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ABSTRACT

Autoxidation of jet fuels is a complex phenomenohicl occurs below 250 °C. Caused by
naturally dissolved oxygen, the reactions leach&oformation of different oxidation products by
a mechanism of degradation which is not yet corepteinderstoodn-dodecane, a linear alkane
molecule, has been chosen as a model for jet Tinel.influence of temperature and progress of
reactions have been studied using the PetroOXYcdevbcusing on the beginning of the
autoxidation. For the first time, the oxidation guats formed in the gas and liquid phases were

precisely identified by spectroscopic and chrometplic characterization techniques but also



guantified by chemical methods. It was possiblestablish the mechanisms involved in the
different steps using data from the literature,ptopose a new one based on combustion

mechanisms and to calculate the kinetic constdrtteeaeactions.

1. INTRODUCTION

Jet fuel, used for the propulsion of aircrafts, Aagcondary less known function: it also serves
as a cooling fluid; hence its temperature can aatr200 °C. The thermal stress induced leads to
its degradation and can entail the formation oidsdéposition in the fuel system and multipoint
injectors. This is a major issue in aeronauticthasdeposition induces a loss of thermal transfer
efficiency and can cause fouling in the injectdis.address this issue, it is of major importance to
understand the mechanisms of degradation of jétane to subsequently improve its thermal
stability.

Thermal stability refers to the tendency of fuelbé degraded and to form soluble or insoluble
oxidation products depending on the temperaturgedh]. It includes autoxidation and thermal
decomposition. The first results from the completeiactions between dioxygen, hydrocarbons
and molecules with heteroatoms [2,3]. These reastiaccur typically in the 140 to 250 °C
temperature range. It is noteworthy that oxidateactions have also been observed under storage
stability conditions (temperatures 140 °C) [4,5]. When the temperature reachas400 °C,
thermal decomposition of the fuel starts to proceede by pyrolysis. These temperature ranges
alternate in aircraft engines during on-off openasi.

Many experimental researches have been conductesttey understand the thermal stability of
jet fuels [1-11]. They have highlighted the majoterof dissolved oxygen in keroserea (70

ppm) in the degradation of hydrocarbon moleculesiarthe formation of insoluble compounds



[3,12-15,17]. Moreover, there is a significant ednition/role of heteroatomic species with
respect to autoxidation and thermal decompositeactions. It has been demonstrated in the
literature that heteroatomic compounds have sicamfily more favorable activation energies, E
and readily participate in these oxidation readi{@®,25]. This is the reason why jet fuel may
propagate under a slightly different pathway (ataialy different kinetic rates) compared to pure
hydrocarbons.

Other studies have focused on the influence ofiphly&actors on the degradation mechanisms,
such as temperature [27,28], pressure [29,30],desttion, flow rate [31,32] and nature of the
walls of the reactor [7,33,34]. These researches haade it possible to identify and quantify the
insoluble products formed [3,8,10,35,36]. For exlanpPeiet al. [11] have proposed that the
formation of deposits is a two steps mechanism fuigi, the formation, in the liquid phase, of
precursor species which then migrates to the vdlihe system, resulting in the progressive
deposition of the particles.

Though the origin of insoluble products has beemiified, the description of the autoxidation
mechanisms remains rough and needs to be deepeémethis purpose, experimental devices
allowing to simulate the thermal and flow condisoencountered in operational conditions have
been developed. These tests are distinguishedicategories: dynamic and static tests. The first
ones require a huge quantity of fuel, residencegimwre of a few seconds and the tests last for
several hours [54]. Conversely, static tests requiow quantity of fuel and the test duration @ari
from 2 to 20 h for a temperature range from 14930 °C [56-58,60,61,64,66,68].

Among the static tests, the PetroOXY device isdsity used to study the tendency towards
oxidation of petrol products and oils when Rapida8nScale Oxidation Test (RSSOT) are

required. Among the advantages are the low voluhsamples and a good repeatability [75,78].



Using the PetroOXY to study the degradatiom-afodecane at 150 °C and 700 kPa, Siedral.
[81] have evidenced the evolution of the degradapimducts with the conversionR/P = 10 to
80 %). Chatelairt al.[82] also used this device to experimentally sttayinfluence of the chain
length and mixing oh-Cg-Cs» alkanes.

Since the 50s, many works have focused on estaiighe mechanism of degradation. It
implies the formation of radicals, which generatgdroperoxides, leading to the formation of
alcohols, ketones, aldehydes and acids [37,39,b3,55

Garciaet al.[42] integrated kinetic aspects to propose the &msplified kinetic equations. It
has been completed in 1994 by Heneghan [47] whpgsed a simplified four-step mechanism,
inspired from Zabarnick’s works involving the fortian of the first alkyl radicals Rduring the
initiation step and of R¢H hydroperoxides during propagation. Several astihave used these
equations to propose an autoxidation mechanisnudinod all the species naturally present in
kerosene [3,9,10,35,44-50].

Although the autoxidation of alkanes has been aktety studied experimentally, the works
have mainly focused on the impact of dissolved exygn the formation of hydroperoxydes and
deposits. The oxidation products have been identibut an accurate quantification in the gas and
liquid phases, especially at the beginning of thaction to understand the first steps, is still
lacking. Moreover, no study has been able to gleaxplain all the mechanisms involved in the
degradation of hydrocarbons.

Regarding the kinetic aspect, although this lasgt bas been exploited several times in the
literature through the formalism of the Arrheniasv|] we find few studies allowing to define
explicitly the kinetic constants of degradatiomoaing to predict the autoxidation reactions which

are at the origin of the formation of precursorsieposits.



