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Abstract

Experimental and detailed chemical kinetic modeling has been performed to investigate

aromatic and polycyclic aromatic hydrocarbon (PAH) formation pathways in a premixed,

rich, sooting, n-butane-oxygen-argon burner stabilized flame. An atmospheric pressure,

laminar flat flame operated at an equivalence ratio of 2.6 was used to acquire experimental

data for model validation. Gas composition analysis was conducted by an on-line gas

d
chromatography/mass spectrometer (GC/MS) technique. Measurements were made in the

‘>,,,,. main reaction and post-reaction zones for a number of low molecular weight species,

aliphatics, aromatics, and polycyclic aromatic hydrocarbons (PAHs) ranging from two to

five-fi.wedaromatic rings.

Reaction flux and sensitivity analysis were used to help identify the important

reaction sequences leading to aromatic and PAH growth and destruction in the n-butane

flame. Reaction flux analysis showed the propargyl recombination reaction was the

dominant pathway to benzene formation. The consumption of propargyl by H-atoms was

shown to limit propargyl, benzene, and naphthalene formation in flames as exhibited by the

large negative sensitivity coefficients. Naphthalene and phenanthrene production were

shown to be plausibly formed through reactions involving resonantly stabilized

cyclopentadienyl and indenyl radicals.

Many of the low molecular weight aliphatics, combustion by-products, aromatics,

branched aromatics, and polycyclic aromatics were fairly well simulated by the model.

Additional work is required to understand the formation mechanisms of phenyl acetylene,

pyrene, and fluoranthene in the n-butane flame.
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Introduction

Butane is a naturally Occurnng aIkane that is produced by the fractionation of crude oil in

refinery operations or during natural gas processing. One of the uses of butane is to form

ethylene by thermal cracking [1], which is used as the major feedstock to manufacture

plastics. It can also be dehydrogenated to make 1,3-butadiene which is a precursor to

rubber. Large amounts of n-butane are consumed as fuel or a fuel component in internal

combustion engines, industrial burners, and residential heating. Unlike hydrocarbon fuels

with simpler structures such as methane or ethane, the thermochemical and combustion

properties of n-butane are similar in many ways to more complex practical fuels. In

addition to being a fuel component in gasoline, butane is used to control the volatilhy of the

final product. It comprises about 6 to 8 percent by volume in gasoline and is the second

largest component behind iso-pentane. Liquefied petroleum gas (LPG), which is a mixture

of butane and propane in a typical ratio of 60:40, is being examined as an alternative to

gasoline in motor vehicles. As regulations become stricter, it is possible that LPG will

increase in consumption because of its ability to burn cleaner than gasoline. 13utanesare a

component in natural gas, comprising about 0.4 molar percent average across the U. S.

[2]. N-butane also is contained at an average of 1.7% in refinery fuel gas which is used in

large quantities as a fuel in refineries [3]. Lastly, n-butane is also used in other chemical

operations such as the m&mfacture of acetic acid, maleic anhydride and isobutane and as a

solvent in liquid- liquid extraction of heavy oils in a deasphalting process.

There are fundamental and practical reasons for examining the fuel-rich oxidation

process of n-butane. The reaction sequences that lead to aromatic and polycyclic aromatic

hydrocarbon (PAH) formation within a n-butane flame comprise a very complicated and

poorly understood process. The fused-ring compounds have been suspected to be

mutagenic and carcinogenic in nature and currently their emissions are subject to regulatory

control as mandated by the 1990 Clean Air Act Amendments. It has become necessary to

have a full understanding of the chemistry involved when n-butane is used in combustion
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as regulations on pollutant emissions are becoming stricter. This understanding will allow

industry and regulatory agencies to better evaluate the feasibility and relationship between

the combustion process and pollutant emissions.

Many previous investigations have focused on the formation of aromatics and PAH

in premixed, laminar, fuel-rich flames for aliphatic fuels. Some of these have been

experimental investigations [4-6] while others have combined experiments with chemical

kinetic modeling [7-10], We have recently investigated aromatic and PAH formation in

methane, ethane, ethylene, and propane flames [11-13]. The chemical kinetic mechanism

used in the present study is based on one developed previously to describe these flames.

The important, new features in the chemical kinetic mechanism that we have been

developing in this series of studies include the formation of two-ring and three-ring PAH

via the reaction of resonantly stabilized radicals.

In this work, we have performed an experimental and modeling investigation of a

premixed, rich, Iaminar, n-butane-oxygen-argon flame with the objective of identifying the

important reaction sequences that lead to the formation of aromatics, branched aromatics,

and polycyclic aromatic hydrocarbons. As shown later, the modeling effort performed

fairly well when predicting the aromatic and PAH profiles as measured in the n-butane

flame. In the following sections, the experimental apparatus is described, the chemical

kinetic model is discussed, and the experimental and modeling results are compared.

Experimental

The experimental system has been described in a previous publication [11], and thus, only

a brief summary will be given here. The atmospheric-pressure, premixed, laminar,

flat-flame of 15.67%C4H 10/ 39.64%02/ 45.04%Ar (0=2.6, 9.34E-3 g/cm2-see) mass

flow rate through the burner) was stabilized over a cooled 50 mm diameter porous bronze

burner. The flame was protected from the ambient environment by use of aconcentric



,1 ,{

shield gas stream of argon. Gas sampling was performed using”two quartz microprobe

operated at 50 Torr internal pressure. The two probes differed in orifice diameter so as to

sample gases in the main reaction zone and in the sooty region of the post reaction zone.

This combined sampling approach coupled with the on-line gas chromatograph/mass

spectrometer (GC/MS) gas analysis technique allowed for spatially resolved species

measurements of then-butane flame.

The gas sampling system, which include the probe, silica-lined tubing, and GC

valves were maintained above 300°C and at sub-ambient pressures to minimize the

condensation and/or adsorption of PAHs on surfaces. The sampling system was also

checked for possible catalytic activity at 300°C by passing unburned gas mixtures; none

was observed.

Identification of species were accomplished by matching both the gas

chromatographic retention times to pure components and mass spectral fragmentation

patterns to standard MS libraries. The estimated accuracy for the major species is A15% <

~d ~Q()~ofor tie remaining ones. The relative ionization cross section (IC) method was

~
used to quantify those species whose calibration standards were not available [14]. Those

species whose concentrations were determined by the relative ionization cross section

method were C3H4 (allene and propyne), C4H2 (diacetylene), C4H4 (vinylacetylene),

C4H6 (1,2 or 1,3-butadiene, and 1 or 2-butyne), C4H8 (1 or 2- butene), c-C5H6

(cyclopentadiene), C6H5CH3 (tOhene), C6H5C2H5 (ethylbenzene), C6H5C2H3

(styrene), C6H5C2H (phenylacetylene), CH3C6H4CH3 (o-xylene), C9Hg (indene), Cl

lH1O (methyl napthalene), C12H8 (acenapthalene and biphenylene), C12H1O (biphenyl),

and CI 8H 10 (cyclopenta[cd] pyrene and benzo[ghi]fluoranthene). The uncertainty

attributed to these species measurements is at least a factor of two.

Temperature profiles were measured by using 0.075 mm Pt-Pt/13%Rh

thermocouple wires with a bead diameter of ca. 0.15 mm and were performed immediately

after the concentration measurements. The thermocouple bead was freshly coated by silica
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and vitriiled before each experiment t~ minimize catalysis. The thermocouple was kept in

the flame for as little time as possible to prevent excessive soot buildup. Any accumulated

soot was burned off by moving the thermocouple to the non-sooting region of the flame.

The flame temperature measurements were corrected for radiation losses. We have

assumed an emissivity value of 0.90. This results in a maximum correction in temperature

of ca. 105 K at 1.5 mm above the burner surface. The uncertainty in the flame temperature

is estimated to be A1OOK. The temperature profile used in this flame study is shown in

Figure 1.

Computational Model and Mechanism

The computational model used in this study is the Sandia laminar one-dimensional

premixed flame (CHEMKIN/PREMIX) code [15,16]. The PREMIX code computes the

species profiles for a burner-stabilized premixed larninar flame using the cold mass flow

rate through the burner, feed-gas composition, pressure, and an estimated solution profile

as input. The program can compute the temperature profile however heat losses to the

burner surface and the external environment are unknown, and therefore an experimentally

detemined temperature profile is used as input. The code solves the governing equations

for a steady, isobaric, 1-D burner-stabilized premixed laminar flame by using a finite

difference /modified-Newton method scheme. The numerical computations performed in

this study were carried out using the DEC ALPHA 440 Model series computer.

Thermochemical information was primarily obtained from the Chemkin

thermodynamic database [17-20]. Thermodynamic properties for those species not found

in the literature or the Chemkin thermodynamic database were estimated by group additivity

and difference methods [21-23]. These estimated specific heats, standard state enthalpies,

and standard state entropies data were fitted for the 300K to 1500K temperature range and

extrapolated to 5000K using the Harmonic Oscillator Equation and Exponential Function
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methods in THERM [24]. The THERM program generates the fourteen po~ynofi

coefficients as used in the NASA Complex Chemical Equilibrium program [25]. The

compilation of the thermochemical data in polynomial coefficient form may be obtained

from the corresponding author or the data has been presented elsewhere [11]. Additional w

modified thermodynamic parameters used in this study are given in Table 1.

