_REF][START_REF] Bremner | Mineralisation of 2,4dichlorophenoxyacetic acid by acoustic or hydrodynamic cavitation in conjunction with the advanced Fenton process[END_REF] and more rarely by changing the emitter diameter. In this case, variation of US intensity was performed by changing probe diameter from 51 mm (I US = 2.45 W/cm 2 ) to 35 mm (I US = 5.2 W/cm 2 ), while the power density was kept constant at 50 W/L. Again, it didn't yield any increase of the pollutant conversion or mineralization, which could be the result of a reduced volume of the cavitation zone balancing locally enhanced effects (figure 4.17). Moreover, it can be seen that the enhancement in catalytic activity was clearer at high Fe-MFI concentration (condition US(+)/F(+)). This might be due to a higher contact between  OOH and ≡Fe(III) leading to catalyst surface activation according to Eq. R.4.12 -4.14 [START_REF] Xue | Adsorption and oxidation of PCP on the surface of magnetite: Kinetic experiments and spectroscopic investigations[END_REF]: kHz [START_REF] Burdin | Characterisation of the acoustic cavitation cloud by two laser techniques[END_REF]). This is also consistent with the negligible evolution of particle size, morphology or iron content reported under ultrasound in § 4.6.

H 2 O + ))) →  OH +  H (R.
Moreover, in any case, the reaction probably didn't suffer from high enough limitations by internal or external mass transfer to see low frequency sonication bring any improvement on the whole process. Consumption of H 2 O 2 at the end of reaction was also the same under 12 and 20 kHz (figure 4.19C). In sole sonolysis, rate constant of IBP removal was multiplied by a factor 3 between 20 and 862 kHz (cf. § 3.1.2.4), leading to a value (0.0102 min -1 at 862 kHz) comparable to that of Fenton oxidation (0.0139 min -1 ). However, additive effects were hardly seen in coupling processes even under high frequency (k US(862 kHz)/F = 0.0174 min -1 ). were found very similar suggesting that direct photolysis of hydrogen peroxide was the dominant process even at the highest catalyst concentration.

Furthermore, it is worth noting that in fact IBP removal rate decreased with an increase in catalyst concentration. Indeed, the rate constants for LP Hg/H 2 O 2 , LP Hg/F(-) and LP Hg/F(+) process were 0.0664 min -1 (R 2 =0.9954), 0.0578 min -1 (R 2 =0.9987) and 0.0411 min -1 (R 2 =0.9970), respectively. In these conditions, UV light scattering/absorption caused by the presence of Fe-MFI particles seemed to overweigh their catalytic effect, thus reducing the effectiveness of radical production. Comparison with literature is rather difficult because heterogeneous sono-photo-Fenton process is still rarely studied. Zhong et al. [START_REF] Zhong | Mesoporous silica iron-doped as stable and efficient heterogeneous catalyst for the degradation of C.I. Acid Orange 7 using sono-photo-Fenton process[END_REF] reported that the removal of acid orange 7 by sono-photo-Fenton oxidation with Fe 2 O 3 /SBA-15 catalyst at f US =20 kHz and λ UV =254 nm corresponded to the sum of sono-Fenton and photo-Fenton contributions. On the other hand, under similar conditions (Fe 2 O 3 /SBA-15 catalyst, f US =20 kHz), but UVA irradiation, Segura et al. [START_REF] Segura | Integrated heterogeneous sono-photo Fenton processes for the degradation of phenolic aqueous solutions[END_REF] observed that photo-Fenton oxidation dominated the coupled process for phenol remediation. Based on all these results, the advantage of combining both ultrasound and light irradiation with heterogeneous Fenton oxidation seems rather questionable. The efficacy of the heterogeneous sono-photo-Fenton process does not seem to exceed the sum of sono-Fenton and photo-Fenton processes, and in some cases, as observed here, one process takes over the other depending on light irradiation wavelength. Under ultrasound irradiation, the collapse of cavitation bubbles near particle surface generates liquid microjets with a velocity of about 100 m/s [START_REF] Doktycz | Interparticle collisions driven by ultrasound[END_REF]. These microjets can increase mass transfer rate (diffusion of substrates to/from the catalyst surface), can cause erosion (surface cleaning and/or leaching) or even fragmentation of the particles, improving the apparent catalytic reaction rate [START_REF] Segura | Integrated heterogeneous sono-photo Fenton processes for the degradation of phenolic aqueous solutions[END_REF][START_REF] Neppolian | Effect of Fenton-like oxidation on enhanced oxidative degradation of para-chlorobenzoic acid by ultrasonic irradiation[END_REF][START_REF] Zhong | Mesoporous silica iron-doped as stable and efficient heterogeneous catalyst for the degradation of C.I. Acid Orange 7 using sono-photo-Fenton process[END_REF][START_REF] Suslick | On the origin of sonoluminescence and sonochemistry[END_REF].

The size distribution of Fe-MFI particles after Fenton, photo-Fenton and sono-Fenton oxidation was evaluated and compared with that of fresh one (figure 4.24). As expected, the results showed that the particle size distribution before and after Fenton and photo-Fenton oxidation was similar, while a reduction of the mean size was observed after sono-Fenton oxidation (d 43 shifted from 7.9 µm to 4.1 µm). However, catalyst fragmentation under sonication observed in this study was less remarkable compared to the previous studies (showing particle size reduced from hundreds to tens of microns) [START_REF] Segura | Integrated heterogeneous sono-photo Fenton processes for the degradation of phenolic aqueous solutions[END_REF][START_REF] Zhong | Mesoporous silica iron-doped as stable and efficient heterogeneous catalyst for the degradation of C.I. Acid Orange 7 using sono-photo-Fenton process[END_REF].

According to the literature [START_REF] Suslick | On the origin of sonoluminescence and sonochemistry[END_REF], erosion and fragmentation by ultrasound are strongly dependent on the size of particles size vs. the size of cavitation bubbles, which is frequencydependent [START_REF] Pang | Review on sonochemical methods in the presence of catalysts and chemical additives for treatment of organic pollutants in wastewater[END_REF][START_REF] Leong | The fundamentals of power ultrasound -A Review[END_REF]. Since the diameter of cavitation bubbles at 20 kHz is tens of microns [START_REF] Burdin | Characterisation of the acoustic cavitation cloud by two laser techniques[END_REF][START_REF] Mason | Practical sonochemistry: user's guide to applications in chemistry and chemical engineering[END_REF], mechanical effects would mainly concern larger particles (> 200 µm) [START_REF] Suslick | On the origin of sonoluminescence and sonochemistry[END_REF].

Catalyst morphology and iron content

As abovementioned (see § 4. Likewise, higher amounts of TP4 and TP5 were formed with ZVI than Fe-MFI, but they were also fast removed (in less than 1 hour) in the former case (figures 4.30 and 4.31, respectively). As for TP1A and TP1B, US helped the degradation of these intermediates, which differed from homogeneous process where sonolysis mainly promoted their formation. According to the literature [START_REF] Tokumura | Comprehensive study on effects of water matrices on removal of pharmaceuticals by three different kinds of advanced oxidation processes[END_REF][START_REF] Forzatti | Catalyst deactivation[END_REF], organic and inorganic compounds in wastewater may affect the heterogeneous reaction by (i) fouling the catalyst pores, (ii) poisoning the catalyst active sites (iron active sites forming complexes with organic and/or inorganic compounds), (iii) scavenging hydroxyl radicals and (iv) increasing the pH value, which could lower the catalyst activity. The latter effect seems to be predominant since the acidic zeolite was not able to reduce the pH to acidic condition due to the presence of natural buffer in WW matrix (in WW, pH value was only reduced from 8 to 7 after contact with Fe-MFI).

What is more, pH effect was evidenced by comparing Fenton oxidation performed in DW at a controlled pH of 7 (DW pH 7) and in WW matrix (figure 4.32). As described previously in § 4.2.5, alkaline pH solution can affect heterogeneous Fenton oxidation by limiting the interaction between ibuprofen and catalyst (repulsion between ionic form of IBP (pKa = 3.97) and negatively charged Fe-MFI surface (pH pzc = 2.9)), by reducing the oxidation potential of hydroxyl radical or by changing the reaction mechanism from radical to non-radical one.

Nonetheless, IBP oxidation was still slower in WW matrix than in DW at pH 7. One possible explanation is catalyst fouling or poisoning. At the end of adsorption step, adsorption of organic and inorganic compounds on Fe-MFI was indeed higher in WW matrix Accounting for measurement uncertainty, TOC removal in sono-Fenton (US/F) process showed hardly more than additive effect of ultrasound and Fenton oxidation, as the corresponding mineralization yields were 9%, 2% and 3% and respectively (figure 4.33B). , up to 88% of ibuprofen and 27% of TOC were removed after 3 hours of reaction. Moreover, this appreciable performance was also followed by very low iron leaching of about 0.05 mg/L. In wastewater matrix, heterogeneous Fenton oxidation of ibuprofen was however hampered, mainly due to buffered alkaline pH neutralizing Fe-MFI acidic sites. Therefore, preliminary acidification would still be required to maintain this performance. Only minor modifications of the catalyst after reaction (regarding particle size, morphology, iron content, and specific surface area) proved it could suit for continuous water treatment process coupled with ultrafiltration membrane.

The aim of this study was to investigate the effect of (high / low frequency) (ultra)sound and (ultraviolet / visible) light irradiation for (re)activation of (homogeneous / heterogeneous) catalysts in Fenton reaction. Ibuprofen (IBP), one of the most frequently detected pharmaceuticals in water resources, was chosen as model molecule for this study.

Both homogeneous and heterogeneous reaction have been extensively investigated and discussed in chapters 3 and 4, respectively. Compared to previous studies, complete work on the evaluation of synergistic effect of coupling processes was carried out by studying the separate processes and their exhaustive combinations. Moreover, a large set of parameters was varied, including irradiation wavelength range for both ultrasound and light, as well as concentration of oxidant and catalyst. At each stage dedicated studies or analyses were performed to get an insight of involved mechanisms by using various radical scavengers, examining the activity of leached iron, analyzing transformation products, pH and matrix effects, etc.

First, without additional oxidant (or catalyst), (ultra)sound alone (US) yielded moderate IBP degradation rates on the whole investigated frequency range (12 -862 kHz), while effect of light irradiation appeared highly wavelength dependent: fast degradation under ultraviolet but no effect under visible light (see following table). This dependence is clearly related to direct photolysis, while US acts through free radical formation, like Fenton reactive systems.

In addition, it should be mentioned that UV-Vis/H 2 O 2 process (using MP Hg lamp 150 W) was very effective for the degradation and mineralization of IBP. Compared to other tested processes, the remarkable performance of this process could be ascribed to both high power and wide UV-C spectral emission of the lamp inducing very effective direct photolysis and photo-decomposition of H 2 O 2 .

Detailed comparison between homogeneous and heterogeneous systems was based on results obtained at same available iron content (0.13 mM), and a representative set of data is reported on the figure below, including reference experiments conducted without Fenton's reagent, under US or Vis irradiation.

Then, main point of this global comparison was the huge difference at the very beginning of the reaction (< 5 min) in between the results of homogeneous Fenton oxidation (IBP conversion > 60%) and that of heterogeneous counterparts (IBP conversion < 7%). At same available iron, all homogeneous Fenton-based processes started much faster, whatever the type of activation applied. However, after this fast initial step, performance of classical Despite the limited synergy with US and UV/Vis, heterogeneous Fenton reaction catalyzed by Fe-MFI is still a promising oxidation process considering its stability and activity, yielding more than 25% of TOC removal after 3 hours of reaction in 0.5% slurry. In addition, this appreciable performance obtained without acidification was also followed by very low iron leaching of about 0.05 mg/L, well above discharge limit (2 mg/L), leading to potential economical process.

To check more relevant conditions of application, efficacy of simple or combined processes was also tested in wastewater effluent matrix. All photo-based oxidation processes (UV, UV/H 2 O 2 , Vis/Hom-F) were inhibited, probably due to light attenuation, while preliminary acidification was essential to counterbalance the alkaline buffered pH effect of wastewater matrix and maintain the performance of ultrasound and Fenton-based processes.

These results showed that water matrix must be taken into account to select the optimum process and determine the operating conditions for practical use. In addition, the influence of different molecules on process interaction would have to be considered, as well as that of pollutant concentration as wastewaters to be treated are less concentrated.

Regarding the net synergistic effect in homogeneous system, further studies should consider the optimization of coupled US/Vis/Hom-F process with the aim of achieving mineralization level required to remove (most of) the toxicity of the treated sample under relatively low reagent concentration (iron catalyst and H 2 O 2 ) and low energy consumption.

On the other hand, effect of US and UV/Vis activation on heterogeneous Fenton reaction should be further investigated by comparing several iron-containing solids. In any case, Fe-MFI is already a good candidate for testing in continuous water treatment process in association with membrane filtration. This type of continuous membrane process would be even more promising with a slowly dissolving iron catalyst as ZVI by optimizing solid iron content to obtain both activity and iron concentration below discharge limit.
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  microorganisms. Thus environmental and health concerns are driving wastewater treatment plants to develop different techniques and to come up with advanced technologies. Moreover, current researches on the remediation of bio-recalcitrant and/or toxic compounds are moving towards a coupling of processes, either traditional or more innovative. Advanced Oxidation Processes (AOPs) are promising techniques for the degradation of refractory organic compounds, including drugs. AOPs are based on the generation of reactive oxygen species (ROS), especially hydroxyl radical (  OH) a powerful and non-selective oxidant and other strong oxidant species (e.g.  OOH,  O 2 -) that are capable to degrade and INTRODUCTION 16 mineralize organic compounds into water (H 2 O) and carbon dioxide (CO 2 ) as final products.
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 1 Removal of pharmaceuticals by conventional treatment processes
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 11 Figure 1.1. Possible sources and pathways of pharmaceutical compounds in the environment
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 1213 Figure 1.2. General scheme of hydroxyl radical based reactions (adapted from reference [34])

  87 mM; T = 30°C; pH = 3; [H 2 O 2 ] = 0.32 mM; [Fe(II)] = 1.2 mM; Xenon lamp ; P UV = 1000 W; λ UV = 290-400 nm X IBP = 100% in 60 min, X TOC = 40% in 120 min. Application of UV light to Fenton process increased IBP and TOC removal by up to 2 and 4 times, respectively. Photocatalytic oxidation [45] [IBP] = 0.05 mM; [TiO 2 ] = 10 mg/L; room temperature; pH = 7; MP Hg lamp ; P UV = 60 W; λ UV = 320-400 nm X IBP = 90% in 180 min. IBP was rapidly degraded in the first 20 min of photocatalytic treatment, then the degradation rate decreased probably due to the deactivation of catalyst active sites by degradation byproducts. Photocatalytic oxidation [46] [IBP] = 100 mg/L; T = 30 °C ; pH = 6 ; [TiO 2 ] = 1 g/L; [O 2 ] = 40 mg/L. Xenon lamp 1000 W X IBP = 90%, X TOC = 50% in 240 min. Removal yield increased with increase of catalyst concentration. Electro-Fenton [47] [IBP] = 0.2 mM (in 20% ACN); T = 23+2°C; pH = 3; Electrolytes: [Na 2 SO 4 ] = 50 mM; [Fe(II)] = 0.2 mM; Electrodes: BDD / Pt-Graphite; I = 500 mA X IBP = 100% in 50 min. The oxidation rate increased with applied current and BDD anode showed higher removal rate than Pt anode. O 3 /H 2 O 2 [48] [IBP] = 2 µM; T = 10°C; pH = 7; [O 3 ] = 0.1 mM; [H 2 O 2 ] = 0.05 mM X IBP = 99% in 10 min. Simple ozonation was found to be ineffective to remove ibuprofen (X IBP =12%), while the application of O 3 /H 2 O 2 was very effective. O 3 /ZVI/US [49] [IBP] = 0.05 mM; T = 25°C; pH = 3; [O 3 ] = 12 mg/min; D US = 230 W/L ; [ZVI] = 5 mg/L X IBP = 100%, X TOC = 58% in 40 min. Ultrasound facilitates the diffusion of solutes from the bulk solution to the bubble-liquid and solid-liquid interfaces, thus improving the O 3 /ZVI process.

