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This work provides experimental evidence on how the molecular compositions of fuel-rich low-pressure
premixed flames are influenced as the oxygenates dimethyl ether (DME) or ethanol are incrementally blended
into the propene fuel. Ten different flames with a carbon-to-oxygen ratio of 0.5, ranging from 100% propene
(¢ = 1.5) to 100% oxygenated fuel (¢ = 2.0), are analyzed with flame-sampling molecular-beam mass
spectrometry employing electron- or photoionization. Absolute mole fraction profiles for flame species with
masses ranging from m/z = 2 (H,) to m/z = 80 (C¢Hs) are analyzed with particular emphasis on the formation
of harmful emissions. Fuel-specific destruction pathways, likely to be initiated by hydrogen abstraction, appear
to lead to benzene from propene combustion and to formaldehyde and acetaldehyde through DME and ethanol
combustion, respectively. While the concentration of acetaldehyde increases 10-fold as propene is substituted
by ethanol, it decreases as propene is replaced with DME. In contrast, the formaldehyde concentration rises
only slightly with ethanol replacement but increases markedly with addition of DME. Allyl and propargyl
radicals, the dominant precursors for benzene formation, are likely to be produced directly from propene
decomposition or via allene and propyne. Benzene formation through propargyl radicals formed via unsaturated
C; intermediates in the decomposition of DME and ethanol is negligibly small. As a consequence, DME and

ethanol addition lead to similar reductions of the benzene concentration.

1. Introduction

Clean-burning renewable oxygenated fuels such as alcohols
(especially ethanol), dimethyl ether (DME), and alkyl esters are
potentially important replacements for conventional gasoline and
diesel fuels, which may reduce dependence on imported
petroleum and decrease net greenhouse-gas emissions. For
economic and technical reasons, these alternative fuels are more
commonly used as fuel additives rather than pure fuels. For
such blended fuels both the chemistry of the neat hydrocarbon
and oxygenated fuels and chemical interactions that influence
the composition of reaction intermediates stemming from these
fuel sources are of interest.

From the chemical point of view, there is an urgent need to
(1) define the key reaction mechanisms responsible for observed
reductions in polycyclic aromatic hydrocarbons (PAH), par-
ticulate matter, unburned hydrocarbons, and carbon monoxide
when oxygenated fuels are used as replacements for conven-
tional fuels,'® and (2) understand the processes leading to
potential increases in the emissions of other regulated hazardous
air pollutants including aldehydes (formaldehyde, acetaldehyde,
propanal), and 1,3-butadiene that may originate from the use
of oxygenated fuels.
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The observed reduction in PAH’s is currently explained as
follows: In the absence of sufficient oxygen, much of the carbon
content of a fuel is invested in the small unsaturated hydrocar-
bons acetylene, ethylene, propene, allene, propyne and cyclo-
pentadiene, which, in reactions involving numerous resonantly
stabilized C3H,, C4H, and CsH, radicals, form aromatic and
polycyclic aromatic species.!"’~!5 Part of the carbon content of
an oxygenated fuel additive is contained in robust carbon—oxygen
bonds that are preserved during ignition and burning. That
portion is therefore unavailable for the formation of unsaturated
hydrocarbon precursors to the formation of PAH and particulate
matter (PM).1-16:17

Numerous modeling and experimental studies, ranging from
engine studies to laboratory flames, have shown that the structure
of a given oxygenated additive may strongly influence its
effectiveness in reducing aromatics formation."'8-24 For the
laboratory studies, the results are also influenced by the choice
of the base fuel and the flame configuration, i.e. by choice of
premixed or nonpremixed conditions and pressure range.!->-28

The present work is concerned with fuel-specific changes in
the composition of reaction intermediates in a low-pressure
premixed propene flame with the addition of DME or ethanol.
The main objectives are to trace the effect of ethanol and DME
addition on the concentration of benzene and its precursors, and
to identify potential oxygenated pollutants such as aldehydes.
Figure 1 summarizes schematically the distinct fuel destruction
pathways of each fuel component and the anticipated interactions
with the common species pool. Solid arrows indicate well-
established pathways,'? 13181921 while broken arrows represent
additional reactions that may be important for benzene and
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Figure 1. Schematic overview of distinct fuel destruction pathways
of propene, ethanol, and dimethyl ether and the interactions with the
common species pool (circle). Solid arrows are well-established
pathways, while broken arrows indicate potential interactions.

aldehyde formation in the blended fuel flames. The encircled
common species pool is fed in different ways by reactions
dominant for the individual fuels. A description of possible
interdependencies between the chemistries of the mixed fuel
components that influence the composition of this pool requires
detailed kinetic modeling, which is beyond the scope of the
present study.

A fuel-rich propene base flame is chosen for these studies
because of its propensity for the formation of soot precursors
and of the well-documented reaction kinetics for the oxidation
of propene.?®-32 The combustion kinetics of both DME and
ethanol fuels have been extensively studied.!1819:21.22,33-35
Because DME and ethanol are isomers, the stoichiometries of
flames fueled by equivalent blends of DME/propene and ethanol/
propene are identical. Furthermore, flame temperatures of
corresponding flames are comparable, thus allowing the elucida-
tion of fuel-specific reaction pathways by simple comparison
of species mole fraction profiles. An understanding of the
combustion kinetics of all fuel components is a prerequisite for
future modeling studies of the blended flames, which can
provide a quantitative interpretation of the data presented here.

