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ABSTRACT  6 

The addition of biofuel in jet fuels can be seen as a promising answer to reduce the carbon footprint 7 

of the aviation transport sector. In this work, the impact of the addition of alcohols on the oxidation 8 

stability of a jet fuel surrogate was investigated. Different chemical structures of bioalcohols were 9 

considered and blended with n-decane used as the surrogate. The thermal oxidation stability of the 10 

mixtures was measured in a standard PetroOxy apparatus, which measures an induction period (IP). 11 

In addition to this global indicator of the fuel thermal stability, we quantified the total hydroperoxide 12 

concentration at the end of the test by iodometric titration. The influence of the length of the carbon 13 

chain in alcohols (1-butanol to 1-decanol) and the isomeric structure of butanols on the IPs of pure n-14 

decane have been quantified. We show that the addition of a low percentage by volume of alcohols 15 

in the fuel increases its oxidation stability. This effect is non-linear, and the IP value increases with 16 

the volume percentage of alcohol in the fuel up to 10%. Beyond this value, a decrease in the stability 17 

of the mixture is observed. The influence of the length of the carbon chain is shown to be negligible. 18 

In contrast, the structure of butanol isomers strongly impacts the stabilization efficiency of the 19 

alcohol in the fuel. Conclusions on the fundamental chemical mechanism are drawn from ab initio 20 
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calculations and highlight the central role of the low bond dissociation energy of the H-atoms linked 21 

to the carbon atom bearing the OH group in the liquid phase and the fate of the formed radical which 22 

ultimately yields HO2 and an aldehyde upon its reaction with O2. This mechanism is specific to linear 23 

alcohols and differs from the classic mechanism of autooxidation of alkanes.   24 

KEYWORDS: autoxidation, n-decane, alcohol biofuels, jet-fuel, PetroOxy, ab initio calculations 25 

 26 

 27 

HIGHLIGHTS 28 

 Pure linear alcohols are found to have lower oxidation stability than n-decane 29 

 The addition of alcohols to n-decane (1 to 20 vol.%) has an antioxidant effect 30 

 The increase in oxidation stability is non-linear with the quantity of alcohol added 31 

 Labile alcohol αH-atoms makes alcohols less stable and give them an antioxidant effect in 32 

mixtures 33 

 Alcohol peroxy radical yields an aldehyde + HO2 rather than a hydroperoxide by H-abstractions 34 

 35 

INTRODUCTION 36 

New environmental regulations for the reduction of the carbon footprint of the aviation sector 37 

encourage the use of sustainable biofuels since alternative power sources such as hydrogen and 38 

batteries are not short- and medium-term solutions [1-4].  One challenge associated with the use of 39 

“drop-in” biofuels, i.e., which can be used in current jet engines and logistic technologies, is that the 40 

aviation jet fuel serves both as a coolant and an energy carrier.  Therefore, the fuel is submitted to 41 

high temperatures in aircraft as it circulate through the aircraft systems (hydraulic, lubrication, 42 

combustor, etc.) to absorb excess heat. Since the fuel is in contact with oxygen from air throughout 43 
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all its chain of use, this high-temperature condition favors its kinetics of oxidation and its resistance 44 

to this phenomenon is called thermal oxidation stability [5-9].  45 

In the literature, experimental stability measurements based on deposit formation are referred to as 46 

‘thermal stability’ while the measure of the ability to be oxidized is referred to as ‘oxidative stability’ 47 

[10]. The adverse effects of liquid fuel oxidation (also called autoxidation) are well established and 48 

lead to changes in its chemical composition, which ultimately yields the formation of gum and 49 

deposits that affect crucial engine parts such as injectors, filters and pumps. The fundamental origin 50 

of this autoxidation process comes from the presence of dissolved oxygen in the fuel and the chain 51 

radical mechanisms that it allows. Nowadays, the understanding of this phenomenon is well known 52 

for hydrocarbon fuels (RH) and involves an initiation step yielding alkyl radicals R• that will react with 53 

O2 and form peroxyl radicals (ROO•). The main consumption pathways of ROO• is either the H-atom 54 

abstraction from RH or its self-reaction through the Russell mechanism, yielding alcohols, ketones (or 55 

aldehydes) and alkoxyl radicals (RO•)[11-15]: 56 

RH  R• (initiation) 57 

R• + O2  ROO• 58 

ROO• + RH  ROOH + R• 59 

ROO• + ROO•  R(C=O) + ROH + O2 60 

ROO• + ROO•  RO• + RO• + O2 61 

 The kinetics of autoxidation of hydrocarbons can be inhibited by antioxidants or by lowering the 62 

quantity of dissolved oxygen, or can be promoted by heteroatomic compounds or metal traces [10, 63 

12, 16-18]. The effects of the addition of oxygenated molecules, such as those encountered in 64 

biofuels, on the oxidation stability of hydrocarbons remain poorly understood and difficult to predict 65 

depending on the nature of the oxygenated molecules [19]. As for the oxidation kinetics of pure 66 

biofuels, it remains almost unexplored, except for biodiesel molecules. 67 
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Biodiesels are fatty acid mono-alkyl esters and the most used worldwide is the fatty acid methyl ester 68 

(FAME) of animal or vegetable oil. In the literature, there are several reviews that deal with the 69 

oxidation stability of biodiesels [20-22] and there is a consensus that their main drawback is their 70 

poor resistance to oxidation because of the presence of unsaturated bonds in their chemical 71 

structures. Nowadays, biodiesels are used in blends with conventional diesel fuels, up to 7% in most 72 

cases, and the poor oxidation stability of FAME largely limits their use in larger quantities [20].  The 73 

addition of 10% (v/v) of rapeseed FAME to diesel reduces its Induction Period (IP, quantitative 74 

measure of oxidation stability in a standardized PetroOxy apparatus) by a factor 2.6 at 403 K [23].  75 

