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Abstract

The experimental study of the oxidation of two blend surrogates for diesel and biodiesel fuels,
n-decane/n-hexadecane and n-decane/methyl palmitate (74/26 mol/mol), has been performed in a
jet-stirred reactor over a wide range of temperatures covering both low, and high-temperature
regions (550-1100 K), at a residence time of 1.5 s, at quasi atmospheric pressure with high dilution in
helium (hydrocarbon inlet mole fraction of 0.002) and at stoichiometric conditions.

Numerous reaction products have been identified and quantified. At low and intermediate
temperatures (less than 1000 K), the formation of oxygenated species such as cyclic ethers,
aldehydes and ketones has been observed for n-decane, n-hexadecane, and methyl palmitate. At
higher temperature, the formation of these species was not observed any more, and small amounts
of unsaturated species (olefins and unsaturated methyl esters) have been detected.

Results obtained with methyl palmitate and n-hexadecane have been compared in order to highlight
similarities and differences between large n-alkanes and methyl esters.
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1. Introduction

Biodiesels are new alternative renewable fuels that could answer some of the energy issues that the
world is currently facing [1] and [2]. They are new potential sources of energy that can help to reduce
the dependence on petroleum, and it has been demonstrated that their use in diesel engines allows
decreasing the amount of some pollutants (carbon monoxide, soot) formed during the combustion.
Nitrogen oxide emissions seem to be slightly higher under some engine conditions [3] and [4].

Biodiesels are composed of fatty acid esters obtained from vegetable oils and animal fats through a
process of trans-esterification with an alcohol (e.g., methanol and ethanol) [1]. Biodiesels are mainly
produced from rapeseed oil in European countries and from soybean oil in the United States. When
methanol is used, they contain five main esters: methyl palmitate, methyl stearate, methyl oleate,
methyl linoleate, and methyl linolenate. The structures of these molecules and the average
composition [5] of rapeseed and soybean biodiesels are shown in Table 1. All these esters have very
similar structures: a long alkyl chain attached to a methyl ester group. Differences are the length of
the alkyl chain (15 atoms of carbon for methyl palmitate and 17 atoms of carbon for the other esters)
and the number of double bonds in the chain (no double bond for methyl palmitate and methyl
stearate, one double bond for methyl oleate, two double bonds for methyl linoleate and three
double bonds for methyl linolenate).

Table 1. Structures of methyl esters and average composition in rapeseed and soybean biodiesels [5].

Average
composition (mass

%)

Esters Structure

rapeseed soybean

methyl palmitate (C;7H3,0,) W _CH, 43 6-10
HyC o)
o
methyl stearate (C;5H3605) /\/\/\/\/\/\/\/\/U\ _CHy 1.3 2-5
H,C o)

methyl oleate (C;5H340,) W\/\/\/\/U\ cn, 599 20-30
HsC o
(0]
methyl linoleate (C;5H3,0,) H3C/\/\/\/\/\/\/\/\/[LO/CH3 211 50-60
(0]

methyl linolenate (C19H300,) ! C/WW\/\/\/\/U\O/CHS 13.2 5-11

In contrast to n-alkanes [6], [7], [8], [9] and [10], experimental studies of the combustion of biodiesel
fuels or of their individual components are still very scarce. Methyl butanoate (CsH,00,) combustion



has been the subject of several studies in the past years because it has a much shorter alkylic chain
than esters present in real biodiesels (its vapor pressure is much higher, making gas phase kinetic
studies easier). These studies led to a better understanding of the specific chemistry, due to the
presence of the ester group, but they also demonstrated that methyl butanoate is not a good
surrogate for biodiesels because the alkylic chain is too short and the influence of the ester group on
the chemistry is emphasized. In the 1950s the combustion of methyl butanoate was studied in closed
vessels [11]. Pressure data were recorded as a function of time. These experimental results were
used by Fisher et al. in the validation of a detailed kinetic mechanism for the oxidation of this species
[12]. While the experimental studies have mainly been performed under conditions corresponding to
the high-temperature region, this mechanism, written by analogy with n-alkanes, included all
relevant pathways for both low- and high-temperature regions. Metcalfe et al. [13] measured
ignition delay times for methyl butanoate and ethyl propanoate in a shock tube over the
temperature range 1100-1670 K and at pressures of 1.0 and 4.0 atm. They proposed a new version
of the methyl butanoate mechanism based on that developed by Fisher et al. [12]. Gail et al. [14]
studied the oxidation of methyl butanoate in three different apparatuses. Experiments were
performed in a jet-stirred reactor (atmospheric pressure, dilute conditions, temperature range 800—
1350 K, equivalence ratio ¢ 1.13, residence time 1 0.07 s), in a variable pressure flow reactor (P =
1.266 MPa, dilute conditions, ¢ = 0.35 and 1.00, T = 1.8 s), and in an opposed-flow diffusion flame.
Reaction products were sampled at the outlet of the jet-stirred and flow reactors and withdrawn
with a quartz micro-probe within the opposed flow diffusion flame. Species were analyzed by gas
chromatography (flame ionization detector) and FTIR. Mole fraction profiles were plotted for the
reactants (methyl butanoate and oxygen) and for numerous reaction products. Gail et al. also
proposed a new version of the Fischer et al. [12] mechanism with validation using their experimental
data. In a more recent paper, Gail et al. [15] studied the oxidation of methyl butanoate and methyl
crotonate (CsHgO,), an ester with one double bond conjugated with the carbonyl group, in a jet-
stirred reactor (atmospheric pressure, large dilution, temperature range 850-1400 K, two
equivalence ratios ¢ = 0.375 and 0.7, residence time 0.07 s) and in an opposed-flow diffusion flame.
Mole fraction profiles were plotted for the reactants and for several reaction products. This
comparison study showed that the formation of unsaturated species was enhanced in the case of
methyl crotonate. A model of the oxidation of these species has been developed from mechanisms
previously published in the literature. A kinetic analysis of this mechanism showed that the reactions
pathways are very similar for both molecules and highlighted the role of the ester function and of the
double bond in the unsaturated ester. Farooq et al. [16] studied the high-temperature
decomposition of three esters (methyl acetate, methyl propionate and methyl butanoate) in a shock
tube (temperature range 1260-1653 K, pressures 1.4—1.7 atm and reactant concentrations 2-3%, in
argon). CO2 yield measurements were performed using a laser based method and compared to
yields calculated from several mechanisms. The auto-ignition of methyl butanoate in a rapid
compression machine was studied by Walton et al. [17] (experiments at T=935-1117 K, P = 4.7-19.6
atm, and ¢ = 0.3-0.4.) and ignition delay times were compared to a new model derived from that of
Metcalfe et al. [13]. Dooley et al. [18] studied the auto-ignition of methyl butanoate in a shock tube
(at 1 and 4 atm, over the temperature range 1250-1760 K, at ¢ = 1.5, 1.0, 0.5, and 0.25, and at fuel
concentrations 1.0% and 1.5%) and in a rapid compression machine (temperature range 640-949 K
at compressed gas pressures of 10, 20, and 40 atm, ¢ of 1.0, 0.5, and 0.33, and fuel concentrations of
1.59% and 3.13%. These new experimental results and other data from the literature were used to
produce a model of the oxidation of methyl butanoate. Vaughn et al. [19] measured droplet ignition



