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Introduction

Ozone is widely used as an efficient and cost-effective oxidant and disinfectant in drinking and waste water treatments. [START_REF] Sonntag | Chemistry of Ozone in Water and Wastewater Treatment: From Basic Principles to Applications[END_REF] Ozone reactivity in water is based on both direct reactions with molecular ozone and indirect reactions with various radicals formed during the ozone decomposition. [START_REF] Sonntag | Chemistry of Ozone in Water and Wastewater Treatment: From Basic Principles to Applications[END_REF][START_REF] Von Gunten | Ozonation of Drinking Water: Part I. Oxidation Kinetics and Product Formation[END_REF][START_REF] Beltrán | Ozone Reaction Kinetics for Water and Wastewater Systems[END_REF] Few experimental methods are suitable to determine the kinetics of direct ozone reactions. For relatively slow reactions, characterized by second-order reaction rate constants lower than 10 2 -10 3 L mol -1 s -1 , the absolute method, using batch or continuous homogeneous reactors, should be applied. [START_REF] Beltrán | Ozone Reaction Kinetics for Water and Wastewater Systems[END_REF] Nonetheless, such kinetic studies are complicated by both the low ozone stability, which makes the sampling method particularly sensitive, [START_REF] Navarro-Laboulais | Mathematical Model for Monitoring Gas-Liquid Reactors by Means of Continuous Flow Analysis[END_REF] and low solubility in water. For faster reactions, homogeneous reactors are incompatible owing to the low ozone and/or reactant lifetimes except when using expensive systems such as a stopped-flow spectrophotometer. [START_REF] Beltrán | Ozone Reaction Kinetics for Water and Wastewater Systems[END_REF] Instead, the competitive kinetic method is suitable but its accuracy depends on those of the selected reference compound kinetics. Thus, heterogeneous gas-liquid reactors in which ozone is transferred in an aqueous solution containing the studied reactant must be applied alternatively. In this case, both mass-transfer and chemical reaction rates must be considered. The reaction rate constant is deduced from the so-called enhancement factor or reaction factor E. [START_REF] Beltrán | Ozone Reaction Kinetics for Water and Wastewater Systems[END_REF] This method, also called reactive absorption, is particularly suitable to evaluate the kinetics of direct reactions with molecular ozone since the ozone concentration in the liquid phase is usually negligible and not limited by the poor ozone solubility. This technique has been widely applied to determine reaction rate constants involved in chlorine hydrolysis, H 2 S absorption in chlorine solution, flue desulfurization, NOx absorption or CO 2 capture in amine solutions. [START_REF] Aieta | Application of Mass-Transfer Theory to the Kinetics of a Fast Gas-Liquid Reaction: Chlorine Hydrolysis[END_REF][START_REF] Ebrahimi | Rate-Based Modelling of SO 2 Absorption into Aqueous NaHCO 3 /Na 2 CO 3 Solutions Accompanied by the Desorption of CO 2[END_REF][START_REF] Jing | Characterization and Kinetics of Carbon Dioxide Absorption into Aqueous Tetramethylammonium Glycinate Solution[END_REF][START_REF] Jia | Kinetics of Oxidation of Total Sulfite in the Ammonia-Based Wet Flue Gas Desulfurization Process[END_REF][START_REF] Sema | Comprehensive Mass Transfer and Reaction Kinetics Studies of CO 2 Absorption into Aqueous Solutions of Blended MDEA-MEA[END_REF][START_REF] Kucka | Kinetics of the Gas-Liquid Reaction between Carbon Dioxide and Hydroxide Ions[END_REF][START_REF] Vaidya | Absorption of CO 2 into Aqueous Blends of Alkanolamines Prepared from Renewable Resources[END_REF][START_REF] Vaidya | A Study on CO 2 Absorption Kinetics by Aqueous Solutions of N,N-Diethylethanolamine and N-Ethylethanolamine[END_REF][START_REF] Versteeg | On the Kinetics between CO 2 and Alkanolamines Both in Aqueous and Non-Aqueous Solutions. An Overview[END_REF][START_REF] Littel | Kinetics of Carbon Dioxide with Tertiary Amines in Aqueous Solution[END_REF][START_REF] Vilmain | Kinetic Study of Hydrogen Sulfide Absorption in Aqueous Chlorine Solution[END_REF][START_REF] Kucka | Determination of Gas-Liquid Reaction Kinetics with a Stirred Cell Reactor[END_REF] Most of time, reactive absorption is applied using (i) batch reactors in which the gas and liquid phases are separated by a flat interface (stirred-cell reactor). The absorption rate, and consecutively the reaction rate, are deduced from the gas pressure decay over time; [START_REF] Kucka | Determination of Gas-Liquid Reaction Kinetics with a Stirred Cell Reactor[END_REF] (ii) (semi) continuous reactors such as wetted-wall columns, wetted sphere, laminar jet absorbers, bubble columns (mechanically agitated or not). [START_REF] Vaidya | Gas-Liquid Reaction Kinetics: A Review of Determination Methods[END_REF] Reactive absorption has been also applied, especially by Beltrán and his coworkers, to assess the kinetics of several direct ozone reactions. [START_REF] Beltrán | Ozone Reaction Kinetics for Water and Wastewater Systems[END_REF][START_REF] Beltrán | Comparison of Ozonation Kinetic Data from Film and Danckwerts Theories[END_REF][START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 1. Stoichiometry and Absorption Kinetic Regime[END_REF][START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 2. Kinetic Study[END_REF][START_REF] Cardona | On Bubble Column Reactor Design for the Determination of Kinetic Rate Constants in Gas-Liquid Systems[END_REF] Semi-batch (stirred or not) bubble columns were used most of time. Only a few studies were carried out in reactors in which the interfacial area is well defined such as stirred-cell reactors, wetted wall columns or wetted sphere absorbers. [START_REF] Beltrán | Comparison of Ozonation Kinetic Data from Film and Danckwerts Theories[END_REF][START_REF] Beltrán | Chemical Degradation of Aldicarb in Water Using Ozone[END_REF][START_REF] Rinker | Kinetics of the Aqueous-Phase Reaction between Ozone and 2,4,6-Trichlorophenol[END_REF][START_REF] Augugliaro | The pH Dependence of the Ozone Absorption Kinetics in Aqueous Phenol Solutions[END_REF] Even if stirred-cell reactors are currently operated batchwise measuring the pressure decay, semi-continuous operations with a continuous ozone gas flow were preferred in these studies. [START_REF] Kucka | Determination of Gas-Liquid Reaction Kinetics with a Stirred Cell Reactor[END_REF] Stirred-cell reactors appear particularly appealing owing to their easy mathematical modeling, temperature control and flow patterns description. Nonetheless, the mass-transfer rate is low and the gas-side resistance might be significant, especially when a fast chemical reaction happens in the liquid phase. [START_REF] Vaidya | Gas-Liquid Reaction Kinetics: A Review of Determination Methods[END_REF] Liquid and gas mass-transfer performances of stirred cell reactors have been already documented in the literature. [START_REF] Kucka | Determination of Gas-Liquid Reaction Kinetics with a Stirred Cell Reactor[END_REF][START_REF] Littel | Physical Absorption into Non-Aqueous Solutions in a Stirred Cell Reactor[END_REF][START_REF] Versteeg | The Effect of Diffusivity on Gas-Liquid Mass Transfer in Stirred Vessels. Experiments at Atmospheric and Elevated Pressures[END_REF] Reactive absorption is governed by the mass-transfer rate, which depends on the hydrodynamic and mass-transfer characteristics of the reactor, gas and liquid flow patterns, chemical reaction rate and stoichiometry, ozone solubility and diffusivity in both phases, as well as reactant diffusivity. [START_REF] Vilmain | Kinetic Study of Hydrogen Sulfide Absorption in Aqueous Chlorine Solution[END_REF] Different kinetic regimes can be applied in reactive absorption. [START_REF] Beltrán | Ozone Reaction Kinetics for Water and Wastewater Systems[END_REF][START_REF] Vaidya | Gas-Liquid Reaction Kinetics: A Review of Determination Methods[END_REF][START_REF] Luzi | A Supporting Formulation for Introducing Gas-Liquid Reactions[END_REF][START_REF] Bin | Mass Transfer in Ozone Reactors[END_REF] However, the pseudo-first order regime, in which the reactant concentration remains constant near the gas-liquid interface and equal to the bulk concentration, is recommended. In this case, the absorption rate is uninfluenced by the liquid masstransfer conductance k L and reactant diffusivity, allowing to decrease the number of model inputs and to improve the accuracy. Moreover, the absorbed solute concentration in solution is negligible and does not need measurement.