The same research group found that the addition of the same proportion of methyl oleate to n-76 

dodecane reduced its induction period by a factor of 20 at 403 K [24]. These authors also 77 

demonstrated that the IP of a pure fuel (diesel, jet fuel or n-dodecane) decreases nonlinearly with 78 

the proportion of FAME added, from the higher value of IP for pure hydrocarbon fuel to the lowest 79 

value of IP for the pure FAME considered [23, 24].  80 

Similar studies on the oxidation stability of other families of potential biofuels, such as ethers, ketone 81 

and alcohols, pure or blended with conventional fuels, are still scarce. Ethers studies are mostly 82 

oxidation kinetic works in the liquid phase with and without antioxidants [25, 26]. In a previous 83 

study, we showed that the addition of diethyl ether decreased the oxidation stability of n-decane, 84 

which was acted as a surrogate jet-fuel [19]. The IP of pure n-decane was found to decrease 85 

nonlinearly with the proportion of DEE added, from 1 to 20 % (v/v). At 413 K, the IP of a 80% n-86 

decane / 20% DEE mixture was decreased by about 30% compared to n-decane.   87 

The studies on the oxidation stability of alcohols are focused on ethanol, and more particularly on 88 

the consequences of its addition in gasoline, and the liquid blends oxidation, on standard EN and 89 

ASTM tests [27-30]. Interestingly, D’Ornellas [28] showed that the addition of 13 to 25% (v/v) of 90 

ethanol to gasoline leads to a lower storage stability in the gum formation test but a higher stability 91 

for the change of color and the formation of insoluble tests.  Recently, Auzani et al. [31] studied the 92 
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effect of ethanol addition on the IP of real and surrogates kerosene and showed, in PetroOxy 93 

experiments, that ethanol addition (25 to 75%) decreases the oxidation stability of real kerosene but 94 

increases that of surrogates. These differences remain difficult to interpret. In reference [19] we 95 

demonstrated that the addition of small amounts of n-butanol dramatically increased the thermal 96 

oxidation stability of n-decane with IPs increased by a factor of 6 at 413 K. This antioxidant effect 97 

with regard to the PetroOxy test is surprising as all other biofuel families led to lower oxidation 98 

stabilities and that the IP of pure n-butanol is lower to that of n-decane.  99 

The present paper aims to determine the oxidation stability of pure alcohols and explore and 100 

demonstrate their effects on the thermal oxidation stability of a jet-fuel surrogate, as a function of 101 

their chemical structures and proportions. We will focus on the oxidation stability of a conventional 102 

fuel surrogate, n-decane, which can be used as a jet surrogate fuel [31, 32]. The first part of this 103 

study is dedicated to the oxidation of n-decane and to the impact on its stability of the addition of 104 

different types of alcohols, at different proportions (1 – 20 %). Since the main autoxidation product 105 

of hydrocarbons are hydroperoxides (ROOH), we systematically measured the total hydroperoxides 106 

content of the fuel blends at the end of the PetroOxy tests using iodometry and potentiometric 107 

titration. Several alcohol molecules have been studied at a temperature of 413 K and oxygen 108 

pressure of 700 kPa. Several parameters in the alcohol chemical structures such as the size of the 109 

chain (C4, C6, C8, C10) in linear alcohols, the position of the OH group (n-butanol, butan-2-ol), and level 110 

of branching in the hydrocarbon chain (n-butanol, iso-butanol, tert-butanol) were studied. Ab initio 111 

calculations were performed to better understand the fundamental mechanisms underlying the 112 

autoxidation experiments.  113 

114 
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EXPERIMENTAL METHODS 115 

PetroOxy device 116 

Oxidation stability of fuel blends was tested in a PetroOxy from Anton Paar, one of the references of 117 

the Rapid Small-Scale Oxidation Test of the ASTM D7545 methods [6, 7]. A 5 ml sample of liquid fuel 118 

is placed in the gold-plated cell, which is then pressurized with pure O2 under 7 bars and heated to 119 

the test temperature (413 K here).  The evolution of the pressure is recorded as a function of time 120 

and the induction period is defined as the time required to achieve a 10% reduction in pressure in 121 

the cell.  122 

The viton o-ring sealing the cell was changed between each test and a careful cleaning of the reactor 123 

was performed at the end of each experiment. Indeed, the use of alcohols in PetroOxy can lead to 124 

small quantities of liquid condensates in the apparatus, which were found to affect the following IP 125 

measurements.  126 

Reactants 127 

1-butanol (99.8 %), 1-decanol (≥ 99 %), tert-butanol (≥ 99.5 %), 2-butanol (99.5 %) and isobutanol 128 

(99.5 %) were all anhydrous and purchased from Sigma Aldrich. 1-hexanol (99 %) came from Alfa 129 

Aesar, n-decane (≥ 99 %) from Acros Chemicals, and 1-octanol (99 %) was provided by Fisher 130 

Scientific. Potassium iodide (KI) anhydrous, and absolute ethanol were purchased from Carlo Erba. 131 

Butylated hydroxytoluene (BHT) (≥ 99 %), triphenylphosphine (TPP) (reagent ≥ 99 %) and acetic acid 132 

(≥ 99.8 %) were purchased from Sigma Aldrich.  133 

Quantification of hydroperoxides 134 

To determine the quantity of ROOH in fuels blends, the iodometric titration method from Roohi and 135 

