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Abstract

To understand better the reactions leading to polycyclic aromatic hydrocarbons (PAH)—and ultimately
carbonaceous solids—within the context of supercritical fuel pyrolysis, we have pyrolyzed the model fuel
toluene (critical temperature, 319 �C; critical pressure, 41 atm) in an isothermal silica-lined stainless steel
coil reactor at 535 �C, 140 s, and pressures of 20–100 atm. Analysis of the reaction products by gas chro-
matography and high-pressure liquid chromatography reveals that the yields of benzene and 27 individual
PAH increase exponentially with pressure. For 26 of these 28 products, the experimentally measured yield/
pressure data conform well to a first-order global kinetics model—permitting determination of the preex-
ponential factor A and the activation volume DV„, which appear in the pressure-dependent expression for
the kinetic rate constant: k = Aexp[(�DV „/RT)p]. For most of the PAH, derived values of DV „ lie
between �2.5 and �4 L/mol, signifying the doubling of PAH formation rates by pressure increases of only
18.4 or 11.5 atm, respectively. Some of the larger PAH, such as the 8-ring benzo[a]coronene and the 9-ring
naphtho[8,1,2-abc]coronene, exhibit negative activation volumes of even greater magnitude—a result of
particular relevance to the formation of carbonaceous solids, as large PAH are thought to be precursors
to these solids. The PAH yield data also reveal product yield ratios, within certain PAH isomer families,
that are peculiar to the high-pressure supercritical pyrolysis environment—suggesting that mechanisms for
PAH formation differ significantly from those in atmospheric-pressure gas-phase pyrolysis environments.
� 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The fuels used in the next generation of hyper-
sonic aircraft will have to operate under very high
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pressures and will have to sustain very high heat
loads in order to meet aircraft cooling require-
ments [1,2]. Within the fuel lines and injection sys-
tem, where residence times can be several minutes,
fuel temperatures and pressures may reach or ex-
ceed 540 �C and 150 atm [1]—temperatures and
pressures that exceed the critical temperatures
and pressures of most pure hydrocarbons and jet
ute. Published by Elsevier Inc. All rights reserved.
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fuels [2,3]. At these temperatures and pressures,
the fuel can undergo pyrolytic reactions, which
have the potential of forming carbonaceous solid
deposits that can clog fuel lines, foul fuel nozzles,
and lead to undesirable or even disastrous effects
for the aircraft. To develop reliable fuel systems
that will not be subject to solid deposit formation,
we need a thorough understanding of the pyroly-
sis behavior of candidate fuels under the supercrit-
ical conditions that they will be operating. Of
particular interest are the reactions leading to
polycyclic aromatic hydrocarbons (PAH), which
can serve as precursors to the carbonaceous solids
[4].

The fact that the fuel pyrolysis environment is
a supercritical one introduces several complexi-
ties. Solvent–solute interactions, absent in the
gas phase, can exhibit huge effects in supercritical
fluids, often affecting chemical reaction pathways
by facilitating the formation of certain transition
states [5–11]. Because solvent–solute interactions
are very dependent on pressure, chemical reaction
rates in supercritical fluids are highly pressure-de-
pendent [5–13]; the kinetic rate constant has been
shown [10,12] to vary exponentially with pressure.

For the case of fuel pyrolysis reactions, Stewart
et al. [4,14] have demonstrated that reaction path-
ways and reaction kinetics indeed differ between
the gas phase and the supercritical phase. Their
pyrolysis experiments with decalin and methylcy-
clohexane in an atmospheric-pressure flow reactor
and in the supercritical pyrolysis reactor currently
in our use show that under supercritical condi-
tions—but not in the gas phase at atmospheric
pressure—both decalin and methylcyclohexane
are able to produce methylated C5-ring intermedi-
ates that readily convert to structures containing
6-membered aromatic rings. These aromatic rings
then serve as kernels for further cyclic growth to
PAH and ultimately carbonaceous solids. For
the same two fuels, Stewart et al. [4,14] also report
different global Arrhenius kinetic rate parameters
A and Ea for supercritical pyrolysis experiments,
compared to gas-phase experiments—substantiat-
ing the fact that reaction kinetics, as well as reac-
tion pathways, differ significantly for the two
phases. Therefore, even for fuels whose gas-phase
pyrolysis behavior is well understood, it is of crit-
ical importance to study their pyrolysis in the
supercritical phase, if these fuels are to be consid-
ered for supercritical applications.

