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High Pressure Pyrolysis of Toluene. 1. Experiments and Modeling of Toluene
Decomposition
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The pyrolysis of toluene, the simplest methyl-substituted aromatic molecule, has been studied behind reflected
shock waves using a single pulse shock tube. Experiments were performed at nominal high pressures of 27
and 45 bar and spanning a wide temperature range from 1200 to 1900 K. A variety of stable species, ranging
from small hydrocarbons to single ring aromatics (principal soot precursors such as phenylacetylene and
indene) were sampled from the shock tube and analyzed using standard gas chromatographic techniques. A
detailed chemical kinetic model with 262 reactions and 87 species was assembled to simulate the stable
species profiles (specifically toluene, benzene and methane) from the current high-pressure pyrolysis data
sets and shock tubgatomic resonance absorption spectrometry (ARAS) H atom profiles obtained from prior
toluene pyrolysis experiments performed under similar high-temperature conditions and lower pressures from
1.5 to 8 bar. The primary steps in toluene pyrolysis represent the most sensitive and dominant reactions in
the model. Consequently, in the absence of unambiguous direct experimental measurements, we have utilized
recent high level theoretical estimates of the barrierless association rate coefficients for these primary reactions,
CeHs + CH; — CgHsCH;3 (1a) and GHsCH, + H — C¢HsCHgs (1b) in the detailed chemical kinetic model.

The available data sets can be successfully reconciled with revised valueslfege(CsHsCH,) = 51.5+

1.0 kcal/mol andAH%gsx(CeHs) = 78.6+ 1.0 kcal/mol that translate to primary dissociation rate constants,
reverse of 1a and 1b, representedKay,. = (4.62 x 10?)T 25%xp[~104.5 x 10°%RT] s ! andk-1pe =

(1.524 x 10T 00%xp[-93.5 x 10°RT] st (Rin units of cal/(mol K)). These high-pressure limiting rate
constants suggest high-temperature branching ratios for the primary steps that vary from 0.39 to 0.52 over
the temperature range 1260800 K.

Introduction standing of soot production (also useful for the production of
products such as carbon black), the gas-phase chemistry involved
in burning key soot precursor molecules such as toluene forms
a vital and primary component.
Toluene pyrolysis studies have been initiated as early as in
e 1940s with the seminal work by Szwateesulting in the
estimation of the €H bond energy in the substituted methyl
group in toluene and its widespread usage as a radical scavenger.
Szwarc'd experiments were confined to the intermediate
temperature range from 1000 to 1170 K. The bulk of the
experimental studies on toluene pyrolysi¢ after Szwarc’s

arly experiments have been reviewed in the modeling studies

y Kern et alt®> and Lindstedt and Mauric®.The majority of

The simplest methyl-substituted aromatic, toluene, occurs
naturally in crude oils but is also formed during the refining of
these oils and during the cracking of hydrocarbons to form light
hydrocarbons such as ethylene and propylene. However becaus%
toluene is known to have a high energy density and antiknock !
rating, the majority of the toluene produced is not isolated from
the refinery streams but is blended in with the gasoline pool.
Currently toluene along with the xylenes forms the bulk of the
aromatic content of a wide variety of commercial as well as
premium and jet engine fuels{35% mole fraction in premium
fuels). Because of its abundance, toluene has been suggeste

to be the surrogate single ring aromatic for gasoline, diesel, and - . o ; .
9 g J 9 the experimental studi&s'® were initiated with the main

aviation fuels in a recent CHEMKIN workshbjin line with - . Lo . . -
the recommendations made in an earlier workshop on surrogateobjec.t'ye being the estimation of the primary dissociation rate
fuels? coefficients in toluene via reactionsla and—1b. Kern et al®

Despite the commercial and industrial significance of toluene modele_d all th'_e ayaﬂable hlgh-tempe_ra_tl_Jre_ data on toluene
there is very limited information on the detailed kinetics that pyrolysis and highlighted that both the initiation channels (1A

govern its combustion and the subsequent secondary chemistr _nd 1%?1);\’6@ |mportqnt in contrast_ to prior recommenda-
that is relevant to intermediates formation and is essential for tions™*-that the only important reaction at high temperatures

emissions considerations. Furthermore, an important consider-VaS the C-H fission channel (1B). Lindstedt and Mauriée

ation to be taken note of from the viewpoint of combustion
[C6H5 + CH, — C¢H:CH; (1a)

chemists is the fact that these primary aromatics such as toluene
C¢HsCH; — C;H; + CH; (—1a)

are the precursors for the formation of soot which not only
decreases combustion efficiency but is also a major emissions
concern. Recent studiesave also highlighted the toxic and CeHsCH, + H — C4H:;CH, (1b)
carcinogenic effects of soot particles. To gain a better under- CgHsCH; — C¢HsCH, + H (—1b)

Channel 1A

Channel 1B
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Recent experimental and modeling stuéfiégin this labora- permanent gases were used as obtained. Neon was added as an

tory at high pressures and high temperatures on the oxidationinternal standard in the experiments to account for any dilution

of toluene have highlighted the dominant role of these primary of post-shock gases by the driver gas (helium, Grade 4.8,
dissociation rates at high temperaturesl200 K). To better 99.99%, BOC Gases).

