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The gas-phase reaction products of toluene pyrolysis with and without acetylene addition produced in a flow
tube reactor at pressures of 848.11 Torr and temperatures of 1138507 K with constant residence time

(0.56 s) have been detected in an in situ direct sampling mass spectrometric study by using a vacuum ultraviolet
single-photon ionization time-of-flight mass spectrometry technique. Those products range from methyl radical
to large polycyclic aromatic hydrocarbons (PAHs) of mass 522 amu(€} including smaller species, radicals,
polyynes, and PAHSs, together with ethynyl, methyl, and phenyl PAHs. On the basis of observed mass spectra,
the chemical kinetic mechanisms of the formation of products are discussed. Especially, acetylene is mixed
with toluene to understand the effect of the hydrogen abstraction and acetylene addition (HACA) mechanism
on the formation pathways of products in toluene pyrolysis. The most prominent outputs of this work are the
direct detection of large PAHs and new reaction pathways for the formation of PAHs with the major role of
cyclopenta-fused radicals. The basis of this new reaction route is the appearance of different sequences of
mass spectra that well explain the major role of aromatic radicals mainly cyclopenta fused radicals of PAHs
resulting from their corresponding methyl PAHs, with active participatioe-6§Hs, CsHs, CsHsCH, ,and

CgH7 in the formation of large PAHs. The role of the HACA only seemed important for the formation of
stable condensed PAHs from unstable primary PAHs with zigzag structure (having triple fusing sites) in one
step by ring growth with two carbon atoms.

Introduction many PAHs greater than coronene. Thus, the formation mech-

. .anism of PAHs and sobstill remains challenging in the area
The study of soot precursors, carbonaceous nanoparticles

(NPs), and polycyclic aromatic hydrocarbons (PAHSs; precursor of OX|da.t|on_ and pyroly5|s of h_ydro.carbon fuels. ]
of NP), which are produced in many practical combustion sys- 1€ kinetic mechanism of aliphatic hydrocarbon combustion
tems such as diesel engines and spark ignition engines, is a hots Widely developed up to pyrehealthough it needs to be
and interesting research topic in combustion, environmental, andmodified so that it includes the mechanism for the formation
health research due to their technological, environmental, health,of the large PAHs based on experimental and modeling results
and economical impacts. Though, more than a century of &s recent studié$!>1#19 have already detected large PAHS.
continuous research in combusfi@xperimental and modeling  However, the kinetic mechanism for the formation of PAHSs in
studies seemed to coincide at the concept of coagulation ofaromatic hydrocarbon combustion and pyrolysis is poorly
precursors for soot formation. However, until now, no attempt understood. Marsh et &.have detected-310-ring PAHSs in
has been successful to propose the final chemical precursor andenzene droplet combustion by using high-perfromance liquid
the stage at which they start to coalesce. It is widely acceptedchromatography (HPLC) and UV absorption spectroscopy, but
that gaseous precursors that coagulate into the first soot particlethey have not reported any kinetic mechanism for the formation
are PAHS™7 because (i) it bridges the mass gap between of those PAHSs.
hydrocarbon fuel and soot and (ii) the chemical structure of  Toluene becomes our first choice due to its importance. It is
soot is similar to PAH on an atomic level, i.e., a honeycomb- jtself toxic and produces many toxic PAHs and carbonaceous
like network of sg carbons. The generation process of final nanoparticles during its pyrolysis and oxidation. It is the most
PAHs in terms of chemical kinetic mechanism is still not spyndant component of the majority of practical fuels. For
perfectly understo.od. Still unanswered question§ are at Whatexample, jet fuels and gasoline contain-BD% toluene by mole
stage the coagulation commences and what form it takmy fraction, due to its high energy density and anti-knocking
studies forwarded pyrene as a final aromatic precérsbwhile capacity. It is also produced during the oxidation of other
some studies believed coronéhimstead of pyrene. Recently,  pyqrocarbons and commercial fuels. Toluene pyrolysis is very
it again becomes a subject of discussion among the combustion o rtant to understand the decomposition of all alkylated
SC'em'StS. th".ﬂ whether coronene (300 amu)_ IS suff|C|ent_ for aromatic hydrocarbons as it involves two different channels of
coagulation into the very high mass of the first soot particle |, 4 fissions, i.e., €H bond fission, which produces benzyl
(~2000 amu) or not as some recent stutfie$ have detected and hydrogen radicals, and-C bond fission, which produces
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181-3-5841-7295.  Fax: +81-3-5841-7488. E-mail:  koshi@  P€en concentrated on two major objectives: (a) determination
chemsys.t.u-tokyo.ac.jp. of rate constants for toluene decomposition chaniets 3 (b)
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identification of gas-phase reaction products up to PAHs and Thermocouple
investigation of their formation mechanisig227.30,31,3540 Exit
Although the first part has been studied in detail, the second

part is still unclear due to a lack of on-line results. Some studies

also aimed to observe toluene oxidation prodticts but P—— NO-Cell
oxidation of toluene also suffers from a lack of on-line results
for gas-phase reaction products up to large PAHs. Among the

Manometer

Z1

theoretical studies, Sivaramakrishnan et®dP focused on [ |

modeling of kinetic behaviors of ElsCHs, CHs, C:H,, C4Ho, :fﬁ:e‘"" c,l BEERE -

CsHs, CsHe, and GHg from experimenta&l26-48and theoretical 311 -

data®® Agafonov et aP! reported a kinetic model including small " Heater]

PAHSs, only suitable for smaller species in shock tube pyrolysis “—E[: i Em Y TOF-ms =
and oxidation of toluene. Among the experimental studies, Mass Flow | LiF prism

Pamidimukkala et &? observed only the smaller specieg, Controllers TR 27“Xe tripling cel

C4H,, and CH, and Colket et al® observed PAH products up h T

to pyrene. Studies of toluene pyrolysis by Smith et°&f are [He | 355 nm

the only on-line attempts to observe the product species up to Toluene y

As (C2°H12), by using a Knudsen cell coupled to a mass Spef:”o' Figure 1. Experimental setup consisting of a quartz reaction tube and
meter at high temperatures and very low pressures. Mathieu ety)yv-sp|-TOFMS.

