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MPa) ON THE PYROLYSIS OF AN ALKANE AT MODERATE TEMPERATURE (603 K-723 K): EXPERIMENTS AND KINETIC MODELING

   

Influence of pressure (100Pa-100Mpa) on the pyrolysis of an alkane at moderate temperature (603K-723K):

Experiments and kinetic modeling

Introduction

The pyrolysis of alkanes has been the focus of many studies for a very long time (e.g. [START_REF] Voge | Thermal cracking of higher paraffins[END_REF][START_REF] Fabuss | Rapid thermal cracking of n-hexadecane at elevated pressures[END_REF][START_REF] Ranzi | Initial product distributions from pyrolysis of normal and branched paraffins[END_REF][START_REF] Baronnet | Industrial problems and basic research in pyrolysis and oxidation reactions[END_REF][START_REF] Khorasheh | High-pressure thermal cracking of n-hexadecane[END_REF][START_REF] Poutsma | Fundamental reactions of free radicals relevant to pyrolysis reactions[END_REF][START_REF] Savage | Mechanisms and kinetics models for hydrocarbon pyrolysis[END_REF]).

The pyrolysis reactions also known as thermal cracking or thermal decomposition are involved in many sectors of chemistry: coal liquefaction (e.g. [START_REF] Martinez | Thermal cracking of coal residues: Kinetics of asphaltene decomposition[END_REF][START_REF] Martinez | Kinetics of asphaltene hydroconversion .1. Thermal hydrocracking of a coal residue[END_REF][START_REF] Hartman | Valuable Crude Oil from Hydrothermal Liquefaction of an Aliphatic Coal[END_REF]), oil refining (e.g. [START_REF] Dente | New improvements in modeling kinetic schemes for hydrocarbons pyrolysis reactors[END_REF][START_REF] Ranzi | Pyrolysis and chlorination of small hydrocarbons[END_REF][START_REF] Wauters | Kinetic modeling of coke formation during steam cracking[END_REF]), oil evolution in petroleum reservoirs (e.g. [START_REF] Ungerer | Extrapolation of the kinetics of oil and gas formation from laboratory experiments to sedimentary basins[END_REF][START_REF] Ungerer | Kinetic modelling of oil cracking[END_REF][START_REF] Béhar | Experimental simulation in a confined system and kinetic modelling of kerogen and oil cracking[END_REF][START_REF] Schenk | The conversion of oil into gas in petroleum reservoirs. Part I: Comparative kinetic investigation of gas generation from crude oils of lacustrine, marine and fluviodeltaic origin by programmed-temperature closed system pyrolysis[END_REF][START_REF] Vandenbroucke | Kinetic modelling of petroleum formation and cracking: implications from the high pressure/high temperature Elgin Field (UK, North Sea)[END_REF][START_REF] Béhar | Methane generation from oil cracking: Kinetics of 9-methylphenanthrene cracking and comparison with other pure compounds and oil fractions[END_REF][START_REF] Waples | The kinetics of in-reservoir oil destruction and gas formation: constraints from experimental and empirical data, and from thermodynamics[END_REF][21][START_REF] Al Darouich | Pressure effect on the thermal cracking of the light aromatic fraction of Safaniya crude oil -implications for deep prospects[END_REF][START_REF] Béhar | Elaboration of a new compositional kinetic schema for oil cracking[END_REF]), jet-fuels stability for high Mach Number aircrafts [START_REF] Ward | Pressure effects on flowing mildlycracked n-decane[END_REF][START_REF] Edwards | Cracking and deposition behavior of supercritical hydrocarbon aviation fuels[END_REF][START_REF] Humer | Experimental and kinetic modeling study of combustion of JP-8, its surrogates and reference components in laminar nonpremixed flows[END_REF][START_REF] Herbinet | Thermal decomposition of n-dodecane: Experiments and kinetic modeling[END_REF], or deposition of pyrolytic carbon to produce Carbon/Carbon composites by a chemical vapor infiltration process [START_REF] Norinaga | Detailed kinetic modeling of gas-phase reactions in the chemical vapor deposition of carbon from light hydrocarbons[END_REF][START_REF] Ziegler | Pyrolysis of propane for CVI of pyrocarbon: Part I. Experimental and modeling study of the formation of toluene and aliphatic species[END_REF][START_REF] Ziegler | Pyrolysis of propane for CVI of pyrocarbon: Part II. Experimental and modeling study of polyaromatic species[END_REF][START_REF] Ziegler-Devin | Pyrolysis of propane for CVI of pyrocarbon: Part III. Experimental and modeling study of the formation of pyrocarbon[END_REF][START_REF] Ziegler-Devin | Pyrolysis of propane for CVI of pyrocarbon: Part IV. Main Pathways involved in pyrocarbon deposit[END_REF][START_REF] Lacroix | Kinetic modeling of surface reactions involved in CVI of pyrocarbon obtained by propane pyrolysis[END_REF]. These pyrolysis reactions are of great industrial and commercial importance. The pyrolysis of n-alkanes, especially at high pressures (several hundred MPa) has also been of interest to the petroleum geochemistry community. Indeed, laboratory experimentation of the thermal stability of petroleum combined with kinetic modelling is a major methodology aiming to understand the fate of petroleum in geological reservoirs (e.g. [START_REF] Jackson | Temperature and pressure dependence of n-hexadecane cracking[END_REF][START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures, 1. Experimental study[END_REF][START_REF] Domine | High-pressure pyrolysis of n-hexane, 2,4-dimethylpentane and 1phenylbutane -Is pressure an important geochemical parameter?[END_REF][START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures, 2. Computer modeling[END_REF][START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures-3. Application to geochemical modeling[END_REF][START_REF] Béhar | Experimental determination of the rate constants of the n-C25 thermal cracking at 120, 400 and 800 bar: implications for the high pressure/high temperature prospects[END_REF][START_REF] Burnham | Decomposition kinetics and mechanism of n-hexadecane-1,2-13C2 and dodec-1-ene-1,2-13C2 doped in petroleum and n-hexadecane[END_REF][START_REF] Bounaceur | Modeling of hydrocarbons pyrolysis at low temperature. Automatic generation of free radicals mechanisms[END_REF][START_REF] Burklé-Vitzthum | Kinetic Effect of Alkylaromatics on the Thermal Stability of Hydrocarbons under Geological Temperatures[END_REF]).

