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Introduction

Our dependency on fossil raw materials is very high in the modern society. Over 80% of the world's primary energy consumption in the energy sector was from fossil raw materials in 2020 [START_REF] Rapier | Highlights From The BP Statistical Review Of World Energy 2021[END_REF].

The use of lignocellulosic biomass (LCB) for biofuel production is seen as a better alternative to fossil fuel because of its global availability, lower environmental impact, and cost [START_REF] Manikandan | Critical review of biochemical pathways to transformation of waste and biomass into bioenergy[END_REF][START_REF] Amerit | Commercialization of biofuel products: A systematic literature review[END_REF][START_REF] Jiang | Recent advances in sustainable catalytic production of 5-methyl-2-pyrrolidones from bio-derived levulinate[END_REF][START_REF] Ashokkumar | Recent advances in lignocellulosic biomass for biofuels and value-added bioproducts -A critical review[END_REF][START_REF] Liu | Thermochemical Conversion of Lignocellulosic Biomass into Mass-Producible Fuels: Emerging Technology Progress and Environmental Sustainability Evaluation[END_REF]. Besides, such raw materials are not in competition with the alimentary sector, avoiding the dilemma of food versus fuel [START_REF] Jamil | State-of-theart catalysts for clean fuel (methyl esters) production-a comprehensive review[END_REF][START_REF] Tomei | Food versus fuel? Going beyond biofuels[END_REF]. The sugar parts of LCB, i.e., cellulose and hemicellulose, are mainly used to produce chemicals, materials or fuels. The valorization of these polymers of sugar can lead to several platform molecules and their derivatives, such as succinic acid, furfural, 5-HMF, levulinic acid, glycerol, etc. [START_REF] Alonso | Integrated conversion of hemicellulose and cellulose from lignocellulosic biomass[END_REF][START_REF] Li | Chemocatalytic Conversion of Cellulose into Key Platform Chemicals[END_REF][START_REF] Guo | Mechanism of Preparation of Platform Compounds from Lignocellulosic Biomass Liquefaction Catalyzed by Bronsted Acid: A Review[END_REF][START_REF] Menno | Production of levulinic acid and alkyl levulinates: A process insight[END_REF].

The chemical γ-valerolactone (GVL), produced from the hydrogenation of levulinic acid or ester levulinate, is also considered as a platform molecule [START_REF] Yan | Catalytic reactions of gamma-valerolactone: A platform to fuels and value-added chemicals[END_REF][START_REF] Kerkel | The green platform molecule gammavalerolactone -ecotoxicity, biodegradability, solvent properties, and potential applications[END_REF]. Hydrogenation of bio-based carboxylic acids, esters or related compounds is considered a step toward a sustainable and carbon-neutral process [START_REF] Qu | Hydrogenation of Carboxylic Acids, Esters, and Related Compounds over Heterogeneous Catalysts: A Step toward Sustainable and Carbon-Neutral Processes[END_REF]. In fine chemistry, GVL is considered an excellent aprotic solvent [START_REF] Menno | Role of solvent the production of butyl levulinate from fructose[END_REF][START_REF] Liu | Facile Directional Conversion of Cellulose and Bamboo Meal Wastes over Low-Cost Sulfate and Polar Aprotic Solvent[END_REF][START_REF] Wang | Conversion of C5 carbohydrates into furfural catalyzed by a Lewis acidic ionic liquid in renewable γ-valerolactone[END_REF][START_REF] Chew | Effect of Mixed-Solvent Environments on the Selectivity of Acid-Catalyzed Dehydration Reactions[END_REF][START_REF] Kang | Environmental Analysis of Catalytic Adipic Acid Production Strategies from Two Different Lignocellulosic Biomasses[END_REF][START_REF] Motagamwala | An engineered solvent system for sugar production from lignocellulosic biomass using biomass derived γ-valerolactone[END_REF] because of its low vapor pressure, high flash point, and potential to increase acid activity [START_REF] Baco | Solvent effect investigation on the acid-catalyzed esterification of levulinic acid by ethanol aided by a Linear Solvation Energy Relationship[END_REF][START_REF] Pokorný | Vapor Pressures and Thermophysical Properties of Ethylene Carbonate, Propylene Carbonate, γ-Valerolactone, and γ-Butyrolactone[END_REF][START_REF] Ariba | Physicochemical Properties for the Reaction Systems: Levulinic Acid, Its Esters, and γ-Valerolactone[END_REF][START_REF] Horváth | γ-Valerolactone-a sustainable liquid for energy and carbon-based chemicals[END_REF][START_REF] Raj | Synthesis of γ-valerolactone (GVL) and their applications for lignocellulosic deconstruction for sustainable green biorefineries[END_REF]. In polymer science, GVL is a promising starting material for producing greener monomers [START_REF] Al-Naji | Sustainable Continuous Flow Valorization of γ-Valerolactone with Trioxane to α-Methylene-γ-Valerolactone over Basic Beta Zeolites[END_REF][START_REF] Manzer | Catalytic synthesis of α-methylene-γ-valerolactone: a biomass-derived acrylic monomer[END_REF][START_REF] Choi | Economically-feasible "greener" transformation of gamma-valerolactone to nylon 6,6[END_REF][START_REF] Hayes | Polymers without Petrochemicals: Sustainable Routes to Conventional Monomers[END_REF].