Transport properties were obtained from the Sandia CHEMKIN transport data base

[28] as found in the TRANDAT file of the Sandia TRANFIT program. Transport

properties for species not found in the database were obtained using methods described by

Wang and Frenklach [29].

The detailed chemical kinetic model was primarily composed of the Miller-Melius

[30] benzene formation submechanism, Tsang’s propane and propene chemical kinetic

reviews [31,32], Pitz-Westbrook n-butane submechanism [33], the Emdee-

Brezinsky-Glassman toluene and benzene oxidation submechanisms [34], and the

Wang-Frenklach HACA reaction set [35] for PAH formation. This chemical kinetic model

@
was used as a starting point for mechanism development. Subsequent changes to the

[, baseline model were made to include new information from the chemical kinetics litera~
1

and the model was extended to allow prediction of methyl-substituted aromatics, and f=

alternative chemical pathways leading to multi-fused aromatic ring structures. The detailed

chemical kinetic model used in this study consists of 680 reactions and 156 species. The

model was previously presented and extended in our earlier experimental and modeling

investigation of premixed methane, ethane, ethylene, and propane burner stabilized flames-

Although these fuel-rich flames are sooting, we have not as yet included a submodel to

treat soot production and destruction. Additonal reactions or modifications to the reaction

rate parameters fkomMarinov[11] are presented in Table 2.

In our earlier studies we had proposed several reaction steps involving the

combination of resonantly stabilized free radicals. Propargyl, allyl, l-methylallenyl, and

cyclopentadienyl radicals were identified as an important aromatic and PAH precursor
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species which eventually lead to benzene, toluene, xylene, naphthalene, and phenanthrene

formation in flames. These resonantly stabilized radicals play an important role in aromatic

and PAH formation as these species can build up in concentration within the flame since

they are relatively resistant to oxidation by 02. In this study, we have continued to

investigate the role of resonantly stabilized radicals in aromatic, branched aromatic and

polycyclic aromatic hydrocarbon formation in a premixed, rich, Iaminar, n-butane-oxygen

argon flame.

Analysis and Comparison of Modeling Results to the Flame Data

The modeling results are compared to the experimental results first for the low molecular

weight species, and then for the aromatic and PAH species. The key chemical

leading to different stable intermediates are identified by reaction flux analysis.

reactions

LUWMolecular Weight Species

The measured and predicted C4H1O, and H20 concentrations are shown in figure

l(a). For distances greater than O.10cm above the burner surface, the model indicated a

faster n-butane consumption rate than indicated by the experiment while the 02 and H20

profiles were fairly well simulated. The n-butane (C4HI()) was primarily consumed by

unimolecular decomposition, C4H10eC3H7+CH3 (approximately 35Yo),and abstraction “

by H-atom, C4H1 o+H-sC4Hg+H2 (approximately 30%), reactions. The remaining

fraction of n-butane was consumed by C4H10-C2HS+C2H5 (approximately 20%) and

C4H10+H-pC4Hg+H2 (approximately 15%). The C4H 10+H*sC4H9+H2 reaction

dominates in the first millimeter of the flame while C4H Ioe nC3H7+CH3 and

C4H1O++C2H5+C2H5 dominates in the remaining portion of the flame. The molecukw

!MY&l (02) was PrimarilY consumed bY HCO+02-CO+H02 and secondarily bY



H+02++OH+0 from the burner surface to O.15cm above the burner surface. For distances

greater than O.15cm, the model showed 02 being consumed primarily by

H+02++OH+0 with secondary consumption contributions due to HCO+02eCO+H02

and C2H3+02e C2H2+H02. The C2H5(+M)- C2H4+H(+M) and HCO+M-

H+CO+M reactions were determined to be the important H-atom sources for 02 removal.

The model well predicted the water (H20) profile in the main and post-reaction zones. The

H20 is fonrted by H2+OH~H20+H, while the H2 needed for H20 production is formed

by C4.HIo+H_pC@19+H2 and C4HIo+HesC4H9+H2 in the main reachon zone and

by C2H4+H-C2H3+H2 in the post reaction zone.

In figure l(b), the measured and predicted CO, C02, and H2 concentrations are

shown. The Q“ was well predicted by the model in the main reaction and post-reaction

zones, and its dominant production source was HCO+MeH+CO+M. Carbon dioxide

(C02) is formed by HCCO+02-C02+HC0 and its concentration profile was over

predicted by a factor of two. Molecular hvdrmzen (H2) measurements show an unexpected

shape and we do not know if the differences between the predicted and measured profilef
4.

shape are of any significance. It must be mentioned that the H2 concentration profile was

calculated based on an H-atom balance, and therefore the accuracy of the H2 profile

determined by this approach is called into question. The H2 profile was determined in this

way due to problems of the peak separation for the molecular hydrogen.

In figure 2(a), the measured and predicted methane (CH4), acetylene (C2H2),

ethylene (C2,H4), and ethane (C2H6) concentrations are shown. The model overpredicted

the methane concentration in the O.15-O.25cmregion of the main reaction zone by a factor

of 1.3 although in the 0.28-O.38cm region the methane profile was well simulated. The

model was unable to predict the apparent ca. 50% drop from its peak concentration in the

post reaction zone. Methane was primarily formed by C2H4+CH3eC2H3+CH4 and

secondarily by CH3+H2=CH4+H. The overall ethane profile was well simulated by the

detailed chemical kinetic model. Ethane is formed by CH3+CH3(+M)-C2H6(+M), and is
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consumed by C2H6+H~C2H5+H2. The ethvlene measurements show a somewhat flat

profile for the first 0.35 cm of the flame followed by a sharp drop off. The model was

unable to predict such a trend and instead showed rapid formation and subsequent

consumption of the ethylene occuring in the first 2.5 millimeters of the flame. The ethylene

is primarily produced by the reaction sequence C4H I o- C2H5+CZH5 followed by

C2H5(+M)_CzH4+H(+h@, and is primarily consumed by C2HA+H&CzH3+Hz. The

model well predicted the acetylene concentrations as observed in the experiment, however,

good agreement was only obtained when the rate constant assignments for C2H3+

OZ+CHZO+HCO, CZH3+OZ+CHZCHO+0 were altered from those used in our

previous modeling work [11]. The newly assigned rate constants may be found in Table 1

and were taken horn our earlier work on ethylene oxidation [64]. These particular rate

expressions were based on the privately communicated QRRK calculation of

Westmoreland [64] for the C2H3+02 reaction system. An adjustment was made to the rate

constant A-factor for C2H3+02~CH2HCO+0 so as to obtain agreement with our earlier

well-stirred reactor ethylene oxidation experiments. The acetylene formation reaction,

C2H3+02-C2H2+H02, that occurs through the chemically activated C2H302* adduct,

was removed from the model since the C2H3+02 metathesis reaction is able to reproduce

the acetylene concentrations seen in our earlier ethylene oxidation work as well as the

present work. Reaction flux analysis indicated that acetylene formation in the region near

the burner surface (e.g., from O.Ocm to 0.20cm) was primarily controlled by

- C2H3+02=C2H2+H02 and secondarily by C2H3(+M)* C2H2+H(+M) and

pC’3H4+HeC2H2+CH3. In the downstream region from 0.20cm above the burner

surface to the end of the computational domain, C2H3(+M)- C2H2+H(+M) was the

primary acetylene production pathway followed by a secondary amount of acetylene

produced by the metathesis reaction, C2H3+02 eC2H2+H02.

In figure 2(b), the measured and predicted C3 H4 (C3H 4 is the sum of

aC3H4(allene) and pC3H4(propyne)), diacetylene (C4H2), and C4H4 (C4H4 is the sum
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of CH2CHCCH and H2CCCCH2). concentrations are shown. The ~~~.concentration

was fairly well predicted across the n-butane flame, although the model was unable to

reproduce the peak location of the C3H4 concentration occurring around 0.35cm. The

C3H4 was produced by the reaction sequence of C4.H10+H~SC4H9+H2, sC4.H9(+M)

eC3H6+CH3(+M), C3H6+H-aC3H5+H2, aC3H5+HeaC3H4+H2, and aC3H4

-pC3H4 as shown in figure 3. ProDene was not detected in this flame, however the

model predicted a peak C3H6 concentration of ca. 0.9$10at O.12cm above the burner

surface followed by a quick decay to 13ppm at 0.50cm in the post-reaction zone. The

fliacetv lene (C4H2) concentrations were underpredicted by approximately one order of

magnitude throughout the flame. We have similarity underpredicted the diacetylene

concentrations by one order of magnitude in our earlier flame modeling studies of methane,

ethane, ethylene, and propane. Effort was made in trying to improve the predicted

diacetylene concentration in this study, but we were unable to model the diacetylene

measured in this flame without greatly overpredicting the diacetylene measured in the rich,

premixed, ethylene flames of Harris [7], and the rich, premixed, acetylene flame of Bastin

[8]. ne diacetylene was predicted to be formed primarily by C2H+C2H2~C4.H2+H and

secondarily by vinyl acetylene dehydrogenation. The experiments showed that the C4.H4

concentration peaked around (1.35cm above the burner surface then decays in the

post-reaction zone. The model predicted the peak concentration of vinylacetylene occurs

earlier, around 0.20cm, then slowly decays in the post-reaction zone. The C4H4

concentration was well reproduced only from O.15-O.20cm and underpredicted in the

post-reaction zone by a factor of 2 to 4. The C2H3+C2H2++CH2CHCCH+H reaction was

the primary route to CH2 CHCCH formation in the n-butane flame, while

CH2CHCCH+HeH2CCCCH+H2 was the primary C4.H4consumption step.