delay times for several methyl esters and real biodiesels. This study provided interesting results,
since they demonstrated that large methyl esters such as methyl decanoate (Cy;H,,0,), methyl
dodecanoate (Cy3H,60,), methyl oleate, and soybean biodiesel have very close reactivities, whereas
ignition delay times for methyl butanoate are much longer. This confirms that methyl butanoate is
not a good surrogate for biodiesel fuels.

Experimental studies of the oxidation of methyl esters larger than methyl butanoate are very scarce.
HadjAli et al. [20] studied the low-temperature auto-ignition of a series of methyl esters from methyl
butanoate to methyl heptanoate in a rapid compression machine. Experiments were performed over
the temperature range 650-850 K and at pressures from 4 to 20 bar. They observed that the
reactivity of the ester increased with the number of carbon atoms in the alkyl chain as for the
n-alkanes. Ignition delay times of methyl hexanoate were compared with ignition delay times of a
series of n-alkanes (n-butane, n-pentane, and n-heptane). This comparative study showed that the
first stage delay times of methyl hexanoate were very close to those of n-heptane. The delay times at
temperatures less than 670 K were also very close to those of n-heptane, but a major difference was
the position of the negative-temperature-coefficient region, which occurred at lower temperature in
the case of methyl hexanoate. Dagaut et al. [21] performed the study of the oxidation of rapeseed oil
methyl ester (RME) in a jet-stirred reactor working at pressures between 1 and 10 atm, at
temperatures from 800 to 1400 K, at high dilution in helium, and at two equivalence ratios (0.5 and
1). The formation of numerous reaction products has been observed. These products are carbon
oxides, hydrogen, methane, ethylene, and larger olefins from propene to 1-hexene. The formation of
unsaturated esters is not reported in this paper, whereas Dagaut and Gail [22] observed this type of
species (methyl esters with one double bond at the extremity of the alkyl chain) when studying the
oxidation of a blend of Jet-A1 and RME in a jet-stirred reactor. The formation of these species is
expected because they can be formed by the same pathways as those leading to olefins during the
oxidation of alkanes. Dagaut et al. [21] used a detailed kinetic model for the oxidation of n-
hexadecane from [23] to reproduce the RME experimental data. The agreement was good for most
species, except for the early production of carbon dioxide due to the presence of the ester group in
RME. The formation of unsaturated esters has also been observed by Pedersen et al. [24] during the
study of the oxidation of RME in a stainless steel tubular reactor at 823 K. More recently, Szybist et
al. [25] and [26] used methyl decanoate to fuel a CFR engine with an adjustable compression ratio.
Pressure histories have been recorded and numerous products of the reaction have been detected
by FTIR analysis and GC—MS. They could observe the formation of carbon oxides, formaldehyde,
acetaldehyde, saturated and unsaturated methyl esters, esters with a carbonyl group, carboxylic
acids, and more complex oxygenated species. Herbinet et al. [27] developed a model for the
oxidation of methyl decanoate including all reactions pertinent to low- and high-temperature
regions. The model has been validated against limited available data. One feature of this model is its
ability to reproduce the early production of carbon monoxide observed at low temperature by
Dagaut et al. [21] during the experiments. The model predicts ignition delay times very close to those
observed for n-decane in a shock tube and suggests that large methyl esters and alkanes of similar
size have very similar reactivities. This large model has been reduced and used to model extinction
and ignition of laminar nonpremixed flames containing methyl decanoate [28].



