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The influences of fuel-specific destruction pathways on flame chemistry are determined for two isomeric
ester fuels, methyl acetate, @80O)OCH;, and ethyl formate, H(CO)Og&Is, used as model representatives

for biodiesel compounds, and their potential for forming air pollutants is addressed. Measurements are presented
of major and intermediate species mole fractions in premixed, laminar flat flames using molecular-beam
sampling and isomer-selective VUV-photoionization mass spectrometry. The observed intermediate species
concentrations depend crucially on decomposition of the different radicals formed initially from the fuels.
The methyl acetate structure leads to preferential formation of formaldehyde, while the ethyl formate isomer
favors the production of acetaldehyde. Ethyl formate also yields higher concentrations effieces (¢H,

and GH,4) and G species (GH, and GH,). Benzene concentrations, while larger for ethyl formate, are at
least an order of magnitude smaller for both flames than seen for simple hydrocarbon fuels (ethylene, ethane,
propene, and propane).

1. Introduction Biodiesel fuels typically contain monoalkyl, often methyl and
Interest is growing in the use of biofuels to reduce the current &thyl, esters of long-chain fatty acids, derived from vegetable
dependence on conventional fuels derived from petroleum, and®ilS or animal fats. Detailed reaction mechanisms for the
to alleviate the harmful effects of global climate change by comk_Jus_tlon of este_rs are largely lacking, desplte_thelrlmportance
controlling aerosol formation and decreasing net,@is- as biodiesel constituents. In general, combustlo_n perfo_rm_ance
sions!—3 However, the combustion chemistry of bioderived fuels 1S influenced _by the chemical nature of the_ esters in the biodiesel
is not nearly as well documented as that of hydrocarbon fuels. fuel and their structural features, including the length of the
Accurate information on the fuel decomposition and oxidation @/kyl chain and their degree of saturation and branchiig.
mechanisms of several classes of oxygenated fuels includingSOMe early studies have addressed the pyrolysis and reaction
alcohols, ethers, and esters are urgently needed to characteriz&inetics of alkyl esters, including methyl acetate, ethyl acetate,
their potential vehicle emission characteristics, which are of Methyl propionate, isopropyl acetate, and ethyl fornfaté.
paramount significance in the control of airborne toxics. Also Additional attention has been devoted to characterizing the
needed is a mechanistic characterization of the role of the ©Xidation pathways of esters in the atmospHéré. More
oxygenate function in reducing the formation of carbon mon- "€cently, the combustion chemistry of esters has attracted
oxide, unburned hydrocarbons, polycyclic aromatic species, angrenewed attention, an_d experimental details on the oxidation
soot on the one hand and the increase in,@ission and and combustion kinetics o_f methyl acetate, methyl formatg,
undesired oxygenated pollutant species such as aldehydes ang€thy! butanoate, £atty acid methyl esters, and rapeseed oil
ketones on the other. Several classes of constituents, includingM€thy! ester have been reportéd:®
carbonaceous aerosols and oxygenated species derived from The accurate description of the chemical kinetic reaction
biofuel combustion, can cause important and potentially harmful mechanisms responsible for observed changes in the composi-
climatic effects2* Rigorous analysis and fundamental under- tion of combustion byproduct$®* when biodiesel is used as a
standing of principal chemical reaction networks are thus replacement for, or additive with, conventional diesel fuel
prerequisites for mitigating unwanted emissions. Experimental Presents a significant scientific challenge. Some recent modeling
determinations of the composition of the intermediate species Studies;*® relying in part on early experimental dafa?
pool formed by combustion reactions are vital to the develop- €mphasize the need for detailed measurements with modern

ment of appropriate chemical modéls. methgds of a large number of species under different combus}ion
- conditions. Molecular-beam mass spectrometry is ideally suited
Part of the special issue "James A. Miller Festschrift’. = for this task. The use of easily tunable VUV synchrotron
(T.A%;rfjﬁfggﬂgrﬁ:ﬂ?ggjE'ma"' (KK-H.) kkh@pcl.uni-bielefeld.de; - jiation with a time-of-flight mass analyzer permits simulta-
¥ Department of Chemistry, Bielefeld University. neous measurements of the complete mass range of sampled
5 School of Applied and Engineering Physics, Cornell University. flame gases with isomeric selectivit§26

J Combustion Research Facility, Sandia National Laboratories. . . . .
I Department of Chemical Engineering, University of Massachusetts, 10 study the predominant chemical reactions in the degrada-