To that end, we have conducted supercritical
pyrolysis experiments with the model fuel toluene
(critical temperature, 319 �C; critical pressure,
41 atm), an aromatic component of jet fuels [15].
Use of a model fuel facilitates our ability to trace
reaction pathways from starting material to PAH
to carbonaceous solids—increasing the opportu-
nity to gain understanding of the fundamental
reaction processes taking place. Future plans to
combine toluene with other components will con-
tribute to a better understanding of fuels that are
more complex mixtures. Gas-phase toluene pyro-
lysis has been investigated by several researchers
[16–19], but little is known about the pyrolysis
of toluene under supercritical conditions. Like-
wise, most research on PAH formation pertains
to the gas phase [20–35]; little has been done un-
der supercritical conditions.

Our supercritical toluene pyrolysis experiments
make use of the reactor designed by Davis [36]
and used by Stewart et al. [4,14] for supercritical
pyrolysis experiments with other model fuels.
Since the main focus of our work is the formation
of PAH as precursors to carbonaceous solids, a
critical component of our work is the chemical
analysis of large PAH, for which we employ
high-pressure liquid chromatography (HPLC)
with diode-array ultraviolet–visible (UV) absorp-
tion detection, a technique ideally suited for iso-
mer-specific PAH analysis.

The results of our supercritical toluene pyroly-
sis experiments to date are presented in three pa-
pers. The first [37] provides the chromatographic
and spectroscopic evidence documenting the
unequivocal identification of the PAH products.
The second [38] reports the yields of one-ring aro-
matics and bi-toluyls, proposing reaction schemes
for these species� participation in PAH formation.
In this the third paper, we report the yields, versus
pressure, of benzene and 27 PAH produced from
the pyrolysis of toluene at 535 �C, 140 s, and pres-
sures of 20–100 atm. For 26 of these aromatic
products, we also report kinetic rate parameters
for the pressure-dependent first-order global ki-
netic rate expressions for the formation of these
products.
2. Experimental equipment and techniques

The supercritical toluene pyrolysis experiments
are conducted in an isothermal, isobaric reactor
designed expressly for such experiments by Davis
[36] and used by Stewart [4,14] for supercritical
pyrolysis of decalin, tetralin, and methylcyclohex-
ane. The reactor system is illustrated in Fig. 1.
Prior to an experiment, liquid toluene (99.9+%
pure) is sparged with nitrogen for three hours,
as described by Stewart [4], to get rid of any dis-
solved oxygen that could introduce auto-oxidative
effects [3]. The sparged fuel is then loaded into a
high-pressure nonreciprocating pump that deliv-
ers the fuel to the reactor, as shown in Fig. 1.
The reactor itself is a coil of 1-mm i.d., 1.59-mm
o.d. capillary tube made of silica-lined stainless
steel. (The silica lining prevents wall-catalyzed de-
posit formation that occurs with unlined stainless
steel [3,4,36].) The reactor coil is immersed in a
temperature-controlled fluidized-alumina bath,
which ensures isothermality throughout the reac-
tor length. As indicated in Fig. 1, the entrance



Fig. 1. Reactor system for supercritical pyrolysis exper-
iments. Adapted from Stewart [4].
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and exit lines of the reactor are passed through a
water-cooled (20 �C) heat exchanger to ensure a
controlled thermal history and residence time.
Exiting the heat exchanger, the quenched reaction
products pass through a stainless steel filter (hole
size, 5 lm) and on to a six-position high-pressure
valve for product collection. A dome-loaded
back-pressure regulator, downstream of the valve,
controls the system pressure, to within ±0.2 atm,
up to a maximum of 110 atm. A burst disk, lo-
cated upstream of the reactor, provides a safe flow
outlet, in case of over-pressurization.

