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Abstract

The low-temperature oxidation of 1-hexene has been studied in a jet-stirred reactor for temperatures
from 500 to 1100 K, at atmospheric pressure, for equivalence ratios from 0.5 to 2 with a high dilution
in helium. Product formation has been investigated using gas chromatography, as well as laser-single-
photon-ionization time-of-flight mass spectrometry and cw-cavity-ring down spectroscopy. These
two last techniques have allowed the quantification of ketene, C1-C3z alkylhydroperoxides, hexenyl
hydroperoxides, Cs unsaturated ketohydroperoxides, and hydrogen peroxide.

Starting from a previous model generated automatically, a new model has been developed for
1-hexene oxidation by updating some determinant reaction kinetics based on newly published
theoretical calculations. This new model allows a good prediction of most of the newly obtained
experimental results, as well as satisfactory simulation of literature data obtained for the
high-temperature oxidation in a high-pressure jet-stirred reactor, in a rapid compression machine,
and in two shock tubes.
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1. Introduction

Since alkenes are important components of gasoline [1], the low-temperature oxidation Kinetics
(below 900 K) of Cs-C7 linear alkenes was often investigated [2-12]. However, the experimental
studies concerning the low-temperature reactivity of the most studied Cs-Cy alkenes, hexene isomers,
which were obtained in a rapid compression machine [4] and in a jet-stirred reactor [10], were
limited to stoichiometric conditions. The kinetics of several reactions important for alkene low-
temperature oxidation (e.g. reactions of alkenes with OH radicals [13] or reactions of peroxyradicals
including a hydroxyl function [14]) was recently investigated using theoretical calculations. However,
the last detailed kinetic models of hexene oxidation were published before 2011 by Mehl et al. [7,9]
and by Bounaceur et al. [8], except in the case of 3-hexene [11]. In the last case, a model was recently
proposed based on that of Mehl et al. [7,9], but with important kinetic parameter fitting and without
taking the new theoretically calculated rate constants into account.

The first objective of the present work is then to continue the experimental study of Battin-Leclerc et
al. [10] on 1-hexene oxidation made under stoichiometric conditions using a jet-stirred reactor (JSR)
with gas chromatography analyses by studying two additional equivalence ratios (0.5 and 2). The
second goal is to expand the range of products analyzed during 1-hexene JSR oxidation by using two
additional analytical techniques, cw-cavity-ring down spectroscopy (cw-CRDS) and laser-ionization
mass spectrometry. These techniques have been recently shown successful in quantifying hydrogen
peroxide, ketene and hydroperoxides during alkane oxidation [15]. Finally, the third purpose of this
paper is to describe a new model for 1-hexene low-temperature oxidation based on recently
published theoretical kinetic data.

2. Experimental setup and procedure

A heated isothermal jet-stirred reactor, already used in many organic compounds oxidation studies
[16], has been connected to the three following analytical devices:

(1) Gas chromatographs (GCs) via a heated transfer line.

(2) A laser-single-photon-ionization time-of-flight mass spectrometer (SPI-TOF-MS) via capillary-
tube sampling.

(3) A cw-cavity-ring down spectroscopy (cw-CRDS) optical cell using the near-IR wavelength range
via sonic probing.

More details about experimental procedure can be found in the Supplementary material (SM).
2.1. Jet-stirred reactor and gas feeding

The reactive mixture entered the spherical JSR made out of quartz through four nozzles, positioned
in the center of the reactor. These nozzles were designed in order to ensure a perfect gas mixing and
to avoid concentration gradients inside the reactor [17]. The reactor was warmed using Thermocoax
resistance wires. The reaction temperature was measured by a type K thermocouple positioned at
the center of the reactor. The pressure in the reactor (P) was controlled using a needle valve
positioned at the downstream of the reactor and taken equal to 106.7 kPa.

A stable, continuous stream of helium, oxygen and 1-hexene to the reactor was ensured thanks to
Bronkhorst mass flow controllers. Helium and oxygen were provided by Messer (purities of 99.99%
and 99.999%, respectively). 1-Hexene was provided by ALFA AESAR (purity of 98%) and used
without further purification. The fuel flow rate to the reactor was controlled using a liquid Coriolis
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mass flow controller provided by Bronkhorst. The liquid flow was mixed with helium and passed
through an evaporator. The fuel/helium blend was subsequently mixed with oxygen. The relative
uncertainty in gas flow rates was approximately 5%. To limit thermal gradients inside the reactor,
prior to entering the spherical vessel, the gaseous mixture was heated to the reactor temperature in
a quartz annular pre-heating zone also using Thermocoax resistance wires. The residence time in this
zone was negligible compared to the residence time in the reactor (t) which was taken equal to 2 s.

2.2. Gas chromatography analyses

The gases leaving the reactors were analyzed using three dedicated GCs. The first GC was equipped
with a thermal conductivity detector and a Carbosphere packed column. It was used to quantify O,
CO and CO;. The second GC was equipped with a flame-ionization detector and a PlotQ capillary
column. The flame-ionization detector was preceded by a methanizer to detect CO, CO; and
formaldehyde with improved sensitivity. This GC was used to quantify molecules containing up to five
carbon atoms. The third GC was equipped with a flame-ionization detector and a HP5-MS capillary
column for quantifying molecules containing at least five carbon atoms. Response factors were
determined by injecting calibration mixtures or using the effective carbon number method [18]. The
exit of the reactor was connected with the aforementioned gas chromatographs through heated
transfer lines kept at 423 K to limit condensation problems. The identification of the products has
remained the same as in the previous work performed under stoichiometric conditions [10].