Ambherst. tion and oxidation of ester fuels, we have focused on measure-
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(a) Major Species Mole Fractions, Methyl Acetate Flame
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Figure 1. Photoionization efficiency (symbols) fonz = 40 measured 0.5 ~—rrrrr—rrrrr—rrrr ) 2500
for the methyl acetate flame 4.8 mm from the burner. The PIE data Temperature ]
have been scaled vertically to match the mean photoionization cross =, 1
section (solid curve) calculated for an allene/propyne (27%/73%) 0.4 12000
mixture, chosen to give a best fit to the scaled PIE. The allene and ]
propyne cross sections, weighted by the respective mole fractions, are ] c
shown as dashed lines. The respective ionization energies (9.69 and,§ 03 J1s00 3
10.36 eV¥) of allene and propyne are indicated by the vertical arrows. 3 1 §
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ments with photoionization mass spectrometry (PIMS) of species = 4 : 3
mole fractions in premixed laminar flames fueled by methyl e o ]
acetate, ChH{(CO)OCH;, and ethyl formate, H(CO)O#Els. 0.1 "., """"" 1500
Semivolatile practical biodiesel fuel constituents are difficult A fo ]
to study in premixed laminar flames. We have instead chosen ]
to investigate methyl acetate and ethyl formate because they 0.0 e R RRARRRRRAR—R—prR=—pfrA ] 0

are the smallest pair of structural isomers that allows detailed 0 3 015 200 25 3033

analysis of the influence of ester functional groups on the fuel Distance from Burner (mm)

consumption pathways. They present an ideal combination with Figure 2. Major species mole fractions and flame temperature profiles
similar overall combustion characteristics (e.g., temperature measured for the methyl acetate (a) and ethyl formate (b) flames.

profiles and exhaust gas composition), which assists quantitative  p.amixed fuel Joxygen/argon flames are stabilizadd cm-

analysis of flame chemistry. Differences in initial fuel destruc- iy meter McKenna burner (Holthuis and Associates). Species
tion reactions ar_ld a comparison of the composition of reaction ., ia fractions were measured for premixed LEO)OCHY/
|r)termed|ates hllghllght the influence of f_uel_ structure on the O,JAr and H(CO)OGHs/O/Ar flames of 25.5%/48.9%/25.6%
kinetic meghamsm, based on the quantitative analysis of 27 1o, composition and identical equivalence ratio+ 1.82),
flame species. C/O ratio (0.51), pressure (30.0 Torr), and cold (300 K) flow
velocity (64 cm/s). Flame gases are sampled by a quartz cone
(Allen Scientific Glass) with a tip of 40and 0.2 mm orifice

A flame-sampling molecular-beam mass spectrometer em- diameter located on the flow axis of the flat flame burner.
ploying tunable vacuum-ultraviolet synchrotron radiation for Translation of the burner toward or away from the quartz
photoionizatioA>—3° was used to study premixed, low-pressure, sampling cone allows mass spectra to be taken at any desired
flat flames of both esters with identical reagent mole fractions position within the flame. A skimmer of 2.0 mm-diameter
and pressure. Detailed descriptions of the instrument andaperture placed 23 mm downstream on the axis of the expanded
experimental procedures have been given previoi$sl{29.30 (10~ Torr) jet forms a molecular beam that passes into the
It consists of a low-pressure flame chamber, a differentially differentially pumped (10° Torr) ionization region, where it is
pumped molecular-beam flame-sampling system, and a linearcrossed by the dispersed VUV light from the monochromator.
time-of-flight mass spectrometer (TOFMS). It is coupled to a Photoions are extracted using a pulsed-field technique and mass-
3-m monochromator used to disperse synchrotron radiation atanalyzed with a 1.3 m linear (WileyMcLaren$ time-of-flight
the Advanced Light Source (ALS) of the Lawrence Berkeley mass spectrometer with a mass resolutidAm = 400.
National Laboratory. The monochromator delivers a dispersed A multichannel scaler (Fast ComTec P7886) records ion
photon beam, tunable over the range from 8 to 17 eV, with an counts for a 3Qus sweep (15008 channels of 2 ns bin width)
energy resolution of 40 meV (fwhm) for the present experiments following each gate pulse. Useful mass spectra, with a dynamic
and a typical photon current of & 10'3 photons/s. A silicon range of 18 are recorded with 5 1P to 2 x 10 sweeps. The
photodiode, with its quantum efficiency (electrons/photon) ion signal at a given mass/chargeV®) ratio is obtained by
calibrated at the National Institute of Standards and Technology integration of the accumulated ion counts per channel over 25
(NIST), records the variation in photon current (photons/s) with to 40 multiscaler channels (580 ns) centered at the mass peak.
photon energy and time. The total ion count is corrected for the baseline contribution