Rajabi [33] was used, but with a detection of the endpoint using potentiometry as proposed by Le et 136 

al. [34]. This method allows to quantify the total amount of ROOH, by using the iodometric reaction: 137 
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Around 0.5 g of KI is added to 30 mL of absolute ethanol in a beaker and 0.5 mL of acetic acid. 138 

Potassium iodine acts as the source of iodine ions (I-) while acetic acid acts as a buffer and provides 139 

H+ ions.  140 

The reaction is complete after 15 min under agitation at 68°C, which means that one mole of ROOH 141 

yields one mole of   .    is thereafter determined using triphenylphosphine (TPP) as a titrant. The TPP 142 

solution contains 0.08 M of TPP and 0.01 g of BHT to prevent oxidation of TPP [33]. A change of color 143 

can be observed, as the solution turns from yellow to colorless, which indicates the endpoint of the 144 

titration.  145 

                          

The endpoint was detected in this work using an automated potentiometric titrator (Mettler Toledo 146 

G10S Compact Potentiometric Titrator), equipped with a Pt indicator electrode vs. an AgCl / Ag 147 

reference electrode. Figure 1: shows an example of record given by the potentiometer.  148 

 149 

 150 

Figure 1: Titration result of oxidized pure n-decane after the PetroOxy test (413 K and 7 bar, IP = 182 151 

min) titrated with TPP at 0,08 mol/L 152 

In a previous study, the uncertainty in [ROOH] was determined to mainly depend on the titration 153 

endpoint volume and established that the global uncertainty in the potentiometer volume is ±0.04 154 

mL [32].  155 
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Uncertainties in the IP measures 156 

During this study, we observed that the uncertainty varied with the different liquids tested in the 157 

PetroOxy. For pure n-decane, the precision of the measurements was ±2.5%, while for pure alcohols, 158 

repeatability deteriorates and the uncertainty was between ±5% and ±10% for butanol isomers. 2-159 

butanol induced a higher uncertainty than other isomers and a specific discussion is held later in the 160 

text. For blends, the uncertainty increased with the volume percentage of alcohols added in n-161 

decane. To be as precise as possible, every data including induction period of alcohol were given with 162 

an extrapolation of the uncertainties of 10%. All the experimental measurements and their 163 

repetitions are given in the supplemental material. 164 

RESULTS AND DISCUSSION 165 

1. Pure n-decane autoxidation 166 

Figure 2 presents the pressure profile measured for a pure n-decane sample tested at 413 K.   167 

 168 

Figure 2 : Induction period measurement with the PetroOxy device for n-decane at 413 K and 700 kPa 169 

The IP of pure n-decane is 182 minutes under the conditions of Figure 2. This value is in good 170 

agreement with other n-decane IPs of the literature [7, 31]. 171 
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2. Pure alcohol autoxidation: influence of the carbon chain length on the oxidation 172 

stability 173 

Pure 1-alcohols were first studied in the PetroOxy to compare their oxidation stability with pure n-174 

decane and to explore the effect of the chain length. Figure 3 presents the IP measured at 413 K and 175 

7 bar of pure oxygen.  176 

 177 

Figure 3: Induction period of pure 1-alcohols (413 K | 7 bar of O2). The horizontal red line represents 178 

the IP of pure n-decane.   179 

It appears in Figure 3 that all the alcohols tested have an IP significantly lower than pure n-decane. 1-180 

butanol and 1-decanol feature the lower oxidation stabilities with a difference of more than 1 hour 181 

compared to n-decane. The IPs of pure alcohols are shown to vary non-linearly with the length of the 182 

carbon chain. Chatelain et al. [7] studied the impact of the chain length on the oxidation stability of 183 

n-alkanes and found that the IP decreases nonlinearly with the number of carbon atoms from n-184 

hexane to n-hexadecane. A similar trend is observed here, from 1-hexanol to 1-decanol, even if the 185 

values for 1-hexanol and 1-octanol are close. The fact that the IP of 1-butanol is lower than that of 1-186 

hexanol or 1-octanol cannot be compared with a similar case, involving n-hexane / n-octane and n-187 

butane because the latter is gaseous at standard conditions. Such a comparison can be made for 188 

alkanes using simulations. Validated detailed kinetic models of n-butane and n-decane autoxidation 189 

are available in the literature [32, 34] and they were used to simulate their autoxidation under 190 

identical conditions (T = 413 K, [alkane] = 4.45 mol/L, [O2] = 7.21×10-2 mol/L). A homogeneous liquid 191 
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batch reactor (constant T, P, and V) solver based on Chemkin II library [35] was used with a constant 192 

O2 concentration [7, 14, 34]. Figure 4 presents the simulated conversion of n-decane and n-butane as 193 

a function of time.  194 

 195 

Figure 4: Simulated n-butane and n-decane conversion during their liquid phase oxidation at 413 K.  196 

Figure 4 demonstrates that the rate of conversion of n-decane is much higher than that of n-butane. 197 

A qualitative link with the IP can be made: the conversion and the rate of oxidation of the fuel as 198 

measured in the PetroOxy cell by the oxygen pressure drop are directly linked and the higher the 199 

conversion rate, the lower the IP [7]. If we observe fuel consumption rates at 40 minutes, where the 200 

fuel conversions are almost zero, it can be seen that both fuels are entirely consumed by the H-201 

abstractions reactions RH + ROO•  R• + ROOH.  For n-butane, the total rate of consumption is 2.3 × 202 

