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Comparison of the Effects of Different Biofuels on the Oxidation Stability of a Hydrocarbon Fuel

In this work, the effects of the addition of biofuels belonging to different chemical families on the oxidation stability of a conventional fuel surrogate (n-decane) have been investigated. Experiments have been performed in a PetroOxy apparatus, which is one of the reference Rapid Small Scale Oxidation Test of the ASTM 7545 methods. When the pressure in the cell of the device decreases by 10% of the maximum pressure recorded, the time measured to reach this target value defines the Induction Period (IP). IP constitutes a quantitative measure of the oxidation stability of the fuel. In addition to the IP measurements for each biofuel / hydrocarbon fuel blend, organic peroxides produced in the liquid sample were quantified at the IP, using iodometric titration and ultraviolet-visible spectrophotometry.

Different oxygenated biofuels have been studied in this work: diethyl ether, n-butanol, and cyclopentanone. Cyclohexane addition has also been considered to probe the effects of a non-oxygenated additive. For each type of biofuel, the proportion added to n-decane, the surrogate fuel, was varied from 0.2 to 20%vol. For each blend, the IP and the total peroxide content in the liquid have been systematically measured.

This study demonstrates an unexpected diversity of the effects of oxygenates biofuels: n-butanol strongly enhances the oxidation stability of the surrogate fuel (up to a factor of 6) while diethyl ether and cyclopentanone decrease the stability of n-decane. The experimental results show also that variations in the proportions of biofuel additives lead to non-linear variations in the measured IPs. Organic peroxide measurements confirmed that a similar reaction mechanism underpins the oxidation of all the biofuel/fuel surrogate blends.

Introduction

Oxidation stability of fuels is a major issue in the fields of transport and energy. It is indeed crucial that fuels remain stable over their entire chain of use, from storage to combustion. Historically, the oxidation stability of conventional fuels has been studied using different experiments that allowed to understand variations in macroscopic properties, induced by the liquid phase oxidation [START_REF] Pradelle | Gum Formation in Gasoline and Its Blends: A Review[END_REF], [START_REF] Morris | The Effects of Stabilizer Additives on the Thermal Stability of Jet Fuel[END_REF]. These studies showed that the fuel auto-oxidation induces changes in a variety of chemical and physical characteristics, such as colour, viscosity, and chemical composition. The fuel aging also alters combustion properties and the compatibility with other fuels, and can favour the development of soluble / insoluble gum. The liquid phase oxidation of alkanes, the main components of conventional fuels, has been intensively investigated in the literature, such as in the work of Rust [START_REF] Rust | Intramolecular Oxidation. The Autoxidation of Some Dimethylalkanes[END_REF], Brown and Fish [START_REF] Brown | The Extension to Long-Chain Alkanes and to High Temperatures of the Hydroperoxide Chain Mechanism of Autoxidation[END_REF], Van Sickle et al. [START_REF] Van Sickle | Intramolecular Propagation in the Oxidation of n-Alkanes. Autoxidation of n-Pentane and n-Octane[END_REF], Cullis et al. [START_REF] Cullis | The Oxidation of Decane in the Liquid and Gaseous Phases[END_REF] and Chatelain et al. [START_REF] Chatelain | Wide Range Experimental and Kinetic Modeling Study of Chain Length Impact on n-Alkanes Autoxidation[END_REF]. These studies aimed to understanding the fundamental oxidation mechanism and the deposit formation pathways. Nowadays, the fundamental mechanism of the oxidation of alkanes is well established, [START_REF] Bacha | Oxidation Stability of Diesel/Biodiesel Fuels Measured by a PetroOxy Device and Characterization of Oxidation Products[END_REF]- [START_REF] Sicard | Oxidation stability of jet fuel model molecules evaluated by rapid small scale oxidation 7/20/2015 tests[END_REF] and takes place according to a chain reaction mechanisms that is similar to that found in gas phase combustion [START_REF] Pollard | Hydrocarbons, Comprehensive Chemical Kinetics[END_REF]. However, if a large body of work has been performed on the oxidation stability of alkanes, the knowledge of the impact of biofuel addition on their stability remains largely unknown. Apart from studies on biodiesel molecules (fatty acid alkyl esters), the effect of potential next-generation biofuels addition on the stability of hydrocarbon fuels remains to be determined.