2. Experimental Section
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TABLE 1: Photoionization Cross Sectionse(E) and Mass Discrimination FactorsD(M)

M species cross section¢E)l D(M)
15 CH# 7.6(10.4); 8(11.1) 0.50
16 CHP 6.5(13.2) 0.52
18 H,O° 7.75(13.2) 0.57
26 GH? 18.3(11.5); 29.4(12.3); 39(13.2) 0.73
28 CH/ 8.3(11.1); 8(11.5); 12(12.3) 0.76
29 HCC 5(10.4); 5 (11.1) 0.78
30 CHOf 9.2(11.1); 10.2(11.5); 15(12.3) 0.80
32 CHOH? 5.8(11.1) 0.83
39 GHy? 8.8(10.4) 0.93
40 GH4 (propyne} 17.4(10.4) 0.94
42 CHCO® 11(10.4); 12.8(11.1) 0.97
43 CHCO® 6(9.65); 6(10.4) 0.98
44 CHCHO 7(10.4); 8.7(11.1) 0.99
46 (CHg)0¢ 7.6(10.4) 1.00
50 CH? 17.6(10.4); 28(11.1); 34(11.5); 45(12.3) 1.03
52 CH4 11.4(9.65); 30(10.4); 39(11.1); 40(11.5); 42(12.3) 1.04
54 CH¢? 8.2(10.4) 1.05
56 CGHg/CH;CHCO? 10.6(10.4) 1.06
58 (CHy).COH 11.2(10.4) 1.06
60 CHCOOH 10(11.1) 1.07
66 GHe® 20(10.4) 1.08
74 H(CO)OGHs 6(11.1) 1.09

i fragment ion (m/z= 30): 0.13(11.1) 1.09

i fragmention (m/z= 28): 1.05(11.1) 1.09

i fragment ion (m/z= 28): 9.2(11.5) 1.09
74 CH(CO)OCH" 12.2(11.1) 1.09
78 CeHed 28.3(10.4) 1.09

2 Taatjes, C. A. Unpublished measuremefitSamson, J. A. R.; Haddad, G. N.; Masuoka, T.; Pareek, P. N.; Kilcoyne, D. A.Chem. Phys.
1989 90, 6925.¢ Katayama, D. H.; Shaw, Huffman, R. E; O’Brian, C. L.Chem. Physl973 59, 4309.9Cool, T. A.; Wang, J.; Nakajima, K.,
Taatjes, C. A.; Mcllroy, Alnt. J. Mass Spectron2005 247, 18. ¢ Estimated! Cooper, G.; Anderson, J. E.; Brion, C. Ehem. Phys1996 209,
61. Wang, J., Cool, T. A. Unpublished photoionization efficiency measurenfeRthinson, J. C.; Sveum, N. E.; Neumark, D. M. Chem. Phys.
2003 119 5311."Person, J. C.; Nicole, P. P. Argonne National Laboratory Radiological Physics Division Annual Report, July 1969-June 1970,
ANL7760; Argonne National Laboratory: Argonne, IL, 1970; pp 9Wang, J.; Cool, T. A. Unpublished measuremeh@ross sections in Mb
(107%8 cr?); photon energie& in eV.

obtained between peaks and the contributions-36f isoto- flame measurements in a cold gas flow with reference to the
pomers, and finally normalized by the photon current. propene cross sectich.

Flame temperatures were measured in separate experiments PIE curves fom/z = 44 were used to determine the relative
conducted at Bielefeld University using laser-induced fluores- mole fractions of ethenol, C}€HOH, and acetaldehyde, GH
cence (LIF) of seeded NO (0.5%), as described elsewRere. CHO, for both flames, following previous observations in flames
The LIF signal was recorded after excitation of the 24 (0,0) of different fuels?®>37 For ethyl formate, than/z = 44 mole
band near 225 nm under reference flame conditions unperturbedraction profile (measured at 11.1 eV) is almost exclusively
by the cone. In this paper the “distance from the burner” is taken acetaldehyde, while for methyl acetate, thie = 44 PIE curve
to be 0.9 mm (4.5 sampling orifice diameters) less than the is noisy but suggests that the mole fraction profile measured at
actual separation between the burner and the tip of the samplingl1.1 eV contains a substantial contribution from ethenol.
cone to account approximately for probe sampling effétis. In some cases the difference in ionization energies of two