The objectives of this work are to study experiraéintthe autoxidation of a long chain linear
alkane under thermal oxidative stress, to deepenctimprehension of the phenomenon, to
confront the results to the existing kinetic modat&l to provide input to improve them. The
implementation of a robust experimental protocawzimg the repeatability of the tests as well as
the identification and the quantification of theokution of the reagents and the formation of the
oxidation products was set up through various tegles of characterizations and chemical
analysis.

n-Dodecane was chosen as a model for the fuel atkéihes represent 40 % of the constituting
molecules of jet fuel, and (ii) it has a high bgipoint, 216.3 °C. The influence of different
parameters (pressure drop and temperature) onrtitigis obtained during its oxidation in a
PetroOXY device has been studied and quantitatiegéyais of both the liquid and gas phasas
been carried out. In a first step, the tests warded out at fixed temperature (160 °C) and ihitia
pressure of dioxygen (700 kPa) and stopped aftareint pressure dropalP/Pmax = 2, 4, 6, 8
and 10 %) to monitor the evolution of the oxidatpmoducts as a function of reaction time. In a
second oneAP/Pmax was fixed at 10 % and the tests were mathees different temperatures
(140, 150 and 160 °C) and an initial pressure df KPa to understand the influence of these
parameters on the stability mfdodecane and determine the kinetics of degradation

2. EXPERIMENTAL SECTION

2.1 PetroOXY device

The PetroOXY device (Anton Paar) was used to stiaegtability towards oxidation of the fuels
[84]. 5 mL ofn-dodecane (purity > 99 %, Alfa Aesar) is pourea iatglass crucible. In order to
assure that ©is the only dissolved gas, the fuel is degasseun2tes in an ultrasonic bath. The

crucible is then introduced into a chamber herra#ificlosed. The initial static pressure of oxygen



is 700 kPa and the initial temperature is 160 &Sk physical features are continuously measured
during the experiment. The test is stopped wheh% pressure decrease, relative to the maximum
pressure measured, is reached. The induction p@df)ds defined as the duration between the
maximum pressure and a 10 % fall.

All the samples are tested 4 times to verify thpeatability and to have enough oxidized liquid
to characterize. After the test, the gas and lighialses are recovered after cooling down the device
to 25 °C.

2.2  Gasification rate and conversion rates of dioxgen and n-dodecane

At the end of the test, the liquid phase is codldcand weighted. The gasification rate is
calculated according to the formula:

m; — my — mg)
m;

Gasification rate (%) = x 100

where mand mare the initial and final mass ofdodecane, respectively, and the mass of
solid if any formed during the test.

To ensure the most accurate collection and weighiiad) phases, the PetroOXY seal, the empty
crucible, and the liquid phase collection bottlee anitially weighed before the oxidation
experiment. Then, the initial massmtlodecane is weighed directly into the crucibleobebeing
introduced into the PetrOXY apparatus. At the enthe oxidation, the liquid phase present in the
crucible (as well as the residual liquid presenthalid and the edges of the device) is meticujous
recovered with a pasteur pipette, then pouredtimtarecovery flask to be weighed. The loss of
liquid during this protocol was measured experiraytand the value is 0.15 g +/- 0.01 g. The
seal at the end of the tests is also weighed @.D2rease in difference between the seal before
and after oxidation is always observed). Finallgrisure the recovery of the solid phase, the empty

crucible is also weighed. All weighings are perfednwith a 1¢ g precision balance with an



accuracy of 100 pg. As the tests are performenhdg;j it is possible to obtain an average between
the deviations of each test to arrive at a reladieeiation [85]. For all gasification rates, anoerr
of <1 % is observed.

The conversion rate of dioxygen has been calculatgdthe formula:

N, — N
Conversion rate of 0, (%) = (Mo, .0, ) x 100

n; o,

where nozn; o, is the initial quantity (mol) of dioxygen andaa n¢g, is the quantity (mol) of
dioxygen remaining in the gas phase after thetesin;,is obtained by subtracting the quantity
of oxidation gas produced to the total quantitgaseous molecules at the end of the test.

The volumes of oxygen, introduced and consumedduaitest, were determined by means of
a calibration carried out to establish a corretati@tween the volume of gas and the pressure
measured at room temperature. From this calibratiowe (Figure S.M.1.) and the pressure data
provided by the PetroOXY device, it was possibldgduce experimentally the volumes of oxygen
introduced into the device and the total volumgad recovered including the unreacted oxygen
and the gaseous products formed after oxidatiore dbantitative results of the micro-gas
chromatography allowed to measure the amount cfagssproducts formed, so by considering
the total volume of gas recovered and the volumgastous products formed, it was possible to
deduce the volume of unreacted oxygen. These vaumee converted into mole number using
as an approximation that 22.4 L = 1 mol of oxydewas thus possible to determine the conversion
rates as well as the mole number consumed of dexygach test has been carried out 4 times. It
was possible to calculate the standard deviatioedoh test condition (deviation <4fhol) [85].

The conversion rate ofdodecane is calculated using the formula:

. (ni,n—dodecane - n ,n—dodecane)
Conversion rate of n — dodecane (%) = ! x 100

ni,n—dodecane




With Ni,n-dodecane l’li'n_dodecaneand mn-dodecangf‘n_dodecane the quantity (m0|) ofn-dodecane
initially introduced and remaining in the liquid gde at the end of the test, respectively.

2.3  Characterization techniques
2.3.1. Fourier Transform Infrared Spectroscopy

The gas and liquid phases were analyzed by Fourransformed Infra-Red (FTIR)
spectroscopy, using a Frontier spectrometer frorki€Imer. The analysis of the gas phase was
carried out in transmission, recording 4 spectrdné4000 - 1000 cthwavelength range, with a
scanning speed of 0.2 cm.eind a resolution of 4 ch For the liquid phase, one drop was
deposited on a mono-reflexion diamond and analybgd Attenuated Total Reflectance
(FTIR-ATR) equipped with a MCT detector. The same acquisjtemameters as for the gas phase
were used except that 5 spectra in the 4000 - #6Oveavelength range were recorded.