The goal of this work is to investigate the effect of potential new biofuels on the oxidation stability of hydrocarbon fuels. n-Decane considered as the lightest alkane for which no initiator is needed to catalyse its liquid phase reaction has been selected as a surrogate to represent the real hydrocarbon fuels [START_REF] Cullis | The Oxidation of Decane in the Liquid and Gaseous Phases[END_REF]. The first part of this study is dedicated to the oxidation of n-decane and to the impact of the addition of different types of oxygenated biofuel molecules as well as the effect of a non-oxygenated additive, in different proportions (0.2 -20 %), on its stability. The oxidation stability of these blends is determined by measurement of an induction period (IP) in a PetroOxy device, as a function of the volume percentages of additive. The effect of different types of additive (alcohol, ether, ketone and cycloalkane) has been studied at two different temperatures (408 and 413 K). It has been shown in the literature that hydroperoxides are key products of the liquid phase oxidation of alkanes [START_REF] Van Sickle | Intramolecular Propagation in the Oxidation of n-Alkanes. Autoxidation of n-Pentane and n-Octane[END_REF], [START_REF] Twigg | The mechanism of liquid-phase oxidation[END_REF]. The mixtures containing organic peroxides are usually difficult to analyse by means of conventional techniques because of the unstable nature of these compounds [START_REF] Baj | Quantitative determination of organic peroxides[END_REF]. Numerous analytical techniques such as Gas Chromatography (GC) [START_REF] Hong | Determination of organic peroxides by gas chromatography with cold on-column injection[END_REF], High-Performance Liquid Chromatography (HPLC) [START_REF] Steinberg | High-performance liquid chromatography method for determination of hydrogen peroxide in aqueous solution and application to simulated Martian soil and related materials[END_REF], [START_REF] Calandra | An HPLC method for hydroperoxides derived From limonene and linalool in citrus oils, using post-column luminol-mediated chemiluminescence detection[END_REF], Thin Layer Chromatography (TLC), polarography [START_REF] Molnár | Polarographic investigations of organic peroxides[END_REF] and NMR techniques [START_REF] Cavalli | Quantitative Evaluation of Peroxides, Hydroperoxides and Alcohols of m-Diisopropylbenzene by Nuclear Magnetic Resonance Spectroscopy[END_REF] have been developed to determine the organic peroxides (ROOHs). These methods are expensive, time consuming and require a control of ambient oxygen [START_REF] Roohi | Iodometric Determination of Hydroperoxides in Hydrocarbon Autoxidation Reactions Using Triphenylphosphine Solution as a Titrant: A New Protocol[END_REF]. The standard method to quantify the total quantity of hydroperoxides in conventional fuels consists in the oxidation by ROOHs of iodide ions I -to iodine I 2 which is then quantified by titration with a sodium thiosulfate solution in presence of starch as a colour indicator [START_REF] Astm D | Standard Test Method for Hydroperoxide Number of Aviation Turbine Fuels, Gasoline and Diesel Fuels[END_REF] [33]:
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An alternative method proposed to quantify organic peroxides involves the reaction of ROOH with triphenylphosphine (TPP). In this method, TPP is used as titrant and react with ROOH to lead to the formation of the corresponding alcohol (ROH) and triphenylphosphine oxide (TPPO) as presented in the equation below:

Thereafter, the measurement of the TPPO allows the quantification of original ROOH by the mean of different analytical methods like GCmass spectrometry [34][36]. The measurement of TPPO by this method is performed only at high peroxide level and seems to be not reproducible at low quantity of ROOH [START_REF] Dulog | Bestimmung Organischer Peroxide[END_REF].