In this study, flame temperature profiles and mole fraction
profiles for ca. 30 species for five propene/DME and five
matching propene/ethanol fuel mixtures containing 0, 25, 50,
75, and 100% DME (ethanol) are measured in low-pressure (40
mbar) premixed flat flames using flame-sampling molecular-
beam mass spectrometry (MBMS). The carbon-to-oxygen (C/
O) ratio is fixed at 0.5 for all ten flames. Thus, it is possible to
observe the decreases in Cg¢Hg and numerous unsaturated
precursors to PAH formation when a progressively larger
fraction of the available carbon resides in the oxygenated
additives. In a related study, Kohse-Hoinghaus et al.?? inves-
tigated the influence of ethanol on a low-pressure premixed
flame of propene at a fixed C/O ratio of 0.77 at 50 mbar. The
flame conditions in the present study are not as fuel-rich as those
investigated earlier; however, they allow a full substitution of
propene by both oxygenates, while in the earlier study?? only
15% ethanol could be added to the base flame.

2. Aspects of Flame Kinetics of DME, Ethanol, and
Propene

To guide the interpretation of the experimental results
presented in this paper, in this section we refer to some features
of the principal reaction mechanisms of the three individual fuels
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under typical low-pressure premixed flame conditions. Reaction
path analyses for the combustion of DME or ethanol!8:19-22:33
reveal different formation routes to aldehydes and C, species.
2.1. Some Features of DME Combustion. DME is de-
stroyed through H-abstraction by reactions with radicals R

CH,OCH, + R = CH,OCH, + RH )

forming the methoxymethyl radical, which dissociates predomi-
nantly by [-scission to form methyl and formaldehyde:

CH,OCH, = CH, + CH,0 )

Reaction 2 is considered a primary source of CH3 and CH,O.
Ethylene is primarily formed in a sequence involving methyl—
methyl recombination to form ethane,

CH; + CH; (+M)=C,H, (+M) 3)
followed by hydrogen abstraction to form the ethyl radical
C,H,+R=C,H; + RH 4)
and ethyl decomposition by S-scission
C,H;=CH,+H 5)
Consumption of CHj by the reaction sequence 6—8
CH, + OH='CH, + H,0 (6)
'CH, + M=°CH, + M (7)
CH, +°CH,=C,H,+H ®)

may also yield C,Hs. Ethylene can be converted to acetylene
by hydrogen abstraction:

C,H, + R=C,H, + RH 9)
C,H,=C,H, +H (10)

Under low-pressure premixed flame conditions, we expect the
carbon flux from DME toward C; species including C;Hs, CoHa,
C,H; and C,H; by reactions 3-10 to be less likely than its
conversion to formaldehyde and formyl intermediates.

2.2. Some Features of Ethanol Combustion. For these
flames we expect ethanol to be primarily destroyed by H-atom
abstractions. These abstractions yield three isomeric forms of
the C;HsO radical, which decompose by the following
pathways:!81° Abstraction of a H-atom from ethanol’s o carbon
yields 1-hydroxy-ethyl radicals which decompose to acetalde-
hyde,

CH,CHOH (+M)=CH,CHO + H (+M)  (l1a)

Abstraction of a H-atom from ethanol’s S carbon yields
2-hydroxy-ethyl radicals, which can form ethylene,

CH,CH,OH (+M)=C,H, + OH (+M) (11b)

Hydrogen abstraction from the hydroxyl group yields ethoxy
radicals, which subsequently decompose to methyl and form-
aldehyde,

CH,CH,O (+M)=CH, + CH,0 (+M)  (11c)

The fractional reaction fluxes into these different pathways
depend on the reaction conditions; all pathways are likely to
occur, resulting in significant acetaldehyde and formaldehyde
formation, while some of the CHs formed in reaction 11c may
be converted to C,Hs, C,H4, CoH3, and C,H; by the reactions
3-10. Unsaturated C, species should be more important in
ethanol than in DME combustion because they may be formed
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TABLE 1: Flame Conditions®
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molar reagent composition

fuel oxygen in fuel (% mass) additive propene 0, Ar equivalence ratio
100% propene (base flame) 0 18.75% 56.25% 25% 1.50
25% DME; 75% propene 9.3 5.18% DME 15.52% 54.3% 25% 1.57
50% DME; 50% propene 18.2 11.55% DME 11.55% 51.9% 25% 1.67
75% DME; 25% propene 26.7 19.55% DME 6.55% 48.9% 25% 1.80
100% DME 34.8 30% DME 45% 25% 2.00
25% ethanol; 75% propene 9.3 5.18% ethanol 15.52% 54.3% 25% 1.57
50% ethanol; 50% propene 18.2 11.55% ethanol 11.55% 51.9% 25% 1.67
75% ethanol; 25% propene 26.7 19.55% ethanol 6.55% 48.9% 25% 1.80
100% ethanol 34.8 30% ethanol 45% 25% 2.00

@ For all flames, the pressure is 40 mbar, C/O ratio is 0.5, and cold (300 K) flow velocity is 65.6 cm/s.

directly from the fuel molecule through reaction 11b. Reaction
path analyses!819-2233 indicate that, under typical low-pressure
premixed flame conditions, the yield of CHj3 in an ethanol flame
by reaction 1lc should be substantially less than the CHj
produced by reaction 2 for an equivalent DME flame.