As documented by Stewart [4] and Davis [36],
the reactor has been designed to meet Cutler�s
[39] and Lee�s [40] criteria for idealization as plug
flow, with regard to species concentration pro-
files—criteria concerning the product of the Rey-
nolds and Schmidt numbers [40], criteria for fast
radial species diffusion relative to forced convec-
tion, and criteria for minimum axial diffusion rel-
ative to axial convection [39]. The resulting
radially uniform species concentrations, coupled
with the reactor�s constant-temperature and con-
stant-pressure operation, render this reactor ideal
for supercritical pyrolysis kinetics experiments.
The reactor system is capable of operating at tem-
peratures up to 590 �C, pressures up to 110 atm,
and residence times up to 3600 s—operating
ranges relevant to those envisioned for fuel sys-
tems in future hypersonic aircraft [1]. The toluene
pyrolysis experiments reported here are conducted
at a fixed temperature of 535 �C and a fixed resi-
dence time of 140 s, corresponding to a reactor
coil length of 2.44 m. Each experiment is run iso-
barically; pressure is varied, from experiment to
experiment, over the range of 20–100 atm.

At the conclusion of each pyrolysis experi-
ment, the reaction products are removed from
the high-pressure collection valve and transferred
to a vial. To analyze the smaller aromatic prod-
ucts, two separate 10-lL aliquots of the product
solution are removed for injection onto a gas
chromatograph. The remainder of the product
solution (�1 mL) is prepared for HPLC, which
analyzes the larger aromatic products.

Gas chromatographic analysis of the supercrit-
ical fuel pyrolysis products is performed on an
Agilent Model 6890 gas chromatograph (GC)
with a flame-ionization detector (FID), in con-
junction with an Agilent Model 5973 mass spec-
trometer (MS). A sample volume of 10 lL is
injected by syringe, through a split injector, onto
a HP-5 fused silica capillary column of length,
30 m; diameter, 0.25 mm; and film thickness,
0.1 lm. The column temperature is programmed
to hold at 40 �C for the first 3 minutes; it is then
ramped at 4 �C/min to 300 �C, where it is held
for 15 minutes. The GC/FID/MS instrument is
used to quantify 1- to 3-ring aromatic products,
plus two 4-ring species, pyrene and fluoranthene.
The products are identified by matching retention
times and mass spectra with those of reference
standards, and quantification is achieved by cali-
brating the GC with injections of reference stan-
dards of known concentrations.

The portion of the product solution reserved
for HPLC analysis is concentrated in a Kud-
erna–Danish apparatus and exchanged, under
nitrogen, into 100 lL dimethyl sulfoxide, a solvent
compatible with the solvents used in the HPLC
method employed for PAH analysis. During the
concentration and solvent-exchange procedure,
portions of the more volatile aromatics, such as
the 1- and 2-ring species, are lost to vaporization;
hence, these lighter aromatic products are quanti-
fied by gas chromatographic analysis, as described
above.

For analysis of the large aromatic products (all
products of P4 rings, except pyrene and fluo-
ranthene) by HPLC, a 20-lL aliquot of the prod-
uct/dimethyl sulfoxide solution is injected onto a
Hewlett–Packard Model 1050 high-pressure liquid
chromatograph, coupled to a diode-array UV
absorbance detector. The chromatographic sepa-
ration method [22,41] utilizes a reversed-phase
Vydac 201-TP octadecylsilica column of particle
size, 5 lm; inner diameter, 4.6 mm; and length,
250 mm. A time-programmed sequence of sol-
vents—acetonitrile/water, acetonitrile, and dichlo-
romethane—is pumped through the column, and
the PAH product components elute in the order
of increasing molecular size. UV absorbance spec-
tra are taken, every 0.6 s, of the exiting compo-
nents, which are then identified by matching
HPLC elution times and UV absorbance spectra
(unique to each PAH) with those of PAH refer-
ence standards. As documented in our product
identification paper [37], our reference standards
include both commercially available compounds
as well as PAH that have been specially
synthesized for our identification efforts. Quantifi-
cation of the identified PAH comes from extensive
calibration of the HPLC/UV instrument with the
reference standards, taking into account nonlin-
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earities in the response of diode-array detectors at
high analyte concentrations [42].
Fig. 3. Yields, versus pressure, from toluene pyrolysis at
535 �C and 140 s: (A) phenanthrene; (B) anthracene; (C)
benz[a]anthracene; and (D) chrysene. Circles, experi-
mental data. Curves, fits of the data to Eq. (5).
3. Results and discussion