al.’® have observed mass signals up to 570 amu as desorbed
species from soot particles with contamination of Na and K and detection (TOFMS) chamber separated from each other by a
have not forwarded any formation mechanism for those PAHs. gate valve. A quartz reaction tube® (= 14 mm, length= 56

Until now, almost all attempts made to investigate this very €M) having a pinhole® = 0.15 mm) in the center was fixed
complex issue were by indirect methods, i.e., gas chromatog-i” the source chamber with careful alignment of the pinhole on
raphy, liquid chromatography, or HPLC with mass spectrometry, the center line of the skimmer of the TOFMS. The pinhole area
called the “preconcentration method”, i.e., by trapping the Of the reactor was wrapped with a tungsten heater (coil length
exhaust molecules on a suitable adsorbent which are further= 22 cm). The heater was covered (leaving the pinhole
separated by pretreatment (i.e., extraction). This method is time-uncovered) with two other pieces of quartz tubés< 18 mm)
consuming and excludes direct real-time in situ analysis. It is Wrapped with the Ni foil to avoid heat loss by radiation. To
only suitable for stable species and does not provide any Mmeasure the temperature of the reaction, a K-type thermocouple
information about radicals, which are key species for developing (? = 0.65 mm) was introduced into the reaction tube from the
the mechanism. The shock tube techni§@&222527,39.48 435 downstream. The typical pressure of the source chamber was
been used for the thermal unimolecular decomposition of keptat2.8x 1078 Torr, and that of the TOF chamber was kept
toluene, and some studi8g223.3031.3434nclude the product  at4.1x 1077 Torr, respectively, before each experimental run.
observation up to PAHs. Mathieu et l.has used laser A third harmonic UV laser pulse (355 nm) generated by a
desorption ionization (LDI) time-of-flight mass spectrometry frequency conversion of a Nd:YAG laser (Surelite SSP Con-
(TOFMS), which cannot detect lower aliphatic and aromatic tinuum) was focused by a quartz lefis{ 150 mm) and passed
species. Only a few on-line restf$152were reported by using ~ through the quartz window into the 13 cm SUS tube, the
mass spectrometry. frequency tripling cell, fiIIed_ vv_ith a nonlinear medium xenon

This overview of previous studies clearly shows the necessity (Pressure= 7.40 Torr) for tripling the UV laser pulse at 355
of direct identification of gas-phase reaction products up to large "M into the VUV photon at 118 nm (10.5 eV). The UV (355
PAHs and motivated us to observe the products of toluene "M) and VUV (118 nm) beams were separated by a LiF crystal
pyrolysis by a direct experiment to clarify the whole mechanism. Prism to avoid the fragmentation of the product molecules (due
The main objective of our research is the direct observation of t© the (1+ 1) ionization by 355 and 118 nm photons). The 355
PAHSs higher than coronene to fulfill the gap between coronene "M pulses was dumped on the inner wall of the tripling tube
and the first soot particle as shown in the soot m&delclarify and only 118 nm photons were allowed to strike the molecular
the PAH generation mechanism based on on-line experimentalP®am in the ionization region of the mass spectrometer to ionize
results. The present work has determined the dominant reactior@!l SPecies having an ionization potential (IP) less than 10.5
pathways for the formation of all identified products under the €Y. The ion source and flight tube were differently pumped by
present experimental conditions as the first step of our final 1600 and 500 L/s turbo-molecular pumps followed by rotary

goal to develop the soot generation mechanism. pumps. _ _ .
At first temperature profiles were taken to fix the position of
Experimental Section the thermocouple for measuring the reaction temperature; 40%

toluene and 60% He in the case of only toluene pyrolysis and
In situ detection of the soot precursor in hydrocarbon combus- 20% toluene, 20% acetylene, and 60% He in the case of toluene
tion and pyrolysis needs a selective and sensitive analyticaland acetylene mixture were supplied through mass flow
method. The most promising one for instrumental analytical controllers into the quartz reaction tube. The gaseous product
purposes is the TOFMS with a selective and soft (fragment- molecules were continuously sampled through the pinhole and
free) ionization technique. The production of VUV radiation to were collimated by a 1.0 mm orifice skimmer mounted at 3.0
achieve single-photon ionization (SPI) and TOFMS proved to mm from the pinhole in the reaction tube. The molecular beam
be a powerful and useful technique for on-line detection of gas- was introduced into the ionization region of the TOFMS, and
phase species. This technique has already been successfully usetle molecular species were ionized by the 118 nm photons. The
by some studiéd-5 for detection of gas-phase products. ionized species were accelerated by the electrodes, electronic
A schematic of the experimental setup is shown in Figure 1. lenses, and deflectors through the field free drift tube to the
The apparatus consists of a vacuum (source) chamber andnultichannel plate (MCP). The MCP passed the information to
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a digital oscilloscope through an amplifier. Mass spectra were  Ethynyl or Cyclopenta Acetylene Addition Sequence.

recorded at different temperatures (133607 K) and pressures  PAHs containing one or more ethynyl groups or five-membered

(8.25-15.11 Torr) with a constant residence time (0.56 s). rings derived from the primary sequence by acetylene addition
Occurrences of a small amount of electron impact ionization at the single or double fusing site, for example,

resulting from photoelectrons produced by scattered light within

the ionization region and of multiphoton ionization that cause ’H
fragmentation are ruled out by the absence of any species having
an IP greater than 10.5 eV and the absence of any fragment - Ethynylnaphthalene
species at room temperature. The reaction tube was cleaned o +H
every time before the experiment to avoid contamination from S
the condensate substances, although tar was only observed OO
outside the heater zone in the downstream. Ace-naphthalene
Results Their chemical formulas are

Explanation of Necessary Basic TermsFor the meaningful C;H, + n(CHy) — m(C,Hy) +1(C)) [a,(d)Cl

interpretation of the mass spectra by solving the complexity,

first several sequences of mass numbers of PAHs appearing inwherel is the number of gadditions| = 1, 2, 3..., which are

the mass spectra are defined here. Note that the designation§ereinafter designated as,“@m)C".

given here are temporal, only for the discussion in this Odd Carbon Number SequenceMethyl-substituted PAHs

document. derived from the primary sequence by the addition of a methyl
radical, such as methylphenanthrene

Triple fusing site
& \ O <«——Single fusing site CH3 0
N\ O‘ =~ Double fusing site O‘

