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This study deals with oxidation kinetics of three unsaturated fatty esters: methyl oleate, methyl linoleate and methyl linolenate at temperatures ranging from 90 to 150 • C. The reaction was monitored by chemiluminescence. A kinetic model was derived from a simple mechanistic scheme, in which initiation is due to hydroperoxides decomposition, whereas propagation results from the abstraction of the most labile hydrogen and termination results only from the bimolecular combination of peroxyl radicals. Analysis of induction period duration indicated that hydroperoxides mainly decompose by a bimolecular process. The model well predicts the main features of the experimental chemiluminescence curves. Kinetic parameters of the three unsaturated fatty esters were assessed from inverse method and discussed.

Introduction

The oxidation mechanism of a hydrocarbon substrate with a single reactive site under oxygen excess (i.e. no contribution of alkyl radicals (R • ) to termination reactions) at moderate temperature (<150 • C) can be depicted in a first approach by the following scheme [START_REF] Tobolsky | Low temperature autoxidation of hydrocarbons: the phenomenon of maximum rates[END_REF][START_REF] Audouin | Close loop' mechanistic schemes for hydrocarbon polymer oxidation[END_REF]:

ROOH → 2R • + carbonyls + scissions + others(k 1u ) (Iu) ROOH + ROOH → R • + ROO • + carbonyls + scissions(k 1b ) (Ib) R • + O 2 → ROO • (k 2 ) (II) ROO • + RH → ROOH + R • (k 3 ) (III) ROO • + ROO • → inactive products(k 6 ) (VI)
The ratio k 3 2 /k 6 expresses the intrinsic substrate oxidizability and is independent of the initiation mode (peroxide decomposition, polymer radiolysis or photolysis, etc.) [START_REF] Tobolsky | Low temperature autoxidation of hydrocarbons: the phenomenon of maximum rates[END_REF].

Initiation by uni-or bimolecular hydroperoxides (ROOH) decomposition involves in fact the formation of alkoxyl (RO • ) and hydroxyl (HO • ) radicals:

ROOH → RO • + • OH ROOH + ROOH → ROO • + RO • + H 2 O
but RO • and HO • are transformed into alkyl radical by hydrogen abstraction or by rearrangement. Since both reactions are several orders of magnitude faster than ROOH decomposition (of rate constant k 1u and k 1b ), it is licit to use the balance Eqs. (Iu) and (Ib) kinetically equivalent to the whole set of equations involving ROOH and RO • radicals [START_REF] Audouin | Close loop' mechanistic schemes for hydrocarbon polymer oxidation[END_REF]. This model and some further versions were used to describe the oxidation of substrates in which it is assumed that there is only one kind of reactive site (for instance tertiary carbons in polypropylene [START_REF] Richaud | Effect of oxygen pressure on the oxidation kinetics of unstabilised polypropylene[END_REF], secondary ones in polyethylene [START_REF] Khelidj | Oxidation of polyethylene under irradiation at low temperature and low dose rate Part II. Low temperature thermal oxidation[END_REF], and allylic ones in butadiene rubber [START_REF] Coquillat | Thermal oxidation of polybutadiene. Part 2. Mechanistic and kinetic schemes for additive-free noncrosslinked polybutadiene[END_REF]).

In the present paper, we focus on the case of methyl esters of unsaturated fatty acids (UFE). This work has the following motivations:

-UFE being the main components of biodiesels, they can be in contact with polyethylene automotive tanks. Can they accelerate the oxidation of polyethylene? The answer comes from a cooxidation model [START_REF] Colin | Kinetic modelling of radiochemical ageing of ethylene-propylene copolymers[END_REF] which needs the knowledge of elementary rate constants including UFE ones. -UFE oxidation is certainly close to the one of fatty acids of biological interest, involved in degenerative processes such as Parkinson or Alzheimer diseases [START_REF] Spiteller | Linoleic acid peroxidation-the dominant lipid peroxidation process in low density lipoprotein-and its relationship to chronic diseases[END_REF][START_REF] Youdim | Essential fatty acids and the brain: possible health implications[END_REF][START_REF] Schippling | Increased lipoprotein oxidation in Alzheimer's disease[END_REF]. -Last, it can be claimed that understanding the efficiency of antioxidants requires a modeling [START_REF] Roginsky | Oxidizability of cardiac cardiolipin in Triton X-100 micelles as determined by using a Clark electrode[END_REF][START_REF] Tavadyan | Numerical revelation of the kinetic significance of individual steps in the reaction mechanism of methyl linoleate peroxidation inhibited by ␣-tocopherol[END_REF][START_REF] Zhou | Strictinin as an efficient antioxidant in lipid peroxidation[END_REF].