2.1. Species IdentificationsThe ALS flame instrument is  species with a givemvz ratio is so small that PIE curves do
capable of resolving and identifying isomers and other flame not show distinguishing features. lon signalsiiwz = 29 have
species of near equal masses with ionization thresholds thatnot been resolved into contributions from HCO antH§; which
differ by as little as 100 meV. Measurements of the photoion- have nominal ionization energies of 8.220.04 e\#>and 8.117
ization signal as a function of the photon energy (photoionization & 0.008 eV3° respectively.
efficiency or PIE) for species of a givanz ratio, facilitated The mole fraction profiles measured fovz = 56 at 10.4
by easily tunable monochromated VUV synchrotron radiation, eV for ethyl formate and at 9.7 and 10.4 eV for methyl acetate
is a valuable tool for determinations of the isomeric composition are likely to represent superpositions of contributions from
of combustion intermediates. butene isomers, methyl ketene and other isomers. A successful

A PIE curve recorded fonVz = 40 in the methyl acetate  approach for the identification of some of the different isomers
flame, displayed in Figure 1, exemplifies the determination of at mass 56 is presented elsewh&rbut was not attempted in
species identities and relative concentrations. The photoionthis experiment. No mole fraction profiles were obtainable for
signal atm/z = 40 has been vertically scaled to match the mean C,Hg because of the presence of strong interferences from
photoionization cross section (solid curve) for a mixture of formaldehyde atwz = 302729
allene/propyne with a best-fit 24 3%/73 + 3% isomeric 2.2. Data Analysis. 2.2.1. Major Speciedata reduction
composition, constructed with known photoionization cross procedures required for determinations of mole fractions for the
sections for allene and propyA€Their respective contributions,  major species (the fuel, QAr, CO, CQ, H,0, and H) from
weighted by their mole fractions, are given as the dashed curvesphotoion signals are described elsewhHérR8:20In the present
of Figure 1. The respective ionization energies of 9.69 and 10.36 experiments, ion signals from methyl acetate or ethyl formate
eV for allene and propyieare indicated by the vertical arrows; at 11.1 eV, @ at 12.3 eV, CO and CQat 14.1 eV, HO at
their cross sections were determined independently from the13.2 eV, and Hat 16.6 eV are recorded for all burrezone
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separations extending to approximately 30 mm from the burner. TABLE 2: Photon Energies E, Peak Mole FractionsXmax
The HO signals are corrected for background contributions by and Peak Positions (DFB)

subtraction of then/z = 18 signal extrapolated to the burner methyl acetate ethyl formate
surface. As an approximation, this correction is one-half of the E DFB IE DFB
m/z = 18 signal recorded with the smallest practical separation [eV] Xmax [mm]  [eV]  Xmax  [mm]
(1.2 mm) between the sampling cone and the surface. The AT 166 14E-0L 303 166 14E0L 303
usefulness of this approximation was supported by recording ¢,qp 104 25E-01 00 111 25E-01 00
them/z = 18 signals, found to be nearly constant for all burner o, 12.3 4.9E-01 0.0 12.3 4.9E-01 0.0
positions, associated with backgroungHor D,/O,/Ar flames. HP 16.6 1.4E-01 30.3 16.6 1.4E-01 303
The CO signals are corrected for contributions from thelC HOP 132 2.9E-01 303 132 209E-01 303
profile. Corrections are also made for a smajl signal at 30 g% ii'i éiggi ggg 12'1 éiggi ggg
mm, attributable to background,@om residual air in the mass CHs 104 52FE-03 43 104 17E-03 38
spectrometer chamber. CHa 132 1.2E-02 43 132 42E-03 3.3
2.2.1.1. Post-Flame ZoneThe first step in the conversion  HCO 10.4 2.1E-04 43 104 3.7E-04 2.8
of the measured ion signals yields major species mole fractions CH.0 111 1.6E-02 33 111 44E-03 28
in the post-flame region far (ca. 30 mm) from the burner. In  €H:OH 111 3.8E-03 43 111 5204 18
separate experiments, the ratio of signals for CO and &O giﬂj ﬁi ?'ggzgg 4512 ﬁf 3'35:85 gg
14.1 eV is measured for a cold flow of a calibration gas mixture ;cco 104 6.8E-03 43 104 19E-03 3.8
containing equal parts of CO and @This ratio is used with CHsCO 9.6 2.0E-04 43 104 7.5E-05 2.8
the ratio of signals measured at 30 mm in the post flame zone CH;CHO 104 2.7E-04 3.8 104 39E-03 28
to compute the ratio of CO to G@nole fractions at this flame ~ (CHy:0 104 5.6E-05 3.3 104 45E-05 23
position. This mole fraction ratio and C, O, and H atom balances g']'jCOOH 191'61 ?'é)EE_'é)SA' f'BS 1101'41 14 'ZZIE_'(()); 42':,?
are then used to determine the mole fractions of Ar, CO,,CO Cij 104 7.3E-05 48 104 96E-05 43
H.0, and H at 30 mm, subject to the approximation that the nyz56 9.6 2.6E-05 3.8 104 5.0E-05 3.3
sum of mole fractions for these species is unity. These are the (CH3),CO 104 1.3E-04 3.3 104 6.0E-05 2.8
only species with significant ion signals at this flame position; CaH2 104 8.6E-05 53 104 3.4E-04 53
signals from O, OH, and H are too small for quantitative 24:4 g-g g-éE:gg g'g 18'2 i'iE:gi ‘313
analysis. Neglect of these radicals produces a potential error of c;clg-OsHe 104 1.0E-05 33 104 O7E-06 43
about 5% in the summation, based on experimental and ¢, 10.4 <1.0E-06 ND 10.4 4.0E-06 3.3

