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KINETIC PARAMETERS FOR THE THERMAL CRACKING OF SIMPLE HYDROCARBONS: FROM LABORATORY TO GEOLOGICAL TIME-TEMPERATURE CONDITIONS

Apparent kinetic parameters (frequency factor A and activation energy Ea) were computed at 700 bar and two temperatures: 200°C, a characteristic of deeply buried reservoirs of petroleum and 400°C an average temperature used for laboratory pyrolysis to simulate thermal cracking of petroleum. Several hydrocarbons were studied by simulation: several linear alkanes and one branched alkane, toluene, 2-methylnaphthalene, 1-,3-,5trimethylbenzene, methylcyclohexane, butylcyclohexane, tetralin and decylbenzene. The calculations were performed using detailed kinetic models (mostly free-radical mechanisms) previously constructed. The computation of Ea does not depend on the global rate law, but we assumed a first-order reaction law to compute A. The apparent kinetic parameters of all hydrocarbons are slightly modified by temperature and rather strongly for tetralin and decylbenzene. The deviation, due to the use of Arrhenius law with the apparent kinetic parameters computed at 400°C for extrapolation to geological temperature, is important in most cases, even if the kinetic parameters do not strongly depend on temperature. In this study, most hydrocarbons appear more stable at 200°C than it could be inferred by using the extrapolation of the Arrhenius law from 400°C to 200°C, except for tetralin and decylbenzene which appear more reactive. The apparent kinetic parameters that were computed at 200°C could be implemented in global kinetic models used for the assessment of reservoirs.

Introduction

The prediction of the petroleum composition, submitted to thermal cracking over millions of years, requires a good knowledge of the reaction kinetics, particularly in deeply buried reservoirs, at high pressure (100-1000 bar) and high temperature (> 200°C). The apparent kinetic parameters (apparent frequency factor A and apparent activation energy Ea) are commonly determined via pyrolysis in laboratory at high pressure of crude oils [i.e. [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] Béhar | Comparison of rate constants for some molecular tracers generated during artificial maturation of kerogens: influence of kerogen type[END_REF][START_REF] Béhar | Thermal cracking of kerogen in open and closed systems: determination of kinetic parameters and stoichiometric coefficients for oil and gas generation[END_REF][START_REF] Béhar | Elaboration of a new compositional kinetic schema for oil cracking[END_REF][START_REF] Schenk | The conversion of oil into gas in petroleum reservoirs. Part 1: 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] Dieckmann | Kinetics of petroleum generation and cracking by programmed-temperature closed-system pyrolysis of Toarcian Shales[END_REF][START_REF] Lewan | Comparison of petroleum generation kinetics by isothermal hydrous and nonisothermal open-system pyrolysis[END_REF][START_REF] Lewan | Oil-generation kinetics for organic facies with Type-II and -IIS kerogen in the Menilite Shales of the Polish Carpathians[END_REF][START_REF] Lehne | Bulk kinetic parameters and structural moieties of asphaltenes and kerogens from a sulphur-rich source rock sequence and related petroleums[END_REF][START_REF] Lehne | The significance of kinetic parameters and structural markers in source rock asphaltenes, reservoir asphaltenes and related source rock kerogens, the Duvernay Formation[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] or pure hydrocarbons [i.e. [START_REF] Béhar | Experimental Determination of the Rate Constants of the n-C25 Thermal Cracking at 120, 400, and 800 bar: Implications for High-Pressure/High-Temperature Prospects[END_REF][START_REF] Jackson | Temperature and pressure dependence of n-hexadecane cracking[END_REF][START_REF] Enguehard | Kinetics of dibutylether pyrolysis at high pressure -experimental study[END_REF][START_REF] Béhar | Thermal Stability of Alkylaromatics in Natural Systems: Kinetics of Thermal Decomposition of Dodecylbenzene[END_REF][START_REF] Dartiguelongue | Thermal stability of dibenzothiophene in closed system pyrolysis: Experimental study and kinetic modeling[END_REF][START_REF] Ford | Liquid-Phase Thermal Decomposition of Hexadecane: Reaction Mechanisms[END_REF][START_REF] Khorasheh | High-Pressure Thermal Cracking of n-Hexadecane[END_REF][START_REF] Savage | Asphaltene Reaction Pathways. 2. Pyrolysis of n-Pentadecylbenzene[END_REF][START_REF] Savage | Asphaltene Reaction Pathways. 4. Pyrolysis of Tridecylcyclohexane and 2-Ethyltetralin[END_REF][START_REF] Savage | Pathways, Kinetics, and Mechanisms for 2-Dodecyl-9,10dihydrophenanthrene Pyrolysis[END_REF][START_REF] Leininger | Mechanisms of 1-methylnaphthalene pyrolysis in a batch reactor[END_REF]. The geological time is compensated by higher temperatures (350-450°C) than those encountered in reservoir. The bulk kinetic models derived from experimental results are then computed using geological time-temperature conditions. Due to the complexity of the chemical composition of crude oils, it is easier to derive reliable kinetic parameters from pyrolysis of pure hydrocarbons or simple mixtures.