2.3. Some Features of Propene Combustion To Form
Propargyl and Benzene. This work suggests that reductions
in PAH and PM emissions when a portion of a hydrocarbon
base fuel is replaced with an oxygenated additive are caused
by the greater propensity for the formation of benzene and its
precursors by the hydrocarbon than by the additive. While
relatively small concentrations of C3;Hjz are expected to be
formed indirectly through the reactions®

'CH, or °’CH, + C,H,==C;H, + H (12)

in DME and ethanol flames, the propene base flame should be
a more important source of propargyl in the mixed-fuel flames
studied here. Propargyl may be formed more directly in propene
flames” by hydrogen abstraction from propene to form allyl

C;Hy; + R=C;H; + RH (13)
from allyl to give allene and propyne
C;H; + R==C;H, (allene and propyne) + RH  (14)
and from allene and propyne to yield propargyl
C,H, (allene or propyne) + R==C;H, + RH
(R=H, OH, O) (15)

Benzene formation in low-pressure fuel-rich premixed propene
flames has been extensively studied®—3? and discussed.’® The
recombination of propargyl radicals is considered to be the major
source of benzene formation. Three important product channels

for the C3H3 + C3Hj; reaction may contribute to benzene:3%11-13
C,H,; + C;H;==benzene (16)

C,H; + C;H;==fulvene (17

C,H; + C;H; == C,H; + H=benzene (18)

Fulvene is converted to benzene by H-assisted isomerization:3’

fulvene + H==benzene + H (19)

Another significant source of benzene in propene flames is the
reaction!3-38:39

C,H, + C;H = fulvene + H + H (20)

In addition, reactions of C4Hs and C4Hs with acetylene can yield
benzene!4404! and could potentially provide a route to benzene
formation sensitive to changes in C;H, and C4H, mole fractions
in the species pool of a doped flame.

While these considerations highlight some major reaction
channels for each of the three fuels individually, the importance
of any of these pathways in the blended flames studied here
will have to await the results of detailed kinetic modeling. The
background given above is helpful, however, in interpreting
the present experimental results.

3. Experimental Procedures

Premixed laminar flat flames of DME/propene and ethanol/
propene fuel mixtures are investigated using two different
molecular-beam mass spectrometers. Flame conditions are given
in Table 1. Isomer-specific photoionization molecular-beam
mass spectrometry (PI-MBMS) measurements for both flame
sets are performed using tunable vacuum-ultraviolet synchrotron
radiation at the Chemical Dynamics Beamline (9.0.2) of the
Advanced Light Source (ALS) at the Lawrence Berkeley
National Laboratory. This facility is currently used for PI-
MBMS studies of flame chemistry,*?> reaction kinetics** and
cluster formation.*** All of these research fields depend on
measurements of ionization energies, photoionization efficien-
cies,** and absolute photoionization cross sections.” The
ethanol/propene flames are also studied using an electron
ionization molecular-beam mass spectrometer (EI-MBMS)
system at Bielefeld University.2* In both instruments, the flames
are stabilized on movable water-cooled McKenna-type burners
(6 cm diameter) at 4.0 kPa (40 mbar). Samples of the flame
gases are withdrawn by quartz sampling cones and expanded
to 107* mbar. The sampling cones had orifice diameters of
approximately 0.25 mm and cone angles of 40°. The center of
the molecular beam is extracted by a skimmer and ionized at
107® mbar. PI-MBMS measurements were performed using
tunable radiation over the range from 8 to 17 eV, with, for these
experiments, an energy resolution of 40 meV (fwhm) and a
typical photon current of 5 x 103 photons/s. A silicon
photodiode, with its quantum efficiency (electrons/photon)
calibrated (NIST) for photon energies from 8§ to 17 eV, records
the variation in photon current with photon energy and time. A
linear time-of-flight mass spectrometer yields a mass resolution
of m/Am = 400. Detailed experimental procedures are given
elsewhere.?03342 In the EI-MBMS measurements, a pulsed
electron beam (~10° electrons/pulse) of nominally 10.5 eV (2.4
eV fwhm) and a reflectron time-of-flight mass separator (m/
Am = 4000) are used.

Flame temperatures are measured in separate experiments
conducted at Bielefeld University using laser-induced fluores-
cence (LIF) of seeded NO (0.5%), as described elsewhere.*
The LIF signal is recorded after excitation of the A-X (0,0)
band near 225 nm under reference flame conditions unperturbed
by the sampling cone. The probable uncertainty in temperatures
is £100 K.
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TABLE 2: Photoionization Cross Sections o(E) and Mass
Discrimination Factors D(M)

Wang et al.

TABLE 3: Electron Ionization Cross Sections g(70eV)