In the energy field, GVL cannot be used directly as a fuel [START_REF] Alonso | Catalytic conversion of biomass to biofuels[END_REF], but it can be used as an additive fuel [START_REF] Dutta | Green synthesis of gammavalerolactone (GVL) through hydrogenation of biomass-derived levulinic acid using non-noble metal catalysts: A critical review[END_REF][START_REF]Making alternative fuels cheaper[END_REF][START_REF] Anagnostopoulou | Hydrogenation of the pivotal biorefinery platform molecule levulinic acid into renewable fuel γ-valerolactone catalyzed by unprecedented highly active and stable ruthenium nanoparticles in aqueous media[END_REF][START_REF] Kasar | Steering the Ester and γ-Valerolactone Selectivities in Levulinic Acid Hydrogenation[END_REF]. GVL is a promising feedstock for producing hydrocarbon fuels [START_REF] Alonso | Catalytic conversion of biomass to biofuels[END_REF][START_REF] Alonso | Gamma-valerolactone, a sustainable platform molecule derived from lignocellulosic biomass[END_REF][START_REF] Yan | Cascade upgrading of γ-valerolactone to biofuels[END_REF][START_REF] Ayodele | Production of Bio-Based Gasoline by Noble-Metal-Catalyzed Hydrodeoxygenation of α-Angelica Lactone Derived Di/Trimers[END_REF][START_REF] Wang | γ-Valerolactone converting to butene via ringopening and decarboxylation steps over amorphous SiO2-Al2O3 catalyst[END_REF][START_REF] Wang | One-step synthesis of pentane fuel from γvalerolactone with high selectivity over a Co/HZSM-5 bifunctional catalyst[END_REF][START_REF] Bond | Integrated catalytic conversion of γvalerolactone to liquid alkenes for transportation fuels[END_REF][START_REF] Han | Integrated process for simultaneous production of jet fuel range alkenes and Nmethylformanilide using biomass-derived gamma-valerolactone[END_REF] or pentanoic biofuels [START_REF] He | A durable Ni/La-Y catalyst for efficient hydrogenation of γ-valerolactone into pentanoic biofuels[END_REF].

From a safety, cost and environmental standpoint, determining the best operating conditions for the production of GVL is vital [START_REF] Moreno | A consequences-based approach for the selection of relevant accident scenarios in emerging technologies[END_REF][START_REF] Wang | Thermal Risk Assessment of Levulinic Acid Hydrogenation to γ-Valerolactone[END_REF][START_REF] Wang | From calorimetry to thermal risk assessment: γ-Valerolactone production from the hydrogenation of alkyl levulinates[END_REF]. The literature proposes several routes for producing GVL by hydrogenating raw lignocellulosic biomass, cellulose, glucose or fructose [START_REF] Karanwal | One-pot, cascade conversion of cellulose to γ-valerolactone over a multifunctional Ru-Cu/zeolite-Y catalyst in supercritical methanol[END_REF]. These different routes require the hydrogenation of levulinic acid or alkyl levulinates, and there are three different hydrogenation options:

