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Introduction

The presence of micropollutants in the environment is recognized as a potential public health problem.

This presence needs to be controlled (i) to implement a policy of water circularity and (ii) to limit the dissemination of micropollutants and thus their effects on ecosystems. In France, less than 1% of treated wastewater is reused for irrigation of crops or green spaces [START_REF]and of the Council of 23 October 2000, establishing a framework for community action[END_REF]. Following other examples (Australia, California, Cyprus, Spain, Florida, Israel, Jordan, Malta, and Singapore), a policy objective is to be able to cover 10-60% of water needs through the reuse of treated wastewater [START_REF] Barber | Integrated Assessment of Wastewater Reuse, Exposure Risk, and Fish Endocrine Disruption in the Shenandoah River Watershed[END_REF]. Implementing a water circularity system implies, besides social acceptability [START_REF] Mukherjee | Making water reuse safe: A comparative analysis of the development of regulation and technology uptake in the US and Australia[END_REF], ensuring a level of quality of treated wastewater compatible with the application [START_REF] Maurer | L'economie circulaire dans le petit cycle de l'eau : la reutilisation des eaux usees traitees[END_REF]. The presence of multiple and diverse bio-recalcitrant micropollutants in surface water, groundwater, drinking water, and outflow from wastewater treatment plants worldwide is now uncontested [START_REF] Luo | A review on the occurrence of micropollutants in the aquatic environment and theirfate and removal during wastewater treatment[END_REF]. These micropollutants can be classified into pharmaceuticals (diclofenac, carbamazepine, etc.), everyday products (sunscreens, household products, caffeine, etc.), steroid hormones (estrogens, etc.), surfactants (nonylphenol, etc.), industrial chemicals (bisphenol, etc.), and pesticides (atrazine, diuron, etc.) [START_REF] Roig | Pharmaceuticals in the environment[END_REF]. They comprise thousands of substances permanently disseminated in water, the cocktail effects of which are unpredictable [START_REF] Luo | A review on the occurrence of micropollutants in the aquatic environment and theirfate and removal during wastewater treatment[END_REF]. Caffeine, one of the everyday substances most often present in outflow from wastewater treatment plants, persists in the environment owing to its bio-recalcitrant properties. Some authors have suggested that being systematically present in wastewater, it could even serve as a tracer [START_REF] Bruton | Contaminants of Emerging Concern in the Environment: Ecological and Human Health Considerations[END_REF][START_REF] Lekkas | TiO2 photocatalytic degradation of caffeine and ecotoxicological assessment of oxidation by-products[END_REF].

Most of these anthropogenic substances are bio-recalcitrant and are at most only partially eliminated by those treatment systems that rely on biological activity. There is no universal treatment method to date, and the strategy for process development greatly depends on the treatment objective and the associated economic costs. One solution lies in oxidation processes, which are the subject of much research, and strategies for the removal of bio-recalcitrant pollutants [START_REF] Malato | Photocatalysis with solar energy at a pilot-plant scale: an overview[END_REF][START_REF] Malato | Decontamination and disinfection of water by solar photocatalysis: Recent overview and trends[END_REF]. Ozonation processes [START_REF] Glaze | Drinking-water treatment with ozone[END_REF] or UV-C processes [START_REF] Cedat | Evaluation du procede UV/H2O2 pour la desinfection et l'elimination des micropolluants en vue d'une reutilisation des eaux usees traitees en petites stations d'epuration[END_REF], which have reached technological maturity, are used for water purification or disinfection (elimination of pathogens, viruses, bacteria, etc.), but their development as a tertiary process remains marginal, mainly because of their operating costs and the narrow specificity of the agents targeted [START_REF] Malato | Decontamination and disinfection of water by solar photocatalysis: Recent overview and trends[END_REF]. Other oxidation processes such as photo-oxidation (Fenton, photocatalysis), which are still at the research and development stage, mainly because scientific or technical obstacles limit their deployment on a larger scale [START_REF] Kanakaraju | Advanced oxidation process-mediated removal of pharmaceuticals from water: A review[END_REF], offer more sustainable and energy-saving solutions through the use of solar radiation [START_REF] Zhang | Application of solar energy in water treatment processes: A review[END_REF]. Malato et al. [START_REF] Malato | Decontamination and disinfection of water by solar photocatalysis: The pilot plants of the Plataforma Solar de Almeria[END_REF] have shown a constant progressive increase in publications on advanced oxidation processes. Among oxidation technologies, the heterogeneous photocatalysis process offers the specific feature of using sunlight directly to produce radical species capable of initiating the photodegradation of contaminants present in water. The use of sunlight also meets both technological and scientific constraints. Sunlight availability is governed by many factors such as geographical disparity, intermittency on the scale of day/night and seasonal cycles, and weather conditions [START_REF] Bernard | Genie energetique -Energie solaire Calculs et optimisation[END_REF]. Like renewable energy production (wind turbines, solar power plants), these spatiotemporal variables affect the capacity of treatment processes and must be allowed for in sizing and large-scale deployment.

Lastly, there has been a large amount of work on solar pollutant degradation technologies [START_REF] Malato | Photocatalysis with solar energy at a pilot-plant scale: an overview[END_REF][START_REF] Guillard | Solar efficiency of a new deposited titania photocatalyst: chlorophenol, pesticide and dye removal applications[END_REF][START_REF] Khan | Thin-film fixed-bed reactor (TFFBR) for solar photocatalytic inactivation of aquaculture pathogen Aeromonas hydrophila[END_REF][START_REF] Monteiro | Evaluation of a solar/UV annular pilot scale reactor for 24h continuous photocatalytic oxidation of n-decane[END_REF][START_REF] Reoyo-Pratz | Photo-oxidation of three major pharmaceuticals in urban wastewater under artificial and solar irradiations[END_REF][START_REF] Salgado-Transito | Design of a novel CPC collector for the photodegradation of carbaryl pesticides as a function of the solar concentration ratio[END_REF].