Oxidation of lipids and UFE has been intensively studied by oxygen absorption [START_REF] Colakoglu | Oxidation kinetics of soybean oil in the presence of monoolein, stearic acid and iron[END_REF], UV spectroscopy [START_REF] Schnitzer | Lipid oxidation in unfractionated serum and plasma[END_REF][START_REF] Raveh | Kinetics of lipid peroxidation in mixtures of HDL and LDL, mutual effects[END_REF], NMR [START_REF] Pajunen | NMR properties of conjugated linoleic acid (CLA) methyl ester hydroperoxides[END_REF], MALDI-TOF [START_REF] Fuchs | Oxidative changes of lipids monitored by MALDI MS[END_REF] and GC chromatography [START_REF] Berdeaux | A detailed identification study on high-temperature degradation products of oleic and linoleic acid methyl esters by GC-MS and GC-FTIR[END_REF]. The mechanism and the structure of intermediary and stable products as well are hence precisely known [START_REF] Spiteller | Linoleic acid peroxidation-the dominant lipid peroxidation process in low density lipoprotein-and its relationship to chronic diseases[END_REF]. Authors converge on the matter that oxidation is described by a mechanistic scheme which is common with other hydrocarbons [START_REF] Colakoglu | Oxidation kinetics of soybean oil in the presence of monoolein, stearic acid and iron[END_REF][START_REF] Tükenmez | Dose dependent oxidation kinetics of lipids in fish during irradiation processing[END_REF][START_REF] Cubillos | Kinetics of lipid peroxidation in compartmentalized systems initiated by a water-soluble free radical source[END_REF][START_REF] Roginsky | Oxidizability of cardiac cardiolipin in Triton X-100 micelles as determined by using a Clark electrode[END_REF][START_REF] Rhayem | Chain-breaking activity of resveratrol and piceatannol in a linoleate micellar model[END_REF]. However, few studies are aimed at determining the kinetic parameters values at moderate temperature, which is a key issue to figure out more complex cases involving antioxidants. Some rate constant values are available from measures in gaseous state (T ranging from 700 to 1000 K) but their extrapolation at moderate temperature seems questionable [START_REF] Herbinet | Detailed chemical kinetic oxidation mechanism for a biodiesel surrogate[END_REF][START_REF] Herbinet | Detailed chemical kinetic mechanism for the oxidation of biodiesel fuels blend surrogate[END_REF]. Existing kinetic parameters values at ambient temperature are associated to very complex models, which cannot guarantee that the values were well optimized (since several sets of constants could lead to acceptable simulation of oxidation course [START_REF] Tavadyan | Numerical revelation of the kinetic significance of individual steps in the reaction mechanism of methyl linoleate peroxidation inhibited by ␣-tocopherol[END_REF]). Other questions remain unsolved such as the mechanism of radicals generation since most authors use an extrinsic radical creation (radiolysis [START_REF] Cubillos | Kinetics of lipid peroxidation in compartmentalized systems initiated by a water-soluble free radical source[END_REF] or thermal decomposition of an initiator [START_REF] Zhou | Strictinin as an efficient antioxidant in lipid peroxidation[END_REF]).

