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ABSTRACT

The aim of this study was to investigate the mechanisms and kinetics reaction for hydrocarbon
molecules composing a jet fuel. Five model hydrocarbons were selected (n-dodecane and its
isomers blend, n-butylcyclohexane, 1,2,4-trimethylbenzene and 1-methylnaphthalene) and
subjected individually to oxidation using the PetroOXY device, focusing on the beginning of
autoxidation (AP/Pmax = 2 to 10 %). The consumption of oxygen was always higher than that of
the parent hydrocarbons suggesting competitive reactions. Although the oxygen consumption is
globally similar for the all alkanes, it is variable for the aromatics. This illustrates their reactivity
confirmed by the induction periods (IP). An experimental protocol was developed to identify and
quantify precisely the oxidation products formed in the gas and liquid phases, using analytical
and chemical techniques. A link between the initial hydrocarbon’s structure and the nature and
number of carbon atoms in the oxidized products was evidenced. In addition, the tests performed
at different temperatures (140, 150 and 160 °C) enabled the calculation of the overall and
hydroperoxide dissociation kinetics constants reaction. Arrhenius parameters values obtained
were higher for alkanes than for aromatics, confirming the "structure-reactivity" relationship of
hydrocarbons.
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INTRODUCTION

One concern of the aviation industry is the jet fuel thermal stability. When not guaranteed, it
leads to the formation of insoluble deposits in the fuel system and injectors, causing clogging and
failures. The deposits is a result of the formation of soluble or insoluble products which can be
generated at moderate temperatures, between 140 and 250 °C, by the autoxidation phenomenon.
During this process, oxygen naturally dissolved in the jet fuel (70 ppm) interacts with the
hydrocarbon molecules through a free radical mechanism. The process is described in the
literature as a four-step mechanism: initiation, propagation (in two sub-steps) and termination
[1], resulting in the formation of fourclasses of species: primary oxidation products
(hydroperoxides) [2], secondary oxidation products (soluble oxidized products) [3-6], soluble
macromolecular oxidation reactive species (SMORS) [7-9] and insoluble deposits [8-12]. It is
established that the thermal stability of jet fuel is very dependent on the operating conditions.
Many research studies have shown that deposits formation results from the contribution of the
thermodynamic conditions in the fuel system (temperature [15], pressure [16-17,20]), time-
dependent parameters (residence time [14], flow rate [17]), geometrical and technological
characteristics (the nature of the materials [18-19] and the diameter [14,20,21] of the functional
element under consideration), as well as the particular operating conditions (transient, steady-
state or shutdown phase) [22,23]. Beyond the operating conditions of jet fuel, several studies
have shown that the deposits formation depends of the nature of the constitutive hydrocarbon
molecules, as well as of interactions with oxygen [10,15,18,24], or trace species such as
heteroatomic species [25-29] dissolved metals [18,30-32] and additives[33]. These various
parameters are not necessarily independent and their combination can have a significant impact
on the formation of deposits, and therefore on the operation of the aircraft.

Although several hypotheses have been proposed to explain the formation of deposits, the exact
nature of the precursors and their formation mechanism could not be established. Recent
investigations have highlighted the potential polar nature of these species, which may derive
from polymerisation reactions [12] of soluble species or the precipitation of SMORS [9,11] or an
esterification reaction.[10] Overall, it was find that the nature of the oxidation products in the
liquid phase has an impact on the reactivity of the deposits formation mechanism. As jet fuel is a
complex blend of chemical compounds, mostly hydrocarbon molecules with different structures,
they will have different oxidation reactivities and therefore different oxidation products in terms
of nature and quantity.

In a previous paper [6], we studied the oxidation of n-dodecane, using the PetroOXY device, for
AP/Pmax = 0 to 10 % and T = 140 to 160 °C. Under these conditions, it was possible to identify
and quantify the different products resulting from its degradation in the gas and liquid phases. In
addition, this study allowed to determine the mechanisms and the kinetic constants of
degradation for linear alkanes. The aim of the present work is to examine the degradation
mechanisms and kinetics of the hydrocarbons composing Jet A-1 with the same methodology to
better understand their chemical structure impact in the formation of oxidative deposition



precursors. Considering the complexity of the interactions and the contribution of minor species
to the formation of deposits, five model hydrocarbons were selected: n-dodecane and its isomers
blend, n-butylcyclohexane, 1,2,4-trimethylbenzene and 1-methylnaphthalene. These molecules
were individually subjected to oxidation using the PetroOXY device, focusing on the onset of
autoxidation (AP/Pmax =2 — 10 %) at a temperature and initial dioxygen pressure of 160 °C and
700 kPa, respectively.

EXPERIMENTAL SECTION

Materials

Hydrocarbons belonging to five families of hydrocarbons (linear and branched alkanes,
cycloalkanes, mono and diaromatics) were selected. Their characteristics are presented in Table
1.