Recently, a new analytical method has been proposed by Roohi and Rajabi [START_REF] Roohi | Iodometric Determination of Hydroperoxides in Hydrocarbon Autoxidation Reactions Using Triphenylphosphine Solution as a Titrant: A New Protocol[END_REF]. They used TPP as a titrant for the iodine liberated from the reaction of peroxides with iodide ions. In the first step, ROOH reacts with iodide ions from potassium iodide in absolute ethanol in presence of acetic acid to produce coloured I 2 as presented in the equation below:

Then, TPP is added to react with I 2 producing an uncoloured complex [TPPI] + [I] -as shown in the equation given below:

This paper presents the first quantitative results measuring the effect of adding n-butanol, diethyl ether (DEE), cyclopentanone and cyclohexane on the oxidation stability of n-decane. Quantification of peroxides produced during the auto-oxidation of theses blends, at the IP, was systematically performed using the latest iodometric titration method of the literature (with TPP) [START_REF] Roohi | Iodometric Determination of Hydroperoxides in Hydrocarbon Autoxidation Reactions Using Triphenylphosphine Solution as a Titrant: A New Protocol[END_REF].

Experimental

PetroOxy device

Experiments have been performed in a PetroOxy apparatus from Petrotest Instruments GmbH & Co. KG, which is one of the reference Rapid Small Scale Oxidation Test of the ASTM 7545 methods [START_REF] Machado | Determination of antioxidant depletion kinetics using ASTMD 7545 as the accelerated oxidation method[END_REF]- [START_REF] Jain | Review of different test methods for the evaluation of stability of biodiesel[END_REF]. In these experiments, a small amount, 5ml, of the liquid fuel is placed in a cell, which is pressurized with pure O 2 under 7 bar at room temperature. The cell is thereafter heated to the test temperature and the evolution of the pressure is recorded as a function of time.

Tests were conducted at 408 and 413 K. When the pressure decreases by 10% of the maximum pressure recorded, the time measured to reach this target value defines the Induction Period, which characterizes the oxidation stability of the fuel. An example of typical pressure vs time plots recorded in the PetroOxy is given in Figure 1.

The measurement uncertainty of PetroOxy device follows a linear relationship with IP (h) = +/-0.097 (h). This value is based on repeatability tests measured on 10 fuel samples at same temperature and pressure. For each identical test, the same volume of the sample (5 mL) was introduced in the PetroOxy device and after each test, the joint (Viton) of the cell was changed to insure a better reproducibility of the measurement. 

Hydroperoxide quantification

The organic peroxides produced during the oxidation of the different blends were quantified by triphenylphosphine iodometric titration, based on the new method proposed by Roohi and Rajabi [START_REF] Roohi | Iodometric Determination of Hydroperoxides in Hydrocarbon Autoxidation Reactions Using Triphenylphosphine Solution as a Titrant: A New Protocol[END_REF]. In this method, TPP solution was used as titrant for iodine liberated from the reaction of peroxide with iodide ions. After consuming all of the iodine, the solution becomes colourless indicating the end point of the reaction. For more precision on the peroxide value, the end point detection has also been done by UV-visible spectrophotometry. The absorbance of the solution is measured at 359 nm.

The reagents for this titration were used without further purification, except TPP. Since TPP is known to undergo a slow oxidation by air to give TPPO as in the equation below, it was important to purify it before using it.

A recrystallization of organic TPP from a solution in hot ethanol at 80 °C is recommended to remove the impurity [START_REF] Roohi | Iodometric Determination of Hydroperoxides in Hydrocarbon Autoxidation Reactions Using Triphenylphosphine Solution as a Titrant: A New Protocol[END_REF]. The TPP titrant solution (0.08 M in n-decane) was prepared by adding 2.10 g of purified TPP and 0.01 g of antioxidant Butylated hydroxytoluene (BHT) to avoid air oxidation, into a 100 mL volumetric flask. Then, the flask was filled with n-decane. To prepare the peroxide titration solution, 0.5 g of KI and 0.5 mL of acetic acid were added to 25 mL of absolute ethanol in a 50 mL volumetric flask. The mixture is than kept boiling at (70 -73 °C) for 5 min under slow stirring. At the end, 0.3 g of the oxidized sample from PetroOxy test containing organic hydroperoxides ROOH was added at the same temperature without cooling. Once ROOH have reacted with iodide ions, the mixture turned to bright yellow and few second later to yellow-reddish depending on the ROOH amount in the mixture. During the titration, TPP in decane is added drop by drop and reacts with the iodine liberated from the reaction of ROOH with iodide until a colourless mixture appears. The percentage by mass (wt. %) of ROOH in the sample was calculated by the following formula [START_REF] Roohi | Iodometric Determination of Hydroperoxides in Hydrocarbon Autoxidation Reactions Using Triphenylphosphine Solution as a Titrant: A New Protocol[END_REF]:

7/20/2015 S (mL) and B (mL) are the equilibrium volume of the titrant TPP solution and the volume used for blank titration, respectively. C (mol. L -1 ) is the molar concentration of TPP in the titrant TPP/decane and M w (g. mol -1 ) is the peroxide molecular weight. G (g) is the sample weight.