Since data about the combustion of model molecules representative of large methyl esters are very
scarce, new reliable experimental data are needed to draw comparisons for the reactivity and the
formation of oxidation products between large n-alkanes and methyl esters and to validate detailed
kinetic models. The goal of this paper is to present new experimental results for the combustion of
two surrogate blends for diesel and biodiesel fuels. One surrogate is composed of two large
n-alkanes, n-decane and n-hexadecane, and the other one is a blend of n-decane and methyl
palmitate (74/26 mol/mol). Methyl palmitate has been chosen because it is present in real biodiesel
fuels (Table 1) and because it is representative of other large saturated esters. n-Hexadecane has
been used because it is a reference molecule for the calculation of the cetane number (n-hexadecane
is assigned a cetane number of 100) and because this n-alkane contains as many carbon atoms as the
alkyl chain in methyl palmitate (16 carbon atoms). The study of the oxidation of these surrogates has
been performed in a jet-stirred reactor under similar conditions to make a direct comparison
(equivalence ratio and mole fraction of oxygen held constant and hydrocarbon mole fraction
adjusted to maintain constant the concentration of carbon atoms at the inlet of the reactor). This
paper focuses on the identification of the reaction products because for some species (e.g., cyclic
ethers formed at low temperature and unsaturated esters) pure substances were not available for
retention time calibration and mass spectra were not in the databases. Similarities and differences
between large n-alkanes and methyl esters are then discussed.

2. Experimental methods

The experimental study of the oxidation of large n-alkanes and methyl esters has been performed
with an apparatus which has already been used in our laboratory for studies of the thermal
decomposition and the oxidation of organic compounds [7] and [29]. Only the main features of this
apparatus are presented here.

2.1. Experimental apparatus specifications

Experiments have been performed in a spherical quartz jet-stirred reactor operated at constant
temperature and pressure. This is a type of reactor which is well adapted for kinetic studies because
the gas phase inside the reactor is well stirred and concentrations are homogenous therein [30] and
[31]. The stirring is achieved by turbulent jets flowing through an injection cross located at the center
of the sphere. The internal volume of the reactor is 92 cm® and it has been designed to be well stirred
for residence times between 0.5 and 5 s. It is preceded by an annular preheater to avoid gradients of
temperature therein. The residence time of the gas inside the preheater is 1% of the total residence
time in the reactor. The heating is achieved with independent thermocoax resistance coiled around
the different zones.



Studies of the oxidation of n-decane, n-decane/n-hexadecane, and n-decane/methyl palmitate have
been performed at temperatures ranging from 550 to 1100 K, at a residence time of 1.5 s and at a
pressure of 106 kPa. Reactants were diluted in helium. The inlet mole fraction of hydrocarbon was
0.0023 for the study of the oxidation of pure n-decane and was 0.002 for both blends (composed of
74 mol% of n-decane and 26 mol% of n-hexadecane or methyl palmitate).

2.2. Products analyses

Reaction products were analyzed by gas chromatography. Analyses were performed in three steps
due to the formation of compounds which were either liquid or gaseous under standard conditions.

For the analysis of the heaviest species (including more than five carbon or oxygen atoms), a trap
maintained at liquid nitrogen temperature was connected to the outlet of the reactor. After a given
period of time, the trap was disconnected and acetone (solvent) and a known amount of n-octane
acting as internal standard were added. When the temperature of the trap was close to room
temperature, the liquid mixture in the trap was poured into a sampling bottle and then injected in a
Agilent 6850 gas chromatograph. This apparatus was fitted with an automatic sampler, a HP-1
capillary column, and a flame ionization detector (FID). Carrier gas (helium) flow rate was held
constant (1 ml min™) and the temperature profile of the oven was 15 min at 45 °C, 5 °C min™, 10 min
at 200 °C.

Light species such as oxygen, carbon monoxide, carbon dioxide and C,—C, hydrocarbons were
analyzed online by gas chromatography. The gas chromatograph was fitted with a sampling valve, a
carbosphere packed column, and two detectors: a thermal conductivity detector (TCD) for oxygen
containing species and a FID for hydrocarbons. Helium was used as a carrier gas because it was used
as a carrier gas in the experiments. The use of helium was beneficial for the quantification of oxygen
(very high sensitivity), but not for hydrogen, which was not quantified. For other light species,
samples were taken from the gaseous mixture at the outlet from the reactor and were injected in to
a gas chromatograph fitted with a Haysep Packed column and a FID. Nitrogen was used as a carrier
gas. Formaldehyde and water were not quantified. The limit of detection for the FID was about 0.1
ppm whatever the hydrocarbon species. For the TCD, the limit of detection mainly depended on the
thermal conductivities of the carrier gas and of the solutes. The limit of detection was about 10 ppm
for CO and only 100 ppm for CO, (the base line was distorted in this region of the chromatograph
because of the presence of water). Estimated uncertainties on the species quantifications were
about £ 5% with the online analysis of oxygen and C;—C, hydrocarbons and about + 10% for the
analysis of other species.



2.3. Identification and calibration of the products

Identification and calibration of gaseous species were performed by injecting standard gaseous
mixtures provided by Air Liquide and Messer.

For heavy products, identification was performed by comparison of retention times of pure
substances injected in to gas chromatographs, when they were available. Calibration was performed
by plotting peak areas versus masses of the substances injected in to the gas chromatograph
compared to those of the internal standard (n-octane).

Identification of species was also performed with a gas chromatograph coupled with a mass
spectrometer. The gas chromatograph was fitted with the same column as the Agilent 6850 gas
chromatograph that we used for the quantification of the heavy products, allowing a direct
comparison of the two chromatograms. The mass spectra of most reaction products were included in
the spectra database “NBS75 K”. For other products, which were not in the database, the
deciphering of the mass spectra has been carried out. These products were cyclic ethers formed at
low temperature and unsaturated esters formed at high temperature during the oxidation of the
n-decane/methyl palmitate blend.

The quantification of the species that were not available for calibration has been performed by using
the effective carbon method. This method is based on the response of the detector (FID) as a
function of the structure of the molecule [32]. For example, the same response is assumed for two
species having the same number of carbon atoms and the same type of functional groups (e.g.,
1-decene, 2-decene (E), 2-decene (Z)). As a second example, the response of Cy, cyclic ethers
(C10H200) will be considered to be the same as the response for n-nonane (CgH,,) because one of the
carbon atom linked to the oxygen from the ether group is not detected, whereas other of carbon
atoms are.