In order to determine precisely the main reaction pathways and obtain reliable predictions, detailed kinetic models for the thermal reaction of pure hydrocarbons or simple mixtures can also be set up. These detailed kinetic models consist of mechanisms made of elementary steps (mainly free-radical reactions) with their fundamental kinetic parameters [START_REF] Bounaceur | Mechanistic modeling of the thermal cracking of tetralin[END_REF][START_REF] Bounaceur | Influence of pressure (100 Pa-100 MPa) on the pyrolysis of an alkane at moderate temperature (603K-723 K): Experiment and kinetic modeling[END_REF][START_REF] Bounaceur | Mechanistic modeling of the thermal cracking of methylcyclohexane near atmospheric pressure, from 250 to 1000°C, Identification of aromatization pathways[END_REF][START_REF] Burklé-Vitzthum | Mechanistic Modeling of the Thermal Cracking of Decylbenzene[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][START_REF] Fusetti | New insights into secondary gas generation from the thermal cracking of oil: Methylated aromatics. A kinetic approach using 1,2,4-trimethylbenzene. Part I: A mechanistic model[END_REF][START_REF] Lannuzel | An extended mechanism including high pressure conditions (700 bar) for toluene pyrolysis[END_REF][START_REF] Lannuzel | Reassessment of the kinetic influence of toluene on n-alkane pyrolysis[END_REF][START_REF] Rakatoalimanana | Thermal cracking of n-butylcyclohexane at high pressure (100 bar) -part 2: mechanistic modeling[END_REF][START_REF] Bounaceur | Kinetic modeling of 1-Methylnaphthalene pyrolysis at high pressure (100 bar)[END_REF][START_REF] Dominé | Kinetics of hexane pyrolysis at very high pressures. 2. Computer modeling[END_REF][START_REF] Dominé | Up to what temperature is petroleum stable? New insights from a 5200 free radical reactions model[END_REF]. That is the reason why they can be extrapolated in the pressure and temperature ranges of 100-1000 bar and 150-450°C, respectively: the main reaction pathways and the fundamental kinetic parameters remain unchanged. The main advantages of these models are their precision and the possibility for extrapolation. However, the main drawback is the size of the model (several hundred even thousand reactions) which prevents their integration in a basin model. This paper aims to test if the apparent kinetic parameters are constant in the temperature range of 200-400°C, at high pressure, i.e. testing if the apparent kinetic parameters computed at 400°C can be used at 200°C by extrapolation of the Arrhenius law in a reliable manner. A temperature equals to 200°C is typical of deeply buried oil reservoirs, and 400°C is an average temperature for laboratory pyrolysis. In this study, the selected hydrocarbons are linear and branched alkanes, several aromatic compounds (toluene, trimethylbenzene "TMB", methylnaphthalene "MN", decylbenzene "DB" and tetralin) and cycloalkanes (methylcyclohexane "MCH" and butylcyclohexane "BCH"). All free-radical mechanisms mentioned in this paper were constructed and validated based on experimental database recovered by our team for about 15 years ( [START_REF] Bounaceur | Mechanistic modeling of the thermal cracking of tetralin[END_REF][START_REF] Bounaceur | Influence of pressure (100 Pa-100 MPa) on the pyrolysis of an alkane at moderate temperature (603K-723 K): Experiment and kinetic modeling[END_REF][START_REF] Bounaceur | Mechanistic modeling of the thermal cracking of methylcyclohexane near atmospheric pressure, from 250 to 1000°C, Identification of aromatization pathways[END_REF][START_REF] Burklé-Vitzthum | Mechanistic Modeling of the Thermal Cracking of Decylbenzene[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][START_REF] Fusetti | New insights into secondary gas generation from the thermal cracking of oil: Methylated aromatics. A kinetic approach using 1,2,4-trimethylbenzene. Part I: A mechanistic model[END_REF][START_REF] Lannuzel | An extended mechanism including high pressure conditions (700 bar) for toluene pyrolysis[END_REF], [START_REF] Rakatoalimanana | Thermal cracking of n-butylcyclohexane at high pressure (100 bar) -part 2: mechanistic modeling[END_REF][START_REF] Bounaceur | Kinetic modeling of 1-Methylnaphthalene pyrolysis at high pressure (100 bar)[END_REF]). The detailed models are used to compute the apparent kinetic parameters at 700 bar and two temperatures: 200°C and 400°C. The kinetic parameters computed at 400°C and then 200°C are used to calculate and compare the conversion after 1, 10 or 100 million years at 200°C (depending on the reactivity of the compound), as well as the half-life. The relative scale of stability is set up and compared at both temperatures. This comparison is performed to highlight the influence of extrapolating kinetic parameters outside the range of temperatures in which they were computed. This work is the first step of the construction of bulk kinetic models reliable in the geological pressure and temperature conditions, and which could be implemented in complete basin models for petroleum exploration purposes.

Methodology for the determination of apparent kinetic parameters

Apparent kinetic parameters were first calculated at T0 = 400°C and then 200°C, at 700 bar.

The computation of the apparent activation energy does not depend on the kinetic law, when it can be done directly by the rate, but the apparent frequency factor A does. A was computed assuming that cracking reactions follow the first-order kinetic law.