The highest-yield aromatic products from our
supercritical toluene pyrolysis experiments are
benzene, the three xylenes, ethyl benzene, and
the ten bi-toluyls—whose yields are reported and
discussed in another paper [38]. Figs. 2–8 present
the yields, versus pressure, of benzene and the 27
PAH unequivocally identified [37] in the products
of supercritical toluene pyrolysis at 535 �C and
140 s. The PAH range in size from 2 to 10 fused
aromatic rings and are grouped as follows: Fig.
2—benzene, naphthalene, indene, and fluorene;
Fig. 3—phenanthrene, anthracene, chrysene, and
benz[a]anthracene; and Fig. 4—pyrene and three
pyrene benzologues; Fig. 5—fluoranthene and
three fluoranthene benzologues; Fig. 6—
benzo[ghi]perylene and three of its benzologues;
Fig. 7—methyl-naphthalenes and -anthracenes;
and Fig. 8—1-methylpyrene, 1-methylcoronene,
and two large unsubstituted PAH. In each of the
plots of Figs. 2–8, the filled circles are experimen-
tally measured points. Except for Fig. 8C and D,
all of the curves in Figs. 2–8 represent fits of the
data to first-order global kinetics expressions, as
explained below. In Fig. 8C and D, the lines are
Fig. 2. Yields, versus pressure, from toluene pyrolysis at
535 �C and 140 s: (A) benzene; (B) naphthalene; (C)
indene; and (D) fluorene. Circles, experimental data.
Curves, fits of the data to Eq. (5).

Fig. 4. Yields, versus pressure, from toluene pyrolysis at
535 �C and 140 s: (A) pyrene; (B) benzo[a]pyrene; (C)
benzo[e]pyrene; and (D) anthanthrene. Circles, experi-
mental data. Curves, fits of the data to Eq. (5).



Fig. 5. Yields, versus pressure, from toluene pyro-
lysis at 535 �C and 140 s: (A) fluoranthene; (B)
benzo[b]fluoranthene; (C) benzo[k]fluoranthene; and
(D) indeno[1,2,3-cd]pyrene. Circles, experimental data.
Curves, fits of the data to Eq. (5).

Fig. 6. Yields, versus pressure, from toluene pyrolysis at
535 �C and 140 s: (A) benzo[ghi]perylene; (B) coronene;
(C) benzo[a]coronene; and (D) naphtho[8,1,2-abc]coron-
ene. Circles, experimental data. Curves, fits of the data to
Eq. (5).

Fig. 7. Yields, versus pressure, from toluene pyrolysis at
535 �C and 140 s: (A) 1-methylnaphthalene; (B) 2-
methylnaphthalene; (C) 1-methylanthracene; and (D)
2-methylanthracene. Circles, experimental data. Curves,
fits of the data to Eq. (5).

Fig. 8. Yields, versus pressure, from toluene pyrolysis at
535 �C and 140 s: (A) 1-methylpyrene; (B) 1-methylco-
ronene; (C) benzo[pqr]naphtho[8,1,2-bcd]perylene; and
(D) ovalene. Circles, experimental data. Curves for (A)
and (B), fits of the data to Eq. (5).
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merely connections between the experimentally
measured data points, since the two large PAH
represented in C and D are measurable only at
the highest pressure, 100 atm.

The first thing to notice in Figs. 2–8 is that all
of the PAH product yields are low, correspond-
ing to the low level of toluene conversion in
our experiments [38]. Even this low level of
PAH production is important, however, with re-
gard to the formation of carbonaceous solids.
Experiments run at just 50 �C higher than the
conditions of Figs. 2–8 result in repeated plug-
ging of our reactor, due to the formation of solid
deposits. Under the high-pressure conditions of
the toluene pyrolysis environment, therefore, it
appears that even small levels of large PAH
can serve as kernels for growth leading to carbo-
naceous solids.