Internal carbon atoms

Primary Sequence: Alternate PAHs (Six-Membered Rings ~ Their chemical formulas are
PAHS). Linear-Chain PAHsSix-membered ring PAHs having _
a chain of benzene rings interconnected to each other and Iackingc2H4 FN(CH,) = mCyHy +(CHy) - [a(d)m] or [a,(dy)-CHil

internal carbons include When the attached methyl group forms a new five-membered

ring by Hx-elimination and ring closing process, for example,

OO?' their formulas become

(picene)
O‘ CoH, + n(CH) — M(CH) + (C)  [a,(dy)"C or [3,(d)-c-CHy]
which further changed to a stable radical with a resonance
The chemical formulas of such PAHSs are electronic structure such as

C,H, +n(CHy) [a]

wheren is the number of aromatic rings,= 1, 2, 3..., which
are hereinafter designated as™a

Condensed PAHSSix-membered ring PAHs having two or  gimjlar to cyclopentadienyl and indenyl; they can be represented

more even-number of internal carbons include by the new formulas
OO C,H, + n(C,Hy) — m(CH,y) + (C) — (Hy) [a,(d,)-c-CHT
(pyrene) iy . _
Phenyl Addition Sequence.When PAHSs in the primary

sequence are attacked by a phenyl radical, they form partly

. nonfused PAH, such as phenylnaphthalene
The chemical formulas for such PAHs are

C,H, +n(CHy) — m(CH,y [ad,] O
wherem is the number of internal carbon atoms= 2, 4, 6..., OO
which are hereinafter designated agdi .
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Figure 2. (a) Typical time-of-flight mass spectra of products of toluene pyrolysis at different temperatures and constant pressure 10.12 Torr with
constant residence time 0.56 s. (b) Mass spectra of large PAHs at 1315 K (enclosed into an oval shape) at the enlarged scale for clear observation.

J

and phenylphenanthrene
Their chemical formulas are

CHy+ n(CHy) — m(CH,) + (CHy)  [an(dr)-aq]

which are, hereinafter, designated ag(tia)-a,".

Overview on Mass Spectra.Typical TOF mass spectra of
products of toluene pyrolysis at various temperatures (£136
1507 K) and constant pressure of 10.12 Torr with constant
residence time of 0.56 s are shown in Figure 2. TOF mass
spectra of products of pyrolysis of toluene and acetylene mixture
under similar experimental conditions are shown in Figure 3.
These figures show that toluene thermal decomposition only

(i) appearance of indenen(z = 116 amu) as the major
product instead of benzenevg = 78 amu) and the absence of
bibenzyl peak in the low-temperature zone;

(ii) domination of peaks for the species with mass#s =
102, 152, 166, and 178 amu over the species with maskes
= 104, 154, 168, and 182 amu just opposite to the results of
only toluene pyrolysis;

(i) remarkable differences in temperature based signal
intensity profiles of the species with massa'g = 40, 50, 102,
116, 128, 152, 178, 202, and 228 amu (shown in Figure 5) are
found (the noticeable increase in signal intensities of species in
the toluene and acetylene mixture is caused by the direct
contribution of the hydrogen abstraction and acetylene addition
(HACA) mechanism in the formation of those species due to
presence of sufficient acetylene in the mixture);

(iv) suppression of mass signals of phenyl PAHgd®)-a]
and methyl PAHs [gdm)-m or a(dm)-CHs] such as aa
(biphenyl,m/z = 154 amu) and ACH3; (methylphenanthrene,
m/z = 192 amu) after the addition of acetylene.

Comparing both results at different temperatures it is found
that at 1136 K significant peaks a¥z = 78 amu andn/z =

started above 1100 K under the present experimental conditions.182 amu assigned to benzene (major product) and bibenzyl are
In both cases mass spectral patterns show that the number obbserved in the case of toluene pyrolysis. On the other hand
peaks increases toward higher masses with increasing tempersignificant peaks atn/z = 116 amumwz = 78 amu andn/z =
ature up to 1315 K, and above it the number of peaks decreasegl0 amu assigned to indene (major product), benzene, and
with increasing temperature. Experimental mass spectra of propyne are observed in the case of the toluene and acetylene
products of toluene pyrolysis at different total pressures ranging mixture. This change in the major product is directly accountable
from 8.25 to 15.11 Torr are shown in Figure 4. to the HACA mechanism. At 1214 K, new peaks appear together
The major differences observed from the mass spectra in thewith an increase in intensities of previous peaks in both cases.
case of a toluene and acetylene mixture (Figure 3) over only In only toluene pyrolysis, the main feature is the appearance of
toluene pyrolysis (Figure 2) are as follows: a, species, mainly a(naphthalenenvz =128) and a (phenan-
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Figure 3. (a) Typical time-of-flight mass spectra of pyrolysis products of the toluene and acetylene mixture at different temperatures and a constant
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threne,m/z = 178), including some peaks out of sequence at PAHSs [a(dy)-CHs] and phenyl PAHSs [#dn)-a1] together with
m/z = 104, 106, 116, 154, 166, and 168 amu. On the other the appearance of ethynyl derivatives of PAHgd#)-C1] are
hand many new peaks appear in the case of the toluene andletected as two unique differences in the case of the toluene
acetylene mixture. Especially some sequences of PAHs and theirand acetylene mixture (Figure 10).This change of product

derivatives are detected. Those products includepacies a species well explains the trapping of methyl, phenyl, and PAHs
as, and a (benzof]phenanthrene or chrysemelz = 228), adm radicals by acetylene to result in propyne, phenylacetylene, and
species g@(pyrene,m/'z = 202) and ad, (benzoElpyrene,m/z ethynyl derivatives of PAHSs.