-use of molecular hydrogen [START_REF] Anagnostopoulou | Hydrogenation of the pivotal biorefinery platform molecule levulinic acid into renewable fuel γ-valerolactone catalyzed by unprecedented highly active and stable ruthenium nanoparticles in aqueous media[END_REF][START_REF] Siddiqui | Study of γvalerolactone production from hydrogenation of levulinic acid over nanostructured Pthydrotalcite catalysts at low temperature[END_REF][START_REF] Mehdi | Integration of homogeneous and heterogeneous catalytic processes for a multi-step conversion of biomass: From sucrose to levulinic acid, γ-valerolactone, 1,4-pentanediol, 2-methyl-tetrahydrofuran, and alkanes[END_REF][START_REF] Luo | Rutheniumcatalyzed hydrogenation of levulinic acid: Influence of the support and solvent on catalyst selectivity and stability[END_REF][START_REF] Hengne | Cu-ZrO2 nanocomposite catalyst for selective hydrogenation of levulinic acid and its ester to γ-valerolactone[END_REF][START_REF] Piskun | Kinetic modeling of levulinic acid hydrogenation to γ-valerolactone in water using a carbon supported Ru catalyst[END_REF][START_REF] Capecci | Bayesian Statistics to Elucidate the Kinetics of γ-Valerolactone from n-Butyl Levulinate Hydrogenation over Ru/C[END_REF][START_REF] Capecci | Solvent effect on the kinetics of the hydrogenation of n-butyl levulinate to γ-valerolactone[END_REF][START_REF] Xu | Bimetallic NiCu Alloy Catalysts for Hydrogenation of Levulinic Acid[END_REF][START_REF] Mg | Exploring the ruthenium catalysed synthesis of γvalerolactone in alcohols and utilisation of mild solvent-free reaction conditions[END_REF][START_REF] Wang | Application of the concept of Linear Free Energy Relationships to the hydrogenation of levulinic acid and its corresponding esters[END_REF][START_REF] Li | Hydrogenation of biomass-derived ethyl levulinate into Γ-valerolactone by activated carbon supported bimetallic Ni and Fe catalysts[END_REF][START_REF] Yan | Selective hydrogenation of furfural and levulinic acid to biofuels on the ecofriendly Cu-Fe catalyst[END_REF][START_REF] Li | Role of the Cu-ZrO2 interface in the hydrogenation of levulinic acid to γ-valerolactone[END_REF][START_REF] Fang | In situ synthesis of biomass-derived Ni/C catalyst by self-reduction for the hydrogenation of levulinic acid to Γ-valerolactone[END_REF][START_REF] Orlowski | The hydrogenation of levulinic acid to Γ-valerolactone over Cu-ZrO2 catalysts prepared by a pHgradient methodology[END_REF][START_REF] Shen | Transformations of biomass-based levulinate ester into Γ-valerolactone and pyrrolidones using carbon nanotubes-grafted N-heterocyclic carbene ruthenium complexes[END_REF][START_REF] Delgado | Kinetic model assessment for the synthesis of γ-valerolactone from n-butyl levulinate and levulinic acid hydrogenation over the synergy effect of dual catalysts Ru/C and Amberlite IR-120[END_REF][START_REF] Shimizu | Hydrogenation of levulinic acid to γ-valerolactone by Ni and MoO x co-loaded carbon catalysts[END_REF] -in situ FA decomposition producing hydrogen [START_REF] Hengne | Surface synergism of an Ag-Ni/ZrO2 nanocomposite for the catalytic transfer hydrogenation of bio-derived platform molecules[END_REF][START_REF] Heeres | Combined dehydration/(transfer)-hydrogenation of C6-sugars (D-glucose and D-fructose) to γvalerolactone using ruthenium catalysts[END_REF][START_REF] Fellay | A viable hydrogen-storage system based on selective formic acid decomposition with a ruthenium catalyst[END_REF][START_REF] Fábos | Selective conversion of levulinic and formic acids to γvalerolactone with the shvo catalyst[END_REF][START_REF] Deng | Conversion of levulinic acid and formic acid into γ-valerolactone over heterogeneous catalysts[END_REF][START_REF] Deng | Catalytic conversion of biomass-derived carbohydrates into γ-valerolactone without using an external h2 supply[END_REF][START_REF] Ruppert | Ru catalysts for levulinic acid hydrogenation with formic acid as a hydrogen source[END_REF][START_REF] Yuan | Copper-based catalysts for the efficient conversion of carbohydrate biomass into γ-valerolactone in the absence of externally added hydrogen[END_REF][START_REF] Son | Production of γ-valerolactone from biomass-derived compounds using formic acid as a hydrogen source over supported metal catalysts in water solvent[END_REF] -Meerwein-Ponndorf-Verley reaction involving the use of alcohol for hydrogen transfer [START_REF] Li | Direct catalytic transformation of biomass derivatives into biofuel component γ-valerolactone with magnetic nickel-zirconium nanoparticles[END_REF][START_REF] Chia | Liquid-phase catalytic transfer hydrogenation and cyclization of levulinic acid and its esters to γ-valerolactone over metal oxide catalysts[END_REF][START_REF] Li | Direct Conversion of Sugars and Ethyl Levulinate into γ-Valerolactone with Superparamagnetic Acid-Base Bifunctional ZrFeOx Nanocatalysts[END_REF][START_REF] Ju | Probing the mechanism of the conversion of methyl levulinate into γ-valerolactone catalyzed by Al(OiPr)3in an alcohol solvent: A DFT study[END_REF][START_REF] Ortuño | Computational Mechanism of Methyl Levulinate Conversion to γ-Valerolactone on UiO-66 Metal Organic Frameworks[END_REF][START_REF] Chen | Synthesis of ternary magnetic nanoparticles for enhanced catalytic conversion of biomass-derived methyl levulinate into γvalerolactone[END_REF][START_REF] Zhang | Catalytic transfer hydrogenation of levulinate ester into γ-valerolactone over ternary Cu/ZnO/Al 2 O 3 catalyst[END_REF][START_REF] Wu | Sustainable metal-lignosulfonate catalyst for efficient catalytic transfer hydrogenation of levulinic acid to γ-valerolactone[END_REF] The use of molecular hydrogen and ruthenium-based catalyst is the most efficient system to produce GVL. Developing such a process at an industrial scale requires reliable and robust kinetic models. Such models are essential to optimize the operating cost to get the highest GVL yield. There are several models for the hydrogenation of levulinates or levulinic acid [START_REF] Piskun | Kinetic modeling of levulinic acid hydrogenation to γ-valerolactone in water using a carbon supported Ru catalyst[END_REF][START_REF] Capecci | Bayesian Statistics to Elucidate the Kinetics of γ-Valerolactone from n-Butyl Levulinate Hydrogenation over Ru/C[END_REF][START_REF] Wang | Application of the concept of Linear Free Energy Relationships to the hydrogenation of levulinic acid and its corresponding esters[END_REF][START_REF] Delgado | Kinetic model assessment for the synthesis of γ-valerolactone from n-butyl levulinate and levulinic acid hydrogenation over the synergy effect of dual catalysts Ru/C and Amberlite IR-120[END_REF][START_REF] Protsenko | Kinetic Modelling of Levulinic Acid Hydrogenation Over Ru-Containing Polymeric Catalyst[END_REF][START_REF] Huang | Hydrogenation of levulinic acid to γ-valerolactone over Fe-Re/TiO2 catalysts[END_REF][START_REF] Chalid | Experimental and kinetic modeling studies on the biphasic hydrogenation of levulinic acid to γ-valerolactone using a homogeneous water-soluble Ru-(TPPTS) catalyst[END_REF][START_REF] Abdelrahman | Analysis of kinetics and reaction pathways in the aqueous-phase hydrogenation of levulinic acid to form γ-Valerolactone over Ru/C[END_REF][START_REF] Molleti | Novel synthesis of Ru/OMS catalyst by solvent-free method: Selective hydrogenation of levulinic acid to Γ-valerolactone in aqueous medium and kinetic modelling[END_REF]. These models were developed using experiments performed in isothermal mode, and could limit their application to pinch analysis or process safety.

Generally speaking, the development of kinetic models in different thermal modes, e.g., isothermal, adiabatic, isoperibolic, or dynamic modes, is quite seldom in the literature.

In adiabatic mode, one can only use the reaction temperature as an observable [START_REF] Leveneur | Parameters affecting thermal risk through a kinetic model under adiabatic condition: Application to liquid-liquid reaction system[END_REF][START_REF] Cao | Thermal hazard characteristic evaluation of two low-temperature-reactive azo compounds under adiabatic process conditions[END_REF][START_REF] Bhattacharya | A general kinetic model framework for the interpretation of adiabatic calorimeter rate data[END_REF] allowing to obtain reliable models for thermal risk assessment [START_REF] Stoessel | Thermal Safety of Chemical Processes: Risk Assessment and Process Design[END_REF]. It is impossible to withdraw samples during the reaction; otherwise, the reaction temperature signal is perturbed. Hence, kinetic models only developed in adiabatic mode are limited for thermal risk assessment.