2.3. Laser single-photon-ionization mass time-of-flight spectrometry

Reaction products were also analyzed by a SPI-TOF-MS with single-photon ionization using VUV
photons with a wavelength of 118 nm (10.6 eV) (see schematic diagram in Fig. S1 of the SM). The
mass spectrometer covers a mass range of m/z 10-2000 with mass resolution of 2000 and mass
sensitivity of 100 ppm. Mole-fraction calculations were made using propene at m/z 42 as a reference
(the value measured by gas chromatography at 650 K) [15]. More details about mole fractions
calculations can be found in the SM. Products were sampled using a heated quartz capillary tube (200-
pum diameter, 5-m length, flow of 3-4 mL/min) directly inserted within the jet-stirred reactor. The
whole sampling line was heated to 353 K. This temperature was chosen carefully in order to preserve
hydroperoxides and to maximize the related signal.

2.4. cw-Cavity ring down spectroscopy

A tubular-glass cw-CRDS cell (length: 76 cm, diameter: 0.8 cm), maintained at a pressure of 1.33 kPa
through pumping at both ends has been used to analyze formaldehyde, water, ethylene and hydrogen
peroxide in the near infrared at wavelengths in the 6620-6644 cm-1 range (more details about
experiments and calibration are given in the SM). As described previously [15,19], the cell was
coupled to the JSR using a tubular quartz probe with a tip orifice of about 150 um diameter

The preceding procedure allowed checking the carbon atom balance within a deviation about 10%,
except for temperatures close to the maximum of low-temperature reactivity for which larger
deviations were spotted (up to 20% at 625 K), certainly due to the condensation of undetected large
oxygenated products in GC and SPI-TOF-MS transfer lines. The uncertainty of mole fractions derived
from MS measurements is usually estimated as +10% for major species, +25% for intermediates with
known photo-ionization cross-sections (PICSs), and at least a factor of 2 for those with estimated
PICSs. The uncertainty of mole fractions derived from CRDS measurements is usually estimated to be
an average of +15%.



3. Kinetic model development

The 1-hexene oxidation model described hereafter, together with a glossary giving the linear notation
corresponding to the name of each species used in the model, can be found in the SM under CHEMKIN
format. All the related simulations have been performed using CHEMKIN PRO [20]. This model has
been based on the model previously proposed by Bounaceur et al. [8], with some reaction pathways
and kinetic data updated according to the recent literature.

3.1. General description of the model of Bounaceur et al. [8]

The model of Bounaceur et al. [8] was generated thanks to software EXGAS which is used to
automatically generate models for the oxidation of components of fuels and biofuels [21]. A reaction
mechanism generated by EXGAS is made up of three parts:

e A Co-C; reaction base, including all the reactions involving radicals or molecules containing less
than three carbon atoms.

¢ A comprehensive primary mechanism including all the reactions of the molecular reactants, the
initial organic compounds and oxygen, and of the derived free radicals.

¢ A lumped secondary mechanism, containing reactions consuming the molecular products of the
primary mechanism which do not react in the reaction base.

Thermochemical data for molecules or radicals are automatically generated based on group and bond
additivity methods proposed by Benson [22] using software THERGAS [23].

For alkene low-temperature oxidation, the generic reactions considered in the primary mechanism
are:

“Ene” and “retro-ene” molecular reactions.

Fuel unimolecular initiations.

Bimolecular initiations, with O, or between two fuel molecules.

o Additions of H atoms and OH, CH3 and HO; (with direct epoxydation) radicals to the fuel double
bond.

¢ The abstraction of alkylic and allylic H-atoms from the fuel molecule.

¢ The reactions of alkylic, and allylic radicals with oxygen, including the formation of peroxy radicals
from alkylic and allylic radicals, as well as the production of dienes and unreactive HO; radicals.

¢ The radical (alkylic, allylic and peroxy) isomerizations involving a cyclic transition state including
a ring with from 4 to 8 members.

¢ In the case of the peroxy radicals obtained by addition to O of radicals produced by addition of
OH to the double bond, this pathway includes the Waddington mechanism leading to aldehyde
formation [10].

¢ Radical decompositions by (3-scission or to produce cyclic ethers or branching agents.

e Allylic radical combinations, including especially the combination with HO; radicals.

3.2. Updated kinetics

The list of the updated or added reactions is given in Table 1 and the detailed changes and their
influence on simulations are described hereafter. Some comparisons are given using the JSR
experimental results (stoichiometric mixtures with an initial fuel mole fraction set as 0.0095) which
will be more thoroughly described in the next part of this text. In the figures below, the effects of the



change of a given rate constant are obtained by changing this only rate constant in the present

mechanism.

Table 1: Reactions updated or added.