The models were computed by using the package of software CHEMKIN II [START_REF] Kee | Chemkin-II: A Fortran chemical kinetics package for the analysis of gas-phase chemical kinetics[END_REF], and more precisely SENKIN at constant pressure and temperature. It should be noted that this software uses the ideal gas law to calculate concentrations. Obviously, the ideal gas law is not valid at high pressure either. Consequently, all initial concentrations c0 were first calculated separately by using the Peng-Robinson equation of state [START_REF] Peng | A new two-constant equation of state[END_REF] which is implemented in the software DIAGSIM [START_REF] Jaubert | Présentation du logiciel DiagSim permettant de faciliter l'enseignement de la thermodynamique technique[END_REF]. The Peng-Robinson equation of state has been chosen because it is about two times more precise for the estimation of the densities than the other cubic equations of state as the Soave-Redlich-Kwong equation [START_REF] Privat | Analysis and prediction of the alpha-function parameters used in cubic equations of state[END_REF]. The calculation of the densities allows the calculation of the concentrations, and this calculation is performed to evaluate the ideal gas pressures that lead to the same initial concentrations than the Peng-Robinson equation of state computed at 700 bar. Simulation conditions are summarized in Table 1.

Simulations were performed and reached up to 30% conversion. The consumption rates r were computed by CHEMKIN at 30% conversion, and by plotting ln r vs -1/RT (where R is the ideal gas constant and T the temperature in K) with T = T0, T0 -2, T0 + 2, the slope corresponds to the apparent Ea. The first-order kinetic law (r = k×c, with k the rate constant following the Arrhenius law, k in s -1 and c in mol.m -3 ) leads to:

ln r = ln A -Ea/RT + ln c
The Y-intercept of the plots ln r vs -1/RT allows the calculation of A. The results are presented first at laboratory temperature (400°C) and then at geological temperature (200°C). The uncertainty on the computed apparent kinetic parameters depends on: 1) the uncertainty of the intrinsic kinetic parameters of the elementary reactions in the kinetic models, 2) the choices made during the construction of the kinetic model (detailed vs lumped models), 3) the care given to the computations (strict respect of the method, especially iso-conversion), and for A: 4) the precision of the estimation of the initial concentrations. Considering the time and effort given to the calculations, the uncertainty on apparent Ea is estimated between ± 0.5 kcal/mol and a factor of 2 for the apparent A.

Kinetic parameters at laboratory temperature (400°C)

The hydrocarbons selected for this study are divided into three groups: alkanes (linear and branched), methylaromatics (toluene, methylnaphthalene and trimethylbenzene) and other hydrocarbons, such as naphthenes (methylcyclohexane and butylcyclohexane), decylbenzene and tetralin.

Alkanes

The apparent kinetic parameters of alkanes were calculated using the detailed kinetic model of Burklé-Vitzthum et al. [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]. This model was constructed based on a lumping technique, taking into account any linear alkanes between C1 and C32 as well as model compounds of branched alkanes, as reactants and any crossed reactions, and making up 13 206 free radical reactions. Alkanes with several lengths ranging from C5 to C25 were studied. Linear alkanes were mostly studied, but the influence of branched structures was investigated by comparing nC15 to isoC15.

Table 2 presents the results at 400°C. It leads to the following comments: 1) kinetic parameters of n-and iso-alkanes do not exhibit any significant differences due to their similar structure and reactivity, 2) all activation energies are comprised between 67.0±0.5 and 69.1±0.5 kcal/mol for any alkane chain length and they increase almost linearly with the chain length (Figure 1), 3) the frequency factor increases with the alkane length.

Activation energies obtained from the calculations are similar for any chain length investigated, proving the consistency of the lumping methods results with those of detailed mechanisms. A mean value of 68.5 kcal/mol could be proposed, for every alkane for any structure and length (n> 4).

For nC8, the detailed model (91 free radical reactions) of Lannuzel et al. [START_REF] Lannuzel | Reassessment of the kinetic influence of toluene on n-alkane pyrolysis[END_REF] was also tested, and leads to A = 6.5×10 16 s -1 and Ea = 67.6 kcal/mol, as well as the extended model of Bounaceur et al. [START_REF] Bounaceur | Influence of pressure (100 Pa-100 MPa) on the pyrolysis of an alkane at moderate temperature (603K-723 K): Experiment and kinetic modeling[END_REF] (182 free radical reactions) which leads to A = 6.6×10 15 s -1 and Ea = 64.0 kcal/mol. The very simple model of Burklé-Vitzthum et al. [START_REF] Burklé-Vitzthum | Kinetic Effect of Alkylaromatics on the Thermal Stability of Hydrocarbons under Geological Temperatures[END_REF] in the case of nC16 (13 free radical reactions), which was constructed using a particularly drastic lumping method, leads to A = 2.0×10 15 s -1 and Ea = 61.8 kcal/mol. The former mechanisms were all constructed and validated at high pressure (700 bar) and temperatures in the range of 300 -400°C.

Another detailed model [START_REF] Herbinet | Thermal stability of ndodecane: experiments and kinetic modeling[END_REF] was also tested: it was constructed to describe the cracking of nC12 in jet fuel conditions (typically 1 bar and 800°C). In these conditions, short radicals formed via decompositions are predominant, whereas in our conditions (lower temperature and very high pressure), the predominant radicals are those corresponding to the reactant, which are formed via H-transfers [START_REF] Bounaceur | Influence of pressure (100 Pa-100 MPa) on the pyrolysis of an alkane at moderate temperature (603K-723 K): Experiment and kinetic modeling[END_REF]. Indeed high pressures favor bimolecular reactions, on the contrary to low pressures that favor unimolecular reactions. Therefore, the free radical reactions, that determine the cracking rates, are different and consequently the apparent kinetic parameters are totally different, even when the mechanism is computed at 400°C and 700 bar: A =4.5×10 13 s -1 and Ea = 55.9 kcal/mol (A =1.6×10 12 s -1 and Ea = 50.4 kcal/mol when the mechanism is computed at P = 1 bar and T = 800°C). This example illustrates the importance of selecting kinetic parameters that are determined in conditions close to those in which they are used.