Rather low liquid reactant concentrations have been applied (< 10 -3 mol L -1 ) in ozonation studies, which leads to low enhancement factor E and low ozone mass-transfer rate. [START_REF] Beltrán | Comparison of Ozonation Kinetic Data from Film and Danckwerts Theories[END_REF][START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 1. Stoichiometry and Absorption Kinetic Regime[END_REF] Therefore, the ozone partial pressure at the contactor outlet was nearly identical to the inlet one, and only the reactant concentration decay over time was recorded to determine the mass-transfer and chemical reaction rates. However, this method can be biased by the influence of the by-products accumulating in solution.

The purpose of this article is to demonstrate that higher reactant concentrations can be advantageously applied. In this case, the reactant concentration can remain constant over a sufficient duration to reach a steady state. The mass-transfer rate can be deduced from the ozone mass balance through the measurement of only the gas flow rate and both the inlet and outlet ozone concentrations using an online ozone analyzer. Furthermore, since the reactant concentration remains constant, the influence of the by-product is vanished.

A second aim of this article is to assess the high sensitivity of the reactive absorption method to the value of the ozone solubility (deduced from the ozone Henry's law constant), which is usually ignored in previous studies. However, the value of this ozone Henry's law constant is quite controversial in the literature, especially at temperatures higher than 25°C. [START_REF] Mandel | Modelling Ozonation Processes for Disinfection by-Product Control in Potable Water Treatment : From Laboratory to Industrial Units[END_REF] This method was applied to the resorcinol (m-dihydroxybenzene) oxidation kinetics for temperature ranging from 20 to 35°C. Resorcinol is a massively used phenolic compound, suspected of being an endocrine disruptor based on its thyroid activity. [START_REF] Thienpont | Zebrafish Eleutheroembryos Provide a Suitable Vertebrate Model for Screening Chemicals That Impair Thyroid Hormone Synthesis[END_REF] A 2L temperature controlled stirred-cell reactor operated semi-continuously was used for this purpose. The liquid volume, pressure, impellers position and stirring speed were kept identical. First, the liquid-phase mass-transfer coefficient k L was determined at transient state through the physical ozone absorption in an acidic aqueous solution containing a radical scavenger (tert-butanol) to prevent ozone decomposition. Then, the gas-phase mass-transfer coefficient k G was determined through the ozone absorption in the fast surface reaction regime, using a solution containing a high sulfite concentration (0.2 M). Finally, the reaction rate constant of the ozone reaction with the resorcinol was determined, considering different correlations developed to calculate the ozone Henry's law constant, in the pseudo-first order regime. A sensitivity analysis is provided to assess the robustness of the model and the applicability of the method is thoroughly discussed. 6

Material and methods

Reactor

The 2L jacketed gas-liquid contactor (a scheme and a picture of the gas-liquid contactor are presented as Supporting Information, Fig. S1) was designed and manufactured in glass Pyrex by Cloup (France). The O 3 /O 2 mixture was continuously supplied on the upper part of the reactor whereas the liquid phase (V = 1.3 L), introduced before the experiments, was in the lower part. These two phases were mechanically agitated by two two-blades turbine (diameter d t = 50 mm) at 160 rpm. The temperature of the reactor was controlled between 20 and 35 °C (at ± 0.2 °C) owing to water circulating in the reactor double-mantle and a thermostatic bath (Lauda Ecoline 003 E100, Germany). The two phases were separated by a flat interface (surface area = 7.72 x 10 -3 m 2 , diameter = 99.12 mm). Liquid samples were withdrawn (for k L determination) by a gas-tight syringe (SGE, Australia) through a septum. Ozone was produced from pure oxygen by a generator BMT 803N (Germany, Fig. 1). The oxygen gas flow-rate was controlled through the valve V-2 and measured by a float-type flow-meter (Brooks, Sho-Rate Model 1355E, USA). A special care was given to control as best as possible the inputs of the model, especially the measured one (gas flow rate, ozone concentration, temperature, etc.). The gas flow-rate read (70 NL h -1 , where N accounts for the Standard Temperature and Pressure (STP) conditions, 0°C and 1 bar according to the IUPAC) was corrected taking into account the temperature and the pressure at the flow-meter outlet and the ozone content after the ozone generation to determine the real flow-rate at the reactor inlet (F G ≈ 68.5 ± 1.5 NL h -1 according to the Supporting Information S2). Since the pressure drop from the reactor to the destructor was negligible, the pressure inside the reactor was the atmospheric pressure (controlled by a manometer BAMO 95100, France). Owing to the valves V-4 and V-5, the reactor was fed or by-passed by the gas flow which allows to analyze respectively the outlet or the inlet ozone concentration (C G,i and C G,o ). The ozone gas concentration was measured (in g Nm -3 ) on-line using an analyzer BMT 964 N having a pressure and temperature compensation (Germany). The valves V-6 and V-7 were used to control the relative flow-rate in the ozone analyzer (around 30 NL h -1 ). Ozone was destroyed at the process outlets by two catalytic cartridges provided by BMT (Germany). The tubes, fittings and seals in the process were respectively manufactured in PTFE, stainless steel and Viton® to insure a perfect chemical compatibility with O 3 . The tube length between the contactor and the ozone analyzer was reduced to the max whereas the flow-rate flowing through the analyzer was maximized to limit as much as possible the dead time and to prevent water condensation. [START_REF]Technote Tn-1: High Concentration Photometric Ozone Measurement Palimpset[END_REF] 

Experimental set-up

Experimental protocol

All experiments were performed in Ultra Pure Water (UPW) produced by reverse osmosis (resistivity < 18 MΩ cm) by a Purelab system (Elga, France) containing tert-butanol (10 -3 mol L -1 ) as radical scavenger.