  with hydroxylation, direct demethylation can occur in parallel to form TP2 (4-(1carboxyethyl) benzoic acid; m/z: 191), which can be further hydroxylated into TP3 (C 12 H 15 O 3 ; m/z: 207). TP4 (1-ethyl-4-(2-hydroxy)isobutylbenzene; m/z: 177) is formed by removal of carboxylic acid from the isobutyl moiety (decarboxylation) of TP1. Then, TP5 keto-derivative (4-isobutylacetophenone; m/z: 175) is formed, as well as TP6 (4ethylbenzaldehyde; m/z: 133) resulting for instance from TP4 by hydroxylation and loss of 2-propanol. Another molecule, TP7, with molecular formula C 9 H 9 O 2 (m/z: 149) is specifically formed during sono-photocatalytic oxidation on TiO 2 because of the cleavage of isobutyl moiety.
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 14 Figure 1.4. Possible transformation pathways of IBP during TiO2 photocatalysis under UV-A and simulated solar irradiation, and sono-photocatalysis (adapted from reference [52])
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 15 Figure 1.5. Schematic diagram of Fenton reaction using iron containing solids: (1) heterogeneous mechanism induced by iron surface species and (2) homogeneous mechanism induced by leached iron (adapted from reference [65])
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 16 Figure 1.6. Representation of possible mechanisms involved in heterogeneous Fenton-like reactions catalyzed by Fe-zeolites (adapted from reference [50])

  O 2 ] = 100 mg/L; T = 25°C; pH = 3 X pol = 62%, X TOC = 6% in 60 min. The ratio of TOC removal/diazinon removal was very low indicating that diazinon was only transformed to other organic by-products. Velásquez et al. (2014) [83] Pollutant: sulfathiazole 47 µM; catalyst: FeSO 4 0.2 mM Fe(II); [H 2 O 2 ] = 1.9 mM; T = 25°C; pH = 3 X pol = 84% in 8 min, X TOC = 30% in 60 min. Oxamic acid formed as a by-product remained stable during Fenton oxidation. de Luna et al. (2013) [78] Pollutant: paracetamol 5 mM; catalyst: FeSO 4 0.5 mM Fe(II); [H 2 O 2 ] = 25 mM; T = 25°C; pH = 3 X pol > 90%, X TOC = (-) in 40 min. k = 1.68 mM/min. Fenton oxidation was effective for paracetamol removal. Paracetamol removal increased with increase of Fenton reagent concentration.
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 141 7 g/L; [H 2 O 2 ] = 1.5 stoichiometric amount; T = 70°C; pH = 4 X TOC = 60% in 240 min. Compared to the homogeneous Fenton process, heterogeneous process exhibited slower degradation rate, but higher TOC removal efficiency. Kusić et al. (2006) [80] Pollutant: phenol (TOC = 80 mg/L); catalyst: Fe-ZSM5 1.5 g/L; [H 2 O 2 ] = 40 mM; T = 25°C; pH = 3 X pol = 100% in 30 min, X TOC = 45% in 60 min. Longer reaction time (30 min vs. 2 min) was needed by Fe-ZSM5 catalyst to obtained similar conversion of phenol as homogeneous system. Zhou et al. (2008) [85] Pollutant: 4-chlorophenol 100 mg/L (0.8 mM); catalyst: ZVI 1 g/L (18 mM of Fe); [H 2 O 2 ] = 1.7 g/L (50 mM); T = 20°C; pH = 4 X pol = 100%, X TOC = (-) in 30 min. The authors conclude on a two-stage mechanism: a slow then much faster degradation. The latter was attributed to iron leaching inducing homogeneous reaction. Velichkova et al. (2013) [58] Pollutant: paracetamol 0.66 mM; catalyst: Fe 3 O 4 1 g/L; [H 2 O 2 ] = 28 mM; T = 60°C; pH = 2.6 X pol = 100% in 150 min, X TOC = 45% in 300 min. A small excess of oxidant should be preferred because of the occurrence of scavenging effect. Zha et al. (2014) [73] 1.1.1. Pollutant: amoxillin 50 mg/L (0.14 mM); catalyst: ZVI 500 mg/L (9 mM of Fe); [H 2 O 2 ] = 224 mg/L (6.6 mM); T = 30°C; pH = 3 X pol = 87%, X COD = 71% in 25 min. Initial pH was the most significant operating parameter since it affected the extent of Fe 2+ leaching from ZVI. Cihanoğlu et al. (2015) [86] Pollutant: Acetic acid (100 mg/L (1.7 mM); catalyst: Fe-ZSM5 1.33 g/L; [H 2 O 2 ] = 8.35 mM; T = 60°C; pH = 4 X TOC = 50% in 120 min. Acetic acid degradation was accelerated in acidic medium with the increase in temperature, H 2 O 2 and catalyst amount.1.4. SONOLYSIS AND SONO-FENTON PROCESSES Principle and mechanisms 1.4.1.1. Ultrasound processThe development of ultrasound-based technology in water treatment originated from the discovery that ultrasonic waves (at 20 kHz) were able to cause a thinning of cell walls of microbes, attributed to the freeing of the cytoplasm membrane from the cell wall[START_REF] Hughes | Cell Disruption by Ultrasound: Streaming and other activity around sonically induced bubbles is a cause of damage to living cells[END_REF]. In recent years, ultrasound has been used for water disinfection, anti-scaling treatment and algae control[START_REF] Mason | Applied sonochemistry: the uses of power ultrasound in chemistry and processing[END_REF].
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 17 Figure 1.7. Typical scheme of acoustic cavitation (adapted from reference [89])

Figure 1 . 8 .

 18 Figure 1.8. General mechanism of sonochemical reactions (adapted from reference [92])

  mM; catalyst: goethite 0.2 g/L; [H 2 O 2 ] = 7.8 mM ; T = 20°C ; pH = 3; f US = 20 kHz; P US = 20 W*; I US = 25.5 W/cm 2 ; D US = 80 W/L X pol = 100% in 30 min; X TOC = 42% in 90 min. Hydrogen peroxide concentration and pH played an important role in the degradation process Heterogeneous sono-Fenton [117] Pollutant: phenol 2.5 mM; catalyst: Fe 2 O 3 /SBA-15 0.6 g/L; [H 2 O 2 ] = 70 mM; T = 25°C; pH = 3; f US = 584 kHz; D US = 29 W/L* X TOC = 30% in 240 min; Heterogeneous sono-Fenton was more effective than heterogeneous Fenton and US/H 2 O 2 processes. Ultrasound frequency of 584 kHz was better than 20 kHz and 1142 kHz. Heterogeneous sono-Fenton [119] Pollutant: bisphenol A 0.09 mM; catalyst: Fe 3 O 4 0.6 g/L; [H 2 O 2 ] = 160 mM; T = 35+1°C; pH = 3; f US = 40 kHz ; P US = 100 W X pol = 95%, X TOC = 45% in 480 min. Coupling of heterogeneous Fenton reaction and ultrasound was very synergic (increase of the removal efficiency by up to 4 times compared to the separate processes). Heterogeneous sono-Fenton [129] Pollutant: C.I. Acid Orange 7 0.14 mM; Catalyst: Fe-ZSM5 ([Fe equivalent] = 0.1 mM); [H 2 O 2 ] = 5 mM; f US = 850 kHz; P US = 22.3 W*; D US = 112 W/L X pol = 47% in 120 min. Degradation of C.I. Acid Orange 7 under sono-Fenton was dominated by US/H 2 O 2 process*Ultrasound (US) power measured by calorimetry X pol refers to the conversion of pollutant, X TOC to the conversion of total organic carbon (mineralization yield)

Figure 1 . 9 .

 19 Figure 1.9. Mechanism of photo-reductive dissolution of Fe(III) complex on goethite (adapted from reference [151,155])

  4 mM; pH = 3; T = 25°C; UV-C lamp; λ = 254 nm; P UV = 24W (1.85 x 10 -5 E/s) X pol = 100%, X TOC = 76.3% in 120 min. Photo-Fenton reaction was more effective under UV-A than visible light Heterogeneous photo-Fenton [160] Pollutant: phenol 1 mM ; catalyst: Fe-laponite 1 g/L; [H 2 O 2 ] = 50 mM ; T = 30°C ; pH = 3; UV-C and UV-A lamps ; P UVC = 15 W; λ UVC = 254 nm; P UVC = 40 W; λ UVC = 365 nm X pol = 100% in 5 min (UV-C) and X pol = 100% in 25 min (UV-A). Fast degradation of phenol was observed under UV-C irradiation due to the contribution of UV/H 2 O 2 reaction. On the other hand, synergistic effect was clearly observed under UV-A light. Contribution of iron leaching was also negligible. Heterogeneous photo-Fenton [161] Pollutant: reactive red HE-38 100 mg/L ; Catalyst: Fe-laponite 1 g/L; [H 2 O 2 ] = 500 mg/L ; T = 30°C; pH = 3; UV-C lamp; P UVC = 16 W; λ UVC = 254 nm X TOC = 76% in 120 min. Additive interaction between Fenton and UV/H 2 O 2 reactions was observed in terms of TOC mineralization. Heterogeneous photo-Fenton [80] Pollutant: phenol 1 mM ; catalyst: Fe-ZSM5 1.5 g/L (1 mM of Fe); [H 2 O 2 ] = 40 mM ; T = 25°C ; pH = 3; LP Hg lam ; P UV = 125 W; λ = 254 nm (0.34x10 -5 E/s) X Pol = 100%, X TOC = 86% in 60 min. UV irradiation enhanced TOC removal of heterogeneous Fenton oxidation by up to 43%. However, no comparison with UV or UV/H 2 O 2 alone.

Figure 1 . 10 .

 110 Figure 1.10. Schematic illustration of bisphenol A (BPA) mineralization under ultrasound/solar light/Fe(II) process (adapted from reference [126])

  07 mM; catalyst: Fe(NO 3 ) 3 0.05 mM Fe(III); T = 25°C; pH = 2,7; f US = 213 kHz; P US = 13.75 W*; D US = 55 W/L; P UV = 450 W; Xenon arc lamp k = 18.6 x 10 -7 M/min (P), X TOC > 80% in 180 min. Synergistic interaction was observed in sonophotocatalytic oxidation using Fe 3+ . Sonication of paracetamol led to the formation .I. Acid Orange 7 0.14 mM; catalyst: FeSO 4 0.1 mM Fe(II); [H 2 O 2 ] = 5 mM; f US = 850 kHz; P US = 22.3 W*; D US = 112 W/L; λ UV = 254 nm X pol = 81% in 120 min. Synergistic interaction between processes was observed and decomposition of H 2 O 2 by UV played an important role. Chakma and Moholkar (2014) [174] Pollutant: bisphenol A 10 mg/L; catalyst: FeSO 4 0.36 mM Fe(II); [H 2 O 2 ] = 7.85 mM; f US = 40 kHz; D US = 8.71 W/L; P UV = 160 W; λ UV = 365 nm X pol = 86.5% in 60 min. No synergy was observed, probably due to the predominance of 80 mg/L, diuron 100 mg/L, bisphenol A 80 mg/L; catalyst: FeSO 4 0.018 mM Fe(II); [H 2 O 2 ] = 6 mM; f US = 400 kHz; P US = 450 W; Solar light X phenol = 100% in 60 min, X bisphenol A = 100% in 60 min. Combined effect between ultrasound and photo(solar)-Fenton oxidation was pollutant dependent: synergistic for phenol, only additive for diuron and detrimental for bisphenol A (photo-Fenton predominant) Table 1.13. Works related to heterogeneous sono-photo-Fenton oxidation References Typical experimental conditions Remarks Segura et al. (2009) [120] Pollutant: phenol 2.5 mM; catalyst: Fe 2 O 3 /SBA-15 0.6 g/L ; [H 2 O 2 ] = 35 mM ; T = 22°C (and not controlled in photo-Fenton); pH = 3; f US = 20 kHz; P US = 52 W*; I US = 39.2 W/cm 2 ; D US = 130 W/L; P UV = 150 W; λ = 313 nm X pol = 100% in 120 min; X TOC = 90% in 360 min. Synergistic effect was observed only in sequential sono-photo-Fenton process. However, it was probably due to elevated temperature during sonication and/or contribution of iron leaching (4 mg/L). Zhong et al. (2011) [175] Pollutant: C.I. Acid Orange 7 100 mg/L; catalyst: Fe 2 O 3 /SBA-15 0.3 g/L; [H 2 O 2 ] = 8 mM ; T = 20°C ; pH = 2; f US = 20 kHz; P US = 80 W**; P UV = 4 W; λ UV = 254 nm X pol = 80% in 60 min. Sono-photo-Fenton oxidation corresponded to the sum of sono-Fenton and photo-Fenton contributions.

  Hg, MP Hg and xenon arc lamp are the most utilized. Various possible photo-chemical reactions induced by these lamps are given in figure 1.11.
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 111 Figure 1.11. Classification of photo-based AOPs according to lamp type and wavelength

  photo-Fenton oxidation and possible synergistic effect by coupling these process (in the socalled sono-photo-Fenton oxidation). The originality of the present work relies in the activation of homogeneous Fenton reaction carried out at relatively low iron concentration (1.8 -7.5 mg/L of Fe) and the combination of low frequency ultrasound and visible irradiation with heterogeneous Fenton reaction.
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 111 Quantification of ibuprofen by HPLC/UV High-Performance Liquid Chromatography coupled with UV detection (HPLC/UV) was used as a routine method to monitor the degradation of ibuprofen during the oxidation experiments. HPLC uses a liquid mobile phase (solvent mixture) to transport the molecules (analytes) in a sample through a stationary phase (sorbent particles packed inside a column) and separates them according to their affinity for mobile and stationary phases. At the end of the system (figure2.1), a UV/Vis spectrophotometer monitors the absorbance of analytes in the eluent and shows the output in the form of a chromatogram. Thus, a calibration is needed in order to transform the peak area on the chromatogram into analyte concentration.The HPLC system used in this work (ACCELA PDA, Thermo scientific Inc.) consists in a dual-piston quaternary mixing pump, an auto-sampler, and a photodiode array detector capable to scan the analyte absorbance on a range of wavelengths. Acquisition and treatment of chromatograms were performed by Chromeleon software (version 6.8, Thermo scientific Inc.).
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 21 Figure 2.1. Schematic diagram of HPLC system (adapted from reference [210])

2. 2

 2 and figure 2.2, respectively. Prediction of compound formula and noise reduction was performed by Xcalibur software (version 2, Thermo scientific Inc.) and MetAlign software (version 041011, Arjen Lommen). HPLC/MS characterizations were performed by David Riboul at Laboratoire de Génie Chimique, Toulouse.
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 22 Figure 2.2. Schematic diagram of MS system (adapted from reference [211])

Figure 2 . 3 .

 23 Figure 2.3. Principle of TOC measurement (adapted from reference [212])

Figure 2 . 4 .

 24 Figure 2.4. Standard solutions of titanium (IV)-hydrogen peroxide complex at different concentrations

Figure 2 . 5 .

 25 Figure 2.5. Schematic diagram of ICP-AES apparatus (adapted from reference [215])
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 26 Figure 2.6. Schematic diagram of SEM (adapted from reference [216])

Figure 2 . 7 .

 27 Figure 2.7. Chemical structure of ibuprofen

Figure 2 . 8 .

 28 Figure 2.8. UV absorption spectrum of ibuprofen solution ([IBP] = 20 mg/L; pH 0 = 4.3)
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 24 Heterogeneous catalysts 2.2.4.1. Iron containing zeolite (Fe-MFI) Iron containing zeolite catalyst (Fe-MFI) was obtained from Süd-Chemie AG (ref. Fe-MFI-27). This catalyst has a ZSM5 structure (pentasil zeolite). ZSM5 framework exhibits a 10-ring channel structure, with minor and major axis dimensions of 5.1Å x 5.5 Å and 5.4 Å x 5.6 Å for sinusoidal and straight channels, respectively [234] (figure 2.10).

Figure 2 .

 2 Figure 2.10. (a) Skeletal diagram of the (100) face of ZSM5, (b) Channel structure of ZSM5 (adapted from reference [234])

  spectroscopy[START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF]. X-ray diffractograms of Fe-MFI and MFI (without iron, ref. are very similar (figure 2.13), indicating that incorporation of iron has not resulted into any significant structural change of the zeolite.
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 2212 Figure 2.11. SEM images (A and B) and EDX analysis (C) of fresh Fe-MFI catalyst

Figure 2 .