Table 3 gathers the experimental literature data concerning n-alkanes in similar T and P conditions, but the results appear very scattered: 59 < Ea < 74 kcal/mol and 3×10 13 < A < 7×10 22 s -1 . The activation energy seems to increase with pressure, but no clear conclusion can be drawn. Agreement is obtained with Béhar 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 High-Pressure/High-Temperature Prospects[END_REF] and Khorasheh and Gray [START_REF] Khorasheh | High-Pressure Thermal Cracking of n-Hexadecane[END_REF] for nC16 lumped in a drastic manner, and our results are consistent with those of Song et al. [START_REF] Song | Condensed-Phase Pyrolysis of n-Tetradecane at Elevated Pressures for Long Duration. Product Distribution and Reaction Mechanisms[END_REF] and Zhou and Crynes [START_REF] Zhou | Thermolytic Reactions of Dodecane[END_REF].

Methylaromatics

Three methylaromatics were studied: toluene [START_REF] Lannuzel | An extended mechanism including high pressure conditions (700 bar) for toluene pyrolysis[END_REF], 1-methylnaphthalene [START_REF] Bounaceur | Kinetic modeling of 1-Methylnaphthalene pyrolysis at high pressure (100 bar)[END_REF] and 1, 3, 5trimethylbenzene [START_REF] Fusetti | New insights into secondary gas generation from the thermal cracking of oil: Methylated aromatics. A kinetic approach using 1,2,4-trimethylbenzene. Part I: A mechanistic model[END_REF]. Table 2 gathers the results obtained via computation of the models.

The apparent activation energies of the studied methylaromatics are very close, due to their similar structures. The apparent frequency factor of trimethylbenzene is higher than that of toluene due to the reaction path degeneracy.

Literature data concerning several aromatics is presented in Table 3. Some data was found at the same P-T conditions. Concerning toluene, literature activation energies are much higher than those calculated from our mechanisms, but they were determined at higher temperatures and at atmospheric pressure. In these conditions, the cracking mechanisms are different [START_REF] Lannuzel | An extended mechanism including high pressure conditions (700 bar) for toluene pyrolysis[END_REF]; particularly the bimolecular initiations are negligible while they are of utmost importance at high pressures. Indeed, activation energies of bimolecular initiations are 30 kcal/mol lower than unimolecular ones, but they become important only at high pressure and therefore the apparent activation energy is much lower at high pressure than at low pressure. Agreement between experimental [START_REF] Fusetti | New insights into secondary gas generation from the thermal cracking of oil: Methylated aromatics. A kinetic approach using 1,2,4-trimethylbenzene. Part I: A mechanistic model[END_REF] and computed activation energy of trimethylbenzene is obtained.

Concerning 1-methylnaphthalene, the experimental activation energy [START_REF] Leininger | Mechanisms of 1-methylnaphthalene pyrolysis in a batch reactor[END_REF] is far lower than the computed value. The determination of the experimental apparent activation energy requires the determination or the assumption of the kinetic law, which is not needed for the computation of Ea by our kinetic model using detailed mechanisms (the software CHEMKIN II computes directly the rates according to the reaction mechanisms implied). The determination of the experimental Ea is generally performed by assuming a first-order law but we demonstrated elsewhere [START_REF] Bounaceur | Kinetic modeling of 1-Methylnaphthalene pyrolysis at high pressure (100 bar)[END_REF] that this assumption is not always true. This may explain the differences between the experimental apparent activation energy and the computed value, especially for methylnaphthalene.

Other hydrocarbons

Methylcyclohexane [START_REF] Bounaceur | Mechanistic modeling of the thermal cracking of methylcyclohexane near atmospheric pressure, from 250 to 1000°C, Identification of aromatization pathways[END_REF], butylcyclohexane [START_REF] Rakatoalimanana | Thermal cracking of n-butylcyclohexane at high pressure (100 bar) -part 2: mechanistic modeling[END_REF], decylbenzene [START_REF] Burklé-Vitzthum | Mechanistic Modeling of the Thermal Cracking of Decylbenzene[END_REF] and tetralin [START_REF] Bounaceur | Mechanistic modeling of the thermal cracking of tetralin[END_REF] were also studied. The apparent kinetic parameters are in Table 2. The apparent activation energies are in the same order of magnitude at 400°C. Butylcyclohexane appears more reactive than methylcyclohexane. This is due to the cracking of the butyl side chain which is easier than the cracking of the methyl side chain. The literature data concerning naphthenes are presented in Table 3. No literature data was found for methylcyclohexane, but the computed kinetic parameters of butycyclohexane are very close to the experimental ones determined for butycyclohexane [START_REF] Yu | Thermal Decomposition of Jet Fuel Model Compounds under Near-Critical and Supercritical Conditions. 1. n-Butylbenzene and n-Butylcyclohexane[END_REF][START_REF] Rakatoalimanana | Thermal cracking of n-butylcyclohexane at high pressure (100 bar) -part 1: experimental study[END_REF] and propylcyclohexane [START_REF] Widegren | Thermal decomposition kinetics of kerosene-based rocket propellants. 1. Comparison of RP-1 and RP-2[END_REF].