We propose here to:

-Study the UFE degradation by CL at several temperatures from 90 to 150 • C in order to validate a simple model. The relation between the rate of oxidation linked to hydroperoxides decomposition and CL emission is widely accepted [START_REF] Kron | Chemiluminescence from oxidation of polypropylene: correlation with peroxide concentration[END_REF][START_REF] Matisová-Rychlá | Effect of the polymer type and experimental parameters on chemiluminescence curves of selected materials[END_REF][START_REF] Billingham | The kinetic order of decomposition of polymer hydroperoxides assessed by chemiluminescence[END_REF]. Its high reproducibility was illustrated in previous papers [START_REF] Parejo | A transition metal enhanced luminol chemiluminescence in the presence of a chelator[END_REF][START_REF] Hasegawa | Analysis and assessment of the capacity of neutrophils to produce reactive oxygen species in a 96-well microplate format using lucigenin-and luminol-dependent chemiluminescence[END_REF]. -Assess the rate constants of oxidation process and their activation energy from CL curves analysis (maximal steady state intensity, induction time, general shape). The sensitivity of this calculation method was illustrated elsewhere [START_REF] Richaud | Effect of oxygen pressure on the oxidation kinetics of unstabilised polypropylene[END_REF] indicating that a factor 2 (unrealistically high) on induction period or maximal oxidation rate, i.e. maximal rate of ROOH decomposition involves an error lower than a decade in k 1b or k 6 for example. In other words, we will try to estimate the kinetic constants with an error lower than a 10 factor, which may constitute a first coarse grain study to orientate more precise resolution in the future.

Experimental

Materials

UFE are supplied by Sigma-Aldrich. Some of their characteristics are summarized in Table 1. Ultrapure grades were chosen: methyl oleate O4754 purity ≥ 99% (Sigma), methyl linoleate L1876 purity ≥ 99% (GC) (Sigma) and methyl linolenate L2626 purity ≥ 99% (GC) (Sigma).

Characterization by chemiluminescence

CL experiments were performed using a Lumipol 3 apparatus designed by Polymer Institute in Slovak Academy of Science [START_REF] Broska | Carboxylic acid assisted oxidation of polypropylene studied by chemiluminescence[END_REF]. UFE were placed into aluminum pans and heated under nitrogen from room temperature to the test temperature ranging from 90 to 150 • C and then maintained at this temperature under oxygen at 0.1 MPa pressure. -an induction period (ended by the curves onset) during which oxidation auto-accelerates, -steady state during which the oxidation rate is theoretically constant but turns in fact to be a maximum preceding a decay due to progressive substrate consumption [START_REF] Richaud | Hydroperoxide build-up in the thermal oxidation of polypropylene-a kinetic study[END_REF]. It will be assumed in the following that at the maximum CL emission, the system is close to the theoretical steady state predicted from the classical hypothesis of constant substrate concentration [START_REF] Richaud | Hydroperoxide build-up in the thermal oxidation of polypropylene-a kinetic study[END_REF]. -the lower the temperature, the longer the induction period is longer and the lower the maximal CL intensity is.

Results

CL

These features are those predicted by the mechanistic model recalled in Section 1: the initial auto-acceleration is due to hydroperoxide accumulation increasing the initiation rate, and the steady state begins when hydroperoxides destruction and formation rates are equal.

Two quantities can be thus determined from the experimental CL kinetic curves:

-the induction time t i , -the steady state intensity I S (this latter being expressed in relative units). For the curves recorded at 150 and 140 • C, we assumed that I S was close to the maximal CL intensity [START_REF] Richaud | Hydroperoxide build-up in the thermal oxidation of polypropylene-a kinetic study[END_REF]. The corresponding Arrhenius parameters are given in Table 2. They call for the following comments: both quantities seem to obey Arrhenius law in the temperature interval under study, the correlation being better for t i (R 2 > 0.99) than I S (0.93 < R 2 < 0.99).

Considering the number f of double bonds in the UFE, it is found that:

-At a given temperature, I S increases and t i decreases when f increases. -The activation energy E S and the pre-exponential factor I S0 of I S are decreasing functions of f. -The activation energy and preexponential factor of t i are indeed negative. Their absolute values are also decreasing functions of f.

