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Autoxidation of jet fuels is a complex phenomenon which occurs below 250 ˚C. Caused by naturally dissolved oxygen, the reactions lead to the formation of different oxidation products by a mechanism of degradation which is not yet completely understood. n-dodecane, a linear alkane molecule, has been chosen as a model for jet fuel. The influence of temperature and progress of reactions have been studied using the PetroOXY device, focusing on the beginning of the autoxidation. For the first time, the oxidation products formed in the gas and liquid phases were precisely identified by spectroscopic and chromatographic characterization techniques but also

quantified by chemical methods. It was possible to establish the mechanisms involved in the different steps using data from the literature, to propose a new one based on combustion mechanisms and to calculate the kinetic constants of the reactions.

INTRODUCTION

Jet fuel, used for the propulsion of aircrafts, has a secondary less known function: it also serves as a cooling fluid; hence its temperature can outreach 200 ˚C. The thermal stress induced leads to its degradation and can entail the formation of solid deposition in the fuel system and multipoint injectors. This is a major issue in aeronautics as the deposition induces a loss of thermal transfer efficiency and can cause fouling in the injectors. To address this issue, it is of major importance to understand the mechanisms of degradation of jet fuel and to subsequently improve its thermal stability.

Thermal stability refers to the tendency of fuels to be degraded and to form soluble or insoluble oxidation products depending on the temperature range [START_REF] Balster | Effects of Temperature on Formation of Insolubles in Aviation Fuels[END_REF]. It includes autoxidation and thermal decomposition. The first results from the complex interactions between dioxygen, hydrocarbons and molecules with heteroatoms [START_REF] Heneghan | Static Test of Jet Fuel Thermal and Oxidative Stability[END_REF][START_REF] Jones | Thermal Stability of Jet-A Fuel Blends[END_REF]. These reactions occur typically in the 140 to 250 ˚C temperature range. It is noteworthy that oxidation reactions have also been observed under storage stability conditions (temperatures ≤ 140 ˚C) [START_REF] Dahlin | Deposit formation in liquid fuels. 1. Effect of coal-derived Lewis bases on storage stability of Jet A turbine fuel[END_REF][START_REF] Jones | Storage stability studies of fuels derived from shale and petroleum[END_REF]. When the temperature reaches ca. 400 ˚C, thermal decomposition of the fuel starts to proceed more by pyrolysis. These temperature ranges alternate in aircraft engines during on-off operations.

Many experimental researches have been conducted to better understand the thermal stability of jet fuels [START_REF] Balster | Effects of Temperature on Formation of Insolubles in Aviation Fuels[END_REF][START_REF] Heneghan | Static Test of Jet Fuel Thermal and Oxidative Stability[END_REF][START_REF] Jones | Thermal Stability of Jet-A Fuel Blends[END_REF][START_REF] Dahlin | Deposit formation in liquid fuels. 1. Effect of coal-derived Lewis bases on storage stability of Jet A turbine fuel[END_REF][START_REF] Jones | Storage stability studies of fuels derived from shale and petroleum[END_REF][START_REF] Ervin | Dissolved Oxygen Concentration and Jet Fuel Deposition[END_REF][START_REF] Jones | Autoxidation of Aviation Fuels in Heated Tubes: Surface Effects[END_REF][START_REF] Jones | Autoxidation of Neat and Blended Aviation Fuels[END_REF][START_REF] Ervin | Computational Fluid Dynamics Simulations of Jet Fuel Oxidation Incorporating Pseudo-Detailed Chemical Kinetics[END_REF][START_REF] Grinstead | Studies of Jet Fuel Thermal Stability, Oxidation, and Additives Using an Isothermal Oxidation Apparatus Equipped with an Oxygen Sensor[END_REF][START_REF] Pei | Effect of dissolved oxygen concentration on coke deposition of kerosene[END_REF]. They have highlighted the major role of dissolved oxygen in kerosene (ca. 70 ppm) in the degradation of hydrocarbon molecules and in the formation of insoluble compounds [START_REF] Jones | Thermal Stability of Jet-A Fuel Blends[END_REF][START_REF] Wilson | Chemical Reaction Fouling: A Review[END_REF][START_REF] Alborzi | Prediction of growth of jet fuel autoxidative deposits at inner surface of areplicated jet engine burner feed arm[END_REF][START_REF] Roan | The effect of fuel composition and dissolved oxygen on deposit formation from potential JP-900 basestocks[END_REF][START_REF] Heneghan | The effects of dissolved oxygen concentration, fractional oxygen consumption, and additives on JP-8 thermal stability[END_REF][START_REF] Dewitt | Effect of Aromatics on the Thermal-Oxidative Stability of Synthetic Paraffinic Kerosene[END_REF]. Moreover, there is a significant contribution/role of heteroatomic species with respect to autoxidation and thermal decomposition reactions. It has been demonstrated in the literature that heteroatomic compounds have significantly more favorable activation energies, Ea, and readily participate in these oxidation reactions [START_REF] Zabarnick | Pseudo-Detailed Chemical Kinetic Modeling of Antioxidant Chemistry for Jet Fuel Applications[END_REF][START_REF] Zhao | Influencing Factors of Autoxidation Kinetics, Parameters of Endothermic Hydrocarbon Fuels[END_REF]. This is the reason why jet fuel may propagate under a slightly different pathway (or certainly different kinetic rates) compared to pure hydrocarbons.

Other studies have focused on the influence of physical factors on the degradation mechanisms, such as temperature [START_REF] Chin | Temperature effects on fuel thermal stability[END_REF][START_REF] Edwards | Supercritical Fuel Deposition Mechanisms[END_REF], pressure [START_REF] Marteney | Thermal decomposition of aircraft fuel[END_REF][START_REF] Altin | Effects of thermal stressing conditions on carbon deposition from jet fuel decomposition[END_REF], test duration, flow rate [START_REF] Kendall | The influence of JFTOT operating parameters on the assessment of fuel thermal stability[END_REF][START_REF] Clark | An investigation of the physical and chemical factors affecting the performance of fuels in the JFTOT[END_REF] and nature of the walls of the reactor [START_REF] Jones | Autoxidation of Aviation Fuels in Heated Tubes: Surface Effects[END_REF][START_REF] Jones | Surface fouling in aviation fuels: an isothermal chemical study[END_REF][START_REF] Doungthip | Simulation of the effect of metal-surface catalysis on the thermal oxidation of jet fuel[END_REF]. These researches have made it possible to identify and quantify the insoluble products formed [START_REF] Jones | Thermal Stability of Jet-A Fuel Blends[END_REF][START_REF] Jones | Autoxidation of Neat and Blended Aviation Fuels[END_REF][START_REF] Grinstead | Studies of Jet Fuel Thermal Stability, Oxidation, and Additives Using an Isothermal Oxidation Apparatus Equipped with an Oxygen Sensor[END_REF][START_REF] Jones | Phenomenological Study of the Formation of Insolubles in a Jet-A Fuel[END_REF][START_REF] Balster | Effects of temperature on formation of insoluble in aviation fuels[END_REF]. For example, Pei et al. [START_REF] Pei | Effect of dissolved oxygen concentration on coke deposition of kerosene[END_REF] have proposed that the formation of deposits is a two steps mechanism with first, the formation, in the liquid phase, of precursor species which then migrates to the walls of the system, resulting in the progressive deposition of the particles.