isolate the contributions of these pl‘lmal’y pyl’0|ytIC channels we Pre- and postshock Samples were withdrawn into e|ectr0p0|_
have initiated the current study of toluene pyrolysis. The current jshed stainless steel vessels via a port located in the endwall of
paper forms part 1 of a two-part series on toluene pyrolysis the shock tube and analyzed offline using standard gas chrom-
that discusses the experimental measurements as well as thgtographic (GC) and mass spectrometric (MS) techniques. The
modeling of toluene, benzene, and methane profiles from the analyses were performed by simultaneously injecting the gas
HPST in combination with temporal H atom ARAS profiles samples via gas sampling valves onto three columns. Two
from prior shock tube experiments to extract high-pressure limit PLOT-Q columns on two GC’s (HP-6890) with one column
dissociation rate constants for the two primary channels. Part 2g|yting into a FID and the other into a MS (HP-5973) were
in this serie¥’ discusses the modeling of benzyl decomposition ;e to analyze the hydrocarbons. A MOLSIEVE 5A column

as well as the growth of key soot precursors suchzit (aHs, eluting into a TCD was used for analyzing neon. Excellent
CgHe, and indene. baseline separation was achieved for all the observed intermedi-
Experimental and Analytical ates. Multiple analysis runs were performed for a few experi-

ments (typically one to two experiments every day) to ensure
single pulse shock tube with experiments performed behind that the data was consistent and reproducible (typically within

o i . : . 22 i
reflected shock waves. The design and operation of the shock;fof5 /Ot)', In I:cne W':.h pr|or(\:|/vork from th'ﬁ. Iab(()jrabtor ) IQen .
tube have been described in detail in earlier publicatf8r?&, ffication of reaction products was achieved by retention time

and the present toluene pyrolysis experiments were performedma_tChIng as _weII as W'th the aid of the MS. The dete_ctors were
with only minor changes to the setup that involve the use of calibrated using callbrat_lon sta_ndards and make_up mixtures (that
heated sample vessels, mixture rig, and analytical rig. span t.he low mole fraction regime-100 ppm, as in the current
The present sets of experiments were performed with a 101 experiments) and the calibrations were checked periodically for
in. long driven section with the diaphragm section separating it consistency. Uncertainties in species mole fractions are estimated
from a 60 in. long driver section. The driver section length is to be no more than 5%, typical error bars for GC, GC-MS

made variable by the insertion of brass plugs in order to obtain measurements.
best possible cooling rates & 10* to 1.5 x 1P K/s). A dump
tank placed just ahead of the diaphragm section on the driven . ) )
side rapidly quenches the reflected shock wave, thereby permit- 1oluene pyrolysis experiments were performed over a wide
ting the shock tube to be operated in single pulse fashion. témperature range from 1200 to 1900 K. A total of 72
Incident shock velocities were calculated from the response of €xperiments were performed at two nominal pressures of 27
pressure transducers (PCB model Nos. 113A231[0000 psi] (37 experiments) and 45 bar (35 experiments). The diaphragm
and 113A21 [6-200 psi]) located in the side wall of the shock ~OPening process causes minor variatiaft&Q% from nominal
tube perpendicular to the incident shock wave and these Pressures)in the final pressures attained, and consequently, we
velocities have been correlated with the temperature in the refer to the experiments being performed at the nominal
reaction zone using the chemical thermometer techrfiggfe. ~ Pressures quoted above. However the exact reaction pressures
Uncertainty in the measured shock velocities<i$%. These  for each experiment are shown in the Supporting Information,
shock velocities have been calibrated to the reaction temperaturef@ble ST1, and these have been used for all the simulations
by measuring the extent of decomposition of a chemical that have been performed in this work. The reaction times for
calibrant (1,1,1-trifluoroethane) which has a well-established these experiments were in the range £8.2 ms (again due
k...2! Effects due to pressure rise/drop and quench time haveto the shock conditions and the nature of the shock quenching
been analyzed and found to be insignificAhConsequently ~ process). Experiments were performed using dilute toluene
the uncertainty in temperature is estimated to be no more thanmixtures with mole fractions of 104 ppm that translate to initial
1% over the temperature range of the present experiments.concentrations that range from 181078 to 4.9 x 10~ mol/
Reaction pressures and reaction tifie¥ are obtained froma  cn®. The low mole fractions minimize temperature drop due to
pressure trace recorded from a pressure transducer mounted igndothermicity, less than 5 K, thereby maintaining essentially
the end wall of the driven section parallel to the long axis of isothermal conditions over the time range (2137 ms) of the
the shock tube. The present set up gave reaction times in thecurrent experiments. A number of intermediates were observed
range 1.2-1.5 ms with exact reaction times measured for each in these experiments principal among these being the smaller
experiment. Uncertainty in the time measurement is no more hydrocarbons gHs (benzene), gH,, CHa, C4H> (diacetylene),
than 10%. Prior to each experiment, the driven and the samplingCsHa (vinylacetylene) 1,3-GHs (1, 3-butadiene), s, allene,
sections of the shock tube were evacuated 10110~ Torr by propyne, and the small aromatics phenylacetylene, styrene,
means of two sets of rotary-pump (Edwards E2M-1.5)/turbo- p-xylene, ethylbenzene, and indene. The carbon totals in these
pump (Edwards EXT-250HI) combinations, and a separate experiments were poor at the higher temperatures beyond 1600
rotary pump (Edwards RV-8) was used to evacuate the driver K with carbon recoveries being close to 50% (See Supporting
section. Information, Table ST1, for carbon recoveries for each experi-
Reagent mixtures consisting of toluene, 104 ppm (99:8%  ment). Formation of small amounts of single ring aromatics and
Aldrich Chemical Co.) and neon, 2400 ppm (Grade 5.0, the smallest five and six member ring PAH, indene, in the
99.999%, BOC Gases) diluted in the bath gas, argon (Gradepresent experiments offer ample evidence of the presence of
5.0, 99.999%, BOC Gases) were prepared manometrically in heavier aromatics and polycyclics in small amounts that could
50 L vessels and allowed to stand overnight before use. A be condensed on the walls of the shock tube. Furthermore, it is
freeze-thaw procedure was used before admitting toluene into well-known that acetylene and diacetylene formation lead to
the mixture vessel to minimize air content whereas the subsequent larger polyacetylenessHg CsHz) which might

The UIC high-pressure shock tube (HPST) is operated as a

Experimental Results
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explain the poor carbon balance. The species profiles for the show significant curvature and flattens out at higher temperatures

two sets of experiments at 27 and 45 bar are shown in Figuresas can be seen in Figure 3a. The decay rate coefficients shown