= 252), a(dw)C species & (phenylacetylenay/z= 102) and At 1428 K the large PAHSs signals begin to disappear along
aC; (acenaphthalenay/z = 152) together with @dm)-CHs with a decrease in signal intensities of lower PAHs. At the mean
species #CHj; (methylnaphthaleneyyz = 142), a-CHz (me- time signals of some new smaller species such as propgize (
thylphenanthreney/z = 192), ad,-CHs; (methylpyrenenvz = = 40) and diacetylenenfz = 50) appeared in the case of only

216), and a&CHs; (methylbenzaof]phenanthrene or methylchry-  toluene, while only diacetylene appeared in the case of toluene

sene,m/z = 242). These observed products clearly show that and acetylene mixture. At 1507 K, the disappearance of PAHs

products in only toluene result from a combination of radicals of higher masses and phenyl PAHs(f&)-ai] are observed.

produced mainly from toluene and benzyl decompositions. On On the other hand new peaks for polyynest&), ethynyl [&-

the other hand almost all products in the case of the toluene (dy)-C4], and diethynyl [a(dy)-C;] derivatives of PAHs are

and acetylene mixture result from the trapping of resulting detected in the case of only toluene pyrolysis (Figure 11), while

radicals by acetylene present in the mixture except sogne a no remarkable differences are observed in the case of the toluene

species such as,goroduced by radicalradical addition, and and acetylene mixture (Figure 12).

an(dm)-CHjs species, produced by methyl radical attack on the  Pressure-dependent mass spectra (Figure 4) were taken at a

respective neutral species. constant temperature of 1315 K and a constant residence time
At 1315 K, the maximum product species of different varities of 0.56 s. Observed mass spectra show that an increase in

ranging from methyl radical to large PAHS up to mass 474 amu pressure increases the number of species toward the higher mass

are detected. Many sequences of product species are observedegion with an increase in the intensities. The effect of pressure

Those sequences include linear chain PAHg, (eondensed is confirmed by the observation of clear signals of large PAHs

PAHSs (adn), phenyl PAHs [a(dy)-ad], methyl-substituted PAHs ~ at massesvz = 448 amu (GgH16) andn/z = 472 amu (GgH1e)

[an(dm)-CHg], and cyclopenta-fused PAHs[d)-c-CH;] in the with weak peaks (trace amounts) at mass¥s = 496 amu

case of toluene (Figure 9) while the disappearance of methyl (C4oH16), Mz= 520 amu (GzH1¢), andm/z= 522 amu (GzH1s)
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at a pressure of 15.11 Torr. These species are not observed ifio the resonantly stabilized radicals such as indenyl
temperature-dependent mass spectra taken at 10.12 Torr.

Observation of these new species indicates that unimolecular ©’\3

decompositions of toluene and benzyl radical are influenced by Y

the total pressure. A total of 75 species including smaller species,

radica|5, po]yyneS, ethynyL methy|, and pheny] derivatives of are indicated by the dotted lines Starting from the pal’ent
PAHSs and large PAHs up to mas¥z = 522 amu (GzH1g) are molecules.

identified in mass spectra (Figures-2). The detected species
are listed in Table 1 with their masses and chemical formulas.
Taking into account the complexity of the isomers especially  Although the pyrolysis of toluene has been a subject of
above g and explanation 1 just below, names and notations discussion for a long tin?é the information regarding the gas-
are not assigned for the species listed in the Table 1. Detailedphase products is extremely limited. Szwarc et*giroposed
analysis of mass spectra at 1315 K is presented in Figure 9 foronly bibenzyl as the product, and further the number of products
only toluene and in Figure 10 for the toluene and acetylene increased in other studié%30-31.34385hyt still it is limited only
mixture. Similarly, mass spectra at 1507 K are presented in Up to benzadlpyrene, GoHio. Present experimental results agree
Figure 11 for only toluene and in Figure 12 for the toluene and With the results obtained by Smith et4f* He pointed out

acetylene mixture. In these figures some points should be notegdthat radical species play a more important role in the formation
for clear discussion, such as: of PAHs in aromatic pyrolysis. Smith et al. reported the
production of PAH species up to.g12 and traces of &Hi»

LIn _each series, symbols with the mass_numbers specific tOat temperatures of 1672173 K and low pressures. In the
the series, i.e., the mass numbers that uniquely belong to the

series and do not overlap with the mass numbers in other seriesg:]edstergéZtsugz;/zpjjgzp:lﬁ;is(é?;i)mﬁzz — A‘gg :rrr?ljj((gflrllss)
are indicated over the horizontal line of the series with larger .- _ =54 amu (GoHag), andmiz Z 522 amu (GoHig) have
letters, while those that are not unique to the series are indicatety ooy detected. For the discussion of the chemical kinetic
below the horizontal line with smaller letters. Also, symbols mechanism for the formation of observed products, three
were not even shown for some overlapping mass numbers 0emperature regions can be distinguished on the basis of mass
avoid complexity. pattern in Figures 2 and 3: (i) In the low-temperature region
2. For compounds with the-CH, group, that is, indene, (<1300 K), mainly @ species from benzene to phenanthrene
fluorene, and the(dm)"c series, the mass numbers belonging (ag) are observed, and their formation is dominated by ragical

Discussion
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radical and radical-molecule reactions. (ii) In the moderate = Chemical Kinetics in the Low-Temperature (<1300 K)
temperature region (from 1300 to 1428 K), the formation of Region. For an overview, see Figure 6, which contains a
large PAHs up tawz = 474 amu including their methyl and ~ comparison of mass spectra only at low temperatures.

phenyl derivatives and cyclopenta-fused PAHs are remarkable. At 1136 K, a change in the major product from benzene to
Formation of those products is dominated by the radicadlical indene and a disappearance of bibenzyl in the case of the toluene
reactions with major role of cyclopenta-fused radicals such as and acetylene mixture together with absence of biphenyl in both
cyclopentadienyl and indenyl radicals and radical-molecule ¢3S aré remark.ablle.. ) o ) N
reactions with major role of pheny! attack on PAHs. Growth of At 1214 K, a significant difference in signal intensities of
large PAHs also involves the active role of the HACA (hydrogen linear PAHs mainly aand g and an appearance of enly in

abstraction and acetylene addition) mechanism for ring growth the toluene and acetylene mixture are noticeable. This corre-
. y . . 99 sponds to the formation of these species by different reaction
in one step. (iii) In the high-temperature regicnls00 K), the

: . . routes. Another unique feature is the appearance of lower
disappearance of higher mass species (large PAHs) and appeakmembers of condensed PAHs nd@), methyl-substituted
ance of some new species of relatively smaller masses are ofsmall PAHSs [a(dn)-CH3], and ethynyl derivatives of small
particular interest. Newly observed species mainly include small PAHs [a(dy)Ci] in the case of the toluene and acetylene
species, polyynes, and diethynyl derivatives of PAHs. The mixture.