When the solution containing KI, acetic acid and absolute ethanol (blank solution) without presence of any trace of peroxide was titrated with TPP/decane solution, no colour change of the solution has been detected. The solution remained colourless since absolute ethanol does not easily oxidize in the air and thereafter there was no need to correct the titrant volume for the different samples titrated.

Potassium iodide (KI), anhydrous. Diethyl ether (≥ 99.7 %), n-decane (≥ 99 %), 1-butanol (99.8 %) and cyclohexane (99.5 %) were all anhydrous and purchased from Sigma Aldrich. Butylated hydroxytoluene (BHT) (≥ 99 %) triphenylphosphine, reagent plus (99 %) and acetic acid (≥ 99.8 %) were also purchased from Sigma Aldrich. Cyclopentanone (> 99 %) came from Acros organic and absolute ethanol, anhydrous, was obtained from Carlo Erba. 

Result and Discussion

The oxidation of n-decane in the liquid phase was studied at 408 and 413 K with an initial oxygen pressure of 700 kPa. The induction period of pure n-decane at 413 K was 189 min and 349 min at 408 K as shown earlier before in Figure 1. Results of oxidation stability of n-decane doped with DEE (0.2 -20 %) at 408 and 413 K presented in Figure 2 and Figure 3 show a decrease of the IP for DEE amounts higher than 1 % at both temperatures. At 413K, the addition of 5% of DEE to n-decane leads to a decrease of the IP of 10.97 minutes, compared to pure n-decane (IP = 189 min). 20% of DEE decreases the stability of the hydrocarbon by 58.3 minutes. Additions of DEE in proportions below 1% slightly increases the stability on n-decane by about 20 minutes. The fundamental phenomena that explain these opposite behaviours as a function of the percentage of additive remains to be unravelled.

The increase of the initial pressure of blends containing DEE compared to pure n-decane, which is larger for an increased % of DEE, can be related to an increased quantity of diethyl ether in the gas phase during the auto-oxidation of the biofuel blend.

The induction period of n-decane / n-butanol blends with different percentages of n-butanol are depicted in Figure 4 and Figure 5.

7/20/2015 All results obtained with n-butanol added to n-decane at 408 and 413 K presented in Figure 4 and Figure 5 show that for all proportions of n-butanol, ranging from 0.2 to 20 %, a noticeable increase of the induction period of the blend is obtained. IP increases from 349 min and 190 min in case of pure n-decane to 1700 min and 1214 min at 408 and 413 K, respectively, after addition of 10% n-butanol. This behaviour is surprising as the IP of pure n-butanol is only a few minutes higher than that of pure n-decane. Strong synergistic effects are therefore observed and further studies deserve to be performed to understand this strong antioxidant behaviour of n-butanol when it is added in proportions greater than 5%. It is also noticeable that the IP of decane starts to decrease for proportions of n-butanol higher than 10 % added at both temperatures.

An oxygenated biofuel containing a carbonyl function C=O was tested with n-decane at 408 and 413 K to study its influence on the oxidation stability of n-decane. The IPs of n-decane containing cyclopentanone at different doping levels are presented in Figure 6 and Figure 7. The effect of cyclopentanone added in different amounts on the oxidation stability of n-decane shows a similar behaviour to results obtained with DEE. Figure 7 shows that IP decreases when adding cyclopentanone at portions higher than 1 %. For cyclopentanone < 1 % there was no significant effect detected on the oxidation stability.

The influence of the temperature and of the proportion of additives on the oxidation stability of n-decane is illustrated in Figure 8 and Figure 9. The results obtained for the oxidation of n-decane in presence of DEE presented in Figure 8 and Figure 9 shown that for different doping levels of DEE at 408 and 413 K, a decrease in the IP value is observed. The small increase of the IP for % DEE less than 1 % at 413 K remains in the uncertainty of the PetroOxy device. The effect of addition of cyclopentanone to n-decane at 408 and 413 K leads to a degradation of the oxidation stability of n-decane, more noticeable than in the case of the doping with DEE. The slight increase of the IP at 0.2 % at 413 K can be related to the uncertainty of the device.