2.3.2. Micro-Gas Chromatography
The gas phase was also analyzed by micro-GC. Tperrapois, an Agilent 490, is equipped with

3 columns: A0z (10 m x 0.32 ID, Toumn= 70 °C, P = 130 kPa);Ox (1 m x 0.7 ID, Toumn= 80

°C, P = 150 kPa), CP sil-5CB (20 mgoidmn = 50 °C, P = 150 ka) and Thermal Conductivity
Detectors (TCD). The analysis was carried out aitlpon and helium as vector gas. Calibration
was made before each test far, BO, CQ, and the hydrocarbon molecules.

2.3.3. Gas Chromatography
The liquid phase was analyzed by Gas Chromatogrd@®@) using a Varian 3900. This

apparatus is equipped with an automatic sampleB841®; an injector 1177 split/splitless, a
capillary column PONA type, a fused silica capylaolumn (phase type: VF-5 ms,, length: 60 m,
internal diameter: 0.25 mm, phase thicknegsn] with a column flow of 0.8 mL/min and a Flame
lonization Detector (FID). The analysis was caroetiwith helium as the vector gas. The injection

temperature is set at 250 °C. The thermal prograsiaptimized fon-dodecane: 5 min at 50 °C;



heating up to 175 °C (at a speed of 5 °C:Hifior 5 min; to 185 °C (2 °C.mib for 5 min; to 215
°C (2 °C.minY) for 5 min, then to 250 °C (2 °C.mthfor 10 min.

Standards were prepared by mixing different volunfesdodecane and-decane (purity > 99
%, Alfa Aesar). These standard solutions and thdized samples were injected 3 times and a
deviation of less than 1 % was imposed.

2.3.4. Gas Chromatography/Mass Spectrometry

Identification of the products in the liquid phasas carried out by a Gas Chromatograph
coupled to a mass spectrometer (GC/MS) with a iadB0 GC/320 MS. The same column and
thermal program as with the GC Varian 3900 werelu$ae MS fragmentation was obtained by
an electronic impact of 70 eV.

2.4. Quantification of the products formed
2.4.1. Identification of hydroperoxide species

The presence of hydroperoxide species was evidenttedugh the oxidation of
triphenylphosphine (TPP) to the corresponding oXidePO) following the reaction [86, 87]:
ROOH + TPP— TPPO + ROH
To this purpose, 4 g of TPP (99 %, Acros Organas) 0.3 g of fluorene (> 98 %, Acros
Organics) were dissolved in 50 mL of chloroform90.8 %, Carl Roth)250 uL of this solution
were added to 1 mL of oxidizeddodecane and stirred for 10 min before analysi&Rkyand
GC/MS. The limit of detection of this method is €02 mM.

2.4.2. Peroxide Value

Peroxide species formed during the test were btaaked using a method close to that described
in the ASTM D3703 standard [88], relying on theuetibn of the iodide molecules formed during

titration with sodium thiosulfate.



The Peroxide Value (PV) was calculated accordingp¢écformula [87,89]:
PV = ((A-B) N x 1000)/V
where A and B are the volumes of a sodium thiogailéalution, of normality N, added during
the assay and a blank test, respectively, to aaveN of sample.

2.4.3. Total Acid Number (TAN)

The total acid number (TAN) is the mass of KOH rezktb neutralize the free acid molecules
present in 1 g of sample [68he method employed to determine the TAN is basetthe ASTM
D3242 standard [91]. It is an acido-basic titratienitable in the range from 0.000 to 0.10 mg
KOH/g.

2.4.4. Water Content

The water content was determined by coulometniatidn with a Karl-Fisher titrator (Mettler
Toledo C30 with a Pt electrode under 20 pA). Thelwa and catolyte used were the
HYDRANAL Coulomat AK and HYDRANAL Coulomat CGK solions Honeywell Fluka),
respectively.

3. RESULTS
3.1 Influence of the reaction progress
3.1.1 Consumption of dioxygen and n-dodecane

The oxidation oh-dodecane was first carried out in the PetroOXYickat a temperature and
initial pressure set at 160 °C and 700 kPa, resmdyt and stopped at different pressure drops,
AP/Pmax from 0 to 10 %. These low reaction progvesises were chosen to study the beginning
of the autoxidation process.

Figure 1.a) shows the evolution of pressure withtést duration. The first part of the curves
corresponds to the increase of pressure assoeidtetieating. Whem-dodecane is oxidized, the

consumption of oxygen results in a decrease optbssure. Nevertheless, the form of the curves

10



results from two antagonist phenomenons: the copsamof oxygen and the production of gas.
The curves obtained for the differekiP/Pmax are superimposed, proving the reprodugiloht

the results. Each test condition has been carréd times.
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Figure 1. a) Evolution of the pressure with test durationdifferent4AP/Pmax and b) correspondit
evolution of the average duration test plotted dsraction ofAP/Pmax (T= 160 °C, Ry, = 700 kPa).

The average of the test duration for eAétPnax targeted is presented in Figure 1.b) and show a

linear evolution.

Dioxygen andch-dodecane consumptions are plotted as a functitimedest duration (Figure 2).
They both evolve linearly withP/Pmax but the molar consumption of dioxygen istmethan

that ofn-dodecane.
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Figure 2. Evolution of oxygen anc-dodecane consumption with increasing test duragioc
AP/Pmax (T = 160 °C, & = 700 kPa).
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3.1.2 Characterization of the oxidation speciemfat in the gas phase

At AP/Pmax = 10 % the gasification rate measured isnafr®.72 %, which implies that the
production of gaseous products is rather limited.