First, the gas-liquid reactor was filled with 1.3 L of the aqueous solution prepared according to the different chemical conditions summarized in Table 1. The thermostatic bath was turned-on to set the desired temperature. In the meantime, the oxygen flow-rate was set and the ozone generator and analyzer were warmed-up by by-passing the gas-liquid reactor. When the ozone inlet concentration was constant, the V-4 and V-5 valves were switched to feed the reactor and the time was recorded. The ozone outlet concentration was monitored and 5 mL samples of the liquid phases were taken regularly for O 3 quantification and pH control if necessary. At the end of the experiment, the reactor was bypassed to reconfirm C G,i . The generator was turned off and the solution was drained. 

Analytical methods -Reagents

The ozone concentration in the liquid phase was analyzed by the Indigo method using an Helios γ UV-Vis spectrophotometer (Shimadzu, Japan). [START_REF] Bader | Determination of Ozone in Water by the Indigo Method[END_REF] The pH was measured by a pH meter Cyberscan 510 (Thermo Scientific Eutech, USA).

Tert-butanol was provided by Sigma Aldrich (USA) with a purity > 99%. Sodium sulfite was provided by Acros Organics (USA). Sodium hydroxide (1 mol L -1 , provided by Merck, Germany) and sulfuric acid (0.5 mol L -1 , provided by Fisher Scientific, USA) were used to set the initial pH.

Mathematical modeling

General assumptions

• The gas and the liquid phases were considered as perfectly mixed. [START_REF] Ortiz | Kinetics of Reactive Absorption of Propylene in RTIL-Ag + Media[END_REF] The liquid mixing time (around 4 -5 s according to a pulse injection using a dye) is negligible compared to the experiment duration.

• The process is supposed to be isothermal.

• The molar flux of ozone absorbed is negligible compared to the total gas flow-rate, i.e. the gas flow rate is considered constant throughout the contactor.

Ozone absorption in acidic water: liquid-film mass-transfer coefficient ( ) determination

O 3 was absorbed in ultra-pure water doped with sulfuric acid to set a pH around 2.5 and in the presence of tert-butanol as a radical scavenger to insure no ozone decomposition in the liquid phase (mass-transfer rate >> ozone decomposition rate). In this case, the mass balance can be written:

dt dC V C F C F L o G G i G G + = , ,
Eq. 1.

( )

dt dC V C C F L o G i G G = - ⇒ , , Eq. 2.
F G is the gas flow rate (read in NL h -1 and converted in m 3 s -1 ), C G,i and C G,o are respectively the gas concentration at the inlet (subscript i) and the outlet (subscript o) (read in g Nm -3 and converted in mol m -3 ), C L is the ozone concentration in the liquid bulk (mol m -3 ) and V is the liquid volume (m 3 ). The conversion of the volume expressed at STP (NL or Nm 3 ) in F G and C G into the corresponding volume at the working temperature and pressure (L or m 3 ) is detailed in the Supporting Information S2. The mass-transfer rate (dJ in mol s -1 ) through the gas-liquid interfacial area (S in m 2 ) is calculated according to Eq.

3:

( ) ( )

L eq L L L o G i G G C C S K dt dC V C C F dJ - = = - = , , Eq. 3.
K L is the overall liquid-phase mass-transfer coefficient (m s -1 ). eq L C is the liquid concentration (mol m -3 ) at the equilibrium with the gas concentration deduced from the Henry's law. Assuming that the gas and liquid phases are perfectly mixed,

eq L C is in equilibrium with C G,o : H RTC C o G eq L , =
Eq. 4.

H is the ozone Henry's law constant in water (Pa m 3 mol -1 ). Taking the initial condition (C L = 0 at t = 0) into account, Eq. 3 leads to Eqs 5 and 6:

              - - = t V S K C C L eq L L exp 1 Eq. 5.       - - = t V S K F SC K C C L G eq L L i G o G exp , ,
Eq. 6.

By including Eq. 4 on Eqs 5 and 6, Eqs 7 and 8 are deduced:

      - + = t V S K HF SRT K C C L G L i G o G exp , , 1 
Eq. 7.               - -       - + = t V S K t V S K F S K RT H C C L L G L i G L exp exp , 1 Eq. 8.
K L depends on the gas-phase (k G in m s -1 ) and liquid-phase (k L in m s -1 ) mass-transfer coefficients and H through Eq. 9 in physical absorption: [START_REF] Roustan | Transferts Gaz-Liquide Dans Les Procédés De Traitement Des Eaux Et Des Effluents Gazeux[END_REF] 

G

L L Hk RT k K + = 1 1
Eq. 9.

Since O 3 is poorly soluble in water, the mass-transfer rate in the gas phase is fast compared to the masstransfer rate in the liquid phase (RTk L /H<<k G ) and the relative liquid-side resistance (R L ) tends toward

1: 35, 36 1 1 -         + = G L L Hk RTk R Eq. 10.
Therefore, the overall liquid-phase mass-transfer coefficient is equal to the local one (k L = K L ). [START_REF] Beltrán | Ozone Reaction Kinetics for Water and Wastewater Systems[END_REF] By numerical resolution, trying to minimize the least square Error Function (EF, Eq. 11) between the experimental values of C L and those deduced from Eq. 8, k L was determined for each experiment:

∑ =         - = n i t L t Eq L t L i i i C C C n EF 1 2 8 1 exp , . , exp ,
with n the number of experimental points Eq. 11.

Ozone absorption in a concentrated sulfite solution: gas-phase mass-transfer coefficient (kG) determination

At basic pH, O 3 reacts very quickly with the sulfite anion which is predominant over HSO 3 -at pH > 9. [START_REF] Liu | Kinetics and Mechanisms of Aqueous Ozone Reactions with Bromide, Sulfite, Hydrogen Sulfite, Iodide, and Nitrite Ions[END_REF] In this case, K L and R L depends on the enhancement (or reaction) factor (E) according to Eq. 12 [START_REF] Roustan | Transferts Gaz-Liquide Dans Les Procédés De Traitement Des Eaux Et Des Effluents Gazeux[END_REF] :

1 1 1 1 -         + = ⇒ + = G L L G L L Hk RTEk R Hk RT Ek K Eq. 12.
E is the ratio of the absorption rate with and without the reaction for an identical ozone concentration gradient between the interface and the bulk ( )

L L C C - * .
If the enhancement factor is very high to fulfill the condition RTEk L /H>>k G (R L → 0), the reaction happens in a plane corresponding to the gas-liquid interface, allowing to concentrate the whole mass-transfer resistance in the gas phase. The ozone concentrations at the interface, and obviously in the liquid bulk, are negligible. Therefore, the masstransfer rate is uninfluenced by the chemical reaction rate and the liquid-phase mass-transfer coefficient according to Eq. 13: 34

( ) ( ) o G o G i G G G o G G o G i G G SC C C F k SC k C C F , , , , , , - = ⇒ = - Eq. 13.
A high sulfite concentration was used (0.2 M) to (i) reach high values of E (> 10 4 ) to fulfill the condition RTEk L /H>>k G and (ii), to keep the sulfite concentration constant for a sufficient duration to reach a steady state (C G,o constant).

