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Photooxygenation in an advanced led-driven flow reactor module: Experimental investigations and modelling

The photooxygenation of α-terpinene was investigated as a benchmark reaction in an advanced LED-driven flow reactor module, both from an experimental and modelling point of view. Ethanol was used as a green solvent and rose Bengal was chosen as a cheap sensitizer of industrial importance. Firstly, the kinetic law based on all mechanistic steps was established for the chosen photooxygenation. From this, the set of operating parameters potentially influencing the photoreaction rate were identified. Subsequently, experiments were carried out under continuous-flow conditions to screen these operating parameters, namely concentration of α-terpinene, concentration of photosensitizer, residence time, structure of the segmented gas-liquid flow and nature of the reagent gas phase (air versus pure oxygen). Finally, the conditions enabling minimization of sensitizer bleaching were established. It was also shown that the hydrodynamic characteristics of the gas-liquid flow can have an effect on the conversion levels. From this, a simplified model was proposed to predict the conversion at the reactor's outlet when pure oxygen was used.

Introduction

The growth of the chemical industry during the 21 st century has put pressure on the availability of raw materials. Traditional manufacturing processes of chemicals have thus been evaluated and reviewed according to the principles of Green Chemistry and Green Engineering [START_REF] Anastas | Green Chemistry: Theory and Practice[END_REF][START_REF] Anastas | Through the 12 principles Green engineering[END_REF]. As part of this changed manufacturing philosophy, photochemistry has emerged as a key synthesis pathway and technology for sustainable chemistry [START_REF] Hoffmann | Photochemical reactions as key steps in organic synthesis[END_REF][START_REF] Bach | Synthetic methods photochemical reactions as key steps in natural product synthesis[END_REF][START_REF] Braun | Photochemical Technology[END_REF]. Photochemical reactions have significantly enriched the organic synthesis portfolio as it allows for the rapid construction of complex molecules using photons as a traceless reagent [START_REF] Albini | The 'belle époque' of photochemistry[END_REF][START_REF] Hoffmann | Efficient photochemical electron transfer sensitization of homogeneous organic reactions[END_REF]. As a consequence, photochemical processes are currently becoming widespread [START_REF] Kärkäs | Photochemical approaches to complex[END_REF], in particular in the search of new biologically active compounds for applications in medicine or agriculture, as well as in many other fields (healthcare, material and environmental sciences for instance) [9][START_REF] Ramamurthy | Supramolecular photochemistry concepts highlighted with select examples[END_REF][START_REF] Watanabe | Photochemistry on metal nanoparticles[END_REF].

Among the established photochemical transformations, dye-sensitized photooxygenations involving singlet oxygen 1 O 2 are particularly attractive [START_REF] Derosa | Photosensitized singlet oxygen and its applications[END_REF][START_REF] Ghogare | Using singlet oxygen to synthesize natural products and drugs[END_REF][START_REF] Krasnovsky | Early history of spectroscopic and photochemical studies with contributions of A.N. Terenin and Terenin's school[END_REF] (i. e. photooxygenations of terpenes or the synthesis of the antimalarial drug artemisinin). 1 O 2 is generated by photosensitization of triplet molecular oxygen 3 O 2 , most often in the visible range with catalytic amounts of an organic sensitizer (dye). When compared to chemical pathways, the photooxidation route avoids the use of strong, hazardous or persistent oxidants and leads to highly selective oxygenations. Despite these advantages, these photochemical reactions have generally not found widespread implementations in the chemical industry, mainly due to the specific reaction conditions (large dilution and/or poor light penetration) and the use of specialized equipment and energy-demanding mercury lamps (intensive cooling, limited lifetime). Continuous-flow (microstructured) technologies have recently emerged as alternatives to batch processing and their suitability for photooxygenation reactions has been demonstrated [START_REF] Meyer | Photosensitized oxidation of citronellol in microreactors[END_REF][START_REF] Shvydkiv | Synthesis of juglone (5-hydroxy-1,4-naphthoquinone) in a falling film microreactor[END_REF][START_REF] Lévesque | Continuous-flow synthesis of the anti-malaria drug artemisinin[END_REF][START_REF] Yavorskyy | Photooxygenations in a bubble column reactor[END_REF][START_REF] Ziegenbalg | OLEDs as prospective light sources for microstructured photoreactors[END_REF][START_REF] Nagasawa | A study of aerobic photooxidation with a continuous-flow microreactor[END_REF][START_REF] Mizuno | Utilization of microflow reactors to carry out synthetically useful organic photochemical reactions[END_REF][START_REF] Shvydkiv | Visible-light photooxygenation of α-terpinene in a falling film microreactor[END_REF][START_REF] Mendoza | Scalable photocatalytic oxidation of methionine under continuous-flow conditions[END_REF]. The combination of these devices with LED light sources additionally offers promising solutions for improving operation safety and controlling the emitted light spectrum, thus enabling energy-savings while at the same time increasing yields and selectivity [START_REF] Oelgemöller | Studies in organic and physical photochemistry -an interdisciplinary approach[END_REF][START_REF] Pagliaro | Making APIs and fine chemicals with light[END_REF].