modeling results for oxygenated hydrocarbon flafes.

2.2.1.2. Mole Fraction Profiles.At this point two different
approaches employed for the calculation of the mole fraction
profiles for the major species throughout the flames yield almost
indistinguishable results. Both of these methods provide a link
between recorded ion signals and mole fractions for a given
flame species. This link is expressed with the following
relationship?”

aND: not detected. DFB: distance from burnmitial or post flame
values.

factors can in principle be calculated for each of the species

when the photoionization cross sections and mass discrimination

factors are known. We instead apply eq 2 at 30 mm in the post

flame, where the mole fractions of CO, g, and HO are

known (cf. section 2.2.1.1). Calibration factors fos &nd the

S = x0,(E)D(M)PCFKT 1) fuel are derived from their rgspecti_ve s_ignals and initial mole

fractions at the burner face. Finally, in this approach, knowledge

Here S is the ion signal (integrated ion count recorded for a Of the calibration factork enables calculation of the argon mole

flame species; x; is the species mole fractiom;(E) is the fraction at every burner position with eq 3. Mole fraction profiles
photoionization cross section at the photon endggp(M,) is for the remaining major species are calculated with eq 2. _
the mass discrimination factrfor species; @ is the photon In the second approach, measurements of the argon ion signal

current,cis an instrument-dependent constant of proportionality, at 16.6 eV throughout the flame yield an empirical instrumental
and FKT is an instrumental sampling function that relates the sampling function FKT, according to the procedure of ref 27.
molecular beam molar density at the ionization region to the Mole fraction profiles for all major species are then calculated
flame pressure and local temperature. as described elsewhete?®
Under identical instrumental conditions, signals at a defined  Major species mole fractions derived with both approaches
flame position can be expressed relative to a reference speciesliffer by less than 10% at all flame positions. We estimate an
R with the relationshig? uncertainty of=15—-20% in these major species mole fractions
for either method. The results displayed in parts a and b of
S _xa(BEDM) X @ Figure 2 are determined with the first approach.

S X0x(E)DMg) Xg' 2.2.2. Intermediate SpeciesHere again two independent
approaches are followed for data analysis. In the first approach,
In the first approach, the calibration factér$or a given species  intermediate species mole fractions are derived directly from
with respect to argon as the reference species are used in theq 1. The product x FKT is found with measurements, at
expression each position in the flame, of the argon ion signal at 16.6 eV
and from knowledge of the argon mole fractions (cf. section
_ S 2.2.1.2). Application of eq 1 requires corrections for any changes
X =1 XArz ﬁ ) in experimental parameters for measurements for other species
Arh
at other energies. This direct procedure involves a minimum
to yield the local argon mole fraction at a given flame position, number of cross sections and thus potentially reduces the
for which the ratios of ion signal§/S., are measured for the  absolute error of the minor species mole fractions. Values for
major species (CO, COH,, H,0, O,, and fuel). The calibration ai(E) andD(M;) used in the data analysis are given in Table 1.
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Figure 3. Pathways for destruction of methyl acetate by H atom abstraction from the acy) 688 alkoxy (OCH) functional groups of methyl
acetate.