10-13 mol cm3 s-1 while for n-decane, it is 3.2 × 10-12 mol cm3 s-1. The total rate of consumption of n-203 

butane is 91% by secondary H-atom abstractions and 9% by primary H-atom abstractions by a ROO• 204 

radical, which is mostly the secondary peroxy butyl radical. For n-decane, a similar behavior is 205 

observed, the total rate of consumption is 94 % by secondary H-atom abstractions and 2.1% by the 206 

primary H-abstractions by ROO•. n-butane contains 4 secondary H-atoms, that are abstracted at a 207 

total rate of 2.1 × 10-13 mol cm3 s-1, which correspond to a rate of 5 × 10-14 per secondary H-atom. n-208 

decane possesses 16 secondary H-atoms, all abstracted at a total rate 3.0 × 10-12 mol cm3 s-1, which 209 

correspond to a rate of about 2 × 10-13 mol cm3 s-1 per secondary H-atom. At 413 K, the ratio of the 210 

rate constants of H-abstraction by ROO• from the fuel in n-decane over the one in n-butane is 2.3, 211 

which is close to the ratio of 3.6 for the rates of abstraction per H-atom (n-decane  / n-butane). This 212 
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demonstrates that, under these conditions, the higher rate of consumption of n-decane is mostly 213 

explained by its higher number of H-atoms compared to n-butane.  214 

This analysis raises an interesting question on the higher reactivity (shorter IP) of n-butanol 215 

compared to n-octanol.  It can be hypothesized that the main consumption path of n-butanol is not 216 

the same as the one established in n-alkanes. As the size of the alcohol increases, two consumption 217 

fluxes may exist: the one specific to alcohol and the one observed for alkanes. This may explain the 218 

trends observed in Figure 3. This point will be further discussed in the last section of the manuscript.  219 

Since the total ROOH concentration were quantified at the end of each IP measure, the impact of the 220 

alcohol size on the [ROOH] values can also be determined, as shown in Figure 5.  221 

  222 

Figure 5: Evolution of total hydroperoxide concentration (right axis) measured at the IP time as a 223 

function of the linear alcohol size. Left axis is the corresponding induction period measured at 413 K 224 

and 7 bar of O2.   225 

The experimental data presented in Figure 5 show that total concentration of ROOH measured at the 226 

IP time increases with the length of the linear alcohol, by a factor of 2.7, from n-butanol to n-octanol, 227 

then remains approximately constant for decanol. This further supports the hypothesis that a specific 228 

mechanism occurs for alcohols, which is more marked for short chains, that leads to a decrease in 229 

the amount of total hydroperoxides compared to longer chain alcohols or alkanes (total [ROOH] in n-230 

decane at the IP time is about 8 × 10-2 mol/L [34]).  231 
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Figure 5 shows that all the alcohols tested have a shorter IP than pure n-decane. In the following 232 

section, we explore the effect of the addition of a linear alcohol on the IP of n-decane, for different 233 

proportions of 1-butanol, 1-hexanol, 1-octanol and 1-decanol. 234 

 235 

3. Influence of the quantity of alcohols on the induction period of n-decane 236 

The evolution of the measured IPs at 413 K under 7 bar of O2 for linear alcohols (1-butanol, 1-237 

hexanol, 1-octanol, 1-decanol) blended with n-decane (x % alcohol in (100-x) %vol. n-decane) are 238 

presented in Figure 6. 239 

 240 

Figure 6: Induction period of alcohol / n-decane blends for different volume percentages of alcohol 241 

(413 K | 7 bar) 242 

We have already mentioned that the IPs of pure alcohols are always lower than that of pure n-243 

decane and this can be seen at the limits of the x-axis. It can also be noted that for all proportions of 244 

any alcohol added, up to 20 %vol., the IP of the blend increases compare to pure n-decane, which 245 
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demonstrate that these alcohols are increasing its thermal oxidation stability. This antioxidant-like 246 

effect is observed only for alcohols among the diverse families of biofuels (FAME, ether and ketone) 247 

[19, 24]. The addition of 1% of alcohol is sufficient to increase the IP of n-decane by 10 to 30% 248 

depending on the alcohol.  Figure 6 also shows that the increase in the IPs of n-decane/alcohol 249 

blends varies in a non-monotonic way with the proportion of alcohol added. Over the full range of 250 

proportion of alcohols added, from 1 to 20%, the IP increases, reaches a maximum value and 251 

decreases. n-hexanol seems to behave differently from the others, and we think that it may either 252 

reach a maximum IP value for a proportion of 20% or higher, or that the uncertainties in the IPs 253 

mean that this maximum cannot be clearly established. We observe a maximum increase in the IP for 254 

the addition of 10% of 1-butanol, 1-octanol and 1-decanol in n-decane.   255 

Erreur ! Source du renvoi introuvable. presents the total ROOH concentration of aged fuels 256 

measured at the IP time for different proportions of alcohols blended to n-decane.  257 

 258 

Figure 7 : Total ROOH concentration (potentiometric titration with TPP) at the IP time as a function of 259 

the %vol. of alcohol added. Open symbols are the experimental values and shaded areas at the same 260 

x-axis coordinate represent uncertainties. Shaded areas between the symbols are drawn to guide the 261 

eyes.  262 

The ROOH concentration at the IP time (noted [ROOH]IP) decreases with the addition of any linear 263 

alcohol compared to the case of pure n-decane. The addition of 1% of alcohol decreases the total 264 

ROOH concentration by about 12% (mean value for the four alcohols) compared to n-decane while 265 

for 20% added, the total [ROOH]IP is divided by a mean factor of 7.5 if all alcohols are considered.  266 