formation of these species in this temperature region is Detailed Interpretations and Expected MechanismsThe
dominated by the HACA. significant signal atm/z =182, most probably bibenzyl, is
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Figure 6. (a) Experimental mass spectra of products of toluene pyrolysis at a temperatures of 1136 and 1214 K. (b) Mass spectra of products of
toluene+ acetylene pyrolysis for comparison of results.

produced by the recombination of benzyl radicals in the case concentration of benzyl radical than phenyl radical. The higher
of only toluene. In the case of the toluene and acetylene concentration of benzyl radical also might be due to its formation
mixture the major product’'s signal atz =116, assigned to  through reactions R3R5 while phenyl radical formation
indene, resulted from the trapping of the benzyl radical by through similar types of reactions (i.e., methyl abstraction by
acetylene (R12). Such phenomena of trapping of a radical areradicals) is difficult due to very slow rat@$At the same time
also supported by the appearance of propymé (= 40) benzyl radical recombines to form bibenzyl (R6) and phenyl
produced due to the trapping of a methyl radical by ace- radical recombines to form biphenyl (R7)

tylene in the case of the toluene and acetylene mixture.

Absence of biphenyl in both cases is evidence for the produc- CeHsCH; + H = CgHsCH, + H, (R3)
tion of the benzyl radical in a rather higher concentration _
than phenyl at 1136 K. These results agree with previous CeHsCH; + CH; = CH:CH, + CH, (R4)

studied?:21.2527.29.44.58,5%0r the domination of decomposition
of toluene through reaction R1 over R2

CGHSCHS + M= CGHSCHZ +H+M (Rl) CGHSCHZ + C6H5CH2 = CGHSCHZCH2C6H5 (R6)

CeHs + CgH5CH; = CgHCH, + CHg (R5)

CgH:CH; + M = CHs + CH; + M (R2) CeHs + CeHs + M = CH; CgHs + M (R7)

Muller-Markgraf et alf* and Brouwer et &’ have reported
almost equal rate constants for both recombination reactions (R6
and R7) without any energy barriers. Both phenyl and benzyl
radicals are also consumed by the radical combination reactions
R8 and R9 for the formation of benzene and ethylbenzene

Smith et ak%3! reported the same conclusion based on the
observation of the mass spectrum of hydrogen at @ 0rhe
same result is also obtained by the recent studies of Klippenstein
et al®® and Oehlschlaeger et #l.based on the estimation of
rate constants with the activation energy barrier for BR1=

87.51 kcal) and for R2H; = 97.88 kcal). The branching ratio, CHs+H+M=CH;+M (R8)
ki/(k1 + ko), estimated by them is 0.8 at 1350 K. According to
these studies, the branching ratio is inversely proportional to CgHsCH, + CH; = C;H;CH,CH, (R9)

the temperature and pressure. It means that at the low-

temperature and low-pressure region (1136 K and 10.12 Torr) Further consumption of biphenyl intg & not possible due

at which toluene decomposition started in this study the to the absence ofEl, in the mixture while the conversion rate
branching ratio should be very high. This results in a higher of bibenzyl into stilbene is expected to be much slower than its
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Figure 7. Formation mechanism of products of toluene pyrolysis at 1136 and 1214 K showing clearly the domination of-radical and
radica-molecule reactions. Black arrows indicate reaction routes at 1136 K, and gray arrows indicate reaction routes at 1214 K. Thick arrows
indicate dominant routes, and numbers represent molecular masses.

rate of formation due to a high activation energy baffi¢E, only contribution of reaction R14 with a low concentration of
for R6 = 0.5 kcal whileE, for R15= 51.9 kcal). The above  c-CsHs while in the case of the toluene and acetylene mixture,
discussion suggests that the concentration of bibenzyl shoulda, is found to be produced by the major contribution of two
be higher than that of biphenyl. The observation of bibenzyl different reactions, first by the HACA reaction from pheny-
and the absence of biphenyl in the present study also well agreedacetylene and next by reaction R15 from the addition of benzyl
with this expectation. The biphenyl peak could not be observed and propargyl radicals, as both radicals are resonantly stablized.
at this temperature because of a low concentration of phenyl The HACA route is backed up by the appearance of the
radical as phenyl radical is also consumed to form benzylben- significant signal of phenylacetylene, and reaction R15 is
zene by reaction R10 supported by the appearance of propyne from 1136 K, which
can easily form the propargyl radical by reaction R16. But the
CeHsCH, + CgHg = CgHsCH,CeHs (R10) minor contribution of reaction R14 also cannot be ignored as
o . benzyl decomposition has already started at this temperature.
This is confirmed by the presence of a weak peak of benzyl- The contribution of reactions R15 and R16 and the HACA for
benzene. Observation of benzene as a major product favors itspe formation of aabove 1315 K in the case of only toluene is
formation through reactions R8 and R11 and no further gisg significant based on the appearance of propyne and
consumption or decomposition at this temperature phenylacetylene. Formation of, dy reaction R14 is also

_ proposed by D’Anna et &2-%3and Skjoth-Rasmussen et’as
CeHsCH, + H = CeHg + CHg (R11) the controlling path for aromatic ring growth. Similarly,
CgH<CH, + C,H, = CjHg + H (R12) formation of a by reaction R15 is first proposed by Colket et

al.”® and further supported by McEnally et®i'based on their
The observation of indene as the major product instead of e>'<perimental study on methane/air non-premixed flames doped
benzene in the case of the toluene and acetylene mixture is dudVith toluene and ethylbenzene
to lack of its consumption or decomposition while benzene is

consumed for the formation of phenylacetylene through the C-CoHs + ¢-CoHs = 3, + 2H (R14)
HACA mechanism, which is supported by the weak peak of _
phenylacetylene in the beginning of decomposition process and CeHsCH, + CgHy = 8, + 2H (R15)

a significant peak at higher temperatures.
At 1214 K, the appearance of new peaks for indene CHy +H=CH; + H, (R16)

and a (naphthalene) in the case of only toluene indicates the ]

initiation of the decomposition of the benzyl radical through The appearance of a weak signal fgi(ghenanthrene) and the

reaction R13 as these species involve acetylene and thedbsence of a biphenyl signal in the case of the toluene and

cyclopentadienyl radical in their formation acetylene mixture support the formation of feom biphenyl
(m/z = 154 amu) by the HACA mechanis?h.Similarly, the