In the second approach, mole fractions for intermediate of identical equivalence ratio. Maximum mole fraction values
species are determined using eq 2 to reference the mole fractiorfor a number of observed species and their respective positions
for speciesi to that of a second reference species of known with respect to the burner surface are reported in Table 2. The

mole fraction. The mole fraction profiles for Gldand GH, are temperature profiles and mole fraction profiles for major species,
derived from that of HO at 13.2 eV. The &H, mole fraction 0O, CO, CQ, H0, Hy, Ar, and fuels, were found to be quite

profile requires measurements of ion signals frogH£and similar for the isomeric fuels, as illustrated in Figure 2, parts a
C,H4 at 11.5 eV, an energy chosen to avoid fragmestl £ and b. This observation supports the suitability of the isomeric

ions from GHg at higher photon energies. Mole fractions for fuel approach to the elucidation of the fuel-specific reaction
CH,0, CGH,, and GH,4 are next derived from £, with ion pathways.
signals at 11.5 and/or 12.3 eV and checked for consistency by 3.1. Fuel-Specific Destruction Pathways.Fuel-specific
comparing results for pairs of molecules at 11.1, 11.5, or 12.3 destruction pathways for methyl acetate and ethyl formate are
eV. One or more of these four molecules served as referencesdllustrated in Figures 3 and 4. The initial destruction of both
for the remaining species with measurements at 11.1, 10.4, oresters occurs by H-abstraction under these flame conditions.
9.65 eV for methyl acetate and 11.1, 10.4, or 9.0 eV for ethyl An H atom may be abstracted from either the acyl or alkoxy
formate. These results were also checked, where possible, usinggroup of each fuel.
redundant determinations, pairing a given species with more 3.1.1. Methyl Acetate.For methyl acetate, abstraction of an
than one reference species. acyl hydrogen followed bys-scission of theCH,(CO)OCH;

The intermediate species mole fractions presented here werantermediate yields the methoxy radical and ketene:
all determined with the first approach except for the acetic acid
and acetyl radical profiles. The peak mole fractions for these R* + CH,(CO)OCH, —
species determined with both methods are in fair agreement . .
(+£30%), but the profiles obtained with the second method RH+"CH,(CO)OCH, (R" =H,OH) (5a)
exhibit better signal-to-noise ratio and are therefore more . .
reliable. No clea? trends were observed in the discrepancies CH,(CO)OCH, — CH,O" + CH,CO (5b)
between calculations performed with the alternate methods; these )
differences are typically=20% for most intermediate species 1 alom abstraction from the methoxy group of methyl acetate
(ranging from::5% for Chs in the ethyl formate flame te-30% forms the acetyl radical and formaldehydegcission of CH-
for CH,O in the methyl acetate flame). (CO)OCH:

The accuracy of mole fractions for stable intermediates with
known photoionization cross sections is estimated te-B6— R"+ CH,(CO)OCH, —

40%, while radical species and minor stable intermediates with RH + CH,(CO)OCH' (R° =H,OH) (6a)
estimated photoionization cross sections are uncertain by factors
of 2—4. However, because the apparatus and data reduction CH,(CO)OCH,’ — CH,CO + H,CO (6b)

procedures are the same for both flames, relative comparisons

of mole fractions between flames have probable uncertainties 31 2. Ethyl Formate.For ethyl formate, acyl H-abstraction

of £15% for most intermediates, except for those with the yie|ds the ethoxy radical and carbon monoxide following

lowest mole fractions (ca. 10 ppm) which exhibit uncertainties _scissjon of the(CO)OGHs intermediate:

of £30%.

R"+ H(CO)OCH; — RH + *(CO)OCH; (R" =H,0OH)
(72)

*(CO)OGH; — C,H.O" + CO (7b)

3. Results

Species mole fractions were measured and compared for
premixed CH(CO)OCHy/O,/Ar and H(CO)OGHs/O./Ar flames
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Figure 4. Fuel-specific destruction pathways for H atom abstractions from ethyl formate.