The computed results of tetralin are far from the values obtained by Yu and Eser [START_REF] Yu | Thermal Decomposition of Jet Fuel Model Compounds under Near-Critical and Supercritical Conditions. 2. Decalin and Tetralin[END_REF], although they were determined in neighboring conditions. This difference can be due to the assumption of a first-order kinetic law to determine the experimental value. According to our model, it appears that this assumption is not justified [START_REF] Bounaceur | Mechanistic modeling of the thermal cracking of tetralin[END_REF]. Another sensitive factor is the amount of impurities [START_REF] Bounaceur | Mechanistic modeling of the thermal cracking of tetralin[END_REF] (particularly dihydronaphthalene) which greatly influences the reactivity of tetralin and consequently its apparent kinetic parameters. This point is not clearly addressed in the experimental study by Yu and Eser [START_REF] Widegren | Thermal decomposition kinetics of kerosene-based rocket propellants. 1. Comparison of RP-1 and RP-2[END_REF] and so the comparison is difficult. In our case, the computations were performed with 0.1% of dihydronaphthalene. The mechanism of 2-ethyltetralin is strongly influenced by the cracking of the side chain and so the comparison with tetralin would not be consistent.

Concerning long-chain (n ≥ 4) alkylbenzene in which the long chain allows the retroene reaction [START_REF] Burklé-Vitzthum | Mechanistic Modeling of the Thermal Cracking of Decylbenzene[END_REF], no agreement is obtained with the literature data, except with the activation energy of Leigh and Szwarc [START_REF] Leigh | The pyrolysis of normal-butylbenzene and the heat of formation of normal-propyl radical[END_REF] and the frequency factor of Yu and Eser. These results are surprising but once again, literature data were generally determined at higher temperatures and much lower pressures than in our study, making comparisons quite difficult.

Relative thermal stability at 400°C

To establish a relative scale of stability of the investigated hydrocarbons at 400°C, the conversion X is plotted as a function of temperature T assuming a first-order reaction law (Figure 2). The pyrolysis duration is set to 10 hours, which is a typical duration for pyrolysis in the laboratory. Characteristic S-shaped curves are obtained (Figure 2). The scale of stability between compounds is determined as following: the higher the temperature to reach 50% conversion, the more stable the compound. The following scale is obtained from the least to the most stable compound: DB < C15 < MN < BCH < Tetralin < MCH ≈ TMB < toluene It should be noted that: 1) long alkanes (C15) belong to compounds with low stability, 2) cycloalkanes are more stable than C15, 3) toluene and trimethylbenzene are the most stable compounds and behave very differently from methylnaphthalene and decylbenzene, 4) alkylbenzenes are increasingly reactive as their side chain length increases, 5) the stability of the aromatic compounds strongly depends on their structure.

The relative stability of butylcyclohexane and alkanes was studied elsewhere [START_REF] Rakatoalimanana | Thermal cracking of n-butylcyclohexane at high pressure (100 bar) -part 2: mechanistic modeling[END_REF] and the relative scale of stability was:

nC25 < nC16 < nC10 ≈ BCH < nC8
This is in agreement with our results.

The relative stability of dodecylbenzene, 9-methylphenanthrene and nC25 was evaluated by [START_REF] Béhar | Elaboration of a new compositional kinetic schema for oil cracking[END_REF], and it should be noted that our results concerning decylbenzene (instead of dodecylbenzene), methylnaphthalene (instead of 9-methylphenanthrene) and nC15 (instead of nC25) are in agreement with their results at 400°C.

Kinetic parameters at geological temperature (200°C)

Alkanes and methylaromatics

Alkanes and methylaromatics kinetic parameters seem to be almost constant between 400°C and 200°C (Table 2) because the free-radical reactions that control the thermal cracking remain the same. The apparent activation energy of alkanes does not depend on the chain length at 200°C on the contrary to 400°C and an average value of 69.3±0.5 kcal/mol can be proposed for any chain length. Nevertheless, the apparent rate constant k increases with the chain length and its evolution can be compared to the correlation of Watanabe et al. [START_REF] Watanabe | Overall Rate Constant of Pyrolysis of n-Alkanes at a Low Conversion Level[END_REF] validated at 200-700°C and 1-150 bar. Watanabe et al. [START_REF] Watanabe | Overall Rate Constant of Pyrolysis of n-Alkanes at a Low Conversion Level[END_REF] proposed a correlation that plots k(nCi)/k(nC16) as a function of the chain length i (3 ≤ i ≤ 32) regardless of the temperature and the pressure. The correlation was validated up to i ≈ 20. We have chosen arbitrarily C15 as a reference alkane instead of C16 in this study, so we plotted k(nCi)/k(nC15) [START_REF] Bounaceur | Influence of pressure (100 Pa-100 MPa) on the pyrolysis of an alkane at moderate temperature (603K-723 K): Experiment and kinetic modeling[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][START_REF] Lannuzel | Reassessment of the kinetic influence of toluene on n-alkane pyrolysis[END_REF] at 400°C and 200°C as a function of i and we compared it to the correlation established for k(nCi)/k(nC16) (Figure 3). Agreement with the model [START_REF] Watanabe | Overall Rate Constant of Pyrolysis of n-Alkanes at a Low Conversion Level[END_REF] was obtained at up to i = 16 for both temperatures.