The gas products were first analyzed by FTIR spsctpy. New peaks arise and grow as the
reaction proceeds as evidenced by the spectra givdfigure 3. They are characteristic of
oxidation products: the bands between 3447 and 8@84an be attributed to theo-) stretching
vibration of alcohols and carboxylic acids; the bat2737 cnt is typical of thevc+) aldehyde
stretching vibration, and that at 1740toorresponds to thec-o)vibration of ketones, carboxylic
acids and aldehydes. The formation of CO is evidérxy the double band at 2112 and 2172 cm
1, characteristic of its(c=o) stretching vibration. Furthermorec.) vibrations of CH and CH
groups emerge at 2865, 2931, 2970, 1453 and 1366 @imey can also be attributed to
hydrocarbons and oxidation compounds. Another peitlik a low intensity but very thin is
observed at 3018 chltis typical of thevc.y methane stretching vibration. The intensity of all

these peaks increases with reaction time.
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Figure 3. FTIR spectra of the gas phase for diffet4P/Pmax (T = 16CC, Fo, = 700 kPa,4P/Pmax
=210 10 %).
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The gas phase was further analyzed using microeGdentify more specifically the molecules
formed. The chromatograms (see Figure SM.2) contirenproduction of CO, C£H20, H, and
acetone as already brought out by FTIR at the beggnning. Methanol, ethanol, methane, alkanes
and alkenes from o Gs are also identified but faxP/Pmax values 4 %. The volumes of these
gas species increase with the progress of theioeaas displayed in Figure 4 apd b), even if
they remain low. C®is the gas formed in majority fromP/Pmax = 0.5 to 10 %. Its quantity
increases rapidly. The other identified gases wikiatceed it in terms of quantity ares, KO,
alkenes and alkaneszldnd CO are observed at a significant quantity wherreaction reaches
AP/Pmax = 2 % while hydrocarbons are detected aml®P/Pmax values 4 %. The quantity of

the alkanes remains lower than that of the alkenes.
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Flgure 4. Evolution of the oxidation products determinedha gas phase by mic
GC (T =160 °C, B2= 700 kPaP/Pmax = 0 to 10 %).
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3.1.2. Characterization of the oxidation produotsried in the liquid phase

GC-MS was used to characterize the oxidation prisdo€n-dodecane in the liquid phase
(Figure 5). The products generated during all thidation process are identical and their quantity
increases with the duration of the test; for thiemgon times lower than 34 min (Figure 5.a and b)
the compounds detected have chain lengths shbeentdodecane.

It is noteworthy that, in each case, three typeoaipoundsi,.e. carboxylic acid, 2-ketone and the
corresponding aldehyde, with identical number oboa atoms are produced. The production of
ketones and carboxylic acid species were also peateby FTIR (Figure SM.3.1). The molecules
with retention times from 42 to 46 min (Figure 5lgve the same number of carbonshas
dodecane. They are alcohols and ketones, x-dodeaado-dodecanone with x = 1 to 6, issued
from the direct oxidation afi-dodecane. These results are similar to that ajreggbrted in the
literature [59,81]. In addition, dodecanal was iifesd but dodecanoic acid was not found as it
was expected. This could be explained by the faatt its boiling temperature is very high (298
°C) so that this product could not be vaporized @ng injected in the GC. Eventually, peaks at
retention times near 53 min (peaks 1 to 6 in Figud®, correspond to m/z 169 are observed. This
ratio is characteristic of hydroperoxide specieq fnd the 6 peaks are thus probably isomers of

dodecyl-hydroperoxide.
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Figure 5. Gas phase chromatograms of the liquid phaselRiIPmax = 0 to 10 % for four differe
retention time ranges. Identification of the protfuwvas obtained by MS.

To confirm the identification of these hydropercesda back titration, based on their reduction
into alcohols in the presence of TPP, was carrigd&6,87]. The intensity of the peaks 1 to 6 in
Figure 5.d should decrease in intensity while thaks in Figure 5.c of the corresponding alcohols
should increase as the TPP is oxidized into TPR@s B indeed what is observed in Figure
SM.3.2, confirming the attribution of the peakgetiention time from 50 to 55 min. to x-dodecyl-

hydroperoxides.

Quantitative GC analysis requires the use of stalsd®uring the oxidation of thedodecane,
so many products are formed that it is not posdiblealibrate all of them. However, semi-
guantitative analysis can be carried out by conmggthe surface area of the peaks. The cumulative
surface area of each family of compounds was catledland plotted in Figure 6 for increasing

AP/Pmax.The quantity of primary (hydroperoxides) as welltlas secondary (alcohols, ketones,
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carboxylic acids...) oxidation products increasehwiP/Pmax. The major products are ketones,

then hydroperoxides.
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Figure 6. Evolution of the products generated during thielation of r-dodecaneas a function o
AP/Pmax obtained by GC.

To confirm the GC results, chemical titration wesaarried out. The peroxide value, PV, Total
Acid Number, TAN, related to the amount of carbaxgcids formed including dodecanoic acid,
and water content are plotted in Figure 7. Theol@ons are linear and consistent with that

observed by GC (Figure 6).
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Figure 7. Evolution, deduced from GC measurements, inigjuédl phase of a) the Peroxide Value,
TAN and c) quantity of water with increasing/Pnax (T = 160 °C, .= 700 kPa).

Linear plots of concentration versus time demotetesroth order kinetics. It is well

known that oxidation proceeds via zeroth orderh{gh initial oxygen levels) initially, but it's

interesting to observe these reaction productsbareg produced under similar zeroth order

kinetic.

3.2. Influence of the temperature

3.2.1 Dioxygen and n-dodecane conversions

In the second set of experimentf/Pmaxwas fixed at 10 % with the same initial pressure of

dioxygen of 700 kPa as previously, but three teampees were targeted: 140, 150 and 160 °C.

The evolution of the pressure for the three tenmpeea is plotted in Figure 8. All the curves have

similar shapes but the time to reach the targaf®max decreases with increasing temperature.
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The induction periods, deduced from these curveggigen in Figure S.M.4.1. The values confirm
that increasing the temperature accelerates tlatan reactions.
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Figure 8. Evolution of the pressure with duration time floree different temperatureso, = 700
kPa,AP/Pmax= 10 %).