As Figs. 2–8 demonstrate, the experimentally
measured yields of all the PAH increase continu-
ously with pressure, rising particularly dramati-
cally at pressures above the toluene critical
pressure of 41 atm. These pressure-dependent
product yield data, taken at constant temperature
and residence time, permit us to determine the
pressure dependency of the global kinetic rate
constants for formation of PAH during supercrit-
ical toluene pyrolysis. For our global kinetic anal-
ysis, we assume that the rate of production of each
product B is first order in the concentration of tol-
uene A, so

d½B�=dt ¼ k½A�; ð1Þ
where k is the global kinetic rate constant (in s�1)
for the formation of B. For the range of condi-
tions examined in our supercritical toluene pyroly-
sis experiments, the level of toluene conversion is
very small, less than 1%, so the concentration of
A is effectively constant with time, at its initial va-
lue of [A]0. Therefore, integration of Eq. (1) over
time gives:

½B� ¼ k½A�0t ð2Þ
or

½B�=½A�0 ¼ kt; ð3Þ
where [B]/[A]0 is just the yield of B, as plotted in
Figs. 2–8.

For constant temperature (and pressures
<1500 atm), the pressure dependency of the rate
constant k is given [10,43] as:

k ¼ A exp½ð�DV 6¼=RT Þp�; ð4Þ
where A is the preexponential factor (in s�1)
and DV„ is the activation volume (in L/mol),
defined as the difference between the partial
molar volumes of the transition state and the
reactants [10]. Substitution of Eq. (4) into Eq.
(3) gives:

½B�=½A�0 ¼ Atfexp½ð�DV 6¼=RT Þp�g: ð5Þ
Therefore, a set of product yield data at constant
temperature and residence time but varying pres-
sures lends itself to determining DV „ and A, if
the data conform to the assumed first-order global
kinetics.

Using the data from our supercritical toluene
pyrolysis at 535 �C and 140 s, we fit the experi-
mentally measured yield/pressure data for each
product to Eq. (5), determining the values of
DV „ and A that best fit the data for each product
species. A yield/pressure curve is then generated
from the derived values of DV „ and A, to examine
how well the experimental data conform to the as-
sumed first-order behavior.

The curves in Figs. 2–7 and 8A and B, and the
values in Table 1 show the results of this exercise
for the yield data of benzene and 25 of the PAH
produced from the supercritical pyrolysis of tolu-
ene at 535 �C and 140 s. As mentioned before,
each of the filled circles in Figs. 2–8 is an experi-
mentally measured product yield. Each curve in
these figures (except Fig. 8C and D) is the one
generated from the values of DV „ and A that best
fit the data in Eq. (5). The close matching of the
data points and curves for almost all of the
PAH in Figs. 2–8 shows that the data conform
very well to the assumed first-order global kinetics
model. Except for anthanthrene (whose yield is
difficult to determine with a high degree of accu-
racy, due to the coincidence of its elution with a
change in HPLC mobile phase composition
[37])—the high values of the correlation coefficient
R2 in Table 1 show that all 26 of the products in
Table 1, from 1-ring to 9-ring aromatics, conform
well to this type of first-order global kinetics
treatment.

Table 1 also reports the values of ln A and DV„

that best fit the experimental data for each prod-
uct. For most of the compounds in Table 1, lnA
(s�1) falls between �20 and �30, and DV „ falls
between �2.5 and �4 L/mol. The negative values
of DV„ of course indicate that higher pressures fa-
vor the formation of PAH products, as the exper-
iments demonstrate. The magnitudes of the DV „

values in Table 1 are typical for reactions in super-
critical fluids (two orders of magnitude higher
than for liquid-phase reactions) [10,12].