Reaction

Comments

H20,(+M)<=> OH+OH(+M)
Bimolecular initiation of C3-C4 alkenes
with O2

Alkene+OH<=>addition with adduct
formation

Alkene+OH=>allylic radical + H,0

Alkene+OH=>addition followed by
decomposition
Waddington mechanism

Allylic radical + HO, <=> products
Hexene + CH30 => allyl radical +
CH30H

a-Hydroxyalkyl radical oxidation

Ces keto- and aldo-hydroperoxides
decomposition

Rate constant taken from Troe [24]
Rate constant that proposed by Baulch et al. [25] for propene

Rate constant taken equal to that proposed by Zador et al. [13] for
propene with a branching ratio 1: 1

Rate constant taken equal to that proposed by Zador et al. [13] for
propene

Rate constant taken equal to that proposed by Zador et al. [13]
Erreur ! Source du renvoi introuvable. for propene

Rate constants estimated using the values proposed by Lizardo-
Huerta et al. [14]

Rate constant estimated from the work of Goldsmith et al. [26,27]
Rate constant taken from Zhang et al. [28]

Rate constant estimated using the values proposed by da Silva et
al. [29]

Detailed description of the decomposition pathways and pressure
dependence taken into account

3.2.1. Reactions of Co-C; compounds

In the current 1-hexene combustion mechanism, the rate coefficients for the thermal dissociation and
the reverse recombination of hydrogen peroxide (H20;) are updated to the values recently reported
by Troe [24]. As shown in Fig. 1, compared with the rate constants of Baulch et al. [30] which were
used by Bounaceur et al. [8], the mechanism with altered rate constants gives a better prediction of
the fuel reactivity at intermediate temperatures. With this update, the H;0, mole fraction
temperature profile remains in similar agreement with the JSR experimental results.
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Figure 1: Effect of using the updated rate constants for H202 dissociation/recombination reactions
[24] on predicted JSR species mole fraction temperature profiles.



The rate constant for the bimolecular initiation of C3-C4 alkenes with O; is adopted from the review
by Baulch etal. [25] in the case of propene, resulting in a slight reduction of the fuel reactivity between
800 and 900 K compared to the model of Bounaceur et al. [8].

3.2.2. Reactions of OH radicals with the fuel

The reaction of OH radical with 1-hexene involves three possible channels: the additions with
hydroxy adduct stabilization (see Figure S3 in the SM), the additions followed by decomposition (see
Figure S3 in the SM), and H-abstractions. The rate constants of these channels were taken from the
theoretical work of Zador et al. [13] on propene using the same pressure dependence. For the
formation of the hydroxy adducts, we use a 1:1 branching ratio for the addition to the terminal or
central carbon atom as suggested by Zador et al. [13] and Kappler et al. [31]. In the case of 1-hexene,
we consider that the additions followed by decomposition produce formaldehyde and pentyl radical
or pentanal and methyl radical. Some rate comparisons between the present model and that of
Bounaceur et al. [8] are plotted in Figure 2 and show large differences for allylic H-abstractions and
additions followed by decomposition. This explains why these changes have a significant effect on
fuel consumption and product formation, mainly aldehyde production as also shown in Figure 2. The
effect of the update of the rate constants for additions followed by decomposition is particularly
impressive. Reducing the production of allylic radicals through allylic H-abstractions reduce the
reactivity because the reaction of allylic radicals with hydroperoxy radical promotes the low to
intermediate temperature reactivity.

A concern about allylic H-abstraction rate constant should nevertheless be mentioned: the values
published by Zador et al. [13] are for primary allylic H-atoms, while secondary allylic H-atoms are
abstracted during 1-hexene oxidation. However, simulations using the value proposed by Vasu et al.
[32] for the abstraction of secondary allylic H-atoms leads to deteriorated predictions: the agreement
is similar to that observed with the rate constant of Bounaceur et al. [8]. In addition, in their model of
2-butene oxidation, Li et al. [33] used for the abstraction of secondary allylic H-atoms the values
proposed by Vasu et al. [32] and divided by a factor of 2.6. This fitting leads to a rate constant close to
that published by Zador et al. [13] and used here.

3.2.3. Waddington mechanism

As proposed by Stark and Waddington [34], hydroxyperoxyradicals can react through a cyclic
transition state to yield OH radicals and aldehydes. One of these channels starting from 1-hexene is
the following:

OH
o~

/O.
o
HO\)\/\/ - (O\)\/\/> == HO Ny O ()

The other possible channel produces acetaldehyde and butanal via a two-step isomerization of the
hydroxyradicals. In this study, the rate constants for the Waddington mechanism are adopted from
the recent theoretical work of Lizardo-Huerta et al. [14]. Figure 3 displays a comparison between the
rate constants of Bounaceur et al. [8] and that of Lizardo-Huerta et al. [14] for reaction (1). This figure
also shows that the change of these rate constants has a slight effect on reactivity, but a more
significant one on aldehyde formation.
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3.2.4. Combinations of allylic and HO; radicals

Recently, Goldsmith et al. [26,27] theoretically investigated the reactions of the allylic radical with
HO,, and detailed the rate constants of this reaction system. Burke et al. [35] demonstrated the
importance of these reactions at low to intermediate temperatures in their propene mechanism,
especially when modeling JSR results.