Cross section

M species cross sections o(E) D(M) M species o(70 eV)s reference species”
15 CH;“ 7 (11.5) 0.40 15 CH* 3.81 CH,
16 CH,* 5(13.2) 0.43 16  CHy 4.04 direct
18 H,0¢ 7.6 (13.2) 0.48 26  CHy 4.40 direct
26 CHy! 39 (13.2), 18.25 (11.5) 0.66 28  CHy 5.74 direct
27 C,H5¢ 11 (10) 0.68 30 CH,O' 4.14 CcO
28 C,Hy¢ 8 (11.5) 0.70 30 GCHe* 6.93 C,Hy
29 HCO/ 5 (10) 0.73 39 G3HY 7.57 C3Hg
30 CH,0¢# 10.2 (11.5) 0.75 42 C3H4 (propyne) 7.66 C3Hg
32 CH;O0H 9.6 (11.5) 0.79 43 CiHY 8.45 C3Hg
39 C;H5¢ 9 (10.5) 0.92 44 C,H40¢ (acetaldehyde) 6.96 C,HsOH
40 CH;CCH¢ 42 (11.5) 0.94 50 CHY 8.90 C4Hg
40 CH,CCH," 7 (10) 0.94 52 CHY 9.87 C4Hg
41 C;Hs' 6.2 (10) 0.96 54  CH¢ 10.90 C4Hg
44 CH;CHO/ 9.7 (11.5) 1.01 56  C4Hy 11.74 direct
44 CH,CHOH" 6.4 (10) 1.01 78  CeHd 15.04 direct
d .
2(2) gigid gg 8}2;: gj 88)5) }Ll‘ @ Species were calibrated using either cold gas flow calibrations
54 C,Hgd 11.6 (11.5) 1.17 (direct) or a stable reference species according to Biordi, J. C. Prog.
56 CHg 11 (10.5) 1.20 Energ. Combust. Sci. 1977, 3, 151.  Joshipura, K. N.; Yinodkumar,
58 CH;COCHy? 112 (10.5) 1.26 M:; Patel, U. M. J. Phys. B 2001, 34, 50_9. ¢Qrient, O. J.;
66 C5Hf,k : 28 (10.5) 133 Srivastava, S. K. J. Phys. B 1987, 20, .392.3. 4 Fitch, W. L.; Sauter,
78 CeHg? 39.2 (11.5) 1.45 A. D. Anal. Chem. 1983, 55, 832. ¢ Nishimura, H.; Tawara, H. J.

@ Taatjes, C. A. Unpublished measurements. *» Wang et al., ref 47.
¢ Katayama, D. H.; Huffman, R. E.; O’Bryan, C. L. J. Chem. Phys.
1973, 59, 4309. “Cool, T. A.; Wang, J.; Nakajima, K.; Taatjes,
C. A Mcllroy, A. Int. J. Mass Spectrom. 2005, 247, 18.
¢ Robinson, J. C.; Sveum, N. E.; Neumark, D. M. J. Chem. Phys.
2003, 719, 5311. / Estimated. ¢ Cooper, G.; Anderson, J. E.; Brion,
C. E. Chem. Phys. 1996, 209, 61. " Cool et al., ref 51. ' Robinson,
J. C.; Sveum, N. E.; Neumark, D. M. Chem. Phys. Lett. 2004, 383,
601. /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; p 97.
K Estimate based on the cross section for 1,3-cyclohexadiene in ref
47. ! Cross sections ¢ in Mb (107'% ¢cm?); photon energies E in eV.

In this paper “distance from burner” is the physical separation
between the tip of the sampling-cone and the burner surface.
Because probe perturbations are most severe very near the
burner, the region from which flame gases are sampled is ill-
defined and ion signals recorded for probe—burner separations
less than 1—2 mm are difficult to interpret. For this reason data
points for “distance from burner” values less than about 2 mm,
although included in our figures, should be disregarded in
comparisons with modeling predictions.

Species mole fraction profiles from PI- and EI-MBMS data
are calculated using data-reduction methods described in detail
elsewhere.20-2430.33 The photoionization cross sections and mass
discrimination factors needed in this analysis are given in Table
2; electron-ionization cross sections can be found in Table 3.
The uncertainties in absolute mole fractions for the major species
(H,, H,0, CO, O, Ar, CO,, C3Hg, Co,HgO) are estimated to be
+15—20%. The estimated error in the mole fractions for
intermediates ranges from £30% for the major intermediates
(C,Hy4, C,H,, CHy4, CH,0, CH3CHO) to a factor of 2—3 for
minor species present in the smallest concentrations. The peak
mole fractions for intermediates measured by EI-MBMS differ
by not more than a factor of 3 from the corresponding PI-MBMS
results. This is satisfactory agreement, given the experimental
uncertainties. Peak mole fractions of the species in all flames
are summarized in Tables S1—S3 of the Supporting Information.

4. Experimental Results and Discussion: Flame Species
Composition and Pollutant Formation

Mole fraction profiles of ca. 30 flame components are
measured for the series of 10 flames ranging from m/z = 2 (Hy)

Phys. B 1994, 27, 2063. /Lias, S. G.; Bartmess, J. E.; Liebmann,
J. F.; Holmes, J. L.; Mallard, W. G.; Levin, R. D.; Kafai, S. A. Ion
energetics data, NIST Standard Reference Database 69; Lindstrom,
P. J., Mallard, W. G., Eds.; June 2005, National Institute of
Standards and  Technology,  Gaithersburg  MD, 20899
(http://webbook.nist.gov). ¢ Cross sections ¢ (1071¢ cm?).

to m/z = 80 (CeHg). Only the profiles that are thought to be
most relevant to fuel destruction and pollutant formation are
discussed in this section; other profiles are available as additional
Figures S1—S21 in the Supporting Information.

4.1. Major Species. The major species mole fractions and
the temperature profiles for the 50% DME(ethanol)/50% propene
flames are compared in Figure 2. The figure on the left shows
PI-MBMS data for the DME/propene flame, and the graph on
the right compares PI-MBMS and EI-MBMS data for the
ethanol/propene-fueled flame. The observed systematic discrep-
ancies between the completely independent PI-MBMS and EI-
MBMS measurements may be attributed to different burner
materials (stainless steel at the ALS and bronze in Bielefeld)
and other instrumental error sources (different equipment
including flow controllers etc.). However, both data sets agree
well within the given uncertainties (~20%).