Discussion

On the initiation mechanism

Several species are expected to create radicals:

(1) Allylic hydroperoxide of which the decomposition gives an alkoxyl radical RO • that abstract hydrogen or rearrange by various pathways giving various kinds of alkyl radicals. It will be considered, in a first approach, that all these radicals are equireactive and that initiation maybe represented by the balance reactions (1u) and (1b) given in the Section 1. Let us first discuss on the relative importance of these two reactions. The analytical solution of the model in pure unimolecular ROOH decomposition mode leads to [START_REF] Audouin | Close loop' mechanistic schemes for hydrocarbon polymer oxidation[END_REF]:

t i = 0.386 k u (1) 
thus:

E u = -E i (2)
i.e. that activation energy for unimolecular ROOH decomposition would be equal to respectively 104.1, 88.7 and 73.6 kJ mol -1 respectively for MO, ML, and MLN. It seems that E 1u generally is higher than 110 kJ mol -1 (Denisov and Afanas'ev, 2005a) so that the unimolecular decomposition seems not likely here.

(2) Dialkyl peroxides resulting from peroxyl addition to double bonds or from terminating bimolecular combinations of peroxyl are stable which is consistent with the fact they decompose by an unimolecular process.

In the following, we will hence only consider the bimolecular model presented in Section 1 (Ib), ( 2), ( 3) and ( 6) and try to estimate the corresponding kinetics parameters. The first step is link output data of this model (R • , ROO • and ROOH concentrations) with experimental CL intensity.

Expression of CL intensity in the bimolecular model

Several hypotheses were proposed for explaining the origin of CL emission [START_REF] Kron | Chemiluminescence from oxidation of polypropylene: correlation with peroxide concentration[END_REF][START_REF] Billingham | The kinetic order of decomposition of polymer hydroperoxides assessed by chemiluminescence[END_REF][START_REF] Audouin-Jirackova | Chemiluminescence of hydrocarbon polymers[END_REF][START_REF] Harada | Chemiluminescence from singlet oxygen that was detected at two wavelengths and effects of biomolecules on it[END_REF]. Most authors converge to the hypothesis of carbonyl phosphorescence as the main source of chemiluminescence. However, the precursors of carbonyls (always RO • radicals) are formed as well in initiation as in termination reactions.

ROOH + ROOH → RO • + ROO • + H 2 O ROO • + ROO • → [RO • + RO • ] cage → . . .
From the point of view of kinetic analysis, the best way would consist in expressing CL using:

I CL = ϕ 1 k 1b [ROOH] 2 + ϕ 6 k 6 [ROO • ] 2 (3)
where ϕ 1 and ϕ 6 are the respective yields of CL in initiation and in termination.

Thermochemical arguments suggest that CL yield of initiation reaction is probably lower than the termination one but this cannot explain the CL emission at low oxygen pressures where ROO • + ROO • terminations are unlikely [START_REF] Achimsky | The effect of oxygen pressure on the rate of polypropylene oxidation determined by chemiluminescence[END_REF]. As mentioned in Section 1, most recent literature shows that CL emission is actually linked to ROOH decomposition [START_REF] Kron | Chemiluminescence from oxidation of polypropylene: correlation with peroxide concentration[END_REF][START_REF] Matisová-Rychlá | Effect of the polymer type and experimental parameters on chemiluminescence curves of selected materials[END_REF][START_REF] Billingham | The kinetic order of decomposition of polymer hydroperoxides assessed by chemiluminescence[END_REF]. Hence, we will consider that:

I CL = ˚k1b [ROOH] 2 (4) 
Let us return now to the standard mechanistic scheme:

ROOH + ROOH → R • + ROO • + ˚h (k 1b ) R • + O 2 → ROO • (k 2 ) ROO • + RH → ROOH + R • (k 3 ) ROO • + ROO • → inactive product + ˚ h (k 6 )
The kinetic scheme is composed of the following equations:

d[R • ] dt = k 1b [ROOH] 2 -k 2 [R • ][O 2 ] + k 3 [ROO • ][RH] (5) d[ROO • ] dt = k 1b [ROOH] 2 + k 2 [R • ][O 2 ] -k 3 [ROO • ][RH] -2k 6 [ROO • ] 2 (6) d[ROOH] dt = -2k 1b [ROOH] 2 + k 3 [ROO • ][RH] (7) 
At steady state termination and initiation rates are equal:

d[R • ] dt + d[ROO • ] dt = 0 (8) so that 2k 1b [ROOH] 2 S = 2k 6 [ROO • ] 2 S (9) k 1b [ROOH] 2 S = k 3 [ROO • ] S [RH] (10) 
By substituting [ROO • ] in Eqs. ( 9) and ( 10):