Figure 7 shows that, for 20% of alcohol added, 1-butanol has the most pronounced [ROOH]IP-267 
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lowering effect (a factor of 19 compared to pure n-decane) while larger alcohols have [ROOH]IP-268 

lowering factors of about 3 to 5.  269 

The experimental measures of [ROOH]IP for the different blends reinforce the hypothesis of an 270 

alternative mechanism for the liquid-phase oxidation of alcohols compared to alkanes. Figure 7 271 

shows that the addition of alcohol to n-decane induces a decrease in the total concentration of 272 

hydroperoxides (ROOH and HOOH). The greater the proportion added, the greater the decrease, up 273 

to 20%. This strongly suggests that the classical chemical scheme that explains ROOH formation 274 

during the autoxidation of alkanes (R• + O2  ROO• and RH + ROO•  R• + ROOH) is in competition 275 

with another reaction route when linear alcohols are present in the mixture, which is specific to them 276 

and does not solely yield hydroperoxides. We will propose a detailed discussion of this new pathway 277 

in the last section of this paper, but given the marked antioxidant effect of butanol, it seems clear 278 

that there is an easy abstraction of H-atoms in β-position relative to the OH group. The reaction 279 

HORH + ROO•  HOR• + ROOH competes with RH + ROO•  R• + ROOH. If in the latter reaction, the 280 

alkyl radical R• regenerates an ROO• radical by addition on O2, in the case of linear alcohols, the 281 

HOR• either does not solely leads to the formation of a HOROO• radical through its reaction with O2 282 

or the fate of HOROO• is not to be solely consumed by H-abstraction with the fuel. We propose that 283 

the elimination of hydroperoxyl radical HOROO•  R(C=O) + HOO• is in competition with the H-284 

abstraction flux that forms hydroperoxides RH + HOROO•  R• + HOROOH. To further explore this 285 

hypothesis, we performed thermal oxidation stability experiments on the different butanol isomers.  286 

4. Thermal oxidation stability of butanol isomers 287 

The influence of the branching and the position of the OH group in alcohols was probed using the 288 

isomers of butanol. We first present the results for the pure components. The induction periods of 289 

pure butanol isomers are represented in Figure 8.  290 
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  291 

Figure 8: Induction periods of the isomers of butanol, 413 K and 7 bar of O2 292 

The induction periods of iso- and 2-butanol appear to be similar and slightly shorter than 1-butanol 293 

while the IP of tert-butanol is significantly longer. It should be noted that experiments with 2-butanol 294 

led to repeatability problems or failed tests in the PetroOxy. For example, some tests with pure 2-295 

butanol led to a very short IP of 15 minutes. Since 2-butanol came from the same bottle for every 296 

test, the issues may come from either impurity in the PetroOxy cell and/or the oxygen alimentation 297 

line or an increased leaking of the cell with this type of alcohol. These results should therefore be 298 

treated with caution. In the case of tert-butanol, which is solid below 299 K, PetroOxy experiments 299 

were performed when the room temperature was above this temperature. Among the different 300 

issues that can occur for PetroOxy experiments with pure alcohol is their highest vapor pressure 301 

compared to n-decane or petroleum products for which this test was designed. Table 1 presents the 302 

vapor pressures of the different isomers of butanol and n-decane at room and PetroOxy 303 

temperatures.  304 

Table 1: Vapor pressures (atm) of butanol isomers and n-decane from Simulis [36].        305 

Compound Psat (300 K) in atm P
sat

 (413 K) in atm 

n-decane 2.0 × 10
-3

 0.38 

1-butanol 1.0 × 10
-2

 2.07 

iso-butanol 1.6 × 10
-2

 2.86 

2-butanol 2.6 × 10
-2

 3.58 

tert-butanol 6.2 × 10
-2

 6.20 
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 306 

Table 1 shows that at room temperature, all the isomers of butanol have a vapor pressure higher 307 

than n-decane by at least a factor of 5. For 2-butanol and tert-butanol, Psat at 300K are, respectively 308 

13 and 31 times higher than that of n-decane. During the first stage of the PetroOxy test, the cell is 309 

sealed and filled with oxygen. It is therefore possible that butanol may enter the oxygen supply line 310 

and perturb the subsequent experiments. Despite a specific procedure including thorough cleaning 311 

and several runs with our calibration fluid between butanol tests, the repeatability issues with 2-312 

butanol could not be resolved. When the PetroOxy cell reaches the desired pressure, the 313 

temperature is increased to 413 K in a few minutes. Vapor pressures at this temperature (Table 1) 314 

show that 2- and tert-butanol will strongly contribute to the pressure signal, this is also the case for 315 

1- and iso-butanol, but in a lesser extent. This may also contribute to the perturbation of the 316 

PetroOxy test through an alteration of the O-rings, that would increase the leaking rate of the cell. To 317 

verify this hypothesis, a leak test was carried out in which the stability of each fuel was 318 

tested under 7 atmospheres of inert gas (N2). Under these conditions, the rate of leakage of 319 

2-butanol (0.048 bar/hour) is 2.75 higher than that of n-decane (0.018 bar/hour). Table S1 320 

gives all the experimental data and the associated uncertainties.  321 

Despite the uncertainties observed for 2-butanol, a clear difference is established between tert-322 

butanol and the other alcohols. Since tert-butanol is the only isomer that does not have a hydrogen 323 

atom on the carbon bearing the OH group, its autoxidation mechanism is different than the other 324 

isomers and it leads to a higher oxidation stability.  As already mentioned, at these temperatures, the 325 