 2 Figure 2.15. SEM images (A and B) and EDX analysis (C) of fresh ZVI catalyst
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 2 Figure 2.16. Particle size distribution of ZVI powder
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 218 Figure 2.18. Ultrasonic equipment 1 mounted in sono-reactor (A), ultrasonic probe of equipment 1 (B), ultrasonic equipment 2 (C), and sono-reactor with ultrasonic equipment 3 (D)
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 219 Figure 2.19. Calorimetric evaluation of ultrasonic equipment 1
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 2 Figure 2.20. Photo-reactor (A) and investigated lamps (B)
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 221222 Figure 2.21. Spectral distribution of TQ150 lamp (medium pressure Hg vapor lamp) (Data provided by supplier)
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 223 Figure 2.23. Irradiation spectrum of the lamps vs. useful ranges for the different photochemical reactions
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 224 Figure 2.24. Schematic drawing and photograph of the sono-photochemical reactor system
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 31 Figure 3.1. Effect of addition of H 2 O 2 (alone) or iron salt (without H 2 O 2 ) ([IBP] 0 = 20 mg/L, pH 0 = 2 -8, T = 25°C, [FeSO 4 7H 2 O] 0 = 0.13 mM, [H 2 O 2 ] 0 = 6.4 -22.4 mM)

3 . 8 )

 38 and/or at the bubble-liquid interface and/or in the solution bulk (R.3.2 and R.3.9), depending on the volatility and hydrophobicity of the molecule[START_REF] Méndez-Arriaga | Ultrasonic treatment of water contaminated with ibuprofen[END_REF][START_REF] Xiao | Sonochemical degradation of ciprofloxacin and ibuprofen in the presence of matrix organic compounds[END_REF][START_REF] Gültekin | Ultrasonic destruction of bisphenol-A: the operating parameters[END_REF][START_REF] Goel | Sonochemical decomposition of volatile and non-volatile organic compounds-a comparative study[END_REF].Pollutant + ))) → degradation products (R.3.8)Pollutant +  OH → degradation products (R.3.9)
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 32 Figure 3.2. Sonolysis of IBP and effect of radical scavenger ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, f US = 20 kHz, D US = 50 W/L, [Scavengers] 0 = 50 mM)
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 3334 Figure 3.3. Effect of the solution pH on: (A) IBP and (B) TOC removal by sonolysis ([IBP] 0 = 20 mg/L, pH 0 = 2.6 -8, T = 25°C, f US = 20 kHz, D US = 50 W/L)

Figure 3 . 5 .

 35 Figure 3.5. Effect of sonication frequency on IBP sonolysis: (A) IBP concentration-time profile, (B) first-order rate constant, (C) TOC concentration-time profile ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, f US = 12-862 kHz, D US = 50 W/L)

  H 2 O 2 (calculated according to R.3.1) were added, which corresponded to 6.4 mM and 22.4 mM, respectively (for 0.1 mM of IBP). They matched the doses applied for the Fenton oxidation of the molecule (cf. § 3.1.3), and were thus much higher than that generated by the sole sonolysis (0.41 µM/min). Alkaline conditions were also investigated, as the sono-degradation of IBP was previously found to be reduced for pH > pKa of the molecule. The corresponding concentration-time profiles of the pollutant are exhibited on figure 3.6A and figure 3.6B for the two pH levels (4.3 and 8.0), respectively. The oxidation results under silent conditions are also recalled for comparison purpose.
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 36 Figure 3.6. Effect of H 2 O 2 addition on IBP and TOC removal under sonolysis: IBP removal at pH 0 = 4.3 (A) and 8.0 (B); TOC removal at pH 0 = 4.3 (C) and 8.0 (D) ([IBP] 0 = 20 mg/L, T = 25°C, f US = 20 kHz with D US = 50 W/L, [H 2 O 2 ] 0 = 0 -22.4 mM)
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 3738 Figure 3.7. IBP photolysis and effect of radical scavenger or oxygen depletion ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, irradiated volume = 500 mL, lamp = 6W LP Hg)

Figure 3 . 9 .

 39 Figure 3.9. Effect of the solution pH on IBP photolysis: (A) IBP concentration-time profile, (B) firstorder rate constant, (C) TOC concentration-time profile ([IBP] 0 = 20 mg/L, pH 0 = 2.6 -8.0, T = 25°C, irradiated volume = 500 mL, lamp = 6W LP Hg)
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 310 Figure 3.10. Effect of irradiated volume fraction on IBP photolysis: (A) IBP and (B) TOC concentration-time profiles ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, irradiated volume = 500 mL, total volume = 500 and 1500 mL, lamp = 6W LP Hg)
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 311 Figure 3.11. Effect of lamp type on IBP photolysis: (A) IBP and (B) TOC concentration-time profiles ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, irradiated volume = 500 mL, total volume = 1500 mL, lamp = 6W LP Hg, 150W Xe, or 150W MP Hg)
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 312313 Figure 3.12. Effect of H 2 O 2 concentration on photo-oxidation of IBP: (A) IBP and (B) TOC concentration-time profiles, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, irradiated volume = 500 mL, total volume = 1500 mL, lamp = 6W LP Hg, [H 2 O 2 ] 0 = 0 -22.4 mM)

  (i) [Fe 2+ ] 0 = 0.033 mM and [H 2 O 2 ] 0 = 1.6 mM (referred to as "F(-)"), (ii) [Fe 2+ ] 0 = 0.067 mM and [H 2 O 2 ] 0 = 3.2 mM ("F(med)") and (iii) [Fe 2+ ] 0 = 0.134 mM and [H 2 O 2 ] 0 = 6.4 mM ("F(+)").
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 314 Figure 3.14. Effect of Fenton's reagent concentration on IBP oxidation: (A) IBP and (B) TOC concentration-time profiles, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, pH 0 = 2.6, T = 25°C, F(-): [Fe 2+ ] 0 = 0.033 mM and [H 2 O 2 ] 0 = 1.6 mM, F(med): [Fe 2+ ] 0 = 0.067 mM and [H 2 O 2 ] 0 = 3.2 mM, F(+): [Fe 2+ ] 0 = 0.134 mM and [H 2 O 2 ] 0 = 6.4 mM)

Figure 3 .

 3 Figure 3.16. Sonophotolysis of IBP: (A) IBP and (B) TOC concentration-time profiles ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, irradiated volume = 500 mL, total volume = 1500 mL, lamp = 6W LP Hg (UV) or 150W MP Hg (UV-Vis), f US = 20 kHz, D US = 50W/L)
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 317 Figure 3.17. Sonophoto-oxidation of IBP: (A) IBP and (B) TOC concentration-time profiles, and (C) H 2 O 2 consumption. ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, irradiated volume = 500 mL, total volume = 1500 mL, lamp = 6W LP Hg (UV) or 150W MP Hg (UV-Vis), f US = 20 kHz, D US = 50W/L, [H 2 O 2 ] 0 = 6.4 mM). Photo-oxidation results are recalled for comparison purpose

  1.4 were repeated under ultrasound irradiation, starting with the reference frequency of 20 kHz and a power density of 50 W/L. The effects of several parameters were successively investigated: concentration of Fenton's reagent, ultrasound density and sonication frequency.3.2.2.1. Effect of Fenton's reagent concentration on sonolysis (20 kHz) For this study, low and high concentration levels of Fenton's reagent were applied, corresponding to half the stoichiometric amount of H 2 O 2 (1.6 mM) and twofold excess (6.4 mM), respectively, keeping [H 2 O 2 ] / [Fe] = 48.As depicted in figure3.18, 20 kHz irradiation clearly improved the performance of Fenton oxidation. For instance, at low reagent concentration, IBP conversion increased from 35% to 89% after 3 hours (figure 3.18A). However, accounting for 48% of IBP removal by US alone, the interaction between US and Fenton oxidation seemed to be additive rather than synergistic. Likewise, similar additive effect was also observed in TOC removal, as mineralization yields in US, Fenton and US/Fenton at low reagent concentration were 7%, 6% and 12% respectively (figure 3.18B). In other words, Fenton oxidation was found mainly efficient during the first 5 minutes, after which sonolysis prevailed without significantly activating the catalytic process (nor the decomposition of H 2 O 2 as shown previously).
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 318 Figure 3.18. Fenton (F) and sono-Fenton oxidation (US/F) of IBP: (A) IBP and (B) TOC concentration-time profiles, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, pH 0 = 2.6, T = 25°C, f US = 20 kHz, D US = 50W/L, F(-): [Fe 2+ ] 0 = 0.033 mM and [H 2 O 2 ] 0 = 1.6 mM, (+): [Fe 2+ ] 0 = 0.134 mM and [H 2 O 2 ] 0 = 6.4 mM)
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 319 Figure 3.19. Effect of sonication on Fenton catalyst regeneration ([IBP] 0 = 20 mg/L, pH 0 = 2.6, T = 25°C, f US = 20 kHz, D US = 50W/L, [H 2 O 2 ] 0 = 6.4 mM, [Fe 2+ ] 0 = 0.134 mM)

Figure 3 . 20 .

 320 Figure 3.20. Effect of D US on sono-Fenton oxidation of IBP: (A) IBP and (B) TOC concentration-time profiles ([IBP] 0 = 20 mg/L, pH 0 = 2.6, T = 25°C, f US = 20 kHz, D US = 25-100 W/L, [H 2 O 2 ] 0 = 6.4 mM, [Fe 2+ ] 0 = 0.134 mM). Fenton oxidation result is recalled for comparison purpose
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 321 Figure 3.21. Effect of sonication frequency on sono-Fenton oxidation of IBP: (A) IBP and (B) TOC concentration-time profiles, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, pH 0 = 2.6, T = 25°C, f US = 12-862 kHz, D US = 50W/L, [H 2 O 2 ] 0 = 6.4 mM, [Fe 2+ ] 0 = 0.134 mM). Fenton oxidation result is recalled for comparison purpose

Figure 3 . 22 . 2 .

 3222 Figure 3.22. Effect of irradiation spectrum on photo-Fenton oxidation of IBP: (A) IBP and (B) TOC concentration-time profiles, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, pH 0 = 2.6 (photo-Fenton) and 4.3 (LP Hg/H 2 O 2 ), T = 25°C, irradiated volume fraction = 1/3, lamp = 6W LP Hg or 150W Xe, [H 2 O 2 ] 0 = 6.4 mM and [Fe 2+ ] 0 = 0.134 mM). Fenton and LP Hg/H 2 O 2 oxidation results are recalled for comparison purpose
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 323 Figure 3.23. Effect of the concentration of Fenton's reagent on Fenton oxidation and photo-Fenton oxidation of IBP under visible irradiation: (A) IBP and (B) TOC concentration-time profiles ([IBP] 0 = 20 mg/L, pH = 2.6, T = 25°C, irradiated volume fraction = 1/3, lamp = 150W Xe (Vis), F(-): [Fe 2+ ] 0 = 0.033 mM and [H 2 O 2 ] 0 = 1.6 mM, F(+): [Fe 2+ ] 0 = 0.134 mM and [H 2 O 2 ] 0 = 6.4 mM)
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 324 Figure 3.24. Comparison of sono-photo-Fenton and other Fenton-related processes, for low reagent concentration: (A) IBP and (B) TOC concentration-time profiles, and (C) H 2 O 2 consumption. ([IBP] 0 = 20 mg/L, pH 0 = 2.6, T = 25°C, f US = 20 kHz, D US = 50W/L, irradiated volume fraction = 1/3, lamp = 150W Xenon, [H 2 O 2 ] 0 = 1.6 mM and [Fe 2+ ] 0 = 0.033 mM)

( 0 .

 0 033 mM of Fe, 1.6 mM of H 2 O 2 ) and the results, as well as those of corresponding Fenton (F), sono-Fenton (US/F) and photo(visible)-Fenton (Xe/F) oxidation, are shown on figure3.24. This combined process allowed full conversion of IBP after 180 min oxidation (figure3.24A), with respect to 89% and 76% by US/F and Vis/F, respectively. Since the degradation of IBP by Fenton-related processes was very rapid in the first 5 minutes, calculation of rate constant was done afterwards. Values corresponding to the separate and combined processes are listed in table 3.1.

  oxidation (15%) (figure 3.24B). IBP and TOC concentration-time profiles observed during the different Fenton-related processes at high reagent concentration (0.134 mM of Fe, 6.4 mM of H 2 O 2 ) are then compared on figure 3.25. Contrarily to the results at low reagent concentration, sono-photo-Fenton and photo-Fenton oxidation exhibited essentially the same performance in terms of both IBP and TOC removal, therefore indicating no synergistic interaction between Vis/F and US at high reagent concentration. This suggests the existence of a threshold Fe/IBP concentration ratio for interaction between photons and ferric ions/complexes to be high enough so that photo-regeneration of iron (R.3.25 -R.3.28) became predominant over sonoregeneration. At low reagent concentration (molar ratio of Fe/IBP = 0.3) IBP and its
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 32533 Figure 3.25. Comparison of sono-photo-Fenton and other Fenton-related processes, for high reagent concentration: (A) IBP and (B) TOC concentration-time profiles, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, pH 0 = 2.6, T = 25°C, f US = 20 kHz, D US = 50W/L, irradiated volume fraction = 1/3, lamp = 150W Xe (Vis), [H 2 O 2 ] 0 = 6.4 mM and [Fe 2+ ] 0 = 0.134 mM)
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 326 Figure 3.26. Proposed reaction scheme for degradation of ibuprofen by homogeneous AOPs
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 327 Figure 3.27. Evolution of normalized* concentration of IBP transformation products during US (*based on the maximum peak area measured for each compound)
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 328 Figure 3.28. Evolution of normalized* concentration of IBP transformation products during UVphotolysis with LP Hg lamp (*based on the maximum peak area measured for each compound)
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 329 Figure 3.29. Evolution of normalized* concentration of hydroxylated IBP compounds during homogeneous Fenton reaction (*based on the maximum peak area measured for each compound)

152 Figure 3 . 30 .Figure 3 . 31 .

 152330331 Figure 3.30. Evolution of TP1A concentration during homogeneous AOPs
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 334 Figure 3.34. Effect of water matrix (DW: distillated water, WW: wastewater effluent) on sonolysis (US), Fenton (F) and sono-Fenton (US/F) oxidation of IBP: (A) IBP and (B) TOC concentration-time profiles, and (C) H 2 O 2 consumption. ([IBP] 0 = 20 mg/L, pH 0 = 2.6 except for US in WW (pH 0 = 8.0), T = 25°C, f US = 20 kHz with D US = 50W/L under US, [H 2 O 2 ] 0 = 6.4 mM and [Fe 2+ ] 0 = 0.134 mM for F and US/F)

  e. photolysis under UV light, UV/H 2 O 2 (LP Hg lamp) and photo(Vis)-Fenton (Xe lamp). Despite the possible improvement in IBP removal by UV photolysis under alkaline pH (cf. § 3.1.3.2), photolysis of IBP in WW matrix was clearly inhibited (figure 3.35). IBP removal by UV/H 2 O 2 and photo(Vis)-Fenton was also hampered, but to a lesser extent compared to UV photolysis and complete IBP removal still could be achieved within reaction time. Likewise, mineralization yields were always lower in WW matrix, indicating also that organic compounds present in WW matrix were less photo-active than IBP. Measurement of residual H 2 O 2 concentration after reaction also showed smaller H 2 O 2 consumption in experiments with WW matrix. Inhibition of UV photolysis and photo-Fenton oxidation by real water matrix has been reported in literature [274,275] and it can be possibly attributed to scattering and filtering of UV and visible light by organic and inorganic compounds present in WW.

Figure 3 . 35 .

 335 Figure 3.35. Effect of water matrix (DW: distillated water, WW: wastewater effluent) on UV photolysis (LP Hg), UV/H 2 O 2 (LP Hg/H 2 O 2 ) and photo(Vis)-Fenton (Xe/F) oxidation of IBP: (A) IBP and (B) TOC concentration-time profiles, and (C) H 2 O 2 consumption. ([IBP] 0 = 20 mg/L, pH 0 = 8.0, except for Xe/F in WW (pH 0 = 2.6), T = 25°C, irradiated vol. fraction = 1/3, lamp = 6W LP Hg (UV) or 150W Xe (Vis), [H 2 O 2 ] 0 = 6.4 mM and [Fe 2+ ] 0 = 0.134 mM for Xe/F)

Figure 4 . 1 .

 41 Figure 4.1. Adsorption of ibuprofen over ZVI and Fe-MFI catalysts ([IBP] 0 = 20 mg/L, [Fe-MFI] = 0.5 -4.8 g/L, [ZVI] = 0.056 and 1 g/L, pH 0 = 4.3, T = 25°C)

Figure 4 . 2 .

 42 Figure 4.2. Illustration of IBP adsorption on zeolite surface

Figure 4 . 3 .

 43 Figure 4.3. Fenton oxidation of ibuprofen over ZVI and Fe-MFI catalysts: evolution of (A) IBP and (B) TOC concentration and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, [Fe-MFI] = 1 g/L, [ZVI] = 0.056 g/L, [H 2 O 2 ] 0 = 6.4 mM, T = 25°C). Homogeneous Fenton oxidation using 0.13 mM of FeSO 4 7H 2 O was recalled for comparison

Figure 4 . 6 .

 46 Figure 4.6. XRD analysis of (A) fresh and (B) used ZVI

Figure 4 . 8 .

 48 Figure 4.8. Effect of Fe-MFI concentration on Fenton oxidation: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, [Fe-MFI] = 1 -4.8 g/L, [H 2 O 2 ] 0 = 6.4 mM, pH 0 = 4.3, T = 25°C)

Figure 4 . 9 .