1 and 2. in Figure 3b are consequently plotted only for experiments in
the temperature range 1171509 K and this corresponds to

Species Profiles, Toluene Pyrolysis, 45 bars 47 out of the total of 72 experiments being used to obtain the

Jgg oomeg,, ‘AAA st total toluene decay rate parameters. Figure 3b indicates that there
e 5g: den o 00 o0 © is no significant pressure dependence over the temperature range.
o, o ‘ - - A linear least-squares fit to the data was obtained with a good
Z 20 XX XX XK correlation coefficient R = 0.97). The extracted Arrhenius
'§ 12- ‘&wgg N : parameters, the preexponential A factor (8:610'/s) and the
e — activation energyE, (79550 cal/mol) are also shown in the
< + figure. A variability in reaction time by 10% as well as species
= + & mole fraction by 5% has a minimal effect on the estimated total
0{ 8AManaR “tauh+ o+ o 4 decay rate constants. On the other hand a 1% variation in
1200 }?ﬁperam?x 1800 reaction temperature leads to a 50% change in the determined

rate constants. This translates to uncertainties-bfkcal/mol

Figure 1. 45 bar species profiles®] — CeHsCHs, [O] — CeHs, [a] and=+10% for the derived overalf, and A factors, respectively.

— CoHa, [0] — CHy, [X] — C4Hz, [+] — CgHuio, [O] — CgHe, [A] —
CoHs.

4 First Order Rate Coefficients for Toluene Decay
Species Profiles, Toluene Pyrolysis, 27 bars
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Figure 2. 27 bar species profiles®] — CsHsCHs, [O0] — CeHe, [A]
— C2H2, [<>] — CH4, [X] — C4H2, [+] — CsH]_o, [O] - CsHe, [A] -
CoHs. 4
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First Order Rate Coefficients for Toluene Decay

A=8.6TE+14 5"
E.=79550 cal/mole

Both sets of experiments exhibit very similar profiles. Toluene

starts to decay at temperatures above 1300 K. Correspondingly, 3
benzene and CHstart to build up and attain their maxima at
temperatures close to 1460 and 1520 K respectively,@nd 2

C4H> build up to significant amounts and only at temperatures
beyond 1700 K start to get consumed. 90% of the toluene is 1.
consumed at temperatures close to 1500 gH s the most
dominant intermediate with as much as 150 ppm being formed
in these experiments. The single ring aromatics, phenylacetylene,
styrene, ethylbenzene, amxylene, as well as the largest T T . T T
aromatic species sampled in the current study, indegEdC 060 065 070 075 _?'80 085 0.0
were formed in significantly smaller quantities with mole b 10007T, K
fractions being no more than 2 ppm. The raw experimental data Figure 3. _F'irst-order total decay rate coefficier]t@][— 27 bar decay
sheets with mole fractions for all the intermediates that were 'at€ coefficients, 4] = 45 bar decay rate coefficients—] — 27 and
. . . . 45 bar combined linear fit.
detected in quantifiable amounts along with the experimental
parameters Rs, Ts, and t) are included in the Supporting
Information, Table ST1.

The experimental data was used to obtain overall rate
constants for the decay of toluene using first-order kinetics (eq
1). Figure 3 shows the overall decay rate coefficients obtained
for the 27 and 45 bar experiments.

Log ky,,,

Figure 4 shows the comparison of reported literature rate
coefficients to the current extracted rate constant from the HPST
(circles denote the extracted rate constants that have been ob-
tained from the Arrhenius parameters in Figure 3). The NIST
chemical kinetics databa®ementions five prior measure-
mentg132426 of rate constants derived for 8sCH; —

In(1 — x) -E, products. Among these five studies, the mass spectrometric study

Krotal = n = F( RT) Q) by Smith/ does not report any rate constants. Astholz and#froe
studied the decomposition of benzyl radicals using toluene as a
where x = [CeHsCHyl; — [CeHsCHgl source for benzyl radicals and reported rate constants for benzyl

[CeHsCHl, decay to form products @ElsCH, — products). These rate
constants/rate parameters have been erroneously ascribed to the
The species profiles (Figures 1 and 2) indicate clearly that the CgHsCH3; — products reaction in the NIST database. The study
majority of the reactantX95%) is consumed at temperatures by Hippler et al® on toluene and benzyl pyrolysis was used to
close to 1500 K and correspondingly the rate coefficients would estimatek., for CsHsCH3; — CgHsCH, + H (—1b) over the
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CH.CH =Products limiting decay ratek.,, and there appears to be no indication of
6 falloff in the current experiments in line with calculations
reported in a number of earlier studigg’-28
41 The rate constants derived from the present work appear to
_ be larger than a factor of 2 than those reported in the recent
<& 2 work by Eng et af’ Eng et ak” have reported fall off curves
§’ 0 (Figure 6 in their paper) and branching ratios (Figure 7 in their
1 paper) for toluene decomposition at temperatures of 1650, 1850,
2. and 2000 K. Here the sum of the rate constants for reactions
—1a and—1b from Eng et af’ were taken to represent total
n toluene decomposition. For example at 1650 K and total shock
. densities of 3.7x 10~4 mol/crm? (P = 50 atm),kuni = k-1a +

05 06 07 08 09 10 11 1.2

10001T, K k-_1p appears to be at the high-pressure limit with a magnitude

just larger than 9.9« 10%s. If one wer r | first-
Figure 4. Comparison of total toluene decay rate coefficienty. t just larger than 9.8< 10%s. If one were to use our fotal first