At present, there are few studies to understand and predict the performances of photooxygenations in a chemical engineering context [START_REF] Loponov | Optimization of a scalable photochemical reactor for reactions with singlet oxygen[END_REF][START_REF] Ziegenbalg | Investigation of photon fluxes within microstructured photoreactors revealing great optimization potentials[END_REF][START_REF] Leblebici | Efficiency vs. productivity in photoreactors, a case study on photochemical separation of Eu[END_REF]. In most cases, the kinetic law associated with this rather complex photochemical reaction is not rigorously established, in particular considering the full reactional mechanism. The possible occurrence of mixing and/or gas-liquid mass transfer limitations and their effect on the photochemical reaction rate are also rarely studied and quantified. This obvious research gap might be partly due to a lack of modelling tools for the coupling of transport phenomena (including gas-liquid mass transfer), reaction kinetics and transport of light (radiative transfer). A multidisciplinary approach is thus needed to address the challenges of photochemical engineering. In previous studies [START_REF] Aillet | Accurate measurement of the photon flux received inside two continuous flow microphotoreactors by actinometry[END_REF][START_REF] Aillet | Impact of the diffusion limitation in microphotoreactors[END_REF][START_REF] Elgue | Flow photochemistry: a meso-scale reactor for industrial applications[END_REF][START_REF] Loubière | Continuous-flow photochemistry: a need for chemical engineering[END_REF], advanced models, validated by tailored experiments, were proposed to predict the performances of simple homogeneous photochemical reactions in LED-driven microreactors. A set of equations describing the phenomena controlling the reaction outputs (conversion, photonic efficiency) was established and numerically solved considering a 2D geometry. This approach included radiative transfer (twoflux model) and mass transport equations (laminar flow), coupled via a photochemical kinetic term. It was demonstrated, on the one hand, that mass transfer limitations exist even in microreactors, and that they can lead to a decrease in conversion and, on the other hand, that a methodology can be established to define which operating conditions (reaction channel diameter/depth, photon flux and residence time) should Efficiency of the singlet oxygen formation from triplet 3 RB * without the quenching by α-terpinene (-)
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singlet state 1 RB * , and is defined by Eq. ( 25). This dimensionless number evaluates the efficiency of the second step. If the intersystem crossing process is predominant with respect to the different deactivation processes of the singlet state 1 RB * , then
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ϕ 3 RB * → 1 O 2 is the efficiency for the formation of 1 O 2 from the triplet state 3 RB * , defined by Eq. ( 26). This dimensionless number evaluates the efficiency of the third step. If the transfer of energy between 3 RB * and O 2 is the predominant pathway with respect to the different processes responsible for the deactivation and/or quenching of the triplet state 3 RB * , then
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ϕ 1 O 2 → Asc is the efficiency for the formation of ascaridole from 1 O 2 addition, defined by Eq. ( 27). This dimensionless number evaluates the efficiency of the fourth step. If the chemical reaction of α-terpinene with singlet oxygen is faster than the deactivation of singlet oxygen, then ϕ 1 O 2 → Asc ≈ 1.
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-The ratio φ C represents the competition between the photobleaching of RB by α-terpinene and the formation of singlet oxygen from the triplet state 3 RB * , according to
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Therefore, it is clearly linked to the third step.

Thus, by using dimensionless numbers, the expression of the overall kinetic law (Eq. ( 23)) enables to describe and formalize the different routes involved in the photooxygenation.

Theoretical discussion on the parameters driving the critical steps of the photooxygenation

Based on Eq. ( 23), it is interesting to discuss the contribution of each parameter to the overall kinetic law of the photooxygenation reaction in order to identify the possible critical step(s) of the global reaction and thus to define which specific experiments are required to validate these assumptions.

Firstly, it is commonly assumed that the triplet state 3 RB * is more stable than the singlet state 1 RB * since the triplet state has a much longer lifetime [START_REF] Pfoertner | Ullmann's of industrial chemistry[END_REF]. Thus, the intersystem crossing, i. e. the second step Eq. ( 3), occurs spontaneously and quickly in the reaction media. Besides, the reactivity of 1 O 2 is known to be very high in the presence of a diene component like α-terpinene since 1 O 2 is electrophilic [fourth step]. As a result, the kinetic constant of the reaction between singlet oxygen and α-terpinene, noted k R , is assumed to be significantly higher than the overall kinetic constant, noted k d , associated with the deactivation of singlet oxygen (Eq. ( 29)). This leads to
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The values of k R and k d were experimentally determined by assuming γ = 1 and were approximately equal to 10 7 L mol -1 s -1 [50] and 10 4 s -1 [START_REF] Wilkinson | Rate constants for the decay and reactions of the lowest electronically excited singlet State of molecular oxygen in solution. An expanded and revised compilation[END_REF], respectively. From these one can deduce the minimal initial concentration of α-terpinene, noted [αT] 0,MIN , to fullfill the condition of Eq. ( 29). Therefore Eq. ( 29) is valid if, and only if, [αT] 0 ≥

[αT] 0,MIN = 0.001 mol L -1 in the case of γ = 1.