Table 1 - Properties of the selected hydrocarbon molecules

Model compounds Abbreviations Molar weight  Purity (%) Formula
(g.mol™)
n-dodecane n-Ci, 170,34 99
C12Hz
n-dodecane isomers blend n-Ciz IsoB 170,34 95 S A o<
Ci2H2z6
n-butylcyclohexane n-BC 140,27 99 IV’
CioHzo e
1,2,4-trimethylbenzene 1,2,4-TMB 120,19 98
CoH12
1-methylnaphthalene I-MN 142,20 96
CuHio
Method
PetroOXY device

The PetroOXY device (Anton Paar) was used to study the stability towards oxidation of the
fuels. [34] 5 mL of hydrocarbon is poured into a glass crucible. In order to assure that oxygen is
the only dissolved gas; the fuel is degassed 2 min in an ultrasonic bath. The crucible is then
introduced into a chamber hermetically closed. In order to obtain sufficient deposits, the tests
were carried out at AP/Pmax = 10 % at an 1nitial static oxygen pressure set at 700 kPa and at an
initial temperature of 160 °C. These physical features are continuously measured during the
experiment. All the samples are tested 4 times to verify the repeatability and to have enough
oxidized liquid to characterize. After the test, the gas and liquid phases are recovered after
cooling down the device down to 25 °C.



Characterization techniques

Micro-Gas Chromatography

The gas phase was also analyzed by micro-GC (Agilent 490). The apparatus is equipped with
Thermal Conductivity Detectors (TCD) and 3 columns: AlO3 (10 m x 0.32 ID, Tcotumn = 70 °C,
P =130 kPa), COx (1 m x 0.7 ID, Tcolumn = 80 °C, P = 150 kPa), CP sil-5CB (20 m, Tcoumn =
50°C, P = 150 kPa). The analysis was carried out with helium and argon as vector gas.
Calibration was made before each test for Ho, CO, CO., and the hydrocarbon molecules.

Gas Chromatography-Mass Spectrometry

The liquid phase was analyzed by Gas Chromatography coupled to a mass spectrometer (GC-
MS) with a Varian 450 GC/320 MS. This apparatus is equipped with an automatic sampler CP-
8410, an injector 1177 split/splitless, a capillary column PONA type, a fused silica capillary
column (phase type: VF-5 ms, length: 60 m, internal diameter: 0.25 mm, phase thickness: 1 um)
with a column flow of 0.8 mL/min and a Flame Ionization Detector (FID). The analysis was
carried out with helium as the vector gas. The injection temperature was set at 250 “C. The
thermal program was optimized for all molecules: 5 min at 50 °C; heating up to 175 °C (at a
speed of 5 °C.min" ') for 5 min then to 250 °C (10 °C. min" ') for 45 min. Standards were prepared
by mixing different volumes of hydrocarbons and n-decane (purity > 99 %, Alfa Aesar) for
alkanes and n-dodecane for aromatics model molecules. These standard solutions and the
oxidized samples were injected 3 times and a deviation of less than 1 % was imposed. The MS
fragmentation was obtained by an electronic impact of 70 eV.

Steric Exclusion Chromatography

Liquid phase analysis was supplemented by SEC using tetrahydrofuran (THF, 99.9 %, Acros
Organics) for elution. The Perkin Elmer 200 chromatograph was equipped with an automatic
sampler with an injection loop of 200 pL, two analytical columns (30 cm) for detection by both
differential refractometry (IOTA2 detector) and UV absorption (diode array detection) at 250
nm. The samples were prepared by adding 500 pL of THF to 50 pL of oxidized hydrocarbon.

High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) for qualitative analysis of the liquid phase,
was carried out with a Prostar/Prepstar 218, from Varian, using an automatic sampler (ProStar
410) and a UV detector (ProStar 335, A = 230 nm). Separation was obtained with an apolar
column (2.6 um-sized silica particles grafted by octadecyl chains, porosity 100 A) using a water /
acetonitrile (> 99.7 %, Alfa Aesar). eluent (30 to 100 %). The samples were prepared by adding
500 pL of ACN to 100 pL of the solution to be analyzed. 5 pL of the resulting mixture were
injected.



Quantification of the products formed

Identification of hydroperoxide species

The presence of hydroperoxide species was evidenced through the oxidation of
triphenylphosphine (TPP) to the corresponding oxide (TPPO) [35,36] according to the reaction :
ROOH +TPP—TPPO+ROH.

For this purpose, 4 g of TPP (99 %, Acros Organics) and 0.3 g of fluorene (> 98 %, Acros
Organics) were dissolved in 50 mL of chloroform (> 99.8 %, Carl Roth). 250 pL of this solution
were added to 1 mL of oxidized model molecules and stirred for 10 min before analysis by GC
and GC-MS. The limit of detection of this method is less than 0.002 mM.

Peroxide Value (PV)
Peroxide species formed during the test were back titrated using a method close to that described
in the ASTM D3703[37], relying on the reduction of the iodide molecules formed during
titration with sodium thiosulfate. The Peroxide Value (PV) was calculated according to Equation
1, where A and B are the volumes of a sodium thiosulfate solution, of normality N, added during
the assay and a blank test, respectively, to a volume V of sample.[36]
((A—B)N x 1000) Equation 1

v

PV =

Total Acid Number (TAN)

The total acid number (TAN) is the mass of KOH needed to neutralize the free acid molecules
present in 1 g of sample [38]. The method employed to determine the TAN is based on the
ASTM D3242 [39]. It is an acido-basic titration, suitable in the range from 0.00 to 0.10 mg
KOH/g.