The mole fraction and temperature profiles demonstrate that
flame conditions for the two fuel isomers are quite similar. A
comparison of all fuel mixtures (Figures S-1 to S-5 of the
Supporting Information) reveals that the observed decreases in
temperature with increasing concentrations of fuel additive are
almost identical for the two sets of DME/propene and ethanol/
propene flames and small enough to enable valid interpretations
of differences in the compositions of intermediate species in
terms of fuel-specific reaction mechanisms rather than purely
thermal effects.??

In accord with the constant C/O ratio in all flames, the mole
fraction ratios of CO to CO; in the postflame zones do not
change significantly when propene is progressively replaced by
DME or ethanol. However, because the equivalence ratios
increase with increasing additive concentration in the fuel
mixtures (cf. Table 1), the H, mole fraction in the postflame
zones also increases as more propene is replaced by additive.

4.2. Composition of the Intermediate Species Pool. In this
section we present and discuss observed fuel-specific differences
in the mole fraction profiles of the intermediate species pool,
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Figure 2. Major species mole fractions for 50%-DME/50%-propene and 50%-ethanol/50%-propene flames. For the latter, the PI-MBMS results

are compared with EI-MBMS measurements.

which are quite pronounced in contrast with the similarity
observed for the major species profiles.

Methyl and methane are among the key reaction intermediates
present in significant concentrations in all flames; mole fraction
profiles for CHz and CHy are presented as Supporting Informa-
tion (Figures S-6 and S-7). Both species are more prominent,
by about a factor of 2, in the neat DME flame than in the neat
ethanol flame. This conforms to the expectation that methyl
formation by direct decomposition of DME through reactions
1 and 2 dominates methyl formation in the ethanol flame from
B-scission of CH3CH,O (reaction 11c). Both CH3 and CHy
participate in numerous formation and removal reactions. The
CHj3 concentration is nearly constant as propene is replaced by
DME additive, but clearly decreases with increasing ethanol
additive (cf. Figure S-6). The CH4 concentration increases with
the replacement of propene by DME, but does not show a clear
trend when propene is replaced by ethanol (cf. Figure S-7).

Figure 3 compares the mole fractions for the stable unsatur-
ated C; species C;H4 and C,H, for DME/propene and ethanol/
propene flames. To discover trends with increasing propene
replacement, the peak mole fractions are normalized to the
observed maximum for the respective species. These results are
shown as insets in Figures 3, 5-8. The solid lines placed with
these normalized mole fractions are the best linear fits to the
PI-MBMS data. The triangles in Figures 3, 5-8 are the
normalized peak mole fractions measured by EI-MBMS, avail-
able for the ethanol/propene flames, shown for comparison with
the PI-MBMS results. Inspection of the peak mole fractions of
C,H,4 and C,H, shows that decreases in C, concentrations with
oxygenate addition are indeed almost linear. Both C,H, and
C,H; are important intermediates in the neat propene flame.
The replacement of propene by DME and ethanol leads to a
decrease in the peak mole fractions of C;Hs and C,H», and this
decrease is more pronounced in the DME-doped flames. A
plausible explanation is the direct decomposition of ethanol via
reaction 11b to form C,H4, while the C—O—C backbone in

DME precludes such direct C,-forming pathways. Apparently,
the recombination of methyl radicals, which are present in larger
concentrations in the DME-doped flames, and subsequent
dehydrogenation via reactions 3—5 and the methyl consumption
sequence 6-8 are less effective formation pathways to CoHy
and C2H2.

It is possible, in principle, to measure C,Hg mole fractions
distinguished from CH»O with photoionization efficiency (PIE)
measurements for m/z 30 combined with an ion signal
measurement at 12.3 eV for m/z = 30.* The situation is
illustrated in Figure 4, which displays a PIE spectrum obtained
2.9 mm from the burner for the neat propene flame of Table 1.
The ion signal rises rapidly from the ionization threshold for
CH;O (IE = 10.88 eV), reaches a plateau near 11 eV and then
increases gradually to the onset of photoionization from C,Hg
above 11.5 eV. At higher energies the ion signal is a superposi-
tion of contributions from both molecules. The dashed line of
Figure 4 gives a reasonable lower bound on the contribution
from CH,0 to the superposition of signals from CH,0O and C,Hg.
However, because of uncertainty (20%) in the photoionization
cross section for CH,O at 12.3 eV and because the C;Hg" signal
contribution is much smaller than that from CH,O", mole
fractions of C,Hg are difficult to determine accurately with PI-
MBMS.?? The measurements give only an upper bound of 1.3
x 1073 for the maximum mole fraction of C,Hg as indicated in
Table S-2 of the Supporting Information. Fortunately, in the
present work, the better mass resolution of EI-MBMS permits
separation of both signals as shown in the inset of Figure 4.
These measurements yield a calculated value of 6.4 x 10~ for
the maximum C,;Hg mole fraction (cf. Table S-3) for the neat
propene flame of Table 1.