The second-order irreversible reaction between O 3 and sulfite anion, denoted as a reactant R, is characterized by a reaction rate constant k (in L mol -1 s -1 ):

products zR O k 3 →  + Eq. 14.
k is equal at (1.2 ± 0.1) × 10 9 L mol -1 s -1 at 20°C for pH > 9 and HSO 3 -can be neglected. [START_REF] Liu | Kinetics and Mechanisms of Aqueous Ozone Reactions with Bromide, Sulfite, Hydrogen Sulfite, Iodide, and Nitrite Ions[END_REF] z is the stoichiometric number equal to 1 for the sulfite oxidation in sulfate. The enhancement factor E was calculated according to the Danckwerts' surface renewal theory through Eq. 15: 3, 38

( ) ( ) ( ) 2 2 2 4 2 1 1 4 1 1 2 - + - + + - - = i i i i E Ha E E Ha E Ha E Eq. 15.
Ha (Hatta number) is a dimensionless number whose the square quantifies the ratio of the maximal chemical reaction rate and the maximal physical mass-transfer rate:

2 L L R k D kC Ha = Eq. 16.
C R is the reactant bulk concentration (mol L -1 ) and D L (D R ) is the ozone (reactant) diffusion coefficient at infinite dilution in water (m 2 s -1 ). E i is the instantaneous enhancement factor calculated according to the Danckwerts' surface renewal theory through Eq. 17 * L C is the ozone concentration at the interface (mol L -1 ) deduced from Eq. 18 considering C L = 0 for Ha > 5: 39

eq L L eq L G L L C R C Hk RTEk C =         + = -1 1 * Eq. 18.
The dependence of the ozone diffusion coefficient with the temperature was computed using the empirical correlation developed by Johnson and Davis, which is in good agreement with the Wilke-Chang semi-empirical correlation assuming an ozone molar volume of 35.5 cm 3 mol -1 : 3, 40, 41

[ ]         - × = - K T D L 1896 10 1 1 6 exp .
Eq. 19.

The potential reaction of the sulfite anion with O 2 is negligible since the corresponding reaction rate would be lower by 6 order of magnitude to the one of the reaction with O 3 . [START_REF] Fuller | The Rate of Oxidation of Sulfite Ions by Oxygen[END_REF][START_REF] Wilkinson | The Kinetics of Uncatalyzed Sodium Sulfite Oxidation[END_REF] It means that both the oxygen absorption rate (very low solubility in water) and the sulfite consumption by O 2 can be ignored.

Ozone absorption in a resorcinol solution: determination of the secondorder reaction rate constant between O3 and resorcinol

An excess of resorcinol (0.1 M) was selected. In this case, the stoichiometric number z (defined according to Eq. 14) is equal to ½ (two mol of ozone consumed per one mol of resorcinol). [START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 1. Stoichiometry and Absorption Kinetic Regime[END_REF] These chemical conditions were selected to insure:

• A fast reaction in the liquid film located at the gas-liquid interface (Ha > 5). In this case, the ozone transferred is entirely consumed in the liquid film and its concentration in the liquid bulk is zero (C L = 0).

• An excess of resorcinol in the liquid film at the gas-liquid interface compared to * L C . Therefore, the resorcinol concentration remains constant and equal to the bulk concentration. This absorption regime corresponds to a pseudo-first order regime particularly convenient for kinetic study by reactive absorption since the mass-transfer rate is uninfluenced by k L and D R which are rather inaccurate. [START_REF] Vilmain | Kinetic Study of Hydrogen Sulfide Absorption in Aqueous Chlorine Solution[END_REF][START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 2. Kinetic Study[END_REF] The Hatta numbers obtained were rather large (650-800). In this case, the considered mass-transfer theory (double-film or surface renewal theories) has no influence and the enhancement factor is equal to the Hatta number :

Ha E =
Eq. 20.

Therefore Eqs 3, 4, 12 and 16 lead to:

( )

H RTC S Hk RT D kC C C F o G G L R o G i G G , , , + = - 1 1 
Eq. 21.

Consequently:

( )

2 2 1 1 -         - -       = G o G i G G o G L R k C C F SC RT H D C k , , ,
Eq. 22.

• to insure that the aforementioned assumption lasts long enough even considering the resorcinol consumption by the reaction. Therefore, C R and C G,O remained constant over time for a sufficient duration to reach a steady-state. The by-products concentration is negligible. k, the reaction rate constants of the resorcinol reaction with ozone, can be simply deduced from Eq. 22 regardless of time t. According to the balanced equation 14, the reaction rate constant referred to the ozone consumption rate. 2.

Results and discussion

The determination of k L was based on the physical ozone absorption in water at transient state.

Tert-butanol was added as radical scavenger and an acidic pH was set to prevent O 3 decomposition.

Owing to a low absorption rate, C G,o is not significantly different to C G,i (Fig. 2a). The duration necessary for the experimental values to reach the theoretical values is an indication of the dead time in the tube.

After the first experiment (around 298K corresponding to the green triangle symbols), the tubes length and the gas flow rate in the analyzer were respectively decreased and increased to shorten this dead time to approximately 5 min. In parallel, the liquid ozone concentration gradually increased (Fig. 2b). The experiments were stopped after 1 h corresponding to dissolved ozone concentrations in the range 5-7 ppm, far from the ozone concentrations that can be reached at the equilibrium (15 to 30 ppm depending on the temperature). The concentration at 293K remains lower than at 298 and 303 K since C G,i was slightly higher. After each experiment, 100 mL of the liquid phase was withdrawn and injected in a 100 mL gas-tight syringe and placed in a thermostatic chamber. [START_REF] Biard | Efficient Catalytic Ozonation by Ruthenium Nanoparticles Supported on SiO 2 or TiO 2 : Towards the Use of a Non-Woven Fiber Paper as Original Support[END_REF] The absence of ozone decomposition was confirmed by a constant ozone concentration after one hour.

kL calculation

According to Eq. 8, the mass-transfer rate in physical absorption is sensitive to the value of the ozone Henry's law constant whose the value is controversial in the specialized literature. [START_REF] Mandel | Modelling Ozonation Processes for Disinfection by-Product Control in Potable Water Treatment : From Laboratory to Industrial Units[END_REF][START_REF] Biń | Ozone Solubility in Liquids[END_REF] The International Ozone Association recommends to calculate H as a function of the temperature between 0 and 60°C through Eq. 23:

45

[ ] ( ) [ ] K T R C T H × × °× = 0473 0 599 1 . exp .
Eq. 23.

However, this equation seems to overestimate H, especially at temperature higher than 25°C. [START_REF] Mandel | Modelling Ozonation Processes for Disinfection by-Product Control in Potable Water Treatment : From Laboratory to Industrial Units[END_REF][START_REF] Ferre-Aracil | Determination and Validation of Henry's Constant for Ozone in Phosphate Buffers Using Different Analytical Methodologies[END_REF] The equation derived from Perry (1973), and reported by Mandel (2010), is quite often used for engineering purpose:

( ) [ ] ( ) [ ] ( ) [ ] ( ) [ ] 288K T K 278 for . log 303K T K 288 for . log ≤ ≤ - = × ≤ < - = × K T K T R H K T K T R H 1687 25 3 1687 20 6
Eq. 24.