Many pollutants (pesticides, pharmaceuticals), matrix types (wastewater, effluents) [START_REF] Janin | solar photocatalytic mineralization of 2,4-dichlorophenol and mixtures of pesticides: kinetic model of mineralization[END_REF][START_REF] Brienza | Use of solar advanced oxidation processes for wastewater treatment: follow-up on degradation products, acute toxicity, genotoxicity and estrogenicity[END_REF][START_REF] Miguet | Sustainable thermal regeneration of spent activated carbons by solar energy : application to water treatment[END_REF], and several configurations of solar photoreactors (tubular, planar, pond) [9-10, 15, 20, 22-23], have been studied. Although resource management has been identified as one hurdle to overcome in designing an application, the literature on photo-oxidation includes very few studies on the influence and consideration of energy availability variables and in particular on the intermittency of sunlight on a daily scale [START_REF] Monteiro | Evaluation of a solar/UV annular pilot scale reactor for 24h continuous photocatalytic oxidation of n-decane[END_REF][START_REF] Blanco-Galvez | Solar Photocatalytic Detoxification and Disinfection of Water: Recent Overview[END_REF][START_REF] Cabrera Reina | The influence of location on solar photo-Fenton: Process performance, photoreactor scaling-up and treatment cost[END_REF]. Moreover, photodegradation capacities are defined from an average amount of energy received (cumulative UV per day) [START_REF] Malato | Decontamination and disinfection of water by solar photocatalysis: The pilot plants of the Plataforma Solar de Almeria[END_REF][START_REF] Janin | solar photocatalytic mineralization of 2,4-dichlorophenol and mixtures of pesticides: kinetic model of mineralization[END_REF][START_REF] Miguet | Sustainable thermal regeneration of spent activated carbons by solar energy : application to water treatment[END_REF][START_REF] Blanco-Galvez | Solar Photocatalytic Detoxification and Disinfection of Water: Recent Overview[END_REF], ignoring the fact that photo-excitation rates are not linearly dependent on flux density [START_REF] Emeline | Factors affecting the efficiency of a photocatalyzed process in aqueous metal-oxide dispersions Prospect of distinguishing between two kinetic models 9[END_REF][START_REF] Plantard | Modelling heterogeneous photocatalytic oxidation using suspended TiO2 in a photoreactor working in continuous mode: application to dynamic irradiation conditions simulating typical days of July and February[END_REF][START_REF] Minero | Kinetic analysis of photoinduced reactions at the water semiconductor interface[END_REF]. Consequently, the influence of the nature of the irradiation (spectral range and intensity level) on the capacity and efficiency of the photoprocess has not been considered. Another issue is the management of intermittency on a multi-day scale. The solutions involve using radiation during sunny phases to produce radicals, and when there is insufficient radiation for photoexcitation to take place (night phase), the water is stored or the operation paused. Solar technologies are almost exclusively studied in batch mode according to stepwise operation cycles, i.e., feeding and then photodegradation. To date, work on the use of a solar

photoreactor operating in open mode is recent, scant, and concerns only photo-Fenton [START_REF] Costa | New trend on open solar photoreactors to treat micropollutants by photo-Fenton at circumneutral pH: Increasing optical pathway[END_REF][START_REF] De La Obra | Continuous flow disinfection of WWTP secondary effluents by solar photo-Fenton at neutral pH in raceway pond reactors at pilot plant scale[END_REF] or photocatalysis for gas treatment [START_REF] Monteiro | Evaluation of a solar/UV annular pilot scale reactor for 24h continuous photocatalytic oxidation of n-decane[END_REF]. Likewise for experiments under artificial light carried out at the laboratory scale on photoreactors operating in open mode under conditions representative of daily fluctuations in flux density [START_REF] Plantard | Modelling heterogeneous photocatalytic oxidation using suspended TiO2 in a photoreactor working in continuous mode: application to dynamic irradiation conditions simulating typical days of July and February[END_REF][START_REF] Kacem | Modelling aqueous heterogeneous photocatalytic inactivation of Gram-negative Escherichia Coli using suspended and immobilized titanium dioxide reactors[END_REF]. Implementing a heterogeneous photo-catalysis photoreactor operating in open mode is thus key to predicting daily and monthly treatment capacities and setting up solar resource management strategies for future industrial applications [START_REF] Zhang | Application of solar energy in water treatment processes: A review[END_REF][START_REF] De La Obra | Continuous flow disinfection of WWTP secondary effluents by solar photo-Fenton at neutral pH in raceway pond reactors at pilot plant scale[END_REF].

The question that arises is how to evaluate the photo-oxidative capacities of an open photoreactor, considering the dynamic character of sunlight. Our objective was thus to elucidate and describe the functioning of the photoreactor under conditions representative of different days of sunshine throughout the year. In the long term, the aim was to be able to simulate and predict treatment capacities to design larger-scale treatment plants operating under natural sunlight. Our approach, consisting of the formalization and modeling of the coupling of kinetics and radiative transfer within the open photoreactor, was based on the acquisition of data from experimental campaigns conducted under different irradiation and feeding conditions.

The first part of this study presents a perfectly stirred photoreactor and the operating conditions for batch or continuous operating modes. The second part deals with the representation of the radiative transfers governing the photo-excitation reaction in the reactive heterogeneous medium. This is required to formalize a model to describe the photo-oxidative capacity of the reactor. By solving the radiative transfer equations by the Monte Carlo method, the aim was to determine the number of photons locally available for the photoreaction. The third part establishes the local kinetic law by taking account of the coupling of the photoreactive and radiative transfer processes. The identification of the kinetic parameters was based on experiments performed in the photoreactor operating in batch mode.

Experimental campaigns conducted under different operating conditions for the photoreactor operating in open mode were conducted to validate the robustness of this formalization. The aim being to establish daily photodegradation capacities, experimental campaigns were lastly conducted under dynamic irradiations representative of winter and summer days, and of irradiation fluctuations due to weather conditions. In the long term, this approach should make it possible to predict the hourly, daily and monthly efficiencies and capacities of an open photoreactor subject to dynamic irradiation setpoints imposed by sunlight patterns.

Materials and methods

Photocatalyst characteristics

Commercial titanium dioxide Aeroperl® P20-25 (Evonik Industries) was used as the photocatalyst. This material comprises 85%w anatase and 15%w rutile as measured by several authors [START_REF] Tolosana-Moranchel | Influence of TiO2 optical parameters in a slurry photocatalytic reactor: Kinetic modelling[END_REF][START_REF] Carbajo | Analysis of photoefficiency in TiO2 aqueous suspensions: Effect of titania hydrodynamic particle size and catalyst loading on their optical properties[END_REF]. It is composed of particles of average diameter 41 µm, specially designed to avoid separation problems unlike its nanometer homologues such as Degussa® P25 (Figure 1). For the whole study, TiO2 was pre-filtered with a custom-designed settling-based separation procedure to remove the smallest particles and so improve downstream separation. These characteristics, including the size distribution mean (following a gaussian law) had been defined in previous work and are reported in Table 1 [START_REF] Ribeiro | Experimental and theoretical coupled approaches for the analysis of radiative transfer in photoreactors containing particulate media : case study of TiO2 powders for photocatalytic reactions[END_REF].