As a consequence, the efficiencies characterizing the second step and the fourth step, ϕ 1 RB * → 3 RB * and ϕ 1 O 2 → Asc are very likely high (> 0.7). Then, the two remaining critical steps are the absorption of a photon by RB (first step) and the formation of 1 O 2 (third step), which mainly control the overall reaction rate r. Subsequently, a deeper analysis of the expression of the volumetric rate of photon absorption, e RB a , and of the yield of singlet oxygen formation, ϕ 3 RB * → 1 O 2 , is required to identify the experimental key parameters for selective ascaridole formation.

As shown in Eq. ( 2), e RB a depends on the concentration fields of species (which could be affected by the hydrodynamic conditions, namely the mixing in the liquid phase and the gas-liquid mass transfer), but also on the absorption properties of the medium and on the irradiance fields. This relationship clearly shows how, when implementing a photochemical reaction, the radiative transfer equation (RTE), which enables to predict the field of irradiance E, is strongly coupled with other conservation equations via this physical quantity e RB a . As explained by [START_REF] Loubière | Continuous-flow photochemistry: a need for chemical engineering[END_REF], adding this new coupling significantly increases the degree of complexity of the modelling approach, all the more that the radiative transfer equation is intrinsically complex. Whatever the methods used to solve RTE (i. e. analytical or numerical ones), one should remember that e RB a mainly depends on (i) the incident photon flux density (q p ) that can be precisely measured by chemical actinometry [START_REF] Aillet | Accurate measurement of the photon flux received inside two continuous flow microphotoreactors by actinometry[END_REF][START_REF] Rochatte | Radiative transfer approach using Monte Carlo method for actinometry in complex geometry and its application to Reinecke salt photodissociation within innovative pilot-scale photo(bio)reactors[END_REF][START_REF] Cornet | Revised technique for the determination of mean incident light fluxes on photobioreactors[END_REF] and on (ii) the optical properties of the reaction medium.

In the studied photochemical system, no scattering by the reaction medium exists (absence of particles) and the only absorbing specie in the visible range of radiation is the photosensitizer, RB, implying thus that the absorbance of the reaction medium will remain constant (i. e. be independent from the conversion level) if no photobleaching exists.

Another important issue is that due to the exponential attenuation of light, some gradients of concentration inevitably exist inside the reactional medium and that they can be accentuated by the hydrodynamics conditions (for example a poor mixing). These physical limitations can significantly slow down the photochemical reaction rate and decrease the performances of the process (productivity, photonic efficiency) [START_REF] Elgue | Flow photochemistry: a meso-scale reactor for industrial applications[END_REF]. To identify these limitations, and thus to elaborate a strategy to overcome or to minimize them, specific experiments should be carried out as well as modelling.

When carrying out sensitized photooxygenations in continuous-flow microreactors, in particular under Taylor flow conditions, the contact between the various reactive species (i. e. the frequencies of reactive collisions) will be mainly controlled by the mixing in the liquid slugs between two consecutives bubbles and in the liquid film close to the walls. As a consequence, one can expect that the structure of the gasliquid flow (for example the occurrence of short or long bubbles) can influence the performances at the outlet of the microreactor. At present, little attention has been paid to this question in the literature, although several studies related to the implementation of sensitized photooxygenations in microreactors have been performed.

The other critical step is the generation of singlet oxygen 1 O 2 (the third step). Its efficiency is expressed by Eq. ( 26) which can be written again as follows so as to highlight new relevant dimensionless numbers;
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The ratio φ O2 represents the competition between the formation of 1 O 2 and the photobleaching of RB. If φ O2 > > 1, then 1 O 2 is [START_REF] Abiev | Hydrodynamics of gas -liquid slug flow in capillaries: comparing theory and experiment[END_REF][START_REF] Pohorecki | Hydrodynamics and mass transfer in gas-liquid flows in microreactors[END_REF][START_REF] Haase | Review on hydrodynamics and mass transfer in minichannel wall reactors with gas -liquid Taylor flow[END_REF]. For all experiments, the latter characteristics were verified as the length of the reactor coil was not too long (the effect of pressure drop was negligible) and the mass transfer between gas and liquid phases was insignificant (a notable decrease of the bubble size did not occur along the tubing length). The reaction mixture was collected at the outlet via the waste/collection switching valve in an amber glass vial. A schematic representation of the device and an image illustrating the Taylor flow are presented in Fig. 2. For all the experiments, the lengths of the gas bubbles (L b ) and the liquid slugs (L s ) were systematically measured using a camera at the inlet and the outlet of reactor.