In the present study, we added these reactions, as well as the combinations of the allylic radicals
deriving from 1-butene, 1-pentene and 1-hexene with HO; radicals based on the pathways and
kinetics proposed for propene. The pathways considered in the case of 1-hexene are shown in Figure
4a. Figure 4b shows that this type of reactions plays an important role in the combustion of
unsaturated hydrocarbons, which not only influences the fuel reactivity, but also acts as the main
pathway leading to the formation of unsaturated aldehydes. The effect on the reactivity is due to the
conversion of the relatively unreactive HO, into the very reactive OH radicals.

3.2.5. Hexene + CH30 => allylic radical + CH;0H

As this reaction produces allylic radicals, which combine with HO; radicals, it should have a notable
impact on the fuel reactivity. The rate constant adopted in this study is from the recent hexane
mechanism of Zhang et al. [28]. As it can be seen in Figure 5, the rate constant used by Bounaceur et
al. [8] for this reaction was around 3-6 order of magnitude faster than that used in the present study,
thereby producing many more allylic radicals, which subsequently react with HO; accelerating the
fuel consumption. However, it will be shown further in the text that this update also massively
decreases the production of methanol.
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3.2.6. a-Hydroxyalkyl radical oxidations

Due to the low reactivity of HO2 radicals below 800 K, the a-hydroxyalkyl radical oxidation (i.e. the
reaction with oxygen yielding aldehydes or ketones and HO2 radicals) has an inhibiting effect on fuel
consumption. This reaction was theoretically studied by Zador et al. [36] and da Silva et al. [29]. These
last authors published a rate constant for this reaction which was widely accepted in alcohol
combustion chemistry [37], and which was then also adopted in this study. A rate comparison
between the present model and that of Bounaceur et al. [8] is plotted in Fig. 6a and shows an
impressive difference. The inhibiting effect of this reaction is evidently indicated in Fig. 6b, which
demonstrates that this type of reaction needs to be taken into account in mechanism development for
unsaturated fuels. The reason is that the addition of OH to the double bond is a major consumption
pathway at low to intermediate temperatures [7]; [8], and the hydroxy adduct can then isomerize
via a two-step pathway to a-hydroxyalkyl radicals, which can easily react to yield aldehydes/ketones
and the unreactive HO2 radicals (see reaction (2)) instead of adding to 02 and leading to branching
steps.

HO o~ + 0, O~~~ + HO,
OH o) (2)

|
N~ + 0, —= )k/\/ + HO,.

13

10 _\ 1.0x10”
O
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Figure 6: Rate constant comparison for the a-hydroxyalkyl radical oxidations and effect of using the
updated rate constants.

3.2.7. Cs keto- and aldo-hydroperoxides decomposition

As usually made during EXGAS generation to limit model sizes [21], in the model of Bounaceur et al.
[8], the Cs keto- and aldo-hydroperoxides were lumped into one virtual species. Since their
decompositions have a significant contribution to the production of aldehydes, in the present study,
the saturated Cs keto- and aldo-hydroperoxides were considered individually as illustrated in Figure
7a for one of them. As shown in Figure 7b, this more detailed description of saturated Cs keto- and
aldo-hydroperoxide decompositions not only has a small influence on the fuel reactivity at low
temperature, but also influences significantly the production of propanal in case of 1-hexene.
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hydroperoxide identification and consumption pathway, and (b) effect of using these more detailed
pathways.

Concerning the rate constants of the decomposition of large hydroperoxides, the original rate
expression used by Bounaceur et al. [8] was 1.5 x 1016 exp(-42,000 cal/RT) s-1, which is that adopted
by Curran et al. [38] in their iso-octane mechanism and close to the value experimentally determined
by Sahetchian et al. [39]. With this rate constant, the present model leads to a good prediction of the
ignition delay times measured at high pressure in a rapid compression machine [4]. However the peak
of the production of large hydroperoxides or ketohydroperoxides in JSR experiments at atmospheric
pressure is shifted by about 30 K compared to experiment data.

As displayed in Figure 8, recent theoretical studies by Goldsmith et al. [26,40] show that there is a
pressure dependence of the rate constants of the decomposition of hydroperoxides and
ketohydroperoxides. To give an idea of the fall-off effect, according to Goldsmith et al. [40], the rate
constant of the decomposition of ketohydroperoxides is increased by a factor of 4 when pressure is
varied from 0.1 to 10 atm of nitrogen. Therefore, we have used for the decomposition of all Cs+
saturated hydroperoxides: at 1 atm, the rate expression of 4.0 x 1015 exp(-42,900 cal/RT) s-1, which
was proposed by the review of Baulch et al. [25] for C;HsOOH decomposition, and, at 10 atm, the
original rate expression of 1.5 x 1016 exp(-42,000 cal/RT) s-1. With such a pressure dependence, as
shown hereafter, the model can both predict the rapid compression machine data [4], and the
evolutions of large hydroperoxide mole fraction versus temperature measured in JSR. In the former
case, the location of the maximum is extremely sensitive to this rate constant as shown in Figure 9.
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3.3. Simulations of previous literature data