Furthermore, two new equations (Eqs 25 and 26) have been recently introduced by Mizuno similar Reynolds number. [START_REF] Littel | Physical Absorption into Non-Aqueous Solutions in a Stirred Cell Reactor[END_REF][START_REF] Versteeg | The Effect of Diffusivity on Gas-Liquid Mass Transfer in Stirred Vessels. Experiments at Atmospheric and Elevated Pressures[END_REF] This low order of magnitude of k L is expected considering that there is no mixing of both phases which would then induce a larger diffusion path. [START_REF] Roustan | Transferts Gaz-Liquide Dans Les Procédés De Traitement Des Eaux Et Des Effluents Gazeux[END_REF] According to the Higbie penetration theory, the renewal time would range between 7.5 and 20 s. k L increases with temperature (Fig. 3) owing to both a diffusivity and a liquid viscosity increasing (i.e. Reynolds and Schmidt numbers (Re and Sc) increasing). The average values of k L were correlated to the viscosity and the diffusivity owing to the following dimensionless equation: 16, 26

3 2 1 C C Sc C Sh Re =
Eq. 27.

Sh corresponds to the Sherwood number. A better agreement was found with the correlation of Kucka et al. than with the correlation of Versteeg et al. [START_REF] Kucka | Determination of Gas-Liquid Reaction Kinetics with a Stirred Cell Reactor[END_REF] Using their values of C 2 and C 3 (respectively 0.11 and 0.66), a value of C 1 equal to 0.542, 23% lower than the one found by Kucka et al., was determined by numerical resolution (the model is represented in Fig. 3). The relative error between the model and the average values of k L varies from 2.5% to 15%, which is acceptable when determining mass-transfer coefficients.

Assumption verification

To validate the assumption of a negligible resistance in the gas phase, the relative liquid side resistance was evaluated according to Eq. 12. Whatever the temperature, R L was higher than 99.9% (Table 2), which validates the assumption.

Determination of the gas-film mass-transfer coefficient (kG)

Experimental results -kG calculation

The determination of k G was based on the ozone absorption in the surface reaction regime. The initial sulfite concentration (C R = 0.2 mol L -1 ) was selected to insure that this assumption lasted long enough owing to a negligible sulfite consumption. Consequently, after a few minutes corresponding to the dead time between the contactor and the analyzer, the outlet ozone concentration reached a plateau. Depending on the temperature, the ratio C G,o /C G,i was in the range 36-41% (Table 3). Ozone concentration in the liquid phase remained immeasurable showing that O 3 was entirely consumed in the liquid film and does not diffuse in the liquid bulk. C G,o at the plateau was considered for the calculation of the k G values according to Eq. 13 (Table 3). The order of magnitude of k G (10 -3 m s -1 ) is lower than the one encountered in traditional gas-liquid contactors (10 -2 to 10 -1 m s -1 ) but consistent with the order of magnitude found by Vertseeg et al. in a stirred-cell reactor for similar operating conditions. [START_REF] Versteeg | The Effect of Diffusivity on Gas-Liquid Mass Transfer in Stirred Vessels. Experiments at Atmospheric and Elevated Pressures[END_REF] [START_REF] Versteeg | The Effect of Diffusivity on Gas-Liquid Mass Transfer in Stirred Vessels. Experiments at Atmospheric and Elevated Pressures[END_REF] k G should be also proportional to the gas viscosity to the power of -0.13. [START_REF] Versteeg | The Effect of Diffusivity on Gas-Liquid Mass Transfer in Stirred Vessels. Experiments at Atmospheric and Elevated Pressures[END_REF] Since both the gas viscosity and ozone diffusion coefficient (computed according to the correlation proposed by Massmann et al. [START_REF] Massman | A Review of the Molecular Diffusivities of H 2 O, CO 2[END_REF] for O 3 ) slightly increase with the temperature (by less than 3% for D G and 1% for µ G between 20 and 35°C), the increasing of k G with the temperature should be less sharp than the experimental results. Regarding the high experimental uncertainties which lie to masstransfer coefficient determination, the experimental results remain fully acceptable. 

Assumptions verification

Two conditions must be fulfilled: (i) The relative resistance in the liquid phase R L must tend towards 0 which implies very large values of the enhancement factor E and (ii) the sulfite concentration must remain constant for a sufficient time.

R L was calculated according to Eqs. 10, 15-18 and was always lower than 5% (Table 3). It is noteworthy that the real values of R L would be lower at 25, 30 and 35°C since the value of k was unknown at these temperatures and underestimated using the value at 20°C instead.

The time (∆t) necessary to observe a variation of the initial sulfite concentration of only 5% was also calculated according to Eq. 28 deduced from the mass-balance:

( ) . , , o G i G G O R C C F M V z C t - = ∆ 3 05 0 with ( ) o G i G G C C F , - calculated in g s -1
Eq. 28.

This duration was always higher than 30 min, which was sufficient to measure the outlet ozone concentration at steady state. 

Determination of the resorcinol reaction with

Temperature (°C)

Correlation used to determine the Henry's law constant Perry [START_REF] Mandel | Modelling Ozonation Processes for Disinfection by-Product Control in Potable Water Treatment : From Laboratory to Industrial Units[END_REF] Ferre-Aracil et al. [START_REF] Ferre-Aracil | Determination and Validation of Henry's Constant for Ozone in Phosphate Buffers Using Different Analytical Methodologies[END_REF] Mizuno-Tsuno [START_REF] Mizuno | Evaluation of Solubility and the Gas-Liquid Equilibrium Coefficient of High Concentration Gaseous Ozone to Water[END_REF] The value determined at 20°C is in agreement with the value reported by Hoigné and Bader (> 3 × 10 5 L mol -1 s -1 ) but which has been measured during only one experiment using an homogeneous system. [START_REF] Hoigne | Rate Constants of Reactions of Ozone with Organic and Inorganic Compounds in Water-II. Dissociating Organic Compounds[END_REF] The order of magnitude at 20°C is also coherent with the values found at acidic pH by Sotelo et al. by reactive absorption (1.01 × 10 5 L mol -1 s -1 ) and by Gurol and Nekouainini using the competitive method in an heterogeneous reactor (0.91 × 10 5 L mol -1 s -1 according to the calculation of Sotelo et al. (1991)). [START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 2. Kinetic Study[END_REF][START_REF] Gurol | Kinetic Behavior of Ozone in Aqueous Solutions of Substituted Phenols[END_REF] The same balanced equation than Eq. 14 was considered by Sotelo et al. (1991), which allows the direct comparison of the values of the reaction rate constants k. In the experimental conditions of Gurol and Nekouinaini (1984), the reaction rate constant was extrapolated from the phenol reaction rate constant (1.3 × 10 3 ± 0.3× 10 3 L mol -1 s -1 49 ). Nonetheless, the stoichiometries of both ozone reactions with phenol and resorcinol were not considered in the calculation, which makes the comparison of the values of the reaction rate constants not pertinent. In the experimental conditions of Sotelo et al. (1991), the interfacial area was not controlled and was measured through the oxygen absorption in the pseudo-first order regime in an aqueous solution of cuprous chloride. This determination is affected by rather high experimental uncertainties. In the experimental conditions of this study, several variables can affect the accuracy (section 4.4). All these reasons justify the discrepancy with the value of Sotelo et al. (1991).

The temperature dependence of k was satisfactorily modeled using the Arrhenius equation after linearization (R 2 = 97.4% (Perry) and R 2 = 92.7% (Ferre-Aracil et al.), Fig. 5): [ ] Eqs. 29 and 30 were used to extrapolate the reaction rate constant k between 1 and 20°C (Fig. 4). A better agreement with the values of Sotelo et al. is found considering the Perry's correlation (15% and 12% of relative difference at 10°C and 1°C). Nonetheless, the values of Sotelo et al. (1991) were also dependent on the Henry's law constant used, therefore this comparison should be considered carefully.