As mentioned above, all experiments were carried out under Taylor flow conditions. For that, preliminary studies were performed to identify the operating domain leading to this type of segmented flow. It was observed that the spatial repartition of gas and liquid phases inside the tube was mainly driven by the volumetric ratio, noted q, between the volumetric air flowrate Q G and the volumetric liquid flowrate Q L (Eq. ( 33)).
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The different configurations studied in this work are reported in Fig. 4. From the desired residence time τ and q, the values of Q G and Q L were deduced (see Supplementary material, Section 2).

The molar flow rate of O 2 , noted F O2 (mol s -1 ), that can be delivered by each bubble, is another key parameter. It can be estimated from Q G (Eq. ( 34)).
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Where ρ G (in kg m -3 ) is the density of the gas at the operating pressure/ temperature, MM G (in kg.mol -1 ) the molar mass of air, %[O 2 ] the percentage of oxygen in the gas, T the operating temperature and P the operating pressure.

In addition, the stoichiometric proportion of the different reactants at the entrance of the microreactor was determined by the stoichiometric ratio, noted f, defined as the ratio between the inlet molar flow rate of 2 and of α-terpinene (Eq. ( 35)); f > 1 corresponds to an excess of oxygen and f < 1 to a default of oxygen, while the stoichiometric is for
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Finally, the initial concentration of α-terpinene, noted [αT] 0 , was deduced from the values of q and f as shown in Eq. ( 36).
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The irradiation time, noted τ i , of the reaction medium was equal to the residence time in the tube section exposed to light (the tube section between the T-junction and the entry in the irradiated chamber being not taken into account). This was calculated as the ratio between the volume of reactor V R and the total inlet volume flow rate Q T (=Q G + Q L ). It should be noted that such a calculation is an estimation. Due to the presence of a liquid film surrounding each bubble, the bubbles move faster than the sum of both gas and liquid superficial velocities, inducing the occurrence of a slipping velocity. The bubble velocity can be determined by image acquisition and analysis [START_REF] Yang | Local investigations on the gas-liquid mass transfer around Taylor bubbles flowing in a meandering millimetric square channel[END_REF] or by solving numerically the mass and momentum conservations for the heterogeneous gas-liquid system [START_REF] Abiev | Hydrodynamics of gas -liquid slug flow in capillaries: comparing theory and experiment[END_REF][START_REF] Pohorecki | Hydrodynamics and mass transfer in gas-liquid flows in microreactors[END_REF][START_REF] Bandara | Slug flow heat transfer without phase change in microchannels: a review[END_REF][START_REF] Haase | Review on hydrodynamics and mass transfer in minichannel wall reactors with gas -liquid Taylor flow[END_REF][START_REF] Abiev | Analysis of local pressure gradient inversion and form of bubbles in Taylor flow in microchannels[END_REF] From them, the exact residence time τ could be deduced.

General procedure for the photooxygenation of α-terpinene

Rose Bengal sodium salt (CAS: 11121-48-5; purity ≥ 94%; 1017 g mol -1 ; Sigma-Aldrich), α-terpinene (CAS: 99-86-6; purity ≥ 89%; 136.17 g mol -1 ; Sigma-Aldrich), p-cymene (CAS: 99-87-6; purity ≥ 97%; 134.22 g mol -1 ; Sigma-Aldrich) were used in solution with ethanol (CAS: 64-17-5; purity = 96%; 46.07 g mol -1 ; Merck). Ascaridole (CAS: 512-85-6; purity ≈ 93%; 168.23 g mol -1 ) was previously isolated by vacuum distillation in the group of M. Oelgemöller. The commercial α-terpinene from Sigma-Aldrich contained two main impurities: p-cymene (2% in mass) and eucalyptol (CAS: 470-82-6; 154.25 g mol -1 , 8% in mass), as well as other minor unidentified species (1% in mass).

The reaction medium was prepared by dissolving a mass of RB in a 100 mL volumetric flask wrapped in aluminium foil containing ethanol (3 × 10 -5 mol L -1 < [RB] 0 < 7 × 10 -5 mol L -1 ). Then, a mass of αterpinene was added to the solution (0.03 mol L -1 < [αT] 0 < 0.15 mol L -1 ) in a way that the specification of the value of f targeted (lack of O 2 , stoichiometric proportion or excess of O 2 ) was respected. The volumetric flask was also covered at the top with aluminium foil.

In the Vapourtec® reactor module, the reaction medium entered the coiled reactor from the bottom as illustrated in Fig. 2. In this configuration, the effect of gravitational acceleration was decreased leading to a higher stability of the gas-liquid flow in the range of flow rates tested. The reaction medium was pumped by a V-3 peristaltic pump and exposed to light for a duration equal to three times the residence time so as to ensure a steady state. Subsequently, several analytical protocols were applied to measure (i) the photobleaching rate, (ii) the conversion rate and to evaluate (iii) the purity of ascaridole formed.

All product solutions were analysed on the same day to minimize the effect of ambient light. All the experiments were carried out at a temperature of 28 °C and a pressure of 1.1 bar.