In isoperibolic mode, for some chemical systems, it is possible to track the reaction temperature and withdraw some samples to track the concentration in the liquid phase [START_REF] Zheng | Kinetic modeling strategy for an exothermic multiphase reactor system: Application to vegetable oils epoxidation using Prileschajew method[END_REF][START_REF] Xie | Thermal decomposition behavior and kinetics for nitrolysis solution from the nitration of hexamethylenetetramine[END_REF][START_REF] Andreozzi | Batch salicylic acid nitration by nitric acid/acetic acid mixture under isothermal, isoperibolic and adiabatic conditions[END_REF], allowing the development of reliable kinetic models considering concentration and temperature as observables.

There is a need to have kinetic models developed in different thermal modes to improve their reliability and robustness and to be used universally for process safety, process intensification, and cost evaluation.

To do that, one must carry out different experiments in isothermal conditions to track the species concentration and in non-isothermal conditions (isoperibolic and adiabatic modes) to track the reaction temperature.

To the best of the authors' knowledge, such an approach is highly seldom in the literature [START_REF] Andreozzi | Batch salicylic acid nitration by nitric acid/acetic acid mixture under isothermal, isoperibolic and adiabatic conditions[END_REF]. In this study, we developed kinetic models for the hydrogenation of butyl levulinate into GVL over Ru/C in three thermal modes: isothermal, isoperibolic and adiabatic. A high concentrated solution of BL was used to perform experiments. The state-of-the-art reaction calorimeter Mettler-Toledo RC1 was used to perform experiments in different thermal modes. The developed models were validated to assess their reliability and select the most reliable ones. Butyl levulinate was chosen because it is gaining a lot of interest as a platform molecule and can be used in different areas [START_REF] Menno | Role of solvent the production of butyl levulinate from fructose[END_REF][START_REF] Ahmad | A critical review on suitability and catalytic production of butyl levulinate as a blending molecule for green diesel[END_REF].

Experimental section

Chemicals

Chemicals used during this research for analytical and experimental purposes were purchased from different providers and used without further purification: n-Butyl levulinate (n-BL), acquired from Alfa Aesar with a purity ≥ 98%, CAS: 2052-15-5. Hydrogen gas (H2), acquired from Linde group with a purity ≥ 99.99%, CAS: 1333-74-0. γ-Valerolactone (GVL), acquired from Sigma Aldrich with a purity ≥ 99%, CAS: 108-29-2. 1-Butanol (BuOH), acquired from LabLine with a purity ≥ 99%, CAS: 71-36-3. Ruthenium on activated carbon (Ru/C), acquired from Alfa Aesar, 5% of ruthenium powder, reduced, 50% nominally wet, CAS: 7440-18-8. Acetone, acquired from Fischer Scientific with a purity ≥ 99%, CAS: 67-64-1.

quantify the amount of chemicals in samples. GC-FID equipment is from Scion Instruments supplier. GC-FID was equipped with a low polarity column (Phenomenex, ZB-5) composed of 95% dimethyl siloxane and 5% of phenyl groups. Column dimensions: length: 30 m, internal diameter: 0.32 mm, coating width: 0.25 µm. Helium (99.99%) was used as carrier gas at a constant flow rate of 1.2 mL/min. The temperature of the injector and the detector were set at 250 °C. The oven temperature ramp was set to 50 °C (1 min) -20 °C /min -200 °C (1 min). Samples were diluted in acetone to be analyzed, the injection volume was 1 µL and the split ratio was 20:1.

RC1 reactor

To develop a robust kinetic model for GVL production from n-BL, different experiments were performed in the Mettler-Toledo RC1mx calorimeter, considering isothermal and non-isothermal conditions.

The RC1mx is a high-performance calorimeter with a heating and cooling loop system, allowing us to have a very accurate temperature control of the reaction media. The RC1mx vessel is made of Hastelloy C22 metal one, with a 1.8 L capacity and 100 bar of tolerance. A gas inlet and outlet system are connected to the vessel to control the pressure. A PID automatically controls this system. The RC1mx is also equipped with a calibration heater that evaluates the heat capacity (Cp) and the reaction media's global heat transfer coefficient (UA). Fig. 1 represents the RC1mx installation. 

Determination of the global heat transfer

The global heat transfer UA plays a fundamental role in the energy balance to characterize the transfer between the heat carrier and reaction temperature. Thus, it is vital to measure it correctly. This value was determined by electrical calibration [START_REF] Delgado | Reaction enthalpies for the hydrogenation of alkyl levulinates and levulinic acid on Ru/Cinfluence of experimental conditions and alkyl chain length[END_REF][START_REF] Zheng | Kinetic modeling strategy for an exothermic multiphase reactor system: Application to vegetable oils epoxidation using Prileschajew method[END_REF][START_REF] Lavanchy | Development of reaction calorimetry[END_REF]. Calibration experiments were performed without catalysts, and a highly concentrated solution of BL, i.e., weight percentage higher than 98%, was used initially. We varied the temperature and rotating speed to be able to draw the Wilson plot.

Gas-liquid mass transfer measurement

Table 1 shows the experimental matrix for mass transfer study. These experiments were performed in the absence of catalyst to avoid chemical reactions. The Redlich-Kwong-Mathias-Copeman (RKMC) equation of state was used to quantify the number of moles of hydrogen into the gas phase. According to Nasrifar, the RKMC equation is more accurate and robust [START_REF] Nasrifar | Comparative study of eleven equations of state in predicting the thermodynamic properties of hydrogen[END_REF].