Table 1. Key characteristics of TiO2 particles from the work of E. Ribeiro [START_REF] Ribeiro | Experimental and theoretical coupled approaches for the analysis of radiative transfer in photoreactors containing particulate media : case study of TiO2 powders for photocatalytic reactions[END_REF].

TiO2 Anatase Rutile

Density (kg/m To define the radiative transfer (Section 3), it was essential to know the optical properties of the medium, which consisted of a transparent fluid phase, water, and a semi-transparent solid phase, titanium dioxide. Titanium dioxide particles were considered semi-transparent given their submillimetric size. The complex refractive indices of water and Aeroperl came from a database [START_REF] Ribeiro | Experimental and theoretical coupled approaches for the analysis of radiative transfer in photoreactors containing particulate media : case study of TiO2 powders for photocatalytic reactions[END_REF] for water, and from the work of Carbajo for the semiconductor [START_REF] Carbajo | Analysis of photoefficiency in TiO2 aqueous suspensions: Effect of titania hydrodynamic particle size and catalyst loading on their optical properties[END_REF][START_REF] Tolosana-Moranchel | Influence of TiO2 optical parameters in a slurry photocatalytic reactor: Kinetic modelling[END_REF]. The optical properties of the anatase and rutile phases were derived from crystallites with sizes of 20 nm to 30 nm respectively obtained by DRX (X-ray diffraction) and by the Rietvield method [START_REF] Tanemura | Optical properties of polycrystalline and epitaxial anatase and rutile TiO2 thin films by rf magnetron sputtering[END_REF][START_REF] Rietveld | A profile refinement method for nuclear and magnetic structures[END_REF]. All the properties and the approach adopted are detailed in a previous study [START_REF] Ribeiro | Experimental and theoretical coupled approaches for the analysis of radiative transfer in photoreactors containing particulate media : case study of TiO2 powders for photocatalytic reactions[END_REF]. Key characteristics are reported in Tables 1 and2. 

2.2.Indicator substance: caffeine

Caffeine is a legal drug found at high levels (order of magnitude: µg/L) in the outflow from many wastewater treatment plants. It results from human consumption of caffeinated beverages [START_REF] Majumder | Pharmaceutically active compounds in aqueous environment: A status, toxicity and insights of remediation[END_REF]. Its resistance to oxidation makes caffeine a quality indicator for assessing the capacity of an oxidation system. In this study, solutions of caffeine (from Sigma-Aldrich) were prepared in pure water (with a Synergy® UV water purification system) at concentrations of around 10 -2 kg.m -3 . Caffeine was quantified by high-performance liquid chromatography (ThermoFisher Scientific UltiMate TM 3000) with a UV-visible detector and separated with a C-18 column (Hypersil GOLD TM , 5 µm particle size, 100 × 2.1 mm) protected with a precolumn. The initial volumetric proportion of the gradient-mode elution were 10% acetonitrile (Honeywell) and 90% pure water. Flowrate was 0.6 mL.min -1 with wavelength detection at 274 nm. Before quantification, samples were filtered through hydrophilic filters (0.22 µm, Chromafil® Xtra-PTFE-20/25) to protect the analytical column. The analysis conditions and protocols used have been detailed elsewhere [START_REF] Reoyo-Pratz | Photo-oxidation of three major pharmaceuticals in urban wastewater under artificial and solar irradiations[END_REF].

Lab-scale photoreactor

The experimental setup for caffeine degradation could be run in either batch or continuous mode (Figure 2a,b). In batch mode it consisted of a flat photoreactor with a mixing device. In continuous mode, a peristaltic pump was added to inject pollutant solution into the photoreactor, together with a settling tank for catalyst separation from the treated effluent. The photoreactor (Figure 2d) was an upright 0.3 L parallelepiped cell (0.15 m × 0.1 m × 0.02 m) with a stainless steel structure and a 95% UV-transparent polymethyl methacrylate (PMMA) incident face.

A panel of 280 light-emitting diodes (LEDs) distributed in 10 rows delivered homogeneous illumination onto the photoreactor's incident face (Figure 2c). The LEDs had a narrow emission spectrum centered around a wavelength of 375 nm (Figure 3) and could deliver both constant and timevariable flux densities representative of solar UV flux density ranges. They could be regulated between 0 and 110 W.m -2 in 0.5 W.m -2 steps as measured with a UV solar sensor (MU100-MU200, Agralis) at the center of the PMMA incident photoreactor face. A magnetic stirrer was placed inside the photoreactor and rotated at high speed with a rotor-magnet placed on the rear of the reactor to ensure homogeneous mixing of both the pollutant solution and the photocatalyst (Figure 2e). In that configuration, both mass transfer (due to the mixing) and light transfer (due to the flat geometry) were enhanced.

When the experimental set-up was run in continuous mode, a peristaltic pump was added with a power supply on the rear stainless-steel face of the photoreactor in the bottom corner. The volumetric flowrate could be varied between 1 and 10 mL.min -1 , which was insufficient to operate the reactor as a perfectly well-mixed one; the mixing system was therefore also used in this configuration to ensure fast mixing inside the cell. An open settling tank was also positioned on the top of the photoreactor, enabling the treated solution to spill naturally out of the settling tank while the particulate TiO2 settled in the slow volumetric flowrate conditions. A clear solution of degradation products thus left the photoreactor while the TiO2 remained inside it. The photoreactor was a perfectly well-mixed zone, whereas in the settling tank, the hydrodynamics were slow enough to let the catalyst particles settle. This separation system enabled re-use of the photocatalyst without losses.