Analytical protocols

Ultraviolet-Visible (UV-vis) absorption spectra of the reaction media were measured at 25 °C on a Shimadzu UV-1800 instrument in a quartz cell of 1 cm (length) in the dark (software UVProbe, step of 1 nm, range of 200-700 nm).

Gas Chromatographic (GC) analysis was performed on an Agilent 7890 gas chromatograph using the Agilent OpenLAB Control Panel and 7683B auto-injector with a controlled method (carrier gas: He, 24 psi; injector: T = 150 °C; split ratio = 25:1; oven program: 50°C (1 min) -230 °C (1 min) at 25 °C min -1 ; FID detector (300 °C, gas makeup N 2 at 25 mL.min -1 ); injection volume = 1 μL). The column used was a Phenomenex Zebron ZB-5 low polarity (0.25 mm ID × 0.25 μm film thickness × 25 m length).

Nuclear Magnetic Resonance (NMR) spectra were recorded on a 

Effect of the medium absorbance

According to the expression of the kinetic law (Eq. ( 44)), a variation of the concentration in RB should impact on the conversion rate since the volumetric rate of photon absorption e RB a depends on this parameter.

Indeed, the higher the concentration of RB in the medium, the stronger the medium absorbance will be. Consequently, for a given incident photon flux density, the amount of photons absorbed in the medium will be increased a priori when the medium becomes more and more opaque (the amount of photons transmitted being reduced); however, caution should be taken with such assessment as in the latter case, the mixing conditions can play a key role, all the more when other species are absorbing [START_REF] Loubière | Continuous-flow photochemistry: a need for chemical engineering[END_REF]. Fig. 6 illustrates the variation of the conversion of αT with [RB]. The experiments were conducted for two residence times while keeping constant the other operating conditions (V R 5 mL, f ≈ 1.7, q ≈ 5, [αT] 0 = 0.040 mol L -1 ).

For each residence time τ, an optimal concentration of RB, noted [RB] MAX , was reached, corresponding to a maximal conversion in αT.

From Fig. 6, two scenari can be described depending on the initial concentration of RB. Firstly, an increase of [RB] 0 until reaching [RB] MAX contributes to a strong increase of the conversion of αT. Secondly, for concentrations higher than [RB] MAX, the conversion rate decreases slightly with [RB] 0 . From this, two regimes can be defined.

• First regime: [RB] 0 < [RB] MAX .

The local volumetric rate of photon absorption is directly proportional to [RB] 0 (Eq. ( 2)) and, therefore, the overall kinetic rate too (see Eq. ( 44)). Furthermore, the energy transfer from 3 RB * to O 2 is a nonradiative transfer (see (Eq. ( 4)), also called Dexter mechanism. This process requires collisions between 3 RB * and O 2 . Consequently, if [RB] increases, then the frequency of such events (i. e. the energy transfer between 3 RB * and O 2 ) will increase as well, and thus the production of 1 O 2 , leading to a rise of the conversion rate.

• Second regime: [RB] 0 > [RB] MAX .

The conversion of αT decreases slightly with [RB] 0 . Notably, the initial concentrations of RB used in these experiments are lower than the solubility of RB in EtOH, which is equal to 5.9 × 10 -2 mol L -1 (Gurr, 1971). This should prevent any aggregation of RB in the reaction medium, which could induce light scattering phenomena [START_REF] Neckers | Review: rose bengal[END_REF] Moreover, the emitted photon flux (q e = 1.7 × 10 -5 mol s -1 ) is 500 times higher than the maximum molar flow rate of RB (F RB,MAX = 3.0 × 10 -8 mol s -1 ). Therefore, if considering that only 1% of q e is received in the reaction media in the extreme case, then photons will still be available in excess. As a consequence, the decrease of χ αT is not linked to "chemical limitations". This can be explained according to the light regime in the reactor.

For that, the characteristic light penetration distance, noted d pen , was calculated in order to get an estimation of the light penetration into the reaction volume. Assuming a cartesian geometry and collimated rays (which does not represent the geometrical complexity of the present photochemical technology a priori), it can be equal to

= d 1 ¯. [RB] pen RB 0 (45) 
Eq. ( 45) involves the naperian molar absorption coefficient of RB, noted ¯RB . In the case of a polychromatic light source, several methods can be used to approximate this parameter. One method describes the polychromatic light source as a monochromatic light source. Here, the employed light source being an assembly of four LEDs of 530 nm and two LEDs of 580 nm, one can assume it can be a monochromatic LED emitting at 547 nm (weighted average of both wavelengths). Considering that all the LEDs have the same photonic yield, it gives a first definition of = a (Eq. ( 46)) [method a]
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The second method, which is clearly the more relevant way of consists of calculating an average naperian molar absorption coefficient over the spectral domain of the light sources by taking into account the light emission spectrum (see Fig. 3) [START_REF] Rochatte | Radiative transfer approach using Monte Carlo method for actinometry in complex geometry and its application to Reinecke salt photodissociation within innovative pilot-scale photo(bio)reactors[END_REF][START_REF] Cornet | Revised technique for the determination of mean incident light fluxes on photobioreactors[END_REF]. It gives a second definition of = ¯RB b (Eq. ( 47)) [method b] where f LED λ is the density function of the light source at each wavelength λ (Fig. 3). Once this naperian molar absorption coefficient is determined, d pen can be derived as well as the dimensionless number d°defined as the ratio between d pen and the diameter of the channel d c . d°≥ 1 corresponds to a reaction medium that is optically transparent (small optical thickness), a part of the light is lost by transmission through the back optical walls if the latter is transparent (no reflector) or opaque.