3. Nature of the reaction products

In this section, the nature of the products that were identified during the study of the oxidation of
pure n-decane and both surrogate blends is described.



3.1. Pure n-decane

Light products (Cy—Cs) quantified during the oxidation of n-decane have already been discussed in a
previous paper [7]. These products were methane, acetylene, ethylene, ethane, propyne, allene,
propene, propane, 1,3-butadiene, 1,2-butadiene, 1-butene, n-butane, 1-pentene, carbon monoxide,
carbon dioxide, methanol, ethanol, acetaldehyde, propanal, and acetone.

The formation of large olefins was also observed. These olefins were 1-hexene, 1-heptene, 1-octene,
1-nonene, and five C,o isomers: 1-decene, 4-decene (Z), 3-decene (E), 2-decene (E), and 2-decene (Z).
Two isomers of conformation were identified for 2-decene but only one isomer was identified for 3-
and 4-decenes. The formation of 5-decenes was not observed.

Fig. 1 displays part of a chromatogram showing the peaks corresponding to C,, oxygenated
compounds formed at low temperature (chromatogram obtained for an experiment at 650 K). It can
be seen that some peaks are not well separated. This is because these species have the same
molecular weight (156 g mol™) and very similar structures. They are cyclic ethers (with 6-, 5- and 4-
membered rings), decanones, and decanal. Names and structures of these species are given in Table
2. The formation of cyclic ethers during the oxidation of n-decane has already been observed by
Dagaut et al. [33]. The identification of cyclic ethers has been performed by the deciphering of their
mass spectra, which are missing in all available databases. Fig. 2 displays the rules of fragmentation
forming the main larger fragments in electronic impact mass spectrometry for 5-membered ring
cyclic ethers. These rules have been deduced from the rules proposed for species including oxygen
atoms, such as ketones [34, p. 178]. The ionization of the ether molecule leads to an ion with a
positive charge and a radical center carried by the oxygen atom. This ion-radical can then react by
B-scission decomposition; two smaller positive ions can be obtained. It is worth noting that the
B-scission does not occur if R; or R, is a methyl group or a hydrogen atom (the corresponding bond
energies are too high). To illustrate this, expected fragments for 5-membered ring cyclic ethers A, B,
C, and M of Table 2 are listed in Table 3. The mass spectra that were obtained for these species are in
agreement with the rules presented above, because the peaks corresponding to the expected
fragments are present. The mass spectrum of 2,5-dipropyl-tetrahydrofuran was available in the
“NBS75 K” database, allowing confirmation for the identification of this species. Fig. 3 displays the
mass spectrum obtained for 2-ethyl-5-butyl-tetrahydrofuran. We can observe the peaks
corresponding to the two expected larger fragments (99 and 127 g mol™). We can also observe two
large peaks of mass 81 and 109, which could correspond to the loss of a fragment of 18 g mol™. It
was not possible to determine the mechanism responsible for this loss. It is worth noting that each
cyclic ether appears twice on the chromatogram of the Fig. 1. This is because two isomers (cis and
trans) can be obtained. It has not been possible to distinguish between these two isomers.
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Fig. 1. Part of a chromatogram showing the peaks corresponding to C10 oxygenated compounds
(n-decane oxidation, experiment at T=650 K, t= 1.5 s, and P = 106 kPa). The names of the
compounds corresponding to the letters in the chromatogram are given in Table 2.
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Fig. 2. Rules of fragmentation of five membered ring cyclic ethers in electronic impact mass
spectrometry.



Table 2. Oxygenated compounds identified in the chromatogram of Fig. 1.

Letter on the chromatogram of

Species name

Species structure

Figure 1
H,;C ©
A 2,5-dipropyl-tetrahydrofuran 3 \/\Q/\/CH3
(0]
B 2-ethyl,5-butyl- /\Q/\/\
tetrahydrof HsC
etrahydrofuran 3 CHs,
c 2-methyl,5-pentyl- HsC o
tetrahydrofuran \( 7/\/\/CH3
0 CHj
b 2-ethyl,6-propyl- H,;C
tetrahydropyran
o
E 2-methyl,5-hexyl-oxetan /Q/\/\/\CH
HsC 3
o
F 2-ethyl,5-pentyl-oxetan ch\/Q/\/\/CH?’
H5C o)
2-methyl,6-butyl- CH3
G
tetrahydropyran
o
H 2-propyl,5-butyl-oxetan /\/Q/\/\
propy y HaC CHs
(0]
| 2-heptyl-oxetan Q/\/\/\/CH3
o) CH,
J 2-pentyl-tetrahydropyran
H5C
K 4-decanone WCH3
(@)
(0]
L 5-decanone HSC\/\/U\/\/\
CH4
O
M 2-hexyl-tetrahydrofuran Q/\/\/\
CHj
(0]
N 3-decanone H3C\)W
CHj3
o] 2-decanone WCHs
O
72 N G NN
P decanal o> CH,




Table 3. Expected fragments for C,o tetrahydrofurans.

Cyclic ether Obtained fragments according to rules presented in Comments
Figure 2
5 e o+ The molecule is symmetric.
/>dipropy HSC\/\Q Only one main fragment is
tetrahydrofuran

expected (113 g.mol™)

- - - o
2-ethyl,5-butyl - 22 Two fragments are expected
tetrahydrofuran CHy , 4 H,;C (99 and 127 g.mol™)
2-methyl,5- +
o] Only one main fragment is
H,C
pentyl- 3 .
expected (85 g.mol™)
tetrahydrofuran
+
2-hexyl- o) Only one main fragment is
tetrahydrofuran \ ; expected (71 g.mol™)
100 7 -
Q
80
701
O
<ZE > 55 109
QO 509
5 2
z
304
41 67
207
29
107
Ll |
0 il dlip . ll 11 il I o ,JI.; al . J al
rryrrrrrrrrryrrrrrrrrryprrerrrrrrryrrrrrrrrryrrrrrrrrryrTrTiTTrTTT m/Z
20 80 100 120

Fig. 3. Mass spectrum of 2-ethyl,5-butyl-tetrahydrofuran.