Other hydrocarbons

Table 2 shows that the behavior of decylbenzene and tetralin strongly depends on temperature. In the case of decylbenzene, the previous mechanistic study [START_REF] Burklé-Vitzthum | Mechanistic Modeling of the Thermal Cracking of Decylbenzene[END_REF] revealed that the mechanism includes free-radical reactions as well as the molecular retroene reaction. The importance of the retroene reaction increases as temperature decreases because its activation energy (54 kcal/mol) is much lower than the global cracking activation energy of the freeradical (70 kcal/mol). Indeed, at low temperature, the apparent activation energy almost corresponds to the activation energy of the retroene reaction.

The apparent activation energy of tetralin strongly decreases when the temperature decreases but so does the frequency factor. This is due to the bimolecular initiations whose kinetic parameters are much lower than those of unimolecular initiations. So their importance increases when temperature decreases and they strongly influence the apparent kinetic parameters, leading to lower frequency factors and lower activation energies.

Relative thermal stability at 200°C

A relative scale of stability is established at 200°C in the same manner as previously for 400°C, but the duration is set to 100 million years (Figure 4) which is characteristic of geological duration. The apparent kinetic parameters computed at 200°C are used. A different scale of stability is obtained at 200°C (Figure 4) in comparison to 400°C (Figure 2), essentially because the apparent activation energies are different for each compound, but also because of the modification of some kinetic parameters with temperature: DB < MN < C15 ≈ TMB < tetralin ≈ BCH ≈ toluene < MCH One major difference between both scales of stability is the increase of the relative stability of methylcyclohexane when temperature decreases. Another major difference is the strong increase of the reactivity of decylbenzene with the decrease of temperature due to the retroene reaction as explained above.

The comparison between the relative scales of stability at low and high temperatures appears more difficult for the other compounds. In order to highlight the influence of the modifications of the apparent kinetic parameters, we also computed the relative scale of stability at 200°C, but with the kinetic parameters computed at 400°C, and we obtained:

DB ≈ MN < TMB < C15 < toluene < BCH ≈ MCH≈ tetralin

The major mistake that would be done by using at 200°C the kinetic parameters computed at 400°C, would lie in the overestimation of the stability of tetralin and decylbenzene, in comparison to the other compounds.

Discussion

The apparent kinetic parameters of decylbenzene, methylcyclohexane and tetralin clearly depend on temperature. For all other compounds, the differences between the kinetic parameters computed at 400°C and 200°C could seem negligible. In order to quantify the consequences of these minor changes, we calculated the conversion at 200°C after 1, 10 or 100 million years (depending on the reactivity of the hydrocarbon) by using the apparent kinetic parameters computed at 400°C and 200°C and assuming a first-order law (Table 4).

We also calculated the half-life with both apparent kinetic parameters (Figures 5, 6 and7).

Alkanes

Table 4 and Figure 5 show that simulating at 200°C the apparent kinetic parameters computed at 400°C would lead to a higher reactivity (increase of conversion and decrease of half-life) than using the kinetic parameters computed at 200°C, especially for short alkanes (nC8). The difference is less important when the length of alkanes increases and there is no difference for long alkanes (nC25).

Differences could be explained by on the weight of decomposition reactions via -scission of the short radicals among all decomposition reactions. Indeed, the decomposition reactions are rate-limiting at high pressures and low temperatures [START_REF] Bounaceur | Influence of pressure (100 Pa-100 MPa) on the pyrolysis of an alkane at moderate temperature (603K-723 K): Experiment and kinetic modeling[END_REF] and they greatly influence the apparent activation energy. The kinetic parameters of the decomposition of short radicals depend more on temperature (higher activation energy) than the kinetic parameters of the other radicals [START_REF] Bounaceur | Influence of pressure (100 Pa-100 MPa) on the pyrolysis of an alkane at moderate temperature (603K-723 K): Experiment and kinetic modeling[END_REF]. Moreover, for short alkanes, the weight of decomposition of short radicals among all decomposition reactions is more important than for long-chain alkanes: short radicals are more concentrated during the thermal cracking of short alkanes than of long alkanes. That is why the apparent activation energy of short alkanes depends more on temperature than that of long alkanes. As a consequence, the errors made when simulating at 200°C the kinetic parameters determined at 400°C lies on the fact that the alkane studied is short.

Monoaromatics and naphthenes

The computed conversions and half-lives are presented in Table 4, and Figure 6. All these compounds appear to be more stable at 200°C than at 400°C. With the apparent kinetic parameters computed, the conversions are lower while the half-lives higher at 200°C than at 400°C, although the apparent kinetic parameters do not seem to depend on temperature except for methylcyclohexane. In order to evaluate more precisely the temperature-dependence of the apparent first-order kinetic constant k of methylcyclohexane, we computed k(T) in the temperature range of 200-400°C and we plotted k(T) vs 1/RT (R: ideal gas constant and T: temperature) in a logarithmic scale (markers in Figure 8). By considering the apparent kinetic parameters (A and Ea) computed at 400°C, we extrapolated the Arrhenius law from 400°C to low temperature and the extrapolated rate constant is referred to k(400). Then we plotted k(400) vs 1/RT (straight lines in a logarithmic scale in Figure 8). It clearly appears that the deviation between k(400) and k(T) increases when the temperature decreases and that k(T) < k(400).