The studies carried out so far focused on very narrow experimental conditions of temperature and/or pressure. The experiments performed at low pressure (about 100 Pa) showed that alkanes and olefins are generated in almost equal quantity [START_REF] Voge | Thermal cracking of higher paraffins[END_REF][START_REF] Fabuss | Thermal cracking of pure saturated hydrocarbons[END_REF][START_REF] Depeyre | Pure n-hexadecane thermal steam cracking[END_REF]. On the other side very few olefins and notable amounts of alkanes are produced in experiments carried out at very high pressure [START_REF] Fabuss | Rapid thermal cracking of n-hexadecane at elevated pressures[END_REF][START_REF] Béhar | Experimental determination of the rate constants of the n-C25 thermal cracking at 120, 400 and 800 bar: implications for the high pressure/high temperature prospects[END_REF][START_REF] Fabuss | Thermal cracking of pure saturated hydrocarbons[END_REF][START_REF] Doue | Etude theorique et experimentale de la cinetique de decomposition thermique du n-hexadecane, de son mecanisme et de la composition du melange des produits obtenus[END_REF][START_REF] Doue | The Formation of Alkanes in the Pyrolysis of n-hexadecane: Effect of an Inert Gas on the Decomposition of Alkyl Radicals[END_REF][START_REF] Shabtai | Hydropyrolysis of Model Compounds, In Thermal Hydrocarbon Chemistry[END_REF][START_REF] Ford | Liquid-phase thermal decomposition of hexadecane: reaction mechanisms[END_REF][START_REF] Zhou | Thermolytic reactions of dodecane[END_REF]. Some authors also studied the influence of pressure on the n-alkane conversion. Fabuss et al. [START_REF] Fabuss | Thermal cracking of pure saturated hydrocarbons[END_REF] gathered numerous results obtained in the range 0.1-100 MPa. They highlighted that pressure up to about 40 MPa increases the pyrolysis rate and pressure above 40 MPa inhibits pyrolysis. Similar conclusions were drawn by Behar and Vandenbroucke [START_REF] Béhar | Experimental determination of the rate constants of the n-C25 thermal cracking at 120, 400 and 800 bar: implications for the high pressure/high temperature prospects[END_REF], and Yu and Eser [START_REF] Yu | Kinetics of Supercritical-Phase Thermal Decomposition of C10-C14 Normal Alkanes and Their Mixtures[END_REF]. Dominé [START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures, 1. Experimental study[END_REF] and Dominé et al. [START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures, 2. Computer modeling[END_REF] focused on the effect of pressure on the products distribution by experimental and modelling studies. Mallinson et al. [START_REF] Mallinson | Detailed chemical kinetics study of the role of pressure in butane pyrolysis[END_REF] also conducted a detailed kinetics study of the role of pressure in alkane pyrolysis.

In this study, we intend to establish the link between these various studies by trying to understand how changes in experimental conditions (pressure and temperature) influence the various processes and thus modify the selectivity to products and the conversion of noctane.

We chose octane as the reference alkane to carry out the study of the influence of experimental conditions on the alkane pyrolysis. Indeed its molecular size allows a rather wide range of smaller and larger products which are easy to analyze by Gas Chromatography.

This paper presents the experimental procedure and the pyrolysis results of octane at high pressure . From these results combined with those of a previous work [START_REF] Razafinarivo | Pyrolysis of n-octane at very low concentration and low temperature[END_REF] performed at low concentration (molar fraction 0.07%, partial pressure 100 Pa diluted in Argon -total pressure 0.15MPa), a model of octane pyrolysis based on free radical reactions has been developed to account for experiments from low to high pressure.

EXPERIMENTAL SET UP AT HIGH PRESSURE (1-70 MPa)

2.1.