[ROOH] S = k 3 [RH] 2 k 1b k 6 (11)
and

(I CL ) S = ˚k2 3 2k 6 [RH] 2 (12)
where ˚is the CL yield for POOH decomposition. The apparent activation energy of maximal CL intensity is therefore:

E S = E ˚+ 2E 3 -E 6 ( 13 
)
where E ˚, E 3 and E 6 are the respective activation energies of ˚, k 3 and k 6 . We will now try to use Eq. ( 13) for estimating kinetic parameters.

Calculation of E 3 and k 3 (T) using structure-oxidizability relationships

Most authors consider that the CL yield ˚is almost temperature independent, i.e.: E ˚= 0. Another reasonable hypothesis is that for lipid substrates: E 6 ∼ 0. By assuming that 2E 3 E ˚-E 6 , one obtains:

2E 3 ∼E S ( 14 
)
Table 3 Arrhenius parameters for bimolecular hydroperoxides decomposition. Eq. ( 14) will be tentatively validated in what follows. It gives E 3 values listed in Table 2. They appear as a decreasing function of the number of double bonds with a more important gap between MO and ML than between ML and MLN. This is indeed linked to the difference of reactivity between ␣ unsaturated and ␣,␣ unsaturated methylenes:

E6 = 0, k6 = 10 8 L mol -1 s -1 E6 = 30 kJ mol -1 , k6(150 • C) = 10 8 L mol -1 s -1 E6 = 0, k6 = 10 6 L mol -1 s -1 k 1bo E 1b k lb (150 • C) k 1bo E lb k lb (150 • C) k 1bo E 1b k lb (150
-CH 2 -CH 2 -CH = CH -CH 2 - ˛unsaturated , -CH = CH -CH 2 -CH = CH- ˛,˛ unsaturated
There is a way to check the validity of E 3 values using the empirical equations by [START_REF] Korcek | Absolute rate constants for hydrocarbon auto-oxidation-activation energies for propagation and the correlation of propagation rate constants[END_REF]. These authors reported C H bond dissociation enthalpy (BDE) values for ␣ and ␣,␣ unsaturated methylene and a relationship linking this dissociation energy to E 3 :

E 3 = 0.55 × (BDE(C -H) -261) ( 15 
)
where E 3 and BDE(C H) are expressed in kJ mol -1 . BDE(C H) values and corresponding E 3 values for the less stable methylenes are in good agreement with theoretical expectations (Table 2) which is a first validation of Eq. ( 14). The significant gap between E 3 for a saturated substrate (∼70 kJ mol -1 ) and those for unsaturated substrates explains why oxidation is selective in the conditions under study and why only allylic hydrogens are attacked. However, let us precise that in ML and MLN, a cooxidation involving m 1 and m 2 sites (Table 1) possibly occurs and the model based on unicity of reactive site used here is only a rough approximation.

In the following, we will use the E 3 value coming from Korcek's relationship rather than the one determined from CL because there is no reason that ML and MLN reactivity differs. Concerning k 3 , we will use another Korcek's relationship:

log s-ROO • 10 k 3 (30 • C) = 16.4 -0.0478 × BDE(C -H) (16)
So that, using Eqs. ( 15) and ( 16):

log s-ROO • 10 k 3 (30 • C) = 3.9 -0.0867 × E 3 (17)
k 3 at 30 • C values are also listed in Table 2. Having now k 3 (30 • C), E 3 , and then k 3 whatever the temperature, it remains to determine the kinetic parameters linked to initiation and termination. As illustrated elsewhere [START_REF] Audouin | Close loop' mechanistic schemes for hydrocarbon polymer oxidation[END_REF][START_REF] Richaud | Effect of oxygen pressure on the oxidation kinetics of unstabilised polypropylene[END_REF], kinetic parameters for initiation can be estimated from induction period duration.