Though the origin of insoluble products has been identified, the description of the autoxidation mechanisms remains rough and needs to be deepened. For this purpose, experimental devices allowing to simulate the thermal and flow conditions encountered in operational conditions have been developed. These tests are distinguished in two categories: dynamic and static tests. The first ones require a huge quantity of fuel, residence times are of a few seconds and the tests last for several hours [START_REF] Hazlett | Reactions of Aerated N-Dodecane Liquid Flowing over Heated Metal Tubes[END_REF]. Conversely, static tests require a low quantity of fuel and the test duration varies from 2 to 20 h for a temperature range from 140 to 250 ˚C [START_REF] Heneghan | JP-8+100 -The development of high thermal stability jet fuel[END_REF][START_REF] Grinstead | Studies of Jet Fuel Thermal Stability, Oxidation, and Additives Using an Isothermal Oxidation Apparatus Equipped with an Oxygen Sensor[END_REF][START_REF] Heneghan | Static Test of Jet Fuel Thermal and Oxidative Stability[END_REF][START_REF] Martin | Characterization of a Quartz Crystal Microbalance With Simultaneous Mass and Liquid Loading[END_REF][START_REF] Zabarnick | Studies of Jet Fuel Additives Using the Quartz Crystal Microbalance and Pressure Monitoring at 140 ˚C[END_REF][START_REF] Zabarnick | Aspects of Jet Fuel Oxidation[END_REF][START_REF] Heneghan | JP-8+100 -The development of high thermal stability jet fuel[END_REF][START_REF] Pullen | An overview of biodiesel oxidation stability[END_REF].

Among the static tests, the PetroOXY device is typically used to study the tendency towards oxidation of petrol products and oils when Rapid Small Scale Oxidation Test (RSSOT) are required. Among the advantages are the low volume of samples and a good repeatability [START_REF] Araújo | FTIR assessment of the oxidation process of castor oil FAME submitted to PetroOXY and Rancimat methods[END_REF][START_REF] Kerkering | Influence of Phenols on the Oxidation Stability of Home Heating Oil's/FAME Blends[END_REF].

Using the PetroOXY to study the degradation of n-dodecane at 150 ˚C and 700 kPa, Sicard et al. [START_REF] Sicard | Oxidation stability of jet fuel model molecules evaluated by rapid small scale oxidation tests[END_REF] have evidenced the evolution of the degradation products with the conversion (ΔP/P = 10 to 80 %). Chatelain et al. [START_REF] Chatelain | Wide Range Experimental and Kinetic Modeling Study of Chain Length Impact on n-Alkanes Autoxidation[END_REF] also used this device to experimentally study the influence of the chain length and mixing of n-C8-C12 alkanes.

Since the 50s, many works have focused on establishing the mechanism of degradation. It implies the formation of radicals, which generates hydroperoxides, leading to the formation of alcohols, ketones, aldehydes and acids [START_REF] Winkler | Liquid Phase Oxidation of Isobutane[END_REF][START_REF] Ingold | Peroxy Radicals[END_REF][START_REF] Boss | n-Dodecane Oxidation-Elucidation by Internal Reference Techniques[END_REF][START_REF] Sheikhansari | Investigation of Aviation Lubricant Aging under Engine Representative Conditions[END_REF].

Garcia et al. [START_REF] Garcia-Ochoa | Modeling of the Thermal n-Octane in the Liquid Phase[END_REF] integrated kinetic aspects to propose the first simplified kinetic equations. It has been completed in 1994 by Heneghan [START_REF] Heneghan | Oxidation of jet fuels and the formation of Deposits[END_REF] who proposed a simplified four-step mechanism, inspired from Zabarnick's works involving the formation of the first alkyl radicals R • during the initiation step and of RO2H hydroperoxides during propagation. Several authors have used these equations to propose an autoxidation mechanism including all the species naturally present in kerosene [START_REF] Jones | Thermal Stability of Jet-A Fuel Blends[END_REF][START_REF] Ervin | Computational Fluid Dynamics Simulations of Jet Fuel Oxidation Incorporating Pseudo-Detailed Chemical Kinetics[END_REF][START_REF] Grinstead | Studies of Jet Fuel Thermal Stability, Oxidation, and Additives Using an Isothermal Oxidation Apparatus Equipped with an Oxygen Sensor[END_REF][START_REF] Jones | Phenomenological Study of the Formation of Insolubles in a Jet-A Fuel[END_REF][START_REF] Simic | Free Radical Mechanisms in Autoxidation Processes[END_REF][START_REF] Siouris | Fitness functions for evolutionary optimization of rate parameters in chemically reacting systems[END_REF][START_REF] Zabarnick | Chemical Kinetic Modeling of Jet Fuel Autoxidation and Antioxidant Chemistry[END_REF][START_REF] Heneghan | Oxidation of jet fuels and the formation of Deposits[END_REF][START_REF] Dagaut | Kinetic Modeling of Propane Oxidation[END_REF][START_REF] West | Studies of Jet fuel autoxidation chemistry: Catalytic hydroperoxydes decomposition & High heat flux effects[END_REF][START_REF] Spadaccini | On-Line Fuel Deoxygenation for Coke Suppression[END_REF].

Although the autoxidation of alkanes has been extensively studied experimentally, the works have mainly focused on the impact of dissolved oxygen on the formation of hydroperoxydes and deposits. The oxidation products have been identified but an accurate quantification in the gas and liquid phases, especially at the beginning of the reaction to understand the first steps, is still lacking. Moreover, no study has been able to clearly explain all the mechanisms involved in the degradation of hydrocarbons.

Regarding the kinetic aspect, although this last one has been exploited several times in the literature through the formalism of the Arrhenius law, we find few studies allowing to define explicitly the kinetic constants of degradation, allowing to predict the autoxidation reactions which are at the origin of the formation of precursors of deposits.

The objectives of this work are to study experimentally the autoxidation of a long chain linear alkane under thermal oxidative stress, to deepen the comprehension of the phenomenon, to confront the results to the existing kinetic models and to provide input to improve them. The implementation of a robust experimental protocol ensuring the repeatability of the tests as well as the identification and the quantification of the evolution of the reagents and the formation of the oxidation products was set up through various techniques of characterizations and chemical analysis.

n-Dodecane was chosen as a model for the fuel as (i) alkanes represent 40 % of the constituting molecules of jet fuel, and (ii) it has a high boiling point, 216.3 ˚C. The influence of different parameters (pressure drop and temperature) on the products obtained during its oxidation in a PetroOXY device has been studied and quantitative analysis of both the liquid and gas phases has been carried out. In a first step, the tests were carried out at fixed temperature (160 ˚C) and initial pressure of dioxygen (700 kPa) and stopped after different pressure drops (ΔP/Pmax = 2, 4, 6, 8 and 10 %) to monitor the evolution of the oxidation products as a function of reaction time. In a second one, ΔP/Pmax was fixed at 10 % and the tests were made at three different temperatures (140, 150 and 160 ˚C) and an initial pressure of 700 kPa to understand the influence of these parameters on the stability of n-dodecane and determine the kinetics of degradation.