As previously stated, the evolution of the oxidatieaction was followed using the gasification
rate and the dioxygen anatdodecane conversions. These values are plottedhéorthree
considered temperatures Figure S.M.4.2 The gasification rates are similar whatever the
temperature is and they are less than 0.7 %. Theuoaption of dioxygen increases with the
temperature from 18 to 23 % while thelodecane conversion remains low with an increamsa f
1.0to 1.6 %.

3.2.2 Characterization of the gas and the liquiasels

The results of FTIR spectroscopy and micro-GC skowilar oxidation products in the gas
phase whatever the temperature is, @&lways the product formed in majority and itsqtity,
in proportion by comparison to other moleculesteéases significantly when the temperature goes

from 140 to 160 °C. At 140 and 150 °C, the proposi of CH, alkanes and alkenes formed are
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equivalent, but that of alkenes increases signifigaat 160 "C. The amounts of nd CO remain
globally constant (Figure 9.a).

The liquid phase was characterized by FTIR and G&/Whese techniques evidence the same
oxidation products whatever the temperature isiridqueantitative evolution, given in Figure 9.b,
shows an increase of all the oxidation species witheasing temperature but the ratios of the
products to each other remain equivalent. The majaducts are ketones, followed by
hydroperoxides. The peroxide value, the water c¢drdad the acid number were also measured.
The results are shown in Figure S.M.4.3. They sholmear increase of all these values with

temperature.
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Figure 9. Evolution of the a) volume of the different ofidla products in the gas phase, obtainec
micro-GC, and b) oxidation products in the liquidgse determined by GC, for three different
temperaturesAP/Pmax = 10 %, B, = 700 kPa).

4. DISCUSSION

4.1. Impact of temperature on n-dodecane and dioxygm consumptions

The monitoring of the consumption of n-dodecane dimkygen at 160 °C and 700 kPa
presented in Figure 2 shows a linear evolution awfheof the reactants, indicating a constant
consumption rate regardless of the reaction advaeceAP/Pmax = 0 to 10%). The consumption
of these two reactants is equivalent at the steftFmax = 0 %): 0.0049 mmol of dioxygen and

0.0047 mmol oh-dodecane. Then, the consumption of dioxygen isg®anore rapidly than that
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of n-dodecane to a five-fold increaseA®/Pmax = 10 %.This can be justified by the fact tha
initially, at AP/Pmax = 0 %, dioxygen could only react with n-dzzdee, the only reactant present,
and subsequently these two molecules react togtitferm a hydroperoxide. But very quickly,
other competing reactions appear and consumelastiaxygen. Thus, for the value &P/Pmax

= 10 %, the ratio molesAM-Ci2H26 consumed is about 5/1.

A clear influence of the temperature on the inductperiod is evidenced. As expected, the
higher the temperature is, the shorter the indogberiod is. As a remindesaP/Pmax is directly
linked to the consumption of dioxygen. Thus, thengerature accelerates the speed of
consumption of dioxygen, which increases from 81&®*mmol/min at 140 °C to 5.5 x10
mmol/min at 160 °C. Nevertheless, it is not pogstbl compare directly the induction periods as
done in previous works [71,77,81-83]. Indeed, fated AP/Pmax, the quantitative analysis carried
out in this study evidences that the conversiordi@fygen are not identical: they are 0.015 and
0.018 mmol at 140 and 160 °C, respectively. Du¢hto difference of temperature, the Pmax
obtained in the batch system is not the same.A@8san impact on the calculation of &kfé¢ and,
as a consequence, on the level of dioxygen consompt

Consequently, to highlight the real impact of terapgre, the tests would have been carried out
at iso-conversion of the dioxygen (same consumpifafioxygen) and not at the samB/Pmax.

It was rather easy to estimate the additional treeded with the dioxygen speed consumption,
expressed in mmol/s, calculated previously. Thus, ypothesis was confirmed by carrying out
tests with the corrected induction periods andcaversion of dioxygen was obtained as shown

in Figure S.M.5. The corrected IP presented in @dblill be used later in the kinetic study.
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Tablel. IPs results obtained experimentaat AP/Pmax= 10 %and after correctio
(Po2= 700 kPa).
Temperature (°C) 140 150 160

Experimental IP (min) 169 71 33
Corrected IP (min) 208 78 33

4.2 Formation of oxidized products

After the oxidation tests under the conditions &ddi.e. AP/Pnax = 0-10 %, T = 140-160 °C
and PQ= 700 kPa, the characterization of the gas phassaked that C®is mostly produced,
followed by B, CO, CH, alkenes and then alkanes, as well as other pudecules, such as
water, methanol, ethanol and acetone. Furthernioeeproducts detected in the liquid phase are
hydroperoxydes, primary and secondary alcoholsnest, aldehydes, carboxylic acids and water.

All the products formed are identical and theirmfityt increases with either increasifg/Fnax
or temperature. But the quantities of hydroperosjdetones and carboxylic acids increase more
rapidly than other products. This could highlight effect of accumulation of these products and
could be explained by kinetics of transformatiooniralcohols to ketones or to carboxylic acids
faster than for the reactions from hydroperoxiaealtohols. Thus, it is possible to divide all the
products into three classes:

» the hydroperoxides;
» the oxidized products with a carbon chain with fidhes as the parent molecule;
» the other products with a shorter carbon chain.

In this study, the hydroperoxides produced frowhodecane have been characterized. The six

isomers of the dodecyl-hydroperoxide were iderdifimdicating that the formation of the alkyl

radical Re is possible along the whailedlodecane hydrocarbon chain. Their quantity in@eas
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linearly with the reaction time and never reachgdageau. This points out that their production
rate is higher than their consumption rate, attlepgoAP/Pmax = 10 %.

