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Abstract

The presence of polycyclic aromatic hydrocarbons/compounds (PAH/PAC) in the exhaust of combus-
tion equipment as well as their growth to soot particles depends on the balance of formation and depletion
reaction pathways. Detailed understanding of PAH oxidation is necessary for a correct quantitative
description of combustion processes. This study focuses on the high-temperature oxidation of anthracene,
a 3-ring PAH, by molecular oxygen. By reacting this already formed PAH, under non-sooting conditions,
its oxidative depletion processes were isolated from its formation processes, as well as from soot formation
pathways. Anthracene powder, fluidized in nitrogen, was introduced into a two-stage electrically heated
laminar-flow drop-tube furnace. In the first stage, kept at 900 °C, anthracene was vaporized. Thereafter,
upon mixing with preheated oxygen-containing gases in a venturi, gaseous anthracene was oxidized in
the second furnace at oxygen mole fractions of 1-5% and gas temperatures of 950-1050 °C. Gas temper-
ature and velocity profiles in the furnaces, as well as anthracene particle vaporization trajectories were
obtained with a computational fluid dynamics code. Sampling, followed by chemical analysis, was conduct-
ed at three locations within the oxidizing furnace. Trends with residence time show increasing CO and CO,
yields in the furnace and gradually decreasing O,. CO increased with higher oxidizing temperatures and
oxygen concentrations. Acetylene was the most abundant light hydrocarbon, followed by methane,
ethylene, benzene, propylene and ethyl acetylene. Prevalent PAC included fluorene-9-one, 9,10-anthracen-
odione, biphenylene, dibenzofuran, fluorene, indene, naphthalene, anthrone, xanthone and 2-naphthalen-
ecarboxaldehyde. Most species’ yields increased with rising oxidation temperatures. A global anthracene
reaction rate with oxygen was deduced, and an activation energy of 71 kJ/mol was calculated. An anthra-
cene oxidation reaction scheme was proposed.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction
Concentrations of polycyclic aromatic hydro-
* carbons (PAH) in the exhaust gases of combustors
__ . are the result of competing growth and depletion
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doi:10.1016/j.proci.2006.07.211



492 J. DeCoster et al. | Proceedings of the Combustion Institute 31 (2007) 491-499

processes. Depending on parameters such as
equivalence ratio and temperature, depletion of
PAH formed in the reaction zone can occur by
subsequent oxidation [1-3] or conversion to soot
[3,4]. Reactions with O, OH and O, are known
to be important in oxidation of PAH [1-3] but
the details are unclear, especially in reactions with
high molecular weight PAH. Partially oxidized
PAH are likely intermediates prior to decomposi-
tion to smaller hydrocarbon units and—under
certain conditions—complete conversion to CO,
CO, and H»0. Due to the role of PAH as soot
precursors, the lack of understanding of their oxi-
dation chemistry limits the quantitative descrip-
tion of particulate formation. Few solid kinetic
data on the gas phase oxidation of PAH are avail-
able, and in most cases the reaction pathways and
even the major intermediates are unknown.
Rates of some of the elementary steps in PAH
oxidation have been measured directly, but usual-
ly these are only available for the very first step in
the complex reaction cascade. For example, kinet-
ics of reactions of benzene and naphthalene with
OH radicals were measured in a laser photolysis/
resonance fluorescence system and the stability
of the C;(HgOH adduct was found to be higher
than that of CsdHgOH [5], suggesting that resonant
stabilization of the n-radicals formed by addition
reactions may be more important for PAH than
for benzene. However, no information is available
on the subsequent reactions of the C,oHgOH
adduct. Also, relative contributions of hydrogen-
abstraction and direct addition oxidating species
are expected to depend strongly on temperature,
pressure and the size of the molecule. Reactions
of biphenyl, methylnaphthalenes and phenan-
threne with O(°P) were measured in a temperature
range from 298 to 873 K in a low-pressure micro-
wave discharge flow system with mass spectromet-
ric detection [6]. Formation of phenol-type
adducts was suggested to be the major reaction
channel and rate constants were found to increase
in the following order: benzene, biphenyl, phenan-
threne, methylnaphthalenes. Reactivity of phen-
anthrene was similar to that of naphthalene.
Global oxidation rates of selected PAH have
been recently determined in this laboratory, in
the afterburner of two-stage batch-combustion
of polystyrene [7]. As expected, oxidation rates
increased for all species with gas temperature,
but it was difficult to rationalize the observed dif-
ferences in the oxidation rates of the various
PAH. Nevertheless, the observed fast oxidation
of fluorene suggests a correlation between molec-
ular structure and oxidation rates, e.g., 9-fluore-
none could be a plausible initial product.
Indeed, 9-fluorenone and other PAH ketones have
been detected mixed with PAH in diesel emissions
and in the environment, and some of the PAH are
known to be readily oxidized to ketones even at
low temperature [8]. The most detailed study of

the gas-phase oxidation of a PAH was performed
by Shaddix et al. [9] who measured the stable
intermediates formed in the oxidation of 1-meth-
ylnaphthalene at 1160-1200 K, in an atmospheric
pressure flow reactor. They constructed a kinetic
model consistent with the data [10]. Reaction
pathway analysis indicated that the primary reac-
tion was H-abstraction from the methyl side-
chain, but additions of O and H atoms to the
aromatic rings were also important. Reaction
pathways will likely be considerably different for
un-substituted PAH, which do not have any read-
ily abstractable H atoms. Also, the chemically
activated reactions that follow addition of a radi-
cal to a PAH are expected to show strong temper-
ature dependence [11].