Water Content

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

RESULT AND DISCUSSION

Consumption of reagents

The selected molecules (Table 1) were oxidized with the PetroOXY device at a temperature and
an initial pressure of 160 °C and 700 kPa, respectively, and then stopped at low AP/Pmax values:
2,4, 6, 8 and 10 %, in order to study the beginning of the autoxidation process. Figure 1.a)
shows the evolution of the pressure with reaction duration for all the model molecules. Except
for 1-MN, for which test durations are very long (3 to 10 h between AP/Pmax = 2 and 10 %,
respectively), for the other oxidized model molecules the test duration are short and vary from 20
to 40 min, for 2 to 10 %. This suggests that, among the selected model molecules, diaromatic
molecules show a better oxidation stability. However, as shown on Figure 1.b), the induction
period of the tests follows a linear evolution no matter what the oxidized molecule is.This result




indicates that the rate of O2 consumption is constant in the range the AP/Pmax (2 to 10 %) for all
the molecules.
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Figure 1 - Evolution of the oxidation of model molecules at 160 °C and Pos; = 700 kPa with a) pressure versus
duration time at AP/Ppac = 10 % and b) induction period versus AP/Pyax

The number of moles of Oz and of hydrocarbon model molecules consumed was followed for the
tests duration as shown in Figure 2. It is expected that these two figures should be equal as 1 O»
should react with 1 hydrocarbon molecule but the consumption of O, was much higher for all the
molecules except 1,2,4-TMB. Indeed, at AP/Pmax = 10 %, the molar ratios of O»/parent molecule
are 5:1, 7.8:1, 4.3:1 and 8.2:1 for the n-C12, n-Ci2 IsoB, n-BC and 1-MN, respectively. This
suggests that the oxygen reacts, on the one hand, with the hydrocarbon molecule present at the
initial state and, on the other hand, with the oxidation products. In contrast, in the case of the
oxidation of 1,2,4-TMB (Figure 2.d.), the reagent consumptions (O2 and 1,2,4-TMB) are very
close: the molar ratio O2/1,2,4-TMB consumed is 1.4:1.

Overall, the results in Figure 2 indicate that the consumption of the reagents follows a linear
evolution and increases with the reaction progress. This confirms the Figure 1.b. observations,
according to which the consumption rate of O> is constant whatever the nature of the oxidized
molecule. This figure also shows that the number of moles of O> consumption decreases in the
following order: Branched alkanes >> Alkanes >> Aromatics. This is noteworthy as it
demonstrates a different behavior according to the chemical structure of the oxidized molecules,
linked to the sensitivity of the hydrocarbons to oxidation, as illustrated by the induction times
(Figure 1).

Concerning the model hydrocarbon molecules, their consumption is very low (< 0.0012 moles of
hydrocarbon consumed) and depends on the nature of the oxidized molecule in the following
order: Mono-aromatic >> Alkanes > Di-aromatic.
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Figure 2 — Mole number consumed of O and model molecules, with a) n-Ci, b) n-Cy» IsoB, ¢) n-BC, d) 1,2,4-TMB
and e) 1-MN, as a function of the induction period during their oxidation (T = 160 °C, Po; = 700 kPa)

Gas phase analysis

The analysis of the gas phase was performed by micro-GC to identify specifically the molecules
formed. Hy, CO2, CO, CHs4, alkanes and alkenes ranging from C, to Cs, as well as polar
molecules such as water, formaldehyde, alcohols (methanol, ethanol, propanol), and acetone
were identified. All these molecules begin to form at an early stage, AP/Pmax = 2 %, however
they are detected significantly later, at AP/Pmax= 10 %.

The volume of gas species was quantified. Figure 3 shows the volume percentage gas results
converted to ppm concentration. In Figure 3.a. are presented the amounts of CO2, H> and CO and
in Figure 3.b. the amounts of CHj, alkanes and alkenes, obtained at P/Pmax = 10 % and a fixed
temperature and pressure of 160 °C and 700 kPa. The volume of gas formed is very low for all



the oxidized model molecules (< 60000 ppm of gas by volume or 0.06 %). COs: is the gas formed
in majority whatever the oxidized molecule (Figure 3.a) is. The other identified gases which
follow in decreasing quantity are: H2, CO, CHas, the alkenes and then alkanes. Furthermore, it is
noteworthy that the amounts of gas formed depend on the nature of the molecule and its
chemical structure. Indeed, CO: is formed in increasing amount when oxidizing 1,2,4-TMB < n-
BC <n-Ciz < 1-MN < n-Cj; IsoB (Figure 3.a.). Thus, the branched alkane molecule gives more
CO; than the mono aromatic molecule (40 times more). Moreover, the amount of CO> formed
for 1-MN is, at least, 2 times higher than that of n-Ci» and n-BC. This indicates a different
oxidation reactivity based on the chemical structure of the oxidized molecule.

The results presented in Figure 3.b. confirm this hypothesis. Indeed, a much higher amount of
CH4 is formed for aromatic (mono- and di-) than for alkane molecules (linear, branched and
cyclic). In contrast, in the case of alkenes, the opposite trend is observed. Thus, aromatic
molecules will tend to form more CH4 and alkane molecules preferentially alkenes.
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Figure 3 - Comparison of the gas quantity formed during the oxidation of the model molecules, determined from
the quantitative analysis by micro-GC (AP/Ppa =10 %, T = 160 °C, Po2; = 700 kPa)

The molecule that forms the most significant amount of total gas is n-Ci2 IsoB. This implies a
specific reactivity for the branched alkane structure. Beyond the quantitative aspect of the
molecules formed, this analysis highlights the "structure-reactivity" aspect, illustrated in
particular by the influence of the branching of the initial hydrocarbons. The more branches a
molecule is, the more carbon chain breaking reactions can take place. This can be illustrated
during the oxidation of the branched alkane, which structure allows mechanisms corresponding
to a significant break in the chain, highlighted by a high quantity of gas, involving a large
quantity of light molecules. In contrast, the lowest amount of total gas formed is observed for the
oxidation of 1,2,4-TMB. This can be explained by the mono aromatic structure and the short
length of the branches.