 49 Figure 4.9. Effect of H 2 O 2 concentration on Fenton oxidation over Fe-MFI: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, [Fe-MFI] = 4.8 g/L, [H 2 O 2 ] = 1.6 -22.4 mM (0.5 -7 times stoichiometric amount), pH 0 = 4.3, T = 25°C)

Figure 4 . 10 .

 410 Figure 4.10. Effect of H 2 O 2 / Fe molar ratio on Fenton oxidation over Fe-MFI: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, R = 10 -48, [Fe-MFI] = 0.5 -4.8 g/L, [H 2 O 2 ] 0 = 3.2 -6.4 mM, pH 0 = 4.3, T = 25°C)

Figure 4 . 11 .

 411 Figure 4.11. Effect of temperature on Fenton oxidation over Fe-MFI: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, [Fe-MFI] = 4.8 g/L, [H 2 O 2 ] 0 = 6.4 mM, pH 0 = 4.3, T = 15 -45°C)

  pH o : initial pH of the solution, pH i : pH of the solution after adsorption step, pH f : pH of the solution at the end of reaction Increasing the initial pH of the solution to 6 or 8 had negligible influence on IBP timeconcentration profile, which was almost superimposed to that obtained without pH adjustment (figure 4.12A), and led to a small reduction of TOC conversion for the highest value (figure 4.12B). In addition, similar IBP adsorption was also observed during the preliminary solid-liquid contacting phase. As abovementioned, these results could be explained by the ability of Fe-MFI to acidify the different solutions (pH 0 = 4.3 -8) towards almost single pH value (pH i = 3.3 -3.6) during the adsorption step (table

of 1 , 1 -

 11 dimethylhydrazine over Fe-ZSM5 catalyst: the molecule abatement was lower at neutral-alkaline pH (pH=7-10) compared to acidic pH (pH=2-5), while H 2 O 2 consumption remained similar. The authors argued that different reaction mechanisms occurred depending on pH, as they measured different values of activation energy for the catalytic decomposition of H 2 O 2 under alkaline (17 kJ/mol) and acidic (53 kJ/mol) conditions. The former value being closer to that observed in the presence of catalase (7 kJ/mol) or iron oxohydroxides (11 kJ/mol) than in the presence of transition metal ions (30-80 kJ/mol) where free-radical mechanism takes place, alkaline conditions were believed to favor non-radical decomposition route.

Figure 4 . 12 .

 412 Figure 4.12. Effect of pH on Fenton oxidation over Fe-MFI: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L; [Fe-MFI] = 4.8 g/L, [H 2 O 2 ] 0 = 6.4 mM, pH 0 = 4.3-8 or pH controlled at 7, T = 25°C)

  examined. The suspensions collected after heterogeneous oxidation experiment at 25°C ([Fe] leached = 48 µg/L) and 45°C ([Fe] leached = 210 µg/L) -both at 4.8 g/L Fe-MFI and 6.4 mM H 2 O 2 -were filtered on a 0.2 µm pore size membrane. Then the leachates were complemented with IBP and H 2 O 2 to match previous initial conditions.

Figure 4 .13A and figure 4 .

 44 figure 4.13B compare the time-concentration profiles of IBP and TOC during Fenton oxidation with Fe-MFI catalyst and corresponding filtrate.

Figure 4 . 13 .

 413 Figure 4.13. Activity of leachate for Fenton oxidation: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, [Fe-MFI] = 4.8 g/L, [Fe] leachate = 48 µg/L (25°C) and 210 µg/L (45°C), [H 2 O 2 ] 0 = 6.4 mM, pH 0 Fe-MFI* = 4.3, pH 0 leachate = 3.2, T = 25°C and 45°C) (*before contact). Corresponding Fenton oxidations were recalled for comparison

  On the other hand, solid particles can act as adsorbent for the target molecule or as catalyst to further decompose hydrogen peroxide generated by ultrasound. As shown in figure4.14, conversion of IBP and TOC was found very similar with 4.8 g/L of Fe-MFI or without particles, indicating they had no effect on sonolysis process. Negligible attenuation of US is consistent considering the mean size of the particles (d 43 = 7.9 µm) -much lower than  (7.5 cm at 20 kHz) -and the rather low concentration of the slurry (about 0.5%). Concentration of H 2 O 2 generated by US (0.41 µM/min) was also too low for heterogeneous Fenton mechanism to superimpose.

Figure 4 . 14 . 2 .

 4142 Figure 4.14. Effect of Fe-MFI on sonolysis: evolution of (A) IBP and (B) TOC concentration. ([IBP] 0 = 20 mg/L, [Fe-MFI] = 4.8 g/L, pH 0 = 4.3, T = 25°C, f US = 20 kHz, D US = 50 W/L)

Figure 4 . 15 .

 415 Figure 4.15. Comparison of Fenton and sono-Fenton oxidation with Fe-MFI: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, [H 2 O 2 ] 0 = 6.4 mM, [Fe-MFI] = 1 and 4.8 g/L, f US = 20 kHz, D US = 50 W/L)

Figure 4 .Figure 4 . 17 . 4 .

 44174 Figure 4.16. Effect of US application mode on sono-Fenton oxidation with Fe-MFI: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, [H 2 O 2 ] 0 = 6.4 mM, [Fe-MFI] = 4.8 g/L, f US = 20 kHz, E US = 540 kJ/kg, sequential mode: 10 s US ON / 10 s US OFF)

Figure 4 . 18 .

 418 Figure 4.18. Effect of US density on Fenton oxidation with Fe/MFI: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, [H 2 O 2 ] 0 = 6.4 mM, [Fe-MFI] = 1 and 4.8 g/L, D US = 50 -100 W/L, f US = 20 kHz)

Figure 4 . 19 . 4 . 4 . 4 . 1 .

 4194441 Figure 4.19. Effect of sound frequency on sono-Fenton oxidation with Fe-MFI: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, pH 0 = 4.3, T = 25°C, [H 2 O 2 ] 0 = 6.4 mM, [Fe-MFI] = 4.8 g/L, D US = 50 W/L, f US = 12 -862 kHz)

Figure 4 . 5 .

 45 Figure 4.20. Photo-Fenton oxidation with Fe-MFI under UV light and comparison with separate processes: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, [Fe-MFI] = 1 and 4.8 g/L, [H 2 O 2 ] = 6.4 mM, pH 0 = 4.3, T = 25°C, UV lamp: LP Hg 6W)

and

  Fenton oxidation at selected Fe-MFI concentration, it was the dominant mechanism. Sono-photo-Fenton oxidation process under visible light irradiation (figure 4.23) showed different trends than under UV light. Indeed, sono-photo(Vis)-Fenton oxidation (US/Xe/F) was found very similar to sono-Fenton (US/F) regarding both IBP and TOC conversion. H 2 O 2 consumption at the end of reaction was also almost the same in both cases, discarding any contribution of photo-mediated process initiated by visible light.

Figure 4 . 22 .Figure 4 .

 4224 Figure 4.22. Sono-photo-Fenton oxidation with Fe-MFI under UV light and 20 kHz US, and comparison with other Fenton-based processes: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, [Fe-MFI] = 1 g/L, [H 2 O 2 ] 0 = 6.4 mM, pH 0 = 4.3, T = 25°C, f US = 20 kHz, D US = 50W/L, UV lamp: LP Hg 6 W)

Figure 4 . 24 .

 424 Figure 4.24. Fe-MFI particle size distribution: (A) before reaction, (B) after Fenton, (C) after photo-Fenton, (D) after sono-Fenton oxidation

2 . 6 )

 26 , iron leaching from the solid catalyst is an important issue because it can result into progressive loss of activity, additional homogeneous oxidation mechanism and supplementary post-treatment to lower the dissolved metal concentration below acceptable level if too high. Since ultrasound application may affect the catalyst stability, iron leaching in the coupling processes was also evaluated. First, SEM and EDX analysis showed no major modification of the catalyst morphology (figure4.25) and surface iron content after Fenton (3.3+1.0%) and sono-Fenton process (3.4+1.1%). This result is in accordance with the study of Queirós et al.[START_REF] Queirós | Heterogeneous Fenton's oxidation using Fe/ZSM-5 as catalyst in a continuous stirred tank reactor[END_REF] who reported that the morphology and elemental composition of Fe-ZSM5 catalyst were not modified after Fenton or sono-Fenton oxidation. Note that the catalyst used in photo-Fenton oxidation was not examined since no further change was expected with respect to Fenton reaction.

Figure 4 .

 4 Figure 4.25. SEM images of (A) fresh and used Fe-MFI from (B) Fenton and (C) sono-Fenton oxidation

Figure 4 . 26 . 4 . 6 . 4 .

 426464 Figure 4.26. Leaching tests of sono-Fenton and photo-Fenton oxidation: evolution of (A) IBP and (B) TOC concentration and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, [Fe leachate ] = 54 µg/L (US/F) and 56 µg/L (Xe/F), [H 2 O 2 ] 0 = 6.4 mM, pH leachate = 3.2, T = 25°C, f US = 20 kHz, D US = 50 W/L, Vis lamp: Xenon 150 W). Sono-Fenton and photo-Fenton oxidation results over Fe-MFI (4.8 g/L) were recalled for comparison

Figure 4 . 27 . 4 . 7 .

 42747 Figure 4.27. Carbon speciation after adsorption, Fenton oxidation and coupled processes ([IBP] 0 = 20 mg/L, [Fe-MFI] = 1 g/L, [H 2 O 2 ] = 6.4 mM, pH 0 = 4.3, T = 25°C; US(-): f US = 20 kHz, D US = 50 W/L, UV: LP Hg lamp 6W, Vis: Xe lamp 150 W). Overall mineralization yield accounting for both liquid and solid phases is given above each bar

Figure 4 . 28 .Figure 4 . 29 .

 428429 Figure 4.28. Evolution of TP1A concentration during heterogeneous Fenton-based processes (results of homogeneous Fenton reaction with ferrous iron salt were recalled for comparison purpose) (pH 0 Fe-MFI = 4.3; pH 0 ZVI = 3.5; pH 0 FeSO4 = 2.6)

Figure 4 . 30 .Figure 4 . 31 . 4 . 8 .

 43043148 Figure 4.30. Evolution of TP4 concentration during heterogeneous Fenton-based processes (results of homogeneous Fenton reaction with ferrous iron salt were recalled for comparison purpose) (pH 0 Fe-MFI = 4.3; pH 0 ZVI = 3.5; pH 0 FeSO4 = 2.6)

(

  21 mg/L of TC and 18 mg/L of IC adsorbed) than in DW matrix (4 mg/L of TC and no IC adsorbed). Nevertheless, these adsorbed compounds seemed not to affect the available active sites since similar H 2 O 2 consumption was observed (figure 4.32C), excluding possible fouling or poisoning effect. Therefore lower IBP removal could be rather attributed to the scavenging effect of carbonate and bicarbonate ions present in WW matrix.

Figure 4 . 32 .C

 432 Figure 4.32. Effect of WW matrix on heterogeneous Fenton process: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, [Fe-MFI] = 4.8 g/L, [H 2 O 2 ] 0 = 6.4 mM, pH nc: pH not controlled, T = 25°C)

Figure 4 . 33 .

 433 Figure 4.33. Effect of WW matrix on heterogeneous sono-Fenton process: evolution of (A) IBP and (B) TOC concentration, and (C) H 2 O 2 consumption ([IBP] 0 = 20 mg/L, [Fe-MFI] = 4.8 g/L, [H 2 O 2 ] 0 = 6.4 mM, pH nc: pH not controlled, T = 25°C, D US = 50 W/L, f US = 20 kHz)

  

  

  

  

  

Table 1 .

 1 1. Example of pharmaceuticals removal in conventional treatment

	Drugs Unit operations	Removal (%) Region		
	IBP	AcS/phosphate removal	78-100	Aura, (Finland)	Tampere,	Harjavalta
		AcS/N/DeN/phosphate removal	92-99	Helsinki, (Finland)	Seinajoki,	Turku
		1 O settling, AcS, 2 O	60-70	Galicia (Spain)	
		1 O Settling, AcS/N/DeN, 2 O settling 86	S. England	
		1 O Settling, AcS	75	Rio de Janeiro (Brazil)	
		AcS, ppt with FeCl 3	62-79	on Lake Geneva (W. Switzerland)
	DCF	Conventional WWTP	17	Berlin (Germany)	
		AcS, P removal	23-60	Aura, (Finland)	Tampere,	Harjavalta
		AcS/N/DeN/phosphate removal	9-25	Helsinki, (Finland)	Seinajoki,	Turku
		1 O Settling, AcS	75	Rio de Janeiro (Brazil)	
		AcS, disinfection	18	Baltimore (USA)	
	NPX	AcS/phosphate removal	55-98	Aura, (Finland)	Tampere,	Harjavalta
		AcS/N/DeN/phosphate removal	69-94	Helsinki, (Finland)	Seinajoki,	Turku
		1 O Settling, AcS	78	Rio de Janeiro (Brazil)	
		AcS/N/DeN, sand filtration	50-80	Kloten/Opfikon (Switzerland)
	KTF	AcS/phosphate removal	51-100	Aura, (Finland)	Tampere,	Harjavalta
		AcS/N/DeN/phosphate removal	63-98	Helsinki, (Finland)	Seinajoki,	Turku
		AcS, ppt with FeCl 3	15-72	on Lake Geneva (W. Switzerland)
		1 O Settling, AcS	69	Rio de Janeiro (Brazil)	
	MEF 1 O Settling, AcS/N/DeN, 2 O settling 91	S. England	
		1 O Settling, AcS, ppt with FeCl3, 2 O settling	28-74	on Lake Geneva (W. Switzerland)
		AcS, ppt with FeCl 3	19-69	on Lake Geneva (W. Switzerland)

Table 1 .

 1 2. Environmental toxicity of ibuprofen

	Species	Duration / endpoint	Concentration
			(mg/L)
	P. carinatus	d / Growth (wet weight) NOEC	1.02
	P. carinatus	d / Reproduction (hatching success) NOEC 2.43
	P. carinatus	d / Survival NOEC	5.36
	D. magna	d / Reproduction NOEC	20
	D. magna	d / Reproduction NOEC	< 1.23
	D. magna	d / Survival NOEC	33.3
	D. magna	d / Reproduction EC50	13.4
	D. magna	d / Survival NOEC	20
	D. magna	d / Population growth rate NOEC	< 20
	M. macrocopa d / Reproduction NOEC	25
	M. macrocopa d / Survival NOEC	>50
	H. vulgaris	d / Bud formation NOEC	>10
	H. attenuata	h / Morphology EC50	1.65
	H. attenuata	h / Morphology NOEC	0.1
	H. attenuata	h / Feeding EC50	3.85
	O. latipes	dph / Survival NOEC	0.1
	O. latipes	dph / Survival NOEC	0.001
	O. latipes	dph / Survival NOEC	0.0001
	O. latipes	dph / Reproduction NOEC	0.001

EC 50 : Half maximal effective concentration, LC 50 : Half lethal concentration, NOEC: No observed effect concentration 1.2.

ADVANCED OXIDATION PROCESSES 1.2.1. Principle

  

Table 1 .

 1 

3. Ibuprofen removal by several AOPs Processes [Ref.]

Table 1 .

 1 4. Transformation products of ibuprofen observed in different AOPs

	Treatment	Transformation products	References
	Electro-	p-Benzoquinone (m/z 107.98)	[47]
	Fenton	4-Isobutylphenol (m/z 150.03)	
		1-(1-Hydroxyethyl)-4-isobutylbenzene (m/z 178.86)	
		4-Isobutylacetophenone (m/z 175.97)	
		Isomer molecule 1 (m/z 249.08)	
		Isomer molecule 2 (m/z 249.12)	
	Photo-Fenton 1 or 2-Hydroxy-IBP (m/z 221)	[24]
		(2RS)-2-(4-Methylphenyl)propanoic acid (m/z 163)	
		1-ethyl-4-(2-hydroxy)isobutylbenzene (m/z 177)	
		1-ethyl-4-(1-Hydroxy)isobutylbenzene (m/z 175)	
		1-[4-(2-Methylpropyl)phenyl]ethanone (m/z 175)	
		4-(1-hydroxy-2-methylpropyl)acetophenone (m/z 191)	
		2-Methyl-1-phenylpropane (m/z 133)	
		2-hydroxy-2-[4-(2methylpropyl)phenyl]peroxic acid (m/z 238)	
	Sono-photo-		[43]
	catalysis		
	using TiO 2		
	Sono-photo-	1 or 2-Hydroxy-IBP (m/z 221)	[52]
	catalysis	4-(1-carboxyethyl) benzoic acid (m/z 191)	
	using TiO 2	C 12 H 15 O 3 (m/z 207)	
		C 12 H 17 O (m/z 177)	
		4-isobutylacetophenone (m/z 175)	
		4-ethylbenzaldehyde (m/z 133)	
		C 9 H 9 O 2 (m/z 149)	
	1.3. FENTON REACTION	
	1.3.1. Principle and mechanism	
	1.3.1.1. Homogeneous system	
	Among the Advances Oxidation Processes, Fenton oxidation is one of the most
	promising one owing to (i) the use of easy-to-handle and environmental-friendly reagents
	(Fe 2+ or Fe 3+ and H 2 O 2 ), (ii) the low energy consumption compared to other oxidation

1 or 2-Hydroxy-IBP (m/z 221) (2RS)-2-(4-Methylphenyl)propanoic acid (m/z 163) 1-ethyl-4-(2-hydroxy)isobutylbenzene (m/z 177) 1-ethyl-4-(1-Hydroxy)isobutylbenzene (m/z 175) 1-[4-(2-Methylpropyl)phenyl]ethanone (m/z 175) 4-(1-hydroxy-2-methylpropyl)acetophenone (m/z 191) 2-Methyl-1-phenylpropane (m/z 133) 2-hydroxy-2-[4-(2methylpropyl)phenyl]peroxic acid (m/z 238)

  Fenton oxidation catalysts: iron oxide minerals (e.g. ferrihydrite, ferrite, goethite, magnetite, hematite, pyrite, schorl), iron oxide immobilized on high specific area materials (e.g. activated carbon,

alumina, biosorbent, polymer fiber, silica, zeolite), iron containing clays (e.g. laterite, bentonite, kaolinite, laponite, vermiculite, sepiolite, saponite, montmorillonite), waste materials (e.g. fly ash, pyrite ash, steel industry waste, iron sludge), and zero valent iron (ZVI)

Table 1 .