H-abstraction of the H-atoms in β-position of the OH group are probably dominant with kinetic rate 326 

constants that are higher than those for n-decane (secondary H-atoms). This is consistent with the 327 

antioxidant effect observed for linear alcohols that requires an easiest H-atom to be abstracted 328 

compared to the H-atoms of n-decane.  329 
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Iodometry and potentiometric titration with TPP of butanol isomers at the end of the PetroOxy test 330 

(at the IP time) showed that the total [ROOH]IP is similar for 1- and iso-butanol but that no 331 

hydroperoxides could be detected for 2- and tert-butanol. If it is not surprising in the case of tert-332 

butanol which has a very long IP and therefore a long buildup of ROOH, it is more surprising for 2-333 

butanol. Again, the latter isomer has a singular behavior in our experiments. Since the IP of 2-butanol 334 

is short compared to n-decane, it can be assumed that the oxidation mechanism of 2-butanol either 335 

does not involve the formation of hydroperoxides, which is highly unlikely, or leads to fragile 336 

hydroperoxides that decompose rapidly.  337 

5. Mechanism of alcohols oxidation, pure and in n-decane 338 

 339 

Our experimental results show that pure alcohols have a lower oxidation stability (IP) than pure n-340 

decane. However, when 1 to 20% vol. alcohol is added to n-decane, a stability-enhancing effect (IP 341 

increases) is observed. This increase of IP is accompanied by a decrease of the total content of 342 

hydroperoxides at the IP time. This suggests that an anti-oxidant like behavior is occurring when 343 

alcohols are added to n-decane. The functioning of an antioxidant is based on the existence of a 344 

labile hydrogen atom in its molecular structure, where the H-abstractions of the chain carrier radicals 345 

(ROO• in most cases) will be faster than those from the fuel. H-abstractions from the antioxidant 346 

leads to a radical that does not contribute to the propagation loop that consumes the fuel and slows 347 

down the global autooxidation reaction. To verify this hypothesis, we calculated the bond 348 

dissociation energy of C-H bonds in 1-butanol, in the gas phase and in n-decane and 1-butanol 349 

solvents.  350 

Gas phase enthalpies of 1-butanol, its radicals, and the H-atom were computed at the QCISD(T)/ cc-351 

PV∞QZ//B2PLYPD3/6-311+G(2d,p) level of theory using Gaussian16 software [37]. More details on 352 

this level of calculation can be found elsewhere [38, 39] and here we only recall its main features. 353 

Geometry optimization and frequency calculations are performed at the B2PLYPD3/6-311+G(2d,p) 354 

level of theory. Single point energy calculations are done on the optimized geometries at the 355 
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QCISD(T)/cc-pVTZ, QCISD(T)/cc-pVDZ and MP2/cc-pVQZ levels of theory that are used to compute 356 

QCISD(T)/cc-PV∞QZ energies. Enthalpies given by Gaussian were used for the calculation of the gas 357 

phase Bond Dissociation Energy (BDE). Solvation enthalpies (ΔsolvH°) of 1-butanol and its radicals 358 

were computed with COSMOthermX version C30_1602 [40]. Cosmo input files of radicals were 359 

generated with TMoleX version 4.0.1 [41] using the BP/TZVP method. Gibbs free energies of 360 

solvation were computed with COSMOThermX as a function of temperature (293 to 303 K), which 361 

was then used to calculate the entropy of solvation (ΔsolvS) and ΔsolvH°. The BDE, for the reaction RH 362 

 R• + H•, in the liquid phase is defined as BDEgas + ΔrΔsolvH°, where ΔrΔsolvH° is equal to: 363 

 364 

ΔrΔsolvH° = ΔsolvH°(R•) + ΔsolvH°(H•) - ΔsolvH°(RH)   (3) 365 

 366 

Figure 9 presents the computed BDE in the gas phase.  367 

 368 

Figure 9: Gas phase C-H BDEs in kcal mol-1 computed at the QCISD(T)/ cc-PV∞QZ//B2PLYPD3/6-369 

311+G(2d,p) level of theory 370 

Our computed C-H BDEs agree with the ab initio calculated data of the literature. For example, a 371 

mean deviation of only 0.3 kcal/mol is observed with the BDE computed by Oyeyemi et al. [42] with 372 

the high-level, multireference averaged coupled-pair functional (MRACPF2) method. It is well known 373 

that C-H bonds in α-position of the OH groups have a lower BDE than a corresponding bond in n-374 

alkanes. Here, we can see that in the gas-phase, the BDE of the α-C-H bond is 3.7 kcal mol-1 lower 375 

than the γ-C-H bond that is equivalent to a secondary C-H bond in a linear alkane (99.1 kcal mol-1 n-376 

heptane and n-octane [43]). H-abstractions by radicals will therefore be favored at the α position. 377 
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Conversely, the BDE of the -C-H bond is higher compared to n-alkanes. Thus, the corresponding H-378 

abstraction involves a higher energy barrier, which reinforces the role of the alcohol function, 379 

particularly for short-chain alcohols. 380 

To the best of our knowledge, no BDE data are available for 1-butanol in the condensed phase. Table 381 

2 presents the thermochemical solvation data computed with COSMOThermX for 1-butanol and its 382 

radicals.  383 

Table 2 : Solvation quantities computed with COSMOThermX at the BP/TZVP level of theory at 298.15 K (see 384 

text). 385 

 n-decane solvent 1-butanol solvent 

Molecular 

structure 
ΔsolvG° (kcal/mol) ΔsolvS° (cal/mol.K) ΔsolvH° (kcal/mol) ΔsolvG° (kcal/mol) ΔsolvS° (cal/mol.K) ΔsolvH° (kcal/mol) 