Sample n octane (purity 99%) was obtained from Aldrich and used as received. -

Confined pyrolysis procedure

Pyrolysis was carried out in gold cells (40 mm length, 5 mm i.d. and 0.5 mm thick). Gold

tubes were sealed at one end then filled with 30 mg of sample under helium atmosphere (purity 99.9999%) to avoid the presence of oxygen, and then arc welded at the other end under a refrigerated nitrogen flow in order not to damage the hydrocarbons. The gold cells were loaded in stainless steel autoclaves pressurized at 1, 10 and 70 MPa, while temperature was set in the range 603-723 K, during 1 hour to 1 month (Table 1). At the end of the pyrolysis, the autoclaves were rapidly (5 min) cooled to room temperature in a water heat exchanger so that cooling time was negligible relative to heating time. For each experimental condition, two or three samples were used for quantitation in order to check the reproducibility and one sample was used for products identification. Details of the confined pyrolysis procedure can be found in [START_REF] Landais | Closed system pyrolysis: an efficient technique for simulating natural coal maturation[END_REF][START_REF] Landais | Pyrolysis of organic matter in cold-seal pressure autoclaves. Experimental approach and applications[END_REF][START_REF] Michels | Artificial coalification: Comparison of confined pyrolysis and hydrous pyrolysis[END_REF][START_REF] Michels | Influence of pressure and the presence of water on the evolution of the residual kerogen during confined, hydrous, and high-pressure hydrous pyrolysis of Woodford shale[END_REF].

Identification of products

Gold cells were pierced, cut in pieces, placed into a vial containing hexane and extracted in an ultrasonic bath for 1 hour. Compounds were identified by gas chromatography-mass spectrometry (HP 5890 Series II GC coupled to a HP 5971 mass spectrometer) using a 60 m DB 5 J&W Scientific, 0.25 mm i.d., 0.1 mm film, fused silica column. The temperature program was 333-433 K at 15 K/min followed by heating to 573 K at 3 K/min.

Quantitation of products

Gold cells were pierced in a vacuum line maintained at 523 K [START_REF] Gerard | Analysis of confined pyrolysis effluents by thermodesorption multidimensional gas chromatography[END_REF]. An aliquot fraction of 0.5 mL was sampled on-line and injected through a heated transfer line into a HP 5890 Series II GC with a 60 m DB 5 J&W Scientific, 0.32 mm i.d, 0.45 μm film and a fused silica column connected to a flame ionization detector. The temperature program was 273 K during 1 min followed by an increase of 6 K/min up to 573 K. The compounds were quantitated after calibration of the FID using commercially available standards.

EXPERIMENTAL RESULTS AT HIGH PRESSURE (1-70 MPa)

3.1.

Reaction products

An example of chromatogram of the reaction products is presented in Figure 1.

The main reaction products are light n-alkanes (of molecular weight lower than that of n- The molar fractions of the products and n-octane obtained after pyrolysis in the different experimental conditions are presented in Supplementary material 1.

The heavy products (mainly C 10 -C 15 ), in smaller quantity, are composed of branched alkanes.

Regarding these compounds, identical series from 3 to 5 peaks can be seen, suggesting a similar mechanism of formation.

Influence of pressure and temperature on conversion

Figure 2 shows the evolution of the conversion obtained under the various experimental conditions. Each data point is the mean value of two or three measurements from two or three experimental replicates; the dispersion of the values can be seen in Supplementary material 1.

It is interesting to note that at 603 K and 623 K, the conversion decreases when the pressure increases at the same reaction time, whereas at 723 K, the opposite phenomenon is observed.

Influence of pressure on product distribution

The reaction products are divided into three families: alkane-minus (alkanes whose molecular weight is lower than that of n-octane), alkane-plus (alkanes whose molecular weight is greater than that of n-octane) and alkene (alkenes and cycloalkanes). This classification is adopted, because in each family, the compounds are produced by similar free-radical reactions (detailed below).

At high pressure, under our experimental conditions (603 -723 K), the temperature has a moderate influence on the distribution of the products at identical pressure. The reaction products and their proportion are more or less identical (Table 2).

However the effect of pressure on the products distribution is much more important, in particular on the overall ratio [alkane-minus]/[alkane-plus]. At 603-723 K (Supplementary material 1), the [alkane-minus]/[alkane-plus] ratio is approximatively between 3 and 10 at very high pressure (70 MPa) and increases up to around 100 at lower pressure (1 MPa and 723 K).