Table 1. Experimental matrix for gas-liquid mass transfer measurement. Parameter estimation, simulation and curve fitting were performed using the commercial software Athena Visual Studio V.14.2 [START_REF] Stewart | Computer-Aided Modeling of Reactive Systems[END_REF]. Athena Visual Studio uses a Bayesian framework more suitable for multi-response parameter estimation than the classical nonlinear least squares method [START_REF] Stewart | Parameter estimation from multiresponse data[END_REF][START_REF] Kopyscinski | Comprehensive kinetic study for pyridine hydrodenitrogenation on (Ni)WP/SiO2 catalysts[END_REF].

Run

Indeed, Bayesian inference requires calculating the determinant criterion [START_REF] Boekel | Statistical aspects of kinetic modeling for food science problems[END_REF].

The following observables were used for the parameter estimation stage: BL, BHP, GVL and reaction temperatures. Only two samples were withdrawn for experiments performed in isoperibolic or adiabatic conditions: at the beginning and the end of the reaction. Several samples were withdrawn for isothermal kinetic experiments, and the reaction temperature was constant.

The ODEs, obtained from material and energy balances, were integrated by the DDAPLUS solver, a modified Newton algorithm [START_REF] Caracotsios | Sensitivity analysis of initial value problems with mixed odes and algebraic equations[END_REF]. The GREGPLUS subroutine package was used to minimize the objective function OF(ζ) and to calculate the highest probability density HPD, i.e., credible intervals, of the estimated parameters and the normalized covariance matrix.

GREGPLUS uses successive quadratic programming starting from our initial guess values to minimize OF(ζ) [START_REF] Stewart | Computer-Aided Modeling of Reactive Systems[END_REF].

𝑂𝐹(𝜉) = (𝑎 + 𝑏 + 1) • 𝑙𝑛|𝜐(𝜉)| (1) 
where 𝑎 is the number of events in response, 𝑏 is the number of responses and |𝜐(𝜉)| is the determinant of the covariance matrix of the responses.

Each element of the covariance matrix of the responses is

𝜐 𝑖𝑗 (𝜉) = ∑ 𝜔 𝑢 • [𝑌 𝑖𝑢 -𝑓 𝑖𝑢 (𝜉)] • [𝑌 𝑗𝑢 -𝑓 𝑗𝑢 (𝜉)] 𝑛 𝑢=1 (2) 
where, 𝜔 𝑢 is the weight factor, Yiu the experimental concentration or temperature and 𝑓 𝑖𝑢 (𝜉) the estimated value for response i and event u; Yju the experimental concentration and 𝑓 𝑗𝑢 (𝜉) the estimated value for response j and event u.

factor and the activation energy by linearizing the original Arrhenius equation as 164

𝑘(𝑇) = 𝑒𝑥𝑝 [𝑙𝑛 (𝑘(𝑇 𝑟𝑒𝑓 )) + 𝐸 𝑎 𝑅•𝑇 𝑟𝑒𝑓 • (1 - 𝑇 𝑟𝑒𝑓 𝑇 )]
(3) 165 where, 𝑇 𝑟𝑒𝑓 is the reference temperature chosen in the considered experimental temperature range. 166

Table 2 shows the experimental matrix for the regression and Table 3 
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Kinetics

The global kinetics for the hydrogenation of BL is a two-step reaction (Fig. 2). The hydrogenation of the carbonyl group can take different routes, as illustrated in a previous article of our group [START_REF] Capecci | Bayesian Statistics to Elucidate the Kinetics of γ-Valerolactone from n-Butyl Levulinate Hydrogenation over Ru/C[END_REF]. In this work we considered five kinetic models to determine the most reliable, these kinetic models are described below:

• Eley-Rideal (ER1): This kinetic model considers that only BL is adsorbed into active sites of the catalyst, and then molecular hydrogen collides directly to the adsorbed BL.

• Langmuir Hinshelwood with molecular adsorption of H2 (LH1): This kinetic model considers that all reactants, BL and molecular hydrogen, are adsorbed into the active sites of the catalyst without dissociation, then the chemical reaction takes place between adsorbed molecules.

• Langmuir Hinshelwood with hydrogen dissociation (LH2): As LH1 this kinetic model considers that all reactants, BL and molecular hydrogen, are adsorbed into the active sites of the catalyst.

However, in this case, molecular hydrogen is dissociated into atomic hydrogen; then the chemical reaction takes place between adsorbed BL and adsorbed atomic hydrogen.

• Non-competitive Langmuir Hinshelwood with molecular adsorption of H2 (NCLH1): This kinetic model considers that there is no competition between the reactants for the active sites of the catalyst, so that it is considered that BL and molecular hydrogen are adsorbed in different actives sites.

Chemical reaction occurs between adsorbed BL and adsorbed molecular hydrogen without dissociation.

• Non-competitive Langmuir Hinshelwood with hydrogen dissociation (NCLH2): As NCLH1 this kinetic model consider that there is no competition between the reactants. BL and molecular hydrogen are adsorbed into different actives sites, then the adsorbed molecular hydrogen is dissociated into atomic hydrogen. The chemical reaction occurs between adsorbed BL and adsorbed atomic hydrogen.

Table 4 shows the rate expression for the different possible reaction mechanisms.

Table 4. Kinetic expression for the different mechanisms for the hydrogenation step.