Decylbenzene and tetralin

The computed conversions and half-lives are presented in Table 4 and Figure 7. Unlike the other hydrocarbons studied, decylbenzene and tetralin appear to be more reactive at 200°C than at 400°C. When the apparent kinetic parameters are computed at 200°C the conversions are higher and the half-lives lower than at 400°C. In the case of decylbenzene, as explained above, this increasing reactivity is due to the retroene reaction whose activation energy is particularly low and whose importance increases when the temperature decreases [START_REF] Burklé-Vitzthum | Mechanistic Modeling of the Thermal Cracking of Decylbenzene[END_REF]. The increasing reactivity of tetralin is probably related to the bimolecular initiations whose importance also increases when the temperature decreases because of their lower activation energy than that of unimolecular initiations [START_REF] Bounaceur | Mechanistic modeling of the thermal cracking of tetralin[END_REF].

The apparent kinetic parameters of decylbenzene and tetralin (Table 2) strongly depend on temperature. In order to evaluate precisely the temperature-dependence of the apparent firstorder kinetic constant k of decylbenzene and tetralin, we computed k(T) in the temperature range of 200-400°C and we plotted ln k(T) vs 1/RT as well as ln k(400) vs 1/RT (Figure 8). It also clearly appears that the deviation between k(400) and k(T) increases when the temperature decreases and that k(T) > k(400).

Conclusion

In this paper we computed the apparent kinetic parameters (frequency factor A and activation energy Ea) of several pure hydrocarbons on the basis of detailed kinetic models previously constructed and validated. The purpose was to evaluate the effects of extrapolating data obtained in a range of temperatures to another. Indeed, thermal cracking reactions take place at 150°C -200°C for millions of years in geological reservoirs and so all laboratory data are obtained at about 400°C during some hours or days and then extrapolated.

The calculations were performed at 700 bar and at 400°C and then 200°C. The computation of Ea is independent from the kinetic rate law with our method, but the computation of A is not: we postulated a first-order kinetic law which is of use in the vast majority of geochemistry publications. In the present study, most of the compounds exhibit apparent kinetic parameters that are slightly or even highly different between 400°C and 200°C. Extrapolating apparent kinetic parameters obtained at 400°C, even though they are only slightly different from those at 200°C, can lead to significant differences in terms of half-lives or conversion after several millions of years. All hydrocarbons studied here (alkanes, monoaromatics and naphthenes) appear to be more stable at 200°C than when extrapolating the Arrhenius law from 400°C to 200°C, except decylbenzene and tetralin which appear much more reactive. To conclude, any extrapolation beyond the original range of temperatures used to determine the apparent kinetic parameters has to be considered very carefully, in the geochemistry field, but also in any other application fields of thermal cracking. We previously showed [START_REF] Bounaceur | Influence of pressure (100 Pa-100 MPa) on the pyrolysis of an alkane at moderate temperature (603K-723 K): Experiment and kinetic modeling[END_REF] that the same is true for the extrapolation beyond the original range of pressure because the importance of bimolecular vs unimolecular reactions can be completely modified.

To complete the discussion, two more points should be addressed: the choice of the kinetic rate law and the effects of co-reactants. In most studies, a first-order kinetic law is postulated, although it clearly appears that this choice is erroneous for some compounds; for instance, the order is close to ½ for pure alkanes [START_REF] Bounaceur | Modélisation cinétique de l'évolution thermique des pétroles dans les gisements[END_REF] and 2 for pure methylnaphthalene [START_REF] Bounaceur | Kinetic modeling of 1-Methylnaphthalene pyrolysis at high pressure (100 bar)[END_REF]. It would be interesting to lead a complete study on the best choice of kinetic order for each hydrocarbon and address the consequences of an erroneous choice on hydrocarbon stability. The second point is the effects of co-reactants on the apparent kinetic parameters. We showed on several systems ( [START_REF] Burklé-Vitzthum | Kinetic Effect of Alkylaromatics on the Thermal Stability of Hydrocarbons under Geological Temperatures[END_REF][START_REF] Lannuzel | Reassessment of the kinetic influence of toluene on n-alkane pyrolysis[END_REF][START_REF] Burklé-Vitzthum | Experimental study and modelling of the role of hydronaphthalenics on the thermal stability of hydrocarbons under laboratory and geological conditions[END_REF][START_REF] Bounaceur | Inhibiting effect of tetralin on the pyrolysic decomposition of hexadecane. Comparison with toluene[END_REF]) that some co-reactants can completely change the stability of hydrocarbons and consequently the apparent kinetic parameters are also very likely to be modified. Therefore, the studies on pure hydrocarbons have a limited range of application. In order to construct bulk kinetic models of mixtures meant to represent oil fractions, a similar study as the one presented here should be performed with binary mixtures: correlations between the apparent kinetic parameters and the content of co-reactants could be obtained and then used in bulk kinetic models. 
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 1 Figure 1: Apparent activation energy computed at 400°C as a function of the chain length i (linear regression: Ea (kcal/mol) = 0.10×i + 66.7).
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 2 Figure 2: Relative stability of the hydrocarbons determined by using the apparent kinetic parameters calculated at 400°C (pyrolysis duration set to 10 h).

Figure 3 :

 3 Figure 3: Comparison of the normalized rate constants [26, 29, 30, 33] (C15 as the reference compound) as a function of the chain length to the correlation of Watanabe et al. [55] (square markers: 400°C and circle markers: 200°C).
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 4 Figure 4: Relative stability of the hydrocarbons determined by using the apparent kinetic parameters calculated at 200°C (pyrolysis duration set to 100 million years).
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 5 Figure 5: Temperature-dependence of kinetic parameters of some alkanes: influence on halflife at 200°C.
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 6 Figure 6: Temperature-dependence of kinetic parameters of methylaromatics and naphthenes: influence on half-life at 200°C.