3.2. n-Decane/n-hexadecane blend

Light products (C—Cs) formed during the oxidation of the n-decane/n-hexadecane blend are the
same as the products which have been listed in the section about n-decane. As far as heavier
products are concerned, species formed by the oxidation of n-decane have also been observed with
the n-decane/n-hexadecane blend. Because of the presence of n-hexadecane, olefins larger than
decenes have been identified. These new olefins are 1-alkenes from 1-undecene to 1-pentadecene.
Because of the low initial mole fraction of n-hexadecane and the large number of isomers, we could
not detect the formation of isomers of the 1-hexadecene, although their formation was expected
(FID detection limit: 0.1 ppm).

The formation of oxygenated species has also been observed at low temperature. Only Cg
5-membered ring cyclic ethers and C;s ketones have been detected (molecular weight of 240 g
mol™). As expected, we identified seven different C;s 5-membered ring cyclic ethers, with six of them
being present twice on the chromatogram (cis and trans isomers). These species are:
2-dodecyl-tetrahydrofuran, 2-methyl-5-undecyl-tetrahydrofuran, 2-ethyl-5-decyl-tetrahydrofuran,
2-propyl-5-nonyl-tetrahydrofuran, 2-butyl-5-octyl-tetrahydrofuran, 2-pentyl-5-heptyl-
tetrahydrofuran, and 2,5-dihexyl-tetrahydrofuran. We expected the formation of seven C;¢ ketones
and hexadecanal but we detected only four ketones: 2-hexadecanone, 4-hexadecanone,
8-hexadecanone, and 6-hexadecanone or 5-hexadecanone.

3.3. n-Decane/methyl palmitate blend

Light species observed during the studies of the oxidation of n-decane and of the
n-decane/n-hexadecane blend were also detected during the study of the oxidation of the
n-decane/methyl palmitate blend.

The formation of large olefins and unsaturated esters was also observed. These large olefins are
1-alkenes from 1-hexene to 1-pentadecene (CisHzp) and decene isomers. The formation of these
species was expected because the alkyl chain of methyl palmitate has 15 atoms of carbon. It is worth
noting that 1-alkenes from 1-hexene to 1-decene can be formed from both n-decane and methyl
palmitate, that other decene isomers should come from n-decane only, and that larger olefins from
1-undecene to 1-pentadecene come from methyl palmitate only. Unsaturated esters are esters with
one double bond at the extremity of the alkyl chain. The smallest one is methyl acrylate (C;H¢O,) and
the largest one is methyl 14-pentadecenoate (CysH300,). The formation of isomers of methyl
5-hexadecenoate has not been observed. This is likely due to the fact that the initial mole fraction of
methyl palmitate is lower than the initial mole fraction of n-decane and that the number of possible
isomers is larger. The structures of these unsaturated esters are shown in Table 4. Mass spectra of



1l-alkenes were included in the “NBS75 K” database, whereas the mass spectrum of methyl
10-undecenoate (Cy,H,,0,) was the only one available for unsaturated ester. This mass spectrum was
of great help for the identification of the peak corresponding to the methyl 10-undecenoate and for
deciphering the mass spectra of the other unsaturated esters. It is worth noting that these spectra
have a large peak at 74 g mal and another characteristic peak corresponding to a loss of 74 g
mol ™. The formation of these fragments can be explained by a rearrangement of McLafferty (well
known for ketones and aldehydes) adapted to esters from [34, p. 182], as shown in Fig. 4. This
rearrangement consists in the transfer of an H-atom on the cation-radical center through a
6-membered ring transition state. Fig. 5 displays the mass spectrum we obtained for methyl
11-dodecenoate (212 g mol-1). The peak at 74 g mol-1 and the peak at 138 g mol™ (=212 - 74) are
present.

Table 4. List of the unsaturated esters detected during the study of the oxidation of the n-
decane/methyl palmitate blend.

Species name Species structure
O

methyl acrylate

(86 g.mol™) HoCx o _CH,
O

general formula H CM CH

(n from 0 to 12) 25X o/ 3
n

n = 0: methyl 3-butanoate (100 g.mol™); n = 1: methyl 4-pentenoate (114 g.mol™); n = 2 : methyl 5-hexenoate
(128 g.mol™); n = 3 : methyl 6-heptenoate (142 g.mol™); n = 4 : methyl 7-octenoate (156 g.mol™); n =5 : methyl
8-nonenoate (170 g.mol'l); n =6 : methyl 9-decenoate (184 g.mol'l); n =7 : methyl 10-undecenoate (198
g.mol"l); n = 8 : methyl 11-dodecenoate (212 g.mol"l); n =9 : methyl 12-tridecenoate (226 g.mol"l); n=10:
methyl 13-tetradecenoate (240 g.mol"l); n = 11: methyl 14-pentadecenoate (254 g.mol"l); n =12 : methyl
15-hexadecenoate (268 g.mol'l).

o ScH OH' CH  OH
- k/\'k - | §
CH CHj c CHj
O/ 3 O/ \O/

R OH
\ .
CH 4 R OH
| + /CH3 |
CH, H,C o + N

| L
i CH, H,C~ o
(M-74) g.mol ™ 2 T2

Fig. 4. Rearrangement of McLafferty adapted to esters from [34].
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Fig. 5. Experimental mass spectrum of methyl 11-dodecenoate (212 g mol™).