Liquid phase analysis

The liquid phase was first analyzed by SEC and HPLC obtained with an UV detector (Figure 4.a.
and b.), respectively. In the case of di- and mono-aromatic molecule, shoulders can be seen in




Figure 4.a after degradation before the main peaks at 16.5 and 15.5 min corresponding to 1-MN
and 1,2,4-TMB, respectively. This accounts for the presence of molecules of higher and equal
sizes than the initial molecules. These results are further confirmed on the HPLC chromatograms
(Figure 4.b.) displaying several peaks showing the formation of polar molecules. By correlating
the SEC and HPLC results (Figure 4), it is possible to deduce the formation of oxidized
molecules, with chain length equal to that of the 1-MN in the case of the oxidation of a molecule
with a di-aromatic structure and with size higher than or equal to that of the 1,2,4-TMB in the
case of the molecule with a mono-aromatic structure.

In the case of the alkane molecules, a strong peak corresponding to the initial non-oxidized
molecules is observed on the SEC chromatograms at 14.5 min for n-BC and at 13.5 min for n-
Ci2 and n-Ci2 IsoB. Additional peaks are observed after oxidation at retention times lower and
higher than those of the main peaks, suggesting the formation of additional molecules with
dimensions smaller and larger than the initial molecule.

In contrast, in the case of linecar and branched alkanes (n-Ci2 and n-Ci2 IsoB), the molecules
formed have a chain length essentially shorter or equal to the initial molecule. These
observations are correlated to the HPLC results (Figure 4.b.) which confirm the size of the
molecules formed and inform us about the polar nature of the products formed.
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Figure 4 - Chromatograms obtained with UV detectors by a) SEC, b) HPLC) of the liquid phase of the initial
model molecules (black curves) and after their oxidation at AP/Pmax = 10 % (T = 160 °C, Pos;= 700 kPa )
with (*) THF and ACN impurities depending on the technique used (SEC and HPLC, respectively)

The liquid phase analysis was supplemented by GC-MS to characterize the oxidation products
(Figure 5 and 6). The products generated during the oxidation process are identical for all



oxidized model molecules. Furthermore, the retention peaks are identical, regardless of the
progress of the reaction, and their intensities increase with time. This implies that the same
products are formed during the whole oxidation process and that their quantity increases with the
duration of the reaction, involving the same reaction mechanisms. In addition, no accumulation
of any particular molecule is observed. The peaks corresponding to the non-oxidized model
molecules (1-MN, 1,2,4-TMB, n-BC, n-Ci2and n-C2 IsoB) are located at 40, 25, 28, 34 and 27
min of retention time respectively.

The chromatograms obtained for the di- and mono-aromatic molecules (1-MN and 1,2,4-TMB)
are shown in Figure 5.a. and b. respectively. For these molecules, very few compounds are
formed for retention times lower than the model molecule. This important result suggests that the
oxidation products have a molecular mass equivalent or higher than the main molecule, thus
confirming the results obtained by SEC (Figure 4.a.). From a qualitative point of view, these
molecules are alcohols, aldehydes and carboxylic acids (Figure 5.a.2. for 1-MN and Figure 5
.b.2. for 1,2,4-TMB). No ketone molecule is detected. The identification obtained by GC-MS of
the molecules formed and the analysis of the mass ratios (m/z) allowed a better understanding of
these results. Indeed, in the case of the aromatic molecules, the alcohol molecules identified are
all primary alcohols (m/z 31).
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Figure 5 - Chromatograms obtained by GC-MS, of the liquid phase before and after the oxidation of the
aromaticmolecules at different progress, with (*) THF impurities (T = 160 °C, Poz; = 700 kPa, AP/Pu. = 2-10 %)
The figures on the right side show different retention time domains of the chromatograms with unoxidized molecules in
black and oxidized molecules at AP/Pu.x =10 % in red.

For alkane molecules oxidation (Figure 6), several classes of compounds with different chain
lengths are detected. Indeed, for retention times lower than the retention times of the initial
molecules of interest, the detected compounds have shorter chain lengths. For the 3 alkane



molecules (n-BC, n-Ci2 and n-Ci2 IsoB), three types of compounds, namely the carboxylic acid,
the 2-ketone and the corresponding aldehyde, with an identical number of carbon atoms are
produced. These data confirm the HPLC (Figure 4.b.) results regarding the presence of oxidized
products.

Moreover, the formation of oxidized molecules of equivalent or greater size than the initially
oxidized molecule is observed for retention times higher than that of the model molecule. For
alkane molecules, the oxidation products identified with such chain length are alcohols, ketones,
aldehydes and carboxylic acids. The GC-MS mass ratios (m/z) indicate the presence of primary
(m/z 31), secondary (m/z 45 and 59) and tertiary alcohols (m/z 87) for cyclic alkanes (n-BC).

a) g 0.004 o008 .00
n-BC Cyclohexanome — Gcianaranane -':::_ o mwd' e BOOH o Cychtuaarmare 1yl
a4 t-mathyipropyt a -l
Cyclopsntan o Cyciohmancne d-buiyl
carbaualdehyde b o manzns 4. cyzisneng o0ne erelehemms - . -
2 pentanone — R X . , 0.6 || erctohecmcdsecoue
s Fomtand B Ml e ey 2 butanone Cycintmmanst
B Cytishexane —an . freriner
'E Butanal 1 E bty eyelohayl mathans!
0,005 8 ™ | € = Eytichexanal.
i Aoetans mld 2 0002 | psmyee o0 Tty 0.0
acl Cyciohesane
E \ \ l \ \, cartoryin ac \ '\
P o)l lal F [
I : T 0.002 0.0
Y — _—
— - , |
o c.i c.2 e3.
e |
a2 [ M N