Abstraction of a primary hydrogen from the ethoxy group of
ethyl formate yields the H(CO)Qadical and ethylene, while
abstraction of a secondary hydrogen gives the formyl radical
and acetaldehyde:

R’ + H(CO)OCHCH, —
RH + H(CO)OCHCH, (R =H,0H) (8a)

H(CO)OCHCH, —
H(CO)O + C,H, — H + CO, + C,H, (8b)

R’ -+ H(CO)OCH,CH, — RH+ H(CO)OCHCH,
(R =H,OH) (9a)
H(CO)JCHCH, — HCO + CH,CHO (9b)

While the major species profiles for both flames (cf. Figure 2,
parts a and b) show good agreement for the two flames,
pronounced fuel-specific effects are evident in the mole fraction
profiles of intermediate species.

3.2. Discussion of Mole Fraction Profiles.The mole
fractions for the key reaction intermediates £LH GH,4, CoHo,
CH3;CHO, CH,, and CH in the ethyl formate and methyl acetate

tions of GH4 and GH., in the methyl acetate flame suggest the
importance of the fuel-specific destruction of ethyl formate by
reaction 8, parts a and b. Thescission of the fuel radical
(reaction 8b) yielding C@as a decomposition product may
account for the observed steeper rise of the @file, which

is noticeable up to a distance of more than 5 mm.

Substantial mole fractions of acetaldehyde are seen in the
ethyl formate flame as expected from the reaction 9, parts a
and b. In contrast, the acetaldehyde concentration in the methyl
acetate flame is 14 times smaller. The influence of alkyl side
chains is evident in the methyl and methane concentrations,
which are approximately three times larger for the methyl acetate
flame. The concentration of formaldehyde is four times greater
for the methyl acetate flame, as suggested from reaction 6, parts
aand b.

Fuel-specific differences between the flames are also seen in
several minor intermediates, as shown in Figure 6. Ketene, a
direct fuel destruction product of methyl acetate (cf. reaction
5, parts a and b), is more prominent in the methyl acetate flame
with four times higher concentration. On the other hand, the
HCOJ/GHs concentration is higher in the ethyl formate flame,
consistent with the formation of HCO by reaction 9, parts a
and b. The acetyl radical (cf. reaction 6, parts a and b) and the

flames are displayed in Figure 5. The concentrations of ethyleneydrolysis products methanol and acetic acid are prominent

that ethyl formate may decompose into smaller species with
carbon-carbon bonds. In the ethyl formate flame this would
provide a direct pathway to#l, (e.g., reaction 8, parts a and
b) and GHz which could in turn be formed by dehydrogenation
of C;H4. Other pathways to £, include formation from @Hg
resulting from the association of methyl radicals and the; CH
+ CH; = C;H,4 + H reaction. Such less direct pathways are
expected to be most important in the methyl acetate flame with
its higher CH concentration. The relatively smaller concentra-

are not quantified because of an apparent interference of
undetermined origin at/z = 46. Therefore, only methanol,
acetic acid, and acetyl radical are displayed in Figure 6. As
expected, the concentrations of these three species are consider-
ably lower in the ethyl formate flame.

Important G and G hydrocarbons are shown in Figures 7
and 8. GH3; and GH4 (predominately propyne, cf. Figure 1)
are observed at similar concentrations in both flames, while
diacetylene, GH,, vinylacetylene, GH,, and 1,3-butadiene are
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Figure 5. Comparison of mole fraction profiles for key intermediate  Figyre 6. Comparison of selected oxygenated intermediate species in
species in the methyl acetate (a) and ethyl formate (b) flames. the methyl acetate (a) and ethyl formate (b) flames.

more abundant in the ethyl formate flame by factors of 4, 3,
and 4, respectively. This difference is consistent with the
expectation that flames with high concentrations of acetylene
provide easy access to, @ydrocarbons. Both flames exhibit
higher-mass species as shown in Figure 8, including the
oxygenates dimethyl ether and acetone as well as hydrocarbo
intermediates such as cyclopentadiene.