The current model was used to predict the cool flame and auto-ignition delay times observed by
Vanhove et al. [4] in a rapid compression engine for 1-hexene/O,/Ar/N;/CO, mixtures at
temperatures after compression (Tc) ranging from 615 to 850 K.
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Figure 10: Ignition and cool flame delay times in a rapid compression machine (stoichiometric
mixtures in air, Pc: from 6.8 to 8.4 bar, from 7.7 to 9.6 bar, from 8.6 to 10.9 bar [4]). Symbols are
experiments and lines simulations.
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The experiments were conducted under three initial pressures leading to pressures (Pc) after
compression ranging from 6.8 to 8.4 bar, from 7.7 to 9.6 bar, from 8.6 to 10.9 bar. The simulation
conditions were assumed as constant volume with no heat loss since reactive pressure traces are not
available. The first peak of the OH emission trace is taken as the cool flame delay time, and the second
peak of the OH emission trace is taken as the ignition delay time. However, at high temperatures, there
is only one peak which is the ignition delay time. As is shown in Figure 10, satisfactory agreement
between the simulation and experimental results has been obtained for both the auto-ignition and
cool flame delay times over the whole pressure range studied.

The model was also used to reproduce results obtained for high temperature oxidation: the JSR
results at 10 bar of Yahyaoui et al. [41] and the shock tube data of Yahyaoui et al. [41] and Mehl et al.
[9]. As shown in the SM, the model also gave reasonable predictions under these conditions.

4. JSR experimental results and comparison with simulations using the new model

We show hereafter the results obtained by JSR for the equivalence ratios (¢) of 2.0, 1 and 0.5 (with
an initial fuel mole fraction set as 0.01, present study and results by Battin Leclerc et al. [10]) and
we compare them to simulations performed using the previously described model (Figs. 11-16). For
the clarity of the following figures, when measurements were possible using several experimental
techniques previously described, the experimental data obtained using all techniques are only
shown in the case of stoichiometric conditions. The experimental data at the three ¢ values are only
plotted for what we considered as the most accurate analytical technique for the given species.
However the mole fractions obtained for all performed measurements can be found in a
spreadsheet in the SM. Error bars are given for stoichiometric conditions for all compounds except
from organic hydroperoxides.

4.1. Reactant and main products mole fraction profiles

Figure 11 shows the experimental and simulated evolutions of the mole fractions of fuel, oxygen,
carbon oxides, water, hydrogen peroxide, methane and methanol, as a function of temperature
between 500 and 1100 K. The present experimental measurements indicate that the significant NTC
behavior observed under stoichiometric conditions [10] is confirmed at ¢ = 0.5 and 2. Below 800 K,
arichness decrease leads to a notable increase of the reactivity. The influence of equivalence ratio is
more limited at higher temperatures. A decrease in ¢ values promotes the formation of oxygenated
products whatever the temperature.

The model reproduces well the reactant consumption under every studied condition, except from an
overprediction of the fuel consumption between 680 and 780 K in rich mixtures and an
underprediction between 800 and 850 K in lean mixtures. The formation of carbon oxides and
methane is well captured by the model. This is also the case for water under rich conditions, with
more deviation in lean and stoichiometric conditions. The large error bars indicated above 900 K are
due to saturation of the CRDS signal making the experimental measurements less accurate. The
evolution of the H;0: mole fraction as a function of temperature is well simulated under
stoichiometric conditions, with more deviations under rich and lean conditions. As explained
previously, the production of methanol is significantly underestimated. The co-elution of methanol
and acetaldehyde may reduce the measurement accuracy.
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Figure 11: Mole fraction profiles of reactants and C0-C1 reaction products for 1-hexene oxidation in
a jet-stirred reactor at @ = 0.5, 1.0 and 2.0, P = 106.7 kPa, T = 2 s. Full symbols are GC experiments,
open symbols CRDS experiments and lines simulations.
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4.2, Unsaturated hydrocarbon mole fraction profiles

Figure 12 displays the experimental and simulated evolutions of the mole fraction of ethylene,
propene, 1-butene, 1,3-butadiene, cyclohexene, 1,4-pentadiene, 1,3-hexadiene, as a function of
temperature. C2-C3z alkenes are the most abundant of these products, and 1,3-hexadiene the least
abundant. It was possible to measure ethylene mole fraction using both GC and CRDS with a good
agreement between both techniques. It was also possible to measure propene mole fraction using
both GC and SPI-TOF-MS with a good agreement between both techniques. However, the SPI-TOF-MS
propene signal is saturated between 800 and 1000 K making the quantification not possible in this
temperature range. A decrease in ¢ values enhances the formation of unsaturated hydrocarbons
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below 800 K, but reduces it at higher temperatures apart from for 1,3-hexadiene which is mostly
produced from the oxidation of alkenyl radicals yielded by H-abstractions from fuel.

The formation of all these species is globally well captured by the model (within a factor of 2)
whatever ¢, except from cyclohexene which is notably overpredicted, especially below 800 K. The
largest other deviations are mostly observed for ethylene, propene, 1,3-butadiene, and
1,4-pentadiene in rich mixtures above 900 K.

4.3. Aldehydes mole fraction profiles

Figures 13 and 14 show the experimental and simulated evolutions of the mole fractions of saturated
and unsaturated aldehydes, respectively, as a function of temperature.
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Figure 14: Mole fraction profiles of unsaturated aldehydes for 1-hexene oxidation in a jet-stirred
reactor at ¢ = 0.5, 1.0 and 2.0, P = 106.7 kPa, t = 2 s. Full symbols are GC experiments, cross or star
symbols SPI-TOF-MS experiments and lines simulations.
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Figure 14 displays the mole fractions of ketene, which were obtained by SPI-TOF-MS and were not
quantified by Battin Leclerc et al. [10]. The most abundant saturated aldehydes are formaldehyde,
acetaldehyde, propanal and pentanal. The most abundant unsaturated aldehydes are acrolein and
ketene. For all saturated aldehydes, a decrease in ¢ values promotes the formation of oxygenated
products whatever the temperature.