Identification of the couples (k 1b0 , E 1b )

The analytical approach of the standard kinetic scheme gives [START_REF] Audouin | Close loop' mechanistic schemes for hydrocarbon polymer oxidation[END_REF]:

t i ∼ ln(([ROOH] S -[ROOH] 0 )/[ROOH]) k 3 (k 1b /k 6 )[RH] (18)
where [ROOH] 0 and [ROOH] S are respectively the hydroperoxide concentrations at t = 0 and at steady state, respectively.

[ROOH] S is a function of rate constants (Eq. ( 8)). k 1b can be calculated from t i if [ROOH] 0 and k 6 are fixed. It is easy to verify that E 1b and k 1b0 assessment from induction period values moderately depends on [ROOH] 0 [START_REF] Audouin | Close loop' mechanistic schemes for hydrocarbon polymer oxidation[END_REF]. Several sets of k 60 and E 6 can be used for determining k 1b at the several temperatures under investigation (see Table 3 for some examples). The best k 1b0 , E 1b pair and the k 60 , E 6 pair from which it originates have to fulfill two conditions:

(1) Permit the simulation of the CL shape. As it will be seen in the following (Fig. 3b), experimental CL curves cannot be fairly simulated using k 6 ∼ 10 6 L mol -1 s -1 meanwhile k 6 ∼ 10 8 L mol -1 s -1 is more suitable.

(2) Have a physical sense. It can be tentatively justified by placing k 1b0 ,E 1b pairs for MO, ML and MLN together with comparable data obtained for several hydrocarbons [START_REF] Broska | Carboxylic acid assisted oxidation of polypropylene studied by chemiluminescence[END_REF] in the compensation diagram ln(pre exponential factor) vs activation energy (Fig. 2). Except for the ML, the points are reasonably close to a straight-line consistently with the fact that all these data correspond to the bimolecular decomposition of ROOH.

Finally, the k 1b values obtained with k 6 (150 • C) = 10 8 L mol -1 s -1 (with E 6 = 0 or 30 kJ mol -1 ) are very close and meet both requirements. They will be used in the next part with k 3 determined in Section 3 for simulating CL curves and identifying precisely the other parameters (k 6 and [ROOH] 0 ).

Simulation of CL curves and [POOH] 0 and (k 60 ,E 6 ) assessment

The aim is now to assess [POOH] 0 and (k 60 ,E 6 ) from fitting CL curves or at least reproduce fairly their shape. To take into account the final auto-retardation, we added an equation for substrate consumption [START_REF] Richaud | Hydroperoxide build-up in the thermal oxidation of polypropylene-a kinetic study[END_REF]:

d[RH] dt = -1b k 1b [ROOH] 2 -k 3 [ROO • ][RH] ( 19 
)
where 1b is the number of substrate units consumed in the initiation process. For the sake of simplicity, we will assume that 1b = 0 (i.e. that carbonyls are the main products for alkoxy decomposition).

The complexity of differential system made of Eqs. ( 5)-( 7) and ( 19) requires the use of a numerical solver: ODE23's function (Matlab software). The above system of equations can be solved using the following boundary conditions [START_REF] Richaud | Induction period in the low-temperature thermal oxidation of saturated hydrocarbons: example of polyethylene[END_REF] ) k 6 = 10 7 l mol -1 s -1 k 6 = 10 6 l mol -1 s -1 k 6 = 10 8 l mol -1 s -1 k 6 = 10 9 l mol -1 s -1 And the following hypotheses:

[R • ] = [ROO • ] = 0, [RH] = 6 mol L -1 , k 1b = 1 × 10 -2 L mol -1 s -1 , k2 = 10 7 L mol -1 s -1 and k3 = 100 L mol -1 s -1 , k6 = 10 9 L mol -1 s -1 (a) and [ROOH]0 = 10 -2 mol L -1 (b). Att = 0, [R • ] = [ROO • ] = 0, [ROOH] = [ROOH] 0 [RH] = [RH] 0 (see Table 1) [O 2 ] = s O 2 × P O 2 (
(1) When two kinds of abstractable hydrogen coexist, only the most labile one reacts.