EXPERIMENTAL SECTION

PetroOXY device

The PetroOXY device (Anton Paar) was used to study the stability towards oxidation of the fuels [START_REF]ASTM D7545 -09 Standard Test Method for Oxidation Stability of Middle Distillate Fuels-Rapid Small Scale Oxidation Test (RSSOT)[END_REF]. 5 mL of n-dodecane (purity > 99 %, Alfa Aesar) is poured into a glass crucible. In order to assure that O2 is the only dissolved gas, the fuel is degassed 2 minutes in an ultrasonic bath. The crucible is then introduced into a chamber hermetically closed. The initial static pressure of oxygen is 700 kPa and the initial temperature is 160 ˚C. These physical features are continuously measured during the experiment. The test is stopped when a 10 % pressure decrease, relative to the maximum pressure measured, is reached. The induction period (IP) is defined as the duration between the maximum pressure and a 10 % fall.

All the samples are tested 4 times to verify the repeatability and to have enough oxidized liquid to characterize. After the test, the gas and liquid phases are recovered after cooling down the device to 25 ˚C.

Gasification rate and conversion rates of dioxygen and n-dodecane

At the end of the test, the liquid phase is collected and weighted. The gasification rate is calculated according to the formula:

Gasification rate % = - - × 100 
where mi and mf are the initial and final mass of n-dodecane, respectively, and ms the mass of solid if any formed during the test.

To ensure the most accurate collection and weighing of all phases, the PetroOXY seal, the empty crucible, and the liquid phase collection bottle are initially weighed before the oxidation experiment. Then, the initial mass of n-dodecane is weighed directly into the crucible before being introduced into the PetrOXY apparatus. At the end of the oxidation, the liquid phase present in the crucible (as well as the residual liquid present on the lid and the edges of the device) is meticulously recovered with a pasteur pipette, then poured into the recovery flask to be weighed. The loss of liquid during this protocol was measured experimentally and the value is 0.15 g +/-0.01 g. The seal at the end of the tests is also weighed (0.02 g increase in difference between the seal before and after oxidation is always observed). Finally to ensure the recovery of the solid phase, the empty crucible is also weighed. All weighings are performed with a 10 -4 g precision balance with an accuracy of 100 µg. As the tests are performed 4 times, it is possible to obtain an average between the deviations of each test to arrive at a relative deviation [START_REF] Moffat | Describing the uncertainties in experimental results[END_REF]. For all gasification rates, an error of < 1 % is observed.

The conversion rate of dioxygen has been calculated with the formula:

Conversion rate of % = , -, , × 100 
where ni,O2n !," is the initial quantity (mol) of dioxygen and nf,O2 n #," is the quantity (mol) of dioxygen remaining in the gas phase after the test. nf,O2 n #," is obtained by subtracting the quantity of oxidation gas produced to the total quantity of gaseous molecules at the end of the test.

The volumes of oxygen, introduced and consumed during a test, were determined by means of a calibration carried out to establish a correlation between the volume of gas and the pressure measured at room temperature. From this calibration curve (Figure S.M.1.) and the pressure data provided by the PetroOXY device, it was possible to deduce experimentally the volumes of oxygen introduced into the device and the total volume of gas recovered including the unreacted oxygen and the gaseous products formed after oxidation. The quantitative results of the micro-gas chromatography allowed to measure the amount of gaseous products formed, so by considering the total volume of gas recovered and the volume of gaseous products formed, it was possible to deduce the volume of unreacted oxygen. These volumes were converted into mole number using as an approximation that 22.4 L = 1 mol of oxygen. It was thus possible to determine the conversion rates as well as the mole number consumed of dioxygen. Each test has been carried out 4 times. It was possible to calculate the standard deviation for each test condition (deviation < 10 -4 mol) [START_REF] Moffat | Describing the uncertainties in experimental results[END_REF].

The conversion rate of n-dodecane is calculated using the formula:

Conversion rate of -dodecane % = ,%&'(')*+,) -,%&'(')*+,)

,%&'(')*+,)

× 100

With ni,n-dodecane n !,,-'(')*+,) and nf,n-dodecanen #,,-'(')*+,) the quantity (mol) of n-dodecane initially introduced and remaining in the liquid phase at the end of the test, respectively.

Characterization techniques

Fourier Transform Infrared Spectroscopy

The gas and liquid phases were analyzed by Fourier Transformed Infra-Red (FTIR) spectroscopy, using a Frontier spectrometer from Perkin-Elmer. The analysis of the gas phase was carried out in transmission, recording 4 spectra in the 4000 -1000 cm -1 wavelength range, with a scanning speed of 0.2 cm.s -1 and a resolution of 4 cm -1 . For the liquid phase, one drop was deposited on a mono-reflexion diamond and analyzed by Attenuated Total Reflectance (FTIR-ATR) equipped with a MCT detector. The same acquisition parameters as for the gas phase were used except that 5 spectra in the 4000 -450 cm -1 wavelength range were recorded.

Micro-Gas Chromatography

The gas phase was also analyzed by micro-GC. The apparatus, an Agilent 490, is equipped with Detectors (TCD). The analysis was carried out with argon and helium as vector gas. Calibration was made before each test for H2, CO, CO2, and the hydrocarbon molecules.

Gas Chromatography

The liquid phase was analyzed by Gas Chromatography (GC) using a Varian 3900. This apparatus is equipped with an automatic sampler CP-8410, an injector 1177 split/splitless, a capillary column PONA type, a fused silica capillary column (phase type: VF-5 ms,, length: 60 m, internal diameter: 0.25 mm, phase thickness: 1 μm) with a column flow of 0.8 mL/min and a Flame Ionization Detector (FID). The analysis was carried out with helium as the vector gas. The injection temperature is set at 250 ˚C. The thermal program was optimized for n-dodecane: 5 min at 50 ˚C;

heating up to 175 ˚C (at a speed of 5 ˚C.min -1 ) for 5 min; to 185 ˚C (2 ˚C.min -1 ) for 5 min; to 215 ˚C (2 ˚C.min -1 ) for 5 min, then to 250 ˚C (2 ˚C.min -1 ) for 10 min.

Standards were prepared by mixing different volumes of n-dodecane and n-decane (purity > 99 %, Alfa Aesar). These standard solutions and the oxidized samples were injected 3 times and a deviation of less than 1 % was imposed.

Gas Chromatography/Mass Spectrometry

Identification of the products in the liquid phase was carried out by a Gas Chromatograph coupled to a mass spectrometer (GC/MS) with a Varian 450 GC/320 MS. The same column and thermal program as with the GC Varian 3900 were used. The MS fragmentation was obtained by an electronic impact of 70 eV.

Quantification of the products formed

Identification of hydroperoxide species

The presence of hydroperoxide species was evidenced through the oxidation of triphenylphosphine (TPP) to the corresponding oxide (TPPO) following the reaction [START_REF] West | Determination of Hydroperoxides in Jet Fuel via Reaction with Triphenylphosphine[END_REF][START_REF] Wiklund | Determination of Hydroperoxide Content in Complex Hydrocarbon Mixtures by Gas Chromatography/Mass Spectrometry[END_REF]:

ROOH + TPP → TPPO + ROH
To this purpose, 4 g of TPP (99 %, Acros Organics) and 0.3 g of fluorene (> 98 %, Acros Organics) were dissolved in 50 mL of chloroform (≥ 99.8 %, Carl Roth). 250 µL of this solution were added to 1 mL of oxidized n-dodecane and stirred for 10 min before analysis by GC and GC/MS. The limit of detection of this method is < 0.002 mM.