The formation of all saturated aldehydes, except from butanal above 800 K and hexanal below 800 K,
as well as acrolein and 2-butenal, is predicted by the model within a factor of around 2 whatever the
equivalence ratio. Significantly larger deviations can be spotted for the other species, especially below
800 K.

4.4. Cyclic ether mole fraction profiles

Figure 15 displays the experimental and simulated evolutions as a function of temperature of the
mole fraction of Ce cyclic ethers, for which the most abundant ones are C¢ oxiranes (the sum of 2,3-
diethyloxirane and butyloxirane is plotted in Figure 14) and the C¢ tetrahydrofurans bearing an
alcohol function. 2,5-Dimethyltetrahydrofuran and unsaturated C¢ cyclic ethers are formed in lower
amounts. The distribution of the isomers of unsaturated Cs cyclic ethers cannot be known from gas
chromatography-mass spectrometry analyses. In the model, 2-methyl-5-
methylidenetetrahydrofuran, 2-ethyl-2,5-dihydrofuran, and 2-ethyl-2,3-dihydrofuran have been
considered. The mole fraction profiles are well simulated by the model for Cs oxiranes and hydroxyl
Ce cyclic ethers, but more deviations can be noticed for the other types of ethers, which are highly
overestimated below 800 K.

1.6x10™ . C6 oxiranes 1.2x10™*
y . 2,5-Dimethyltetrahydrofuran

4 _| B
1.4x10 i m =20

1.2x10" i ® — =10
A —--¢0=05

1.0x10™
0.8x10™
0.6x10™

Mole Faction
Mole Faction

0.4x10™ -
0.2x10™ -

ox10™ B =

500 600 700 800 900 1000 1100 500 600 700 800 900 1000 1100
Temperature (K) Temperature (K)

3.2x10* 1.2x10%
] Unsaturated Cq cyclic ethers 1 Hydroxy Cg4 cyclic ethers

2.8x10"
2.4x10"
2.0x10%
1.6x10" ]
1.2x10"
0.8x10*
0.4x10"

oxto* B T T ._|_|_|_l

500 600 700 800 900 1000 1100 500 600 700 800 900 1000 1100
Temperature (K) Temperature (K)

Mole Faction
Mole Faction

Figure 15: Mole fraction profiles of cyclic ethers for 1-hexene oxidation in a jet-stirred reactor at ¢ =
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4.5. Hydroperoxide mole fraction profiles

For hydroperoxides, new measurements have been performed using SPI-TOF-MS. Figure 17 shows
the mass spectrum obtained at 600 K: the m/z corresponding to hydroperoxides (48, 62, 74,76, 116
and 130) can be well spotted. These hydroperoxides are CH300H, C2Hs00H, C3HsOOH, C3H;0OH,
CeH1100H and Cs unsaturated ketohydroperoxides, respectively. The m/z = 130, for Cs unsaturated
ketohydroperoxides, corresponds to an extremely low signal. The distribution of the isomers of C3-Cs
hydroperoxides cannot be known from SPI-TOF-MS analyses.
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Figure 16: Mole fraction profiles of hydroperoxides for 1-hexene oxidation in a jet-stirred reactor at
@ =0.5,1.0and 2.0, P =106.7 kPa, T = 2 s. Cross symbols are SPI-TOF-MS experiments and lines
simulations.

The experimental temperature mole fraction evolutions of these hydroperoxides and H;0; as a
function of temperature are plotted in Figure 18. Compared to a same comparison made during the
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oxidation of n-pentane [15] under same conditions, the H,0; mole fraction is three times larger during
1-hexene oxidation, showing that the formation of hydrogen peroxide, and consequently of HO;
radicals, is significantly favored during alkene oxidation. This explains the important effect of the
reactions involving HO; radicals, as shown in Figure 4b. Alkenyl hydroperoxides are formed in lower
amounts than Ci-C; alkylhydroperoxides. However the CH300H/CsHsO00H ratio at the peak
maximum is equal to a factor of 6.5 during 1-hexene oxidation, while it was a factor of about 15 during
n-pentane oxidation.

Figure 16 displays the experimental and simulated evolutions of the hydroperoxide mole fraction as
a function of temperature for the three studied equivalence ratios. For a given temperature above
600 K, the experimental mole fractions of methyl, ethyl and allylhydroperoxides gradually increases
when ¢ decreases. The situation is different for the other compounds, where the mole fraction
increases when ¢ decreases from rich to stoichiometric mixtures, but where the mole fraction at ¢ =
0.5 is lower than those at ¢ = 1.0.
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Figure 17: Mass spectrum obtained during stoichiometric 1-hexene oxidation at 600 K using
SPI-TOFMS. Numbers in blue bold are m/z corresponding to hydroperoxides.