22 b1

Retention time (min) 38

a

b) om 0.004 o002

- %

.
n-Cyy n m'. o . e
W =170 gimal
[R— —6% ’ g
- heptancone —A%
2- hesancne \ 2% ——
s - peraarcen | | 15% {
—1
20008 | 2 busnces I|| * Gstanoe Trivecane:
4 | —0s% 0.002 acid a.001
£ Acanc suid 1 —0% u_.(.:k |
M-lwmj ] -
b Lb gL 1
+
[ d.2. d.3.
2 12 22 42 52
Ritenticn time {min] o o
EL] kL] a0 &0 43 L] L]
Retention time (min) Retention time min)
L) o004
)" [nc,y IsoB = o m =
75, 44,
—a topavoge e ||| axecse
2-propanst-methy| e :«‘1'. 151. - R
TH 44 0 Acohal
Acetane E— 58, 180 58, 48,80 [
- o N nC,,lsoB el
s 5 M= TP0gmol
- L A TS
goms £ ooz o0 oy fres 4= 50 45 4358180
£ £ T

. e.2.
w "

u
Retention tima (min)

Rl 1% 18

Rtaitian sme (mis)

=

Retenticn tima {min)

Figure 6 - Chromatograms obtained by GC-MS, of the liquid phase before and after the oxidation of the alkane
molecules at different progress, with (*) THF impurities (T = 160 °C, Poz; = 700 kPa, AP/Pyac = 2-10 %)
The figures on the right side show different retention time domains of the chromatograms with unoxidized

molecules in black and oxidized molecules at AP/Puax =10 % in red.

With regard to the additional peaks observed for high retention times (above 40 min), GC-MS
analysis has revealed the presence of fragments with m/z ratios that can be attributed to
hydroperoxide species [M - *OOH]" [40]. In the case of the aromatic molecules, there is one for



1-MN and three for 1,2,4-TMB. In the case of alkane molecules, there are 8 for n-BC and 6 for
n-Cio.

In order to confirm the presence of hydroperoxides, an indirect assay based on their reduction to
alcohols in the presence of TriPhenylPhosphine (TPP) was carried out. Thus, if the peaks present
on the Figure 5and 6 correspond to hydroperoxides, the intensity of the alcohols in Figure 7
should increase as the TPP is oxidized into TriPhenylPhosphine Oxide (TPPO). This is exactly
what is observed, confirming the attribution of the peaks to the hydroperoxides of the oxidized
model molecules. The attribution of hydroperoxides is consequently associated with the number
of peaks highlighted in Figure 8. In the case of aromatic molecules, there are one peak for 1-MN
and three peaks for 1,2,4-TMB. In view of these observations and considering the initial
chemical structure of these molecules, it is possible, in the case of aromatics, to correlate the
number of peaks attributed to hydroperoxides to the number of branched methyl groupsin the
molecule.

Concerning alkane molecules, the number of branches and the structure of the molecules has also
an impact on the number of peaks associated with the hydroperoxides isomers. Indeed, in the
case of n-BC, 8 peaks are observed, thus revealing the presence of 8 X-butyl cyclohexane
hydroperoxides and 6 peaks are observed for n-Ci2, associated with the 6 X-dodecyl-
hydroperoxide formed. For the branched alkane molecule (n-Ci2 IsoB), the complexity of the
isomeric mixture did not allow an exhaustive attribution for the hydroperoxides formed.
However, GC-MS analysis reveals the presence of several fragments characteristic of primary
alcohols (m/z 31) (Figure 6.c.). In addition, the oxidation of hydroperoxides by TPP, exacerbated
peaks present in this region (Figure 7) which can therefore be attributed to alcohols. All these
elements support the presence of several hydroperoxides, which could not be detected due to a
co-elution phenomenon.
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Structure-reactivity aspect

For all oxidized model molecules, hydroperoxides species are always formed. The secondary
oxidation products vary according to the structure of the initial molecule, whether it is linear,
branched, cyclic or aromatic. The results of this work have shown that, in the case of alkane
molecules, the oxidized products formed are primary and secondary alcohols, ketones, aldehydes
and carboxylic acids. For aromatic molecules, the same is true with the exception of secondary
alcohols and ketones that are not formed.

Taking into account the products formed and based on the results of SEC, HPLC and GC-MS
(Figure 4 to Figure 6), it is possible to divide them into different classes according to the initial
structure of the model molecules. In the case of aromatic molecules, we distinguish them into
two classes of molecules: hydroperoxides and oxidized products with a carbon chain equal to the
initial molecule. In the case of alkane molecules, a third class of oxidation products is
distinguished: products with a shorter carbon chain.

The hydroperoxides

Based on the experimental results, it was possible to establish that, for a given hydrocarbon
molecule, the available H atoms induce a number of possibilities of O attacks to form a peroxide
radical followed by the formation of a hydroperoxide. This has been demonstrated in particular
in the case of the oxidation of aromatic molecules, where TPP results (Figure 7) have shown a
direct correlation between the number of methyl groups present in the initial molecule and the
hydroperoxides formed. Similarly, for alkane molecules, the number of H atoms in the carbon
chain can also be used to deduce the number of hydroperoxides formed, providing that symmetry
elements attributed to the chemical structure of these molecules are taken into account.