CeHCH, + M = c-C;H; + C,H, + M (R13) observation of al, (pyrene,m/z = 202) and &d, (benzof]-

pyrene,m/z = 252) also support the further consumption ef a

Similar results are reported by Shivaramakrishnan ét @he to form pyrene by the HACA and benzjpyrene by phenyl

variation in the concentration of,apecies can be explained by attack. But a significant peak of and a weak signal of stilbene

the difference in their formation routes and further consump- (m/z = 180) in only toluene pyrolysis suggest different routes

tions. The weak signal ohan the case of only toluene suggests from the HACA due to very low concentrations of both biphenyl



PAH Formation in Toluene Pyrolysis J. Phys. Chem. A, Vol. 111, No. 34, 2008317

c2H2+cH3 —H 3 c3na
+H
+HI-H2 P
CH

3
e +HI-CH3 -CH3 "Gy ceéH5 Q Q
< > | y >
H 7]

- 154

CH;

=

78
52*1_530:;3 | ‘/ - C6H5 y @—CH;@
2H2/-H Q%Ot ‘ 163

106 c
10\? 9 \ 16 COH7/-2H 2H
.‘2|\-| C2H2/-2H -C2H2 28 l

\ c-C5H5/-2H
\ C: C2H2/-2H

\5 +C3H3/-2H @ & l

c-C5H5/-2H
@\
+C2H2

\Il II C6H4C2H/-H

L 128
'
6:@ C2H2/-H gag

17
Figure 8. Formation mechanism of products of toluerie acetylene pyrolysis at 1136 and 1214 K showing clearly the influence of the
HACA mechanism together with aromatic radieahdical and radicatmolecule reactions. Black arrows indicate the reaction routes

at 1136 K, and gray arrows indicate reaction routes at 1214 K. Thick arrows indicate dominant routes, and numbers represent molecular
masses.

W

4

and acetylene. They favor the consecutive reactions R17 Their formation routes are explained in detail in the next section
conversion of bibenzyl into stilbene by,Helimination and (moderate temperature region). Kinetic discussion of this
reaction R18 conversion of stilbene intglay H, elimination temperature region can be concluded as: (a) Toluene decom-
and ring closing reactions as dominant routes. Reaction R19pgsition into the benzyl radical and hydrogen is dominant. (b)
also can contribute significantly in the formation qfdue to a Reaction mechanisms below 1300 K are dominated by radical
low-energy process, but the concentratioie-@sHs is expected radical and radicatmolecule reactions in the case of only
to be low at this temperature in both cases toluene while there is also an effect of HACA in the case of
the toluene and acetylene mixture. (c) Formation routes, of a
(naphthalene) and the first member of PAk(phenanthrene)
in toluene pyrolysis with and without addition of acetylene are
completely different. The detailed overviews of the above-
discussed reaction flow paths are summarized in Figure 7 and
CoH; + ¢-GHs = a3 + 2H (R19) Figure 8.

Chemical Kinetics in the Moderate Temperature (1306~
1428 K) Region. At 1315 K, the appearance of many new

CeHsCH,CH,CeHs + M = CH.CHCHGHs + H, + M (R17)

CeHsCHCHGH; + M =a,+ H,+M  (R18)

Bruinsma et af> and Errede et & have well demonstrated

the conversion paths of bibenzyl into stilbene and phenanthrene”. .
(a). The observation of a significant peakralz = 228 only in signals from lower to higher masses (474 amu) and the

the case of the toluene and acetylene mixture is assigned to adlsappearance of the bibenzyl signal in the case of only toluene

(BenzoE]phenanthrene or chrysene). The increase in the signal21d @ sharp fall in the intensity of indene in the case of the
intensity of a and the sharp fall in the intensity of indene above toluene and acetylene mixture are in good agreement with the

1214 K indicate its formation by the recombination of indenyl ©bservations of Hippler et &.and Jones et &f. They indicated

radical§3 by reaction R20 that the rate of recombination of benzyl radicals and its reaction
with other aromatic species significantly reduced while the rate
CgH; + CH, = C;gH,, (ay) + H, (R20) of decomposition of the benzyl radical significantly increased

above 1300 K. The disappearance of bibenzyl and stilbene

It seems reasonable to explain the observation of methyl PAHs Signals, a rather weak signal for indene, and the dominant peak
[an(dm)-CHz] and ethynyl PAHs [a(dm)-Ci] only in the case of of ag (greater than all PAHSs) are expected to result from the
the toluene and acetylene mixture because of the direct attackacceleration of reactions R¥R19. The disappearance of
of the methyl radical on the correspondingca a,(dm) species bibenzyl may also be due to its decomposition into the benzyl
and the trapping of PAH radicals byl present in the mixture radical by the reaction R21 followed by decomposition of benzyl
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radical through reaction R13 and also trapping of benzyl radical A decrease in the intensities of phenyl PAHs at high
by C;H; to form indene (reaction R12) temperatures also might be due to their conversion into new
PAHs. Phenyl PAHs produced by the phenyl radical attack at
CeHsCH,CH,CeHs + M =2 CGH,CH, + M (R21) the triple fusing site are changed to condensed (benzenoid)
PAHs while phenyl PAHs produced by the phenyl radical attack
at the double fusing site are changed to PAHs having a
cyclopenta ring enclosed among the six-membered rings (non-
benzenoid PAHSs) followed by +elimination and ring closing
processes. For example, phenylphenanthrene resulted due to the
attack of phenyl radical at the triple fusing site of phenanthrene
d’s changed to benzelpyrene (ad;), and phenylnapthalene

Finally, the dominant routes for the formation of large PAHs
through reactions R12, R13, R14, and R19 are accelerated. At
this temperature a maximum number of species could be
observed in the present study. An overview of Figures 9 and
10 gives the following information:

1. In the pyrolysis of the toluene and acetylene mixture, the

observed mass spectra (Figure 10) show regular and monotoni . . .
decreases of intensity toward higher mass numbers ab2go resulted from phenyl radical attack on the double fusing site is

amu while in the only toluene pyrolysis (Figure 9) some changed to fluoranthenen(z = 202), an isomer of pyrene (as

noticeable irregularity is found. shown below in schemes a and b). As resulting products in both
2. In the only toluene pyrolysis at 1315 K, where the largest €ases consist triple fusing sites, they can easily further grow