 1 5. Recent studies on homogeneous Fenton process

	References	Typical experimental		Remarks
		conditions		
	Siddique et al.	Pollutant: Reactive Blue 19	X pol = 10% in 30 min. No
	(2014) [81]	(25 mg/L); catalyst: FeSO 4 3	significant removal of dyes was
		mg/L Fe(II); [H 2 O 2 ] = 0.5	observed under investigated
		mM; T = 25°C; pH = 3.5	operating conditions.
	Cavalcante et al.	Pollutant: mitoxantrone 0.07	X pol = 10% in 140 min.
	(2013) [79]	mM; catalyst: FeSO 4 0.54	Voltammetric	and
		mM Fe(II); [H 2 O 2 ] = 18.8	spectrophotometric experiments
		mM; T = 25°C; pH = 3	indicated that Fenton reactions
			were	hindered	by	the
			complexation of Fe(III) with
			mitoxantrone.
	Wang et al.	Pollutant: diazinon 50 mg/L;		
	(2015) [82]	catalyst: FeSO 4 10 mg/L		
		Fe(II); [H 2		

Table 1 .

 1 6. Recent studies on heterogeneous Fenton processes

  frequency,  OH could be ejected more efficiently from bubble cavity into liquid phase before they have time to recombine in the cavitation bubble. In liquid bulk solution,  OH can either react with target pollutant or recombine to form H 2 O 2 . At low US frequency (especially in the typical 20-40 kHz range), bigger and long-lived bubbles are formed and  OH are preferentially recombined or even scavenged by other radicals in bubble cavity and bubbleliquid interface causing smaller portion of  OH ejected into bulk solution. Under this condition, only volatile and hydrophobic compounds which easily diffuse into bubble cavity or interface can be degraded (figure1.8)[START_REF] González-García | Sonochemical treatment of water polluted by chlorinated organocompounds[END_REF]. Apart from that, low frequency ultrasound bubble has sufficient rarefaction time to grow, thus results a in more violent collapse,

generating shockwave and favoring mechanical effects

[START_REF] Le | An executive review of sludge pretreatment by sonication[END_REF]

.

Table 1 .7. Examples of studies on sonolysis and sono-Fenton oxidation processes Processes Typical experimental conditions Remarks

 1 

	Sonolysis [125]	Pollutant: paracetamol 83 µM; T	X pol = 46% in 60 min. Sonolysis of
		= 20 ± 1 °C; pH = 5,6 ; f US = 600	paracetamol was improved in acidic
		kHz ; P US = 60 W*, D US = 200	condition for which paracetamol was
		W/L	in molecular form.	
	Sonolysis [99]	Pollutant: diclofenac 30 µM; T = 25 °C; pH = 5.7; f US = 861 kHz ;	X pol = 100% in 60 min. k = 0.005 min -1 . Sonolysis of diclofenac was
		D US = 230 W/L*	improved	at	low	pollutant
			concentration and acidic condition.
	Homogeneous	Pollutant: methyl tert-butyl ether	X pol = 100% in 300 min. Addition of
	sono-Fenton [113]	0.1 mM; catalyst: FeSO 4 1 mM	Fe(II) significantly improved (7
		Fe(II); [H 2 O 2 ] = 500 mM; T =	times) oxidation process efficiency
		20°C; pH = 3 ; f US = 20 kHz ; P US	(compared to silent-Fenton).
		= 11.7 W; D US = 80 W/L			

Table 1 .

 1 

			8. Characteristics of UV-Visible lamps used for AOPs
	Lamp	Wavelength	Description
	Lower	pressure	185 -265 nm	A gas-discharge lamp that uses mercury vapor
	mercury (LP Hg)	(max around 254	as electric initiation gas and works at a low
	lamp		nm) or 254 nm,	vapor pressure promoting the production of
			depending on bulb	monochromatic light (254 nm). Type of quartz
			type	bulb material may affect emission spectrum.
	Medium	pressure	200 -600 nm	A gas-discharge lamp that uses mercury vapor
	mercury (MP Hg)	(high around 250 -	as electric initiation gas and works at a high
	lamp		365 nm with some	vapor pressure promoting the production
			peaks in visible	polychromatic light
			region)	
	Black light blue lamp 315 -400 nm	A modification of MP Hg lamp that emits long
			(max at 365 nm)	wave (UV-A) ultraviolet light due to a
				utilization of a blue/violet filter material
	Halogen lamp	400 -1000 nm	A classic incandescent lamp that emits visible
			(high around 700 -	light
			900 nm)	
	Xenon lamp		300 -800 nm	A gas-discharge lamp that uses xenon vapor as
			(high around 400 -	electric initiation gas and works at a high vapor
			550 nm)	pressure producing white light mimicking
				natural sunlight

Table 1 .

 1 [START_REF] Mao | Characterization of haloacetaldehyde and trihalomethane formation potentials during drinking water treatment[END_REF]. Quantum yield of  OH generation by photolysis of iron(III)-

hydroxo complexes Hydroxo complexes of iron (III) λ (nm) Φ (  OH) Φ (Fe 2+ ) References

  

	Fe 3+ (H 2 O) 6	254 < 300	0.046-0.065 0.05	0.13	[146,153] [145]
	Fe(OH) 2+ (H 2 O) 5	240	0.83		[146]
			254	0.69		[146]
			280	0.31		[152]
			313	0.1-0.2		[63,146]
			370	0.07	0.14-0.19	[145]
			380	0.05		[146]
	Fe 2 (OH) 2	4+ (H 2 O) 8	350	0.007		[153]

Table 1 .

 1 [START_REF] Ahmed | Adsorption of non-steroidal anti-inflammatory drugs from aqueous solution using activated carbons: Review[END_REF]. Quantum yield of Fe(II) formation by photolysis of ferricarboxylate complex

	Carboxylic acids	Φ at 365 nm
	Formic acid	0.5 -0.55
	Tartaric acid	1.1
	Oxalic acid	1.0 -1.2
	Citric acid	0.589
	Malic acid	0.510
	Maleic acid	0.2 -0.29
	Malonic acid	0.026
	(adapted from reference [148])

Table 1 .

 1 11. Examples of studies on photolysis and photo-Fenton oxidation processes

	Process	Typical experimental conditions	Remarks
	Photolysis [18] Pollutant: naproxen (NPX) 10 mg/L	k = 0.29 min -1 (NPX), k = 0.004 min -1
		and carbamazepine (CBP) 7 mg/L;	(CBP). Photolysis degradation of
		T = 25°C ; pH = 7; MP Hg lamp ;	naproxen was faster than carbamazepine
		P UV = 1000 W		due to higher UV absorbance in UV-C
				region.
	Photolysis	Pollutant:	5-methyl-1,3,4-	X Pol > 90% (for C 0 =1 mg/L), X Pol = 40%
	[142]	thiadiazole-2-methylthio (MMTD)	(for C 0 =100 mg/L). MMTD degradation
		1 -100 mg/L; T = 25°C; LP Hg	rate and yield increased with decrease in
		(2.8x10 -6 Einstein/s) lamp ; P UV = 17 W; λ = 254 nm	initial concentration of pollutant.
	UV/H 2 O 2 [18]	Pollutant: naproxen (NPX) 10 mg/L	k = 0.69 min -1 (NPX), k = 0.70 min -1
		and carbamazepine (CBP) 7 mg/L;	(CBP). Effect of H 2 O 2 addition on
		[H 2 O 2 ] = 50 mg/L; T = 25°C; pH = 7;	photolysis process was more remarkable
		MP Hg lamp ; P UV = 1000 W	for less photo-degradable compound
				such as carbamazepine.
	Homogeneous photo-Fenton	Pollutant: sulfamonomethoxine 4.5 mg/L ; catalyst : Fe 2+ 0.02 mM;	X Pol = 98%, X TOC = 99% in 120 min. Degradation of SMMS in photo-Fenton
	[159]	[H 2 O 2 ] = 0.49 mM; T = 25°C; pH =	process was described by first-order
		4; P UV = 12 W; λ = 365 nm	kinetics, and the apparent activation
				energy was 23.95 kJ/mol.
	Homogeneous	Pollutant: valproate 0.35 mM; [Fe 2+ ]	
	photo-Fenton	= 0.18 mM; [H 2 O 2 ] = 4.	
	[158]			
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			.12. Works related to homogeneous sono-photo-Fenton oxidation
	References	Typical experimental conditions	Remarks
	Torres	and	Pollutant: bisphenol A 0.118 mM;	X pol = 95% in 75 min, X TOC = 100%
	coworkers (2007)	catalyst: FeSO 4 0.1 mM Fe(II); T =	in 240 min. Sono-photo-Fenton is
	[168]		20°C; pH = 3; f US = 300 kHz; P US = 80 W*; I US = 4.1 W/cm 2 ; D US = 267 W/L; P UV = 25 W; λ = 254 nm (1.5•10 -6	presented as the most cost-effective treatment for mineralization of bisphenol A.
			E/s); O 2 saturated solutions	
	Torres	and	Pollutant: bisphenol A 0.118 mM;	X pol = 92% in 75 min, X TOC = 70%
	coworkers (2008)	catalyst: FeSO 4 0.1 mM Fe(II); [H 2 O 2 ]	in 240 min. Sono-Fenton was more
	[126]		= 1.6 µM/min**; T = 20°C; pH = 5;	effective in removing the initial
			f US = 300 kHz; P US = 80 W*; I US = 4.1 W/cm 2 ; D US = 133 W/L; P UV = 200 W;	substrate (bisphenol), while photo-Fenton was more effective in
			λ = 400 -800 nm; O 2 saturated	degrading reaction intermediates
			solutions	(TOC reduction).
	Méndez-Arriaga		
	and	cowokers		
	(2009)			

  2 O 2 concentration, hydroxyl radicals preferentially react with H 2 O 2 than with organic compounds, generating less reactive species such as  OOH and  O 2 -(see R.1.15 and R.1.24). Moreover, stepwise or continuous addition of H 2 O 2 has been therefore proposed to overcome these detrimental effects [33,179,180]. In all cases, low H 2 O 2
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	Parameters	
	Column	C18 250x4 mm, 5 μm (ProntoSIL C18
		AQ, Bischoff chromatography)
	Elution method	Isocratic
	Aqueous solvent (A)	Ultrapure water with H 3 PO 4 0,1% (v/v)
	Organic solvent (B)	Acetonitrile
	Volumetric A/B ratio	40/60
	Elution flow rate (mL/min)	1
	Temperature (°C)	40
	Injection volume (µL)	20
	Retention time (min)	8.8 + 0.3
	Principal wavelengths (nm)	222
	Diode array detector wavelengths (nm) 200 -800
	2.1.1.2. Analysis of reaction intermediates by HPLC/MS
	High Performance Liquid Chromatography coupled with high resolution Mass

1. HPLC method for ibuprofen analysis
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 2 2. LC/MS method for analysis of reaction intermediates

	Parameters	
	Column	PFP 150x2 mm, 3µm (Luna PFP 2,
		Phenomenex)
	Elution method	Gradient
	Aqueous solvent (A)	Ultrapure water acidified with formic
		acid 0.1% (v/v)
	Organic solvent (B)	Acetonitrile
	Volumetric A/B ratio	0-5 min, 3% de B ; 5-25 min, 3-95%
		de B, 25-30min, 95% de B; 30-31min,
		95-3% de B, 31-37min, 3% de B
	Elution flow rate (mL/min)	0.2
	Temperature (°C)	40
	Injection volume (µL)	5
	Diode array detector wavelengths (nm) 200 -600
	Sheath gas flow rate (arbitrary unit)	50
	Auxiliary gas (arbitrary unit)	20
	Capillary temperature (°C)	350
	Spray voltage (V)	+ 3000
	Capillary voltage (V)	+ 25
	Tube lens voltage (V)	+ 30
	Skimmer voltage (V)	+ 16
	Mass range (m/z)	50 -1000
	Mass resolution	100000
	Acquisition rate (Hz)	1

  This method has also been used in literature both to determine sono-generation of H 2 O 2[START_REF] Chakma | Investigations in synergism of hybrid advanced oxidation processes with combinations of sonolysis + Fenton process + UV for degradation of bisphenol A[END_REF] and conversion of H 2 O 2 in sono-photo-Fenton process[START_REF] Xu | Degradation of di-n-butyl phthalate by a homogeneous sono-photo-Fenton process with in-situ generated hydrogen peroxide[END_REF] due to its large application range. It is based on the reaction between H 2 O 2 and Ti 4+ in acidic condition to form a yellow complex, pertitanic acid (TiO 2 .H 2 O 2 ) (R.2.1). Ti 4+ + H 2 O 2 + 2 H 2 O → TiO 2 .H 2 O 2 + 4 H

	[TOC] theo =	13 .12 . [IBP] 206.29	= 0.756 [IBP]	(E.2.2)
	According to the supplier, detection limits were 50 µg/L and 4 µg/L for TC and IC,
	respectively. By default, the measurement was duplicated; extra measurements were
	performed only if the coefficient of variation of the first ones was higher than 2%.	
		2.1.1.4. Analysis of (residual) hydrogen peroxide by spectrophotometry
	(Residual) hydrogen peroxide after oxidation/sonication was determined by the
	titanium tetrachloride method [213,214].	
				1)
	With			
	n C	: number of carbons in the molecule	
	M C	: molecular weight of carbon (g/mol)	
	[Molecule]	: concentration of the molecule (mg/L)	
	M Molecule	: molecular weight of the molecule (g/mol)	
	In case of ibuprofen (molecular weight 206.29 g/mol), this leads to:	

+ (R.2.1)

At the end of the experiment, a 25 mL aliquot was withdrawn and filtered. Then, 1 mL of TiCl 4 solution at 0.09 M (Sigma-Aldrich, Ref. 404985) and 1 mL of 1 M H 2 SO 4 (Sigma-Aldrich, Ref. 35276) were added, yielding an orange-yellow coloration. This colored complex is stable during several hours and exhibits a molar extinction coefficient ε=742 L/(mol.cm) at 410 nm

[START_REF] Rodier | L'analyse de l'eau -9ème édition -Eaux naturelles, eaux résiduaires, eau de mer: Eaux naturelles, eaux résiduaires[END_REF]

. Its concentration was measured on a Genesys 2 (Thermo Electron Corporation) or UV-1800 (Shimadzu Corporation) spectrophotometer. For quantification, a calibration plot using different H 2 O 2 solutions was performed (for example see appendix figure V). Examples of coloration formed at different complex concentrations can be seen in figure
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 2 3. Methods for particle size analyses

		Solid catalyst
	Parameters		
		Fe-MFI	ZVI
	Dispersion media (unit)	water (Hydro 2000S)	air (Aero 3000)
	Stirrer-pump speed (rpm)	1750	N/A
	Air pressure (bar)	N/A	2
	Refractive index	1.503	1.520
	Absorption index	0.1	0.1
	Obscuration level (%)	3	9
	2.1.2.2. Scanning Electron Microscopy and Energy Dispersive X-ray