A summary of the low molecular weight aliphatics and combustion by-products

formation pathways is shown in figure 3. The thickness of the arrow represents the relative

importance of the reaction pathways in the overall n-butane rich oxidation scheme. These
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reaction pathways serve as the underlying foundation for aromatic, polyc yclic aromatic

hydrocarbon (PAHs) and potentially soot growth in flames. The principal pathway to the

formation of aromatic precursors in the n-butane flame is represented by the sequence I

pathway. This pathway is deseribed by abstraction by H-atom from n-butane to form the

iso-butyl (sC4H9) radical followed by decomposition to propene and methyl. The propene

is primarily dehydrogenated by H-atoms and leads to the production of resonantly

stabilized allyl and propargyl radicals. These radicals are instrumental to the formation of

aromatics in this flame. The sequence II pathway represents how many of the low

moleeular weight aliphatics and major combustion by-products are formed. The n-butane

decomposes to n-butyl (pC4H9), n-propyl, methyl, and ethyl radicals whereupon the

nbut yl, n-propyl, and ethyl radicals are primarily removed from the flame by

pC4Hg(n-butyl)( +M)#C2H5+C2H4(+M), nC3H7(+M)e C2H4+CH3(+M),

C2H5(+M)eC2H4+H(+M). Ethylene and methane were the primary hydrocarbon

products experimentally observed in the early oxidation stage of the n-butane flame as

confiied by the model. The ethylene conversion to products is complicated by the

multiple destruction routes involving the vinyl radical as shown in figure 3.

Formation Pathways of Aromatics, Branched Aromatics, and PAHs

In this section, we present a road map of how n-butane reacts and leads to the formation of

aromatic and PAH precursor speeies, aromatics, and PAH’s. The reaction flux analysis for

the production and destruction of aromatics and PANs are essentially controlled by

reactions involving the combination of resonantly stabilized radicals, ring destruction by

02, PAH isomerization, and acetylene addition to benzylic radicals. The importance of

these reactions may be summarized by the flow diagrams shown in figures 3, 4, and 5.

The flow diagrams represent the reaction flux analysis of the detailed chemical kinetic

model and identifies the chemical pathways that are believed to be important to aromatic,
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branched aromatic, and polycyclic aromatic hydrocarbon growth and removal in aliphatic

flames.

Figures 4 and 5 illustrates the important chemical pathways that lead to the

production of aromatics and polycyclic aromatic hydrocarbons in the n-butane flame. The

first step is forming the aromatic ring (steps l(b) and l(e)) via resonantly stabilized

propargyl and allyl radicals then activating it by abstracting an H-atom (step l(c)) to form

the phenyl radical or forming phenyl directly from propargyl recombination (step l(b)). The

phenyl is oxidized by 02 to form a phenoxy radical which unimolecularly decomposes to

cyclopentadienyl and CO. This is noted by steps 2 and 3. The resonantly stabilized

cyclopentadienyl radical then self-combines to form naphthalene as shown in step 4 [11,

57, 65-68]. The naphthalene must be activated by H-atom abstraction by H-atom to form

naphthyl (Cl@i17) which is then subsequently oxidized by 02 to form a naphthoxy radical

followed by unimolecuku decomposition to indenyl and CO as noted by steps 5,6, and 7.

The resonantly stabilized indenyl species can combine with a cyclopentadienyl moiety to,

form the 3-fused aromatic ring phenanthrene as shown in step 8 [11]. Anthracene
~

formation occurs by isomerization from phenanthrene [69]. The most important steps

involved in this PAH formation process requires the phenyl (C6H5) and naphthyl (CIOH7)

to be oxidized by 02 (steps 2 and 6). This oxidation process plays an important role in the

PAH growth process under fairly fuel-rich oxidation conditions as well as serving as an

important aromatic and PAH destruction route under fuel-lean oxidation conditions. Our

modeling results have shown that PAH formation is promoted by small amounts of 02

rather than inhibited as previousl y believed based on the hydrogen abstraction - acetylene

addition (HACA) mechanism. This is shown as steps 10 and 11 in figure 4.

Figure 5 illustrates the importance of the acetylene addition to benzylic radicals to

PAH formation. The benzyl radical is formed in step 12 by the combination of propargyl

and l-methylallenyl radicals. The benzyl radical can combine with an H-atom to form



toluene become oxidized by If02, OH, or O-atoms to form benzene. The acetylene

addition to a benzyl radical leads to the formation of a cyclic C5 structure fused to an

aromatic ring (e.g., indene, benz[a]indene) as shown in step 13. This step is important to

the formation of high molecular weight growth compounds in flames, especially in absence

of sufficient Oz to oxidize the naphthyl radical as shown in steps 6 an 7 in figure 4. The

hydrogens found on the sps carbon in the 5-membered ring moeity are very weak and

therefore can be easily abstracted (step 14). The bond dissociation energy for these indylic

C-H bonds is typically 75.Okcal/mol - 79.Okcal/mol [20,70]. Once the H-atom is

abstracted, these indenyl-type compounds can combine with species having the

cyclopentadienyl moiety and form larger polycyclic aromatic hydrocarbons (step 8).

Cyclics, Aromatics, and Polycyclic Aromatics - Modeling Results and Sensitivity Analysis

Benzene The propargyl-propargyl self-combination reaction accounted for approximately

80% of the benzene formed in this flame with the remaining contribution due to the reaction

sequence aC3H5+H2CCCHeFulvene+H followed by conversion of fulvene to benzene

by H-atom catalysis, Fulvene+H=Benzene+H. The model was able to reproduce the

experimental benzene profile fairly well for distances greater than O.15cm above the burner

surface (figure 6(a)). The sharp rise in benzene formation is attributed to the rapid

production of aromatic precursor species from the decomposed butane fuel as noted in

sequence 1 of figure 3. The prdcted benzene concentration levels off in the vicinity of the

peak temperature and slowly rises in the post-reaction zone. The leveling off in the benzene

profile is atrnbuted to the H-atom pool (see figure 11) which consumes propargyl and

benzene by H-atom abstraction reactions thereby limiting the growth of benzene.

Normalized sensitivity coefficients were calculated for propargyl and benzene as

shown in figures 7(a) and 7(b), respectively. A positive sensitivity coefficient value implies

that the reaction enhances the species production rate or slows its destruction rate, while a



negative sensitivity coefficient impiies the opposite. The sensitivity analysis results

indicates that propargyl and benzene production are very sensitive to the H-atom

abstraction reactions of sequence 1 as shown by the reaction flux analysis diagram of

figure 4. The rate coefficient choices for aC3 H 5 + H - a C 3H 4 + H z,

aC3H4+HeH2CCCH+H2, aC3H4+H~HzCCCH+H2, and H2CCCH+H4+ C3HZ+HZ

are very important to aromatic ring growth in the main reaction zone as exhibited by the

sensitivity analysis results. Unfortunately, there is no experimental kinetic rate data for

these H-atom abstraction reactions that could give some indication to the accuracy of rate

constants used in the present model. We have chosen to use the rate constants for these

reactions as advocated by Miller [30] and Tsang [32]. The HzCCCH+HeC3HZ+HZ and

CGH6+H-C6H5+H2 reactions, and phenyl oxidation by 02 to produce phenoxy

(C6H50) and O-atom were determined to be important steps which limits the net

production of benzene (Fig. 7(b)). Interestingly, although the H+OZ+OH+O reaction

exhibited secondary sensitivity to proparg yl production in main reaction zone, it exhibits

extraordinary sensivity to benzene production in the post-reaction zone. This result,

although at first glance may seem a bit peculiar, is explained by noting that H+02WH~

consumes those species (i.e., H-atom and 02) which would otherwise conrnbute to the

destruction of benzene and phenyl (i.e., C6H6+H-C6H5+HZ and

C6HS+OZ*C6H50+O).