PYROLYSIS MECHANISM OF A N-ALKANE

Rice, Herzfeld and Kossiakoff [START_REF] Rice | The thermal decomposition of organic compounds from the standpoint of free radicals. III. The calculation of the products formed from paraffin hydrocarbons[END_REF][START_REF] Rice | The thermal decomposition of organic compounds from the standpoint of free radicals. VI. The mechanism of some chain reactions[END_REF][START_REF] Kossiakoff | Thermal Decomposition of Hydrocarbons: Resonance Stabilization and Isomerization of Free Radicals 1[END_REF] were the first to explain the thermal cracking of hydrocarbons by a chain reaction mechanism propagated by free radicals at low temperature. Their theory was then confirmed by different teams in low pressure conditions [START_REF] Voge | Thermal cracking of higher paraffins[END_REF][START_REF] Fabuss | Thermal cracking of pure saturated hydrocarbons[END_REF][START_REF] Depeyre | Pure n-hexadecane thermal steam cracking[END_REF] and some others in high pressure conditions [START_REF] Fabuss | Rapid thermal cracking of n-hexadecane at elevated pressures[END_REF][START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures, 1. Experimental study[END_REF][START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures, 2. Computer modeling[END_REF][START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures-3. Application to geochemical modeling[END_REF][START_REF] Bounaceur | Modeling of hydrocarbons pyrolysis at low temperature. Automatic generation of free radicals mechanisms[END_REF][START_REF] Fabuss | Thermal cracking of pure saturated hydrocarbons[END_REF][START_REF] Doue | Etude theorique et experimentale de la cinetique de decomposition thermique du n-hexadecane, de son mecanisme et de la composition du melange des produits obtenus[END_REF][START_REF] Doue | The Formation of Alkanes in the Pyrolysis of n-hexadecane: Effect of an Inert Gas on the Decomposition of Alkyl Radicals[END_REF]. The pyrolysis mechanism constructed in this study was lumped by applying the procedure already described [START_REF] Burklé-Vitzthum | Thermal evolution of n-and iso-alkanes in oils. Part 1: Pyrolysis model for a mixture of 78 alkanes (C1-C32) including 13,206 free radical reactions[END_REF][START_REF] Dominé | Up to what temperature is petroleum stable? New insights from a 5200 free radical reactions model[END_REF].

Description of the free-radical reactions

The different free-radical reactions considered, which compose the lumped pyrolysis mechanism of an n-alkane (here n-octane), are presented below and in Figure 3:

Unimolecular initiations

The first step, called unimolecular initiation, consists of the formation of two radicals by homolytic bond dissociation. The average Bond Dissociation Energy of the C-C bonds is 82.9

kcal.mol -1 and 96.1 kcal.mol -1 for the C-H bonds [START_REF] Benson | Methods for the estimation of thermochemical data and rate 25[END_REF]. The probability of dissociation of a C-C bond is then 1.300.000 times higher than that of a C-H bond at 573 K and it increases as the temperature decreases. Under our experimental conditions (between 603 K and 723 K), the rate constant of the initiation by C-H bond dissociation is negligible in comparison to the initiation by C-C bond dissociation.

Consequently, it is considered that the initiation step of n-octane pyrolysis occurs only by dissociation of the C-C bonds. In the lumped mechanism, it corresponds only to one lumped unimolecular initiation. Indeed, the chain length defined by the ratio of the propagation rates to the initiation rates is always greater than 1000 at moderate temperature (473-773K)

( [START_REF] Bounaceur | Modeling of hydrocarbons pyrolysis at low temperature. Automatic generation of free radicals mechanisms[END_REF][START_REF] Burklé-Vitzthum | Kinetic Effect of Alkylaromatics on the Thermal Stability of Hydrocarbons under Geological Temperatures[END_REF][START_REF] Burklé-Vitzthum | Thermal evolution of n-and iso-alkanes in oils. Part 1: Pyrolysis model for a mixture of 78 alkanes (C1-C32) including 13,206 free radical reactions[END_REF] and this study). So the initiation step does not influence the distribution of the products, but the conversion of the reactant (Figure 3), and the initiation reactions can be lumped together.

Decompositions by  scission -

Decompositions by -scission correspond to unimolecular decompositions of alkyl radicals, which yield a shorter radical and an alkene. Only the decompositions of C-C bonds are taken into account and not the decompositions of C-H bonds, for the same reason than above (Figure 3). All radicals were lumped together according to their number of C atoms.

H-transfers

Only H-transfers between the radicals and the reactant are taken into account. They yield the lumped octyl radical and alkanes (Figure 3).

Additions

The additions of alkyl radicals to alkenes lead to lumped alkyl radicals (Figure 3).

Terminations by recombination

The terminations by recombination of two radicals yield a lumped alkane (Figure 3).

Construction of the model

The lumped mechanism of n-octane pyrolysis includes 182 free radical reactions, implying 33 molecules and 16 radicals. It is presented in the Supplementary Material 2. Intrinsic lumped kinetic parameters are associated with each reaction (frequency factor, A; temperature coefficient n and activation energy, Ea in mole, cm 3 , s, kcal). The mechanism includes a primary mechanism and a partial secondary mechanism described below.

Primary mechanism

In the primary mechanism, the only molecule that reacts is n-octane (noted nC 8 in the mechanism). The primary mechanism includes 60 reactions: 1 initiation; 16 decompositions by -scission of the radicals from C 3 to C 8 (reactions 2 to 17); 7 H-transfers: all the radicals react by H-transfer with n-octane (reactions 18 to 24).

All the termination reactions between all the radicals are written, which represent 36 freeradical reactions.

Secondary mechanism

The primary mechanism enables the modelling of the pyrolysis only at very low conversion (< 5%). For higher conversions, radicals react not only with the initial reactant but also with the reaction products (alkenes and alkanes). Writing an exhaustive secondary mechanism is unmanageable, but a partial secondary mechanism judiciously built makes possible to account for the reaction up to a moderate conversion (about 20%).