[ ] [ ]         × - × = K RT k
[ ]         × - × = K RT k 3 12
Thus, owing to their novelty, pertinent experimental planning and good respective agreement, there is a high temptation to consider the Ferre-Aracil et al. and Mizuno-Tsuno correlations as the most accurate but further studies would be necessary to definitely confirm it. [START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 2. Kinetic Study[END_REF] Finally, these observations highlight an inherent drawback of the reactive absorption method which is sensitive to several physicochemical properties of the reactants (solubility, diffusivity, gas and/or liquid phase mass-transfer coefficients, etc.), which are in the case of O 3 rather uncertain. 

Assumptions verification

Two conditions were fulfilled: (i) The enhancement factor, to be approximated to the Hatta number (Eq. 20), was always lower than half the value of the instantaneous enhancement factor E i (calculated with the Eqs. 17 and 18); (ii) the resorcinol concentration remained constant for a sufficient duration. Indeed, according to Eq. 28, the time necessary to observe a decreasing of the initial resorcinol concentration of 5% was around 15 min, which was enough to measure C G,o with a good agreement at the steady state.

It is noteworthy that such enhancement factors (650 < E < 800) concentrate a significant part of the mass-transfer resistance in the gas phase, with R L in the range 58-63%. Therefore, even if the resistance in the liquid phase remains higher, the determination of k is sensitive to the values of k G determined To assess the influence of the different inputs (I) on the output (O, here k the second order reaction rate constant) and to gain information on the model, a simple and local sensitivity analysis method based on the elasticity index (EI) calculation has been achieved: [START_REF] Vilmain | Kinetic Study of Hydrogen Sulfide Absorption in Aqueous Chlorine Solution[END_REF][START_REF] Fuller | The Rate of Oxidation of Sulfite Ions by Oxygen[END_REF] 

Sensitivity analysis

CG,o CG,i S, FG H, T kG CR, DL C G,o C G,i S, F G H, T k G C R , D L C R , D L H S C G,o C G,i k G C G,o C G,i S, F G H, T k G C R , D L C G,o C G,i S, F G H, T k G C R , D L
separately, corresponding to a parameter evaluated previously in the same operating conditions (stirrer speed, turbines positions, temperatures).

The elasticity index was evaluated for k values ranging between 3×10 5 (≈ 20°C) and 10 6 (≈ 35°C) L mol -1 s -1 (Fig. 6). This sensitivity analysis emphasizes a high sensitivity of the output k to all the inputs, since the elasticity index varies from 1 up to 10. The most significant inputs affecting the model are two measured data, the inlet and outlet ozone concentrations, especially for low values of k. For example, for k around 3.5×10 5 L mol -1 s -1 (corresponding to T ≈ 20°C with the Perry's correlation), the elasticity index is approximately equal to 10. It means that an error on C G,o or C G,i of 10% leads to an error on k of 100%.

However, these inputs were measured by an on-line ozone analyzer approved for its high accuracy claimed under 0.5% according to the supplier (BMT, Germany). Nonetheless, since the ozone production by the ozone generator was not perfectly stable, both the inlet and outlet concentrations varies slightly during the steady state (average values were considered) which can affects the calculation significantly.

With a lower extent, the interface area (S) and gas flow rate (F G ) influence also significantly the output.

The interfacial area was rather well-known (measured with a sliding caliper). However the gas flow rate

was measured with a float-type flow-meter having an accuracy of 5%. Davies, considered in this study, and Matrozov et al.) were carried out to measure it using similar experimental procedures, but the authors found values with a relative difference of 30% at 20°C. [START_REF] Beltrán | Ozone Reaction Kinetics for Water and Wastewater Systems[END_REF][START_REF] Johnson | Diffusivity of Ozone in Water[END_REF] Finally, k G was measured previously and is affected by experimental uncertainties. However, the sharp dependence of k G to the temperature (4.2.1) seems to confirm a significant inaccuracy since according to conditions. Third, the evaluation of the mass-transfer rate is based on the ozone mass balance quantification at steady state, therefore C G,o must be significantly lower than C G,i and the reactant consumption must remain negligible. Fourth, the enhancement factor E should be restricted to limit the influence of the gas-phase resistance. All these conditions require the respect of the following numerical criteria which will affect the choice of C G,i and C R :

• (i) Ha > 5 (fast regime) with Ha calculated according to Eq. 16;

• (ii) Ha > E i /2 (pseudo first order regime) with E i calculated according to Eq. 17 and C L * calculated according to Eq. 18; • (iv) Steady state duration ∆t higher than 10 min, with ∆t calculated from Eq. 28;

• (iii) C G,o /C G,i ≤ 0.8 => C G,i /C G,
• (v) C G,o must be higher than 0.1 g Nm -3 (≈ 2×10 -6 mol L -1 ) to be measured by the iodometric method or an on-line analyzer. [START_REF] Rakness | Guideline for Measurement of Ozone Concentration in the Process Gas from an Ozone Generator[END_REF] Therefore, at 20°C, the minimal value of C L eq is around 6×10 -7 mol L -1 ;

• (vi) R L > 20% with R L calculated according to Eq. 12.

The criteria (i), (ii) and (iii) correspond to three inequalities which allow to determine three minimal

values of C R : L L R kD k C 2 25 > Eq. 32.                 + + < eq L R G L R L L R zC C Hk D kC RT k D kC 1 1 2 1 2 assuming D R ≈ D L Eq. 33. 25 0 1 1 . >         + - G L R G Hk RT D kC H F RT S
Eq. 34. It is possible to apply respectively higher and lower values of C R and C G,i than those summarized in Fig. 7, while checking the criterion (ii). In the one hand, increasing C R allows to enhance the mass-transfer rate and minimize the ratio C G,o /C G,i toward a higher accuracy. On the other hand, it reduces R L , which increases the sensitivity of the model to k G .

Conclusion

A methodology to assess the kinetics of fast ozonation reactions by reactive absorption was presented. A jacketed stirred-cell reactor, operated semi-continuously, containing a high concentration of the reactant in solution (0.1 M of resorcinol) was used. Stirred-cell reactors appear particularly appealing owing to their easy mathematical modeling, temperature control and flow patterns description.

Moreover, the interfacial area corresponds to the flat surface separating both phases, which avoid hazardous extrapolation from chemical methods. Nonetheless, the mass-transfer rate is low and the gasphase resistance might be significant and should be considered in the calculation, even using a poorly soluble solute such as ozone. On the one hand, the high reactant concentration was convenient to reach a steady state and to avoid the accumulation of by-products which would significantly interfere. Thus, the mass-transfer rate, and consecutively the reaction rate, were deduced from the ozone mass balance in the gas phase, the reactant and ozone concentrations in solution being respectively constant and negligible. Therefore, liquid phase analyses were unnecessary and only the gas ozone concentration was measured on-line during a typical experiment. On the other hand, the high reactant concentration induces an important reactant consumption. The experiments were performed on the pseudo-first order regime which allows to neglect the influence of k L and reactant diffusion coefficient. The addition of a radical scavenger (such as tert-butanol) might be necessary to avoid interferences from the radicals formed during the ozone decomposition.

The gas-phase and liquid-phase mass-transfer coefficients were advantageously directly measured respectively through the ozone absorption in the surface reaction regime and by physical absorption.