Oxidized products with carbon chain length equal to the initial hydrocarbon molecule
Depending on the nature of the attacked carbon, the ROOH species formed will lead to the
formation of a primary, secondary or tertiary alcohol. When a primary alcohol is formed (attack
of the hydrogen at the end of the chain), the decomposition of the hydroperoxide will lead to a
primary alcohol, an aldehyde and then a carboxylic acid. When a secondary alcohol is formed, it
oxidizes to a ketone. The mechanisms of formation of these oxidation products have been
specifically detailed in a previous paper [6]. Moreover, the oxidation products formed will have a
chain length with a number of carbon atoms equal to the chain length of the initial model
molecule. Thus for I-MN and 1,2,4-TMB molecules only primary alcohols can be formed.

For alkane molecules, namely for n-BC and n-Ci2 which have a chemical structure able to have a
ROOH function on a primary and secondary carbon, then the oxidation products will be a
combination of primary and secondary alcohols, ketones, aldehydes and carboxylic acids.

In the case of the branched alkane molecule (n-Ci2 IsoB), it was difficult to determine the nature
of the molecules formed by GC-MS due to a co-elution phenomenon. It was not possible to
specifically identify the oxidation products. However, taking into account the "structure-
reactivity relationship" highlighted in this study, as well as the chemical structure of n-Ci2 IsoB,
as presented in Figure 8, it should possible to identify 6 hydroperoxide isomers, including:




e 4 will lead to the formation of a primary alcohol, then an aldehyde and a carboxylic acid;

e 1 will lead to a secondary alcohol and then to a ketone;

e 1 will lead to a tertiary alcohol.
Following this reasoning and given the nature of the branching of the aromatic molecules tested,
it is not surprising that ketone-type products were not identified because there are no secondary
carbons. It would therefore be interesting to carry out a more in-depth study of the structure of
the aromatic molecules in order to confirm the impact of branching on the oxidation products
formed.

Oxidized products with carbon chain length less than the initial hydrocarbon molecule:

In the case of alkane molecules (linear, branched or cyclic), oxidized compounds with shorter
chain lengths than the initial alkane molecule are formed. The experimental results (Figure 5 to
6) show the presence of 2-ketones, aldehydes and carboxylic acids with chain lengths shorter
than the initial alkane molecule.

It is important to note that their formation does not lead to the production of alcohols. These
short-chain oxidized molecules are the result of another type of mechanism, resulting from the
formation of a ketohydroperoxide (KPH) [3] and then successive carbon chain breaking
reactions. These Korcek reactions are also observed in the case of oxidation reactions at
temperatures below 475 °C [41]. It should be noted that the reaction is also an interesting
alternative to explain the formation of short carboxylic acids and aldehydes or ketones [3]. These
mechanisms have been demonstrated in a previous study on n-Ci2 [6]. In contrast, for mono- and
di-aromatic molecules, the stability of the benzene rings precludes the possibility of a ring-
opening mechanism. This was illustrated earlier by the small amount of gas obtained (Figure 3).

The "structure-reactivity" aspect is illustrated in this study by the influence of the branching of
the initial hydrocarbons on the size of the oxidized molecules formed. The more branches a
molecule have, the more carbon chain breaking reactions can take place. This was highlighted
during the oxidation of the branched alkane (n-Ci2 IsoB).

The influence of branching is also confirm during the oxidation of aromatic molecules, which
form secondary oxidation products to a greater or lesser extent depending on the branches that
are substituted for the benzene rings of these molecules. Typically, the only oxidation products
formed are from the hydrogen atom of the methyl groups.
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Beyond the nature of the products formed, it was possible to carry out a quantitative analysis of
the secondary oxidation products. Different chemical assays were performed: the peroxide value
(PV), the total acid number (TAN), related to the amount of carboxylic acids formed, and the
water content. All these data are show in Figure 9.

For the peroxide value (Figure 9.a.), with the exception of n-BC and n-Ci; IsoB which show a
logarithmic evolution, for the other molecules a linear and significant increase between AP/Pmax
=2 to 10 % was observed. However, it should be noted that the PV vary according to the nature
of the oxidized model molecule. Indeed, the amount of hydroperoxide formed follows the
following order: 1-MN < n-Ci; IsoB < n-Ci2 ~ n-BC < 1,2,4-TMB. The fact that the mono-
aromatic molecule produces more ROOH than a diaromatic molecule or even an alkane,
underlines the fact that the chemical structure of a molecule has an impact on its reactivity to
form ROOH.

TAN results (Figure 9.b.) confirm an increasing amount of acid with the reaction progress.
Except 1,2,4-TMB which shows an exponential evolution, all the other model molecules display
a linear evolution of the TAN between AP/Pmax = 2 to 10 %. Moreover, the molecule that forms
the most carboxylic acids is n-Ci2 IsoB (~ 6 mg KOH/g at AP/Pmax = 10 %) while the other
molecules form almost 2 times less acids (TAN < 2.5 mg KOH/g). According to Figure 9.b., the
TAN values follows the following order: 1,2,4-TMB < 1-MN < n-BC < n-Ci2 << n-Cj2 IsoB. It



can be concluded that a species with a chemical structure with significant branching favors the
formation of carboxylic acids.