The partial secondary mechanism (reactions 61 to 182) is composed of: 1) the additions [START_REF] Béhar | Experimental determination of the rate constants of the n-C25 thermal cracking at 120, 400 and 800 bar: implications for the high pressure/high temperature prospects[END_REF] of all alkyl radicals (from C 2 to C 8 ) to all alkenes produced in the primary mechanism (from C 2 to C 7 ); 2) the decompositions by -scission (75) of the radicals newly formed by additions; 3) their H-transfers [START_REF] Martinez | Thermal cracking of coal residues: Kinetics of asphaltene decomposition[END_REF] with n-octane.

Estimation of thermochemical and kinetic data

The lumped kinetic parameters are deduced from the intrinsic kinetic parameters calculated by the software EXGAS [START_REF] Warth | Computeraided derivation of gas-phase oxidation mechanisms: Application to the modeling of the oxidation of n-butane[END_REF][START_REF] Benson | Methods for the estimation of thermochemical data and rate 25[END_REF] and the lumping procedure was described elsewhere [START_REF] Burklé-Vitzthum | Thermal evolution of n-and iso-alkanes in oils. Part 1: Pyrolysis model for a mixture of 78 alkanes (C1-C32) including 13,206 free radical reactions[END_REF][START_REF] Dominé | Up to what temperature is petroleum stable? New insights from a 5200 free radical reactions model[END_REF]. The kinetic parameters were not fitted.

VALIDATION OF THE MODEL

Simulations are performed under the different experimental conditions detailed above using the package of software CHEMKIN II [65], more precisely the SENKIN software at constant pressure and temperature. The lumped kinetic model is tested by comparing the model output with both experimental data obtained in this work at high pressure and at low concentration [START_REF] Razafinarivo | Pyrolysis of n-octane at very low concentration and low temperature[END_REF]. The model shows very good agreement with experimental conversion under all conditions. Indeed, the octane conversion is very well described by the model at high pressure (10 and 70 MPa), between 603 and 723K, up to about 20% conversion and more at high temperature (723K). The results of the previous study (100 Pa diluted in inert gas, total pressure 0.15 MPa [START_REF] Razafinarivo | Pyrolysis of n-octane at very low concentration and low temperature[END_REF]) are also well simulated by the model at 673 and 723 K, up to about 10% conversion (Figure 2).The experimental molar fractions of the main products (CH 4 +C 2 H 6 , C 3 H 8 , n-C 4 H 10 , n-C 5 H 12 and alkanes-plus) were compared to the simulation as a function of octane conversion (up to about 20%) at 603 and 623 K and 10 MPa and 70 MPa (Figure 4). The agreement between the kinetic model and the experimental results is satisfying except for CH 4 + C 2 H 6 which appear overestimated at 623 K, and the alkanes-plus whose behavior appears more complicated: overestimated at 623 K and 70 MPa, underestimated at 623 K and 10 MPa, and well represented at 603 K. The observed differences could be related to the complexity of analyzing these products: CH 4 +C 2 H 6 are coeluted and alkanes-plus correspond to several compounds, each of them being present in small quantity (Figure 1 and Supplementary Material 1). We also tested the mechanism against the experimental conversion of n-octane (Figure 5) and the molar fractions of all products (Figure 6) obtained at low concentration: the agreement between the experimental and the simulation results is satisfying, except for CH 4 which is overestimated by the model.

In comparison to the mechanism dedicated to the low concentration previously published 10

[52], the performance of the new lumped kinetic model is about the same: some species are better represented by the new mechanism (alkenes from C 4 to C 7 , ethane), but C 2 H 4 and C 3 H 6 are now slightly underestimated.

DISCUSSION

Low pressure versus High pressure conditions and reaction mechanisms.

A previous experimental study [START_REF] Razafinarivo | Pyrolysis of n-octane at very low concentration and low temperature[END_REF] of the pyrolysis of n-octane has been performed at very low reactant concentration (100 Pa diluted in inert gas -total pressure 0. These experimental results are very different from those of the thermal decomposition of nalkanes at the same low temperature but at high pressure. In particular, the cracking stoichiometric equations (for example: C 8 H 18 = C 6 H 14 + C 2 H 4 ) are not observed since alkanes (except methane and ethane) are in very low quantities. This can be explained by the very low concentration of reactant which limits the bimolecular reactions. In these conditions, the radicals decompose several times by beta-scissions of C-C bonds when it is possible (unimolecular reaction), rather than react by H-transfers (metathesis) with the reactant (bimolecular reaction) which produce alkanes.

On the contrary, at high pressure, the bimolecular reactions are favored and the alkenes are consumed by addition of alkyl radicals to produce alkanes-plus. So alkenes are only found in trace amounts at high pressure (10 MPa and more).