(2) Corresponding k 3 values are given in Table 2. k 2 was arbitrarily fixed equal to 10 7 L mol -1 s -1 [START_REF] Verdu | A new kinetic model for polypropylene thermal oxidation at moderate temperatures[END_REF]. Let us precise that k 2 value has a negligible influence on simulated oxidation curves provided its value is physically reasonable.

The other kinetic parameters were determined as follows:

-k 1b was determined from induction period values exploited using Eq. ( 13) (Table 3). We have chosen the values corresponding to k 6 (150 • C) = 10 8 L mol -1 s -1 and E 6 = 0 having in mind that they are very close to those obtained with k 6 (150 • C) = 10 8 L mol -1 s -1 and E 6 = 30 kJ mol -1 . -The initial hydroperoxide concentration [ROOH] 0 influences only induction period and will hence be determine from fitting of the beginning of the curve (Fig. 3a). -k 6 is adjusted on the shape of the curve and in particular the maximal slope (Fig. 3b).

Let us precise that k 6 and [ROOH] 0 adjustment is independent. It is the same in CL kinetic curves and in their reduced homologs I CL /I CLmax = f(t), i.e. it does not depend of CL yield ˚. This latter is then adjusted from the following equation:

˚= I CLmax k 1b [POOH] 2 max ( 20 
)
[ROOH] 0 values are given in Table 2 and values of k 6 and ˚and the ratio k 6 /˚are listed in Table 4. [ROOH] 0 of the 3 methyl esters under study have the same order of magnitude than reported in [START_REF] Kron | Chemiluminescence from oxidation of polypropylene: correlation with peroxide concentration[END_REF]. The corresponding activation energies are in good agreement with literature (Denisov and Afanas'ev, 2005b) and the extrapolated values of k 6 at 30 • C are close to the ones reported by [START_REF] Kamiya | Oxidative degradation[END_REF] and [START_REF] Tavadyan | Numerical revelation of the kinetic significance of individual steps in the reaction mechanism of methyl linoleate peroxidation inhibited by ␣-tocopherol[END_REF].

Let us first mention that despite its relative simplicity compared to previously published works [START_REF] Tavadyan | Numerical revelation of the kinetic significance of individual steps in the reaction mechanism of methyl linoleate peroxidation inhibited by ␣-tocopherol[END_REF], the proposed model simulates the shape of CL curves with only 5 parameters ([ROOH] 0 , k b , k 2 , k 3 and k 6 ). The curve of ROOH build up has also the same shape than reported in literature [START_REF] Raveh | Kinetics of lipid peroxidation in mixtures of HDL and LDL, mutual effects[END_REF]. In other words, the ignored reactions play a negligible kinetic role.

The obtained values of kinetic parameters call for the following comments:

-ML and MLN have close k 6 values and differ significantly from oleate in good agreement with the difference of reactivity of ␣ unsaturated and ␣,␣ unsaturated sites. -The condition on substrate oxidizability: k 3 2 /k 6 (MO) < k 3 2 /k 6 (ML) and k 3 2 /k 6 (ML) = k 3 2 /k 6 (MLN) seems also reasonable. -k 6 /˚tends to increase with the number of unsaturation in the order MLN > ML MO (Table 4). It is almost constant with temperature for a given substrate. In other words, the Eq. ( 14) is a posteriori validated. -Assuming a relative error ca. 5% on CL intensity, an uncertainty calculation shows that k 3 /k 3 ∼ 15% and k 6 /k 6 ∼ 30%. Fig. 3b shows for example that even 50% relative error on k 6 is not significant in the frame of such a coarse grain study. Rate constants are actually estimated by their order of magnitude rather than by the decimal value of pre-exponential factor.

Conclusions

Thermal oxidation of fatty acids by products was studied by chemiluminescence at several temperatures. It appears that linoleate and linolenate behave similarly but differ from oleate. This result is consistent to the fact that the reactive sites of linoleate and linolenate (␣,␣ unsaturated) are similar but differ from oleate ones (␣ unsaturated).