Kinetic model Rate expression

Eley-Rideal with no adsorption of hydrogen (ER1)

𝑘 1 • [𝐻 2 ] • 𝐾 𝐵𝐿 • [𝐵𝐿] • 𝜔 𝐶𝑎𝑡. (𝐾 𝐵𝐿 • [𝐵𝐿] + 𝐾 𝐵𝐻𝑃 • [𝐵𝐻𝑃] + 1)
Langmuir Hinshelwood with molecular adsorption of H2 (LH1)

𝑘 1 • 𝐾 𝐻2 • [𝐻 2 ] • 𝐾 𝐵𝐿 • [𝐵𝐿] • 𝜔 𝐶𝑎𝑡. (𝐾 𝐻2 • [𝐻 2 ] + 𝐾 𝐵𝐿 • [𝐵𝐿] + 𝐾 𝐵𝐻𝑃 • [𝐵𝐻𝑃] + 1) 2
Langmuir Hinshelwood with hydrogen dissociation (LH2)

𝑘 1 • 𝐾 𝐻 • [𝐻 2 ] • 𝐾 𝑖 • 𝐾 𝐵𝐿 • [𝐵𝐿] • 𝜔 𝐶𝑎𝑡. (√𝐾 𝐻 • [𝐻 2 ] + 𝐾 𝐵𝐿 • [𝐵𝐿] + 𝐾 𝐵𝐻𝑃 • [𝐵𝐻𝑃] + 𝐾 𝑖 • 𝐾 𝐵𝐿 • [𝐵𝐿] • √𝐾 𝐻 • [𝐻 2 ] + 1) 2

Non-competitive Langmuir

Hinshelwood with no dissociation of hydrogen (NCLH1)

𝑘 1 • 𝐾 𝐻2 • [𝐻 2 ] (1 + 𝐾 𝐻2 • [𝐻 2 ]) • 𝐾 𝐵𝐿^• [𝐵𝐿] (1 + 𝐾 𝐵𝐻𝑃^• [𝐵𝐻𝑃] + 𝐾 𝐵𝐿^• [𝐵𝐿]) • 𝜔 𝐶𝑎𝑡.

Non-competitive Langmuir

Hinshelwood with hydrogen dissociation (NCLH2)

𝑘 1 • 𝐾 𝐻 • 𝐾 𝐶 • 𝐾 𝐵𝐿^• [𝐻 2 ] √𝐾 𝐻 • [𝐻 2 ] + 1 • [𝐵𝐿] • 𝜔 𝐶𝑎𝑡. 𝐾 𝐵𝐿^• [𝐵𝐿] + 𝐾 𝐶 • √𝐾 𝐻 • [𝐻 2 ] • 𝐾 𝐵𝐿^• [𝐵𝐿] + 𝐾 𝐵𝐻𝑃^• [𝐵𝐻𝑃] + 1
The kinetic expression for the second reaction step, i.e., the cyclization step, was expressed as

𝑅 𝐶𝑦𝑐𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 𝑘 2 • [𝐵𝐻𝑃] (4) 
We applied linearization on the rate constant, and kinetic factors are displayed in Table 5. 

Models

Material and energy balances

Due to the vigorous stirring, ideal hydrodynamics was assumed in the RC1 reactor. Material balances for different compounds in the liquid phase leads to:

𝑑𝐶 𝐵𝐿 𝑑𝑡 = -𝑅 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 (5) 𝑑[𝐻 2 ] 𝑙𝑖𝑞 𝑑𝑡 = 𝑘 𝐿 . 𝑎 • ([𝐻 2 ] 𝑙𝑖𝑞 * -[𝐻 2 ] 𝑙𝑖𝑞 ) -𝑅 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 ( 6 
)
𝑑𝐶 𝐵𝐻𝑃 𝑑𝑡 = 𝑅 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 -𝑅 𝐶𝑦𝑐𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 ( 7 
)
𝑑𝐶 𝐵𝑢𝑂𝐻 𝑑𝑡 = 𝑅 𝐶𝑦𝑐𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 ( 8 
)
𝑑𝐶 𝐺𝑉𝐿 𝑑𝑡 = 𝑅 𝐶𝑦𝑐𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (9) 
The term [𝐻 2 ] 𝑙𝑖𝑞 * is hydrogen concentration at the gas-liquid interface. This value depends on temperature and was determined through Henry's constant:

𝐻𝑒(𝑇) = [𝐻 2 ] 𝑙𝑖𝑞 *
𝑃 𝐻 2 ,𝑅𝑒𝑎𝑐𝑡𝑜𝑟 [START_REF] Capecci | Solvent effect on the kinetics of the hydrogenation of n-butyl levulinate to γ-valerolactone[END_REF]. A separate mass transfer coefficient study was carried out to estimate the volumetric gas-to-liquid mass transfer coefficient for hydrogen. A similar methodology applied in a previous study of our group was used [START_REF] Wang | Application of the concept of Linear Free Energy Relationships to the hydrogenation of levulinic acid and its corresponding esters[END_REF] to estimate this mass transfer coefficient by taking into account density and viscosity of the reaction mixture [START_REF] Ariba | Physicochemical Properties for the Reaction Systems: Levulinic Acid, Its Esters, and γ-Valerolactone[END_REF]. For the sake of clarity, this information was added in Supplementary Material (S1). The value of 𝐻𝑒(𝑇) can change with temperature and chemical composition, the results from Capecci et al.

were used [START_REF] Capecci | Solvent effect on the kinetics of the hydrogenation of n-butyl levulinate to γ-valerolactone[END_REF].