The ozone-resorcinol reaction rate constant at acidic pH was consistent with the values reported in previous studies. [START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 2. Kinetic Study[END_REF][START_REF] Hoigne | Rate Constants of Reactions of Ozone with Organic and Inorganic Compounds in Water-II. Dissociating Organic Compounds[END_REF][START_REF] Gurol | Kinetic Behavior of Ozone in Aqueous Solutions of Substituted Phenols[END_REF] The results emphasized the high sensitivity of the model to the experimental conditions and ozone physicochemical properties, especially the solubility and diffusivity, which are rather uncertain.

The applicability of the method was discussed. This method can be applied for reaction rate constant included in the range 10 4 -10 7 L mol -1 s -1 , covering a wide variety of chemical families (sulfur compounds, amines, amino-acids, phenols and phenolates, some pesticides, pharmaceuticals or dyes, etc.). However, this technique cannot be applied to volatile reactant which would be stripped in the gas phase.
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Figure 1 :

 1 Figure 1: Process Flow Diagram (PFD) of the experimental set-up (A picture is presented as Supporting Information, Fig. S1).

4. 1 .Fig. 2 :

 12 Fig. 2 : Time course of the ozone gas (a) and liquid (b) concentrations. The straight lines correspond to the model (Eqs 7 and 8) using k L reported in Table2.

Fig. 3 :

 3 Fig. 3 : Evolution of k L vs. the temperature considering different correlations used to calculate the ozone Henry's law constant. The model is deduced from Eq. 27 with C 1 = 0.542, C 2 = 0.11 and C 3 = 0.66.The order of magnitude of k L (10 -5 m s -1 ) is lower than the one encountered in traditional gas-liquid contactors (10 -4 m s -1 ) but consistent with the values found by Versteeg et al. in a stirred-cell reactor at
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O3 rate constant 4 . 3 . 1 .Table 4 :

 4314 Experimental resultsk calculation Values of the reaction rate constant k (10 5 L mol -1 s -1 ) (associated to the balance equation O 3 + ½ resorcinol → products) considering different correlations to calculate the ozone Henry's law constant.

  H estimated by the Perry's correlation Eq. 29.

  H estimated by the correlation of Ferre-Aracil et al. Eq. 30.The values of the activation energies are particularly sensitive to the considered Henry's law constant correlation used with a relative difference of 40% (35.7 and 58.7 kJ mol -1 ). According to the reaction rate constants determined between 1 and 20°C, the data ofSotelo et al. (1991) were extrapolated between 20 and 35°C using the Arrhenius equation with an activation energy of 35.0 kJ mol -1 , close to the one found considering the correlation of Ferre-Aracil et al. (Fig. 4). Sotelo et al. used their own correlation to calculate the Henry's law constant. 51 This correlation over-predicts H compared to the correlations considered in this study, but the temperature dependence is almost the same than the correlation of Ferre-Aracil et al. (Fig. S.2). Therefore, the dependence of the reaction rate constant with the temperature between this study and the one of Sotelo et al. is identical. Nonetheless, it cannot be concluded that the value of the activation energy is around 35 kJ mol -1 since the true variation of H with the temperature is still unknown. The difference between both studies is certainly due to one or several systematic errors.

Fig. 4 :

 4 Fig. 4 : Evolution of k vs the temperature considering the Ferre-Aracil et al. and Perry's correlations to calculate the ozone Henry's law constant. The values of Sotelo et al. were extrapolated between 20and 35°C from the data at 1, 10 and 20°C using the Arrhenius law (Fig.5).[START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 2. Kinetic Study[END_REF] The error bars correspond to the standard deviation of the experimental points.

Fig. 5 :

 5 Fig. 5 : Plot of ln(k) vs. 1/RT (Arrhenius law linearization) considering the Ferre-Aracil et al. and Perry's correlations to calculate the ozone Henry's law constant and with the values of k determined by Sotelo et al.[START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 2. Kinetic Study[END_REF] 

  -04 4.0E-04 4.1E-04 4.2E-04 4.3E-04 4.4E-04 ln(k) with k in L mol -2). Consequently, the relative influence of all the variables on the value of the reaction rate constant should be addressed by a sensitivity analysis.

Fig. 6 :

 6 Fig. 6 : Plot of the elasticity index of the model inputs vs. the value of the output (reaction rate constant k).

  the output to an input is shortened when EI tends toward 0.Two main classes of inputs can be distinguished: the inputs corresponding to physico-chemical properties (H, D L ) and those corresponding to the set experimental conditions (C R , S, T, F G , C G,i ) and to C G,o . k G can be classified 0

Fig. 7 :

 7 Fig. 7 : Evolution the minimal value of C R and maximal value of C G,i vs. k to respect the criteria (i)-(vi). These criteria cannot be respected simultaneously below 10 4 and above 10 7 L mol -1 s -1 .

S1: 2 =

 2 Scheme and pictures of the stirred cell-reactor and experimental set-up S2: Gas flow rate correction -ozone concentration compensation S3: Ozone Henry's law constant dependence on the temperature This material is available free of charge via the Internet at http://pubs.acs.org. Nomenclature C G : ozone concentration in the gas phase (read in g Nm -3 and converted in mol m -3 ) C L : ozone concentration in the liquid phase (mol m -3 ) C R : reactant bulk concentration (mol L -1 ) d t : turbine diameter (m) D L : ozone diffusion coefficient at infinite dilution in the liquid phase (m 2 s -1 ) D G : ozone diffusion coefficient at infinite dilution in the gas phase (m 2 s -1 ) D R : reactant diffusion coefficient at infinite dilution in the liquid phase (m 2 s -1 ) dJ: mass-transfer rate (mol s -1 ) E: enhancement factor (dimensionless) E i : instantaneous enhancement factor EF: error function (according to Eq. 11) EI: elasticity index (dimensionless) F G : gas flow rate (m 3 s -1 ) H: ozone Henry's law constant (Pa m 3 mol -1 ) Ha: Hatta number (dimensionless) I: any input of the model k: second-order reaction rate constant referred to the balanced equation 14 (L mol -1 s -1 ) k G : gas-phase mass-transfer coefficient (m s -1 ) k L : liquid-phase mass-transfer coefficient (m s -1 ) K L : overall liquid-phase mass-transfer coefficient (m s -1 ) M O 3 : ozone molar mass (g mol -1 ) N: stirrer speed (s -1 ) O: any output of the model P: pressure in the reactor (bar) R: ideal gas constant (8.314 J mol -1 K -1 ) ,Reynolds number of the liquid (dimensionless) R L : relative liquid-side resistance (%)

Table 1 : Operating conditions. The mass-transfer resistance locations were determined through the calculation of R L according to Eqs 10 or 18. Conditions : 20°C < T < 35°C, N = 160 rpm, V = 1.3 L, F G ≈ 68.5 ± 1.5 NL h -1

 1 

				Determination of k
	Goal	Determination of k L	Determination of k G	(Ozone/resorcinol reaction
				rate constant)
	pH	2.5 ± 0.1	10.2 ± 0.2	2.5 ± 0.1
	Product added	Tert-butanol (0.001 M) Sulfuric acid	Sulfite (0.2 M) Tert-butanol (0.001 M) Sodium hydroxide	Resorcinol (0.1 M) Tert-butanol (0.001 M) Sulfuric acid
	Absorption regime	Physical absorption	Chemical absorption -Surface reaction	Chemical absorption -Pseudo-first order reaction
	Mass-transfer resistance location	Liquid phase	Gas phase	Both gas and liquid phases

Table 2 : Determination of k L with the temperature for different correlations used to determine H.