The activation volumes in Table 1 are good
indicators of how highly pressure-sensitive PAH
formation is in the supercritical toluene pyrolysis
environment. For an activation volume of
�2.5 L/mol at 535 �C, it takes an 18.4-atm rise
in pressure to double the formation rate of the
product PAH; for an activation volume of �4 L/
mol, the formation rate doubles with a pressure
increase of only 11.5 atm. Some of the larger
PAH in Table 1, such as the 8-ring benzo[a]coron-
ene and the 9-ring naphtho[8,1,2-abc]coronene,
exhibit negative activation volumes of an even
greater magnitude, underlining the extreme sensi-
tivity to pressure of the formation rates of these



Table 1
Global kinetic parameters for PAH formation

Aromatic product lnA (s�1) DV „ (Lmol�1) R2

1- and 2-ring aromatics
Benzene �16.8 �2.95 0.993
Indene �20.4 �2.93 0.963
Naphthalene �18.6 �2.54 0.980
1-Methylnaphthalene �22.2 �3.49 0.972
2-Methylnaphthalene �20.7 �3.83 0.990

3-Ring PAH
Fluorene �23.9 �4.03 0.988
Phenanthrene �21.7 �3.15 0.993
Anthracene �20.0 �2.61 0.989
1-Methylanthracene �23.5 �3.10 0.947
2-Methylanthracene �24.2 �4.36 0.992

4-Ring PAH
Benz[a]anthracene �23.3 �2.96 0.992
Chrysene �23.9 �2.88 0.982
Fluoranthene �24.7 �3.75 0.997
Pyrene �21.9 �3.64 0.997
1-Methylpyrene �31.4 �7.95 0.999

5- and 6-ring PAH
Benzo[a]pyrene �24.2 �3.66 0.998
Benzo[e]pyrene �27.3 �5.46 0.998
Benzo[b]fluoranthene �29.9 �6.25 0.999
Benzo[k]fluoranthene �32.4 �7.49 0.999
Indeno[1,2,3-cd]pyrene �24.1 �3.06 0.989
Anthanthrene �24.8 �2.97 0.936
Benzo[ghi]perylene �23.1 �3.74 0.998

7-, 8-, and 9-ring PAH
Coronene �22.2 �3.41 0.994
1-Methylcoronene �22.4 �3.05 0.969
Benzo[a]coronene �28.8 �5.64 0.999
Naphtho[8,1,2-abc]coronene �28.8 �6.56 0.999
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large PAH. This result is of particular relevance to
the formation of carbonaceous solid deposits, as
large PAH are thought to be precursors to these
solids [4].

The PAH product yield data of Figs. 2–8 also
reveal some results peculiar to the high-pressure
toluene pyrolysis environment. For example, un-
like results observed for toluene [17] or other fuels
[28–31] at atmospheric pressure, Fig. 3 reveals
that in the supercritical toluene experiments,
yields of anthracene exceed those of its C14H10

isomer phenanthrene. A similar finding is reported
[16] for toluene pyrolysis at 10 atm. Both of these
C14H10 PAH, anthracene and phenanthrene, can
result from the combination of two toluene units,
as illustrated in Eqs. (6) and (7) (adopted and ex-
tended from Colket and Seery [16]). If anthracene
and phenanthrene are formed as Eqs. (6) and (7)
suggest, the observed dominance of anthracene
over phenanthrene would indicate that at high
pressures, union of a benzyllic carbon to an aryl
site of toluene (Eq. (6)) is preferred over union
at two benzyllic sites (Eq. (7)). This observation
on the relative yields of the C14H10 PAH illus-
trates the importance of pressure in determining
the reaction pathway. The dominance of pyrene
(Fig. 4) over its C16H10 isomer fluoranthene
(Fig. 5) and the dominance of benzo[ghi]perylene
(Fig. 6) over its C22H12 isomer indeno[1,2,3-
cd]pyrene (Fig. 5) are also results peculiar to this
high-pressure environment and contrary to obser-
vations in atmospheric-pressure pyrolysis systems
[22,28–31]. These differences in relative abun-
dances within isomer families suggest that the
mechanisms for PAH formation in the high-pres-
sure environment differ from those in atmospher-
ic-pressure environments. For a discussion of the
reaction mechanisms that appear to be responsi-
ble for the formation of PAH in the supercritical
toluene pyrolysis environment—and the experi-
mental results supporting the proposed mecha-
nisms—the reader is referred to our forthcoming
paper [38].