The second category of oxidized products gathersrblecules having the same carbon chain
length as the-dodecane. The ROOH hydroperoxides decompose (@t@aRd OHe radicals. Then
these species will react with the other molecutedorm alcohols and water. The formation
mechanism will be described later. Six hydroperexsbmers were formed, five of them will lead
to the formation of secondary alcohols and theores. This is confirmed on the chromatograms
as the five ketone isomers are observed. The six¢h formed by the attack of hydrogen at the
chain end, will lead to a primary alcohol, an algid and then to a carboxylic acid. The
dodecanoic acid is not present on the chromatograavgever it is suspected to be in the liquid
phase.

The amount of secondary alcohols is found highem that of the primary alcohols as evidenced
in Table 2. It is interesting to note that the awd@ of the primary to secondary alcohols dods no
vary much with the reaction temperature. Theorbyicd the probabilities of formation of every
alkyl radicals from the n-dodecane are equivaléfé,of the total alcohols produced should be
primary and 5/6 secondary alcohols. Thus, the dedgarimary to secondary alcohols area ratios
should be 0.20; the experimental values obtainedary close, between 0.16 and 0.18.

Table2. Ratio values of the surface areas obtained byf@@rimary and secondary dodecanin
the liquid phaseAP/Pmax = 10 %, B. = 700 kPa).

Temperature (°C) 140 150 160

surface of primary alcohol 0.16 0.17 0.18

Y surfaces of secondary alcohols

Area ratio=

Some of the oxidized products have a shorter cacbam than the parent hydrocarbon. Their

formations are induced by the breakage of the cadimin of then-dodecane. In the liquid
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chromatograms, alkanes, ketones, aldehydes anaxgéich acids are observed with all the
possible carbon chain lengths below 12 carbon at@ims gaseous products also come from the
breakage of the-dodecane carbon chain.

It should be noted that the mechanisms presentdideiniterature highlight other secondary
products resulting from the autoxidation of n-daales, such as esters, ethers, epoxides, lactones,
diones and furanones [18,28,39,59,81]. In thesgietuthe fuels have been oxidized for longer
times and sometimes at temperatures above 160 8islstudy, it was not possible to find these
products in the liquid phase.

4.3 Autoxidation mechanism

Based on the mechanisms proposed in the literangeur experimental results, we attempted
to establish the reaction scheme ofrtkdndecane oxidation.
Hydroperoxides formation
If we use the mechanism proposed by Heneghan amahitx [47], the hydroperoxides are the
first oxidized products. They are formed accordmghese two reactions:
Re + O — ROy Reaction 1

RO, + RH— ROH + Re Reaction 2

The first step consists in a quick reaction ofdhe/l radical Re with a molecule of dioxygen to
form an alkyl peroxide radical R® Then, the latter takes a hydrogen atom fredodecane to
form a ROOH hydroperoxide and regenerate an alidical Re. The new carbon radical formed
can then react with dioxygen to continue the cycle.

Oxidized products with a 12 atoms carbon chain

The dissociation of the hydroperoxide moleculelhtamed by a scission reaction [46], leading

to the formation of two radicals, alkoxy and hydylpxaccording to the following reaction:
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ROOH— ROe + OHe Reaction 3
The alkoxy radicals can take a hydrogen atom fneslodecane as follows:
ROe¢ + RH— ROH + Re Reaction 4
OHe + RH— H20 + Re Reaction 5
This mechanism is in agreement with the resultaiobt insofar as it allows explaining the
decomposition of hydroperoxides into primary ancbselary alcohols as well as the formation of
water. Then, the primary and secondary dodecantdaules would oxidize into dodecanone and
dodecanal, respectively. Two mechanisms can be opeap (Figure 10 illustrates the
transformation of 6-dodecanol into 6-dodecanonig flrst step is an intermolecular abstraction
reaction involving the hydrogen atom of the alcofr@lup of dodecanol with another alkyl radical
Re, leading to a ROe radical. The second step oasist either in a second intermolecular reaction
between the ROe radical and alkyl radical specefoRowed by a rearrangement reaction (on the
left) or an intermolecular abstraction reactionNmstn an OHe radical which will interact with the

hydrogen of the carbon carrying the COe bond (@nright).

+ H0
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Figure 10. Formation mechanisms of the 6- dodecanon
The dodecanoic acid comes from the oxidation ofdbéecanal [18]. Thus, the latter would
undergo a hydrogen abstraction reaction, thus fograi carbonyl radical *R=0. On the latter is
added a dioxygen atom, to form an R(O)OO- radit#.stabilized by stripping a hydrogen atom
from a RH species to form R(O)OOH. Once stabilizd;cessive rearrangement reactions will
take place, thus forming a carboxylic acid.

Oxidized products with a chain with lessthan 12 carbon atoms

The experimental results also demonstrated theepcesof molecules of 2-ketones, aldehydes
and carboxylic acids with less than 12 carbon at(fiigure 5). To explain their formation, one
must take into account the possibility of obtainallgcarbon chain lengths shorter than that of n-
dodecane, and not involving the production of atdaholecules. This suggests a very different
mechanism from the ones proposed to explain thendtbon of dodecanone molecules and
dodecanoic acid.

The mechanisms presented in Figure 11 are insfriogd the octane combustion mechanism
proposed by Sarathy et al. [92] for temperaturdevbe77 °C (750 K). In this mechanism, a
dioxygen molecule reacts with ardodecane alkyl radical to form a hydroperoxideaaldROOs.
This hydroperoxide radical can undergo intramolacidomerizations inducing the formation of
a six-membered ring to form a QOOH radical. Thidical is reactive and can form, by reacting
with an oxygen molecule, a radical *<OOQOOH. Theetawvill undergo a second six-membered
intramolecular isomerization to tear off the hydengitom present on the carbon bearing the OOH
group since this C-H bond is weaker. Removal ofitydrogen atom will induce the formation of
a free radical HOO+» QOOH molecule [93]. This rathed subsequently decompose pyscission
reactions [94] thus forming a keto-hydroperoxidédf species with the elimination of an OHe

radical. The KHP species formed will then quickisedk down into smaller molecules By
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scission reactions on the OOH group, inducing timeimation of another OHe radical as well as
the formation of two molecules: a 2-ketone andldateyde type molecule found in the liquid and

gaseous phases [95,97].