Spectroscopy

Scanning Electron Microscopy (SEM)coupled to elemental analysiswas performed to evaluate the morphology of the solid catalysts and the (surface) distribution of iron. The measurement is based on the interaction of the primary electron beam with the sample causing the emission of secondary electrons (related to the surface topography), backscattered electrons and X-rays (figure 2.6). The latter can be used to obtain elemental information by coupling with Energy-Dispersive X-Ray Spectroscopy (EDX) detector. When the sample is bombarded by the SEM electron beam, electrons are ejected from the atoms on the sample surface. The resulting electron vacancies are filled by electrons from a higher state, and Xrays are emitted to balance the energy difference between the two electron states. The resulting X-ray spectrum exhibits specific energy lines which depend on the atomic number of the atoms. This analysis was carried out by Marie-Line De Solan Bethmale using a LEO 435VP microscope (SEMTech Solutions, Inc.) equipped with EDS detector (INCA System, Oxford Instrument) at SAP, LGC Toulouse.

  second isotherm was recorded. The difference between the two isotherms gave chemisorbed gas amount. Afterwards, the sample was degassed and re-oxidized at 450°C by using 10% of O 2 in helium to determine the extent of reduction. Assuming a CO uptake per

	Fe atom of ½, as well as crystallites of uniform size and spherical shape, iron dispersion D
	(%) and crystallite diameter (d c ) was calculated according to following equations [217]:
	D = 1.117 X / (Wf)	(E.2.4)
	d c = 96/D		(E.2.5)
	With	
	D	: iron dispersion (%)
	X	: chemisorbed CO amount (µmol/g)
	number of molecules of CO chemisorbed per gram of catalyst provides the metal dispersion,
	defined as the percentage of accessible metal atoms with respect to the total metal content.
	0.5 g of Fe-MFI catalyst was degassed at 200°C and 400°C during 30 min and 1 h,

2.1.2.5. CO chemisorption

Chemisorption of carbon monoxide was used to determine the dispersion of iron on the surface of Fe-MFI (Fe-ZSM5) and the size of crystallites. During chemisorption process, the adsorbing gas forms a chemical bond with the adsorption site. A wide range of metals react with CO forming single or multiple bonds. Knowing the stoichiometry of the reaction, the respectively, then reduced under flowing H 2 at 450°C for 12 h (ramp of 5°C/min), and placed under vacuum for 1 hour at 400°C before cooling to 35°C for CO adsorption

[START_REF] Velichkova | Vers un procédé Fenton hétérogène pour le traitement en continu d'eau polluée par des polluants pharmaceutiques[END_REF][START_REF] Park | Aluminasupported iron oxide nanoparticles as Fischer-Tropsch catalysts: Effect of particle size of iron oxide[END_REF]

. A first isotherm was measured, then the sample was evacuated at 35°C to remove physisorbed CO and a W : total weight percentage of iron in the catalyst (%) f : fraction of reduced iron determined by O 2 titration d c : average diameter of crystallites (nm)
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 2 4. Physicochemical properties of ibuprofen Rate constant with  OH 6.5 x 10 9 M -1 .s -1[START_REF] Xiao | Thermodynamic and kinetic study of ibuprofen with hydroxyl radical: A density functional theory approach[END_REF] Rate constant with 1 O 2 6 x 10 4 M -1 .s -1[START_REF] Ruggeri | Photochemical transformation of ibuprofen into harmful 4-isobutylacetophenone: pathways, kinetics, and significance for surface waters[END_REF] 

	Properties

* Kow: octanol-water partition coefficient

2.2.2. Hydrogen peroxide

  Hydrogen peroxide (H 2 O 2 ) is known as "green" oxidant because it releases only water as by-product. Since addition of sole H 2 O 2 for oxidation of organic compounds has limited efficiency due to its relatively low oxidation potential (1.77 V), H 2 O 2 is rather used as source of stronger oxidants in advanced oxidation processes (AOPs), such as hydroxyl radical  OH that exhibits higher oxidation potential (2.80 V). Physicochemical properties and UV absorption spectrum of H 2 O 2 are depicted in table 2.5 and figure 2.9, respectively.

	The stoichiometric amount of H 2 O 2 required for the total oxidation of 20 mg/L
	ibuprofen was 3.2 mM and it was calculated based on the following equation:	
	C 13 H 18 O 2 + 33 H 2 O 2 → 13 CO 2 + 42 H 2 O	(R.2.2)
	Hydrogen peroxide (H 2 O	

2 ) was purchased from Sigma-Aldrich as a 30% wt. solution (ref. 95294) with density of 1.14 g/cm

3 
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 2 5. Physicochemical properties of hydrogen peroxide

	Properties

Figure 2.9. UV absorption spectrum of H 2 O 2 2.2.3. Soluble catalysts Homogeneous Fenton oxidation experiments were performed as reference using the classical Fe 2+ /H 2 O 2 system. FeSO 4 7H 2 O (Sigma, purity  99%) was used as ferrous ion source.
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 2 6. Physicochemical properties of ferrous sulfate

	Properties
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 2 7. Properties of Fe-MFI

	Properties	
	Label	Fe-MFI
	Support %Fe	ZSM5 (SiO 2 /Al 2 O 3 =27) 3.4 a / 3.1+0.9 b / 3.6 c
	Iron dispersion (%)	22 d
	d c , CO (nm) d c , XRD (nm)	4 d Non visible e
	S BET (m 2 /g) V Mesopores (cm 3 /g) V Micropores (cm 3 /g) V Porous (cm 3 /g) d 43 (μm)	329 f 0.05 f 0.13 f 0.18 f 7.9 g
	pH pzc	2.9

h 

Iron content according to: a ICP-AES analysis of acid leachate, b SEM-EDX analysis of Fe-MFI, c Süd-Chemie supplier; d Metal dispersion and mean diameter of crystallites calculated from CO chimisorption; e Mean diameter of crystallites calculated from XRD f Specific surface area, mesoporous, microporous and total porous volumes measured by N 2 porosimetry; g Volume mean diameter of agglomerates in suspension (laser diffraction method); h pH at the point of zero charge measured by mass titration.

MFI

Figure 2.14. TEM images (A and B) and EDX analysis (C) of fresh Fe-MFI catalyst 2.2.4.2. Zero-valent iron (ZVI)

Zero-valent iron catalyst (ZVI) was purchased from Strem Chemicals Inc. (Ref.

93- 2601)

. It consists into a grey to black powder with magnetic properties. SEM images (figure

2

.15) and laser diffraction measurements (figure

2

.16) show that ZVI powder is composed of polydisperse aggregates, between 2 and 100 µm. The elemental particle diameter calculated from BET surface area (table 2.8) indicates that ZVI contains micronic polycrystalline grains, resulting in a very low dispersion of iron (< 0.1%).
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 2 8. Properties of ZVI

	30000				
	25000				
	20000				
	15000				
	10000				
	5000				
	0				
	10	30	50	70	90
	Properties				
	Label		Iron powder	
	Fe content (%)	99.9 a (88+5) b	
	S BET (m 2 /g) d c,XRD (nm) d ep (nm)		0.47 c 45 d 1620 e		
	Iron dispersion (%)	< 0.1 f		
	d 43 (μm)		30 g		
	pH pzc 5.8 Detected oxygen and carbon might be due either to the adhesive carbon tape used to stick the
	particles for observation or to the presence of a surfactant on the surface. Indeed, the intense
	characteristic peaks at 2θ = 44.70, 65.06 and 82.38 confirm that fresh catalyst is mainly in its
	reduced state Fe 0 (in agreement with JCPDS 65-4899). Main properties of ZVI are given in
	table 2.8.				

h 

Iron content according to a supplier ( b SEM-EDX analysis); c Specific surface area measured by N 2 porosimetry; d Mean diameter of crystallites calculated from XRD; e Mean diameter of elemental particles calculated from S BET assuming spherical shape (d ep = 6/(S BET ρ)); f Iron dispersion (%) = 96/d ep (nm); g Volume mean diameter of agglomerates in dry powder (laser diffraction method) ; h pH at the point of zero charge measured by mass titration According to the supplier, ZVI is a pure iron powder (purity 99.9%), but evaluation of elemental composition by SEM-EDX shows that surface iron content is only of 88+5%.
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 2 9. Characteristics of sonication systems

	Properties		Equipment	
		1	2	3
	Supplier	Sonics & Materials, Inc.	SinapTec	Meinhardt Ultraschalltechnik
	Model	VCX750	NexTgen Inside 500	E/805/T/M
	Frequency (kHz)	20	12 / 20	580 -862
	Max nominal power (W) a	180	200	250
	Max calorimetric power (W) b	131	156	32
	Efficiency (%)	73	78	13
	Applied power (W) c	25, 50,75 f , 100	50	12.5
	Liquid volume (mL)	1000 (+500 f )	1000	250
	Applied D US (W/L) d	25, 50, 100	50	50
	Probe diameter (mm)	51	35	40
	Applied I US (W/cm 2 ) e	1.25, 2.45, 4.9	5.2	1

a Nominal power displayed on generator b Dissipated power measured by calorimetry

[START_REF] Mason | Quantifying sonochemistry: Casting some light on a "black art[END_REF] 

c Power used in experiments d Sonication density : applied power / liquid volume

[START_REF] Pilli | Ultrasonic pretreatment of sludge: a review[END_REF] 

e Sonication intensity : applied power / probe surface area

[START_REF] Pilli | Ultrasonic pretreatment of sludge: a review[END_REF] 

f If coupled with photo-reactor
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 2 10. Characteristics of UV-Vis lamps

	Characteristics	Lamp 1	Lamp 2	Lamp 3
	Supplier	Peschl Ultraviolet	Heraeus	Peschl Ultraviolet
	Model	TQ150	GPH150T5L	TXE150
	Type	MP Hg	LP Hg	Xenon-Arc
	λ (nm)	200 -577	254	360 -740
	Electric power (W)	150	6	150

  Oxidation step was starting by addition of H 2 O 2 and/or US application. As for homogeneous process, lamp was turned on 2 min before.Aliquots samples (9 mL) were withdrawn throughout the reaction (t = 5, 10, 30, 60, 120, 180 min). At the end of experiment with solid catalyst, the suspension was filtered on a nitrocellulose membrane filter with 0.22 µm pore size (GSWP, Merck Millipore). Final pH, as well as concentrations of residual H 2 O 2 and leached iron were measured according to the methods described in section 2.1.1. The recovered Fe-MFI was also analyzed for carbon content (see § 2.1.2.7).In order to examine the repeatability, some experiments were duplicated and the coefficients of variation of the principal parameters such as IBP, TOC and residual H 2 O 2 concentrations did not exceed 5% of the averaged values (example of experiment with error bars can be found in appendix: figure VI). that retention of ibuprofen on this filter was negligible, contrarily to 5% retention observed with nylon filter syringe (Fisherbrand; ref. 11812743). The 1 mL filtered samples were mixed with 1 mL of phosphate buffer before HPLC/UV analysis to precipitate leached (or dissolved) iron, and filtered again through RC membrane. Phosphate buffer solution consisted in a mixture of monopotassium phosphate (KH 2 PO 4 ) 0.05 M and Na 2 HPO 4 .2H 2 O 0.05 M [58]. All phosphate reagents were purchased from Sigma-Aldrich (ref. 60220 and 30412).

	2.4.3. Sample preparation for HPLC/UV and TOC analysis
	All withdrawn samples containing heterogeneous catalyst were filtered with 0.45 µm
	regenerated cellulose (RC) syringe filter (Thermo Scientific National; ref. F2513-7). A
	preliminary study showed
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 2 11. Composition of phosphate buffer and quenching solution

	Solutions	Composition	C (mM)
	Phosphate buffer	KH 2 PO 4	0.05
		Na 2 HPO 4 .2H 2 O	0.05
	Quenching	KH 2 PO 4	0.05
		Na 2 HPO 4 .2H 2 O	0.05
		KI	0.1
		Na 2 SO 3	0.1
	Likewise, the rest of sample filtrate (8 mL) was mixed with a quenching solution (3
	mL), filtered again through RC membrane then diluted with ultrapure water up to 20 mL
	before TOC analysis. The quenching solution was added to withdrawn samples in order to
	stop the reaction immediately after sampling. Quenching solution consisted in a mixture of
	potassium iodide 0.1 M (KI), sodium sulfite (Na 2 SO 3 ) 0.1 M and the phosphate buffer. While
	the phosphate buffer precipitates solubilized iron, iodide ion (I -) and sodium sulphite
	(Na 2 SO 3 ) reduces residual hydrogen peroxide (H 2 O 2 ) and radicals according to the following
	equations [58,237-239]:		
	I -+  OH → I  + OH -		(R.2.3)
	2 H + + 2 I -+ H 2 O 2 → I 2 + 2 H 2 O		(R.2.4)

  As shown in figure3.1, it was checked that simple addition of H 2 O 2 at two times (2x) or seven times (7x) the stoichiometric amount did not result in any measurable IBP and H 2 O 2 conversion within 3 hours corresponding to the standard reaction time. The same observation could be made at the two other pH values and confirmed that a catalyst and/or physical activation process(es) were required to decompose H 2 O 2 into more active species able to degrade the molecule. On the other hand, addition of ferrous iron catalyst in the absence of H 2 O 2 did not result in any pollutant conversion.

	information):	
	C 13 H 18 O 2 + 33 H 2 O 2 → 13 CO 2 + 42 H 2 O	(R.3.1)

4.3. However, other values were also considered, namely 2.6 and 8.0, in order to mimic pH condition of the Fenton reaction on the one hand, and pH of wastewater effluent on the other hand (cf. § 3.4).

Regarding chemical oxidation, the stoichiometric amount of H 2 O 2 required for IBP mineralization was calculated according to reaction R.3.1 (cf. § 2.2.2 for more detail

  3.1.2.5. Effect of H 2 O 2 addition on 20 kHz sonolysisSeveral previous studies mentioned that addition of H 2 O 2 could significantly enhance the efficacy of US-based water treatment process[START_REF] Dükkancı | The sonochemical decolourisation of textile azo dye Orange II: effects of Fenton type reagents and UV light[END_REF][START_REF] Gogate | Treatment of wastewater streams containing phenolic compounds using hybrid techniques based on cavitation: a review of the current status and the way forward[END_REF]. Indeed, even if it had only a negligible effect on IBP degradation in its molecular form (cf. § 3.1.1), it is expected to be decomposed by US and/or to react with  H generated by water sonolysis (R.3.2) thus generating additional  OH (R.3.10 and R.3.11)[START_REF] Pang | Review on sonochemical methods in the presence of catalysts and chemical additives for treatment of organic pollutants in wastewater[END_REF][START_REF] Gogate | Treatment of wastewater streams containing phenolic compounds using hybrid techniques based on cavitation: a review of the current status and the way forward[END_REF].