Very weak signal levels and interferences from fragmentation
make C,Hs, C,Hs, and HCO difficult to observe. Figures in the
Supporting Information present C;Hg, CoH3 and HCO data for
the ethanol-doped flame series.
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Figure 3. Ethylene and acetylene mole fraction profiles for DME/propene and ethanol/propene fuel mixtures.
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Figure 4. Photoionization efficiency curve for m/z = 30 in the neat
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identified. The inset shows their individual contributions at high mass
resolution recorded with the EI-MBMS instrument.

The mole fraction profiles for C4H,, C4Hs, C4He (identified
as 1,3-butadiene) and C4Hg all decrease monotonically at
comparable rates with increasing concentrations for both
oxygenated additives. 1,3-Butadiene is considered a potential
air toxin. Its concentrations for both the 100% DME and 100%
ethanol flames are below 200 ppm. In these flames, the Cq4
species are formed by recombination reactions of smaller
hydrocarbon intermediates. Since nearly all of these species
show decreasing mole fractions, the decline of C4H, concentra-
tions is not surprising. CsHa, CsHs, CsHg, and CsHj, all seen
in trace concentrations near the limits of detection, also diminish
in a similar fashion with increased oxygenated additive in the
fuel mixture. The Supporting Information provides figures for
most C4 and Cs species detected here.

4.3. Influence of DME and Ethanol Addition on Forma-
tion of Benzene and Its Precursors. As summarized in section
2, allene and propyne are likely to be formed by consecutive
H-abstraction from the fuel in the propene base flame. Both
C3H, isomers are precursors for the resonantly stabilized radicals
propargyl CsH3 and allyl C3Hs, which themselves are thought
to play key roles in the formation of the first aromatic ring
(benzene) in flames of aliphatic compounds.!>!13-2° The experi-
mental mole fraction profiles of C3Hs, C3H4, C3Hs, and CgHp
are summarized in Figures 5-7.

These Cs intermediates and benzene are significantly dimin-
ished as propene is replaced by DME or ethanol. The maximum
mole fractions for C3Hs, CsH4, C3Hs, and C¢Hg decrease almost
linearly down to the detection limit. Both oxygenated additives
produce comparable reductions, as indicated by the nearly
identical slopes of the linear fits shown in the insets of Figures
5 and 6. EI-MBMS measurements of the summed concentrations
of propyne and allene isomers are in excellent agreement with
the PI-MBMS results (Figure 6).

Modeling studies show that, in neat propene flames, benzene
is nearly exclusively formed by propargyl recombination and
with possible minor contributions from C3;Hj3 + CsHs (reaction
20).2%3 Through the reaction sequence 16-18, detectable
amounts of benzene are readily formed in the neat propene
flame. On the other hand, the benzene concentrations are below
the detection limit in the neat oxygenated flames, indicating that
neither C; recombination reactions®!!-13 nor any other benzene
formation pathways (C4 + C)**#! are of significance.

The observed similar decrease in mole fractions of Cs species
and benzene are in accord with the following assumptions: (a)
Benzene is mainly formed through routes involving Cs species,
which themselves are directly linked to the propene destruction
by H-abstraction through reactions 13—15. (b) All other plausible
reactions (e.g., reaction 12) toward C; formation arising from
interactions within the complex species pool do not form
significant amounts of those intermediates under these flame
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Figure 5. Propargyl and allyl radical mole fraction profiles for DME/propene and ethanol/propene fuel mixtures.

conditions. (c¢) There are no other important reaction pathways
to benzene favored by changes of the C, and Cjs species
concentrations in the species pool upon addition of oxygenates.
These conclusions are supported by the similar reductions of
the concentrations of benzene and its precursors through both
DME and ethanol addition.

The influence of DME and ethanol addition on the formation
of benzene, PAH’s and their precursors has been the subject of
several earlier studies.'®!”-22 For example, the measurements
of Miyamoto et al.’> and the modeling results of Curran et al.?!
and Westbrook et al.! indicate that the concentrations of soot
and its precursors decrease monotonically as the mass fraction
of oxygen in the fuel is increased with the addition of
oxygenates. Soot precursors virtually disappear when the oxygen
mass fraction reaches about 30%. According to Table 1, this
requires a propene/oxygenate mixture containing more than 75%
of DME or ethanol. The observed mole fractions for the Cs
species and benzene do indeed exhibit this predicted behavior,
reaching levels near the detection limits when the oxygenate
exceeds 75% of the fuel mixture.

The modeling results of Song et al.?? predict DME to be more
effective than ethanol in reducing aromatic species when added
to an ethane base flame. While this prediction is valid for their
ethane flame, the situation is different in the propene base flame
studied here, where the dominant precursor to benzene formation
is propargyl rather than unsaturated C, species.

Wu et al.'®!7 performed experiments and modeling to
document the reductions in PAH’s when ethanol or DME is
added to a premixed ethylene base flame. The modeling
provided a comprehensive description of the precursor reaction
pathways leading to the formation of PAH for ethanol/ethylene/
air mixtures and DME/ethylene/air mixtures of 5 and 10%
oxygen mass fractions. Although detailed profiles of intermedi-
ate species concentrations were not measured, it was concluded
that the formation of CO from the oxygenated additives reduced
the carbon available for the formation of aromatic precursors,

in agreement with the present experimental measurements and
previous modeling studies.