Peroxide Value

Peroxide species formed during the test were back titrated using a method close to that described in the ASTM D3703 standard [START_REF]ASTM D 3703-13 -Standard Test Method for Hydroperoxide Number of Aviation Turbine Fuels, Gasoline and Diesel Fuels[END_REF], relying on the reduction of the iodide molecules formed during titration with sodium thiosulfate.

The Peroxide Value (PV) was calculated according to the formula [START_REF] Wiklund | Determination of Hydroperoxide Content in Complex Hydrocarbon Mixtures by Gas Chromatography/Mass Spectrometry[END_REF][START_REF] Zongo | Etude de l'oxydation des huiles de poisson micro encapsulées par DSC sous pression[END_REF]:

PV = ((A-B) N x 1000)/V
where A and B are the volumes of a sodium thiosulfate solution, of normality N, added during the assay and a blank test, respectively, to a volume V of sample.

Total Acid Number (TAN)

The total acid number (TAN) is the mass of KOH needed to neutralize the free acid molecules present in 1 g of sample [START_REF] Pullen | An overview of biodiesel oxidation stability[END_REF]. The method employed to determine the TAN is based on the ASTM D3242 standard [START_REF]ASTM D3242-08 -Standard Test Method for Acidity in Aviation Turbine Fuel[END_REF]. It is an acido-basic titration, suitable in the range from 0.000 to 0.10 mg KOH/g.

Water Content

The water content was determined by coulometric titration with a Karl-Fisher titrator (Mettler Toledo C30 with a Pt electrode under 20 µA). The anolyte and catolyte used were the HYDRANAL Coulomat AK and HYDRANAL Coulomat CGK solutions Honeywell Fluka), respectively.

RESULTS

Influence of the reaction progress

Consumption of dioxygen and n-dodecane

The oxidation of n-dodecane was first carried out in the PetroOXY device at a temperature and initial pressure set at 160 ˚C and 700 kPa, respectively, and stopped at different pressure drops, ΔP/Pmax from 0 to 10 %. These low reaction progress values were chosen to study the beginning of the autoxidation process. The average of the test duration for each ΔP/Pmax targeted is presented in Figure 1.b) and show a linear evolution.

Dioxygen and n-dodecane consumptions are plotted as a function of the test duration (Figure 2).

They both evolve linearly with ΔP/Pmax but the molar consumption of dioxygen is greater than that of n-dodecane. 

Characterization of the oxidation species formed in the gas phase

At ΔP/Pmax = 10 % the gasification rate measured is around 0.72 %, which implies that the production of gaseous products is rather limited.

The gas products were first analyzed by FTIR spectroscopy. New peaks arise and grow as the reaction proceeds as evidenced by the spectra given in Figure 3. They are characteristic of oxidation products: the bands between 3447 and 3764 cm -1 can be attributed to the ν(O-H) stretching vibration of alcohols and carboxylic acids; the peak at 2737 cm -1 is typical of the ν(C-H) aldehyde stretching vibration, and that at 1740 cm -1 corresponds to the ν(C=O) vibration of ketones, carboxylic acids and aldehydes. The formation of CO is evidenced by the double band at 2112 and 2172 cm - dodecane. They are alcohols and ketones, x-dodecanol and x-dodecanone with x = 1 to 6, issued from the direct oxidation of n-dodecane. These results are similar to that already reported in the literature [START_REF] Reddy | Modified Reaction Mechanism of Aerated n -Dodecane Liquid Flowing over Heated Metal Tubes[END_REF][START_REF] Sicard | Oxidation stability of jet fuel model molecules evaluated by rapid small scale oxidation tests[END_REF]. In addition, dodecanal was identified but dodecanoic acid was not found as it was expected. This could be explained by the fact that its boiling temperature is very high (298 °C) so that this product could not be vaporized and thus injected in the GC. Eventually, peaks at retention times near 53 min (peaks 1 to 6 in Figure 5.d), correspond to m/z 169 are observed. This ratio is characteristic of hydroperoxide species [START_REF] Blin-Simiand | Hydroperoxides With Zero, One, Two or More Carbonyl Groups Formed During the Oxidation of N-Dodecane[END_REF] and the 6 peaks are thus probably isomers of dodecyl-hydroperoxide. To confirm the identification of these hydroperoxides, a back titration, based on their reduction into alcohols in the presence of TPP, was carried out [START_REF] West | Determination of Hydroperoxides in Jet Fuel via Reaction with Triphenylphosphine[END_REF][START_REF] Wiklund | Determination of Hydroperoxide Content in Complex Hydrocarbon Mixtures by Gas Chromatography/Mass Spectrometry[END_REF]. The intensity of the peaks 1 to 6 in Quantitative GC analysis requires the use of standards. During the oxidation of the n-dodecane, so many products are formed that it is not possible to calibrate all of them. However, semiquantitative analysis can be carried out by comparing the surface area of the peaks. The cumulative surface area of each family of compounds was calculated and plotted in Figure 6 for increasing ΔP/Pmax. The quantity of primary (hydroperoxides) as well as the secondary (alcohols, ketones, carboxylic acids…) oxidation products increases with ΔP/Pmax. The major products are ketones, then hydroperoxides. To confirm the GC results, chemical titration was also carried out. The peroxide value, PV, Total Acid Number, TAN, related to the amount of carboxylic acids formed including dodecanoic acid, and water content are plotted in Figure 7. Their evolutions are linear and consistent with that observed by GC (Figure 6). Linear plots of concentration versus time demonstrate zeroth order kinetics. It is well known that oxidation proceeds via zeroth order (at high initial oxygen levels) initially, but it's interesting to observe these reaction products are being produced under similar zeroth order kinetic.

Influence of the temperature

Dioxygen and n-dodecane conversions

In the second set of experiments, ΔP/Pmax was fixed at 10 % with the same initial pressure of dioxygen of 700 kPa as previously, but three temperatures were targeted: 140, 150 and 160 ˚C.

The evolution of the pressure for the three temperatures is plotted in Figure 8. All the curves have As previously stated, the evolution of the oxidation reaction was followed using the gasification rate and the dioxygen and n-dodecane conversions. These values are plotted for the three considered temperatures in Figure S.M.4.2. The gasification rates are similar whatever the temperature is and they are less than 0.7 %. The consumption of dioxygen increases with the temperature from 18 to 23 % while the n-dodecane conversion remains low with an increase from 1.0 to 1.6 %.

Characterization of the gas and the liquid phases

The results of FTIR spectroscopy and micro-GC show similar oxidation products in the gas phase whatever the temperature is. CO2 is always the product formed in majority and its quantity, in proportion by comparison to other molecules, increases significantly when the temperature goes from 140 to 160 ˚C. At 140 and 150 ˚C, the proportions of CH4, alkanes and alkenes formed are equivalent, but that of alkenes increases significantly at 160 ˚C. The amounts of H2 and CO remain globally constant (Figure 9.a).

The liquid phase was characterized by FTIR and GC/MS. These techniques evidence the same oxidation products whatever the temperature is. Their quantitative evolution, given in Figure 9.b,

shows an increase of all the oxidation species with increasing temperature but the ratios of the products to each other remain equivalent. The major products are ketones, followed by hydroperoxides. The peroxide value, the water content and the acid number were also measured. 