Benzene reaches higher levels in the ethyl formate flame.
Propargyl, propyne, acetylene, diacetylene, and vinylacetylene
are all thought to be related to the formation of benzene, the

Taken together, these findings are consistent with the
observation that biodiesel tends to reduce soot formdtion.
Propargy! self-combinatid®42 has been identified in many
flames as the main source of benzene and loweld;C
nconcentrations relative to hydrocarbon flames will form benzene
more slowly. The observed maximumgkly concentration in
the ethyl formate flame is about a factor of 2 larger than that of
the methyl acetate flame (see Table 2 and Figure 7). This
suggests a peak benzene concentration of about 1 ppm for
first step in the formation of polycyclic aromatics. Thez = methyl acetate, four times smaller than that estimated for the

78 signal for the ethyl formate flame is detected above the e?hyl.formate flame. and just below the detection limit. The
background at 10.4 eV with a signal-to-background ratio of 3, differing benzene yield from the two ester flames may also,

while nom/z = 78 signal above background was seen for the NOWever, suggest that .8, and/or GHx chemistry may
methyl acetate flame. The estimated benzene mole fraction incontribute to benzene formation. There is a controversial history
the ethyl formate flame is 4 ppm, accurate to about a factor of Of possible GHz + CyHy routes in the literaturé: 4344 The

2. This level is comparable to benzene concentrations seen inhigher yield of GHs for ethyl formate is an intriguing subject
fuel-rich (q) = 25) ethanol flames (7 ppﬁ?)but about 2 orders for further Study in future work. Note that the processes Ieading
of magnitude lower than those in fuel-rictb (= 1.8-2.3) G- to soot in an engine include additional complex interactions,
hydrocarbon flames, e.g., propdhand propen® and allene/  and depend on the physical as well as chemical properties of
propyne#® CsHs, C4H,, and GH, are also seen in ethanol the fuel®214546The present results for the simplest esters suggest
flames$® at mole fractions comparable to those reported here that the ester function may significantly influence the formation
for ethyl formate and methyl acetate and are significantly lower of benzene and soot even for practical biodiesel fuels with long
compared to mole fractions in flames of hydrocarbon fuels.  hydrocarbon chains.
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Figure 7. Comparison of selecteds@nd G precursors to the formation  Figure 8. Mole fraction profiles for selected higher mass intermediates.
of benzene for the methyl acetate (a) and ethyl formate (b) flames.
) . ) o (reaction 9, parts a and b) leads to substantially greater

4. Conclusions and Combustion-Chemistry Implications concentrations of acetaldehyde for the ethyl formate flame. Our

The methyl acetate and ethyl formate structural isomers were preliminary measurements for methyl formate and ethyl acetate
selected as model compounds to investigate the combustionflames lead to similar conclusions. Detailed combustion model-
chemistry of methyl and ethyl esters, typical constituents of ing is needed to assess the importance of these direct decom-
biodiesel fuels. Quantitative comparisons of intermediate speciespositions relative to reactions involving the hydrolysis products,
compositions reveal differences directly associated with struc- methanol and ethanol, of methyl and ethyl esters, respectively.
turally dependent reaction pathways initiated by H atom Such modeling may ultimately yield quantitative descriptions
abstractions. of the prevalence of formaldehyde (acetaldehyde) emissions

To analyze important reaction sequences involved in the predicted for biodiesel formulations containing methyl esters
combustion of these two isomeric ester flames, absolute mole (ethyl esters).
fraction profiles are presented for 27 species in low-pressure Lower GHs concentrations compared to hydrocarbon flames
laminar premixed flat flames under identical flame conditions. accounts for the lower benzene formation, while the ethyl group
Isomer-selective photoionization, using monochromated syn- is responsible for the formation of significantly larger concentra-
chrotron radiation coupled with molecular beam mass spec- tions of G, and G species for ethyl formate than from methyl
trometry, provides the first quantitative observations of the acetate. Direct formation of £, by H-abstraction of a primary
composition of reaction intermediates for laminar premixed alkyl hydrogen from the ethoxy group of ethyl formate, followed by
ester flames. p-scission, is identified as a possible source for this enhancement

With regard to the formation of the regulated pollutants in C, and G species. Kinetic modeling is needed to establish
formaldehyde and acetaldehyde, our results indicate that H-the relative contribution of this process compared with the
abstraction from the methoxy group of the methyl ester (reaction dehydrogenation sequenceHg — C,Hs + H — CoHa + H +
6, parts a and b) leads to preferential formation of formaldehyde, H, following the association of methyl radicals, and the;GH
while H-abstraction from the ethoxy group of the ethyl ester CH, = C,H4 + H reaction, both expected to be more important
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for the methyl acetate flame, which has a larger concentration

of CHjs radicals. Although the growth of soot via the “even
carbon” precursors such aghly and GH3*344is thought to be

substantially less important than the “odd carbon” route centered

on the propargyl radicdk*?the increased £and G intermedi-
ates in the ethyl ester flame may have implications for the

progress of molecular-weight growth and soot formation in ester

combustion.
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