	H 2 O 2 + ))) → 2  OH	(R.3.10)
	H 2 O 2 +  H →  OH + H 2 O	(R.3.11)
	On the other hand, a too large excess of H 2 O 2 can be deleterious, as hydroxyl radicals
	can also react with H 2 O 2 to the detriment of organic molecules, generating less active
	hydroperoxyl radicals [109,174,192] (R.3.12).	
	H 2 O 2 +  OH →  OOH + H 2 O	(R.3.12)
	This complex interaction usually leads to an optimum value for H 2 O 2 dosage. This
	optimum H 2 O 2 /pollutant molar ratio was found to vary in between 19 and 280, depending on
	solution pH, ultrasound parameters and nature of the pollutant	

  excluding this mechanism. The oxidation of IBP by  OH (R.3.9) exhibits a rate constant of 6.5•10 9 L/(mol.s) at ambient temperature[START_REF] Xiao | Thermodynamic and kinetic study of ibuprofen with hydroxyl radical: A density functional theory approach[END_REF], which is much higher than that reported for the reaction in between H 2 O 2 and  OH (R.3.12): 2.7•10 7 UV-driven homolysis of water which produces  OH[START_REF] Da Silva | Photolysis and photocatalysis of ibuprofen in aqueous medium: characterization of byproducts via liquid chromatography coupled to high-resolution mass spectrometry and assessment of their toxicities against Artemia salina[END_REF][START_REF] Son | A Fenton-like degradation mechanism for 1,4-dioxane using zero-valent iron (Fe0) and UV light[END_REF][START_REF] Gonzalez | Vacuum-ultraviolet photolysis of aqueous reaction systems[END_REF]. However, considering the emission spectrum of LP Hg lamp, this mechanism should thus be excluded here, as water photolysis occurs only below 200 nm.

	for hydrophobic compounds and low frequency US. The existence of different reaction zones for IBP (bubble surface) and H 2 O 2 (bulk solution) could be hypothesized to explain why H 2 O 2 did not help the pollutant degradation under US irradiation [97], while its scavenging effect at high concentration (R.3.12) could explain the results observed at 22.4 mM. In the first hypothesis, part of the ultrasound energy should be rates of the two reactions become comparable, confirming a possible competition effect. On the other hand, at alkaline pH, a slight H 2 O 2 sonolysis was observed (5% conversion after 3 h) and accelerated the pollutant oxidation at 6.4 mM (figure 3.6B), although not reaching the degradation yield observed at pH 4.3. Note that H 2 O 2 is a weak acid with a pKa value of 11.8 [255], therefore it is only marginally decomposed at pH = 8.0 as seen under silent conditions. Finally, it should be mentioned that TOC conversion was marginally modified by the addition of H 2 O 2 (figures 3.6C and 3.6D). Photolysis experiments were first performed using a 6W low pressure mercury vapor lamp (LP Hg) with main light emission at 254 nm, under the following operating conditions: irradiated volume = 500 mL (only photo-reactor was used here), pH 0 = 4.3 (natural pH), T = 25°C. After 3 hours of irradiation, 69% of IBP was converted (figure 3.7) and a mineralization yield of 12% was achieved. Assuming first-order kinetics with respect to IBP as proposed in literature [42,135,139], the following rate constant was obtained: k = 0.0063 min -1 (R 2 = 0.9805). According to previous studies, ibuprofen (IBP) degradation by ultraviolet (UV) irradiation can occur through several possible mechanisms: (i) direct photo-degradation of the molecule: IBP is transformed by photon absorption into excited IBP (IBP*), which then undergoes bond scission (R.3.13 -R.3.14) [133,135], (ii) photo-sensitization: IBP* transfers its energy to dissolved oxygen and generates a high energy form of oxygen (called singlet molecular oxygen ( 1 O 2 )) which subsequently IBP + hv (λ = 200 -280 nm) → IBP* (R.3.13) IBP* → degradation products (R.3.14) IBP* + 3 O 2 → IBP + 1 O 2 (R.3.15) IBP + 1 O 2 → degradation products (R.3.16) IBP* + O 2 → IBP + + O 2 -(R.3.17) O 2 -+ 2H+ → H 2 O 2 + O 2 (R.3.18) spent for H L/(mol.s) [254]. However, at the largest excess of H 2 O 2 (22.4 mM vs. 0.1 mM of IBP), the and its mechanisms H 2 O 2 + hv (λ = 185 -200 nm) → 2  OH (R.3.19)

2 O 2 decomposition which in turn would be partly wasted into H 2 O or O 2 by radical recombination (R.3.4 and R.3.5). However, no decomposition of H 2 O 2 was measured at the lowest concentration, 3.1.3. Light irradiation (UV, Vis and UV-Vis) 3.1.3.1. IBP degradation under monochromatic UV light (254 nm) irradiation attacks IBP (R.3.15 -R.3.16) [133,135], or produces active radicals according to reactions R.3.17 -R.3.20 [137,138], (iii)  OH / O 2 -+ IBP → degradation products (R.3.20) UV absorption spectrum of IBP (figure 3.8) exhibits a maximum at 222 nm and a weak peak around 255 -265 nm which might be sufficient to induce molecule degradation by direct photolysis or through photo-sensitization reactions involving IBP*.

  this frequency was never used in sono-Fenton process. As previously, concentration of the Fenton's reagent was set at "high" level. Note that H 2 O 2 consumption under high frequencies was not available due to limited equipment at Instec Cuba. Figure 3.21 revealed that degradation rate of both IBP and TOC, as well as H 2 O 2

	3.2.2.3. Effect of sonication frequency	
	Despite growing interest for sono-Fenton process in the literature, information about
	optimum US frequency is still limited, because previous studies usually operated at a single
	value (in the 20-40 kHz range) [60,243,265].		
	Sonochemical effects being suspected in the enhanced ferrous iron regeneration, two
	high US frequencies (580 and 862 kHz) were investigated. Audible frequency (12 kHz) was
	also applied since		
	Consumed	Remaining	C

consumption, increased with increasing sonication frequency, but the differences were mostly marked between 12 and 20 kHz as observed already for sonolysis (cf. § 3.1.2.4). Best TOC abatement was about 50%, which lay within the values reported by previous studies on Fe catalyzed sonodegradation (10% abatement)
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 3 1. Final conversion and first-order degradation rate constant of IBP for the separate and combined processes (20 kHz US, Vis irradiation, low concentration of Fenton's reagent)

	Process	Final conversion	Degradation rate	R 2
		(%)	constant a (min -1 )	
	US	47	0.0035	0.9787
	Xe	0	negligible	N/A
	F(-)	35	0.0008	0.9940
	US/F(-)	89	0.0088	0.9940
	Xe/F(-)	76	0.0065	0.9955
	US/Xe/F(-)	100	0.0130	0.9975

a based on IBP concentration-time profile after 5 minutes of reaction
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 3 2. Synergistic factor of sono-Fenton, photo-Fenton and sono-photo-Fenton processes for low concentration of Fenton's reagent

	Process	Equation	SF
	US/F(-)	k US/F / (k US + k F )	2.0
	Xe/F(-)	k Xe/F / (k Xe + k F )	8.1
	US/Xe/F(-)	k US/Xe/F / (k US + k Xe + k F )	3.0
		k US/Xe/F / (k US/F + k Xe )	1.5
		k US/Xe/F / (k US + k Xe/F )	1.3

Table 3 .

 3 3. Identified compounds from LC-HRMS

	Name	Molecule	t R	Ion	m/z	Remark
			(min)	mode		
	TP1A	O				
		OH	19.75	Neg	221.118	
		OH				
		C 13 H 18 O 3				
		1-hydroxy-IBP (std)			
	TP1B					
		O				
			18.7	Neg	221.118	
		OH				
		OH				
		C 13 H 18 O 3				
		2-hydroxy-IBP (std)			
	TP1C					
	TP1D	O	21.15	Neg	221.118	2 identified
		OH	22.15			isomers of TP1A
		C 13 H 18 O 3	OH			& TP1B
		Mono-hydroxylated IBP			
	TP2					
	(A-C)		19.8	Neg	237.113	3 identified
			20.05			isomers
			20.5			
		C 13 H 18 O 4				
		Di-hydroxylated IBP			
	TP3					
	(A-C)		18.35	Neg	253.108	3 identified
			18.65			isomers
			19.15			
		C 13 H 18 O 5				
		Tri-hydroxylated IBP			
	TP4					
			25.1	Pos	177.127	
		C 12 H 16 O				
		4-isobutylacetophenone (std)			
	TP5	C 12 H 16 O	20.95	Neg	175.111	Isomer of TP4
	TP6	C 9 H 8 O 3	16.75	Neg	163.040	
	TP7	C 9 H 10 O 2	16.8	Neg	149.061	
	TP8	C 9 H 10 O	17.7	Neg	133.066	Isomer of 4-
						ethylbenzaldehyde
	TP9	C 5 H 10 O 3	4.0	Neg	117.056	

Table 3 .

 3 4. Physicochemical properties of the wastewater effluent

	Parameter	Value
	pH	8
	Turbidity (NFU)	1
	BOD (mg/L)	< 2
	COD (mg/L)	< 30
	TC (mg/L)	39.2
	IC (mg/L)	29.4
	TOC (mg/L)	9.8 (25 a )
	Total Fe (mg/L)	< 0.05

a after the addition of IBP Matrix effect was first evaluated for sonolysis (US), homogeneous Fenton (F) and sono-Fenton (US/F) oxidation in figure

3

.34. The treatment efficiency in distilled water (DW)

  -1 of Fe-MFI at natural pH (corresponding to ca. 0.3 mM of accessible iron) and 0.6 mM of ferrous salt at pH 0 =2.6 (T = 45°C, [H 2 O 2 ] 0 = 14 mM). In the present study, based theoretically on the same amount of accessible iron (0.134 mM), IBP oxidation catalyzed by Fe-MFI was clearly slower than the homogeneous reaction catalyzed by FeSO 4 7H 2 O at the initial stage (figure 4.3A). To check for possible detrimental effect of the adsorbed pollutant (competition with H 2 O 2 for iron active sites or porosity blockage), H 2 O 2 decomposition by Fe-MFI catalyst was also monitored without IBP. It

	resulted into 31% of H 2 O 2 conversion after 180 min, which was similar to that measured
	during the oxidation of IBP (26%) indicating the minor role of adsorbed IBP. Interestingly,
	after the 5 first minutes, the rate of the homogeneous reaction was very similar to that
	observed with Fe-MFI, suggesting that the initial activity difference could be due to iron
	speciation (ferrous vs. ferric iron). In accordance with Velichkova et al. [30] both systems
	yielded similar TOC removal (figure 4.3B).

  Fenton reaction with iron-containing solids can occur according to two main mechanisms, i.e., a true heterogeneous one implying surface iron species and a homogeneous one induced by metal ions leached in the solution[START_REF] He | Interfacial mechanisms of heterogeneous Fenton reactions catalyzed by iron-based materials: A review[END_REF]. Due to acidification with H 2 SO 4 , significant iron leaching occurred from ZVI (3.3 mg/L) that should in fact be responsible for its catalytic activity at pH 0 3.5. Under acid (and H 2 O 2 ) addition, ZVI was corroded and released Fe 2+ into the solution which subsequently reacted with H 2 O 2 and generated  OH as per homogeneous Fenton mechanism (reactions R.4.1 to R.4.3). Several authors[START_REF] Zhou | Oxidation of 4-chlorophenol in a heterogeneous zero valent iron/H2O2 Fenton-like system: Kinetic, pathway and effect factors[END_REF][START_REF] Na | Sonophotolytic diethyl phthalate (DEP) degradation with UVC or VUV irradiation[END_REF][START_REF] Gomathi Devi | Photo degradation of methyl orange an azo dye by advanced Fenton process using zero valent metallic iron: influence of various reaction parameters and its degradation mechanism[END_REF] proposed that a fast reduction of Fe 3+ to Fe 2+ should occur on Fe 0 surface, which was mentioned as the main advantage of ZVI over iron salt catalyst, but could be limited by the availability of Fe 0 on the surface[START_REF] Gomathi Devi | Photo degradation of methyl orange an azo dye by advanced Fenton process using zero valent metallic iron: influence of various reaction parameters and its degradation mechanism[END_REF]. In any case, a continuous release of iron in solution should lead to a better utilization than addition at once. As abovementioned, the presence of different iron active species (i.e. ≡Fe(III) and Fe 2+ ) may be responsible for the different initial catalytic activity observed in heterogeneous and homogeneous systems. Moreover, while in homogeneous reaction dissolved ferrous ions directly react with H 2 O 2 to form  OH, the heterogeneous reaction involves several serial steps including H 2 O 2 diffusion into the catalyst pores to the active sites, chemisorption of H 2 O 2

	≡Fe(III)(H 2 O 2 ) → ≡Fe(II) +  OOH (  O 2	-) + H + (2 H + )	(R.4.6)
	≡Fe(II) + H 2 O 2 → ≡Fe(III) +  OH + OH -	(R.4.7)
	≡Fe(III) +  OOH /  O 2	-→ ≡Fe(II) + O 2 (+ H + )	(R.4.8)
	Non-radical mechanism (involving high-valent iron species Fe(IV)):
	≡Fe(II) + H 2 O 2 → ≡Fe(IV) + 2OH -		(R.4.9)
	Figure 4.7. Effect of methanol on heterogeneous Fenton oxidation of IBP over Fe-MFI
	≡Fe(IV) + H 2 O 2 → ≡Fe(II) + O 2 + 2H + ([IBP] 0 = 20 mg/L, [Fe-MFI] = 4.8 g/L, [H 2 O 2 ] 0 = 6.4 mM, T = 25°C)	(R.4.10)
	≡Fe(IV) + ≡Fe(II) → 2≡Fe(III)		(R.4.11)
	(R.4.1) In order to evaluate the contribution of free radicals in Fenton reaction catalyzed by Fe-≡Fe 0 + 2H + → Fe 2+ + H 2
	(R.4.2) MFI, a complementary experiment was carried out with and without methanol (CH 3 OH) as ≡Fe 0 + H 2 O 2 + 2H + → Fe 2+ + 2H 2 O radical scavenger ([CH 3 OH] = 50 mM, i.e. 500 times higher than molar concentration of onto ≡Fe(III) sites to form ≡Fe(III)(H 2 O 2 ) surface complex (R.4.5), dissociation of this ferric
	Fe 2+ + H 2 O 2 → Fe 3+ + OH -+  OH IBP). In this experiment, methanol was injected after adsorption step (at the same time as the complex into ≡Fe(II) species (R.4.6) and reaction between ≡Fe(II) and H 2 O 2 to generate  OH (R.4.3) injection of H 2 O 2 ). Experimental conditions were kept similar ([H 2 O 2 ] = 6.4 mM, T = 25°C, (R.4.7). Subsequently,  OH might attack IBP adsorbed on the zeolite framework and/or in the
	≡Fe 0 + 2Fe 3+ → 3Fe 2+ radical scavenger effect. From figure 4.7, it can be seen that the presence of excess methanol (notation ≡ indicates species on catalyst surface) concentration should increase IBP removal efficiency and facilitates the evaluation of the (R.4.4) pH 0 = 4.3), except that Fe-MFI concentration was set to higher level (4.8 g/L). High Fe-MFI bulk solution
	reduced IBP removal yield from 88% to 23% (with similar H 2 O 2 consumption of about 80%) Conversely, real heterogeneous Fenton reaction seemed to occur on Fe-MFI catalyst after 3 h. This result is in contrast to the homogeneous Fenton reaction for which complete owing to its low iron leaching (0.014 mg/L). As described in chapter 1, true heterogeneous inhibition was observed in the presence of methanol (see § 3.1.4). However, methanol might Fenton is based on the activity of iron species (Fe II and Fe III ) present on the catalyst surface, have scavenged only radicals within the liquid bulk, so that this residual activity could be which lead to radical [70,75] and/or non-radical mechanisms [50,65,74] according to the explained either from a parallel non-radical mechanism or a radical one but involving following reactions: adsorbed IBP.
	Radical mechanism (involving hydroxyl radical  OH):
	≡Fe(III) + H 2 O 2 ↔ ≡Fe(III)(H 2 O 2 )		(R.4.5)

   OH provoked by a too large excess. On the other hand, iron containing zeolite decomposing part of H 2 O 2 into water and oxygen, it should shift this optimum to a higher value. In this study, the catalyst concentration was set at 4.8 g/L and three levels of H 2 O 2 concentration were tested -1.6, 6.4 and 22.4 mM -corresponding to 0.5, 2 and 7 times the stoichiometric amount needed for complete mineralization of IBP. It should be recalled that for sono-and photo-oxidation (without catalyst) the optimal H 2 O 2 concentration lay in between the last two values.

	As depicted in figure 4.9A, IBP oxidation rate increased with H 2 O 2 dosage on the
	whole investigated range due to the abovementioned effect of Fe-FMI. Moreover the first-
	order rate constant was found proportional to the concentration of oxidant: k 1.6 mM = 0.0029
	min -1 (R 2 =0.9678), k 6.4 mM = 0.0139 min -1 (R 2 =0.9976), k 22.4mM = 0.0411 min -1 (R 2 =0.9983).
	H 2 O 2 effect was however somewhat different regarding TOC removal. Increasing H 2 O 2
	concentration from 1.6 mM to 6.4 mM enhanced TOC conversion from 11% to 27%, but
	further increase to 22.4 mM resulted in only a slight positive effect (28% of mineralization),

Effect of H 2 O 2 / Fe molar ratio

  Effect of Fenton reagent is usually investigated by varying iron concentration while keeping H 2 O 2 concentration unchanged and vice versa. On the other hand, the molar ratio of H 2 O 2 / Fe appears as a key parameter to control the performance of Fenton oxidation and optimum ratios between 10 -50 have been reported in the literature[START_REF] Rehman | Global risk of pharmaceutical contamination from highly populated developing countries[END_REF][START_REF] Han | Endocrine disruption and consequences of chronic exposure to ibuprofen in Japanese medaka (Oryzias latipes) and freshwater cladocerans Daphnia magna and Moina macrocopa[END_REF][START_REF] Méndez-Arriaga | Mineralization enhancement of a recalcitrant pharmaceutical pollutant in water by advanced oxidation hybrid processes[END_REF][START_REF] Legrini | Photochemical processes for water treatment[END_REF][START_REF] Navalon | Heterogeneous Fenton catalysts based on clays, silicas and zeolites[END_REF][START_REF] Pera-Titus | Degradation of chlorophenols by means of advanced oxidation processes: a general review[END_REF]. In order to evaluate this role, different amounts of H 2 O 2 and Fe-MFI were tested for two different molar ratios matching lower and upper bounds of the interval. The corresponding experimental conditions are given in table 4.2. Note that the molar ratio was calculated based on the corresponding concentration of accessible iron (instead of total iron) in the suspension as it should be more relevant.

	4.2.3.		
			1.6 mM	6.4 mM	22.4 mM
		24		C
		20	Consumed	Remaining
	(mM)	16	
	O 2 ]	12	
	[H 2	8	
		4	
		0	
			1.6 mM	6.4 mM	22.4 mM

Table 4 .