HPST (1200-1500 K), F1] — Kern et al’® (1650 K), [A] — Bruinsma order decay rate parameters (Figure Bh). is calculated to
et al?® (1090-1190 K), p] — Eng et aP’ (1650 K), [X] — Banerjee be 2.5x 10%/s, a factor of 2.5 larger. However one should note

et al?® (875-975 K) [—] — Baulch et aP® (1000-2000 K). that our rate constants are representative of total decay rate
constants for gHsCHz; — Products and on the other hand the
temperature range 126A500 K. The NIST database has again Eng et ak’ rate constant refers to the sum of rate constants for
erroneously ascribed the rate constants for this reaction to bereactions—1a and—1b. Despite this one could argue that the
the same as that forg8sCH; — products. Hippler et a3 in match between the Eng et%lpredictions and our experimental
their study have assumed that over their temperature range theregate constants is good.
is no contribution from the other toluene dissociation channel  One other point to note is that branching ratios derived from
via CgHsCHz— C¢Hs + CH3 (—1a). The other two studies by  the Eng et a¥” work appear to support the dominance of reaction
Bruinsma et af®> and Banerjee et &P.using flow reactors have  —1b with reaction—1a appearing to be equally dominant only
reported first-order rate constants fosHgCH3; — products at at 2000 K at total Ar densities 10~ mol/cn®. This is in
temperatures< 1200 K. The present study appears to be the marked contrast to the detailed experimental and modeling
only high-temperature measurements fgHgCH; — products. studies by Pamidimukkala et %and Kern et al® Kern et al®
Considering that very dilute mixtures were used in our study have concluded that the magnitude of the rate constants for both
and the temperature range over which the rate coefficient for the initiation reactions{1a and—1b) in toluene are comparable
toluene decomposition was obtained in the present work, 1200in the temperature range 1460600 K with the phenyl channel
to 1500 K and pressures 20 atm (total Ar densities 16 mol/ (—1a) dominating at higher temperatures on the basis of detailed
cny) the total rate reported here is a true first-order high-pressure modeling of the available experiments. Kern et®dlave derived

CH, Production Rate Coefficients CH, Production Rate Coefficients

3 3
A=TI13E+155" A=101E+145"
E_ = 90540 cal/mole E_ =78003 cal/mole
1329 K<T<1517K| 2 1171 K<T <1465 K
A -
i g
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g £ 3
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| i
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4 Csz Production Rate Coefficients 3 C ‘l-lz Production Rate Coefficients
A=2.68E+18s" A=6.42E+26s"
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Figure 5. Production rate coefficientsO] — 27 bar decay rate coefficientsy] — 45 bar decay rate coefficients;] — 27 and 45 bar combined
linear fit.
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TABLE 1: First Order Decomposition and Production Rate discrepancies in several key features pertaining to its mechanism.
Parameters A majority of the earlier higher temperature toluene dissociation
species log4, s79) Ea(kcal/mole)  temp range (K) studied®1!assumed the dominance of the benzyl channel (1B)
toluene 14.94- 0.05 796+ 1 11711509 at temperatures as high as 1800 K and the rate coefficients for
Bﬁethane ﬁ'gi 8.32 ?g.osii ﬁ?ﬁf{éé the primary reactions-1a and—1b) were extracted in these
aggtzy‘fgﬁe 1843 0.08 10508 1 12171490 experiments by means of modeling absorption proflles_ of
diacetylene 26.8% 0.05 164 1+ 1 1329-1490 toluene, benzyl, and benzyl fragments as well as H atom profiles.

However experimental and subsequent detailed modeling studies

pressure dependent rate constants for both the reactions. If ondy Pamidimukkala et &land Ker et at® have concluded that
were to use the Eng et &.approach in summing up the rate realctlon—la.domlnates_ at temperatures as low as 1400 K. They
constants for the two reactionsla and—1b from the pressure ~ derived their conclusions by modeling shock tube laser
dependent rate parameters from Kern éfalnd reporting that schlieren (LS) profiles to obtz_aln precise |n|t|&}| rate coefficients
as the total rate constant for toluene decay one would obtainthat equate to total rate coefficients for reactierisa and-—1b.
again at 1650 Kni = K140 + K_1pe = 1.23 x 10%s (a factor Additionally shock tube time-of-flight (TOF) methane profiles
of 2 less than the current HPST rate constant at 1650 K) at Were used to derive branching ratios for the two channels. Kern
total shock densities of 3. 104 mol/cr? (P = 50 atm). This et al!* were also able to model H atom profiles measured by
is in good agreement with the HPST measurements. Again oneBraun-Unkhoff et al? fairly accurately with the extracted high-
should reassert that, among the studies considered here, thé€mperature rate coefficients. N

derived rate constants from the HPST study representigue ~ Conversely, recent studies on the decomposition of toftfene
considering the experimental conditions of the present work, Pehind shock waves using atomic resonance absorption spec-
on the other hand the Eng et Zland the Kern et & troscopy (ARAS) to detect H atoms in combination with
experiments are in the falloff regime witk, derived from subsequent master equation simulations support earlier conclu-
extrapolations to their data. The present rate coefficients alsoSions®*!that temperatures 2000 K are required at the high-
compare favorably (being less than a factor of 2) against thosePressure limit in order for-1a to be equally dominant to1b.

from the extrapolated lower temperature flow tube measure- The rate constants for channelb are fairly accurately known
ments of Banerjee et &.in the 1200-1250 K temperature ~ On the basis of lower temperature measurements150 K&t
range but the deviations increase at higher temperatures beingvhere only the benzyl channel predominates. On the other hand,
as much as an order of magnitude at 1500 K. On the other handisolation of the phenyl channel is extremely difficult at high
the measurements for total decay rate coefficients by Bruinsmateémperatures and consequently one is forced to resort to
et al?® are an order of magnitude or more smaller than the modeling of CH profiles to indirectly extract rate coefficients
current measurements over the temperature range-12gm  for the phenyl channel{1a). To unambiguously extract rate