PAHs were observed, the compounds with an odd number into the large PAHSs (either benzenoid or non-benzenoid) both

carbon atoms seem relatively abundant. When the temperaturddy the HACA mechanism as well as by the phenyl radical attack.

was raised to 1428 K and above or acetylene was added, their

relative intensities became weaker, and the growth of PAHs

seems depressed. This implies the role of intermediates with _ ‘ O ‘
odd carbons, i.e., cyclopentadienyl and cyclopenta-fused aro-(a) @o + _> O _)

matic radicals such as indenyl and 4H-cyclopes¢dphenan- O OO‘
threnyl radicals, in the growth of PAHSs. O O

3. Each peak of the primary alternate PAHs is found

associated with &2 mass peak. O

Detailed Interpretations and Expected MechanismsWeak (b) Q
mass peaks of,apecies above-a, indicate their formation in — .
an inefficient way. Their structure reflects that their formation OO OO

is only possible by the two-step HACA mechanism, which is

expected to be inefficient for faster ring growth. Against this

expectation, the observation of significant mass peaks for a This reaction sequence is also supported by Frenklach®t al.
and a in the present study can be explained in terms of different who have demonstrated the formation of benzocoronene from
reaction routes for their formation as explained previously.  the reaction of benzghilperylene and benzene.

The next abundant PAH is as_sign_ed to the first member of  The odd carbon number compounds that are prominent in
the condensed PAH fev] species, i.e., @l (mz = 202) the toluene spectrum at 1315 K are ascribed to be the methyl-
excllu.swely pyrene, which is gas_lly formed from the acetylene ¢ piituted PAHs [4d)-CHs] and the derived PAHs with a
addition to phenanthrene while in the case of the toluene and g, . e mbered fing [dch)-c-CH]. At elevated temperatures

m, .

acetylene mixture self-reaction of phenylaceylene also cannot ) . . ) -
be ignored, which is supported by the high concentration of angdm)c CH, species are dominant ovey(dy)-CHs species. At
this temperature, the odd carbon number compounds are

phenylacetylene and rather significant signal of pyrene. Other - ) .
strong peaks continue on higher masses witly atérval, say, accompanied by corresponding radicaly(da)c-CH]. From

Mz = 252/276. 326/350 are assigned to&eds, ayds/ these observations, it is not difficult to assume that methyl-

agds... The mechanism relevant to this continuation is implied Substituted PAHs analogous to toluene are unstable at high

to be the phenyl radical addition to small PAHs. This is further (€mperatures and are converted to corresponding radicals

backed up by the abundance of(fh,)-ai] peaks, which appear [an(dm)-CH?] both by direct dissociation and by the attack of

at +2 mass number larger than primary PAHSs. free H atoms. These resulting radicals are changed to stable
On the basis of abundance of phenyl PAHg(d#)-ad] it is PAHs having a five-membered ring n[én)-c-CHy] by H

not difficult to assume that these species are produced by theelimination and ring closing reactions. PAHs with a five-

reaction of benzene and PAH radicals, phenyl radical, and neu-membered ring such as 4H-cyclopeuteiphenanthrene

tral PAHSs or by the direct addition of phenyl and PAH radicals.

This is supported by the decrease in signal intensity of benzene

above 1214 K. Thes¢2 mass peaks f@dm)-a] become weaker .O
at high temperature in the case of only toluene and when acety-

lene was added at this temperature. This is clearly supported O‘

by the significant signal of biphenyh{z = 154) over acena-
phthalenerfyz=152) (Figure 9), which becomes reverse at high
temperatures (Figure 11) and after addition of acetylene (Figure
10). This decrease in intensity is expected to be due to trapping

produced from methylphenanthrene

of phenyl and PAH radicals before attacking each other by CH3 O
acetylene to form phenylacetylene and ethynyl derivatives of
PAHSs. This is supported by the appearance of a significant signal 0‘

of phenylacetylene only at high temperature in the case of only
toluene and from the beginning of the decomposition process
(1136 K) in the case of the toluene and acetylene mixture.  are fairly stable, and their derived radicals
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Figure 9. Experimental mass spectra of produat$zZ> 110) of toluene pyrolysis at a temperature of 1315 K with microanalysis of mass peaks
showing many sequences of species.
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Figure 11. Experimental mass spectra of produatéz> 110) of toluene pyrolysis at a temperature of 1507 K with microanalysis of mass peaks
showing many sequences of species.
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TABLE 1: Chemical Species Detected during the Pyrolysis
of Toluene

mass  chemical mass  chemical mass chemical
(amu)  formula (amu) formula (amu) formula
15 CHs 168 GHsCH,CgHs 350 GgHu
. .28 GHa 176  GHCyoHsCoH 352 GgHis
are expectgd _ to be very stabl_e with resonance electronic 40 GH, 178  GuHuo 364 GgHiCHs
structures similar to cyclopentadienyl 50 GiH, 180 GHis 374 GoHus
52 CHCHCCH 182 G4Hia 376  GoHie
C: 66 c-CsHs 190 GsHio 390  GoHisCHs
i\ /7 78  GiHs 192 G4HoCHs 398 GoHus
79 C-C5H5CH3 202 Cj_sH]_o 400 C82H16
_ 91 GHsCH; 204 GgHi 402 GoHis
and |ndeny| 92 GHsCHs 216 GgHoCHs3 414 GoHisCHs
102 GHsCH 226  GgHio 424 GqHis
C. 104 GHsCyHs 228 GgHio 426 GgHis
@;/) 106 GH:CHsor 230 GeHio 438 GyuHisCHs
CH3CsH4CHs 242  GgH1iCHs 448  GgHis
115 GHy 252  GoHiz 450 GHis
It should be noted that the mass peaks for PAH species with 116  GHs 254 GoHis 464 GeH17CHs
a five-membered ring [#dm)-c-CH, or a(dm)"C] are ac- igg 8HHC6H4C2H ggg 80:11CH3 3;21 88:16
companied by the mass peaks witl mass, assigned to the 155 &% 278 GoHe 486  GuHiCHs
resonantly stabilized radicals. This is also clearly su_pported by 130 GgHio 290 GpH1iCHs 496 CoHis
the appearance of the mass peaks/at= 115 amu for indenyl 140 GiHs 300 GHi2 498 CioHis
andm/z= 165 amu for fluoryl radicals. These resulting radicals 142  GdH/CHs 302 GaHig 512 GoHi7CH3
are expected to contribute efficiently in the ring growth by the 152 GoHeCoH2 314 G4HuCHs 520 CpHis
inter- and intramolecular reactions followed by &limination 154 GHs-CeHs 326 GdHia 522 GCHis
y 166 Q_3H10 340 CZGHISCHS

and ring-closing processes similar to

C.

mechanistic discussion. Finally the kinetic mechanisms dis-
cussed in this temperature range can be summarized as:

= (&) The formation pathways of large PAHs in toluene
pyrolysis are contributed by inter and intramolecular reactions
c. of cyclopenta fused radicals, i.e., radical species with an odd
©’\/) n = a number of carbon atoms.
(b) The growth of large PAHSs is highly influenced by the

50 .