The formation of oxygenated compounds has also been observed at low temperature. As in the case
of the study of n-decane and of the n-decane/n-hexadecane blend, we observed the formation of the
same C,o oxygenated species. We also observed the formation of C;; 5-membered ring cyclic ethers
(284 g mol™) coming from methyl palmitate. Other cyclic ethers, ketones, and aldehydes have not
been observed. This is likely due to the low initial mole fraction of methyl palmitate in the blend. As
expected, we identified 13 different C; 5-membered ring cyclic ethers. Among them 11 appears
twice during the analysis (isomers cis and trans). This large number of species is due to the loss of
symmetry in esters compared to n-alkanes. Peaks corresponding to these species are shown on the
chromatogram in Fig. 6. It can be noted that the peaks are not well separated due to the similarities
of the structures (the structures of these cyclic ethers are shown in Table 5). It is worth noting that
even the formation of the cyclic ether with the ester group included in the ring has been observed
(species L in Table 5). For the identification of these species we used the same rules of fragmentation
as in the rules presented above in the case of cyclic ethers deriving from n-decane.
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Fig. 6. Extract of a chromatogram showing the peaks corresponding to the Cy; cyclic ethers
(n-decane/methyl palmitate blend, T=650 K, t=1.5 s, P = 106 kPa). The names of the compounds
corresponding to the letters in the chromatogram are given in Table 5.



Table 5. List of the Cy; cyclic ethers detected during the study of the oxidation of the
n-decane/methyl palmitate blend.

Letter on the chromatogram of Figure 6 Species structure

Al © CHs
Hsc\o

O
Q 0
ct
H3C\o/u\/\/\/\/\Q/\/CH3
(@]
D’ ol ©
3 CHs
O
o) (0]
El )\\/\/\/\g\/\/
HaC CHs
(e}
F* P
HaC CHs
(0]
0 (@]
1
G Mj/\/\/\/CHS
HiC—q
(@]
1
H ] C/o\(\/\Q/\/\/\/\
3 ) CH,
(e} (6]
Il WCH3
HSC\O
(6]
J1 O\(\Q/\/\/\/\/\
/
HaC \ CH,
(@]
Kt o CHj,
HiC—o
/O
(6]
L 77)\/\/\/\/\/\/\/CH3
O

0]
M
[e) O/CH3

! Two isomers (cis and trans) have been detected (see chromatogram in Figure 6).
2 Cyclic ether with the ester group included in the ring.



4. Results and discussion

The conversion and the mole fraction profiles of light species formed by the oxidation of n-alkanes
have already been presented in a former paper for n-decane and the n-decane/n-hexadecane blend
[6]. Experimental results concerning heavy species formed during the oxidation of n-decane and
n-decane/n-hexadecane are new as well as all experimental results obtained during the study of the
n-decane/methyl palmitate blend.

Most experiments were performed at least twice in order to verify the repeatability of the
experimental results. Repeatability was satisfactory over the whole range of studied temperatures,
as the difference in the measured mole fractions was always less than 20%.

Carbon atom balances were calculated in order to verify that the mass of carbon in the species at the
outlet of the reactor matched the mass of carbon in the reactants at the inlet of the reactor.
Comparison of the total mass (carbon, hydrogen, and oxygen) of the reactant and of the total mass
of the species at the outlet of the reactor could not be performed, because some important species
containing hydrogen and oxygen atoms, such as water, were not quantified. For experiments
performed at temperatures below 550 K and above 700 K the agreement between the mass of
carbon in the reactants at the inlet of the reactor and the mass of carbon in the species at the outlet
was satisfactorily for both surrogate fuels (ratios of carbon masses were in the range 95-105%). In
the low temperature region between 550 and 700 K, the mass of carbon in the species at the outlet
of the reactor was less than expected (mass ratios around 70%). The reason for this variation is that
the conversion is important and the reaction leads to the formation of numerous oxygenated
products, among which some species were not quantified because of too low mole fractions (e.g.,
formaldehyde, cyclic ethers, ketones, aldehydes, species with two oxygen atoms). Another reason for
the variation is the loss of heavy species, which may condense on the wall of the outlet of the
reactor.

4.1. Reactivity of large n-alkanes and methyl esters

The comparison of the experimental results obtained during the studies of the oxidation of pure n-
decane and the oxidation of the blend of n-decane and n-hexadecane showed that the conversion of
n-decane was very close in both studies [7]. Once again, this statement is valid for the conversion of
n-decane in the blend of n-decane and methyl palmitate (Fig. 7).



100 ﬁ 7 Vo
>
560 - *
% i A
0 40 - O & A -
[
£ & 0 N
© 20 - A
0
0 A .
500 700 900 1100

Temperature of Reaction (K)

Fig. 7. Comparison of experimental conversions of n-decane for the three reacting fuels. + neat
n-decane; o n-decane/n-hexadecane; A n-decane/methyl palmitate.

Conversions of n-hexadecane and methyl palmitate are displayed in Fig. 8. It can be seen that these
two species have very close reactivities over the whole range of temperatures and that they exhibit
the same NTC behavior than n-decane. NTC means negative temperature coefficient and
corresponds to the temperature region where the reactivity of a species decreases and then
increases again when the temperature goes up. Before the NTC region (less than 750 K) their
conversions are slightly larger than the conversions measured for n-decane: maximum conversion is
around 50% for n-decane and 65% for n-hexadecane and methyl palmitate at 650 K. At higher
temperatures all species exhibit similar reactivities.
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Fig. 8. Comparison of experimental conversions of 0 n-hexadecane (in the n-decane/n-hexadecane
blend) and up triangle, filled methyl palmitate (in the n-decane/methyl palmitate blend).