McEnally, Pfefferle, and co-workers>~?7 have extensively
studied the influences of the chemical structures of oxygenated
fuel additives on the formation of benzene and benzene-
precursors in nonpremixed methane/air flames doped with a
variety of fuel additives (alkyl esters, butanols, alkyl ethers).
The composition of reaction intermediates in these flames is
strongly influenced by the destruction kinetics of the oxygenate
just as for premixed flames, but for these nonpremixed flames
unimolecular fuel decomposition processes dominate the H-atom
abstraction reactions primarily responsible for fuel destruction
in premixed flames. Unimolecular decompositions of these fuel
additives yield substantial concentrations of alkenes (e.g.,
propene, butene) that act as important benzene precursors. As
a result the presence of oxygenated fuel additives in nonpre-
mixed flames increases the formation of aromatics?>~?7 in direct
contrast to observations in premixed flames and diesel engine
studies.! This important difference was definitively demon-
strated by McNesby et al.,? who studied soot formation in
opposed flow ethylene/air diffusion flames to which ethanol was
added to either the fuel or the air streams. Their experiments
and modeling confirmed that when ethanol is added to the fuel
stream, pyrolytic decomposition of ethanol results in increased
soot production, in contrast to reductions observed when ethanol
added to the air stream is primarily destroyed by H-atom
abstraction reactions.

4.4. Additive-Specific Production of Oxygenated Air Pol-
lutants. Complex tradeoffs exist between the potential benefits
that oxygenated fuel additives provide in reducing emissions
of particulate matter and PAH on the one hand, and potential
increases in harmful emissions of aldehydes on the other.!349-0
This is an issue that has received relatively little attention with
the current widespread interest in the use of ethanol to reduce
global warming and limit dependence on petroleum-based fuels.
In particular, acetaldehyde and formaldehyde, prominent features
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Figure 6. Allene and propyne + allene mole fraction profiles for DME/propene and ethanol/propene fuel mixtures. For the ethanol-doped flames,

the PI-MBMS results are also compared with EI-MBMS data.

DME Addition Ethanol Addition
—- 0% DME —&h—25% DME ~ —¢— 50% DME —- 0% EtOH  —d—25% EtOH  —fe— 50% EtOH
50055 —@— 75% EtOH
. T T T T T T T T T ] T T T T T T T T T T T
(a) Benzene | + (b) Benzene |, = i

0.00010 ] 510 ] Eio
= gn.a -.- § 08 ]
£ 0.00008 %U_E ] gn_a
E §u.4 é 04 1
% 0.00006 - 202 1 go2 B
E “oo ] ) Foo
8 000004 ] 25 50 75 1 25 50 75 100
8 - Propene Fuel Replacement (%) E . Propene Fuel Replacement (%) -
@

0.00002 - &

0.00000 . | T ; = 3 -

1 0 1 2 3 4 5 € 7 8 9 10 11 12

¢ 1 2 8 4 B € 7 ‘& @ 10
Distance from Burner (mm)

Distance from Burner (mm)

Figure 7. Benzene mole fraction profiles for DME/propene and ethanol/propene fuel mixtures. No measurable contributions to C¢Hg formation

from the presence of either oxygenated additive are observed.

in the combustion of ethanol and DME, respectively, can cause
very serious public health and environmental problems. For this
reason, the changes in the concentrations of these aldehydes
caused by replacement of propene with DME (ethanol) are
presented and discussed in detail.

Figure 8 displays the CH,O and CH3CHO mole fraction
profiles for all 10 flames. The EI- and PI-MBMS data for the

ethanol-doped flames are in reasonable quantitative agreement.
CH,O0 is more prominent in the DME-doped flame series, while
CH3CHO concentrations are higher in the ethanol-doped series.
To facilitate an easy comparison of the profiles, mole fractions
of CH;O in the ethanol-doped flame are multiplied by a factor
of 4 and mole fractions of CH3;CHO in the DME-doped flame
are multiplied by a factor of 10. An increase in the formaldehyde
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mole fraction is observed upon replacement of propene by either
DME or ethanol. This effect is much larger in the DME-doped
flames. Figure 8a displays a maximum mole fraction of 2.7%
formaldehyde for a 100% DME fuel, a value about 5 times that
for the propene base flame. This compares with a maximum
0.7% formaldehyde mole fraction for a 100% ethanol fuel.
Reactions 1 and 2 are likely to be responsible for the observed
increase in formaldehyde for the DME additive. Under the
present flame conditions, this reaction sequence presents the
major oxygenate fuel consumption route.'®1922.33 The smaller
increase of the formaldehyde concentrations in the ethanol-doped
flames can be attributed to 3-scission of the CH3CH,O formed
by the hydrogen abstraction from ethanol, reaction 1lc. H-
abstractions at the a- and S-positions of CH;CH,OH lead to
two other C,HsO isomers, reactions 11a and 11b, which do not
contribute immediately to the CH,O formation.

Reaction 1la, which leads directly to the formation of
acetaldehyde, is likely to be responsible for the observed steeply
rising CH3;CHO mole fraction in the propene/ethanol flame
series. Acetaldehyde, which was unambiguously separated from
ethenol contributions,'”2 increases more than 10-fold to a
concentration of about 1.6% as the propene is replaced by
ethanol in ethanol/propene mixtures. This large increase in
acetaldehyde concentration is consistent with studies of the
influence of ethanol-blended fuels in automobile tailpipe emis-
sions.* While acetaldehyde may be a significant product in
ethanol combustion, it is not directly produced by the destruction
of DME. This is corroborated by the data of Figure 8c. The
mole fraction of acetaldehyde decreases monotonically by a
factor of 5 to a value of about 300 ppm as the propene in DME/
propene mixtures is replaced by DME.