Cvclopentad iene The predicted profile for cyclopentadiene is shown in Fig. 6. The

predicted peak concentration (ea. 27ppm) underpredicts the measured peak by

approximately a factor of 2.5. As discussed later, the model predicts a significant peak

concentration of cyclopentadienyl radical of ca. 23 ppm. If these radicals combine with H-

atoms in the sampling line, the measured cyclopentadiene concentration would be

representative of the sum of the radical and the parent. This sum predicted by the model is

shown also shown in Fig. 6 and compares quite well with the measured cyclopentadiene



ccmcentration for the first 0.30 cm of the flame. The model indicates that the peak

cyclopentadiene concentration should occur around 0.25cm which differs from the

experimental measurement determination of 0.35cm. The situation where the daughter

radical species concentration is of the same order of concentration as the parent stable

species occurs only for the parent-daughter pairing of indene and indenyl. Those species

will be discussed later. The same approach of adding the parent concentration to the

daughter is used in this case as well. Reaction flux analysis shows that cyclopentadiene is

primarily formed by the reaction sequence of C6H 5 + O 2e C 6H 50 + O,

C6H50++c-C5H5+C0, and c-C5H5+H-C-C5H6. Sensitivity analysis was applied to the

cyclopentadienyl (c-C5H5) radical due to its importance in the naphthalene production

process as advocated by our earlier work [11].

The normalized sensitivity coefficients for cyclopentadienyl are shown in figure

8(a). The greatest sensitivities are exhibited in the main reaction zone region where the

cyclopentadienyl radical accumulates in concentration due to the reaction sequence of

C6H5+02- C6H50+0 followed by C6H50* c- C5H5+C0. The large negative

sensitivity coefficient exhibited by c-C5H6+HeaC3H5+C2H2 indicates the importance

this reaction has in consuming cyclopentadiene. The C2H3(+M)SC2H2+H( +M),

C2H3+CH3-aC3H5+H, and HCCO+02-HCO+CO+O reactions exhibit negative

sensitivity coefficients primarily due to their abilit y to produce H-atoms which consumes

c-C5H6 in the main and post reaction zones. The H2CCCH+H-C3H2+H2 reaction

exhibits a negative sensitivity coefficient since this reaction consumes propargyl radicals

which prevents benzene/phenyl formation hence cyclopentadiene from forming in the

flame. The methyl radical recombination reaction exhibits a positive sensitivity coefficient

since this reaction removes methyl radicals from the flame which limits propargyl

consumption by H2CCCH+CH3*Products.

Interestingly, the aC3H5+C2H2-c-C5 H6+H reaction shows a slight positive

sensitivity coefficient near the burner surface before the reaction reverses in direction and
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shows a very large negative sensitivity coefficient in the post-reaction zone. The positive

sensitivity coefficient is due to the relatively large amounts of allyl and acetylene produced

near the burner surface. These large concentrations of allyl and acetylene enables this

forward reaction to overcome the ca. 15-20 kcal/mol thermodynamic barrier in the gibbs

free energy change (AG, where AG = -RTln Kwlbm) for the 1lOOK-1300K temperature

range so as to produce cyclopentadiene. The reaction reverses in direction as the

cyclopentadiene and H-atom concentrations increase in the later stages of the main reaction

and post-reaction zones.

~phthalene The key step in the naphthalene production process is phenyl oxidation by

02. This step produces a phenoxy radical which decomposes to c-C5H5+C0. The

cyclopentadienyl radicals self-combine, and then undergo H-atom shifts and two H-atom

ejections leading to naphthalene production. Melius [57] has discussed the reaction

mechanism for the self-combination of cyclopentadienyl radicals leading to naphthalene and

H-atoms formation. We have assigned a global rate constant of 2.00E+13 Exp(-

8000cal/mol/RT) for this reaction basedon the assumption that the ~te limiting step for this

reaction is the 8.0&5.Okcal/mol intrinsic btier height [571 a~buted to the ejection Ofthe

first H-atom from the bicyclopentadienyl adduct. The 1,5-hydrogen shifts in the

bicyclopentadienyl adduct occur fairly rapidly with intrinsic activation energies of ca. 25.0

kcal/mol [57] which are considerably lower than the ca. 60 koal/mol bond dissociation

energy back to reactants. After the ejection of the first H-atom, the l-hydrofulvalenyl

undergoes fairly rapid unimolecular isomerizations to naphthalene+H or H-atom bond

scissioning to fulvalene at these flame temperatures. In the former process, 1-

hydrofulvalenyl isomerizes through a series of resonant stabilizing ring opening and

closing transition states and intermediates on its way to naphthalene+H, and those

intermediates are unlikely to be intercepted. The later process of H-atom bond scissioning
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to fulvalene+H is fast compmed to the channel leading to naphthaiene+H. The fulvalene

will react with H-atom and undergo rearrangement to napthalene+H fairly exothermically.

The measured and predicted naphthalene concentration is shown in figure 6(a).

The model well simulated the naphthalene concentration profile for distances greater than

0.20cm where the agreement was within 20%. The model was unable to correctly predict

the rapid naphthalene formation that occurred near the burner surface. The slow down in

the predicted net naphthalene production rate in the post-flame zone is caused by the

reduced net cyclopentadienyl production rate, and naphthalene consumption by H-atoms in

making naphthyl (C10H7) which is subsequently oxidized by 02. Naphthalene normalized

sensitivity Coefficients were calculated as shown in figure 8(b). The results indicate that the

removal of cyclopentadiene and propargyl radical by H-atoms inhibits naphthalene

production, while reactions which can increase cyclopentadienyl formation (e.g.,

C6H5-I-02*C6H50+O) enhance naphthalene production. The vinyl and formyl radicd

decomposition reactions exhibit a negative sensitivity coefficient since these reactions

provide a source of H-atoms which helps to consume propargyl (e.g.,

H2CCCH+HeC3H2+H2) and cyclopentadiene (e.g., c-C5H6+H +aC3H5+C2H2) and

thus inhibit naphthalene formation.

Toluene. Et -hvl Benzene. Stvrene. and Phenvl Acetv lene The measured and predicted

concentrations of toluene, ethyl benzene, o-xylene, styrene, and phenyl acetylene are

shown in figure 6(b). The toluene (C6H5CH3) measurements show a gradual rise and fall

in the concentration profile with the peak concentration occuring around 0.35cm-O.40cm

downstream of the burner surface. The model was able to reproduce this trend including

the proper prediction of the location for the peak concentration. The model was able to

predict the toluene concentration to within a factor of two for the O.15cm to 0.45cm region

of the flame. Toluene formation occurs by the reaction sequence CH3CCCH2+

H2CCCH~C6H5CH2( benzyl)+H and C6H5CH2+H~C6H5CH3. The resonantly
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stabilized l-methylallenyl (Ck13CCCH2) and propargyl (H2CCCH) radicals reaci in an

analogous manner as to the propargyl recombination reaction, and this leads to toluene

formation without having to form benzene first. The rate constant assigned to

CH3CCCH2+H2CCCH-C6H5 CH2+H was assumed to be of Similar vahe as to

H2CCCH+H2CCCH-C6H5 +H. The gthvl benzene (C6H5C2H5) peak concentration

location was predicted by the model to occur around O.15cm while the experimental data

indicates a fairly flat profile from the burner surface to 0.35cm downstream. The model

fairly well simulated the measured C6H5C2H5 concentration profile to within a factor of

two. s~ (C6H5C2H3) measurements show a peak concentration of ca. loppm

occuring around 0.35crn while the model predicted a peak concentration of ca. 5ppm

around 0.20cm. The difference between the the model prediction and experimental

measurement is most likely attributed to differences shown in the predicted versus

measured ethylene profiles for the n-butane flame. The model was able to predict styrene to

within a factor of two across the flame and fairly well represented the measured styrene

profile. The important styrene formation step in this flame was
j

C6H5+C2H4-C6H5C2H3 +H. Phenyl Acetylene (C6H5C2H) was underpredicted by

approximately a factor of three to four throughout the post-reaction zone with the model

indicating styrene dehydrogenation (i.e., C6H5C2H3+H_ C6H5CCH2+H2,

C6H5CCH2+HHC6H5C2H+H2) as the preferred phenyl acetylene production route. The

C6H5+C2H2-C6H5C2H+H pathway,. which might be expected to produce phenyl

acetylene, was favored in the reverse direction and served as the primary phenyl acetylene

removal step. We have examined the heat of formation assignments for C6H5 and

C6H5C2H and adjusted those values within the limits permitted by the thermodynamics

literature base so as. to assess the sensitivity of the phenyl acetylene prediction to these

parameters. The closest agreement to the phenyl acetylene measurements occurred when

using a heat of formation value of 82kcal/mol for C6H5 [71] and the group additivity

calculated value of 73.9kcal/mol for C6H5C2H [11]. However, this heat of formation
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choice for C6HS did not signiilcantly improve the phenyl acetylene prediction. The phenyl

acetylene heat of formation as used in this study is low compared to the experimentally

determined value of 78.22kcal/mol [72]. If we had used this value then we would have

obtained a slightly poorer phenyl acetylene prediction. Similiar underpredicted phenyl

acetylene concentrations have been shown in our previous modeling works, and we must

conclude that there must exist another phenyl acetylene production route other than the

styrene dehydrogenation reaction sequence to phenyl acetylene as found in the current

model.