_0° OH
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MCHW\ tH
— i
5-dodecyl-hydroperoxide radical
+ 0,
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\/\9\/\/\/\ i '
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2-hexanone radical hexanal

Figure 11. Formation mechanism of ketones and aldeh
The short carboxylic acids can be fornvealthe same mechanism used to explain the formation
of the dodecanoic acid. Nevertheless, the Korce#&tion is an alternative interesting path
[40,79,98]. This involves an intramolecular reactad the KHP molecule, forming a 5-membered

ring leading to a carboxylic acid and an aldehyal@/@r a ketone (Figure 12).
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Figure 12. Ketones, aldehydes, carboxyl acids formatiornleyltorcek’s mechanis

Formation of water

The radical OHe is often produced in the mechanipmposed previously: the decomposition
of the hydroperoxydes, the oxidation of dodecamib idodecanone and of dodecanal into
dodecanoic acid, the formation of the shorter @ddiproducts (Figure 11). It is assumed that
water is formed after hydrogen abstraction frmchodecane.

Formation of carbon monoxide and dioxide

As mentioned above, whatever the experimental tiondi are, the predominant oxidation
product in the gas phase is £@ decarboxylation reaction can explain its fonmt It could take
place during the formation of the carboxylic aditie carboxyl radicals can expel a carbon dioxide
to produce an alkane radical.

Likewise, CO can be formed during the productiortha short aldehydes. Indeed, when the

aldehyde is produced, an OHe radical is also ptemahcould easily tear off the hydrogen in alpha

27



position and form an acyl radical. This latter wbdecompose to form an alkyl radical and a
carbon monoxide molecule

Formation of dihydrogen

H> is significantly detected fromP/Pmax values 4 % (Figure 4). It could result from the
decomposition of an alkyl radical as follows:

Re — R’= CHy + He Reaction 6
He + RH— Re + Hb Reaction 7

This reaction is interesting because it explaiss #he formation of the alkenes.
Another hypothesis could be the decomposition lofdroperoxyde following the reactions:
ROOH— ROQe + He Reaction 8
He+ RH— Re + b Reaction 9
According to the results of the current study, tiechanism of formation of Hs inconclusive.
Based on the quantitative analysis of the gas plitasémportant to keep in mind that i formed
in very small quantities. However, based on athefabove assumptions (Reactions 8 to 11), it is
possible at a further stage to consider studieletermine its formation mechanism.

Formation of methane, alkanes and alkenes

Another hydrocarbon found in the gas phase is meth@o produce this molecule, a radical
CHs* should be an intermediate species. Accordindghéoliterature [47,48], it results from the
unimolecular scission of the larger alkyl radicalgch react to form a methyl radical and an alkene
as follows:

Re —» R'= CHz + ChHge Reaction 10
CHz* + RH— CHs + Re Reaction 11
This reaction is another way to obtain the alkeéeoules.

Similarly, short alkanes and alkenes could be farimgthe sam@-scission reaction:
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Re — R’= CHz + CHs-(CH2)n-CHaze Reaction 12
CHs-(CH2)n-CHze + RH— CHs-(CHg)n-CHs + Re Reaction 13

4.4 Kinetic study

Global reaction rate constant

Based on the mechanism proposed by Heneghan anarnf@b [47], Bachaet al. [77]
established kinetic equations fitting with the tesinditions of the PetroOxy. They allow
determining the global kinetic rate constant khef bxidation reaction and, based on a simplified
hydrocarbon oxidation mechanism (Heneghan and Zatkaf47]), and assuming that this
constant follows the Arrhenius formalism, calcuigtithe activation energy Ea and the pre-
exponential factor A.

To calculate the constant k, the authors made sgpeximations. They assumed that:
» the conversions of dioxygen and hydrocarbons weggvalent for the reactions at
AP/Pmax = 10 % whatever the temperature is;
» they determined the mole fraction of dioxygemsumed during the induction period by
considering the initial and final dioxygen mole rers from the ideal gas law;
» they approximated the molar fraction of fuel consdrduring the induction period to be
95 % of the initial molar fraction of fuel.

In this work, the mechanism and the analysis offB&t al. [77] were used to determine the
overall reaction rate parameters. However, unlieestudy by Bachet al.,in the current study no
approximation was made to determine the mole fsaatonsumed during the induction period of
dioxygen and fuel data, i.e., the overall reactate parameters for calculating the k constant were
determined experimentally. Moreover, these autdv§ take into account the experimental

induction periods, but it was shown in this stuldgttit was necessary to be at iso conversion of
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the reagents and therefore to consider the cod@utieiction times (Table 1). Thus, their equation

was modified to take into account these news elésnen

An(0,) E, Equation 1
n =——+1InA
An(nCy,Hyg)IP RT

with An(O) and An(Ci2H2e) the numbers of moles of dioxygen andlodecane consumed
respectively, IP is expressed in seconds.

The corrected induction periods (Table 1) weretptbais a function of 1/T. A straight line was
obtained by linear regression (Figure S.M.6), allmyvto determine the values: Ea = 128.79
kJ.mol* and A = 2.86 x10? s'. The back calculated rate constants of the oxidataction of n-
dodecane presented in

Table3s for each test temperature were then deduced bg ésrhenius regression estimates.

Table 3. Kinetic constants (k) of n-dodecane oxidatletermined using Arrhenius regression
estimates (Ea = 128.79 kJ.rmadnd A = 2.86.10 kJ.mot").