As showed in Fig. 6 for the residence time τ 27 , [RB] MAX,27 = 13 × 10 -5 mol L -1 corresponds to a dimensionless penetration distance d°2 7 equal to 0.7 (average value between the two methods). This value can be considered as close to unity when taking into account the approximations made to calculate ¯. Thus, under this condition, all the reaction media is almost entirely irradiated, no lightlimitation occurs, explaining the high conversion level. When [RB] 0 increases, d pen decreases (Eq. ( 45)): the medium becomes then more and more opaque, leading to a decrease of the fraction of irradiated volume where the photochemical reaction can take place in. As a consequence, dark zones appear in the reaction media (d°< < 1) (see Fig. 5. Variation of the conversion of αT χ αT (%) and the photobleaching level χ RB (%) with the residence time for V R = 5 mL, a volumetric flow rate ratio q ≈ 5 and an excess of oxygen f ≈ 1.7. [αT] 0 = 0.037 mol L -1 and [RB] 0 = 4.0 × 10 -5 mol L -1 . Fig. 6. Variation of the conversion of αT (%) and the dimensionless light distance penetration d°= d pen /d c (-) with the initial concentration of RB (mol L -1 ) for two residence times τ (s) {[αT] 0 = 0.040 mol L -1 , V R = 5 mL, f ≈ 1.7, q ≈ 5}. d c is the diameter of the tube ( = 1.3 mm). favoured for V R1 (i. e.

< | | RB V RB V R1 R2 ) meaning that > | | O V O V 2 R1 2 R2 , which implies that > r| r| V V 1 
2 : the production of Asc is favoured in the case of higher volume flow rates (see the Fig. 7).

Effect of the stoichiometric proportion at the reactor's inlet

It is worth to highlight that high conversions (≈ 99%) within a residence time close to a minute were obtained in the case of an excess of O 2 (f > 1) (see Fig. 7). The variation of f is made experimentally possible by varying only the molar quantity of O 2 in the gas phase. According to Fig. 4, the decrease of q allows to reduce the bubble length while the liquid slug length remains almost unchanged in the present conditions. Two conclusions can be deduced for a given τ and V R : (1) the velocity field in the liquid slug can be considered almost similar in both cases (q = 5 and q = 3) since L S is approximately the same and (2) the molar quantity of O 2 decreases and those of α-terpinene and RB remain constant when decreasing q from 5 to 3. Thus, by decreasing q, the concentration of RB and αT (equal to 4.0 × 10 -5 mol L -1 and 0.037 mol L -1 , respectively) and the mixing efficiency remain unchanged whereas the molar ratio between O 2 and α-terpinene, i. e. the parameter f, can be changed. This enables to study the influence of the mixing when f ≈ 1 (q ≈ 3) and to compare it to the one when f ≈ 1.5 (q ≈ 5).

When the stoichiometric proportion was established (f ≈ 1) at the inlet of the reactor (see Fig. 10, the maximal conversion V R1 and V R2 were 85% and 67%, respectively, whereas with f > 1, they were 99% and 75% (Fig. 7). In addition, the photobleaching phenomenon was more pronounced when f ≈ 1, which can prevent the photoreaction from completing (Fig. 10 versus Fig. 8). Indeed, χ RB | f > 1 never exceeds the conversion level. Therefore, the conversion rates are higher and the photobleaching pathway limited with an excess of O 2 . These results agree with the expression of the kinetic law. Indeed, according to the model (Eq. ( 44)), for the same hydrodynamic conditions and a given reaction volume,

> > = | O f 1 O f 1 2 2
leads to the following inequality;

> > = r| r| f 1 f 1 .
These two experiments (f > 1 and f ≈ 1) demonstrated the need to monitor the gas-liquid hydrodynamics and to work with an excess of O 2 at the inlet of the reactor in order to efficiently achieve complete conversion to ascaridole.

Case of pure oxygen

As shown by Eq. ( 43), the dimensionless number ϕ O2 increases with the concentration of dissolved oxygen. Therefore, some final experiments were conducted using pure O 2 to enhance the kinetic of the photooxygenation, and thus to limit the photobleaching pathway.