Results obtained for blends of n-decane with n-butanol at 408 and 413 K show that for any percentage of n-butanol added to n-decane, an increase of the IP is observed with a maximum IP reached at 5 and 10 % butanol. DEE and cyclopentanone can be considered as oxidation enhancers for n-decane oxidation at both temperatures, while n-butanol strongly enhance the oxidation stability of the fuel surrogate, up to a factor of 6.

The impact of cyclohexane was also tested in the PetroOxy with ndecane at 408 and 413 K, for comparison and to better understand the role of non-oxygenated additive on the oxidation stability of ndecane. The results obtained for this test are shown in Figure 10 and Figure 11.

7/20/2015 As shown in Figure 10 (a) and (b), the addition of cyclohexane in different proportions increases the induction period of n-decane at 413 K and therefore cyclohexane has increased the oxidation stability of the hydrocarbon fuel at higher temperature. However, Figure 11 (a) and (b) show that for the lowest temperature, 408 K, a decrease in the induction period was observed after addition of different proportions of cyclohexane.

Opposite impacts on the oxidation stability of n-decane are therefore observed for the addition of cyclohexane at 408 and 413 K. Figure 12 and Figure 13 presents the IPs as a function of the vol. % cyclohexane additive at two different temperatures. Adding cyclohexane in different portions to n-decane at 413 K increases the induction period as presented in Figure 12. As shown in Figure 13, blends on n-decane with 0.2 -20 % cyclohexane decreases the induction period of the fuel and, therefore, it could accelerate its oxidation at 408 K. Thus, adding a non-oxygenated additive to n-decane could help to increase its oxidation stability at higher temperature while it could be considered as accelerator for the oxidation process at lower temperature.

The oxidation of a mixture of hydrocarbons proceeds via a free radical chain reaction mechanism, which leads to oxygenated hydrocarbon such as alcohols, carboxylic acid and carbonyls in addition to ROOH via radical terminations pathways [START_REF] Toribio | Ethylbenzene oxidation to its hydroperoxide in the presence of N-hydroxyimides and minute amounts of sodium hydroxide[END_REF]. The main goal of this part of the work was to determine the concentration of ROOHs after the oxidation of the fuel.

The weight mass percentages as well as the equivalence volumes of ROOH founded after titration with TPP solution of different blend of 7/20/2015 n-decane / additives oxidized at 413 K under oxygen pressure of 700 kPa are given in Table 1. For all calculations, M w represented the peroxide molecular weight issued from decane peroxide which should be in the majority in all samples. Results presented in Table 1 show that the order of magnitude of ROOH in different mixtures n-decane / additive remains the same after auto-oxidation of different blends. The quantity of peroxides found seems to be almost the same in different mixtures, which is logic since the same amount of pure oxygen is consumed at the IP, during the auto-oxidation of the mixtures in the PetroOxy.

Summary/Conclusions

The oxidation stability of a fuel surrogate, n-decane, blended with different potential biofuels has been investigated. The standard IP of n-decane at 413 K and 408 K, at a 700 kPa pressure of pure oxygen is 190 min and 349 min, respectively. Adding n-butanol at different percentages to n-decane strongly increases the induction period of the fuel and thereafter improves its oxidation stability under the same conditions of temperature and pressure. Conversely, adding diethyl ether or cyclopentanone, deteriorates the oxidation stability of ndecane. Studying the auto-oxidation of these blends at different temperatures showed that the temperature does influence the effect of the additive but for a slightly lower temperature an important increase of the induction period or the blend is observed.

The new technique proposed in the literature to determine the peroxide concentrations in organic mixture was successfully used in case of n-decane / additives. In this technique, the iodine liberated from the reaction of ROOH with iodide ions was titrated with TPP diluted in decane (organic solution) therefore there was no need for an aqueous medium to determine the quantity of peroxides. This method is simple, easy to establish, inexpensive and with a good precision.
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 1 Figure 1. Typical induction period measurement with PetroOxy device. Results correspond to n-decane at (a) 413 K, (b) 408 K and 700 kPa of molecular oxygen.