A relatively simple model permitted to fit the CL curves for the three methyl esters under study in the 90-150 • C temperature range. Kinetic analysis allowed assessing the rate constants for simulating oxidation of methyl oleate, methyl linoleate and methyl linolenate and their respective activation energy. Proposed rate constants are in good agreement with literature data and available structure-reactivity relationships.

  kinetic curves for MO, ML, MLN at 90, 110, 140 and 150 • C are shown in Fig. 1. Their main characteristics are:

Fig. 1 .

 1 Fig. 1. Experimental traces of CL curves for methyl oleate (a), linoleate (b) and linolenate (c) at 150 ( ), 140 (᭹), 135 ( ), 110 • C ( ) and 90 • C (*) together with their kinetic modelling (see text). Method for t i determination is illustrated by an insert in (a).

Fig. 2 .

 2 Fig. 2.Compensation straightline for Arrhenius parameters of bimolecular branching (data in full symbol from[START_REF] Broska | Carboxylic acid assisted oxidation of polypropylene studied by chemiluminescence[END_REF] and in open symbols from this work).

Fig. 3 .

 3 Fig. 3. Principle of adjustment of [ROOH]0 (a) and k6 (b). Other parameters were fixed equal to:[R • ] = [ROO • ] = 0, [RH] = 6 mol L -1 , k 1b = 1 × 10 -2 L mol -1 s -1 , k2 = 10 7 L mol -1 s -1 and k3 = 100 L mol -1 s -1 , k6 = 10 9 L mol -1 s -1 (a) and [ROOH]0 = 10 -2 mol L -1 (b).

  Henry's law) with s O 2 = 4 × 10 -8 mol L -1 Pa -1 (Van Krevelen and Te Nijenhuis, 2009) (Van Krevelen and Te Nijenhuis, 2009).

Table 1

 1 Characteristics of the molecules under study.

	Name	Structure		Molar mass	Number of	Number of	Number of	[RH] (mol L -1 )
				(g mol -1 )	double bonds	sites m1	sites m2
		O					
		C	OMe			
	Methyl oleate			296	1	2 a	0	6.0
			O				
			C	OMe			
	Methyl linoleate			294	2	2	1 a	3.0
			O				
			C	OMe			
	Methyl linolenate			292	3	2	2 a	6.0

m1, sites in ␣ position of one double bond; m2, sites in ␣ position of two double bonds. a Corresponds to the most reactive hydrogens in concentration [RH] = × (m1 or m2)/M.

Table 2

 2 Pre-exponential factor and apparent activation energy for the steady state CL intensity and for induction time, activation energies for propagation determined from E3 = ES/2 (*), BDE values for broken C H bond, E3 and k3(30 •

	Es	(kJ mol -1
	ln Is0	
	Molecule	

C)

from

Korcek et al. relationship (Korcek et al., 1972

) (**) and k3(30 • C) value reported by

[START_REF] Kamiya | Oxidative degradation[END_REF] 

(***) and [ROOH]0 value used for simulations.

Table 4

 4 Chemiluminescence yield ˚, termination rate constant k6 and ration k6/˚for methyl oleate, linoleate and linolenate for the temperatures under study, extrapolation of k6 at 30 • C and comparison with some literature data (*)[START_REF] Kamiya | Oxidative degradation[END_REF].

		T ( • C)	k6	˚k6/˚k6*
	O	150	4.5 × 10 8	4.6 × 10 7	9.9
		140	3.0 × 10 8	4.6 × 10 7	6.5
		110	1.0 × 10 8	1.9 × 10 7	5.2
		30	1.6 × 10 6		5.0 × 10 5
	LO	150	3.5 × 10 9	1.9 × 10 8	1.9 × 10
		140	2.5 × 10 9	1.6 × 10 8	1.6 × 10
		110	1.8 × 10 9	1.0 × 10 8	1.7 × 10
		90	3.5 × 10 8	2.4 × 10 7	1.5 × 10
		30	2.6 × 10 7		4.0 × 10 5
	LNO	150	3.5 × 10 9	1.4 × 10 8	2.4 × 10
		135	1.7 × 10 9	6.7 × 10 7	2.4 × 10
		110	8.0 × 10 8	6.6 × 10 7	1.2 × 10
		30	1.38 × 10 7		1.8 × 10 7
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