DISCUSSION

Impact of temperature on n-dodecane and dioxygen consumptions

The monitoring of the consumption of n-dodecane and dioxygen at 160 ˚C and 700 kPa presented in Figure 2 shows a linear evolution of each of the reactants, indicating a constant consumption rate regardless of the reaction advancement (ΔP/Pmax = 0 to 10%). The consumption of these two reactants is equivalent at the start (ΔP/Pmax = 0 %): 0.0049 mmol of dioxygen and 0.0047 mmol of n-dodecane. Then, the consumption of dioxygen increases more rapidly than that of n-dodecane to a five-fold increase at ΔP/Pmax = 10 %.This can be justified by the fact that initially, at ΔP/Pmax = 0 %, dioxygen could only react with n-dodecane, the only reactant present, and subsequently these two molecules react together to form a hydroperoxide. But very quickly, other competing reactions appear and consume also the dioxygen. Thus, for the value of ΔP/Pmax = 10 %, the ratio moles O2/n-C12H26 consumed is about 5/1.

A clear influence of the temperature on the induction period is evidenced. As expected, the higher the temperature is, the shorter the induction period is. As a reminder, ΔP/Pmax is directly linked to the consumption of dioxygen. Thus, the temperature accelerates the speed of consumption of dioxygen, which increases from 8.8 ×10 -3 mmol/min at 140 ˚C to 5.5 ×10 -2 mmol/min at 160 °C. Nevertheless, it is not possible to compare directly the induction periods as done in previous works [START_REF] Amara | Toward Predictive Modeling of Petroleum and Biobased Fuel Stability: Kinetics of Methyl Oleate/n-Dodecane Autoxidation[END_REF][START_REF] Bacha | Oxidation Stability of Diesel/Biodiesel Fuels Measured by a PetroOxy Device and Characterization of Oxidation Products[END_REF][START_REF] Sicard | Oxidation stability of jet fuel model molecules evaluated by rapid small scale oxidation tests[END_REF][START_REF] Chatelain | Wide Range Experimental and Kinetic Modeling Study of Chain Length Impact on n-Alkanes Autoxidation[END_REF][START_REF] Chatelain | Structure-Reactivity Relationships in Fuel Stability: Experimental and Kinetic Modeling Study of Isoparaffin Autoxidation[END_REF]. Indeed, at a fixed ΔP/Pmax, the quantitative analysis carried out in this study evidences that the conversions of dioxygen are not identical: they are 0.015 and 0.018 mmol at 140 and 160 ˚C, respectively. Due to the difference of temperature, the Pmax obtained in the batch system is not the same. This has an impact on the calculation of the ΔP and, as a consequence, on the level of dioxygen consumption.

Consequently, to highlight the real impact of temperature, the tests would have been carried out at iso-conversion of the dioxygen (same consumption of dioxygen) and not at the same ΔP/Pmax.

It was rather easy to estimate the additional time needed with the dioxygen speed consumption, expressed in mmol/s, calculated previously. Thus, this hypothesis was confirmed by carrying out tests with the corrected induction periods and iso-conversion of dioxygen was obtained as shown in Figure S.M.5. The corrected IP presented in Table 1 will be used later in the kinetic study. 

Formation of oxidized products

After the oxidation tests under the conditions studied, i.e. ΔP/Pmax = 0-10 %, T = 140-160 ˚C and PO2 = 700 kPa, the characterization of the gas phase revealed that CO2 is mostly produced, followed by H2, CO, CH4, alkenes and then alkanes, as well as other polar molecules, such as water, methanol, ethanol and acetone. Furthermore, the products detected in the liquid phase are hydroperoxydes, primary and secondary alcohols, ketones, aldehydes, carboxylic acids and water.

All the products formed are identical and their quantity increases with either increasing ∆P/Pmax or temperature. But the quantities of hydroperoxides, ketones and carboxylic acids increase more rapidly than other products. This could highlight an effect of accumulation of these products and could be explained by kinetics of transformation from alcohols to ketones or to carboxylic acids faster than for the reactions from hydroperoxides to alcohols. Thus, it is possible to divide all the products into three classes:

• the hydroperoxides;

• the oxidized products with a carbon chain with 12 atoms as the parent molecule;

• the other products with a shorter carbon chain.

In this study, the hydroperoxides produced from n-dodecane have been characterized. The six isomers of the dodecyl-hydroperoxide were identified, indicating that the formation of the alkyl radical R• is possible along the whole n-dodecane hydrocarbon chain. Their quantity increases linearly with the reaction time and never reaches a plateau. This points out that their production rate is higher than their consumption rate, at least up to ΔP/Pmax = 10 %.

The second category of oxidized products gathers the molecules having the same carbon chain length as the n-dodecane. The ROOH hydroperoxides decompose into RO• and OH• radicals. Then these species will react with the other molecules to form alcohols and water. The formation mechanism will be described later. Six hydroperoxide isomers were formed, five of them will lead to the formation of secondary alcohols and then ketones. This is confirmed on the chromatograms as the five ketone isomers are observed. The sixth one, formed by the attack of hydrogen at the chain end, will lead to a primary alcohol, an aldehyde and then to a carboxylic acid. The dodecanoic acid is not present on the chromatograms, however it is suspected to be in the liquid phase.

The amount of secondary alcohols is found higher than that of the primary alcohols as evidenced in Table 2. It is interesting to note that the area ratio of the primary to secondary alcohols does not vary much with the reaction temperature. Theoretically, if the probabilities of formation of every alkyl radicals from the n-dodecane are equivalent, 1/6 of the total alcohols produced should be primary and 5/6 secondary alcohols. Thus, the expected primary to secondary alcohols area ratios should be 0.20; the experimental values obtained are very close, between 0.16 and 0.18.

Table 2. Ratio values of the surface areas obtained by GC for primary and secondary dodecanols in the liquid phase (ΔP/Pmax = 10 %, PO2 = 700 kPa).

Temperature (˚C) 140 150 160

Area ratio = ./ 012 3 4/ 50/6 0713837 ∑ ./ 012 3 213%:0/6 0713837 0.16 0.17 0.18 Some of the oxidized products have a shorter carbon chain than the parent hydrocarbon. Their formations are induced by the breakage of the carbon chain of the n-dodecane. In the liquid chromatograms, alkanes, ketones, aldehydes and carboxylic acids are observed with all the possible carbon chain lengths below 12 carbon atoms. The gaseous products also come from the breakage of the n-dodecane carbon chain.

It should be noted that the mechanisms presented in the literature highlight other secondary products resulting from the autoxidation of n-dodecane, such as esters, ethers, epoxides, lactones, diones and furanones [START_REF] Boss | Oxidation of hydrocarbons in the liquid phase: n-dodecane in a borosilicate glass chamber at 200°C[END_REF][START_REF] Edwards | Supercritical Fuel Deposition Mechanisms[END_REF][START_REF] Ingold | Peroxy Radicals[END_REF][START_REF] Reddy | Modified Reaction Mechanism of Aerated n -Dodecane Liquid Flowing over Heated Metal Tubes[END_REF][START_REF] Sicard | Oxidation stability of jet fuel model molecules evaluated by rapid small scale oxidation tests[END_REF]. In these studies, the fuels have been oxidized for longer times and sometimes at temperatures above 160 ˚C. In this study, it was not possible to find these products in the liquid phase.

Autoxidation mechanism

Based on the mechanisms proposed in the literature and our experimental results, we attempted to establish the reaction scheme of the n-dodecane oxidation.