  The present work covers a wide range of fuel surrogate (n-decane) mixed with different percentage of different families of biofuels. Up to 42 tests of blends n-decane/biofuel, in different proportions, were prepared, 21 of them tested at 408 K and the other 21 at 413 K.

Figure 2 -

 2 [START_REF] Chatelain | Wide Range Experimental and Kinetic Modeling Study of Chain Length Impact on n-Alkanes Autoxidation[END_REF] show the changes recorded in the oxidation stability of n-decane, mixed with different percentages of the different oxygenated additives.
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 2 Figure 2. Induction period measurements of various proportions of DEE in ndecane at 413 K and under 700 kPa.
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 3 Figure 3. Induction period measurements of various proportions of DEE in ndecane at 408 K and under 700 kPa.

Figure 4 .

 4 Figure 4. Induction period measurements of various proportions of n-butanol in n-decane at 413 K and 700 kPa.

Figure 5 .

 5 Figure 5. Induction period measurements of various proportions of n-butanol in n-decane at 408 K and 700 kPa.

Figure 6 .

 6 Figure 6. Induction period measurements of various proportions of cyclopentanone in n-decane at 413 K and under 700 kPa.

Figure 7 .

 7 Figure 7. Induction period measurements of various proportions of cyclopentanone in n-decane at 408 K and under 700 kPa.

Figure 8 .

 8 Figure 8. Induction period measurements as a function of vol. % of additives. Results correspond to % DEE, n-butanol and cyclopentanone in n-decane at 413 K and under 700 kPa.

Figure 9 .

 9 Figure 9. Induction period measurements as a function of vol. % of additives. Results correspond to % DEE, butanol and cyclopentanone in decane at 408 K and under700 kPa.

Figure 10 .

 10 Figure 10. Induction period measurements of various proportions of cyclohexane in n-decane at 413 K and under 700 kPa.

Figure 11 .

 11 Figure 11. Induction period measurements of various proportions of cyclohexane in n-decane at 408 K and under 700 kPa.

Figure 12 .

 12 Figure 12. Induction period measurements as a function of vol. % cyclohexane in n-decane at 413 k and under 700 kPa.

Figure 13 .

 13 Figure 13. Induction period measurements as a function of vol. % cyclohexane in n-decane at 408 K and under 700 kPa.

Table 1 .

 1 Yields of peroxides at the IP for different amounts of additives in ndecane. Temperature of the test 413 K and oxygen pressure 700 kPa.

	Sample name	Iodometric titration (TPP in decane) 0.08 M
		Equivalence volume	Wt. % ROOH
		(mL)	
	Pure decane -C10	0.6	2.59
	C10 + 0.2 % DEE	0.9	4.10
	C10 + 0.4 % DEE	0.9	4.13
	C10 + 0.5 % DEE	0.9	4.17
	C10 + 1 % DEE	0.8	3.60
	C10 + 5 % DEE	0.8	3.54
	C10 + 10 % DEE	0.8	3.70
	C10 + 0.2 % n-butanol	0.8	3.70
	C10 + 0.4 % n-butanol	0.8	3.52
	C10 + 0.5 % n-butanol	0.8	3.53
	C10 + 1 % n-butanol	0.9	4.16
	C10 + 5 % n-butanol	0.6	2.74
	C10 + 10 % n-butanol	0.6	2.76
	C10 + 0.2 % cyclopentanone	0.7	3.09
	C10 + 0.4 % cyclopentanone	0.8	3.55
	C10 + 0.5 % cyclopentanone	0.7	3.22
	C10 + 1 % cyclopentanone	0.7	3.23
	C10 + 5 % cyclopentanone	0.8	3.63
	C10 + 10 % cyclopentanone	0.8	3.57
	C10 + 0.2 % cyclohexane	0.8	3.70
	C10 + 0.4 % cyclohexane	0.9	3.93
	C10 + 0.5 % cyclohexane	0.8	3.49
	C10 + 1 % cyclohexane	0.8	4.39
	C10 + 5 % cyclohexane	0.7	3.04
	C10 + 10 % cyclohexane	0.9	4.06
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