ð6Þ

ð7Þ

OMI
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Burak Atakan, Universität Duisburg-Essen, Germany.

Rates of chemical reactions usually depend on concentra-
tion and pressure. Could it be that the reactions you are
seeing are mainly due to increased concentrations? Do
you see a possibility to separate those two effects?

Reply. We do believe that both pressure and concen-
tration play important roles in the formation of PAH in
the supercritical toluene pyrolysis reaction environment.
As pointed out by Stewart ([4,14] in paper), the high pres-
sure retards the diffusional escape of fragment species lib-
erated by pyrolytic bond cleavage and facilitates bond
formation by forcing constituent species to have contact
with one another. It is because the constituent species
are aromatic hydrocarbons in high concentration that this
forced contact results in PAH formation in our system.
Currently our experiments are run with no diluent fluid,
so supercritical toluene is both the reaction medium and
the primary reactant, and the effects of pressure and con-
centration are inseparable.The effects of pressure could be
isolated from those of concentration, however, if we were
able to perform the toluene experiments in an inert fluid
whose critical properties closely simulated those of tolu-
ene. Such experiments would permit us to achieve the
same pressure effects as in the current experiments, but
without the high reactant concentrations.

d

Houston Miller, George Washington University, USA.

Your proposed intermediates should be single aromatic
rings joined by aliphatic bridges. I understand that these
bonds are quite weak due to the stability of benzylic rad-
icals. Have you followed the energetics along the paths
that you propose for the formation of fused ring
structures?

Reply.We have not yet performed calculations of the
potential energy surfaces, but we are considering such
calculations in our plans for future work.

d

Phillip R. Westmoreland, University of Massachusetts

Amherst, USA. The largest PAH that you showed which
contained a five-membered ring was an indenopyrene,
yet you showed much larger PAH as well. Are C5-ring
PAH absent in the larger PAH, or is it an inability to
identify such species (e.g., for lack of pure-species
standards)?

Reply. Combustion and pyrolysis systems generally
produce three different classes of PAH with five-mem-
bered rings: cyclopenta-fused PAH, in which the five-
membered ring is on the periphery of the molecule; flu-
oranthene benzologues, in which the five-membered ring
is internal; and indene benzologues, in which the five-
membered ring contains a methylene carbon. We con-
sider each of these classes separately. For the cyclopen-
ta-fused PAH, we have an extensive collection of
reference standards for species up to nine aromatic rings,
but no cyclopenta-fused PAH of any ring number ap-
pear in supercritical toluene pyrolysis. This result is
not surprising, since cyclopenta-fused PAH are thought
[23 in paper] to arise from acetylene addition and the
moderate temperature (535�C) of our toluene experi-
ments is too low for acetylene to be formed. We have
identified two indene benzologues, but we have only a
very limited number of reference standards in this class
of PAH. Therefore our failure to identify larger-ring-
number species among the indene benzologues does
not necessarily mean these products are not formed.
Third, with regard to the fluoranthene benzologues, we
have identified four products—the largest being the
C22H12 indeno[1,2,3-cd]pyrene referenced in the ques-
tion. We have reference standards of a number of
C24H14 and C28H16 fluoranthene benzologues, and we
have observed such PAH, with the same analytical meth-
ods, in the pyrolysis products of coal ([29] in paper) and
anthracene ([22] in paper). However, we do not see these
particular fluoranthene benzologues in our supercritical
toluene pyrolysis products. This result—along with the
unusual observation that fluoranthene itself appears in
far lower yield than its isomer pyrene—tempts us to con-
clude that fluoranthene benzologues as a class are not fa-
vored as products in the supercritical toluene pyrolysis.
Our assessment must be tempered, however, with the
realization that there are over a hundred C24H14 and
C28H16 fluoranthene benzologues for which reference
standards are not available.
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