Hydroperoxides formation

If we use the mechanism proposed by Heneghan and Zabanick [START_REF] Heneghan | Oxidation of jet fuels and the formation of Deposits[END_REF], the hydroperoxides are the first oxidized products. They are formed according to these two reactions:

R• + O2 → RO2• Reaction 1 RO2• + RH → RO2H + R• Reaction 2
The first step consists in a quick reaction of the alkyl radical R• with a molecule of dioxygen to form an alkyl peroxide radical RO2•. Then, the latter takes a hydrogen atom from n-dodecane to form a ROOH hydroperoxide and regenerate an alkyl radical R•. The new carbon radical formed can then react with dioxygen to continue the cycle.

Oxidized products with a 12 atoms carbon chain

The dissociation of the hydroperoxide molecule is obtained by a scission reaction [START_REF] Zabarnick | Chemical Kinetic Modeling of Jet Fuel Autoxidation and Antioxidant Chemistry[END_REF], leading to the formation of two radicals, alkoxy and hydroxyl, according to the following reaction:

ROOH → RO• + OH• Reaction 3
The alkoxy radicals can take a hydrogen atom from n-dodecane as follows:

RO• + RH → ROH + R• Reaction 4 OH• + RH → H2O + R• Reaction 5
This mechanism is in agreement with the results obtained insofar as it allows explaining the decomposition of hydroperoxides into primary and secondary alcohols as well as the formation of water. Then, the primary and secondary dodecanol molecules would oxidize into dodecanone and dodecanal, respectively. Two mechanisms can be proposed (Figure 10 The dodecanoic acid comes from the oxidation of the dodecanal [START_REF] Boss | Oxidation of hydrocarbons in the liquid phase: n-dodecane in a borosilicate glass chamber at 200°C[END_REF]. Thus, the latter would undergo a hydrogen abstraction reaction, thus forming a carbonyl radical •R=O. On the latter is added a dioxygen atom, to form an R(O)OO• radical. It is stabilized by stripping a hydrogen atom from a RH species to form R(O)OOH. Once stabilized, successive rearrangement reactions will take place, thus forming a carboxylic acid.

Oxidized products with a chain with less than 12 carbon atoms

The experimental results also demonstrated the presence of molecules of 2-ketones, aldehydes and carboxylic acids with less than 12 carbon atoms (Figure 5). To explain their formation, one must take into account the possibility of obtaining all carbon chain lengths shorter than that of ndodecane, and not involving the production of alcohol molecules. This suggests a very different mechanism from the ones proposed to explain the formation of dodecanone molecules and dodecanoic acid.

The mechanisms presented in Figure 11 are inspired from the octane combustion mechanism proposed by Sarathy et al. [START_REF] Sarathy | Comprehensive chemical kinetic modeling of the oxidation of 2-methylalkanes from C7 to C20[END_REF] for temperatures below 477 ˚C (750 K). In this mechanism, a dioxygen molecule reacts with an n-dodecane alkyl radical to form a hydroperoxide radical ROO•.

This hydroperoxide radical can undergo intramolecular isomerizations inducing the formation of a six-membered ring to form a QOOH radical. This radical is reactive and can form, by reacting with an oxygen molecule, a radical •OOQOOH. The latter will undergo a second six-membered intramolecular isomerization to tear off the hydrogen atom present on the carbon bearing the OOH group since this C-H bond is weaker. Removal of the hydrogen atom will induce the formation of a free radical HOO• QOOH molecule [START_REF] Dagaut | High Pressure Oxidation of Liquid Fuels From Low to High Temperature. 1. n-Heptane and iso-Octane[END_REF]. This radical will subsequently decompose by β-scission reactions [START_REF] Osmont | Thermochemistry of C-C and C-H Bond Breaking in Fatty Acid Methyl Esters[END_REF] thus forming a keto-hydroperoxide (KHP) species with the elimination of an OH• radical. The KHP species formed will then quickly break down into smaller molecules by β-scission reactions on the OOH group, inducing the elimination of another OH• radical as well as the formation of two molecules: a 2-ketone and an aldehyde type molecule found in the liquid and gaseous phases [START_REF] Bugler | An experimental and modelling study of n -pentane oxidation in two jet-stirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF][START_REF] Wang | n -Heptane cool flame chemistry: Unraveling intermediate species measured in a stirred reactor and motored engine[END_REF]. The short carboxylic acids can be formed via the same mechanism used to explain the formation of the dodecanoic acid. Nevertheless, the Korcek's reaction is an alternative interesting path [START_REF] Jensen | Elevated Temperatures. 1. The Stirred Flow Reactor Technique and Analysis of Primary Products from n-Hexadecane Autoxidation at 120-180[END_REF][START_REF] Marteau | Oxidative degradation of fragrant aldehydes, Autoxidation by molecular oxygen[END_REF][START_REF] Jalan | New Pathways for Formation of Acids and Carbonyl Products in Low-Temperature Oxidation: The Korcek Decomposition of γ-Ketohydroperoxides[END_REF]. This involves an intramolecular reaction of the KHP molecule, forming a 5-membered ring leading to a carboxylic acid and an aldehyde and/or a ketone (Figure 12). 

Formation of water

The radical OH• is often produced in the mechanisms proposed previously: the decomposition of the hydroperoxydes, the oxidation of dodecanol into dodecanone and of dodecanal into dodecanoic acid, the formation of the shorter oxidized products (Figure 11). It is assumed that water is formed after hydrogen abstraction from n-dodecane.

Formation of carbon monoxide and dioxide

As mentioned above, whatever the experimental conditions are, the predominant oxidation product in the gas phase is CO2. A decarboxylation reaction can explain its formation. It could take place during the formation of the carboxylic acid. The carboxyl radicals can expel a carbon dioxide to produce an alkane radical.

Likewise, CO can be formed during the production of the short aldehydes. Indeed, when the aldehyde is produced, an OH• radical is also present and could easily tear off the hydrogen in alpha position and form an acyl radical. This latter would decompose to form an alkyl radical and a carbon monoxide molecule.

Formation of dihydrogen

H2 is significantly detected from ΔP/Pmax values ≥ 4 % (Figure 4). It could result from the decomposition of an alkyl radical as follows:

R• → R'= CH2 + H• Reaction 6 H• + RH → R• + H 2 Reaction 7
This reaction is interesting because it explains also the formation of the alkenes.

Another hypothesis could be the decomposition of a hydroperoxyde following the reactions:

ROOH → ROO• + H• Reaction 8 H• + RH → R• + H 2 Reaction 9
According to the results of the current study, the mechanism of formation of H2 is inconclusive.

Based on the quantitative analysis of the gas phase, it is important to keep in mind that H2 is formed in very small quantities. However, based on all of the above assumptions (Reactions 8 to 11), it is possible at a further stage to consider studies to determine its formation mechanism.

Formation of methane, alkanes and alkenes

Another hydrocarbon found in the gas phase is methane. To produce this molecule, a radical CH3• should be an intermediate species. According to the literature [START_REF] Heneghan | Oxidation of jet fuels and the formation of Deposits[END_REF][START_REF] Dagaut | Kinetic Modeling of Propane Oxidation[END_REF], it results from the unimolecular scission of the larger alkyl radicals which react to form a methyl radical and an alkene as follows:

R• → R'= CH 2 + CH3• Reaction 10 CH3• + RH → CH4 + R• Reaction 11
This reaction is another way to obtain the alkene molecules.