Regarding the water quantity produced, it increases significantly for all the oxidized molecules
following a linear evolution, except for BC for which evolution is logarithmic. Furthermore, the
molecule that forms the most HoO quantity between AP/Pmax = 2 and 10 % is the 1,2,4 -TMB
(508 to 1780 ppm). For the other molecules, the water content is always lower than 500 ppm and
the amount formed varies according to the structure of the oxidized molecule in the following
order: n-Ci2IsoB <n-BC < 1-MN < n-Cj; << 1,2,4-TMB.
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Figure 9 - Evolution of a) PV, b) TAN and c) water content, formed in the liquid phase resulting from the oxidation
of the model molecules at different AP/Puax (T = 160 °C, Po2; = 700 kPa)

Overall, the hydroperoxide, acid and water contents are related to each other. The decomposition
of an hydroperoxide generates a water and an alcohol molecules. If it is a primary alcohol, it can
evolve to a carboxylic acid. The accumulation of one of these compounds is an indicator of the
relative rates of the successive reactions. With the mono-aromatic compound, the quantity of
peroxide and water are high but the acid number is low. This means that the rates of formation of
peroxides and water are higher than their consumptions. In this case, the limiting step is the
transformation of the alcohol into the corresponding carboxylic acid. On the contrary, for the 1-
MN, the hydroperoxide quantity remains rather low and the quantities of water and acid increase
linearly. This means that the rates of formation and consumption of hydroperoxide molecules are
equal. In the case of the n-Ci», the quantity of peroxides and acids increases linearly but the
evolution of the quantity of water, which was linear at the beginning, slows down and could
reach a plateau at higher AP/Pmax. For the n-Ci2 IsoB, the quantity of peroxides reaches a plateau
but the evolutions of water and acid remain linear. Finally, for the n-BC, the quantities of
hydroperoxides and water stabilize. All these evolutions are very complex and dependent of the
nature of the compounds. Simulation would be necessary to understand the behavior of the
molecules.

Water content of 1,2 4-TMB (ppm)



Kinetic study

A final experimental investigation was dedicated to the determination of degradation kinetic
constants by performing tests at AP/Pmax = 10 % with an initial O pressure of 700 kPa but for
three temperatures: 140, 150 and 160 °C. The evolution of the pressure as the reaction proceeds
for the three temperatures have similar shapes but the maximum pressure reached increases with
increasing temperature while the time to reach the targeted AP/Pmax decreases. The IP values
obtained (Table 2) confirm the impact of temperature on the induction time. Indeed, the higher
the temperature is, the shorter the induction time is. As before, the evolution of the oxidation
reaction is followed using the number of moles of reactants consumed. These values are plotted
in Figure 10 for all the model molecules and for the three temperatures considered. In general,
the consumption of reagents increases with temperature. Moreover, oxygen is always the reagent
consumed in majority compared to the hydrocarbon molecules, whatever the temperature is. As a
reminder, AP/Pmax 1s directly related to the consumption of oxygen. Thus, the temperature
accelerates the rate of oxygen consumption between 140 and 160 °C, whatever the oxidized
molecule is.

Nevertheless, it is not possible to directly compare the induction periods as it has been done in
previous works [42-[44]. Indeed, at a fixed AP/Pmax, the quantitative analysis performed in this
study highlights that the oxygen conversions are not identical at 140 and 160 °C. Due to the
temperature difference, the maximum pressure (Pmax) obtained in the batch system is not the
same. This has an impact on the calculation of the AP and, consequently, on the level of oxygen
consumption. Therefore, to highlight the real impact of temperature, the tests should have been
carried out at iso-conversion of oxygen, i.e. at the same oxygen consumption and not at the same
AP/Pmax. It was quite easy to estimate the additional time required with the previously calculated
oxygen consumption rate, expressed in mmol/s. It should be noted that this assumption was
confirmed by performing tests with corrected induction periods and iso-conversion of oxygen in
the case of n-Ci2 [6]. The corrected induction periods (IP) are present in Table 2 and will be
useful for the kinetic study.
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Figure 10 - Evolution as a function of temperature of the number of moles of Oz and model molecule consumed
(AP/Ppax = 10 %, Po2i= 700 kPa)




Table 2 - IPs results obtained experimentally for different temperature at AP/Pyax = 10 % and after correction
(Pozy,' =700 kPa)

Temperature (°C) 140 150 160
L-MN Experimental IP (min) 1379 924 587
Corrected IP (min) 1676 993 587
Experimental IP (min) 156 75 39

1,2,4-TMB -
Corrected IP (min) 192 83 39
n-BC Experimental IP (min) 145 58 26
Corrected IP (min) 193 67 26
n-Cu, Experimental IP (min) 169 71 33
Corrected IP (min) 209 78 33
Experimental IP (min 127 59 30
n-Ci2IsoB CI())rrected P (lElill)) 180 73 30

Global reaction rate constant

Based on the same methodology presented in a previous paper [6], it was possible to determine
the overall oxidation reaction kinetic constants of the set of model molecules presented in this
study. Bacha et al. [44] analysis were used to determine the overall reaction rate parameters,
without any approximation about the mole fraction consumed during the induction period of the
oxygen and fuel data. The global reaction rate parameters for the calculation of the constant k
were determined experimentally and taking into account the corrected experimental induction
times (Table 2). Thus, their equation was modified to take into account these new elements as
shown in Equation 2 where An(O;) and An(RH) the numbers of moles of dioxygen and
hydrocarbon molecule consumed respectively, [Pcorected 18 €Xpressed in seconds.