 -3.3 -9.8 -6.3 -6.1 -23.1 -12.9 

 -3.1 -9.6 -5.9 -6.4 -26.2 -14.2 

 -3.5 -9.7 -6.4 -6.5 -24.1 -13.7 

 -3.2 -9.7 -6.1 -6.1 -23.9 -13.2 

 -3.3 -9.7 -6.2 -6.2 -23.7 -13.3 

 -3.2 -9.5 -6.1 -3.9 -8.8 -6.5 

 1.5 -6.8 -0.5 1.4 -6.1 -0.4 

 386 

In the CompSol experimental database [44], Gibbs free energies of solvation are available for 1-387 

butanol as a solute in n-decane and 1-butanol solvents, respectively.  ΔsolvG of 1-butanol in n-decane 388 

is -3.6 kcal mol-1 at 293.15 K, which is close to our value presented in Table 2 (-3.3 kcal mol-1 at 389 

298.15 K). The experimental ΔsolvG, ΔsolvH and ΔsolvS of 1-butanol solute in 1-butanol solvent (pure 390 

compound data) are -6.1 kcal mol-1, -12.3 kcal mol-1 and -20 cal mol-1K-1 at 298.15 K, which are in 391 

remarkable agreement with our computed data (top row, right side). Using ΔsolvH° and the calculated 392 

gas-phase BDEs, we computed the BDE of 1-butanol in these two solvents (Table 3). 393 
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 394 

 395 

Table 3: Computed bond dissociation energies of 1-butanol in the gas- and liquid-phases (QCISD(T)/ cc-396 

PV∞QZ//B2PLYPD3/6-311+G(2d,p) for gas phase and COSMOThermX BP-TZVP for ΔsolvH°, see text)   397 

 Bond Dissociation Energies (kcal mol
-1

) 

C-H bond Gas phase n-decane solvent 1-butanol solvent 

α 95.4 95.3 93.8 

β 100.4 99.8 99.2 

γ 99.1 98.7 98.4 

δ 102.2 101.8 101.4 

O-H 105.4 105.1 111.4 

 398 

The computed BDEs presented in Table 3 clearly show that the change from gas to liquid phase, in 399 

the n-decane solvent, has a very small effect. All the BDEs in n-decane are lower than the gas phase 400 

one by a mean value of 0.4 kcal mol-1, which falls within the uncertainty of our calculations. Going 401 

from gas to liquid 1-butanol solvent has a stronger effect on the C-H BDEs and the effect is very 402 

strong for the BDE of the O-H bond which is increased by 6 kcal mol-1 because of hydrogen bonding in 403 

the condensed phase. We also observe that the closer the C-H bond is to the hydroxyl group, the 404 

greater the effect of gas to liquid change. The BDE of the α-C-H bond in pure, liquid, 1-butanol is 1.6 405 

kcal mol-1 below the value in the gas phase. From an energy point of view, this means that the α-H-406 

atom abstraction in liquid 1-butanol is even easier than in the gas phase. The differences in the BDE 407 

of a C-Hsecondary bond in n-decane and the α-C-H bond in 1-butanol (and all the other alcohols studied) 408 

is probably the main cause of the highest reactivity of pure alcohols compared to n-decane (Figure 6) 409 

because H-abstractions from the fuel will be easier. 410 
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Since several oxidation stability experiments were performed for n-decane / 1-butanol mixtures, we 411 

also computed the variations in α-C-H BDE as a function of the proportion of 1-butanol added in 412 

n-decane (Figure 10).  413 

 414 

 415 

Figure 10: Evolution of the α-C-H BDE in 1-butanol as a function of the composition of n-decane/1-416 

butanol mixtures 417 

In Figure 10, it can be seen that, starting from X1-butanol = 1 (α-C-H BDE of pure butanol) to X1-butanol = 418 

0.01, a decrease of 0.5 kcal mol-1 of the α-C-H BDE is observed. The BDE of the α-C-H bond is affected 419 

by the composition of the mixture, and the smaller the proportion of 1-butanol in n-decane, the 420 

lower the BDE value. The antioxidant effect of alcohol in n-decane is therefore further favored by the 421 

thermochemistry for the smaller proportions.  422 

1-hydroxybutyl α-radical will be the only radical from 1-butanol formed at the temperatures of our 423 

experiments. Its oxidation will lead to the formation of a α-hydroxybutyl peroxy radical:  HOR• + O2 424 

 HOROO•. In the case of pure n-decane, the ROO• radicals are mainly consumed by H-abstractions 425 

from the fuel (≈80% of their total consumption flux at 413 K) [34], yielding all hydroperoxides 426 

measured at IP times. Our experimental results show that a competitive reaction is occurring for 427 

pure alcohols. We therefore investigated the potential energy surfaces (PES) for the H-abstraction RH 428 