n n hr~e n The measured and predicted

concentrations of these species are shown in figure 9(a). The phenanthren Q(C14’H1O)

formation trend was fairly well predicted by the model in the post-reaction zone. The

experimental measurements indicated phenanthrene forming in larger abundance nearer the

burner surface than predicted by the model. Therefore, further work is needed to establish

the phenanthrene formation mechanism. Sensitivity and reaction flux analysis indicated

Indenyl+c-C5H5~ Phenanthrene+H+H in the pre-reaction zone of the flame was the

important phenanthrene formation step. ~ nthrac ene (CI4H 10) formation is thought to

occur by the isomerization of phenanthrene as previously suggested by Colket and Seery

[68] and our earlier modeling studies. The model well predicted the experimental

anthracene concentration in the main and post-reaction zones which strongly supports the

findings of Colket and $eery. Acena~hthvlene (C12H10) was consistently underpredicted

by a factor of 10 throughout the n-butane flame when using

CloH7+C2H2*Acenaphthylene+H as the acenaphthylene formation step. In our previous

modeling efforts with methane, ethane, ethylene, and propane flames, we were able to

obtain agreement with the acenaphylene profile to within a factor of 2.5 to 20 although in

all cases we underpredicted the acenaphthylene concentrations. We must conclude that

other alternative acenaphthylene formation mechanisms, other than the commonly accepted
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C10H7+C2H2-Acenaphthylene+H reaction, must exist in flames. These presently

unknown acenaphthylene formation routes account for the remaining difference between

the model prediction and the experimental measurement. The pyrene concentration profile

was underpredicted by approximately an order of magnitude in the post-reaction zone when

using the reaction step of Phenanthryl-4+C2 H2- Pyrene+H at its upper limit rate

expression [11] as obtained from Wang and Frenklach [35]. The underprediction of the

pyrene found in this study and in our previous modeling studies seems to indicate that

another pyrene formation route exists.

O-Xvlene. Indene. BiDhenvl. and Fluoranthene The measured and predicted concentrations

of o-xylene, indene, biphenyl and fluoranthene are shown in figure 9(b). The

experimentally observed o-xvlene concentrations were shown to be fairly well predicted in

the region near the burner surface to approximately 0.35cm. The model indicated a peak

concentration of o-xylene occurred around O.15cm while experimental measurements

indicated a flat concentration profile. The model overpredicted the o-xylene concentration

by a factor of 5 to 10 in the post-reaction zone. The wxylene production sequence as found

in the model is l-methylallenyl (CH3 CCCH2) self combination to form o-xylyl

(CH3C6H4CH2)+H, followed by o-xylyl combination with H-atom to make o-xylene.

The model predicts that the peak concentrations of the parent species indene and the

daughter radical indenyl are of the same order of magnitude. This is the same situation as

seen earlier for the parent species cyclopentadiene. The indene (C9Hg) experimental

concentration profiles may be modeled fairly well when considering the predicted sum of

indene and indenyl concentrations. It is not clear what fraction of the indenyl will be

converted to indene or become lost in the gas sampling line, but the summed concentration

from the model does a fair job in predicting the indene profile across the main and

postreaction zones of the n-butane flame. Indene’s formation pathway occurs by either the

reaction step C6H 5 C H 2+ C 2H 2- Indene+H or by the reaction sequence



CI@18+H~CIOI+7+HZ, C10H7+02eC10H70+0, Cl~H70+Indenyl+C0,

Indenyl+H~Indene. The experimental bi~henvl (C12HIO) concentration profile was

consistently underpredicted by a factor of two. However, the profile was fairly well

simulated when using only the biphenyl formation steps of C6H5+C6H5eBiphenyl and

C6H5+C6H6-Biphenyl+H, and the destruction step of Biphenyl+HsC6H5 +C6H6.

Fluoranthene (Cl 6H 10) was poorly predicted when using the reaction steps of

C6H5+C 10H7eFluoranthene+H+H and C6H6+C10H7-Fluoranthene+H2+H in the

model. The model underpredicted the experimental fluoranthene concentration by

approximately two to three orders of magnitude and again supports our earlier claim

[11,12] that another mechanism leading to fluoranthene formation is operative. Further

work is needed to understand the formation mechanisms of PAHs that have a C5 structure

sandwiched around aromatic rings (e.g., fluoranthene, 9h-fluorene etc.).

9H-Fluorene. Benzo(~hiMluoranthene. c-Penta(cd)t)vrene. and

4H-cvcloDenta(def)Dhenanthrene The measured and predicted concentrations of these

species are shown in figure 10(a). Modeling was not performed for c-penta(cd)pyrene and

we have included the experimental data as shown in the figure. The 9h-ffuorene profile was

well predicted by the model for the later stages of the main and post reaction zones of the n- .

butane flame. This result suggests that the reaction sequence of Phenanthryl-9

+02-Phenanthroxy-9+0, Phenanthroxy-9-Fluoryl+CO, and Fluoryl+H-9H-Fluorene

may produce the necessary 9h-fluorene concentrations as observed in the experiment.

Further research is needed to verify the rate constants chosen in this reaction sequence.

Benzo(zhiMluoranthene and cvCIODenta[Cd)Dvrene are 5 fused aromatic ring PAHs that

exhibit a rapid increase in concentration within the main to post-reaction zones. The model

has not been properly developed to treat the formation and destruction of these particular

species, however we do show the modeling results for benzo(ghi)fluoranthene. Further

work is needed to understand the formation mechanisms of those species that have 5 fused
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aromatic rings. The 4H-cvcloDenta(def)Dhenanth rene profile was well predicted by the

model for the later stages of the main and post reaction zones. This result suggests that the

reaction sequence of CH3CCCH2+CH3CCCH2 _0-Xylyl+H, O-Xylyl+C2H2e

Methylindene(CH3indene) +H, Methylindene+H-Methylindenyl+H2, Methylindenyl+c-

C5H5++Methylphenanthrene(CH3phenanthrene)+H, and Methylphenanthrene+He4H-

cyclopenta(def) phenanthrene+H2+H, may produce the necessary 4H-cyclo-

penta(def)phenanthrene concentrations as observed in the experiment. Further research is

needed to verify the rate constants chosen in this reaction sequence.

A
.

~@pyrene 1 The current model was not

developed to predict these species which are detected in the n-butane flame. We have

included the data for these molecules as shown in figure 10(b) as part of the complete data

set for this flame. The structural features and relative stabilities of these species are found

in Castaldi (1995). The azulene (C10H8) measurements exhibit a rolling profile with a

B

peak concentration of ca. 1.4 ppm around 0.4 cm. The bit)henvlene (C12H8) concentration,..,

profile showed a rapid rise in the later stages of the main reaction zone and then leveled out

in the post-reaction zone with a concentration of ca. 0.60 ppm. l-HJ?henalene (Cl 3H10)

exhibited a fairly flat profile from the later stages of the main reaction zone to the

post-reaction zone of the n-butane flame. Benzo(ahwr ene (C2C)H12)is a 5 fused aromatic

ring species whose concentration was measured in the post reaction zone with a maximum

value of 2.9E-2ppm at 0.6 cm.

Predicted Radical Concentrations for the n-Butane Flame The predicted H-atom, CH3,

C2H3, H2CCCH, aC3H5, i-C3H7 (CH3CHCH3), n-C3H7 (CH3CH2CH2),

H2CCCCH, CH3CCCH2, CH2CHCCH2, c-C5H5, C6H5, C6H50, C6H5CH2, and

Indenyl (C9H7) radical concentrations for the n-butane-oxygen-argon burner stabilized

flame are shown in figures 1l(a), 1l(b), and 12.



The relative ranking of the major CI -C3 radical concentrations and H-atom from

the burner surface to ca. O.15cm is CH3>aC3H5>H2CCCH> CzH3 and for distances

greater than 0.25cm the ranking becomes CH3>H2CCCH>aC3H5 =H>>C2H3. It is

interesting note that the fke radical in the highest concentration is not H-atoms but methyl

radicals. The methyl radical concentration was also the largest in the previously

investigated methane [11], ethane [11], and propane flames [13]. The methyl radicals are in

abundance because they are difficult oxidize under fairly rich oxidation conditions. The

allyl and methyl radicals exhibited similiar concentration profiles for the first 1.5

millimeters, but the allyl radical profile decays rapidly in the post-reaction zone as it

becomes consumed by H-atoms. The propargyl radical concentration does not decay as fast

as allyl since propargyl formation benefits from allyl dehydrogenation through reaction

sequence, aC3H5+H-aC3H4+Hz, aC3H.4+H-H2CCCH+H2, aC3Hd+pC3Hd and

pC3H4+H~ HzCCCH+HZ. The vinyl radical (C2H3) exhibits a much lower

concentration in the flame than allyl and propargyl as vinyl is more reactive, especially with

molecular oxygen.

The relative ranking of the major C4 radical concentrations from the tbumer surface

to the first 0.25cm is very complicated. The C4H5 isomers (CH3C CCH2 and

CH2CHCCH2) and C4H7 dominate in the burner surface to O.14cm region of the flame.