K. The recent recommendations by Baulch etdbr k1. + coefficients for—1a theory appears to be the only recourse.
K_10: appear to be lower by a factor of 2 (at 1650 K) than the  In recent work, Harding and KI|ppensté.?ﬂbhave directly
current measurements as well as the Eng &t ahd Kern et implemented multireference wave function based methods

al’5 recommendations with increasing deviations at lower (MRCI/CASPT2) within variable reaction coordinate transition

temperatures (being as high as an order of magnitude at 120cstate theory (VRC-TST) for the key association reactions (1a,
K). 1b) to yield a pressure dependent

The total decay rate coefficients for the decomposition of
toluene have also been used to extract production rate coef- CH; + CgHs— CgH:CHs (1a)
ficients (using eq 2, see for example ref 30) for the formation H + CgH.CH,— CgH.CH, (1b)

[Intermediate] . . - . .
termediate= X Ko (2) analysis of the primary rate coefficients in toluene decomposition
[CeHsCHgl; — [CeHCHl; over a wide range of temperatures (X558 K). The current
experiments have been performed at high pressures and conse-
quently we have utilized only the high-pressure limiting rate
coefficients from the Klippenstein et #@2Pcalculations for our
kinetic analysis. Apart from these stepsl@ and—1b represent

k

of the dominant species in the current experiments viHsC
CHg, C;H,, and GH». Figure 5 depicts the total production rate
coefficients for the formation of the major intermediates from

the current experiments. No significant pressure dependency is ; . L ) -
observed as can be seen in Figure 5. The total production ratethe primary dissociation steps for toluene) Fhe chemical klnetlc_
coefficients for both high-pressure data sets have been fit to _model that has been assembled to describe toluene pyrolysis

the Arrhenius expression with a good correlation coefficient includes key steps that de§(_:ribe abs_traction reactions with H
(~0.95) to extract the preexponential factor (A) and the and_ .CH'” benzyl decpmposmop reactions, a t_:)enzene decom-
activation energyH,). Production rate coefficients have been position submechanism, reactions that describe the formation

extracted over the lower temperature range of the experimentsand consumption OT smaller hydro_carbons that range from met_h-
before subsequent decay of the intermediates occur. Table 1ane to cy clopgntad|ene 3“0' reactions that describe the formation
summarizes the extracted Arrhenius parameters for the decom-mc key smgle ring aromatic soot precursors such as phenylacety-
position rate of the reactant, toluene, as well as production ratesIene and indene. The assembled model incorporates 87 species

for the various intermediates. The extracted Arrhenius param'%nr(rjnigc?nrzigtlggr?sjrir%ﬁ)r??)ﬁ‘irzgltlr: ITg?gé;?;;r:ny(g:)e the
eters are not representative of true first-order kinetics. However P y &

they represent a useful measure to summarize global formation®' ¢ based on the Princeton tolugne mdaetThe mogiel how-
rates30 ever does not incorporate reactions for the formation and con-

sumption of single ring aromatics, and consequently in this work,
Modeling we have included 81 reactions that describe their formation
Despite a number of experimental and modeling studies on discussed in great detail in part 2 of this sefieApart from
toluene dissociation at high temperatures there still exist these additions, several changes have been made to key steps
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TABLE 2
reaction A n Ea
CHs + CeHs— CgHsCH3 4.601x 104 —0.33756 0 (fit to HK rate 1027 k& T < 1897 K)
reverse 9.13% 10%7 —3.330 107 992 (thermochemistry from ref 36)
H + CeHsCH, — CgHsCHs 5.384x 1013 0.113 05 0 (fitto HK rate 1027 k& T < 1897 K)
reverse 3.346¢ 1015 0.17 91 409 (thermochemistry from ref 35)

in toluene decomposition (incorporating updated Baulch & al.  oscillator (RRHO) model has been examined and again the effect
recommendations) that are outlined in more detail later in this is minor for this species and the RRHO model has been used

article. throughout. In the case of the other key radical, the phenyl,
. . there are no internal rotors and very few low-frequency
Primary Reactions vibrations (with the lowest vibrational frequeney400 cnt?)

The two primary decomposition channels in toluene, reactions and consequently the all frequencies RRHO formalism is
—la and —1b, represent the most dominant and sensitive adequate for extrapolating the thermochemical functions.
channels that not only govern the rate of decomposition of The calculated primary forward and reverse rate parameters
toluene but also significantly affect the formation of subsequent and thermochemistry were inserted into the detailed model of
key intermediates. Harding and Klippenstein [HK, ref 32] have toluene pyrolysis and used in a multistep modeling approach
obtained high-pressure limiting association rate coefficidais, to fit H atom ARAS profiles measured by Braun-Unkhoff et
andka,, from their master equation calculations over a wide all®and Eng et af’ as well as key intermediate species profiles
temperature range that spans @858 K of which the range  (CH, and GHe) from the current high-pressure single pulse
10271897 K is relevant to the current work. Consequently, shock tube experiments (attached as Supporting Information in
we have chosen to fiti, and kyp over the temperature range  Table ST1). The simulations were performed using the SENKIN
1027-1897 K by a modified Arrhenius expression to take into program within the CHEMKIN® suite. Figure 6 represents the
account the moderate temperature dependence that is exhibitedomparison of model simulations and experimental H atom
for the two barrierless reactiors.;oandk-1, are obtained over  profiles. Short time scales<00—-300 us) represent the most
the same temperature range from these association rate coefimportant regime in these ARAS experiments when there are
ficients via the equilibrium constants using the most recent minimal contributions due to secondary chemistry, and fairly
thermochemical information for the benzyl radi®ahnd the unambiguous rate coefficients for primary reactions can be
phenyl radical® for which the heat of formation is based on extracted (as long as dilute mole fractions of the fuel are
the recommendation by Davico et®These two radicals have  utilized).
the largest uncertainties in their heats of formatitdH; °, among In general, good agreement can be obtained between the
the species in reactions 1a and 1b (the heats of formation forexperimental H atom profiles and the model simulations in the
these two radicals have a significant effect on the equilibrium short time scale regime<@300us) where the contributions are
constant and consequently the reverse rate coefficients for laprimarily due to only the two primary channels 1A and 1B with
and 1b). The reverse rate constants were calculated from theng significant effects of secondary chemistry. A more stringent
forward rate constants and the thermochemical paramie®€rs  test for the model incorporating the calculated association and
using CHEMREVZ® The forward and reverse rate parameters dissociation rate coefficients, specifically for channel 1A, lies
for the two channels are shown in Table 2 (units in cal, mole, in their predictive capability for methane and benzene profiles.
s). Using these rate parameters the branching ratios for the twojn the present high-pressure single pulse shock tube experiments,
channels vary from 0.04 at 1200 K to 0.10 at 1800 K. Here the we have measured detailed profiles that depict, @Rd GHs
branching ratios are defined as-(ag)/(K-1ap + K-10). formation and decay over the temperature range 1000 K