The stoichiometric parameter f was set to 1.4 (excess of O 2 ) and the parameter q to 5; it resulted in an initial concentration of α-terpinene equal to 0.15 mol L -1 . The initial concentration of RB was set at 6.3 × 10 -5 mol L -1 . The STY corresponding to {τ = 127 s; χ αT = 99%}, noted STY O2 , is equal to 1.2 × 10 -3 mol s -1 L -1 (or 165 mg s -1 L -1 ). This latter is 2.8 times higher than STY AIR ( = 4.3 × 10 -3 mol s -1 L -1 ). In addition, as shown in Fig. 11, the photobleaching pathway is considerably limited (χ RB < 3%) when using pure O 2 . As a consequence, it is clear that ϕ O2 > > 1, which leads to simplify the expression of the kinetic law as follows; 

Where,

RB O 0 3 1 2
is the efficiency of 1 O 2 formation from 3 RB * without the quenching by α-terpinene (

= k 0) Q RB 3
and O 2 the quantum yield introduced in the Section 2.1 equal to 0.75.

Basic modelling

These experimental results were subsequently compared with the ones that would be predicted by basic modelling. For this, it is assumed that the flow reactor behaves as a plug flow reactor and that, when using pure oxygen, the limitation by the gas-liquid mass transfer becomes negligible. The following mass balance on the liquid phase can then be written for a given residence time (i. e. at a given axial position in the tube constituting the flow reactor) in which the variation of the concentration of α-terpinene with residence time is equal to the overall consumption rate of α-terpinene described by the kinetic law defined in Eq. ( 16). 

We now assume that the light is monochromatic, emitted perpendicularly to the flow direction as a mono-directional and collimated light source, uniformly distributed along the reactor walls, and that the optical surface of the reactor is straight and non-reflective. It is important to note that these assumptions permitted a strategy of basic modelling and are to be verified in the present experimental set-up. In this case, the mean volumetric rate absorption of a photon by RB (averaged over a cross-sectional area of the tube) can be expressed as [START_REF] Aillet | Impact of the diffusion limitation in microphotoreactors[END_REF][START_REF] Elgue | Flow photochemistry: a meso-scale reactor for industrial applications[END_REF][START_REF] Loubière | Continuous-flow photochemistry: a need for chemical engineering[END_REF];

< > = e q V . (1 exp[ ¯. [RB] . d ]) RB a p L RB 0 c (54) 
Where q P (mol.s -1 ) is the incident photon flux, corresponding to the photon flux actually received in the reactor and V L is the liquid volume defined as

= V (1 ). V L G R (55) 
With ε G (-) the gas retention that can be approximated to Q G /(Q G + Q L ). In the considered experimental conditions (Fig. 11), it was equal to 0.82.

Two cases can be distinguished, depending on the value of the order γ on the α-terpinene involved in Eq. ( 5) (reaction between 1 O 2 and αterpinene).

For an apparent order γ = 1, the following analytical expression of the irradiation time τ i (= τ) with the conversion, χ αT , can be established from Eqs. ( 27),( 29),( 53) and ( 54

); = + 1 q . [ T] . V (1 exp[ ¯. [RB] . d ]). . k k . [ T] . ln 1 1 i p 0 L RB 0 c O T d R 0 T 2 (56) 
For an apparent order γ > 1, the following expression can be obtained

; = + 1 q . [ T] . V (1 exp[ ¯. [RB] . d ]). . k k . [ T] . 1 ( 1)(1 ) 1 ( 1) i p 0 L RB 0 c O T d R 0 T 2 (57) 
The results predicted by Eq. ( 56) (1 st order) or Eq. (57) (2 nd order) are reported in Fig. 11. For that, the ratio k k [ T] d R was reasonably chosen to be equal to 10 -3 (i. e. the reaction rate is much higher than the deactivation of 1 O 2 ). It is important to note that the sole fitting parameter is the incident photon flux q P , which is determined via the method of least squares. Depending on the order γ (1 st or 2 nd ) and on the method of calculation of ¯(see Section 4.2) different values of q p can be obtained as shown in Table 3.

The values of q p [¯a, γ = 1], q p [¯b, γ = 1], q p [¯a, γ = 2] and q p [¯b, γ = 2] represent 18%, 31%, 22%, 39%, respectively, of the emitted photon flux, q e ( = 1.7 × 10 -5 mol s -1 ). Therefore, they are physically acceptable as these incident photon fluxes are smaller than the emitted photon flux (q p < q e ) and the experimental set-up is not optimized in terms of energetic efficiency. The proposed models are then able to describe the global experimental trends, even if the assumptions made are very rough. And according to Fig. 11, the most representative model is the one corresponding to γ = 1 (1 st order). Nevertheless, these basic models need to be improved in the future, in particular to take into account the non-collimated nature of the incident light and the cylindrical geometry of the microreactor tube. For this purpose, further experiments will also be required to determine rigorously the exact value of q p , by means of chemical actinometry in the visible domain of light.

To conclude, it is interesting to discuss the consequences of the results obtained in terms of reaction monitoring. Regarding the experiments carried out in the Vapourtec® photoreactor, two operating domains can be clearly depicted; (a) photooxygenation with air, (b) photooxygenation with pure O 2 .