+ HOROO•  R• + HOROOH and the competitive unimolecular decomposition HOROO•  R(C=O) + 429 
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HOO•, which leads to less reactive species as discussed below. Figure 11 presents the PES computed 430 

at the B2PLYPD3/6-311+G(2d,p) level of theory.  431 

 432 

 433 

Figure 11: Potential energy surface at 0 K of the HO2 elimination in α-hydroxybutyl peroxy radical and 434 

its H-abstraction from n-butane. PES computed at the B2PLYPD3/6-311+G(2d,p) level of theory in gas 435 

phase. 436 

The PES presented in Figure 11 shows that the HO2• elimination in α-hydroxybutyl peroxy faces a 437 

very low energy barrier of 8.4 kcal mol-1. This reaction leads to a Van der Waals post-reactive 438 

complex that can decompose into butanal and HO2•, which lie 11.7 kcal mol-1 above the initial peroxy 439 

radical. The other part of the PES (orange line) show that the H-abstraction from n-butane (used here 440 

as a model for n-decane or any n-alkanes) has an energy barrier of 13.9 kcal mol-1 and leads to 441 

products lying 13.0 kcal mol-1 above the entrance channel (α-hydroxybutyl peroxy + n-butane). From 442 

a pure potential energy point of view, our calculations demonstrate that HO2• elimination will be 443 

greatly favored at autoxidation temperatures.  In order to confirm this hypothesis at the kinetic level, 444 
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entropic effects on these reactions and concentration effects on the bimolecular reaction rate need 445 

to be taken into account.    446 

Experimental results and ab initio calculations allow us to propose an explanation for the behavior of 447 

alcohols, pure and blended with n-decane. The main consumption flux of n-decane (long chain 448 

mechanism) during its autoxidation are the propagations (3-4):  449 

n-C10H21• + O2  n-C10H21OO•       (3) 450 

n-C10H21OO• + n-C10H22 n-C10H21OOH + n-C10H21•    (4) 451 

Reaction (4) regenerates an alkyl radical that yields a peroxy decyl radical in reaction (3). 452 

In the case of butanol, this propagation loop is different and involves 3 reactions: 453 

α-C4H8•OH + O2  α-C4H8(OH)OO•     (5) 454 

α-C4H8(OH)OO•  C4H8O + HOO•      (6) 455 

C4H9OH + HOO•  α-C4H8•OH + H2O2      (7) 456 

where α-C4H8•OH is the α-hydroxybutyl radical and C4H8O is the butanal. In this mechanism, the 457 

peroxy radical does not leads to the formation of an hydroperoxide, but it decomposes into butanal 458 

and HO2•. The latter radical can abstract an H-atom from the alcohol and yield hydrogen peroxide. 459 

The latter molecule is known to be much more stable than hydroperoxides with BDEs of the O—O 460 

bond of 50.35 kcal mol-1 and 43 kcal mol-1, respectively [43]. H2O2 is stable at autooxidation 461 

temperatures whereas hydroperoxides such as n-C10H21OOH decompose slowly and act as 462 

degenerate branching agents, which increase the number of free radicals in the liquid: 463 

n-C10H21OOH  •OH + n-C10H21O•      (8) 464 

Pure alcohols were shown to have a lower stability than n-decane and our BDE calculations show 465 

that it can be explained by the difference between the BDE of a secondary C-H bond in n-decane and 466 

the α-C-H bond in butanol. Since the fuel consumption mainly occurs by H-abstractions (by ROO• or 467 
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HOO• radicals in these cases) the lowest BDE of the α-C-H bond increases the rate of alcohol 468 

consumption compared to n-decane. 469 

This low BDE in alcohol is also responsible for the antioxidant effect observed when they are added in 470 

moderate amounts to n-decane.  The propagation loop (3-4) is interrupted by reaction (9): 471 

n-C10H21OO• + C4H9OH  α-C4H8•OH + n-C10H21OOH    (9) 472 

Once formed, the α-C4H8•OH radical reacts with O2 to follow the mechanism of reactions (5-7). This 473 

slows down the consumption of n-decane and produces more stable H2O2 peroxides.  474 

CONCLUSION 475 

The oxidation stability of pure alcohols and their mixtures in n-decane was investigated 476 

experimentally in a PetroOxy. At the induction period time, the total content of hydroperoxides was 477 

also determined by iodometry and potentiometry. Experiments show that pure, linear and lightly 478 

branched alcohols have a lower oxidation stability than n-decane. For linear alcohols, as the length of 479 

the carbon chain increases from 1-butanol to 1-decanol, the IP first increases from C4 to C6, and then 480 

decreases from C6 to C10. This behavior is similar to that observed in n-alkanes and was explained by 481 

our simulations by the higher number of H-atoms that can be abstracted as the size of the chain 482 

increases. 1-butanol has been shown to be a special case as its IP is shorter than that of the other 483 

linear alcohols. We explained this behavior by a specific mechanism of alcohol autoxidation, involving 484 

an easier H-abstraction from the H-atoms linked to the carbon bearing the OH group. Our theoretical 485 

calculations showed that the bond dissociation energy of these C-H bonds is lower than the 486 

corresponding C—H bond in n-decane, in both gas and condensed phases (in n-decane and 1-butanol 487 

liquids). Influence of the branching level of pure alcohols on their oxidation stability was explored 488 

with the isomers of butanol. Experimental results showed that if no H-atom are available in α-489 

position of the OH group, the stability is considerably higher.  490 
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The addition of linear alcohol fuels to n-decane enhances its oxidation stability and this antioxidant 491 

effect is found to depend non-linearly with the proportion added. In general, a maximum 492 

enhancement of the stability is found for 10 % volume addition. Based on theoretical calculations, we 493 

explain that this behavior is due to the easy abstraction of H-atoms in the α-position of the OH group 494 

that interrupts the propagation loop that mostly contributes to the conversion of n-decane. The 495 

formation of the α-centered alcohol radical leads to the formation of a peroxy radical, which mostly 496 

decomposes into an aldehyde and HO2• instead of contributing to the fuel consumption by H-497 

abstractions. Theoretical calculations showed that this pathway is favored from a potential energy 498 

point of view and contributes to slow down the conversion of liquid n-decane at low temperatures.  499 
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