A cause for concern with regard to the thermochemistry for (see Figures 2 and 3 above). Figure 7 depicts the predictions
large radicals such as the benzyl and phenyl radicals is the largemade by the detailed model (Table ST2) with the same primary
number of low frequency vibrational modes that contribute rate coefficients as for the H atom simulations shown in Figure
significantly to the thermochemical functions (8,, S) when 6. The model appears to match the toluene decay profiles only
extrapolated to temperatured000 K. In the case of the benzyl moderately well and the peak methane mole fraction as well as
radical we have used the IUPAC recommendafion which the profile over the entire temperature range of the experiments
vibrational frequencies from DFT calculations at scaled B3LYP/ is under predicted by a factor of 2 or larger. A similar trend is
6-31G(d) level of theory and the Gltbrsional mode (485 crm) observed for the benzene profiles for which the model predic-
treated as a hindered rotor with a torsional barrier height of tions are shifted from the data over the entire temperature range.
46.4 kJ/mol have been used to obtain the thermochemical Sensitivity analyses (see Figure 8) performed for the three
functions, over a wide temperature range from 50 to 6000 K. species clearly highlight the importance of the primary rate
Additionally we have performed higher level DFT calculations coefficients as well as H and GHoncentrations using the
(B3LYP/6-31H-+G(d,p) level of theory) and compared the detailed model for a representative shock at 1500 K and 45
thermochemical parameters obtained from these vibrational bars. Specifically for Chlconcentrations the primary channel
frequencies with those from the IUPAC data sets for the benzyl 1A, as well as reactions between H atoms and toluene depict
radical. Over the temperature range of interest, @0 K, the maximum sensitivity. The rate coefficients for the two major
the differences are no more than a 0.5 cal/(mol K) difference channels for the reaction between H angHECH3 forming
in Cp andSand no more than 0.5 kcal/mol differenceHifT) CeHsCH, + H, and GHg + CH3 have been set to the Baulch
— H(0), which translates to a less than 10% deviation when et al?® and Robaugh and Tsatfgrecommendations, respec-
calculating reverse rate coefficients. Consequently, to estimatetively. The rate coefficient for H abstraction from toluene
the thermochemical properties in the remainder of the article, forming thep-methylphenyl was taken from Kiefer and K&#f
we have used the vibrational frequencies reported in the IUPAC and is probably an upper limit since they have lumped the three
compilation. Additionally the effect of replacing the restricted methylphenyls (ortho, meta, and para) as a single species in
rotor model in benzyl with the simpler rigid rotor harmonic their model. The only other sensitive reaction, apart from eq
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a. [o] — H atom Data from Ref. 27, Figure 3. b. [0] — H atom Data from Ref. 10, Figure 4.
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d. [0] - H atom Data from Ref. 10, Figure 7.
T=1555 K, P=1.92 bar, [Toluene],=19.3 ppm
[-]-Model with primary rate coefficients in

table 2.

c. [o] - H atom Data from Ref. 10, Figure 5.
T=1545 K, P=1.91 bar, [Toluene] =5.0 ppm
[-]-Model with primary rate coefficients in table 2.

Figure 6. H atom profiles from shock tubeARAS experiments.

rate coefficients measured by Price and Trotman-Dickefson.
Another point to be noted is that the literature rate coefficients
for reaction 174 were measured-150 years ago relative to
other reference reactions such as;GHCHz; = C,Hg and GH4

+ CHz = C,H3z + CH,4, making it a complex task to evaluate

Toluene Pyrolysis, 45 bars

120
80
40_&-—4—'7
0

fg M these measurements.
0 We have estimated high-temperature rate constants for
20 reaction 174 on the basis of the recent Baulch ef°al.

recommendations for the rate coefficients fgHgCHs + H =
CeHsCH, + Hp, CHg + H = CoHs + Ho and GHg + CH3 =
C.Hs + CH4 which have reported uncertainties of no more than
a factor of 2 at high temperatures (1500 K). Over the temperature
range 1006-1800 K, the rate constants foplds + CH3; = C,Hs
+ CH4 vary by a factor of 0.0£0.23 relative to the rate
constants for gHg + H = C;Hs + H,. We have applied the
—1a, (among the 262 reactions in the detailed model) is the same factors to the literature rate coefficients fgH§CH;z +
reaction, GHsCHz + CH; — CgHsCH, + CHy (reaction 174 ~ H = CeHsCH, + H; to estimate the rate constants fogHe-
in the Supporting Information, Table ST2) CHs + CH3 = CgHsCH, + CH, over the temperature range
There is an order of magnitude scatter in the intermediate 1000-1800 K. The estimated rate constants over this temper-
temperature regime spanning 660000 K in the reported  ature range were then fit to a non-Arrhenius expression and
literature rate coefficients for reaction 174. There are no higher these (see Table ST2 attached as part of the Supporting
temperature measurements and one might expect significant noninformation for detailed model) are 4%.5 times higher than
Arrhenius dependence for the rate of this reaction at the the rate constants used by Kern et%ah the temperature regime
temperature range of interest in this stud¥200-1600 K. The 1200-1600 K. This estimated value is probably an upper limit
estimate made by Kern et ¥l for the rate coefficient of this ~ and with these rate constants in the assembled model the CH
reaction at high temperatures is higher by a factor-e8 Zover profiles remain under predicted as can be seen in Figure 7. The
the temperature range 12060600 K) than the highest literature  CH3/CH4 and GHe profiles are insensitive to the small molecule