Assessments of radiation field and photoreaction kinetic law

Radiation field inside the photoreactor

In photoreactions, the reactants include photons. The expression of photoreaction kinetics thus implies rigorously describing the distribution of photons in the system where the reaction occurs. In many earlier studies, the choice was made to simplify the radiation field inside the photoreactor, owing to the difficulty of constructing a rigorous tool for radiation field analysis such as the Monte Carlo method [START_REF] Delatorre | Monte Carlo advances and concentrated solar applications[END_REF]. A few decades ago, Alfano et al. [START_REF] Alfano | Radiation field modelling in photoreactors -II. Heterogeneous media[END_REF] pointed out the need to solve the well-known radiative transfer equation (RTE) using different models to achieve a rigorous description of photon distribution in a studied system. Successful resolution obviously requires that the system is well defined: (i) the light source characteristics such as the radiant energy flux irradiating the reactor, whether diffuse or direct, and spectral information must be known, (ii) the heterogeneous medium properties, i.e., particle size distribution, suspension concentration, particle density, and refractive optical index must be characterized, and (iii) the reactor geometry must be described rigorously. The RTE can be expressed as follows (Equation 1):
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where   are the effective absorption, scattering, and extinction coefficients (m -1 ), which can be defined as follows (Equation 2): represent the radiative properties of the studied medium required to solve the RTE. The radiative properties of the TiO2 medium used in this work were already defined using the Mie theory [START_REF] Ribeiro | Experimental and theoretical coupled approaches for the analysis of radiative transfer in photoreactors containing particulate media : case study of TiO2 powders for photocatalytic reactions[END_REF]. The effective absorption and scattering coefficient of TiO2 were thus easily calculated from specific coefficients at different wavelengths, varying the TiO2 suspension concentration from 0.5 to 4 kg.m -3 (Table 1 and2). The angle-dependent scattering function was plotted for two wavelengths: 375 and 425 nm (Figure 4). We note that as expected, the absorption coefficient of TiO2 was zero in the visible region, where this material exhibits no photocatalytic activity. We also note that the phase function was plotted using only the polar angle  and not the azimuthal angle  , because of the spherical shape of the particle.
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In such a case, the scattering function calculated by the Mie theory is rotationally symmetric about the axis around which the azimuthal angle is defined. The angle-dependent scattering function is strongly forward-oriented in the UV range. In the visible spectral range, more scattering over all directions is observed, together with a moderately high backscattering component.

The RTE was then solved using the well-known stochastic Monte-Carlo (MC) method, which is a reference method [START_REF] Delatorre | Monte Carlo advances and concentrated solar applications[END_REF]. A previously established MC algorithm [START_REF] Ribeiro | Experimental and theoretical coupled approaches for the analysis of radiative transfer in photoreactors containing particulate media : case study of TiO2 powders for photocatalytic reactions[END_REF] allowing the description of the local available radiant energy was adapted to the photoreactor geometry described in Section 2.3.

The algorithm requires knowledge of the light source, the medium, and the system characteristics as entry variables [START_REF] Ribeiro | Experimental and theoretical coupled approaches for the analysis of radiative transfer in photoreactors containing particulate media : case study of TiO2 powders for photocatalytic reactions[END_REF] and the output is the local available radiant energy Gλ as a function of the position 𝑥 along the reactor thickness.

3.2.Kinetic modeling: identification of rate law parameters

In the scope of this work, which set out to study photoreaction kinetics, the variable of interest is the local volumetric rate of energy absorbed (LVREA) noted  A . It is trivial to calculate  A

knowing Gλ along the reactor thickness. The relation between these variables is as follows (Equation 3):
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The local available radiant energy Gλ was estimated using the MC algorithm and  A was calculated using the simple Equation 4above and plotted as a function of the reactor thickness (Figure 5a). In parallel, the total energy absorbed in the photoreactor Atot,λ was calculated at each TiO2 medium concentration (Figure 5b) from Equation 4: 4)
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where < 𝐴 𝜆 > is the total absorbed energy inside the photoreactor (W.m -2 .nm -1 ), Φ0,λ is the radiant energy flux irradiating the photoreactor entry (W.m -2 .nm -1 ), and L is the reactor thickness (m). It can be seen that the LVREA varies strongly with variation of the medium concentration (Figure 5a).

Moreover, we note that as expected, the LVREA variation along the medium thickness does not exhibit constant or linear behavior. Thus the assumption of a mean LVREA along the photoreactor, often made as a simplification, would lead to major error in the radiation field description in the present case. The LVREA decays exponentially along the reactor thickness for high TiO2 medium concentration, i.e., 4 and 3 kg.m -3 , and tends to fall linearly for low concentrations, i.e., 0.5-1 kg.m -3 . The choice of an optimal working concentration can be made by observing the total rate of energy absorption as a function of the medium concentration (Figure 5b). This rate rises with an increase in TiO2 concentration from 0.5 to 2 kg.m -3 and then reaches a plateau for higher concentrations. We note that between 2 and 4 kg.m -3 , the total rate of energy absorption increased by only 0.1, reaching a value of 0.9 for a suspension concentration of 4 kg.m -3 . Thus the optimal TiO2 concentration in the photoreactor was taken to be 2 kg.m -3 for two reasons: (i) the total rate of energy absorption in the reactor was close to that obtained at higher concentration and much higher than that obtained at lower concentration, and

(ii) the quantity of TiO2 introduced was 150-200% lower than for higher concentration, which would represent a high material saving in any large-scale development of this technology. For the next part of the study, the TiO2 suspension concentration inside the photoreactor was fixed at 2 kg.m -3 .

Results and discussion: photodegradation for dynamic operating conditions

The objective was to establish a representative model of the photo-oxidative capacities of the photoreactor subjected to variable conditions both in terms of feed (concentration, flow rate) and irradiation conditions (variable flux density and dynamics). The first step was to identify a kinetic law. In general, in the literature, the kinetic laws set up to describe the photodegradation rates of a given substance associated with a photocatalyst are empirical laws that depend on the concentration of the substance (here caffeine) and on a quantity representative of the irradiation conditions. For each of our experiments, these two quantities were defined according to the experimental conditions. The reactor being perfectly stirred, the caffeine concentration, homogeneous at all points of the reactor, was sampled at the reactor outlet over time to be analyzed by HPLC. Regarding the irradiation conditions, the local number of absorbed photons was defined in Section 3. The LVREA is the photometric quantity dependent on the position considered in the photoreactor and on time if the irradiation conditions applied are variable. It defines the number of photons locally absorbed and therefore potentially available for the reaction. By integrating this quantity in the expression of the kinetic law (Equation 7), it is possible to define the local photo-oxidative rate and the photodegradation capacity at the photoreactor scale. This approach accounts for the coupling between the reaction processes and the radiative transfers that take place in the photoreactor containing a photocatalyst suspension.

Identification and validation of kinetic parameters in a photoreactor

Modeling of photo-oxidation capacities

To obtain a kinetic law independent of the residence time distribution, experiments are conducted in a closed reactor, varying the quantity of energy that governs the chemical reaction, namely the incident photon flux density [44 et al., 2003;[START_REF] Levenspiel | Chemical Reaction Engineering[END_REF]. In a perfectly stirred closed reactor, the conversion rate of a species for a homogeneous reaction is the same whatever the segregation state; the mass balance is then sufficient to predict the performance of the reactor [START_REF] Levenspiel | Chemical Reaction Engineering[END_REF].