4.2. Evolution of the mole fractions of the reaction products obtained with neat n-decane

The evolution of the mole fractions of light reaction products from the oxidation of neat n-decane
has already been described in a previous paper [7]. Fig. 9 displays the evolution of alkenes: 1-octene,
1-nonene, and isomers of decene (1-decene, 2-decene (E), 2-decene (Z), 3-decene, and 4-decene). All
these species exhibit a NTC behavior. Mole fractions of isomers of decene are more important below
the NTC than above. These relatively high mole fractions at low temperature can be explained by the
oxidation reactions of n-decyl radicals deriving from the parent molecule (CigH,; + O, = CigHy0 + HO,).
Fig. 10 displays the evolution of the mole fractions of large oxygenated compounds (cyclic ethers,
ketones, and aldehydes). These species are formed at low temperature, as is visible for the Cy, cyclic
ether A in Table 2. All Cy cyclic ethers are formed in very close quantity except the cyclic ether M in
Table 2, which is present in a smaller amount. The evolution of the mole fractions of 2-decanone is
also displayed in Fig. 10. 3-Decanone and 4-decanone are formed in very similar quantities. The
formation of 5-decanone has not been observed. Decanal was quantified, but the mole fractions are
much smaller than the mole fractions of decanone isomers. Large amounts of octanal were observed
during the experiments.
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Fig. 10. Evolution of the mole fractions of oxygenated compounds formed by the oxidation of neat

n-decane.

4.3. Comparison of the mole fractions of the reaction products obtained with both blends

Fig. 11 and Fig. 12 display the mole fractions of the light reaction products. As for the conversion of

the reactants (Fig. 7 and Fig. 8), the mole fractions of most species exhibit NTC behaviors. This NTC

region is more or less visible according to the species. It is almost invisible for species such as carbon
dioxide (Fig. 12) and hydrocarbons (Fig. 11 and Fig. 12) due to the fact that these species are mostly
formed at high temperature. Among hydrocarbons it can be seen in Fig. 12 that slight NTC behavior
appears from C; and C, species such as propene, 1-butene and 1,3-butadiene. In contrast, the NTC

region is very visible for oxygenated species such as carbon monoxide, methanol, acetaldehyde, and

propanal (Fig. 11), because these species are formed at both low and high temperatures.
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Light species profiles obtained with both blends (n-decane/n-hexadecane and n-decane/methyl
palmitate) have been compared. It can be seen in Fig. 11 that carbon monoxide is the only species for
which there is no difference between the two profiles. For carbon dioxide (Fig. 11) profiles are very
similar at low and middle temperatures. At higher temperatures (above 950 K), the amount of carbon
dioxide formed by the reaction seems to be higher for the n-decane/methyl palmitate blend. For
other light species, mole fractions are always larger for the n-decane/n-hexadecane blend than for
the n-decane/methyl palmitate blend.

For heavier 1-alkenes from 1-pentene to 1-pentadecene (Fig. 13), profiles obtained for both blends
exhibit a NTC behavior, the only exception being 1-undecene. The NTC behavior of this species could
not be observed because 1-undecene could not be quantified with enough accuracy at low
temperature (below 800 K). Among these species, decene isomers exhibit a particular mole fraction
profile: the maximum mole fraction at low temperature is relatively high because of the oxidation
reactions of n-decyl radicals deriving from the parent molecule.
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Fig. 12 and Fig. 13 show that mole fractions of 1-alkenes smaller than 1-decene are much larger than
mole fractions of 1-decene and larger 1-alkenes, due to the fact that they can be formed from both
n-decane and n-hexadecane or methyl palmitate, whereas larger 1-alkenes can only be formed from

n-hexadecane or methyl palmitate.

It is worth noting that species mole fractions obtained for both blends are very similar for 1-alkenes
larger than 1-heptene. For 1-alkenes lower than 1-heptene (Fig. 13), mole fractions obtained for the
n-decane/n-hexadecane blend are higher than mole fractions obtained for the n-decane/methyl
palmitate blend. Mole fraction profiles obtained for isomers of decene are also very close (Fig. 14)

and very similar to those obtained with neat n-decane.
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Fig. 14. Evolution and comparison of the mole fractions of isomers of decene formed by the reaction.
0 n-decane/n-hexadecane; up triangle, filled n-decane/methyl palmitate.

Fig. 15 displays the distribution of 1-alkenes formed during the oxidation of both surrogate blends. In
a general manner, the selectivity of a species decreases with the number of carbon atoms in the
1-alkenes. This is the case for 1-alkenes from the n-decane/n-hexadecane blend. For the
n-decane/methyl palmitate, it seems that this statement is not valid. Selectivities of some species are
much higher than expected. These particular species are 1-heptene, 1-octene and 1-tetradecene. We
could not find any straightforward explanations for 1-heptene and 1-octene. As far as 1-tetradecene
is concerned, the slightly higher selectivity can be explained by the fact that 1-tetradecene mainly
comes from the decomposition of a Cy;H330, radical. There are two possibilities of C—C B-scission
reactions for this radical (Fig. 16). The broken C—C bond leading to 1-tetradecene is in the beta



position of the carbonyl part of the ester group. This bond has an energy of 84.3 kcal mol™ [35]
which is slightly lower than a standard C—C bond in the alkyl chain (89.1 kcal mol™ [35]). As a result,
the activation energy of this reaction is likely lower than the activation energy of the reaction of
B-scission of the other C-C bonds in the chain, and reaction (1) in Fig. 16 is favored in comparison to

reaction (2), while the two decomposition reactions have very similar rate constant in the case of
other C;7H;50, radicals.