 4 2. Experimental conditions for effect of H2O2 / Fe molar ratio

	Experiment	Ratio	[H 2 O 2 ]	[Fe-MFI]	[Fe] c
		H 2 O 2 /Fe	(mM)	(g/L)	(mM)
	R=48 a ;1x b	48	3.2	0.5	0.07
	R=48;2x	48	6.4	1	0.13
	R=10;1x	10	3.2	2.4	0.32
	R=10;2x	10	6.4	4.8	0.64
	a R : ratio of molar [H 2 O 2 ] / [Fe] b 1x, 2x : [H 2 O 2 ] corresponds to 1 or 2 times the stoichiometric amount for pollutant mineralization c [Fe] : corresponding concentration of accessible iron in the slurry (according to CO chemisorption)
	IBP and TOC time-concentration profiles exhibited in figure 4.10A and figure 4.10B,
	respectively, seem to indicate that low H 2 O 2 / Fe molar ratio (R) promoted faster oxidation
	than high value. For instance, after 3 hours of reaction, IBP conversion was more than 65% at
	R = 10, but less than 25% at R = 48. However, even higher IBP removal rate was achieved
	with 22.4 mM of H 2 O 2 and 4.8 g/L of Fe-MFI (cf. figure 4.9A), i.e. for R = 35. Thus, the
	reaction performance could not in fact be reduced to this sole parameter for the investigated
	catalyst, probably due to non-radical decomposition of H 2 O 2 over Fe-MFI.
	In particular, the effect of increasing H 2 O 2 concentration from 3.2 mM (1x) to 6.4 mM (2x)
	was more significant at low H 2 O 2 /Fe ratio. Due to the higher concentration of active surface
	species for H 2 O 2 decomposition at R = 10, more than half of H 2 O 2 was consumed by the
	reaction, while it was the reverse at R = 48 (figure 4.10C). Therefore oxidant concentration
	was more limiting in the first case.			

Table 4 .

 4 

		3. Experimental conditions for pH effect
	Experiment	pH o	pH i	pH f	pH setting method
	pH 4.3	4.3	3.3	3.2	Experiment was conducted with
					the synthetic IBP solution
					without pH adjustment
	pH 6.0	6.0	3.3	3.2	pH of the solution was set to 6.0
					using NaOH 1 M before contact
					with solid catalyst
	pH 8.0	8.0	3.6	3.5	pH of the solution was set to 8.0
					using NaOH 1 M before contact
					with solid catalyst
	pH 7.0 (controlled)	7.0	7.0	7.0	pH of the solution was adjusted
					to 7 (+0.2) using NaOH 1 M
					during the experiment

  In accordance with the previous studies, negligible IBP and TOC degradation was indeed observed with the leachate at 25°C, while only 21% conversion of IBP was observed for the other condition (210 µg/L of Fe at 45°C). In line with this result, only marginal H 2 O 2

								A
	consumptions were measured (figure 4.13C), indicating that the amount of dissolved iron was
	too small to yield appreciable decomposition rate and/or the corresponding species exhibited
	negligible activity. This confirms that Fenton oxidation of IBP over Fe-MFI was mainly
	induced by surface iron species.				
			Fe-MFI (25°C)			Fe-MFI (45°C)
			Leachate (48 µg/L;25°C)		Leachate (210 µg/L;45°C)
		1.0					B
	TOC/TOCo	0.2 0.4 0.6 0.8				
		0.0				
			0	30	60	90	120	150	180
	Time (min) Fe-MFI (45°C)  Appreciable ibuprofen removal (88%) and mineralization (27%) were Fe-MFI (25°C)
	Leachate (48 µg/L;25°C) obtained in heterogeneous Fenton reaction performed under mild conditions Leachate (210 µg/L;45°C)
	8 (25°C, not controlled pH, 4.8 g/L of Fe-MFI, 2 times the stoichiometric C Consumed Remaining amount of H 2 O 2 )
	O 2 ] (mM)	4 6				
	[H 2	2				
			0				
			Fe-MFI	Leachate (48	Fe-MFI	Leachate (210
			(25°C)	µg/L;25°C)		(45°C)	µg/L;45°C)

Highlights: heterogeneous Fenton processes

 Catalytic activity of iron-containing zeolite of ZSM5 type (Fe-MFI) and zerovalent iron particles (ZVI) was compared.

 Fe-MFI catalyst was selected as it did not require preliminary acidification and led to very low iron leaching (<0.1 mg/L)

 IBP removal increased with increasing both Fe-MFI and H 2 O 2 concentrations and temperature, but reduced under buffered-neutral pH

  4.12) 

	 OH + H 2 O 2 →  OOH + H 2 O	(R.4.13)
	≡Fe(III) +  OOH → ≡Fe(II) + O 2 + H +	(R.4.14)
	The limited improvement at 100 W/L also explains why the sequential application mode of
	US ( § 4.3.2) or the twice increase in US intensity at same E US ( § 4.3.3) had only low effect on
	sono-Fenton efficiency. Accounting for higher energy consumption versus relatively low
	enhancement in terms of IBP and TOC removal, continuous application of this high power
	input may be not economical.	

Table 4 .

 4 4. Effect of ultrasound power density on IBP degradation

	Process	D US (W/L)	[Fe-MFI] (g/L)	IBP removal	TOC removal	Cons. H 2 O 2	(min -1 ) k IBP	SF*
				(%)	(%)	(%)		
	US(-)	50	-	48	7	-	0.0035	-
	US(+)	100	-	58	7	-	0.0048	-
	F(-)	-	1	23	5	26	0.0014	-
	F(+)	-	4.8	88	27	79	0.0139	-
	US(-)/F(-)	50	1	66	14	27	0.0059	1.2
	US(+)/F(-)	100	4.8	72	15	32	0.0069	1.1
	US(-)/F(+)	50	1	96	23	80	0.0159	0.9
	US(+)/F(+)	100	4.8	99	27	87	0.0239	1.3
	Other parameters remained constant: [IBP] 0 = 20 mg/L, [H 2 O 2 ] 0 = 6.4 mM, pH 0 = 4.3, T = 25°C, f US = 20 kHz;
	*E.3.1 (cf. § 3.2.4)						
	4.3.5							

. Effect of ultrasound frequency

  

While the increase in US frequency promotes the generation of hydroxyl radicals, decreasing the sonication frequency should enhance mixing, mass transfer, dispersion and disaggregation of solid catalyst particles, as well as increase the surface defects or active sites on the catalyst surface

[START_REF] Bagal | Wastewater treatment using hybrid treatment schemes based on cavitation and Fenton chemistry: a review[END_REF]

.

In the presence of 4.8 g/L of Fe-MFI, varying sound frequency from 12 to 862 kHz only marginally improved IBP and TOC removal rates (figures 4.19A and 4.19B). Slightly reduced degradation at 12 kHz vs. 20 kHz discarded any activation of the catalyst surface by US mechanical effects, probably because the particles (about 8 µm mean diameter) were small as compared to the size of the cavitation bubbles (Sauter diameter of 10 to 50 µm at 20

  From figure 4.22A, it can be seen that IBP degradation by US/LP Hg/F was slightly faster than LP Hg/F. Moreover, some enhancement of H 2 O 2 consumption was indeed observed (figure 4.22C, 37% in LP Hg/F vs. 50% in US/LP Hg/F). The influence of US on LP Hg/H 2 O 2 process being negligible (cf. chapter 3, § 3.2.1), a promotion of homogeneous

photo-Fenton process by increased iron leaching could be suspected. Nonetheless, addition of ultrasound on LP Hg/F did not result in any measurable improvement of TOC conversion (figure 4.22B). This is consistent with the limited mineralization observed by ultrasound itself (cf. chapter 3, § 3.1.2). In all cases, LP Hg/H 2 O 2 process being much more effective than US

  Fenton system drastically stepped down, due to formation of various ferric species (including complexes). As expected, both US and UV/Vis irradiations were able to regenerate homogeneous catalyst.Summary of the principal results in homogeneous and heterogeneous processes applicable due to steep change of slope light irradiation effect would drive further work towards a more detailed investigation of light propagation in suspensions.

	Processes	[Fe]	[H 2 O 2 ]	IBP Removal (%)	IBP constant rate (min -1 )	TOC Removal (%)	H 2 O 2 Conso (%)	Interaction effect
		(mM) (mM)	t=5 min	t=180 min		t=180 min	t=180 min
	Non-catalytic processes						
	Ultrasound (US)	-	-	6	48	0.0035	7	-
	Ultraviolet (UV)	-	-	1	40	0.0028	19	-
	Visible (Vis)	-	-	0	0	0	0	-
	UV-Vis	-	-	23	100	0.0567	45	-
	UV/H 2 O 2	-	-	18	100	0.0664	30	
	Vis/H 2 O 2	-	-	1	15	0.0009	5	6
	UV-Vis/H 2 O 2	-	-	49	100	0.2610	97	
	Fenton processes							
	Hom-F	0.033	1.6	25	35	NA	6	7
	Hom-F	0.134	6.4	60	97	NA	9	
	Het-F	0.134	6.4	4	23	0.0014	5	
	Het-F	0.643	6.4	9	88	0.0139	27	
	Sono-Fenton processes						
	US /Hom-F	0.033	1.6	25	89	NA	12		Additive
	US /Hom-F	0.134	6.4	68	100	NA	39		Synergistic
	US /Het-F	0.134	6.4	4	66	0.0059	14		Additive
	US /Het-F	0.643	6.4	11	96	0.0159	23		No synergy
	Photo-Fenton processes						
	UV/Hom-F	0.134	6.4	79	100	NA	82		Synergistic
	Vis/Hom-F	0.033	1.6	23	76	NA	15		Synergistic
	Vis/Hom-F	0.134	6.4	79	100	NA	59		Synergistic
	UV/Het-F	0.134	6.4	21	100	0.0578	35		No synergy
	UV/Het-F	0.643	6.4	24	100	0.0411	26		No synergy
	Vis/Het-F	0.134	6.4	3	30	0.0019	5		No synergy
	Vis/Het-F	0.643	6.4	20	96	0.0159	26		Additive
	Sono-photo-Fenton processes						
	US/Vis/Hom-F	0.033	1.6	28	100	NA	17		Synergistic
	US/Vis/Hom-F	0.134	6.4	67	100	NA	62		No synergy
	US/Vis/Het-F	0.134	6.4	6	66	0.0058	11		No synergy

US(20 kHz, 50 W/L); UV(LP Hg lamp 6 W); Vis(Xenon lamp 150 W); UV-Vis(MP Hg lamp 150W); NA: not
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X pol refers to the conversion of pollutant, X TOC to the conversion of total organic carbon (mineralization yield)

Highlights: homogeneous combined processes

 Both (ultra)sound and light irradiation were able to activate Fenton reaction conducted under relatively low Fenton reagent concentration.

 The interaction effect seemed to be dependent on the Fenton reagent concentration.

 In all cases, sufficient Fenton reagent concentration was necessary to gain appreciable mineralization yield.

clear why these compounds were not found during Fenton oxidation considering its occurrencehowever in very low amountin photo-Fenton process (Xe/F). Differences in process selectivity even more clearly arose in case of TP4 and TP5 (figures 3.32 and 3.33, respectively). TP4 was only observed under UV and US/F processes.

High concentration of TP4 was formed in the first 5 minutes of US/F, and then it decreased Iron leaching (4) mg/L Among previous studies investigating photo-Fenton oxidation with Fe-ZSM5 catalyst [START_REF] Kusić | Fe-exchanged zeolite as the effective REFERENCES 232 heterogeneous Fenton-type catalyst for the organic pollutant minimization: UV irradiation assistance[END_REF][START_REF] Kasiri | Degradation of Acid Blue 74 using Fe-ZSM5 zeolite as a heterogeneous photo-Fenton catalyst[END_REF][START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF][START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF][START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF], only one clearly concluded to an activation of the sole heterogeneous reaction by UV light [START_REF] Duarte | Fenton-and Photo-Fenton-Like Degradation of a Textile Dye by Heterogeneous Processes with Fe/ZSM-5 Zeolite[END_REF], while some others indicated noticeable contribution of iron leaching (homogeneous photo-Fenton reaction) [START_REF] Velichkova | Heterogeneous Fenton and photo-Fenton oxidation for paracetamol removal using iron containing ZSM-5 zeolite as catalyst[END_REF] or a prominent role of UV/H 2 O 2 reaction [START_REF] Aleksić | Heterogeneous Fenton type processes for the degradation of organic dye pollutant in water -The application of zeolite assisted AOPs[END_REF].

Heterogeneous photo-Fenton oxidation under visible light (Xe lamp)

In order to limit the contribution of photolysis of H 2 O 2 , another set of photo-Fenton experiments were conducted under visible light using xenon lamp. Results are depicted in figure 4.21. In these conditions, the improvement in IBP degradation rate was much lower than under UV light: overall rate constants of 0.0019 and 0.0159 min -1 were measured for Xe/F(-) and Xe/F(+), respectively, as compared to 0.0014 and 0.0139 min -1 for F(-) and F(+).

On the other hand, Xe/H 2 O 2 mechanismdespite very slowcould contribute for a rate constant value up to 0.0017 min -1 (in the absence of solid particles). Therefore, all together, photo-activation of the heterogeneous reaction was only marginal, even at high Fe-MFI concentration. Probably, photons might not reach active iron sites located within the zeolite porous structure, limiting the activation effect to the most outer particle surface. Concentrations of dissolved iron after Fenton oxidation, with and without activation are summarized in table 4.5. It can be seen that iron leaching remained very low in all cases (<0.3% of the total iron amount). As expected, for Fenton and sono-Fenton oxidation, dissolved iron concentration increased with Fe-MFI concentration, and higher leaching was observed under increasing US. In both cases, these effects were however rather limited. Interestingly, higher iron leaching was also observed in photo-Fenton as compared to Fenton oxidation. There are two possible explanations for this observation: first, ferrous iron resulting from the photo-reduction of ferric species on the catalyst surface is more soluble [START_REF] Wang | A review on Fenton-like processes for organic wastewater treatment[END_REF][START_REF] Martínez | Heterogeneous photo-Fenton degradation of phenolic aqueous solutions over iron-containing SBA-15 catalyst[END_REF]; second, the formation of reaction intermediates (e.g. carboxylic acids), able to complex surface iron species, would promote metal dissolution [START_REF] Bobu | Degradation studies of ciprofloxacin on a pillared iron catalyst[END_REF][START_REF] Deng | FeVO4 as a highly active heterogeneous Fenton-like catalyst towards the degradation of Orange II[END_REF]. Considering higher mineralization yield obtained in LP Hg/Fenton than in Xe/Fenton (cf. § 4.4), the latter explanation seems to be more plausible.

In all cases, iron concentrations in solution (0.009 -0.095 mg/L) were much below admissible value (2 mg/L) and also much smaller than those used for the homogeneous tests (1.8-7.5 mg/L). Thus marginal catalytic contribution from iron leaching is expected, as already seen in § 4.2.6 for Fenton only. This is checked for ultrasound and light activated reaction in the following paragraph.

Activity of leached iron in sono-Fenton and photo(Vis)-Fenton oxidation

Filtrates from sono-Fenton (with f US = 20 kHz, D US = 50 W/L) and photo-Fenton oxidation (with Xe lamp) at high Fe-MFI concentration (4.8 g/L) were re-used after adjustment of IBP and H 2 O 2 concentration as described in § 4.2.6. In order to evaluate the effects of WW matrix and ultrasound on the catalyst textural properties, nitrogen porosimetry was performed, whose results are given in table 4.6. In all cases, BET surface area (S BET ) and microporous volume of the catalyst were only slightly reduced after use (by 10% maximum) and the effect was a little increased in WW matrix.

This porosity reduction may be attributed to the deposition of organic and inorganic compounds from WW matrix or from IBP and its degradation products. 

CONCLUSIONS AND PERSPECTIVES

Comparison of homogeneous and heterogeneous process: IBP concentration-time profiles ).

On the contrary, the expected activation by ultrasound or light irradiation of heterogeneous Fenton reaction (Het-F) catalyzed by Fe-ZSM5 catalyst (Fe-MFI) appeared to be very limited, wherein no more than additive effect was observed (see table). In heterogeneous system, IBP removal rates fitted well first-order kinetics indicating that Fe-MFI catalyst was not suffering significant deactivation during the reaction. Extensive catalyst analysis before and after reaction using SEM-EDX, nitrogen porosimetry, laser diffraction and ICP-AES (for lixiviate) also showed no significant modification in catalyst properties.

Thus, benefit from US or UV/Vis irradiation for active surface reactivation is questionable.

Moreover, in these conditions of rather slow kinetics, higher external mass transfer or particle disruption due to ultrasound would not be useful. On the other hand, contrasted results on