Here: 5)
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where Creact(t) is the caffeine concentration inside the reactor in kg.m -3 , VSol is the total volume of solution in the reactor in m 3 , Vr is the reaction volume in m 3 , which is the irradiated volume, and <r> is the local photo-catalytic degradation rate in kg.m -3 .s -1 .

When modeling the operation of a reactor in continuous mode in which a chemical reaction is taking place, the segregation state of the effluent may have to be considered. Here, the effluent flowing through the reactor was composed of two phases, one solid (TiO2), the other liquid (caffeine solution).

Two limiting cases for the segregation state of an effluent can be distinguished: microfluid behavior and macrofluid behavior. In this study, the flow conditions being comparable to those of the microfluid, the model representing the reactor is described by the mass balance (Equation 6) [START_REF] Levenspiel | Chemical Reaction Engineering[END_REF]:
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Where, qv is the flow rate applied to the photoreactor considering the outlet and inlet flow rates equal (m 3 .s -1 ), and Cin is the concentration of the feed solution. The left term of the equation represents the accumulation term inside the photoreactor. The second term describes the pollutant inflow and outflow to and from the photoreactor. The right term represents caffeine degradation due to photo-oxidation.

Mass balance was applied to the photoreactor described in Section 2.3, which is the perfectly stirred zone. In this case, the reaction volume corresponds to the entire volume of the photoreactor, i.e., Vr = VSol = 300 mL. The overall rate of the photocatalysis reaction is defined by integrating the local rate [START_REF] Alfano | Radiation field modelling in photoreactors -II. Heterogeneous media[END_REF][START_REF] Brandi | Rigorous model and experimental veri"cation of the radiation "eld in a #at-plate solar collector simulator employed for photocatalytic reactions[END_REF][START_REF] Motegh | Photocatalytic-reactor efficiencies and simplified expressions to assess their relevance in kinetic experiments[END_REF]. In the case of planar reactors, where the surface is irradiated uniformly, the system is one-dimensional. The local velocity is then integrated according to the depth of the photoreactor: 7) where x is the depth variable of the photoreactor, and L is the thickness of the photoreactor (here 0.02 m).
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Concerning the photodegradation kinetic law, given that there is no universal formalization representing photo-oxidation processes, several kinetic laws have been developed in the literature, ranging from simple pseudo-first order laws to Langmuir Hinshelwood type laws [START_REF] Plantard | Experimental and numerical studies of a solar photocatalytic process in a dynamic mode applied to three catalyst media[END_REF]. The empirical power laws of both concentration and flux density are the most commonly used, as they are representative of varied and complex situations. The kinetic law established by Emeline [START_REF] Emeline | Factors affecting the efficiency of a photocatalyzed process in aqueous metal-oxide dispersions Prospect of distinguishing between two kinetic models 9[END_REF] was chosen to represent the degradation of the target substance. To our knowledge, this form has never been used for the LVREA (Equation 8): 8)
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where (α, β, γ) are the kinetic constants. The expression of the monochromatic LVREA in the suspension is described by Equation 4in Section 3. The irradiation conditions, derived from the LED panel at a wavelength centered on 375 nm, are given in Figure 3.

Identification of kinetic constants in batch photoreactor mode

The kinetic constants (α,β,γ) involved in the expression of the kinetic law were obtained by parametric identification. For this purpose, experimental data were acquired from experiments conducted in a closed reactor to avoid the residence time distribution specific to the open reactor. Irradiation conditions were applied over a wide range of flux densities from 5 to 87 w.m -2 and the initial concentration of caffeine was 10 mg.L -1 .

The concentration time course for five flux densities is shown in Figure 6. In agreement with the literature [START_REF] Emeline | Factors affecting the efficiency of a photocatalyzed process in aqueous metal-oxide dispersions Prospect of distinguishing between two kinetic models 9[END_REF][START_REF] Plantard | Modelling heterogeneous photocatalytic oxidation using suspended TiO2 in a photoreactor working in continuous mode: application to dynamic irradiation conditions simulating typical days of July and February[END_REF][START_REF] Plantard | Experimental and numerical studies of a solar photocatalytic process in a dynamic mode applied to three catalyst media[END_REF], for each experiment, the concentration decreased with time, the more markedly the higher the flux density applied. As an indication, the abatement times for 50% of the target varied widely from 55 min for the highest flux density to 280 min for the lowest. These results confirm the importance of the irradiation conditions for the photo-oxidative capacity of the photoreactor. A parametric optimization study was carried out using the fminsearch algorithm bundled with MATLAB, based on the Nelder-Mead simplex algorithm [START_REF] Lagarias | Convergence Properties of the Nelder--Mead Simplex Method in Low Dimensions[END_REF], to identify the most representative kinetic constants (α,β,γ). For that purpose, mass balance defined in Equation 6 was solved until the algorithm found the kinetic parameters that best fitted the experimental results of the degradation experiments. An optimization criterion 𝑓𝑣𝑎𝑙 was used, defined by Equation 9. Its minimum was sought as it represents the difference between experimental data 𝐶 𝑒𝑥𝑝 and calculated data 𝐶 𝑐𝑎𝑙 . 9)
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The set of parameters identified to best represent the experimental curves were: α = 1.05 ×10 -7 (SI), β = 0.49 (-), and γ = 0.69 (-). Determined from the LVREA profile, these kinetic constants were assumed to be independent of the optical thickness (i.e., the thickness of the reaction volume and the concentration of photocatalyst). According to the literature, they are sufficiently general to allow an extrapolation of the performance obtained in flat reactors of different dimensions [START_REF] Li Puma | Dimensionless analysis of slurry photocatalytic reactors using two-flux and six-flux radiation absorption-scattering models[END_REF].

On Figure 6 is plotted the comparison between experimental and calculated concentrations of caffeine.

There is reasonable agreement between the concentration profiles whatever the incident flux density, confirming independence of the three kinetic constants on incident flux density.

Kinetics parameters validation in an open photo-reactor mode

To validate the robustness of the model, experiments conducted on the photoreactor operating in open mode were carried out under different irradiation conditions, namely flux densities representative of natural irradiation conditions (flux density ranging from 20 to 87 W.m -2 ) and feed conditions (flow rate ranging from 2 to 6 mL.min -1 ). The results obtained for four irradiation conditions and three feed rates are shown in Figure 7. The concentration variation profiles were in line with those obtained in the literature [START_REF] Plantard | Modelling heterogeneous photocatalytic oxidation using suspended TiO2 in a photoreactor working in continuous mode: application to dynamic irradiation conditions simulating typical days of July and February[END_REF]. We note a period corresponding to the transient regime, during which the concentration fell from the initial concentration to a plateau. This period depended on the initial conditions and the feed conditions. The longer the period, the lower the flow rate, resulting in a longer residence time. The steady state was clearly identified by a stabilization of the concentration value in the photoreactor. As the reactor was perfectly homogeneous, the concentration in the outflow was equal to the concentration in the reactor.