H n-decane/methyl palmitate
B n-decane/n-hexadecane

Selectivity (%)
o BB N W B~ Ol

Fig. 15. Distribution of the 1-alkenes formed during the oxidation of the two surrogate blends (T =

900 K).
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Fig. 16. Reactions of C—C B-scission decomposition of the C;7H330, radical leading to 1-tetradecene.

Channel (1) is favored by a lower activation energy due to the neighboring ester group.
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Fig. 17. Evolution of the mole fractions of unsaturated esters formed by the oxidation of the
n-decane/methyl palmitate blend.



Fig. 17 displays the mole fractions of unsaturated esters that have been observed during the study of
the oxidation of the n-decane/methyl palmitate blend. Because of very close retention times, peaks
corresponding to 4-pentene and 6-heptene methyl esters were close to other peaks and we were not
able to plot the mole fractions of these species as a function of the temperature. These species
exhibit a NTC behavior and are formed in similar amount than 1-alkenes.

Fig. 18 displays the selectivity of unsaturated esters obtained from the oxidation of methyl palmitate.
As expected, the selectivity of these unsaturated esters increases when the number of carbon atoms
in the molecule goes down. The selectivity of 4-pentene methyl ester is not shown in Fig. 18 because
this species could not be quantified as written earlier. But the selectivity of this particular species is
likely lower than what could be expected, because its formation is in competition with the formation
of 1-tetradecene, which is enhanced by the low energy of the C—C bond in the beta position of the
carbonyl group.
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Fig. 18. Distribution of the unsaturated esters from the oxidation of methyl palmitate (T = 900 K).

Fig. 19 displays the evolution of the mole fraction as a function of the temperature for two cyclic
ethers whose peaks were well defined. These two cyclic ethers are 2-methyl-5-undecyl-
tetrahydrofuran (obtained from n-hexadecane oxidation) and the cyclic ether A obtained from
methyl palmitate (cyclic ether corresponding to the second peak A on the chromatogram in Fig. 6). As
retention times of most cyclic ethers were very close, Fig. 19 also displays the sum of the mole



fractions of all isomers. It can be seen in Fig. 19 that cyclic ethers are only formed at low temperature
and that they are not observed any more above 900 K. According to the experimental results, the
global mole fraction of cyclic ethers formed from n-hexadecane is about 1.5 times larger than the

global mole fraction of cyclic ethers obtained from methyl palmitate.
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5. Conclusions

The stoichiometric oxidation of a blend of n-decane and methyl palmitate and of a blend of n-decane
and n-hexadecane has been studied in a jet-stirred reactor over a wide range of temperatures (550—
1100 K), for a residence time of 1.5 s, at quasi-atmospheric pressure and diluted in helium
(hydrocarbon mole fraction 0.002). The experimental results that have been obtained during these
studies have been compared in order to highlight similarities and differences in the oxidation of large
methyl esters and normal alkanes. These species have very similar structures, the only difference
between these two classes of compounds being the ester function that is attached to one end of the
alkyl chain in methyl esters.

The comparison of the conversions of methyl palmitate and n-hexadecane showed that these species
have very similar reactivities and the same NTC behavior over the range of studied temperatures.
Thus it seems to be reasonable to use large n-alkanes as surrogates for large methyl esters as far as
the reactivity is concerned.

Due to the large number of carbon atoms in the reactant and to the conditions of the study (covering
both low- and high-temperature regions), numerous products of the reaction have been detected
during these experiments. The formation of most species has been observed in both experimental
works because of the similarity of the two reactants. These common products are small oxygenated
species (e.g., carbon oxides, methanol, acetaldehyde), small hydrocarbons (methane, acetylene,
ethylene, ethane), and 1-olefins. The specific products that have been observed are:

e unsaturated esters with the double bond at the extremity of the chain, which can be
considered like 1-olefins with an ester function at the other end of the chain;

e oxygenated compounds obtained at low temperature, such as cyclic ethers, also including an
ester function.

These last species are very unusual and their identification by GC—MS required the deciphering of
their mass spectra, as very few data were available in the databases. As far as cyclic ethers deriving
from methyl palmitate are concerned, even the formation of the very particular 5-membered ring
cyclic ether with the ester group included in the ring has been observed.

Species common to both surrogates exhibit very close profiles, showing similar evolution with
temperature. Among these species, carbon monoxide was the only one for which no difference in the
experimental mole fractions could be observed. Obtained mole fractions of carbon dioxide were
larger with methyl palmitate than with n-hexadecane. For all other light oxygenated products, light
hydrocarbon species, and large 1-alkenes, mole fractions were always larger for n-hexadecane than
for methyl palmitate; this was compensated by the formation of unsaturated esters, which was



observed for methyl palmitate only. The mole fraction profiles of these last species were very similar
to those of 1-olefins. Finally, the formation of oxygenated products such as cyclic ethers has been
observed. These products had very similar mole fraction profiles for both surrogates and were
formed at low temperatures only. According to the experimental results, the global amount of cyclic
ethers was slightly larger with n-hexadecane than with methyl palmitate. To sum up, the oxidation of
methyl palmitate and n-hexadecane led to very similar amounts of oxygenated and hydrocarbon
species.

Future work will consist in establishing the specific reactions, kinetic parameters, and
thermochemistry that will allow the modeling of the oxidation of large saturated methyl esters and
the inclusion of these new data in the EXGAS automatic generator of mechanisms [7] and [36].
Another future work in the area of the understanding of the kinetics of the oxidation of real biodiesel
fuels will be the experimental study of the oxidation of a large unsaturated ester, in order to highlight
the influence of double bonds on the kinetics of the reaction.
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