Influence of pressure on conversion

At 603 K and 623 K, the conversion decreases when the pressure increases from 10 to 70 MPa for the same reaction time, and so pressure inhibits n-octane pyrolysis, whereas at 723 K, the opposite phenomenon is observed, i.e. the pyrolysis is accelerated when pressure increases (Figure 2). This behavior was already observed for other n-alkanes, from propane to n-hexadecane [START_REF] Jackson | Temperature and pressure dependence of n-hexadecane cracking[END_REF][START_REF] Fabuss | Thermal cracking of pure saturated hydrocarbons[END_REF][START_REF] Yu | Kinetics of Supercritical-Phase Thermal Decomposition of C10-C14 Normal Alkanes and Their Mixtures[END_REF][START_REF] Mallinson | Detailed chemical kinetics study of the role of pressure in butane pyrolysis[END_REF]. In order to have a full picture of the pressure effect, the noctane conversion was calculated as a function of pressure at identical reaction time and at 523, 623 and 723 K (Figure 7). At each temperature, the reaction time has been arbitrarily chosen in order to reach a maximum conversion equals to about 50% (1200 years at 523 K, 650 hours at 623 K and 42 minutes at 723 K). The curves at 523 and 623 K are approximately bell-shaped and the maximum increases with increasing pressure. At 723 K the conversion increases continuously with pressure on the whole range of pressure which has been studied.

Some explanations can be suggested. When the pressure increases, the density and the concentration of n-octane also increase, and this should lead to the increase of the pyrolysis rate. However, this simple analysis cannot explain the observed phenomenon. Dominé [START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures, 1. Experimental study[END_REF] proposed that the effect of pressure results from two phenomena: 1) the rate constants depend on pressure via the activation volume: the rate constants of bimolecular reactions (i.e. H-transfers, additions and terminations) increase with pressure, whereas those of unimolecular reactions (i.e. initiations and decompositions by -scission) decrease when pressure increases.

2) The increase of the n-alkane density favors the bimolecular reactions whose rates are the product of two concentrations, relatively to that of unimolecular reactions, whose rates are only proportional to one concentration. A third phenomenon could also play a role in the effect of pressure: the increase in viscosity which hinders the migration of the species and eventually causes "cage effects". Nevertheless it is likely that argon which is present in the gold cells considerably lowers the octane viscosity. So the viscosity is probably below the value where the diffusion of the species is limited. The rather high temperatures also limit the increase of viscosity due to high pressure [START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures, 1. Experimental study[END_REF][START_REF] Domine | Kinetics of hexane pyrolysis at very high pressures, 2. Computer modeling[END_REF]. So the phenomenon of "cage effects" is probably negligible in the experimental conditions. All these phenomena should lead to the decrease of the radical concentration since the initiation reactions are disfavored by pressure and the termination reaction are favored. This would lead to the pyrolysis inhibition.

Moreover the pressure for which the conversion is maximal increases when the temperature increases. Jackson et al. [START_REF] Jackson | Temperature and pressure dependence of n-hexadecane cracking[END_REF] proposed that, at high temperature, the importance of the bimolecular propagation reactions (i.e. H-transfers and additions) increases in comparison to the termination reactions whose activation energies are null (Table 3), and this leads to the acceleration of the pyrolysis. Moreover, the increase of temperature makes the initiation reactions easier (Table 3), which leads to the global increase of the concentration of radicals.

Both compensate partially for the effect of increasing pressure on the importance of bi vs uni-molecular reactions and shift the maximal conversion to higher pressure.

Distribution of the light alkanes at high pressure

The product distribution obtained by pyrolysis of an n-alkane at high pressure (>10 MPa), relatively low temperature (< 723 K) and moderate conversion (< 20%) is similar, whatever the n-alkane studied: n-octane (this study), n-hexadecane [START_REF] Burklé-Vitzthum | Kinetic Effect of Alkylaromatics on the Thermal Stability of Hydrocarbons under Geological Temperatures[END_REF] or n-pentacosane [START_REF] Béhar | Experimental determination of the rate constants of the n-C25 thermal cracking at 120, 400 and 800 bar: implications for the high pressure/high temperature prospects[END_REF].

Particularly, the distribution of n-alkanes of molecular weight lower than that of the reactant is approximately bell-shaped (very short alkanes and alkanes close to the reactant in lower amount than the intermediary alkanes).

This section aims to demonstrate that the distribution of the light n-alkanes is related to the distribution of the four octyl radicals (called µ• radicals, Figure 8) in the case of the pyrolysis of n-octane.

Figure 9 presents the ratio of the total isomerization rates to the propagation rates, as a function of pressure and temperature. At high pressure and relatively low temperature, which corresponds to the studied conditions, the isomerization reactions are about 50 times faster than the propagation reactions. So the distribution of the µ• radicals achieves almost its equilibrium value [START_REF] Bounaceur | Modeling of hydrocarbons pyrolysis at low temperature. Automatic generation of free radicals mechanisms[END_REF], which is directly related to the stability of the radicals: the proportion of a radical increases with its stability. However the stability of an alkyl radical increases with its degree of substitution. It is then possible to classify the 4 octyl radicals according to their stability and therefore their proportion (Figure 10). The rate r x of the decomposition reaction x of the radical µ i is expressed by:

r x =k x . [ µ i ] (1) 
If P i stands for the percentage of the isomer µ i , and [µ•] the total concentration of the µ• radicals, it leads to:

[ µ i ] =P i .[ µ• ] (2)
And then,

r x =k x . P i .[ µ• ] (3)
The rate constants of the H-transfers which follow the decompositions by -scission are very high in comparison to those of the decompositions. So the rate determining steps are the decompositions by -scission, the rates of decompositions and H-transfers being equal.