The level of this plateau depended on the irradiation and feed conditions. The lower the concentration, the higher the flux density applied, indicating a high rate of photodegradation. For example, for a given volumetric flowrate of 5.5 mL.min -1 , removal rate at steady state of degradation was 55% of caffeine at 20 WUV.m -2 against 85% at 87 WUV.m -2 . As expected, for a constant volumetric flowrate, removal rate increased with increasing incident flux density, simply because the photocatalyst absorbed more photons. Likewise, process treatment capacity at the steady state also increased, 6 ×10 -7 kg.s -1 at 87 W.m -2 against 4.4 ×10 -7 kg.s -1 at 20 WUV.m -2 .

Conversely, the concentration level decreased with a decrease in the applied flow rate. This can be explained by a higher degradation rate with longer residence times. At 87 WUV.m -2 , the removal rate was lower for 𝑞 𝑣 = 6 mL.min -1 than for 𝑞 𝑣 = 2 mL.min -1 : respectively 29% against 66%. For a higher volumetric flowrate, the pollutant spent less time overall in the photoreactor, as decreasing the mean residence time shows, defined as

𝑉 𝑟 𝑞 𝑣
for a perfectly well-mixed reactor [START_REF] Levenspiel | Chemical Reaction Engineering[END_REF], leading to a higher concentration of pollutant in the reactor outflow than at a lower volumetric flowrate. When volumetric flowrate increased, process treatment capacity of the process at steady state increased, e.g., for 𝑞 𝑣 = 2 mL.min -1 it was 1.8 × 10 -7 kg.s -1 against 2.2 × 10 -7 kg.s -1 for 𝑞 𝑣 = 6 mL.min -1 .

To validate the relevance of the chosen kinetic model (Equation 8), the concentration profiles were simulated from Equation 6 To discuss these results, the photo-oxidation capacities, once the steady state was reached, were expressed in milligrams of degraded pollutant per square meter of irradiated surface and per hour of operation. These values, obtained from the mass balance in Equation 10, were related to an irradiated surface of 1 m 2 (Table 3). The capacities depended on the irradiation conditions and varied according to the flux density applied.

Despite the amplitude of the applied flux densities (factor of 4), the capacity varied over a narrow range of values (factor of 1.5). In Equation 8describing the photo-oxidation process as a function of the key variables of flux density and concentration, we can see that the dependence of the degradation rate on the flux density was of the order of 0.5 (β = 0.49) [START_REF] Plantard | Modelling heterogeneous photocatalytic oxidation using suspended TiO2 in a photoreactor working in continuous mode: application to dynamic irradiation conditions simulating typical days of July and February[END_REF][START_REF] Plantard | Experimental and numerical studies of a solar photocatalytic process in a dynamic mode applied to three catalyst media[END_REF]. Thus in terms of photon efficiency, photocatalysts are more efficient at low flux density. As shown by Van Gerven et al. [START_REF] Van Gergen | A review of intensification of photocatalytic processes[END_REF], the conditions for optimal use of radiation are obtained for very low irradiations corresponding to flux densities 100 times lower than the solar radiation received at the earth's surface. Consequently, this quantity is not the key variable for optimizing the performance of photo-oxidation capacities, without taking into account the fact that the irradiation conditions for a solar application are not controlled but undergone. On the other hand, we note that the amplitude of the variation of the degradation rate as a function of the applied flow rate was very high (factor of 3). As shown in Equation 10, the flow rate is a key operating variable for fixing the photo-oxidation capacities of the photo-reactor by allowing, for example, regulation of the treatment speeds adapted to the irradiation conditions.

Photo-reactor capacity for simulated solar flux density

Variable incident flux density conditions were applied for a volumetric flowrate of about 6 mL.min -1 and an initial pollutant concentration of about 10 mg.L -1 (Figure 9). The dynamic setpoints applied came from real solar data in Perpignan (France) and were coded on the LED panel. Four types of conditions were applied, representative of both seasonal and meteorological fluctuations. First, mean incident flux density conditions were applied: one of a winter day in December and one of a summer day in July. In December, the incident UV flux densities are on average lower than in July, up to 25 W.m -2 against up to 40 W.m -2 , and the day period is shorter: 9 h against almost 16 h. Hence the daily amount of energy received on the reactor surface was much lower in December than in July: 8.2 kJ against 15.5 kJ at the photoreactor surface. More complex conditions were also applied: a very sunny day in December with a maximum incident flux density of 43 W.m -2 , and a cloudy day with low and discontinuous incident flux density values representative of cloudy periods. The accumulated energy of the very sunny day in December was 10.5 kJ, higher than the average day in December. By contrast, for the cloudy day, the accumulated energy (4 kJ) was less than half that for the average day.

In Figure 9, the variations of the cumulative quantity of degraded pollutant during the day are also reported. For the experiments conducted under simulated irradiation representative of average sunshine days in February and July, the quantity degraded increased during the day, highlighting two inflection points at the beginning and end of the day corresponding to low irradiation conditions (morning and evening). The curve progressed slowly at the beginning of the day, then presented a quasi-linear time course throughout the day, to finally reach a plateau and a constant value when the irradiation fell to zero. These results, in agreement with earlier results [START_REF] Plantard | Modelling heterogeneous photocatalytic oxidation using suspended TiO2 in a photoreactor working in continuous mode: application to dynamic irradiation conditions simulating typical days of July and February[END_REF], are characteristic of experiments conducted under dynamic irradiation conditions representative of natural sunshine. The variations obtained during the February and July days were significantly more pronounced on the July day due to the length of the day (16 h) and the higher flux density (37 W.m -2 ). When the sunshine conditions were variable (Figure 9c,d), the variations in the quantity degraded showed the same pattern. Compared to the average day in February, the experiment conducted under high irradiation in February showed a very marked trend (the daytime slope was steeper) and the cumulative degraded quantity over the day was also greater (Table 4). On the contrary, when the irradiation was subject to strong variations due to cloudy spells, the variation was significantly weaker in terms of slope and the quantity degraded was lower. These coherent results, reported in Table 4, show that the quantities degraded during the various days were very significant and depended strongly on the irradiation conditions. 9 show that the model was representative of the experimental results whatever the irradiation conditions and the dynamics of the flux density variation. This approach makes it possible to determine the instantaneous and average degradation rate during the various days. These values, reported in Table 4, show that the average rate depended on the irradiation conditions and the length of the day. During the July day, the hourly rate of degradation was higher than in February, owing to the differences in flux density (maximum density of 37 W.m -2 in July). The cloudy conditions were particularly unfavorable and very strongly impaired oxidation capacity, with as a result an average hourly rate on a cloudy day half that on a very sunny day. We also note that the hourly degradation rate for the month of July and for a very sunny day in February were very close, consistent with the very close flux density values.