The heat balance equation for the liquid phase leads to

dT 𝑅 𝑑𝑡 = (-𝑅 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 •∆𝐻 𝑅,𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 •𝑉-𝑅 𝐶𝑦𝑐𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 •∆𝐻 𝑅,𝐶𝑦𝑐𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 •𝑉)+𝑈𝐴•(𝑇 𝑗 -𝑇 𝑅 )+𝛼•(𝑇 𝑎𝑚𝑏 -𝑇 𝑅 ) 𝑚 𝑅 •𝐶 𝑃𝑅 +𝑚 𝑖𝑛𝑠𝑒𝑟𝑡 •𝐶𝑝 𝑖𝑛𝑠𝑒𝑟𝑡 +𝑚 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 •𝐶𝑝 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (10) 
The term 𝛼 • (𝑇 𝑎𝑚𝑏 -𝑇 𝑅 ) represents the heat loss with the surroundings. The term 𝑈𝐴 • (𝑇 𝑗 -𝑇 𝑅 ) is the heat flow rate exchanged with the heat carrier, and UA is the global heat transfer, 𝑇 𝑗 and 𝑇 𝑅 are the jacket and reaction temperatures. The term 𝑚 𝑅 • 𝐶 𝑃𝑅 +𝑚 𝑖𝑛𝑠𝑒𝑟𝑡 • 𝐶𝑝 𝑖𝑛𝑠𝑒𝑟𝑡 +𝑚 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 • 𝐶𝑝 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 represents the thermal inertia, where 𝑚 𝑖𝑛𝑠𝑒𝑟𝑡 • 𝐶𝑝 𝑖𝑛𝑠𝑒𝑟𝑡 is equal to 52 J . K -1 , according to the manufacturer, 𝐶 𝑃𝑅 was evaluated based on the evolution of chemical composition and temperature [START_REF] Ariba | Physicochemical Properties for the Reaction Systems: Levulinic Acid, Its Esters, and γ-Valerolactone[END_REF] and 𝐶𝑝 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 was found based on the article of Lu et al. [START_REF] Lu | Evolution of specific heat capacity with temperature for typical supports used for heterogeneous catalysts[END_REF]. Reaction enthalpies for hydrogenation ∆𝐻 𝑅,𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 and cyclization ∆𝐻 𝑅,𝐶𝑦𝑐𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 were the ones calculated by Wang et al. [START_REF] Wang | From calorimetry to thermal risk assessment: γ-Valerolactone production from the hydrogenation of alkyl levulinates[END_REF].

Calibration results (Wilson plot)

In order to verify the thin wall approximation between the heat carrier and reaction mixture and to predict the UA values with reaction temperature, UA value was calculated at different temperatures and rotating speeds in the absence of reaction, i.e., Wilson plot [START_REF] Lavanchy | Development of reaction calorimetry[END_REF]. Fig. 3 shows the linearity between 1/UA and N -2/3 , confirming the thin wall approximation. Fig. 3. Wilson plot.

Gas-liquid mass transfer results

In these experiments, rates of hydrogenation and cyclization are equal to zero, thus one should integrate Eq. ( 6) to estimate the 𝑘 𝐿 𝑎 value. The volumetric mass transfer coefficient was expressed as [START_REF] Wang | Application of the concept of Linear Free Energy Relationships to the hydrogenation of levulinic acid and its corresponding esters[END_REF]:

𝑘 𝐿 𝑎 = (𝑘 𝐿 𝑎) 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 • ( 𝑇 𝑙𝑖𝑞 𝜇 𝑙𝑖𝑞 ) 0.5 • ( 𝜌 𝑙𝑖𝑞 𝜇 𝑙𝑖𝑞 ) 0.25 (11) 
The constant (𝑘 𝐿 𝑎) 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 was calculated from experiments shown in Table 1 as described in Supplementary Material (S1). From Table S1.1, one can notice that the calculated value of (𝑘 𝐿 𝑎) 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 for each run is very similar. The average value of (𝑘 𝐿 𝑎) 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 was found to be 2.25 . 10 - 6 (Pa . s . K -1 ) 0.5 (Pa . s . kg -1. m -3 ) 0.25 . s -1 and the standard deviation was equal to 0.14 (Pa . s . K -1 ) 0.5 (Pa . s . kg -1. m -3 ) 0.25

. s -1 . This value was found to be similar than the one of Wang et al. [START_REF] Wang | Application of the concept of Linear Free Energy Relationships to the hydrogenation of levulinic acid and its corresponding esters[END_REF]. The five models were tested during the regression (ER1, LH1, LH2, NCLH1 and NCLH2). The Akaike information criterion (AIC) was used to evaluate the most reliable models, and it was calculated as

𝐴𝐼𝐶: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑛𝑡 𝑒𝑣𝑒𝑛𝑡 • 𝑙𝑛 ( [𝑌 𝑗𝑢 -𝑓 𝑗𝑢 (𝜉)] 2 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑛𝑡 𝑒𝑣𝑒𝑛𝑡 ) + 2. 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 (12) 
This criterion penalizes models with numerous parameters to estimate. Table 6 shows the values for each observable. Table 6 shows that NCLH1 and NCLH2 are the most reliable model by considering the AIC for all observables. Indeed, NCLH1 and NCLH2 models present a good compromise between the lowest AIC values for Tr and medium AIC values for BL, BHP and GVL.

For the sake of clarity, modeling results using NCLH1 model are displayed, and the others are in Supplementary Material (S2). Table 7 shows the value of the estimated parameters and the statistical values. The model can estimate the kinetic constants with low credible intervals. However, the estimation of adsorption constants is more challenging due to the difficulty to estimate such thermodynamic constants. Correlation between the majority of estimated parameters are lower than 0.90 in absolute value, thus one can consider that the estimated parameters are not correlated [START_REF] Toch | A systematic methodology for kinetic modeling of chemical reactions applied to n-hexane hydroisomerization[END_REF]. This absence of correlation shows that the parameters are well identified. The parameter 𝑙𝑛 (𝑘 1 (𝑇 𝑟𝑒𝑓 )) and 𝑙𝑛(𝐾 𝐻 ) are strongly correlated, due to the difficulty to correctly track the hydrogenation rate. Generally, the model fits well the experimental data in these modes as it is confirmed with the parity plot (Fig. 7). In isothermal mode, experimental temperatures were not considered in the objective function, because the reaction temperature is stable along the reaction course. For adiabatic and isoperibolic experiments, we measured concentrations at the beginning and at the end of the reaction. Tr experimental (K)

Validation stage

A holdout validation method was used. The estimated kinetic and thermodynamic constants obtained from the regression stage were used to predict the kinetic profile by using initial experimental conditions from Table 3. Fig. 8 show parity plots for the validation experiments for NCLH1, showing the good prediction capacity of NCLH1. NCLH1 can correctly predict BL and GVL concentrations, as well as reaction temperature. This model is less accurate for BHP concentration. 