Similarly, short alkanes and alkenes could be formed by the same β-scission reaction:

R• → R'= CH2 + CH3-(CH2)n-CH2• Reaction 12 CH3-(CH2)n-CH2• + RH → CH3-(CH2)n-CH3 + R• Reaction 13
4.4 Kinetic study

Global reaction rate constant

Based on the mechanism proposed by Heneghan and Zabarnick [START_REF] Heneghan | Oxidation of jet fuels and the formation of Deposits[END_REF], Bacha et al. [START_REF] Bacha | Oxidation Stability of Diesel/Biodiesel Fuels Measured by a PetroOxy Device and Characterization of Oxidation Products[END_REF] established kinetic equations fitting with the test conditions of the PetroOxy. They allow determining the global kinetic rate constant k of the oxidation reaction and, based on a simplified hydrocarbon oxidation mechanism (Heneghan and Zabarnick [START_REF] Heneghan | Oxidation of jet fuels and the formation of Deposits[END_REF]), and assuming that this constant follows the Arrhenius formalism, calculating the activation energy Ea and the preexponential factor A.

To calculate the constant k, the authors made some approximations. They assumed that:

• the conversions of dioxygen and hydrocarbons were equivalent for the reactions at ΔP/Pmax = 10 % whatever the temperature is;

• they determined the mole fraction of dioxygen consumed during the induction period by considering the initial and final dioxygen mole numbers from the ideal gas law;

• they approximated the molar fraction of fuel consumed during the induction period to be 95 % of the initial molar fraction of fuel.

In this work, the mechanism and the analysis of Bacha et al. [START_REF] Bacha | Oxidation Stability of Diesel/Biodiesel Fuels Measured by a PetroOxy Device and Characterization of Oxidation Products[END_REF] were used to determine the overall reaction rate parameters. However, unlike the study by Bacha et al., in the current study no approximation was made to determine the mole fraction consumed during the induction period of dioxygen and fuel data, i.e., the overall reaction rate parameters for calculating the k constant were determined experimentally. Moreover, these authors [START_REF] Bacha | Oxidation Stability of Diesel/Biodiesel Fuels Measured by a PetroOxy Device and Characterization of Oxidation Products[END_REF] take into account the experimental induction periods, but it was shown in this study that it was necessary to be at iso conversion of the reagents and therefore to consider the corrected induction times (Table 1). Thus, their equation was modified to take into account these news elements:

; < ∆ ∆ > ? @ A BC D = - E 0 FG + ; I Equation 1
with ∆n(O2) and ∆n(C12H26) the numbers of moles of dioxygen and n-dodecane consumed respectively, IP is expressed in seconds.

The corrected induction periods ( 

Hydroperoxide dissociation rate constant

The literature data and experimental results in this present study suggest that oxidation products result from the formation and decomposition of hydroperoxyde products, as illustrated by the following reactions:

J ? RO2• + RH → RO 2H + R• Reaction 14 J ROOH → RO• + OH• Reaction 15 
From the two previous reactions, it is possible to establish the evolution of the hydroperoxide's concentration as a function of time during the oxidation reaction:

K LF @M KN = J ? LF •MLF@M -J LF @M Equation 2
The ROOH concentration is determined with the PV peroxide value measured experimentally for each temperature (Table 4).

Moreover, according to the literature [START_REF] Bacha | Oxidation Stability of Diesel/Biodiesel Fuels Measured by a PetroOxy Device and Characterization of Oxidation Products[END_REF], the consumption of dioxygen can be expressed by the relation:

- KL M KN = J ? LF •MLF@M Equation 3
where the kinetic constant k, previously determined (Table 3) can be associated to:

J = J ? LF •M = I P & Q R ST Equation 4 
By injecting the kinetic constant k into the Equation 2 and integrating it between t = 0 and t = IP, one obtains:

KLF @M KN = J U LF@M -J U LF @M VW X VW X Equation 5 
By using the experimental data, it is possible to determine the kinetic constant k2, by the following the relation (Equation 6):

J = J LF@M VW -LF@M X LF @M VW -Y 1 BC Z Equation 6
The kinetic constant of the hydroperoxide dissociation k2 obtained for each temperature tested are shown in Table 4. From the kinetic constant of dissociation of the hydroperoxide obtained for each tested temperature (Table 4) and the formalism of the Arrhenius law it was possible to plot ln(k2) as a The global reaction rate constant k was expected to be slower than the hydroperoxide dissociation rate constant k2. This has been confirmed experimentally.

Finally, it was possible to compare the value of the constant k2 obtained in this work with those in the literature (Table 5). But it is difficult to conclude anything insofar as the values in the literature are mainly average or estimated values for modelling purposes and are already widely dispersed.

With the exception of West (2011) [START_REF] West | Studies of Jet fuel autoxidation chemistry: Catalytic hydroperoxydes decomposition & High heat flux effects[END_REF], [START_REF] Thomas | The Thermal Decomposition of Alkyl Hydroperoxides[END_REF] [START_REF] Thomas | The Thermal Decomposition of Alkyl Hydroperoxides[END_REF] and Emanuel' (2013) [START_REF] Emanuel | The Oxidation of Hydrocarbons in the Liquid Phase[END_REF], the found between the Arrhenius parameters reported in the literature are generally higher, i.e., double, than those obtained experimentally in this study.

Indeed, the values in other studies [START_REF] Ervin | Computational Fluid Dynamics Simulations of Jet Fuel Oxidation Incorporating Pseudo-Detailed Chemical Kinetics[END_REF][START_REF] Zabarnick | Pseudo-Detailed Chemical Kinetic Modeling of Antioxidant Chemistry for Jet Fuel Applications[END_REF][START_REF] Kuprowicz | Modeling the liquid-phase oxidation of hydrocarbons over a range of temperatures and dissolved oxygen concentrations with pseudo-detailed chemical kinetics[END_REF][START_REF] Kuprowicz | Use of Measured Species Class Concentrations with Chemical Kinetic Modeling for the Prediction of Autoxidation and Deposition of Jet Fuels[END_REF] were specifically obtained for modelling a kerosene which contains various hydrocarbon families and also antioxidant species. Thus, the discrepancies obtained may be due to the presence of these compounds. In the case of our study, only one hydrocarbon is oxidized.

Also, it should be noted that the temperature range studied in this experimental work is relatively narrow (140 to 160 ˚C). Ideally, a wider temperature range should have been investigated

to limit uncertainties. However, the values obtained for each test condition are significantly different and reproducible. This gives good confidence in the results. To go further and confirm them, it would be interesting to carry out the protocol established in this study at higher temperatures, using other devices, e.g., the RapidOXY. 

CONCLUSION

The article proposes a robust operating mode for the study of the autoxidation mechanism of hydrocarbons using the PetroOXY device. Hence, a full characterization of all the products formed at low advancement values (ΔP/Pmax = 0 to 10 %) of n-dodecane is presented.

At the very beginning of the reaction, the rates of consumption of n-dodecane and oxygen are equivalent: they react with each other to form a hydroperoxide. But very quickly, other reactions in competition appear and also consume oxygen, resulting in higher molar consumption of O2 than the hydrocarbon. In addition, the oxidation products formed in the liquid phase, and for the first time in the gas phase, were identified and quantified with several techniques. They were classified into 3 classes: (i) hydroperoxides, resulting from the first step of oxidation; (ii) oxidized products with a carbon chain with 12 atoms as the n-dodecane; (iii) other products with a shorter carbon chain, coming from the breakage of the n-dodecane carbon chain.