Temperature ( °C) 140 150 160

k(sh 1.49 x10* 3.61 x10* 8.39 x10*

Hydroperoxide dissociation rate constant
The literature data and experimental results is pinesent study suggest that oxidation products
result from the formation and decomposition of loyroxyde products, as illustrated by the

following reactions:

k4 _

RO, + RH— RO,H + Re Reaction 14
k, _

ROOH— RQOe + OHe Reaction 15

From the two previous reactions, it is possiblestablish the evolution of the hydroperoxide’s

concentration as a function of time during the aimh reaction:
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[RO,H]

i@ ki[RO, -][RH] — k,[ROOH] Equation 2

The ROOH concentration is determined with the Pxbpiee value measured experimentally
for each temperature (Table 4).
Moreover, according to the literature [77], the ®mmption of dioxygen can be expressed by the

relation:

d[0,]
dt

= k4[RO, -][RH] Equation 3

where the kinetic constant k, previously determifiegble 3) can be associated to:

E, .
k= k[RO,|=Ae RT Equation 4

By injecting the kinetic constant k into the Eqoat2 and integrating it betweent=0and t =

IP, one obtains:

d[RO,H] 1P 1P
d—t2 =k j [RH] — kzj [RO,H] Equation 5
0 0

By using the experimental data, it is possible &ednine the kinetic constang, Ky the

following the relation (Equation 6):

k2=k

([RH];p — [RH]o) _ ( 1 ) Equation 6

[RO,H];p P
The kinetic constant of the hydroperoxide dissommk., obtained for each temperature tested
are shown in Table 4.
Table4. Kinetic constants p) of the hydroperoxide dissociation durin-dodecane oxidatio

determined using Arrhenius regression estimates{B&.79 kJ.mot and A = 2.9 x10’ s*) and the
peroxide values (PV).

Temperature (°C) 140 150 160
PV (mEg/ dm?) 58.53 72.75 86.76
k2 (s1) 3.10 x10¢ 5.50 x1¢* 9.96 x10¢*
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From the kinetic constant of dissociation of thedimperoxide obtained for each tested
temperature (Table 4) and the formalism of the Anrbs law it was possible to plot Injkas a
function of 1/T. (Figure S.M.7)

The global reaction rate constant k was expecteteoslower than the hydroperoxide
dissociation rate constant. K'his has been confirmed experimentally.

Finally, it was possible to compare the value eft¢bnstant kobtained in this work with those
in the literature (Table 5). But it is difficult toonclude anything insofar as the values in the
literature are mainly average or estimated valoesriodelling purposes and are already widely
dispersed.

With the exception of West (2011) [49], Thomas @PR9] and Emanuel' (2013) [100], the
differences found between the Arrhenius parameggarted in the literature are generally higher,
i.e., double, than those obtained experimentallyis study.

Indeed, the values in other studies [9,20,22,5¢wpecifically obtained for modelling a kerosene
which contains various hydrocarbon families and alstioxidant species. Thus, the discrepancies
obtained may be due to the presence of these campoln the case of our study, only one
hydrocarbon is oxidized.

Also, it should be noted that the temperature rasigelied in this experimental work is
relatively narrow (140 to 160 °C). Ideally, a widemperature range should have been investigated
to limit uncertainties. However, the values obtdifer each test condition are significantly
different and reproducible. This gives good conficein the results. To go further and confirm
them, it would be interesting to carry out the poail established in this study at higher

temperatures, using other devices, e.g., the RagpdO
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Table5. Comparison of the kinetic constants of the hydropiele dissociation reaction obtained
this study and in the literature.

ROOH— ROe + OHe
Literature data A Ea (kJ/mol) Kind of study
In this study 2.9 x10 86.8 Experimental
Thomas (1955) [99] 1.0 x1¥ 112,5 Experimental
Emanuel’ (2013) [100] 8.0 x1t 129.7 Experimental
Ervin et al. (1998) [9] 1.0 x10+ 154.80 Numerical
Zabarnick (1998) [20], 1.0 x10%° 175.7 Experimental/Numerical,
Kuprowiczet al. (2004)[22] Numerical
Kuprowiczet al. (2007) [51] 1.0 x10%° 163.2 Numerical
West (2011) [49] 2.0x16 104.6 Numerical

4. CONCLUSION

The article proposes a robust operating mode #®rsthdy of the autoxidation mechanism of
hydrocarbons using the PetroOXY device. Hencell alfiaracterization of all the products formed
at low advancement valueSR/Pmax = 0 to 10 %) of n-dodecane is presented.

At the very beginning of the reaction, the ratesafisumption of n-dodecane and oxygen are
equivalent: they react with each other to form drbperoxide. But very quickly, other reactions
in competition appear and also consume oxygenitimggin higher molar consumption ok@han
the hydrocarbon. In addition, the oxidation producrmed in the liquid phase, and for the first
time in the gas phase, were identified and quawckivith several techniques. They were classified
into 3 classes: (i) hydroperoxides, resulting fribra first step of oxidation; (ii) oxidized products
with a carbon chain with 12 atoms as thdodecane; (iii) other products with a shorter oarb
chain, coming from the breakage of thdodecane carbon chain.

Since the PetroOXY device is a closed system, testypee has a direct impact on the pressure

and thus on the calculated induction period. Thankise dioxygen consumption speed measured,
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it was possible, for the first time, to correct tihevalues that have been further used for the kisetic
calculations. Consequently, the global kinetic tantsof the reaction oxidation was calculated
with a modified equation that takes into accouhtred experimental parameters, i.e., the molar
fraction consumed of dioxygen and n-dodecane witluction period corrected). Moreover, a
calculation has also been proposed for the dissogieate constant of hydroperoxides.
The approach proposed in this work can be appbetthe different families of hydrocarbons

constituting the kerosene to determine thgh@lrocarbon consumption ratio, the oxidation
mechanisms and kinetic constants for these molecidli these results will be presented in a

following article.
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ATR Attenuated Total Reflectance
FID Flame lonization Detector
FTIR Fourier Transform Infrared Spectroscopy
GC/MS Gas Chromatograph coupled to a Mass Spectrometer
PV Peroxide Value
RSSOT Rapid Small Scale Oxidation Test
TAN Total Acid Number
TCD Thermal Conductivity Detectors
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