Conclusions

There is a need to develop reliable and robust kinetic models to scaleup, optimize process production, energy consumption and production, cost production and for thermal risk assessment. Traditionally, these types of kinetic models are developed in isothermal conditions without considering the energy balance. Thus, such models are limited for energy optimization or thermal risk assessment.

In this work, we developed and assessed 5 kinetic models in different thermal modes, i.e., isothermal, adiabatic and isoperibolic one. We applied this approach for the production of γ-valerolactone from the hydrogenation of butyl levulinate. To the best of the authors' knowledge, it is the first time that kinetic model are done in different thermal modes. Such models can provide crucial information in process optimization, scaleup, energy recovery for pinch analysis and thermal risk assessment.

Kinetic experiments were performed by using high concentrated solution of BL in the RC1 calorimeter using three thermal modes (isothermal, isoperibolic and adiabatic). For the regression stage, we varied the initial temperature from 383 to 430 K, catalyst loading from 6.5 to 13.5 kg/m 3 and hydrogen pressure from 15 to 35 bar. We were able to estimate kinetic constants for 5 kinetic models: Eley-Rideal with no adsorption of hydrogen (ER1), Langmuir Hinshelwood with molecular adsorption of H2 (LH1), Langmuir Hinshelwood with hydrogen dissociation (LH2), Non-competitive Langmuir Hinshelwood with no dissociation of hydrogen (NCLH1) and Non-competitive Langmuir Hinshelwood with hydrogen dissociation (NCLH2). From the AIC criterion, we found that NCLH1 and NCLH2 models were the most reliable model. A validation stage was done using a holdout method, and confirmed the reliability of NCLH1 model.

A continuation of this work could be the determination of these constants from quantum mechanics method.
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 1 Fig. 1. RC1mx Calorimeter installation.
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 2 Fig. 2. Reaction pathway for the hydrogenation of BL over Ru/C.
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 4 Figs 4-6 show the fit of the model to experimental data in different thermal modes for NCLH1 model.
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 4567 Fig. 4. Fit of the NCLH1 model to isothermal experimental data for Run 1. 290 291

Fig. 8 .

 8 Fig. 8. Parity plots from validation stage (model NCLH1)

Table 2 .

 2 shows the experimental matrix 167 for the validation stage. 168 Experimental matrix for regression with initial conditions. 169

		m0BL	m0GVL	m0Ru
	Run	P (bar)	
		(kg)	(kg)	(kg)

Table 3 .

 3 Experimental matrix with initial conditions for validation 174

	Thermal
	mode

Table 6 .

 6 AIC values for each observable and model.

			AIC			Number of parameters to estimate
		BL	BHP	GVL	Tr	
	ER1	2529	2010	2151	36	6
	LH1	2498	2008	2131	117	7
	LH2	2500	2010	2133	118	8
	NCLH1	2520	1993	2139	54	7
	NCLH2	2508	2056	2161	38	8

Table 7 .

 7 Estimated values at Tref = 398.15 K and statistical data for NCLH1.

		Units	Estimate HPD HPD%
	𝑙𝑛 (𝑘 1 (𝑇 𝑟𝑒𝑓 ))	mol. kg_dry basis RuC -1 .s -1	5.34	0.12	2.17
	𝑙𝑛 (𝑘 2 (𝑇 𝑟𝑒𝑓 ))	s -1	-10.19	0.03	0.28
	𝐸 𝑎1 𝑅 • 𝑇 𝑟𝑒𝑓 𝐸 𝑎2 𝑅 • 𝑇 𝑟𝑒𝑓	--	9.25 8.09	0.73 0.59	7.92 7.27
	𝑙𝑛(𝐾 𝐻 )	m 3 .mol -1	-2.91	0.26	8.93
	𝑙𝑛(𝐾 𝐵𝐿 ^)	m 3 .mol -1	0.011	-	
	𝑙𝑛(𝐾 𝐵𝐻𝑃 ^)	m 3 .mol -1	7.961	-	

Table 8 .

 8 Normalized parameter covariance matrix for NCLH1.

		𝑙𝑛 (𝑘 1 (𝑇 𝑟𝑒𝑓 )) 𝑙𝑛 (𝑘 2 (𝑇 𝑟𝑒𝑓 ))	𝐸 𝑎1 𝑅 • 𝑇 𝑟𝑒𝑓	𝐸 𝑎2 𝑅 • 𝑇 𝑟𝑒𝑓	𝑙𝑛(𝐾 𝐻 )
	𝑙𝑛 (𝑘 1 (𝑇 𝑟𝑒𝑓 ))	1				
	𝑙𝑛 (𝑘 2 (𝑇 𝑟𝑒𝑓 ))	0.07	1			
	𝐸 𝑎1 𝑅 • 𝑇 𝑟𝑒𝑓 𝐸 𝑎2 𝑅 • 𝑇 𝑟𝑒𝑓	-0.163 -0.086	-0.047 -0.671	1 -0.059	1	
	𝑙𝑛(𝐾 𝐻 )	-0.981	-0.071	0.123	0.081	1
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