The allylic resonant stabilized C4H7 (methylallyl) radical is formed by the reaction

sequence of aC3H5+CH3-C4H8- 1 and C4H8- l+H &C4H7+H2. The C4H7 radical

production decays rapidly for distances greater than 0.1 5cm due to the reversibility at

higher temperatures associated with aC3H5+CH3-C4H8- 1 and C4H7 decomposition to

1,3-butadiene. The CH2CHCCH2 (i-C4H5) radical dominates near the burner surface but

decays rapidly in the post-reaction zone as the higher temperatures found in this region

accelerate decomposition to CH2CHCCH (vinyl acetylene) and H-atom. In the post-

reaction zone, CH2CHCCH2 is also removed by H-atoms to give propargyl and methyl

radical. The CH2CHCCH2 is formed near the burner surface primarily by the reaction
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seqeunce of allyl and methyl combination leading to C4H8-1 followed by C4H8- 1

dehydrogenation to CH2CHCCH2. In the post-reaction zone, the relative ranking of these

radicals are CH3CCCH2>H2CCCCH>CH2CHCCH2>>C4H7. The CH3CCCH2 is

formed in greater abundance than the other C4 radicals in the post-reaction zone due

primarily to the conversion of propargyl to a methylated propargyl by methyl radicals. The

resonantly stabilized H2CCCCH radical is formed via C2H3+C2H2=CH2CHCCH+H

followed CH2CHCCH+HeH2CCCCH+H2.

Representative predictions for cyclopentadienyl (c-C5H5), phenyl (C6H5),

phenoxy (C6H50), benzyl (C6H5CH2), and indenyl (C9H7) are shown in figure 12. The

phenoxy concentration is slightly higher and peaks earlier than phenyl due to the rapid

removal of phenyl by the 02 in the main reaction zone. As the 02 becomes depleted,

phenyl is no longer quickly removed by 02 so that the phenoxy concentration decays

rapidly. The benzyl radical concentration incnmes rapidly in the main reaction and early

post-reaction zones due to the rapid formation from the combination reaction of 1-

m’ethylallenyl and propargyl radicals. The benzyl is consumed by reactions involving H-

atoms, C6H5CH2+H#C6H5CH3, and H02 radicals, C6H5CH2+H02_C6H5CH()

+OH+H. The resonantly stabilized indenyl and cyclopentadienyl radicals do not decay as

fast and am predicted to be formed in greater abundance than phenyl, phenoxy, and benzyl

which allows these species to be potential precursors for high molecular weight PAH

production.

Summary

An experimental and modeling study has been performed to investigate aromatic and

polycyclic aromatic hydrocarbon formation pathways in a rich, sooting, n-butaneoxygen

argon burner stabilized flame. The experiment was conducted using an atmospheric

pressure laminar flat flame operated at an equivalence ratio of 2.6. Microprobe gas
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sampling coupled with an on-line gas chromatograph/mass spectrometer (GC/MS) system

was used in undertaking the spatially resolved species measurements. Data was collected in

the main reaction and post-reaction zones for a number of low molecular weight species,

aliphatics, aromatics, and polycyclic aromatic hydrocarbons (PAHs) ranging horn two to

five-aromatic fused rings.

A previously developed detailed chemical kinetic model for rich, premixed,

methane, ethane, ethylene and propane flames was used to interpret the experimental

measurements derived from the premixed n-butane flame. Reaction flux and sensitivity

analysis were used to help identify the important reaction sequences leading to aromatic and

polycyclic aromatic hydrocarbon growth and destruction. Reaction flux analysis showed

the production and destruction of aromatics and PAHs were essentially controlled by

reactions involving the combination of resonantly stabilized radicals, ring destruction by

02, PAH isomerization, and acetylene addition to benzylic radicals.

Propargyl recombination, H2CCCH+H2CCCHeC6H6 (Benzene), formed most

of the benzene in the n-butane flame with secondary contribution from the allyl and

propargyl combination reaction to make fulvene, aC3H5+H2CCCH-Fulvene+H+H,

followed by fulvene conversion to benzene by H-atom catalysis,

Fulvene+H-Benzene+H. The allyl and propargyl radicals that lead to benzene formation

were produced from the reaction sequence of C4H lo+H~sC4H9+H2, sC4H9(+M)

++ C3H6+CH3(+M), C3H6+H-aC3H5+H2, aC3H5+H-aC3H4+H2,

aC3H4epC3H4, aC3H4+H-H2CCCH+H2, and pC3H4+He H2CCCH+H2.

Sensitivity analysis showed the H2CCCH+HeC3H2+H2 reaction exhibited large

negative sensitivity coefficients for propargyl, benzene, and naphthalene. This result

implicates propargyl consumption by H-atoms as an important reaction step that limits

aromatic and polycyclic aromatic hydrocarbon growth.

The oxidation of phenyl and naphthyl radicals by 02 exhibited large sensitivity

coefficients and these reactions play an important role in the PAH growth and destruction



processes under fuel-rich oxidation conditions. The removal of phenyl and naphthyl by 02

lead to the eventual formation of PAH precursors, cyclopentadienyl and indenyl, in the n-

butane flame. These mdicals combine with each other leading to the plausible production of

products such as the two fused-aromatic ring, naphthalene, and the three fused-aromatic

ring phenanthrene. The modeling results have shown that PAH formation may be

promoted by small amounts of 02 rather than inhibited as previously believed based on the

hydrogen abstraction - acetylene addition (HACA) mechanism.

The model was able to predict fairly well the concentrations of benzene,

naphthalene, phenanthrene, anthracene, toluene, ethyl benzene, styrene, o-xylene, indene,

and biphenyl. The model was unable to simulate properly the concentration profiles of

phenyl acetylene, fluoranthene, and pyrene. We attribute the underprediction of these

species due to our lack of understanding of the dominant formation mechanisms that

produce these species. Since we have not yet included a soot model in the chemical kinetic

modeling effort for PAHs such a model could modify those species concentrations.

However whether better agreement can be attained by the inclusion of a soot model still

remains in doubt. Additional work is needed in furthering our understanding of these

complex formation mechanisms.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6..

Figure 7.

Figure 8.

Comparison of model predictions with experimental concentration
profiles in the n-butane flame. Symbols represent the experimental
measurements and the lines represent the model predictions.
(a) Comparison to C4H1O,02, H20 and the radiation corrected
temperature profile used. (b) Comparison to CO, C02, and H2.

Comparison of model predictions with experimental concentration
profiles in the n-butane flame. Symbols represent the experimental
measurements and the lines represent the model predictions.
(a) Comparison to CH4, C2H2, (!2H4, and C2H6.
(b) Comparison to C3H4, C4H2, and C4.H4. Numerical
computations shown for C3H6.

Reaction flux/pathway diagram for the two important reaction
sequences leading to reaction intermediates and combustion
byproducts that occur in the n-butane-oxygen-argon flame.
Species shown in shadowed italics are resonantly stabilized free radicals.

Reaction flux/pathway diagram for the important pathways leading
to aromatic and polycyclic aromatic hydrocarbon formation in the
n-butane-oxygen-argon flame. Species shown in shadowed italics
are resonantly stabilized free radicals.

Reaction flux/pathway diagram for the important pathways leading
to aromatic, branched aromatic, and polycyclic aromatic
hydrocarbon formation in the n-butane-oxygen-argon flame.
Species shown in shawdoed italics are resonantly stabilized free radicals.

Comparison of model predictions with experimental concentration
profdes in the n-butane flame. Symbols represent the
experimental measurements and the lines represent the model predictions.
(a) Comparison to benzene (c@b), naphthalene (C1OH8), and
cyclopentadene (c-C5H6). (b) Comparison to toluene (C6H5CH3),
ethylbenzene (C6H5C2H5), styrene (C6H5C21-13), and
phenyl acetylene (C6H5C2H).

(a) Normalize@ sensitivity coefficients computed for propargyl (EQCCCH)
and (b) Normalized sensitivity coefficients computed for benzene
(C6H6) across the n-butane flame.

(a) Normalized sensitivity coefilcients computed for cyclopentadienyl
(c-C5H5) and (b) Normalized sensitivity coefficients computed for
naphthalene (CIOH@ across the n-butane flame.



Figure 9. Comparison of model predictions with experimental concentration
profiles in the n-butane flame. Symbols represent the experimental
measurements and the lines repnxent the model predictions. (a)
Comparison to phenanthrene, anthracene, acenaphthalene, and pyrene.
(b) Comparison to o-xylene, indene, biphenyl, and fluoranthene.
Note: Logarithmic scale used in figures 9(a) and 9(b).

Figure 10. Comparison of model predictions with experimental concentration
profiles in the n-butane flame. Symbols represent the experimental
measurements and the lines represent the model predictions.
(a) Comparison to 9H-fluorene, 4H-cyclopent(def)phenanthrene,
and benzo(ghi)fluoranthrene. No comparison is shown for
cyclo(cd)pyrene (experimental data only). (b) Experimental concentration
profiles (symbols) of Azulene, Biphenylene, l-HPhenalene, and
Benzo(a)pyrene in the n-butane flame. Note: Logarithmic scale used in
figures 10(a) and 10(b).