Mole Fraction/ ppm
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1800

1400 1600
Temperature/ K

Figure 7. HPST profiles. @] — CsHsCHs, [O] — CsHe, [¢] — CHa,
[—] — detailed model.
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C6H6=C5H5 + H, [D] - CeHs + H=C6H5 + H2, [<>] - CsHsCH3 + H=p-C5H4CH3 + H2.

TABLE 3 120 Toluene Pyrolysis, 45 bars
reaction A n Eax 80_'
CHs + CeHs— 4.601x 10 —0.33756 O (fit to HK rate 1027 K 40
CeHsCHs < T <1897 K) |
reverse 4626 105 —2.530 104483 AH{ 08¢ CoHs = g_ 0
78.6 kcal/mol) o
chemistry (G—Cs). The only G reaction to which the benzene Tg 20+
profiles show any significant sensitivity is as expected, the % 10-
propargyl recombination reaction. Given the sensitivity of this 8 0]
reaction, the rate coefficient in the model is based on recent L
measurements (see Table ST2). The model also includes updated @ 20
thermochemistry for the important Glradical from the IUPAC § 10 1
tables published recentfy.Consequently the only channel of | o
consideration for the CHprofiles appears to be the primary 0

1400 1600
Temperature/ K

Figure 9. HPST profiles: @), CsHsCHs; (O) CsHs; (¢) CHg; (-)
detailed model.

channel 1A (association reaction la and the corresponding
reverse dissociation reactioenla).

The heat of formation for the phenyl radical plays a dominant
role in determining the equilibrium constant for channel 1A and
since this channel has the most effect on the simulation of the
methane profiles, the heat of formation of phenyl was examined The same model with the modified phenyl heat of formation
further. Davico et af’ have recommended the value faH; - (AH{%9sx = 78.6 kcal/mol) was used to predict the ARAS H
(300 K) for the phenyl radical to be 812 0.6 kcal/mol and atom profiles for the experiments depicted in Figure-8aParts
this is the value that has been used to extract the rate coefficienta—d in Figure 10 show the predictions made by the model to
for reaction—1a in the model. However there is significant the H atom temporal profiles.
uncertainty in the reported heats of formation for the phenyl  The predictive capability of the model for H atoms has
radical with recent studies that recommend values between 78significantly worsened with the updated heat of formation for
and 80 kcal/mof? These numbers are more in line with the the phenyl radical used to obtain Figure 9. Here the phenyl
recommendation of McMillen and Gold&n(in comparison to channel plays a more dominant role with branching ratios
the higher value reported by Davico et*®glwho have used a  varying from 0.22 at 1200 K to 0.37 at 1800 K. However we
third-law analysis to derive th&H; 9(298K) for GHs to be 78.6 have already shown that this change in the heat of formation
+ 2 kcal/mol. On the basis of these recommendati®tisve for phenyl is essential in order to simulate our single pulse shock
have used the lower value (78.6 kcal/mol) for thid; °(298K) tube profiles. Sensitivity analysis performed for the H atom
of CgHs to back out the reverse rate coefficients for channel 1a concentrations shown in Figure 11, parts a and b, for the
(again with the forward association rate coefficients of HK over experiments in Figure 10, parts a and c, reveal that the only
the temperature range 1021897 K). This value is also within ~ channels that exhibit significant sensitivity at short time2Q0
the error bars quoted by Kiefer etdwho have derived\H; °- us) are the two primary channels. The rate coefficient/equilib-
(298K) for GsHs to be 80+ 2 kcal/mol from their laser schlieren  rium for channel 1A cannot be changed without affecting the
benzene pyrolysis experiments. The derived reverse rate coef-excellent fits to the single pulse shock tube methane and benzene
ficients (rate parameters shown below) are-&% times higher profiles.
than the rate coefficients derived using the higher heat of As with reaction 1la, reaction 1b is also a radieaddical
formation for the phenyl radical. This represents a significant addition reaction, and consequently, the thermochemistry for
change and we have used these (Table 3, units in cal, mole, sYhe species in this reaction needs to be well validated in order
forward and reverse rate coefficients in the model with no other to obtain precise equilibrium constants for channel 1B. With
change made to any of the other rate coefficients or thermo- the thermochemical parameters fajHsCH3z and H being well
chemical parameters. Figure 9 shows the predictive capability established, gHsCH, appears to be the species with the largest
of the model for the single pulse shock tube species profiles uncertainty. The recent IUPAC recommendatidar the benzyl
with the updated thermochemistry for the phenyl radical. There radical is based on a detailed review of existing data. However
is a much improved fit for the methane and benzene profiles, the review does not incorporate the detailed toluene and benzyl
specifically at temperatures1550 K where the fit is excellent  dissociation studies of Braun-Unkhoff et'8#8 Braun-Unkhoff
at which point more than 95% of the toluene has decomposed.et all? have studied H atom formation from toluene dissociation

1200 1800
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a. [o] — H atom Data from Ref. 27, Figure 3
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d. [o] — H atom Data from Ref. 10, Figure 7.
T=1555 K, P=1.92 bar, [Toluene] =19.3 ppm
[-]-Model with updated AH,’ for CH,.

c. [o] — H atom Data from Ref. 10, Figure 5.
T=1545 K, P=1.91 bar, [Toluene] =5.0 ppm
[-]-Model with updated AH,’ for CH,.