From these simulations, the monthly capacities per square meter of irradiated photoreactor surface were evaluated (Table 4). For the reasons stated, the very significant differences in capacities were due to the variability of the irradiation conditions and the potential of the specific resource in each month of the year both in terms of irradiation duration and flux density amplitude (Figure 9). For example, the capacities obtained in July were double those obtained in February. Concerning the effect of meteorological conditions, strong variations in capacities (30-40%) were observed according to whether the sunshine was strong or instead very cloudy compared to an average day in February, which served as a reference. These results confirm the very significant impact of weather on photo-oxidation performance. We also note that the experiments were conducted with caffeine at a high concentration (mg/L), compared to those measured in wastewater, which are of the order of micrograms per liter. On the other hand, caffeine, owing to its strong resistance to oxidation, is a powerful indicator for evaluating the performance of the photoreactor. Hence the photo-oxidation capacities, of the order of a few g.m -2 , are commensurate with the cumulative quantities of pollutants contained in wastewater, up to a few tens of micrograms per liter. Even so, it must be remembered that photo-oxidation capacities are significantly lower when the treatment is applied to real effluents. This is reported in the work of B. Reoyo [START_REF] Reoyo-Pratz | Photo-oxidation of three major pharmaceuticals in urban wastewater under artificial and solar irradiations[END_REF], who shows that the photo-oxidation capacities depend not only on the nature of the pollutants and their concentrations, but also on the composition of the water matrix.

Independently of its photodegradation capacities, it is of interest to examine the efficiency of the photoreactor according to the irradiation conditions. This variable, widely used in the literature to optimize the operation of the photoreactor or to compare the performance of photocatalytic materials [START_REF] Plantard | Kinetic and efficiency of TiO2-coated on foam or tissue and TiO2suspension in a photocatalytic reactor applied to the degradation of the 2,4-Diclorophenol[END_REF][START_REF] Ribeiro | Elaboration of Activated Carbon/Titanium dioxide granular composites by mechanosynthesis: effect of the composition on the sorption capacity and photocatalytic efficiency[END_REF], is defined by the quantity of photoconverted material in relation to the quantity of energy consumed, which can be expressed in joules or number of photons [START_REF] Minero | Kinetic analysis of photoinduced reactions at the water semiconductor interface[END_REF][START_REF] Rosset | Correlation between gap energy and photocatalytic efficiencies of nanocatalyst under solar irradiation conditions[END_REF][START_REF] Plantard | Correlations between optical, specific surface and photocatalytic properties of media integrated in a photo-reactor[END_REF][START_REF] Serpone | Standardization protocol of process efficiencies and activation parameters in heterogeneous photocatalysis: relative photonic efficiencies ζr[END_REF]. For this study, the efficiencies, expressed in mass of degraded material per joule received by the photoreactor, are reported in Table 4. The efficiency of photo-oxidation was greater on winter days with less sunshine than on an average day in summer. In agreement with the kinetic law described in Equation 8showing that the rate does not depend linearly on the flux density but according to a power law of order 0.5, the efficiency of the photoreaction was greater when the flux density was low. Our experimental results thus show that the photoreactor worked better under low irradiations. This tendency was significantly accentuated by the meteorological conditions. Cloudy conditions characterized by a lower flux density during the day February induced a higher efficiency, whereas a very bright day in February gave an efficiency comparable to an average day in July. In the recent literature, authors report that the photoefficiency of the photo-oxidation reaction is higher the lower the flux density. The most efficient photoreactors are those with very large capture surfaces leading to a dilution of the radiation in the volume of the photoreactor [START_REF] Van Gergen | A review of intensification of photocatalytic processes[END_REF][START_REF] Plantard | Correlations between optical, specific surface and photocatalytic properties of media integrated in a photo-reactor[END_REF][START_REF] Cornet | Habilitation à Diriger des Recherches[END_REF]. Materials such as cellular foams or photoreactors equipped with fibers allowing the distribution and dilution of radiation by several decades have higher photooxidative capacities in direct relation to the dilution factor. Theoretical studies conducted by Van Gerven et al. [START_REF] Van Gergen | A review of intensification of photocatalytic processes[END_REF] show that optimum performance would be achieved for dilution factors of 2-3 decades with respect to solar radiation.

Conclusion

With the main objective of showing the feasibility of removing micropollutants present in wastewater, based on the use of sunlight, this work consisted in experimentation and modeling of a photoreactor operating under different conditions of use.

Firstly, the irradiation conditions of a photoreactor were defined to establish the irradiation profile within the reactor from the resolution of the radiative transfer equations. Building on previous work [START_REF] Ribeiro | Experimental and theoretical coupled approaches for the analysis of radiative transfer in photoreactors containing particulate media : case study of TiO2 powders for photocatalytic reactions[END_REF], we could describe the number of photons locally available to initiate the photoreaction process within the reactor. In a second step, the kinetic law representative of the photo-oxidation degradation process, in which the profile of photons absorbed within the photo-reactor was integrated, allowed the modeling of the photoreactor's operating capacities. To this end, a series of experiments in batch mode were carried out to establish a parametrized kinetic law representative of the degradation profiles of a target substance, and then validate this law in situations tested in a photoreactor operating in open mode. This approach, based on experimentation to validate a relevant model, makes sense for understanding and describing the capacities of photoreactors to be able to predict photodegradation capacities and scale up treatment plants in the long term. Two key stages remain to be completed, namely (i) the evaluation of the performance of a photoreactor subjected to dynamic irradiation conditions representative of real sunlight conditions and (ii) experiments on wastewater from wastewater treatment plants to measure the impact of the water matrix on the photoreactor's responses.

The matrix effect having been partially addressed in a reactor operating in batch mode in previous work [START_REF] Reoyo-Pratz | Photo-oxidation of three major pharmaceuticals in urban wastewater under artificial and solar irradiations[END_REF], the present study focused on estimating photo-oxidation capacities under representative winter and summer daylight and under different meteorological conditions, with the originality, with regard to the literature, of operating in an open reactor. Key results, revealing significant effects of the duration, intensity and distribution of radiation during the day were obtained. Predictably, the longer days in July with more intense radiation were the most favorable. Conversely, the cloudy and shorter days of winter were the least favorable. Based on these results, monthly capacities were evaluated to show the utility of developing this type of compatible technology to treat pollutants in wastewater.