Figure 11. (a) Model prediction of the H, CH3, C2H3, aC3H5 and H2CCCH
concentrations in the n-butane flame. (b) Model prediction of the
H2CCCCH, CH3CCCH2,CH2CHCCH2, and C4H7
concentrations in the n-butane flame. Note: Logarithmic scale used
in figures 1l(a) and 1l(b).

Figure 12. Model prediction of the cyclopentadienyl (c-C5H5), phenyl (C6H5),
phenoxy (C6H50), benzyl (C61-15CH2),Indenyl (C9H7) concentrations
in the n-butane flame. Note: Logarithmic scale used in the figure.
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Table 2. Reaction Mechanism Rate Coefficients
(kf = A Tb exp(-EfiT), Units are moles, ems, seconds, K, and calories/mole]

REACf’ION Ab Ea Reference

139.ac2h4(+m)=c2h2+h2(+m)~ 1.80E+13 0.0 76000.0
Low pressure limiti 2.60E+17 0.0 79289.0

140.c2h4(+m)=c2h3+h(+m) 2.00E+16 0.0 110000.0
Low pressure limiti 3.80E+17 0.0 98168.0

143. c2h3+02=ch20+hco 1.70E+29 -5.312 6500.0
144. c2h3+02=ch2hcw 3.50E+14 -0.611 5260.0
145. c2h3+02=c2h2+ho2 2. 12E- 06 6.0 9484.0
165. c2h2+02=hcco+oh 2.00E+07 1.5 30100.0
207. hcco+02=co2+hco 2.40E+11 0.0 -854.0
305. ac3h4+h=h2cech+h2 2.00E+07 2.0 5000.0
307. ac3h4+oh=h2ccch+h20 1.00E+07 2.0 1000.O
309. pc3h4+h=h2ccch+h2 2.00E+07 2.0 5000.0
311. pc3h4+oh=h2ccch+h20 1.00E+07 2.0 1000.O
312. pc3h4+ch3=h2ccch+ch4 1.50E+O0 3.5 5600.0
313. pc3h4+h=ch3+c2h2 5.12E+1O 1.0 2060.0
329.h2ceeh+h2cech=c6h5+h 2.00E+12 0.0 0.0
332. chchcho+02=c2h2+co+ho2 3.00E+12 0.0 0.0
342. c4h10=c2h5+e2h5 2.00E+16 0.0 81300.0
343. c4h10=nc3h7+ch3 1.74E+17 0.0 85700.0
344. pc4h9$+h=c4h10 5.00E+13 0.0 0.0
345. sc4h9~+h=c4h10 5.00E+13 0.0 0.0
346. c4h10+02==4h9+ho2 2.50E+13 0.0 49000.0
347. c4h10+02=sc4h9+ho2 4.00E+13 0.0 47600.0
348. c4h10+ac3h5=pc4h9+c3h6 7.94E+11 0.0 20500.0
349. c4h10tac3h5=sc4h9+e3h6 3.16E+11 0.0 16400.0
350.c4h10+ch3=pc4h9+ch4 5.00E+l 1 0.0 13600.0
351. c4h10+ch3=sc4h9+ch4 4.30E+11 0.0 10500.0
352. c4h10th=pc4h9+h2 2.84E+05 2.54 6050.0
353. c4h10+h=sc4h9+h2 5.68E+05 2.40 3765.0
354. c4h10+oh=pc4h9+h20 4.13E+07 1.73 753.0
355. c4h10+oh=sc4h9+h20 7.23E+07 1.64 -247.0
356. c4h10+o=pc4h9+oh 1.13E+14 0.0 7850.0
357. c4h10+o=sc4h9+oh 5.62E+13 0.0 5200.0
358. c4h10+ho2==4h9+h202 1.70E+13 0.0 20460.0
359. c4h10+ho2=sc4h9+h202 1.12E+13 0.0 17700.0
360. sc4h9(+m)=c3h6+ch3(+m) 2.14E+12 0.65 30856.0

Low pressure limit 6.32E+58 -12.85 35567.0
EnhancedThirdBody Efflciencitxx h20=5.0, h2=2.0, C02=3.0, CO=2.O

361. sc4h9=c4h8-l~+h 2.00E+13 0.0 40400.0
362. sc4h9=c4h8-2$+h 5.01E+12 0.0 37900.0
363. pc4h9(+m)=c2h5+c2h4(+m) 1.06E+13 0.0 27828.0

Low pressure limit 1.897E+55-11.9132263.0
EnhancedThirdBody Efficiencies h20=5.0, h2=2.0, C02=3.0, CO=2.O

364. pc4h9=c4h8-l+h 1.26E+13 0.0 38600.0
365. c4h8-l=c2h3+c2h5 1.00E+19 -1.0 96770.0
366. c4h8-l=h+c4h7 4.1 IE+18 -1.0 97350.0
367. c4h8-l+ch3=c4h7+ch4 1.00E+l 1 0.0 7300.0
368. c4h8-l+h=c4h7+h2 5.00E+13 0.0 3900.0
369. c4h8-l+o=nc3h7+hco 1.80E+05 2.5 -1029.0

[36]
[371
[38]
[37]
SeeText
See Text
[11]
(a)
[39] (b)
[30](c)
[30J(c)
[30](c)
[30](c)
(c)
(@
(e)

;?]
[42] (g)
(h)
(h)
(h)
[43]
[42]
[42]
[44]
[44]
(i)
(i]

[48]
[48]
[4910)
[49] (k)
[501
[50]
[26]
[26]

[42]
[42]
[26]
[26]

[42]
(1)
(m)
[42]
[51]
[52] (n)



REACTION A b Ea Refenmce

370. c4h8-l+o=eh2chcho+ch3+h
371. c4h8-l+oh=c4h7+h20
372. e4h8-l+ac3h5=e4h7+c3h6
373. c4h8-l+02=e4h7+ho2
374. c4h8-2=h+c4h7
375. c4h8-2+ch3=e4h7+ch4
376. c4h8-2+h=e4h7+h2
377. c4h8-2+o=ic3h7+hco
378. c4h8-2+oh=e4h7+h20
381. c4h8-2+02=c4h7+ho2
384. c4h7+eh3=ch2chchch2+eh4
385. c4h7+ac3h5=c3h6+ch2chcheh2
386. c4h7+02=ch2ehchch2+ho2
387. e4h7+h=ch2chchch2+h2
391. ch2ehchch2*ch2hco+c2h3
434. hccheeh+c2h2=e6h5
443. h2eccch(+m)=e4h2+h(+m)

Low pressure limiti
473. c-e5h5+c-c5h5=c10h8+h+h
572. indenyl+c-c5h5=phnthm*+h+h
582. ch3indenyl+c-c5 h5=ch3phnthm*+h+h

631. benz(a)indentx+c5h5=benz(a)phnthm$+h+h
662. hcco+02=heo+co+o
(%3.ac3h4+ch3=h2eeeh+eh4
664. h2eeeh+h2ccch=e6h6
665. h2ccch+ac3h5=fulvene+h+h
666. c<5h5+ch3=ch3cy24pd~
667. ch3ey24pd+h<-c5Wh3
668. c6h6+h=ch3cy24pdl$
669. c-c6h7bh3cy24pdl
670. ch3cy24pdl+h=eh3cy24pd
671. ch3ey24pdl+h=c-c5h5+ch3
672. c-e6h7=ch3dey24pd*
673. c6h6+h=c-e6h7
674. ch3&y24pd+h%ch3cy24pd+h
675. fulvene=e6h6
676. fulvene+h=c6h6+h
677. fulvene+h=fulvenyl+h2
678. fulvenyl+oh=fulvenyl+h20
679. fulvenyl+h=benzene
680. fulvenyl+02=c-c5h40+hco

9.67E+04 2.5 -1029.0
2.25E+13 0.0 2217.0
7.9OE+1O 0.0 12400.0
4.00E+12 0.0 33200.0
4.1 1E+18 -1.0 97350.0
1.00E+l 1 0.0 8200.0
5.00E+13 0.0 3800.0
2.79E+06 2.12 -1775.0
3.90E+13 0.0 2217.0
8.00E+13 0.0 37400.0
8.00E+12 0.0 0.0
6.31E+12 0.0 0.0
1.00E+09 0.0 0.0
3.16E+13 0.0 0.0
1.00E+12 0.0 0.0
9.60E+70 -17.77 31300.0
1.00E+14 0.0 47000.0
2.00E+15 0.0 40000.0
2.00E+13 0.0 8000.0
1.00E+13 0.0 8000.0
1.00E+13 0.0 8000.0