Since the PetroOXY device is a closed system, temperature has a direct impact on the pressure and thus on the calculated induction period. Thanks to the dioxygen consumption speed measured, it was possible, for the first time, to correct the tIP values that have been further used for the kinetics calculations. Consequently, the global kinetic constant of the reaction oxidation was calculated with a modified equation that takes into account all the experimental parameters, i.e., the molar fraction consumed of dioxygen and n-dodecane with induction period corrected). Moreover, a calculation has also been proposed for the dissociation rate constant of hydroperoxides.

The approach proposed in this work can be applied to the different families of hydrocarbons constituting the kerosene to determine the O2/hydrocarbon consumption ratio, the oxidation mechanisms and kinetic constants for these molecules. All these results will be presented in a following article.
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  columns: Al2O3 (10 m x 0.32 ID, Tcolumn = 70 ˚C, P = 130 kPa), COx (1 m x 0.7 ID, Tcolumn = 80 ˚C, P = 150 kPa), CP sil-5CB (20 m, Tcolumn = 50 ˚C, P = 150 ka) and Thermal Conductivity

Figure 1 .

 1 Figure 1.a) shows the evolution of pressure with the test duration. The first part of the curves

Figure 1 .

 1 Figure 1. a) Evolution of the pressure with test duration for different ΔP/Pmax and b) corresponding evolution of the average duration test plotted as a function of ΔP/Pmax (Ti = 160 ˚C, PO2 = 700 kPa).

Figure 2 .

 2 Figure 2. Evolution of oxygen and n-dodecane consumption with increasing test duration and ΔP/Pmax (T = 160 ˚C, PO2 = 700 kPa).

  1 , characteristic of its ν(C≡O) stretching vibration. Furthermore, ν(C-H) vibrations of CH2 and CH3 groups emerge at 2865, 2931, 2970, 1453 and 1366 cm -1 . They can also be attributed to hydrocarbons and oxidation compounds. Another peak with a low intensity but very thin is observed at 3018 cm -1 . It is typical of the ν(C-H) methane stretching vibration. The intensity of all these peaks increases with reaction time.

Figure 3 .

 3 Figure 3. FTIR spectra of the gas phase for different ΔP/Pmax (T = 160 ˚C, PO2 = 700 kPa, ΔP/Pmax = 2 to 10 %).

Figure 4 .

 4 Figure 4. Evolution of the oxidation products determined in the gas phase by micro-GC (T = 160 ˚C, PO2 = 700 kPa, ΔP/Pmax = 0 to 10 %).

Figure 5 .

 5 Figure 5. Gas phase chromatograms of the liquid phase for ΔP/Pmax = 0 to 10 % for four different retention time ranges. Identification of the products was obtained by MS.

Figure 5 .

 5 Figure 5.d should decrease in intensity while the peaks in Figure 5.c of the corresponding alcohols

Figure 6 .

 6 Figure 6. Evolution of the products generated during the oxidation of n-dodecane as a function of ΔP/Pmax obtained by GC.

Figure 7 .

 7 Figure 7. Evolution, deduced from GC measurements, in the liquid phase of a) the Peroxide Value, b) TAN and c) quantity of water with increasing ΔP/Pmax (T = 160 ˚C, PO2= 700 kPa).

  similar shapes but the time to reach the targeted ΔP/Pmax decreases with increasing temperature. The induction periods, deduced from these curves, are given in Figure S.M.4.1. The values confirm that increasing the temperature accelerates the oxidation reactions.

Figure 8 .

 8 Figure 8. Evolution of the pressure with duration time for three different temperatures (PO2 = 700 kPa, ΔP/Pmax = 10 %).

  The results are shown in Figure S.M.4.3. They show a linear increase of all these values with temperature.

Figure 9 .

 9 Figure 9. Evolution of the a) volume of the different oxidation products in the gas phase, obtained by micro-GC, and b) oxidation products in the liquid phase determined by GC, for three different temperatures (ΔP/Pmax = 10 %, PO2 = 700 kPa).

  illustrates the transformation of 6-dodecanol into 6-dodecanone). The first step is an intermolecular abstraction reaction involving the hydrogen atom of the alcohol group of dodecanol with another alkyl radical R•, leading to a RO• radical. The second step can consist either in a second intermolecular reaction between the RO• radical and alkyl radical species R• followed by a rearrangement reaction (on the left) or an intermolecular abstraction reaction between an OH• radical which will interact with the hydrogen of the carbon carrying the CO• bond (on the right).

Figure 10 .

 10 Figure 10. Formation mechanisms of the 6-dodecanone.

Figure 11 .

 11 Figure 11. Formation mechanism of ketones and aldehydes.

Figure 12 .

 12 Figure 12. Ketones, aldehydes, carboxyl acids formation by the Korcek's mechanism.

function of 1 /

 1 T. (Figure S.M.7)

Table 1 .

 1 IPs results obtained experimentally at ΔP/Pmax = 10 % and after correction (PO2 = 700 kPa).

	Temperature (˚C)	140	150	160
	Experimental IP (min)	169	71	33
	Corrected IP (min)	208	78	33

Table 1 )

 1 were plotted as a function of 1/T. A straight line was obtained by linear regression (Figure S.M.6), allowing to determine the values: Ea = 128.79 kJ.mol -1 and A = 2.86 ×10 +12 s -1 . The back calculated rate constants of the oxidation reaction of n-

	dodecane presented in

Table 3

 3 

for each test temperature were then deduced by using Arrhenius regression estimates.

Table 3 .

 3 Kinetic constants (k) of n-dodecane oxidation determined using Arrhenius regression estimates (Ea = 128.79 kJ.mol -1 and A = 2.86.10 +12 kJ.mol-1 ).

	Temperature ( ˚C)	140	150	160
	k (s -1 )	1.49 ×10 -4	3.61 ×10 -4	8.39 ×10 -4

Table 4 .

 4 Kinetic constants (k2) of the hydroperoxide dissociation during n-dodecane oxidation determined using Arrhenius regression estimates (Ea = 86.79 kJ.mol -1 and A = 2.9 ×10 +7 s -1 ) and the peroxide values (PV).

	Temperature (˚C)	140	150	160
	PV (mEq/ dm 3 )	58.53	72.75	86.76
	k2 (s -1 )	3.10 ×10 -4	5.50 ×10 -4	9.96 ×10 -4

Table 5 .

 5 Comparison of the kinetic constants of the hydroperoxide dissociation reaction obtained in this study and in the literature. ROOH → RO• + OH•

	Literature data	A (s -1 )	Ea (kJ/mol)	Kind of study
	this study	2.9 ×10 +7	86.8	Experimental
	Thomas (1955) [99]	1.0 ×10 +10	112,5	Experimental
	Emanuel' (2013) [100]	8.0 ×10 +11	129.7	Experimental
	Ervin et al. (1998) [9]	1.0 ×10 +15	154.80	Numerical
	Zabarnick (1998) [20],	1.0 ×10 +15	175.7	Experimental/Numerical,
	Kuprowicz et al. (2004)[22]			Numerical
	Kuprowicz et al. (2007) [51]	1.0 ×10 +15	163.2	Numerical
	West (2011) [49]	2.0×10 +8	104.6	Numerical
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