[ An(0;)
n
'ﬁn(RH)]Pcorrected

Equation 2

Eq
] = — —+In4
RT

The corrected induction periods (Table 2) were plotted as a function of 1/T on
Figure 11. A straight line was obtained by linear regression allowing to determine the values Ea
and A (Table 3). The back calculated rate constants k of the oxidation reaction of all model
molecules are presented in Table 4 for each test temperature. They were then deduced by using
Arrhenius regression estimates. By comparing the kinetic values obtained for all the model
molecules, it is possible to distinguish the model compounds into two categories:
e alkanes with high activation energy values (Ea > 120 kJ.mol™!) and high pre-exponential
factors (A ~ 10"12);
e aromatics with somewhat lower activation energies (Ea < 110 kJ.mol') and pre-
exponential factors (A < 107%).
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Figure 11 - Experimental model of the kinetics

constant of the hydroperoxide dissociation of all the Temperature 140 150 160
model molecules oxidation O
(AP/Pmax=10%, Po2; =700 kPa) 1-MN 9.65x10% 1.61x10%*  2.83x10%
1,2,4-TMB 1.49x10°%*  3.24x10*  5.91x10™
n-BC 5.23x10%  1.22x10%  3.08x10%
n-Ci2 1.49x10°%*  3.61x10*  8.39x10™
n-Cy2IsoB 8.63x10*  1.92x10%  4.85x10*

Hvdroperoxide dissociation rate constant

Taking into account the qualitative and quantitative results of the liquid phase of the present
study, it can be suggested that the secondary oxidation products (alcohols, ketones, aldehydes
and carboxylic acid) are generated from the formation and decomposition of hydroperoxides.
Based on this hypothesis, it is possible to establish the evolution of the hydroperoxide
concentration as a function of the duration of the oxidation reaction using the peroxide values
determined experimentally for each temperature. By using the same methodology as in the
kinetic study of n-Ci2 [6], it is possible to determine the kinetic constant of the hydroperoxide
dissociation (k) obtained for each temperature tested Table 6 and from the formalism of the
Arrhenius law it was possible to plot In (k™) as a function of 1/T as illustrated in Figure 12.

By comparing the values of the global constant k (Table 4) and the dissociation of the
hydroperoxides constant k” (Table 6) it can be seen that k is lower than k". This result indicates
that the hydroperoxides are consumed very fast after their formation and confirms the
experimental results obtained in this study.
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Figure 12 - Experimental model of the Temperature 140 150 160
propagation kinetic constants of the °C)
hydroperoxide dissociation (k”) for all the i - }
model molecules oxidation (AP/Ppnax=10 %, 1-MN 2.12x10™ 5.34x10"  1.16x10*
Pos; =700 kPa) 1,2,4-TMB 2.04x10%  3.29x10%  7.70x10
n-BC 1.72x10%  3.36x10%° 4.35x10%
n-Cp2 3.10x10%  5.50x10%*  9.96x10

n-Cy; IsoB 3.79x10°  7.48x10%  1.81x10

CONCLUSION

This study proposes a robust procedure for the study of the autoxidation mechanism of model
molecules alkanes and mono- and di-aromatics using the PetroOXY device. A complete
characterization of all products formed at low progress values (AP/Pmax = 2-10 %) with a fixed
temperature and initial oxygen pressure (T = 160 °C and Po> = 700 kPa) was presented. The
individual oxidation of the model molecules highlighted that the "structure-reactivity"
relationship is very important in the autoxidation process as attested by different experimental
results.

The first is the consumption of oxygen, which is higher than that of the parent hydrocarbons.
This high oxygen consumption suggests that oxygen is used in two types of competitive
reactions: with the parent hydrocarbon and with the oxidation products. Although the overall
behavior of oxygen consumption is similar for all alkane molecules; for aromatics the behavior
varies according to their structure. This first aspect is important because it clearly shows a
difference in behavior depending on the nature and structure of the oxidized molecules. This
difference in behavior is linked directly to the sensitivity of the hydrocarbons to oxidation. This
was illustrated in particular by the induction periods. It was observed that the degree of
branching of a molecule had an impact on its reactivity: the more branches there are, the shorter
is the induction period.



The structure-reactivity aspect was also highlighted through the successive characterization of
the gas and liquid phases, which allowed to identify and quantify the oxidation products. In the
gas phase, the quantities of the gas products generated are very small. However, these are
identical regardless of the nature of the model molecule.

In addition, the liquid phase analyses revealed several classes of oxidation products depending
on the initial structure of the model molecules: (i) hydroperoxides from the first oxidation step;
(i1) oxidized products with a carbon chain equal to the initial molecule ; (iii) a supplementary
class of molecules has been highlighted only in the case of alkanes, products with a shorter
carbon chain, resulting from the breaking of the carbon chain of the model molecules. The
presence of this third class of molecule probably depends on the degree of branching present on
the initial hydrocarbons.

As the PetroOXY apparatus is a closed system, the temperature has a direct impact on the
pressure and therefore on the induction period. Using the measured oxygen consumption rate, it
was possible to correct the IP values which were then used for the kinetic calculations.
Therefore, the overall kinetic constant of the oxidation reaction was calculated with a modified
equation taking into account all experimental parameters, i.e. the mole fraction of oxygen
consumption and the initial hydrocarbons with corrected induction period. In addition, a
calculation was also proposed for the dissociation rate of hydroperoxides.

To better understand the degradation of a jet fuel, the next step is to blend all the families of
molecules studied individually in this study, in the proportions of a Jet A-1 to approximate a
surrogate. Thus, by using the same approach and associating other characterization techniques,
such as GCxGC, it would be possible to determine the kinetic parameters capable of calibrating
the numerical simulation models of deposits formation.
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