On the other hand, methyl-substituted PAHs produced from
methyl radical attack at single and double fusing sites, for
example, methylnaphthalene or methylpyrene also form their
corresponding radicals at high temperatures, which further
changed to PAHs with three- and four-membered rings by H

elimination and ring closing processes such as

o (L9 (D 0.

These resulting PAHs having three- or four-membered rings

phenyl radical attack especially on the triple fusing site of
PAHSs.

(c) The role of the HACA mechanism is only found important
for ring growth by two carbon atoms from the PAHs containing
triple fusing sites produced by the above reactions.

Chemical Kinetics in High-temperature (>1500 K) Re-
gion. An overview of Figures 11 and 12 gives the following
information. In both cases most of the signals of species having
an odd number of carbon atoms are suppressed while large PAH
signals as well as signals of phenyl-PAkg(fi)-a1] completely
disappeared.

On the other hand, new peaks for polyynes such as triacety-
lene (74 amu) and several weak peaks with mass numBer
from primary PAHs appeared.

Mass peaks am/z = 50 assigned to diacetylene suddenly
increased.

Detailed Interpretations and Expected MechanismsThese
peaks with—2 mass numbers are attributed to the ethynyl
derivatives (gdnC1) and diethynyl derivatives (€.C;). Par-
ticularly in both cases diacetylene, triacetyleméz(=74 amu),
phenyldiacetylene;&, (m/z =126 amu), and diacenaphthylene
aC, (Mm/z =176 amu) are found to be significant. These
observations support the production of acetylene in high
concentrations from the decomposition of some neutral and
radical species such asts, CsHs, C;H7, andc-CsHs (Figure
13) as well as provide evidence for the disappearance of phenyl
PAHs and depression of methyl PAHs due to trapping of the
resulting radicals (phenyl and methyl) byHG. This indicates

contain only single and double fusing sites due to which they that most of the toluene is converted into smaller species
cannot contribute in the further ring growth process efficiently (especially acetylene) through decomposition reactions R13 and
to form large PAHs. Existence of PAHs with an odd number R22. The depression of large PAH growth and growth of
of carbons is also proposed by Apicella etivithout any abundance of #d,)C, species can be explained together based
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Figure 13. Formation mechanism of products of toluene pyrolysis above 1507 K dominated by the HACA mechanism and decomposition reactions.
Bold arrows indicate dominant routes, and numbers represent molecular masses.

on the production of sufficient £, from unimolecular CeHs + M = CH; + CH, + M (R24)
decompositions, as: _

1. Unstable primary (linear chain) PAHs are expected to grow CoH M =CgH, + CH, + M (R25)
to fully stab[e condensed (penz.enoid) PAHs by the HA.CA.. As CH,+M=CH,+H,+M (R26)
unstable primary PAHs with zigzag structures contain triple
fusing sites, they easily changed by one-step HACA to CH;+M=CH,+H+M (R27)
condensed PAHs having only single and double fusing sites.

These resulting condensed PAHs can be easily changed into CH,+H=CH;+H, (R28)
PAHs with five-membered ring by one-step HACA, which is
supported by the observation of such species at this temperature. CH;+H=CH,+H, (R29)

2. Another cause of the depression of large PAHSs is the
trapping of the key radicals GHand phenyl by @H, before CH,+H=CH+H, (R30)
attacking the small PAHs, which stops their further growth into
large PAHs. This is supported by the appearance of pheny- CH, + CH=CH, +H (R31)
lacetylene and propyne signals together with the disappearance
of phenyl PAH [&(dmw)-ai] signals. CiHy + CoH = CeHp +H (R32)

The increase in the intensity of diacetylenelig 50 amu) Because of the decrease in concentrations of key radicals,

may also be contributed by the reactions RR31. Diacetylene especially GHsCH,, C¢Hs, c-CsHs, and CH, the dominant
(C4Hy)is further consumed by reaction R32 to form triacetylene routes for the formation of large PAHs cannot be accelerated

(CgH2, Mz = 74 amu) enough. As a result, large PAH concentration becomes insuf-
ficient to be detected. Acetylene could not be detected in this
c-CHg+M =C,H, + C;H; + M (R22) study due to its high ionization potential (11.40 eV) greater than
the ionization energy of SPI (10.5 eV) used in the present study.
CeHeCH, + M = C,;H, + C;H, + M (R23) According to the polyynes kinetic mod&diethynyl deriva-

tives are produced by the ring -opening reactions of the closest
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large PAH species by the fission of one of the-C bonds of pyrolysis. The role of aromatic radicatadical and radicat

the aromatic ring. These ethynyl derivatives further converted molecule reactions are found to be dominant while the influence
to polyynes by GH; elimination following sequential reactions.  of the HACA mechanism is also important for ring growth in
On the other hand our experimental results support the formationone step by two carbon atoms from PAHs having a triple fusing
of diethynyl derivatives by the HACA mechanism and polyynes site.

by the above explained chain reactions. Reaction mechanisms 3. Different reaction flow paths for the formation of PAHs
discussed at this temperature are summarized in Figure 13.are proposed on the basis of experimental results with a major
Observation of the disappearance of large PAHs at high emphasis on phenyl, cyclopentadienyl, benzyl, indenyl, and

temperatures was also reported in other stutfiés30-31Finally, cyclopenta-fused PAHs radicals resulting from methyl PAHSs.
it can be concluded that the kinetic mechanism in this temper-
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