A number of recent studies support our current findings.
Formaldehyde and acetaldehyde are key intermediates in low-
pressure flames of DME and ethanol, respectively.?*3? Inter-
mediate aldehyde concentrations are usually high in all ethanol-
fueled flames, but do not persist into the exhaust gas of the

flames. However, increasing acetaldehyde tailpipe emissions are
detected when operating internal combustion and diesel engines
on ethanol-doped fuels.?>*

5. Summary and Conclusions

The present study provides experimental data to contribute
to the detailed understanding of reaction pathways in fuel blends
of hydrocarbon and oxygenated fuels, which are of perceived
technical relevance. The species mole fractions presented here
will enable tests of modeling predictions for blends of hydro-
carbon fuels and oxygenated additives to assess their emission
potential. Isomeric oxygenated fuels with similar overall
combustion characteristics (i.e., temperature profiles and post-
flame composition) allow qualitative comparisons of the ongoing
flame chemistry. Two series of flames with identical C/O ratios,
ranging from neat hydrocarbon to neat oxygenated fuels, are
used to monitor changes in species mole fraction profiles. The
complementary methods of flame-sampling PI-MBMS with the
ability to identify isomers and EI-MBMS with a high mass
resolution are ideally suited for this task.

This study follows the approach outlined in ref 23 for the
investigation of propene/ethanol blends, and all results presented
there are in excellent agreement with this study. Figure 9
illustrates our observations. It summarizes trends seen in Figures
3, 5-8 and in the Supporting Information for mole fraction
changes of most species when replacing propene with ethanol
or DME. Mole fraction ratios are depicted, where all peak values
are normalized to those measured in the 100% propene flame.
The top panels of the graph provide the observed trends for
important hydrocarbon intermediates and contrast these with
the trends observed for major oxygenated intermediates in the
two bottom panels. Similar decreases result for the mole
fractions of most families of hydrocarbon species upon gradual
replacement of propene with oxygenated fuel. Therefore, only
averaged data are given in Figure 9a and b to represent CoH,,
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CsH, and C4H, species. The straight lines in all four panels of
Figure 9 are drawn to guide the eye. Key features of the
combustion chemistry of all flames are identifiable in Figure 9.
These features include the following.

(a) The CH3 mole fractions increase when propene is replaced
by DME, consistent with decomposition of DME via reactions
1 and 2. In contrast they decrease upon ethanol addition despite
the possible influence of CHj production by the 3-scission of
CH3CH,0, (11c) believed to be responsible for the observed
increase in CH,O exhibited in Figures 8b and 9d.

(b) For both additives, C;H, and C4H, species decrease with
increasing additive mole fraction, the effect being more
pronounced in the DME-doped flames (Figure 8a) because
ethanol is a greater contributor to the common C, species pool.

(c) C3H, and benzene mole fractions decrease steeply when
propene is gradually replaced by the oxygenated fuels. Con-
sidering the marked decrease of CsHy in comparison to the more
modest decrease of C4H, and C,H, intermediates, the formation
of benzene seems to be dominated, as expected, by reactions
16-20 rather than by reactions of C,H, with C4H,. This
observation agrees with the established benzene formation routes
in propene flames.

(d) The decrease of CsH, and benzene with increasing amount
of additive does not depend on the nature of the oxygenate; in
both sets of flames the slopes of the corresponding plots (Figures
8a and b) are the same.

(e) When DME is added to the propene base flame,
formaldehyde concentrations increase and acetaldehyde con-
centrations decrease by the same factor of 5. This sizable
increase of the formaldehyde concentration is not unexpected,
considering reaction 2, while the decrease in acetaldehyde
suggests that acetaldehyde is primarily formed as a byproduct
of the destruction of propene.

(f) Acetaldehyde increases by a factor of 10 when ethanol
replaces propene in the fuel mixture, while CH,O increases by
only a factor of 1.4. This behavior suggests that, for the ethanol/
propene flames of Table 1, reaction 11la, responsible for the
very large increase in acetaldehyde concentration, is greatly

25 50 75 100
% EtOH
Figure 9. Summary of intermediate mole fraction profiles in DME/propene and EtOH/propene flames.

favored over reaction channel 11c believed to account for the
smaller increases in CH,0.

(g) Despite the increase in equivalence ratio with higher
percentages of oxygenates in the fuel blends of Table 1, benzene
production, which is typically associated with fuel-rich combus-
tion in neat hydrocarbon flames, declines. This observation
demonstrates that fuel-structure-specific chemistry strongly
influences benzene and subsequent PAH formation in blended
flames and therefore that the overall fuel/oxygen equivalence
ratio does not properly characterize the propensity for aromatics
formation in such flames.

In conclusion, the conservation of the C—O bonds of the
oxygenated molecules precludes DME and ethanol from con-
tributing to the formation of benzene, its precursors, and
subsequently PAH’s and soot. Instead, both oxygenated addi-
tives show a high potential to form oxygenated pollutants. The
small number of reaction steps that are necessary to produce
benzene from propene and acetaldehyde or formaldehyde from
ethanol or DME, respectively, ensures that the formation of air
pollutants from a given fuel component of these binary
hydrocarbon/oxygenate fuel mixtures proceeds seemingly in-
dependent of the presence of the second fuel component.
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