The percentage of the alkane P x resulting from decomposition x is then equal to:

P x = r x ∑ x r x ( 4 
)
P x = k x . P i .[ µ • ] ∑ x k x . P i . [µ •] (5) P x = k x . P i ∑ x k x P i (6)
Thus, we demonstrate that the proportion of the short n-alkanes is exclusively linked to the proportion of each µ i radical and the rate constants of the decompositions.

According to equation ( 6) and the proportion of the µ i radicals simulated above, it is thus possible to predict the following distribution of the main products at 623 K, 70 MPa and 72 hours: The calculated selectivity to the short n-alkanes (Table 4) is of the same order of magnitude than the experimental selectivity (Table 2), which shows that our former reasoning is globally valid. The selectivity to CH 4 +C 2 H 6 appears slightly overestimated which could show 15 that the addition of the corresponding radicals to alkenes could be faster than predicted by the model.

CH 4 + C 2 H 6 =
Moreover the experimental selectivity (Table 2) does not depend much on temperature in the studied range. Indeed, the activation energies of the bimolecular isomerizations of the µ .

radicals that determine the µ . distribution are rather low and so the rate constants are not much sensitive to the temperature.

Global kinetic parameters

Apparent kinetic parameters (pseudo frequency factor A and pseudo activation energy E a )

were determined by simulation at T 0 = 523, 603 and 723 K, under 0.1 MPa, 1 MPa, 10 MPa, 40 MPa and 70 MPa, assuming that cracking reactions follow a first-order kinetic law [e.g.

39]

. The initial consumption rates r 0 were calculated by CHEMKIN for constant conversion (0.1%), and by plotting ln r 0 vs -1/RT (where R is the perfect gas constant and T the temperature in K), the slope corresponds to the apparent activation energy. The results are in Table 5 and the activation energies were plotted as a function of the pressure (Figure 11). At 603 and 723K, when the pressure increases from 0.1 MPa to 70 MPa, the activation energy increases from about 56 kcal/mol to 63 kcal/mol at 603 K and from 51 kcal/mol to 62 kcal/mol at 723 K, and the frequency factor also does. This is consistent with results of the literature which concern n-butane cracking [START_REF] Jackson | Temperature and pressure dependence of n-hexadecane cracking[END_REF]. The kinetic parameters were calculated over a wide range of temperature (473-873 K). It was found the activation energy increases from 48.1 kcal/mol at 0.1 MPa to 60.5 kcal/mol at 100 MPa and the frequency factor follows the same trend. The rate constant also increases when the pressure increases but it remains constant from 1 MPa at 603 K and from 10 MPa at 723 K. Rate constants determined at atmospheric pressure can clearly not be used at high pressure. At 523 K, the behavior of the kinetic parameters as a function of pressure is more complicated: the activation energy and the frequency factor strongly increase up to 10 MPa and then decrease. The rate constant always decreases as a function of pressure. These results are totally consistent with the study of Jackson et al. [START_REF] Jackson | Temperature and pressure dependence of n-hexadecane cracking[END_REF] who also found that the pressure increases rate at high temperatures but it decreases rate at low temperature. So global kinetic parameters strongly depend on pressure and temperature. That is why global kinetic parameters should be handled carefully, especially when they are used for extrapolation, for examples for olefin production at 1000 K or oil cracking at 450 K, which are out of the studied conditions of this paper. The global kinetic parameters must be calculated by simulation of the detailed kinetic model in the conditions range they will be used, if they are not too far from the validation conditions of the model.

Conclusion

Pyrolysis experiments of n-octane have been performed at moderate temperature (603-723 K) and high pressure (1 MPa -70 MPa). The main reaction products are alkanes whose molecular weights are lower than that of n-octane, and, in a lower proportion, branched alkanes with higher molecular weight.

A previous experimental study was performed at very low reactant concentration (100 Pa diluted in inert gas -total pressure 0.15 MPa) at temperatures ranging between 623K and 723K. The major products are 1-alkenes (C 2 H 4 to C 7 H 14 ), methane and ethane; other alkanes (C 3 H 8 to C 6 H 14 ) are minor products.

On the basis of both studies, a kinetic mechanism of n-octane pyrolysis has been developed which describes the reaction products and the conversion on a very large range of pressure.

This model has been validated by comparison with the experimental results presented herein and a previous experimental study performed at much lower pressure.

The distribution of the main products at high pressure has also been investigated. It is related to the isomerization reactions of the octyl radicals. These reactions determine the distribution of the octyl radicals, which directly determines the products distribution.

The pressure has a particular effect on the n-octane conversion: at moderate temperature the conversion increases with pressure up to a maximum and then decreases, and, at higher temperature, the conversion seems increasing continuously with pressure. Some explanations have been proposed in this paper, but a detailed kinetic analysis will be helpful to precisely highlight the reasons of the complex effect of pressure.

parameters, John Wiley & Sons, New York, 1976.

[65] R. J. Kee, F.M. Rupley, J.A. Miller, Chemkin-II: A fortran chemical kinetics package for the analysis of gas phase chemical kinetics, SAND-89-8009, Sandia National Labs., Livermore, CA (USA), 1989. The compounds observed are typical of the octane pyrolysis obtained in this study.