1.00E+13 0.0 8000.0
2.50E+08 1.0
1.50E+O0 3.5 56W0
5.56E+20 -2.5351692.0
5.56E+20 -2.5351692.0
1.76E+50 -11.0 18600.0
1.00E+13 0.0 1300.0
2.39E+27 -3.92 29200.0
5.00E+12 0.00 38100.0
1.00E+14 0.00 0.0
1.00E+14 0.00 0.0
5.5OE+1O 0.00 28000.0
4.87E+56 -12.73 26800.0
4.00E+12 0.00 15000.0
9.84E+37 -7.40 76979.0
3.00E+12 0.50 2000.0
3.03E+02 3.30 5690.0
1.63E+08 1.42 1454.0
1.00E+14 0.00 0.0
1.00E+12 0.00 0.0

[52] (n)
[53]
[42]
[43] (o)
(m)
[51]
[51]
r551(p)

[43] (r)
[55]
[55]
[561(s)
[42]

&
(t)
(t)
(u)
1/2k473
1/2 k473

1/2 k473
(v)
(d)
seek&55
(w)
[62]
[62]
[62]
[62]
[62]
[62]
[62]
[62]
[62]
[63]
(x)
(Y)
(Y)
(z)

(aa)

@I’hereactionorderis in accordanceto Marinov [11].
b Fall - off r~ction in the Lindemann - Hinshelwood form:

k = ~[M]/(l+~[M]/koJ

$ phnthm(phenanthrcne);ch3phnthm(methyl phenanttuene);benz(a)phnthm(benz(a)phenanthrene);
ch3cy24pdl (methylcyclopentadienyl);ch3cy24pd (methyl cyclopentadiene);
ch3dcy24pd (cyclopentadienemethylradical);c-c6h7 (1,3-cyclohexadienyl); fulvene (ch2e5h4)



(a) R&U~ A-factorby a fiwtorof 10.
(b) ME expl-essionWN~jus~ downw~d m within & Prescribd uncertaintyfactorof ten as cited in

[39]. Products assigned as suggested in [30].
(c) Ra~ expr~sion ~justed in accordanceto H-atomabstractionHctiOnSfor PrOwne+ X.

whereX = {OH,H,CH3}.
(d) Transitionstatetheoryfit to Whytockdata[40].
(e) Rateconstantadjusteddownwardfrom 3.0E+12 cm3/mol/sec so as to include a second

aromatic producing channel from propargylrwombination.
(f) pti~ products than those listedin[11].
(g) A-factor adjusteddownwarda factorof 1.8.
(h) Estimate.
(i) Rate expressions for c4h10+h=sc4h9+h2 and c4h10+h=pc4h9+h2 were obtained by fitting datafrom

[4547] and using the relation of kP~mW/ksWm~ = 0.509’@4exp(-l 150~ as obtained tlom
[31] for abstractionreactionsby H-atoms involving primaryand secondary hydrogens of propane
with cornxxions made for reactionpathdegeneracies.

(j) Analogy with Ethane + O.
(k) Subtractedthe Ethane + O rateconstant from the Propane+ O to obtain a rate constant for abstraction

of secondary H-atoms.
(1) Forwardrate calculated from a reverserateconstantof 9.0E+12 and microscopic reversibility.
(m) Forwardrate calculated from a reverserateconstantof 5.0E+13 and microscopic reversibility.
(n) Estimated from rateconstant of l-Butene + O. Productsassumed.
(o) Assumed activation energy is equal to enthalpyof reactionat 298K. A-factor reduced from4.0E+13

[43] because of loss of rotor in tmnsistion state for the case of allyl C-H.
(p) Estimatedhorn rateconstant of cis-2-butene + O = productsand trans-2-butene+ O = products.

Products assumed.
(q) The activation energyis assumed to be the same as c4h8-l+oh=c4h7+h20.

The A-factor was obtained from [54] with rateconstant evaluated at 1200K.
(r) A-factor twice c3h6+02=ac3h5+ho2 because 2-c4h8 has twice as many allylic C-H txmds as propene.

Activation energy is equal to enthalpy of reaction at298K.
(s) Analogy with c5h9+02 = penta-l,3diene+ho2. Rate constant adjusteddownwarda factor of 3.

Activation energy assumed to be zero.
(t) Activation energy for the high and low pressurelimits wem adjusteddownwardby 8.Okcal/mol

to reflect the change in the heat of formationvalue assigned to h2cccch.
(u) The ~tivation energy was adjustedin accordanceto [57]. We kve aSSUtned the mE’ fimi@

step to naphthaleneproduction is the 8.Okcal/molintrinsic activation energy barrierassociated with the
scissioning of the fmt H-atom. Ses Text.

(v) Rate expression is based on [30] with assigned productsof choco (gIyoxal radical)+o.
We have assumed choco automaticallydecomposesto hco and co, hence the products found in
reaction 662.

(w) This rate expression was obtained from allyl recombinationdataof [58-60]. This rateexpression
is assumed to representthe lower limit kinetic rate for the allyl+propargylreaction to products at
one atmosphere. We have also assumed the ratecontrolling step for this reaction occurs at the
entrancecharmelwith 100%conversion to cyclic productsbased on the experimentedfindings of
Huntsman [61]. This rateexp~ssion was also extended to reaction 664.

(x) Assumed rate expression based on findings of [57].
(Y) Rate expression based on analogous reactionsof Benzene+X, where X = {OH,H).
(z) Rate constant assignment was estimated.
(aa) Vinylic compounds react with 02 at a rateconstant of ca. 1.0E+12 to 1.0E+13 cm3/mol/sec.

Pruiucts assumed.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Comparison of model predictions with experimental concentration
profiles in the n-butane flame. Symbols represent the experimental
measurements and the lines represent the model predictions.
(a) Comparison to C4HIo, 02, H20 and the radiation corrected
temperature profile used. (b) Comparison to CO, C02, and H2.

Comparison of model predictions with experimental concentration
profiles in the n-butane flame. Symbols represent the experimental
measurements and the lines represent the model predictions.
(a) Comparison to CH4, C2H2, C2H4, and C2H6.
(b) Comparison to C3H4, C4H2, and C4H4. Numerical
computations shown for C3H6.

Reaction flux/pathway diagram for the two important reaction
sequences leading to reaction intermediates and combustion
byproducts that occur in the n-butane-oxygen-argon flame.
Species shown in shadowed italics are resonantly stabilized free radicals.

Reaction flux/pathway diagram for the important pathways leading
to aromatic and polycyclic aromatic hydrocarbon formation in the
n-butane-oxygen-argon flame. Species shown in shadowed italics
are resonantly stabilized free radicals.

Reaction flux/pathway diagram for the important pathways leading
to aromatic, branched aromatic, and polycyclic aromatic
hydrocarbon formation in then-butane-oxygen-argon flame.
Species shown in shadowed italics are resonantly stabilized free radicals.

Comparison of model predictions with experimental concentration
profiles in the n-butane flame. Symbols represent the
experimental measurements and the lines represent the model predictions.
(a) Comparison to benzene (C&6), naphthalene (C1OH8), and
cyclopentadiene (c-C5H6). (b) Comparison to toluene (C6H5CH3),
ethylbenzene (C6H5C2H5), styrene (C6H5C2H3), and
phenyl acetylene (C6H5C2H).

(a) Normalized sensitivity coefficients computed for propargyl (H2CC@
and (b) Normalized sensitivity coefficients computed for benzene
(C6H6) across the n-butane flame.

(a) Normalized sensitivity coefficients computed for cyclopentadienyl
(c-C5H5) and (b) Nomxdized sensitivity coefficients computed for
naphthalene (C10H8) across the n-butane flame.
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Figure 9. Comparison of model predictions with experimental concentration
profiles in the n-butane flame. Symbols represent t-beexperimental
measurements and the lines represent the model predictions. (a)
Comparison to phenanthrene, anthracene, acenaphthalene, and pyrene.
(b) Comparison to o-xylene, indene, biphenyl, and fluoranthene.
Note: Logarithmic scale used in figures 9(a) and 9(b).

Figure 10. Comparison of model predictions with experimental concentration
profiles in the n-butane flame. Symbols represent the experimental
measurements and the lines represent the model predictions.
(a) Comparison to 9H-fluorene, 4H-cyclopent(def)phenanthrene,
and benzo(ghi)fluoranthrene. No comparison is shown for
cyclo(cd)pyrene (experimental data only). (b) Experimental concentration
profiles (symbols) of Azulene, Biphenylene, l-HPhenalene, and
Benzo(a)pyrene in the n-butane flame. Note: Logarithmic scale used in
figures 10(a) and 10(b).

Figure 11. (a) Model prediction of the H, CH3, C2H3, aC3H5 and H2CCCH
concentrations in the n-butane flame. (b) Model prediction of the
H2CCCCH, CH3CCCH2,CH2CHCCH2, and C4H7
concentrations in the n-butane flame. Note Logarithmic scale used
in figures 1l(a) and 1l(b).

Figure 12. Model prediction of the cyclopentadienyl (c-C5H5), phenyl (C&15),
phenoxy (C6H50), benzyl (C6H5CH2), Indenyl (C9H7) concentrations
in the n-butane flame. Note: Logarithmic scale used in the figure.
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