Except from ketohydroperoxides, the mole fractions of all hydroperoxides are well reproduced by the
model, taking into account the large experimental uncertainty due to estimated PICS. A still larger
unexplained overprediction of ketohydroperoxides (a factor of 125) was observed during n-pentane
oxidation using the same experimental method and a recent kinetic model [15] and would deserve
further studies. With the previously described pressure dependence considered for Cs.
hydroperoxide decomposition, the temperatures of the mole fraction maxima are satisfactorily
predicted. This is also the case for methyl and ethyl hydroperoxides, for which the influence of ¢ is
also well predicted, while it is not the case for C3 hydroperoxides.
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5. Flow rate analyses

Figure 19 displays an overview of the 1-hexene oxidation reaction flux at 650 K under stoichiometric
conditions. The addition of hydroxyl radical to the fuel double bonds plays a major role in consuming
the fuel at low temperature, accounting for 35.4% of the total flux. Since the rate constant used for
additions followed by decomposition (pathway not shown in Figure 19) is low according to the
theoretical work of Zador et al. [13], fuel consumption via this pathway is less than 0.1% and much
less important than through the reaction forming the stabilized adduct.

The two radical adducts both subsequently lead to addition to molecular oxygen and isomerization
via the Waddington mechanism, but with different branching ratios. A large fraction (70.6%) of
1-hydroxyhex-2-yl radicals yielded from the terminal-atom addition primarily adds to molecular
oxygen, and successively produces formaldehyde and pentanal via the Waddington mechanism. This
is the main pathway for the low-temperature production of pentanal. By contrast, only 3.5% of the
2-hydroxy-1-hexyl radical adds to molecular oxygen followed primarily by the Waddington
mechanism. 86.7% of 2-hydroxy-1-hexyl radicals yielded from the central atom addition mainly react
through a six-membered ring isomerization, while only 18.7% of 1-hydroxyhex-2-yl radicals are
consumed via such a channel. 1-Hydroxyhex-2-yl radical and 2-hydroxyhex-1-yl radicals both can
isomerize via a two-step pathway to a-hydroxyalkyl radicals, which are mostly subsequently oxidized
to form hexanal and 2-hexanone, respectively, both detected during the previously described JSR
experiments.

For the C¢H120HOO radicals produced from both adducts, there is a competing pathway with the
Waddington mechanism: these radicals can also give hydroxyhydroperoxyalkyl radicals via a seven-
membered ring isomerization, followed primarily by the formation of cyclic ethers bearing an alcohol
function. In case of 1-hydroxyhex-2-yl radical, 2-methyl,5-hydroxymethyl-tetrahydrofuran is yielded,
which was detected in the previously described experiments. To a lesser extent, these
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hydroxyhydroperoxyalkyl radicals can also add to oxygen and give hydroxyketohydroperoxides, the
decomposition of which is a major branching step.
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Figure 19: Reaction flux for 1-hexene oxidation computed at 650 K, ¢ = 1; species in boxes were
detected during the JSR experiments. Broken arrows correspond to several elementary steps;
numbers with arrows correspond to the flux of intermediate consumption.

The additions of an H atom to the double bond are another notable low-temperature fuel consuming
pathway, although less important than the OH additions. The terminal-atom addition is favored. The
obtained hex-2-yl radical mainly (95.3%) adds to molecular oxygen producing the peroxyl radical
CeH1300. The peroxyl radical CsHi300 subsequently isomerizes to'QOOH radicals via six-membered
ring (32.3%) or seven-membered ring (62.2%) transition states. The most favored QOOH radical
cyclizes to form 2,5-dimethyltetrahydrofuran, which was detected during the previously described
JSR experiments. However, the other QOOH radical is mainly consumed by a second addition to O,
leading to the production of ketohydroperoxides, the decomposition of which is also a major
branching step and contributes to the low-temperature production of propanal as mentioned earlier.

The pathways competing with fuel consumption with radical additions are H-atom abstractions,
mainly by hydroxyl radicals, which consume nearly 50% of the fuel. The products are alkenyl radicals.
The hex-1-en-4-yl and hex-1-en-5-yl radicals mainly add to O to give peroxyl radicals which
isomerize to yield' QOOH radicals. These unsaturated'QOOH radicals are the source of cyclic ethers
with double bonds inside the ring and of C6 unsaturated ketohydroperoxides, the decomposition of
which is a third major branching step. The hex-1-en-6-yl radical mostly isomerizes to give the allylic
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radical, while the competing pathway is the formation of cyclohexyl radical, which subsequently
produces cyclohexene.

The allylic, hex-1-en-3-yl, radical is predominantly consumed through reactions with HO; radical. As
shown in Figure 20, with the delocalized electrons, the reaction of the allylic and HO radicals leads
to two distinct reactions pathways. The two obtained allyloxy radicals can be either directly produced
or yielded through the decomposition of an intermediate allylhydroperoxide. The hex-1-en-3-oxy
radical decomposes to acrolein and propyl radical, while the hex-2-en-1-oxy radical mainly produces
2-hexenal with the competing pathways yielding 1-pentene and formyl radical. The impressive
overprediction of 2-hexenal with the present model, which is shown in Figure 14, indicates that there
is still a significant incertitude about the kinetics of the channels involved by the reaction of hex-1-
en-3-yl and HO; radicals.
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Figure 20: Detailed reaction flux of the reactions of allylic radical hex-1-en-3-yl with the HO2 radical
computed for 1-hexene oxidation at 650 K, ¢ = 1. Numbers with arrows correspond to the flux of
intermediate consumption.