Compound identification by names or formulae. Unlabelled peaks are iso-alkanes isomers of the identified peaks. The very small peaks are alkenes and cycloalkanes. 
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Supplementary material 1. Molar fractions of the reactant and the main products obtained after pyrolysis of n-octane.
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Lumped kinetic model of the pyrolysis of n-octane. 

  This assumption is verified by simulation of the kinetic model at 623 K, 70 MPa and 0.1 % conversion. The following proportions, which are in agreement with the previous analysis, are obtained: µ 4 = 32.70 %, µ 3 = 32.16 %, µ 2 = 31.63 %, µ 1 = 3.51 % It is now possible to explain the distribution of the light n-alkanes obtained by pyrolysis of noctane at high pressure. They are produced by the six possible decompositions via scission of the µ . radicals (Figure 8), which are followed by H-transfers. Their distribution is related to the relative importance of the various µ• radicals and the decomposition rate of each of these radicals. The different reactions of µ• radicals decomposition are represented in Figure 8.
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  15 MPa) in a closed reactor, at temperatures ranging between 623K and 723K, and reaction time from 1 hour to 70 hours. The major products of the reaction are 1-alkenes (C 2 H 4 to C 7 H 14 ), methane and ethane; other alkanes (C 3 H 8 to C 6 H 14 ) are minor products. At 723K and 4 hours, the conversion is close to 10% and we observe, in terms of molar fractions: C 2 H 4 > C 3 H 6 ≈ CH 4 > C 4 H 8 > C 5 H 10 > C 6 H 12 ≈ C 2 H 6 > C 7 H 14
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Table 1 .

 1 Experimental conditions of high pressure pyrolysis of n-octane.

	Temperature	Pressure	Time
	603 K	70 MPa	From 3 days to 1 month
	603 K	10 MPa	From 3 days to 1 month
	623 K	70 MPa	From 3 days to 1 week
	623 K	10 MPa	From 3 days to 1 week
	723 K	70 MPa	From 1 hour to 3 hours
	723 K	1 MPa	From 1 hour to 3 hours

Table 2 .

 2 Experimental selectivity (mol %) of the short n-alkanes as a function of pressure and temperature.

		Conditions		Selectivity of the short n-alkanes (mol %)	
	Temperatur	Pressure	Time	CH 4 + C 2 H 6	C 3 H 8	C 4 H 10	C 5 H 12	C 6 H 14
	e							
	723 K	70 MPa	1 hr					
	623 K	70 MPa	72 hrs					
	603 K	70 MPa	72 hrs					
	623 K	10 MPa	72 hrs					
	603 K	10 MPa	72 hrs					

Table 3 .

 3 Ratio of the rate constants (initiations to terminations, H-transfers to terminations and additions to terminations) at 523, 623 and 723 K (simulation results).

	Temperature	k initiation/termination	k H-transfer/termination	k addition/termination
		(mol.cm -3 )	(no unit)	(no unit)
	523 K	5.8×10 -33	5.8×10 -07	3.4×10 -05
	623 K	3.2×10 -27	3.1×10 -06	1.2×10 -04
	723 K	4.5×10 -23	1.1×10 -05	2.9×10 -04

Table 4 .

 4 Calculated selectivity (mol %) of the short n-alkanes as a function of pressure and temperature (simulation results).

		Conditions		Selectivity of the short n-alkanes (mol %)	
	Temperatur	Pressure	Time	CH 4 + C 2 H 6	C 3 H 8	C 4 H 10	C 5 H 12	C 6 H 14
	e							
	723 K	70 MPa	1 hour	32.3	27.2	16.6	19.1	4.8
	623 K	70 MPa	72 hours	34	31.6	16.3	16.2	1.9
	603 K	70 MPa	72 hours	34.1	31.8	16.3	16.1	1.7
	623 K	10 MPa	72 hours	32.8	29.5	17.0	17.8	2.9
	603 K	10 MPa	72 hours	33.2	30.5	16.9	17.1	2.3

Table 5 .

 5 Calculated global activation energy and frequency factor (simulation results). Molar fractions of the reactant and the main products obtained after pyrolysis of n-octane.

	Temperature (K) Pressure (MPa)	Frequency	Activation energy	Rate constant
			factor (s -1 )	(kcal/mol)	(s -1 )
		0.1	1.3×10 14	60.5	6.8×10 -12
		1	2.2×10 14	61.1	6.4×10 -12
	523	10	3.2×10 19	74.0	3.8×10 -12
		40	6.7×10 18	72.9	2.3×10 -12
		70	2.9×10 18	72.3	1.8×10 -12
		0.1	3.8×10 12	56.4	1.4×10 -08
		1	8.0×10 13	59.6	2.0×10 -08
	603	10	3.6×10 14	61.4	2.0×10 -08
		40	6.7×10 14	62.2	1.9×10 -08
		70	1.5×10 15	63.2	1.9×10 -08
		0.1	8.1×10 10	51.1	2.9×10 -05
		1	1.6×10 12	54.2	6.6×10 -05
	723	10	4.4×10 13	58.2	11×10 -05
		40	3.4×10 14	61.0	12×10 -05
		70	5.6×10 14	61.7	12×10 -05
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