 2 Fig S2 in Supporting Information). Owing to the high disagreement of Eq. 23, only the equations 24-26 were considered to determine the values of k L according to Eq. 8. The values of these three models provide an acceptable agreement (Table2). The

	and Tsuno

  k G increased by 20% from 20 to 30°C and remains approximately constant up to 35°C. According to a dimensionless equation similar to Eq. 27 developed by Versteeg et al., k G should be proportional to the square root of the gas phase diffusion coefficient, in agreement with the Higbie's penetration theory and the Danckwerts' surface renewal theory.

Table 3 : Determination of k G with the temperature.

 3 

	T (°C)	20	25	30	35
	C G,o /C G,i	0.41 0.38 0.36 0.36
	C G,o (g Nm -3 )	9.9 8.5 7.9 8.0
	10 -3 k G (m s -1 )	3.95 4.40 4.86 4.80
	(RTEk L /H)/k G at steady state	51	58	30	20
	a (%) ∆t (min) R L	1.9 35	1.7 36	3.2 4.7 35 35
	a R L was overstimated at 25, 30 and 35°C since the reaction rate constant of the sulfite oxidation was taken at 20°C.

  As expected, after a few minutes corresponding to the dead time, the ozone outlet concentration reached a constant value for a sufficient duration (steady state). From Eq. 22 and the value of C G,O at steady state, the reaction rate constant k was deduced at each temperature (the experiments were repeated 4 times with a relative standard deviation in the range 4-9% at each temperature). Owing to a lower mass-transfer enhancement with resorcinol (650 < E < 800) than with sulfite (E > 10 4 ), the ratio C G,o /C g,i was higher (58 to 62%) but consistent to determine k with a good accuracy. The values of k depends significantly on the selected model used to determine the ozone Henry's law constant since the relative gap between the values deduced from the Ferre-Aracil et al. and Perry's correlations varies from 6 % at 25°C up to 23% at 20 and 35 °C (Table4and Fig.4). The relative difference between the Ferre-Aracil et al. and Mizuno-Tsuno correlations is not significant (between 1 and 4% from 20 to 35°C), therefore only the results gathered with the correlation reported by Ferre-Aracil et al. were considered.

	20	3.57 ± 0.20	4.50 ± 0.25	4.68 ± 0.26
	25	5.39 ± 0.20	5.73 ± 0.21	5.67 ± 0.21
	30	6.89 ± 0.59	6.30 ± 0.53	6.10 ± 0.52
	35	12.2 ± 0.8	9.67 ± 0.60	9.50 ± 0.59

  The rather high relative gap between the values of k determined with different correlations to calculate H is confirmed by a sensitivity index of 2. For example, the Ferre-Aracil et al. and Perry's correlations provide a relative gap of 11% for H at 20°C, the relative gap observed for the k values determined with these correlations at 20°C is around 22%. The less significant inputs are k G , C R and D L . On the one hand, C R was set with a good precision. On the other hand, D L is still subject to controversy for ozone. Only two studies(Johnson and 

the results of Versteeg et al., k G should remain almost constant between 20 and 35°C. [START_REF] Versteeg | The Effect of Diffusivity on Gas-Liquid Mass Transfer in Stirred Vessels. Experiments at Atmospheric and Elevated Pressures[END_REF] The determination of k remains insensitive to k L and the reactant diffusion coefficient as long as the recommended pseudo-first order regime is applied. This sensitivity analysis confirms the sensitivity of k to the different output. Nonetheless, the reactive absorption method is used to determined large kinetic constants whose a perfect accuracy is unexpected for practical applications.

Discussion on the applicability of the method

The method is based on the ozone absorption in the pseudo-first order regime in a stirred-cell reactor operated semi-continuously. In a given stirred-cell reactor at a given stirring speed, the inputs which can be potentially modified to optimize the experimental management are the reactant concentration (C R ), the inlet ozone concentration (C G,i , affecting the outlet ozone concentration C G,o ), the gas flow rate (F G ) and the liquid volume (V). For neutral reactants, an acidic pH and the addition of tert-butanol are recommended to avoid the ozone decomposition. For acid or basic reactants, the pH must be set in agreement with the reactant acidity dissociation constant and the absence of ozone decomposition must be controlled (a higher tert-butanol concentration should be applied). C G,i can be varied under a wide range (from a few g Nm -3 to 150-200 g Nm -3 , depending on the ozone generator, gas flow rate and oxygen content). On the contrary, the liquid volume (0.2 < V < 2 L) and the gas flow rate (20 < F G < 200 L h -1 ) have a limited range of applicability to match the lab-scale constraints. Furthermore, the gas flow rate must be set in order to limit the analytical dead time (which depends on both the reactor headspace volume and tubes volume) and maximize the ozone concentration for more accuracy. Therefore, it is recommended to set V and F G at the beginning of the study to avoid a reevaluation of the mass-transfer characteristics each time an operating condition is changed. A "high" reactant concentration (C R ) in solution is used to neglect its consumption and avoid the by-products accumulation. First, the term "high" needs to be quantified. Second, the pseudo-first order regime implies the respect of several Considering a minimal value of C L eq around 6×10 -7 mol L -1 , C R was determined for increasing values of k, simulating the experimental conditions applied in this study. In all cases, the criteria (iii) imposed the highest value of C R , with a corresponding Hatta number (= E) near 150. Such a high Hatta number is convenient to neglect the influence of the considered mass-transfer theories (double-film or surface renewal theories) and to respect the criterion (vi), with R L around 0.87. For increasing values of k, the corresponding minimal C R value to fulfill the criteria (i)-(iii) decreases (green straight line, Fig. 7). k values lower than around 10 4 L mol -1 s -1 (lower limit of the method) would imply C R > 0.1 mol L -1 , which makes the method hardly applicable in many cases (high reactant consumption and cost, solubility limit, etc.).

Then, the maximal value of C G,o (and C G,i from the mass-balance) that can be applied to fulfill the criteria (ii) for each value of C R can be evaluated (blue straight line, Fig. 7). When C R decreases for increasing values of k, the maximal values of C G,o and C G,i decrease. High values of C G,o and C G,i are preferred to optimize the analytical precision, using an on-line analyzer (but are not compatible with the iodometric method). In all cases, except when k > 10 7 L mol -1 s -1 , the criteria (iv) and (i) are respected simultaneously.

When k > 10 7 L mol -1 s -1 (upper limit of the method), it becomes impossible to guarantee a pseudo-first order regime which last for at least 10 min. In that case, it is recommended to measure the reactant time course in addition of the ozone mass-balance.

S: gas-liquid interfacial area (m 2 ) 2. 35°C from the data at 1, 10 and 20°C using the Arrhenius law (Fig. 5). [START_REF] Sotelo | Ozonation of Aqueous Solutions of Resorcinol and Phloroglucinol. 2. Kinetic Study[END_REF] The error bars correspond to the standard deviation of the experimental points. These criteria cannot be respected simultaneously below 10 4 and above 10 7 L mol -1 s -1 .