Figure 10. H atom profiles from shock tubeARAS experiments.
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Figure 11. Sensitivity analyses—] — H + CeHsCH,=CgHsCHjs, [---] — CHz + C¢Hs=CgHsCHg, [***] — CeHsCHz + H=CgHsCH, + Ha, [+]
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and have from their high-temperature measurements of the rated UPAC review?® and the more recent recommended value by
of dissociation via reaction-1b and the forward association Song et af'’ of 50.2 & 2 kcal/mol based on high-temperature
rate measured by Ackermann et*alderived the heat of  decomposition experiments on benzylamine. The three other
formation for the benzyl radical to be 51461 kcal/mol?8 On experimental measurements used in the review have used
the basis of detailed modeling they have concluded that a valueexperimental heats of reaction to derive the heat of formation
of 51.5 kcal/mol best fits their experimental data. This number for the benzyl radical. Tsang and Walkeused the heat of the
would appear at first view to be an outlier with respect to the reaction at 1100 K derived fan-pentylbenzene~ benzyl +
other experimental measurements that have been reported im-C4Hg to obtain the heat of formation for benzyl while
the review. However one should note that this number overlaps Elmaimouni et af*® used the heat of reaction forgdsCH, +

the Hippler and Tro¥ recommended value of 508 1 kcal/ 0, = CeHsCH,0O0 to derive AH;° for benzyl based on an
mol, which represents the largest experimental value in the estimated enthalpy of formation of 29 kcal/mol fogHGCH,-
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CHCH,->CHCH, +H tions of two recent theoretical computations by Henry ét al.

8 . e
and Janoschek and RoZsilso fall within the error bars of the
6+ Braun-Unkhoff et af8 value. Consequently we have chosen to
4] use the recommendation of Braun-Unkhoff etéf 51.5 kcal/
mol for AH{%ggxk of CeHsCH,. With this updated value for the
21 heat of formation for benzyl the derived reverse rate parameters
§’ 0- for channel 1B are shown in Table 4. The derived rate constants
-
-2+ TABLE 4
-4 Ke reaction A n E.
Y 88 H + CeHsCH,— 5.384x 10'3 0.11305 O (fit to HK rate 1027 K
CeHsCHs < T <1897K)

Figure 12. (-) Derived rate coefficients from current work (1627
1897 K); (-+) Baulch et aP® (920-2200 K); (X) Braun-Unkhoff et
al.l% (1380-1700 K); () Price! (943-1140 K); ©) Brooks et aF?
(920-970 K); (©) Brand et af* (300-1200 K, plotted ovefT range
920-1200 K); () Szwaré (1010-1140 K); () Hippler et al*3 (1100-

1900 K).

0O. The Ellison et at° recommendation for the benzyl heat of
formation was derived from the equilibrium constant feHG
CHs + CH3O~ — C¢HsCH,~ + CH3OH and gas-phase acidities

04 05 06 07 08 09

reverse 1.524 10'6 —0.04 93 499 AH%9gk from Braun-

10 141
\ Unkhoff et al.)

1000/T, K

for the reverse reaction (reactiefiLlb) using the updated heat
of formation for benzyl are approximately a factor of 289
lower than the rate constants derived using the IUPAC recom-
mendedAH%9g« and in line with other literature rate coef-
ficients. Figure 12 shows a compilation at high temperatures
of the current rate constants derived for reactiotb plotted
along with other literature recommendations. The current derived
rate constants fall within 30%-10% of the latest Baulch &P al.

recommendations over the temperature range 2800 K for

for toluene and methanol. Among these experimental recom- —1b with the larger deviations at lower temperatures. The

mendations the Braun-Unkhoff et @l value appears to be the

excellent fit offers additional support for theH%ggy for CgHs-

one with the least uncertainty simply because of the well CH, used in the current work. Branching ratios for the two
characterized forward and reverse rate coefficients for channelprimary steps in toluene dissociation vary from 0.39 to 0.52
1B and the well-known thermochemistry for the other species over the temperature range 126800 K compared to the initial

in the reaction, viz. toluene and the H atom. The recommenda- calculations of 0.04 to 0.1 with the original heats of formation.
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c. [o] — H atom Data from Ref. 10, Figure 5.
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Figure 13. H atom profiles from shock tub€ARAS experiments.

d. [o] — H atom Data from Ref. 10, Figure 7.
T=1555 K, P=1.92 bar, [Toluene] =19.3 ppm
[-]-Model with updated AH,” C.H,, C.H.CH,.
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120 Toluene Pyrolysis, 27 bars 120 Toluene Pyrolysis, 45 bars formation of the observed intermediates. The primary dissocia-

e e tion channels in toluene represent the most dominant and

E o . "' e [ £ ol : sensitive reactions in this system and consequently utilizing

) < 30 recent theoretical predictions of the association rate coefficients
£ 2] W g 2 m in combination with revised heats of formation fogHGCH,
S , . & @00 S 0l , MR (51.54+ 1.0 kcal/mol) and the gHs radicals (78.6+ 1.0 kcal/

2 2 . 22 mol) we have successfully modeled H atom profiles from prior
= 10/ &4 = 0] . ) experimental studies in combination with toluene,,@iHd GHe

0- proaym 1“6.00 —1‘;57 04 provadeym 1‘;:0 — profiles in our current single pulse experiments thereby lending
Temperature] K Temperature/ K credibility to the high-pressure rate constarksi{, = (4.62

Figure 14. HPST profiles: ®) CeHsCHs; (0) CeHs; (0) CHa: (- x 10T 25%xp[~104.5x 10YRT] s andk-ip. = (1.524x

detailed model withpupdatedtzo for CaHle asnc)i Q(Ia-|56CI-(|2.) 0 1019 T-0%%xp[-93.5 x 10%RT] s™*) and branching ratios that
have been derived for these primary dissociation steps.

We have also fit the rate constants for reactiefisa and
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