Figure 7 :

 7 Figure 7: Temperature-dependence of kinetic parameters of decylbenzene and tetralin: influence on half-life at 200°C.

Figure 8 :

 8 Figure 8: Computed evolution of the rate constants (decylbenzene, methylcyclohexane and tetralin) as a function of temperature compared with the extrapolation of the Arrhenius law from 400°C.

Table 2 :

 2 Computed apparent kinetic parameters.

	521				
	522				
	Hydrocarbons	A (s -1 )	Ea (kcal/mol)	A (s -1 )	Ea (kcal/mol)
		400°C		200°C	
	nC5H12 [30]	1.1× 10 16	67.2	5.3× 10 16	69.2
	nC6H14 [30]	3.6× 10 16	67.3	1.6× 10 17	69.3
	nC8H18 [30]	7.7× 10 16	67.0	1.8× 10 17	69.2
	nC8H18 [26]	6.6× 10 15	64.0	1.7× 10 18	71.8
	nC8H18 [33]	6.5× 10 16	67.6		
	nC12H26 [30]	1.8× 10 17	68.6	2.2× 10 17	69.3
	nC14H30 [30]	1.6× 10 17	68.2	3.0× 10 17	69.2
	nC15H32 [30]	1.8× 10 17	67.8	5.2× 10 17	69.3
	isoC15H32 [30]	1.7× 10 17	67.9	5.3× 10 17	69.3
	nC16H34 [29]	2.0× 10 15	61.8		
	nC25H52 [30]	6.5× 10 17	69.1	7.3× 10 17	69.2
	Toluene	2.9× 10 10	54.4	4.0× 10 10	55.4
	1-Methylnaphtalene	1.3× 10 14	59.3	1.8× 10 14	60.2
	Trimethylbenzene	8.8× 10 11	56.1	1.4× 10 12	57.3
	Decylbenzene	1.2×10 18	67.0	4.9× 10 12	54.0
	Tetralin	7.4× 10 15	67.5	2.6× 10 13	61.2
	Methylcyclohexane	1.9× 10 14	63.7	1.5× 10 15	66.4
	Butylcyclohexane	4.7×10 16	68.4	7.6×10 16	69.4
	523				
	524				
	525				
	526				

Table 3 :

 3 Literature data.

	527				
	528				
	Compound	E (kcal/mol)	A (s -1 )	Ref.	T-P
					conditions
	nC9H20	63	2.0×10 14	Kunzru et al.,	650-750°C
				[42]	
	nC10H22	60	3.6×10 21	Yu and Eser,	400-450°C
				[43]	21 bar
	nC12H26	62	2.3×10 22	Yu and Eser,	400-450°C
				[43]	18 bar
	nC12H26	65.2	3.7×10 16	Zhou and	250-440°C
				Crynes, [44]	92-103 bar
	nC14H30	63	7.2×10 22	Yu and Eser,	400-450°C
				[43]	16 bar
	nC14H30	67.6	7.2×10 18	Song et al., [45] 450°C
					20-90 bar
	nC16H34	59.2	3.1×10 13	Blouri et al., [46] 350-440°C
					20 bar
	nC16H34	59.6	3.1×10 14	Ford, [19]	330-420°C
					Liquid phase
	nC16H34	61.2	1.5×10 15	Khorasheh and	380-450°C
				Gray, [20]	139 bar
	nC16H34	74	3.0×10 19	Jackson et al.,	300-370°C
				[15]	150-600 bar
	nC25H52	68.2	6.1×10 17	Behar and	325-425°C
				Vandenbroucke, [14]	120-800 bar

Table 4 :

 4 Temperature-dependence of kinetic parameters of some hydrocarbons: influence on conversion at 200°C.

		nC8H18	nC15H32
		First-order law	First-order law	First-order law	First-order law
		using A and Ea	using A and Ea	using A and Ea	using A and Ea
		calculated at	calculated at	calculated at	calculated at
		400°C	200°C	400°C	200°C
	Conversion after	91%	45%	93%	78%
	10 million years				
		nC25H52	Toluene
		First-order law	First-order law	First-order law	First-order law
		using A and Ea	using A and Ea	using A and Ea	using A and Ea
		calculated at	calculated at	calculated at	calculated at
		400°C	200°C	400°C	200°C
	Conversion after	91%	91%	49%	27%
	10 million years				
		1-Methylnaphtalene	Trimethylbenzene
		First-order law	First-order law	First-order law	First-order law
		using A and Ea	using A and Ea	using A and Ea	using A and Ea
		calculated at	calculated at	calculated at	calculated at
		400°C	200°C	400°C	200°C
	Conversion after	100%	100%	96%	77%
	10 million years				
			DB	Tetralin
		First-order law	First-order law	First-order law	First-order law
		using A and Ea	using A and Ea	using A and Ea	using A and Ea
		calculated at	calculated at	calculated at	calculated at
		400°C	200°C	400°C	200°C
	Conversion after	100% (98% after	100% (100% after	78%	99%
	100 million years	1 million years)	1 million years)		
		MCH	BCH	
		First-order law	First-order law	First-order law	First-order law
		using A and Ea	using A and Ea	using A and Ea	using A and Ea
		calculated at	calculated at	calculated at	calculated at
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