However, it was also found that the efficiency of the photoreactor was strongly dependent on the irradiation conditions, and was particularly high on days with low radiation.

In view of these findings and to consider potential solutions for water treatment, the photo-oxidation processes will need to be scaled up taking into account the geographical, daily, and seasonal variations in sunlight, together with the weather conditions. Their capacities will probably be defined for the most constraining periods. Further research will address operating capacities for wastewater containing micropollutants at low concentrations to quantify the impact of the water matrix and concentrations on treatment performance. Table 1. Key characteristics of TiO2 particles from the work of E. Ribeiro [START_REF] Ribeiro | Experimental and theoretical coupled approaches for the analysis of radiative transfer in photoreactors containing particulate media : case study of TiO2 powders for photocatalytic reactions[END_REF].
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 1 Figure 1. Scanning electron images (SEM-FEG, Hitachi S-4500) of raw TiO2 particles. Images recorded with a secondary detector at 15 kV electron beam for a working distance of 14 mm and a x 400 magnification.
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 2 Figure 2. Scheme of the experimental setup used for caffeine degradation experiments either in batch configuration (a) or in opened configuration (b) and pictures of the UVA-LEDs panel (c). The incident photoreactor face filled with a suspension of catalyst (d) and the back cell face equipped with stirring system (e).
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 4 Figure 4. TiO2 angle-dependent scattering function in near UV (375 nm) and visible spectral range (425 nm). θ=0 rad represents the straightforward direction.
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 5 Figure 5. LVREA profiles (A) and total rate of energy absorbed (B) in the photoreactor for a wavelength of 375 nm and different TiO2 suspension concentrations. MC parameters Φ0,λ = 1 W.m -2 and Nr = 10 9 . Relative error bars < 0.1%.
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 6 Figure 6. Caffeine concentrations according to irradiation time making to vary the incident flux density Φ 0,λ: 5 W.m -2 (♦). 10 W.m -2 (□). 20 W.m -2 (•). 40 W.m -2 (○) and 87 W.m -2 (▲) for an initial concentration of caffeine C0 ≈ 10 mg.L -1 in the batch reactor. Catalyst concentration is 2 kg.m -3 . Experimental points are dots and calculated points are lines.
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 7 Figure 7. Caffeine concentrations according to irradiation time in the opened photoreactor making to vary the incident flux density Φ0: 20 W.m -2 (□), 40 W.m -2 (♦), 60 W.m -2 (•) and 87 W.m -2 (○) for a flowrate qv=2 mL.min -1 and a feed concentration of caffeine C0 ≈ 9 mg.L -1 .

  and plotted in Figure 8. For the different conditions of flow rate and incident flux density, the simulated concentrations came very close to the experimentally measured concentrations. The model also represents the transient regime corresponding to the decrease in outflow concentrations that occurred when the light was switched on. The implemented model was therefore validated as representing a photoreactor operating in open mode with constant operational conditions.

Figure 8 .

 8 Figure 8. Caffeine concentrations according to irradiation time in the opened photoreactor making to vary the flowrate qv= 2 mL.min -1 (♦), 4 mL.min -1 (□) and 6 mL.min -1 (•) for a flux density Φ0: 40 W.m -2 (□) and a feed concentration of caffeine C0 ≈ 8 mg.L -1 .
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 9 Figure 9. Cumulative mass of degraded caffeine according to irradiation time in the opened photoreactor for time-variable incident flux density conditions simulating real solar flux for a flowrate qv=5.5 mL.min -1 and a feed concentration of caffeine C0 ≈ 9 mg.L -1 . Experimental (○) and calculated (-) values. Four daily irradiation profile representative of (a) Average daily irradiation in February (b) Average daily irradiation in July (c) Irradiation of a sunny February day (d) Irradiation of a cloudy February day.
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 2 Specific absorption and scattering coefficient of the TiO2 medium at different wavelengths.

Suspension concentration (kg.m - 3 ) Effective coefficients (m -1 ) 350 nm 375 nm 400 nm 425 nm

  

	kabs,λ	16.99	15.87	8.12	0
	0.5				
	ksca,λ	22.145	23.315	31.2	38.84
	kabs,λ	33.98	31.74	16.24	0
	1				
	ksca,λ	44.29	46.63	62.40	77.68
	kabs,λ	67.96	63.48	32.48	0
	2				
	ksca,λ	88.58	93.26	124.8	155.36
	kabs,λ	101.94	95.22	48.72	0
	3				
	ksca,λ	132.87	139.89	187.2	233.04
	kabs,λ	135.92	126.96	64.96	0
	4				
	ksca,λ	177.16	186.52	249.6	310.72

Table 3 .

 3 Photodegradation capacity by mass of caffeine expressed per hour of irradiation and square meter of irradiated surface.

	Flux density (W.m -2 ) Capacity (mg.m -2 .h -1 )	Flow rate (mL.min -1 )	Capacity (mg.m -2 .h -1 )
	20	53	2	46
	40	63	4	91
	60	79	6	137
	87	75		

Table 4 .

 4 assessment of the photoreactor's performance under irradiation conditions representative of different days of the year and weather conditions.

		Unity	Average day (July)	Average day (February)	Sunny day (February)	Cloudy day (February)
	Quantity degraded daily	mg.day -1	13.29	7.36	9.02	4.15
	Energy cumuled	Kj	15.49	8.22	10.49	4.00
	Average Photo-oxidation rate	mg.h -1	0.86	0.77	0.95	0.49

Table 3 .

 3 Photodegradation capacity by mass of caffeine expressed per hour of irradiation and square meter of irradiated surface.

Table 4 .

 4 Assessment of the photoreactor's performance under irradiation conditions representative of different days of the year and weather conditions. Caffeine degradation was modelled in a continuous-flow photoreactor  Radiative transfer inside the photoreactor was described using Monte-Carlo method  Kinetic constants were identified using a parametric optimization study  Model was validated, allowing calculation of treatment capacity of the photoreactor  System efficiency was calculated under Summer and Winter days irradiation conditions This work received regional sponsorships "Projet Recherche et Société Région Occitanie" PHOTODEPOL (N°19015248) and AQUIREUSE (N°20019602) as well as Programme "Investissements d'avenir" (Investment for the Future) of the Agence Nationale de la Recherche (National Agency for Research) of the French State under award number ANR-10-LABX-22-01-SOLSTICE.
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