The importance of the three major branching steps previously described is also indicated by the
sensitivity analysis performed at 650 K and displayed in Fig. S9 of the SM. The largest promoting effect
on the reactivity is observed for the abstraction of allylic H-atoms by OH radicals. The addition to
oxygen of the R51C¢H1,0H radical also shows a significant promoting effect. This former radical is
formed by isomerization of one adduct directly obtained via OH addition to 1-hexene (R28C¢H1.0H
radical). R51C¢H120H radicals can also isomerize to give R119CsH1,0H radical. This last reaction
exhibits an inhibiting effect on the reactivity because of the subsequent reaction of R119CsH1,0H with
0; yielding hexanal and unreactive HO; radicals. Finally the addition of H-atoms to 1-hexene displays
also a notable promoting effect.

When the reaction temperature is increased up to 850 K, the addition of hydroxyl radicals becomes
less important in consuming the fuel, accounting for less than 10% as shown in Figure S8 in the SM.
As a result, the formation of pentanal and 2-methyl,5-hydroxymethyl-tetrahydrofuran is greatly
reduced as shown in the previously described experiments.

At 850 K, the addition of H-atoms, and H-atom abstractions have a more important roles in fuel
consumption. -Scissions are more competitive compared to addition to O; of the obtained radicals.
16.5% of 1-hexene is added to the H-atom to form hex-2-yl radical, the fate of which is mainly
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decomposition through (-scission. The contribution of addition to oxygen of this radical drops
dramatically to 20.7% compare to the 95.3% at 650 K. The peroxyl radical is also less likely to go
through a second addition of O,. Instead, it is more prone to isomerize and yield cyclic ethers, or
decompose via [3-scission.

At 850 K, the alkenyl radicals produced by H-atom abstraction are also more likely to go through
B-scission to produce alkenes and dienes. The hex-1-en-6-yl radical is mainly cyclized to produce
cyclohexyl radical, a source of cyclohexene. The production of allylic, hex-1-en-3-yl, radical is almost
doubled at 850 K compared to that of 650 K. More than 80.0% of this radical is decomposed to
produce 1,3-butadiene and ethyl radical. Only 12% of the hex-1-en-3-yl radicals react with HO
radicals, less than a fourth of the proportion at 650 K. The two allyloxy radicals are predominantly
produced via the direct reaction of hex-1-en-3-yl and HO: radicals, while the formation of
allylhydroperoxides is much less favored than at high temperature.

Since important deviations were observed between experiments and modeling (see Figure 14), a
sensitivity analysis was also performed for the mole fraction of 2-hexenal at 650 K and ¢ =1 to
highlight reactions sensitive for the production and consumption of this species (see Figure S10a in
SM). Reactions which have a large effect on the mole fraction of 2-hexenal are H-atom abstractions
from the fuel. H-atom abstractions forming the hex-1-en-3-yl radical (shown in Figure 19) have a
positive effect, whereas H-atom abstractions forming other fuel radicals have a competitive negative
effect. An exception is the formation of the hex-1-en-6-yl radical, of which 62.7% isomerizes to the
hex-1-en-3-yl radical (see Figure 19). Another sensitive inhibitive reaction is the decomposition of
the hex-2-en-1-oxy radical to 1-pentene and CHO radical that directly competes with the formation of
2-hexenal (see Figure 20). The consumption channels of oxy radicals were very rarely studied and
models would benefit of more work on this type of species deriving from the decomposition of
hydroperoxides. Reactions of the hex-2-en-1-oxy radical are not sensitive for the global reactivity (see
Fig. S9 in SM) and modifying their kinetic parameters would not affect the global reactivity. Similar
observations can be done for the C6 unsaturated cyclic ethers, which were also overestimated at low
temperature (see Figure 15). The most sensitive positive reactions for their formation is the H-atom
abstractions from the fuel forming hex-1-en-4-yl radicals (R23CsH11Z in the sensitivity graph in Figure
S10b in SM) which is the precursor of this cyclic ether. The most negative sensitive reaction is the
H-atom abstraction by'OH consuming the Cs unsaturated cyclic ethers. Cs unsaturated cyclic ethers
have been very rarely studied and refining the kinetic parameters of their H-atom abstractions would
lead to a more reliable chemistry.

6. Conclusion

The present paper describes a new model for 1-hexene oxidation based on the recent literature
theoretical studies concerning the elementary reactions related to alkenes. The major updated
reactions have been the reactions of OH radicals with the fuel, the Waddington mechanism, the
combinations of allylic and HO; radicals, the a-hydroxyalkyl radical oxidation, and the reaction of
ketohydroperoxides. Taking into account the described updates, the new model can satisfactorily
reproduce literature data obtained in a rapid compression machine, but also the new experimental
results obtained in this work for equivalence ratios from 0.5 to 2. These results also include
quantification of hydrogen peroxide, and alkyl-, alkenyl- and ketohydroperoxides. Comparison of
experimental and simulated results for carbon containing hydroperoxides show that more work is
still needed to fully understand the chemistry of these compounds, which are of key importance for
autoignition.
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