(a) When air is used as a source of O 2 , the first action is to determine the operating conditions that limit the photobleaching pathway (excess of O 2 and fast mixing), then the production of ascaridole should be conducted with [RB] ≈ [RB] MAX corresponding to d°≈ 1 to maximize the conversion. With these specifications {τ = 27 s; time of run = 4 h; [αT] 0 = 0.037 mol L -1 }, a selective (> 98%) production of ascaridole has been successfully implemented in the photoreactor, leading to an optimal production of ascaridole equal to 3.3 g h -1 . (b) The use of pure O 2 clearly avoids the photobleaching of RB and allows to simplify the expression of the kinetic law (Eq. ( 44)). It enables also to increase the STY by a factor of 2.8.

In the latter case, the characteristic time of the photooxygenation reaction, noted τ R , can be defined as follows;

= < > = < > + > = = = ( ) [ T] [ T] e . 1 
[ T] e . 

Under these operating conditions, τ R is found close to 120 s. It corresponds to a residence time where the conversion rate is equal to 99% (see Fig. 11). This highlights the relevance of the definition of τ R (Eq. ( 58)) when pure O 2 is used. Finally, the Damköhler I (Da I ) number can then be properly defined;

= + Da k k [ T]
. ln 1 1

I i R T d R 0 T (60) 
Eq. ( 60) can be used to estimate the initial concentration of αT to choose to achieve a given conversion level. 

Table 3

Incident photon flux inside the reaction media q p deduced from the fitting between experimental conversion and the ones predicted by Eqs. ( 56) and (57), depending on the order γ and on the method chosen to estimate ¯RB . q p (mol s -1 ) γ = 1 = 2 a (m 2 mol -1 ) 3.0 × 10 -6 × 10 -6 (m 2 mol -1 ) 5.2 × 10 -6 6.6 × 10 -6

Conclusions

This paper aimed at investigating a two-phase photochemical reaction (i. e. a sensitized photooxygenation) in an advanced LED-driven flow reactor module (Vapourtec® easy-photochem E-series), both from an experimental and modelling point of view. More particularly, the objective was to formalize the effects of the operating conditions (hydrodynamic conditions, initial concentration of reagents etc.) on the reaction performances. A photochemical engineering framework was proposed for this purpose, a methodology being rarely encountered in the present literature dealing with flow photochemistry. The photooxygenation of α-terpinene was chosen as a benchmark reaction, with ethanol as a green solvent and rose Bengal as a cheap photosensitizer of industrial interest.

For the first time, a specific effort was made to rigorously establish the kinetic law based on all reaction pathways, the latter being then used as a mean to provide an experimental strategy to identify the key operating parameters. Subsequently, the experiments carried out under continuous-flow conditions demonstrated that an operating domain (concentrations, flow rates) can be identified that allowed a quantitative and selective conversion into ascaridole while the photobleaching was operating moderately. It provided an important and promising result from an industrial perspective: to implement sensitized photooxygenations in a green solvent (ethanol) and with a low-cost photosensitizer (RB) within continuous-flow microstructured equipment at meso-scale. Indeed, the photobleaching of RB is not an issue anymore as operating conditions enabling its control can be identified.

By conducting other specific experiments to separate the effects of the different interconnected parameters, it was also shown that the characteristics of gas-liquid flow can have an effect on the conversion.

Finally, when pure oxygen was used, a first simplified model could be proposed to predict the conversion at the reactor's outlet. In the future, this simplified model needs to be improved, in particular by determining accurately the incident photon flux density using chemical actinometry in the visible domain and an advanced modelling of radiative transfer.
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Fig. 4 .

 4 Fig. 4. Schematic representation of the Taylor flow configurations used in the experiments, depending on the ratio of volumetric flow rates q. The lengths are given with a standard deviation of 0.1 cm. A Unit Cell, noticed UC, is composed of one bubble and one liquid slug.
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 89 Fig. 8. Variation of the photobleaching rate χ RB (%) with the residence time τ (s) for two different reactor volumes (V R1 = 5 mL and V R2 = 2 mL) and for fixed q ≈ 5 and f ≈ 1.5. [RB] 0 = 4.0 × 10 -5 mol L -1 and [αT] 0 = 0.037 mol L -1 .

Fig. 10 .

 10 Fig. 10. Variation of the conversion rate of αT (%) and of the photobleaching rate (%) with the residence time τ (s) for two different reaction volumes (V R1 = 5 mL and V R2 = 2 mL) and for fixed q ≈ 5 and f ≈ 1 (stoichiometric condition). [αT] 0 = 0.037 mol L -1 and [RB] 0 = 4.0 × 10 -5 mol L -1 .

Fig. 11 .

 11 Fig. 11. Variation of the conversion of α-terpinene (%) with the residence time τ (s) with the use of pure O 2 . q ≈ 5 and f ≈ 1.4. [αT] 0 = 0.15 mol L -1 and [RB] 0 = 6.3 × 10 -5 mol L -1 . V R = 5 mL.
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