Anthracene, a three-ring PAH, was selected for
this study because aromatics containing the
anthracene configuration are known for high ther-
mal reactivity [12,13] and propensity for soot for-
mation [14,15]. Moreover, because of its
molecular symmetry (it contains only three unique
peripheral carbon positions: 9, 1, and 2) the num-
ber of possible products of thermal treatment of
anthracene is limited, and this simplifies product
analysis [16].

Although there has been an investigation on the
products of high-temperature pyrolysis of anthra-
cene [16], high-temperature oxidation of anthra-
cene in particular, and PAH in general, has very
little experimental history. Exploratory work on
anthracene oxidation was recently conducted as a
master thesis carried out at MIT by the visiting
student 1. Griful Millet, under the supervision of
H. Richter and J.B. Howard [17]. In that work,
transient (batch) oxidation of anthracene was
investigated in a muffle furnace at temperatures
between 500 and 800 °C, and gas compositions
from 2.5 to 40% O, in helium. Major products
identified by GC/MS were anthrone and 9,10-
anthracenodione, i.e., single- and double-oxidized
anthracene. Also xanthone and other oxygenated
PAC formed after loss of one to three carbon
units, including 2-naphthalenecarboxaldehyde, 1-
H-phenalen-1-one, fluorene-9-one, 4-hydroxy-9-
fluorenone and 1-hydroxy-9,10-anthracenodione
were detected.

Herein, the exploratory work of Griful Millet
[17] on batch combustion of anthracene was
extended to obtain time-resolution of the interme-
diate species formations and products. Anthra-
cene was pulverized, fluidized in nitrogen and
introduced into a vaporizer furnace. The effluent
of this furnace was then mixed with oxygen and
oxidation of this premixed gaseous charge
occurred in a secondary furnace. Reactions
occurred therein at steady-state/steady-flow,
high-temperatures and known equivalence ratios,
¢. Oxygen mole fractions were low (1-5%), as
the determination of reaction rates requires the
consumption of a quantifiable amount of reactant
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but without its complete depletion, otherwise the
reaction time would be unknown. Low oxygen
mole fractions also prevented ignition of the char-
ge and, because of the low oxidizing temperatures,
formation of soot was avoided which would have
been an anthracene depletion pathway competing
with the oxidation reactions. Sampling along the
centerline of the furnace allowed temporal-resolu-
tion of the evolved products.

2. Experimental techniques and procedure
2.1. Experimental apparatus and conditions

Anthracene powder from Aldrich Chemical
was crushed and sieved to 110-150 pm. Tests were
conducted in a two-stage electrically heated, drop-
tube furnace (ATS Systems) at 1 atm. The appara-
tus consisted of an upper furnace where the
anthracene particles vaporized and a lower fur-
nace where oxidation occurred (Fig. 1). Particles
were introduced into the vaporizing furnace via
a long hypodermic tube (1.1 mm id.; Micro-
Group) with a vibrated glass vial coupled to a syr-
inge pump (Harvard Apparatus). The tubing was
vibrated to its natural frequency by two vibrators
(Vibro-Graver by Alltech) to warrant a steady
flow of anthracene particles to the vaporizing fur-
nace, in a 2L min~! stream of nitrogen. Despite
anthracene’s propensity to form soot, a previous
study on anthracene pyrolysis in argon reported
that there was little evidence of soot (<1 wt%) at
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Fig. 1. Schematic of the two-stage (vaporizer + oxidi-
zer) furnace apparatus.

T<927°C [16]. Hence, the vaporizer furnace
herein was operated at 900 °C since this was the
minimum temperature that completely vaporized
the injected anthracene particles. While vaporiz-
ing anthracene particles remained at their
sublimation/boiling point temperature range
(226-340 °C), parcels of released vapor may have
briefly heated up to higher temperatures. Howev-
er, as soot was absent such temperatures must be
much less than 927 °C. At T~ 700 °C anthra-
cene’s decomposition has been reported to be very
limited, with only a few percent pyrolyzing to
bianthryls [14]. As gaseous phase anthracene in
nitrogen exited this furnace, it was mixed with
four radially-placed jets ejecting 3 L min~" total
of oxygen-nitrogen gases, preheated to 300 °C.
The venturi was designed so that the radial jets
reached its centerline to ensure effective mixing
[19].

At the experimental gas flow rates, input oxy-
gen concentrations of 1.2 and 5%, and the average
anthracene powder flow rate of 0.34 gmin~! the
equivalence ratios, ¢, were 12.7 and 3, respective-
ly. The anthracene mole fraction in the mixture
was determined to be approximately 0.01 for both
oxygen concentrations.

2.2. Combustion effluent sampling

The products of anthracene oxidation were
sampled at three points, along the centerline of
the secondary furnace, located in the heated zone
at 31.8, 36.3 and 40.8 cm below the center of the
venturi mixer. Gas residence times between con-
secutive sampling points were in the order of
0.1 s. Sampling was performed iso-axially and
iso-kinetically using a 4.2 mm i.d., water-cooled
stainless steel probe inserted into the oxidizer fur-
nace via a Cajon™ fitting. The outer surface of the
probe was insulated with layers of alumina blan-
ket joined by alumina-based cement (Zircar
Ceramics Inc.). The probe was attached to a sam-
pling stage, encompassing a paper filter (What-
man) to capture condensed-phase PAH, and a
chamber where 30ml of XAD-4 absorbent
(Aldrich) captured gas-phase PAH, see Fig. 1.

2.3. Sampling and detection of wvolatile light
hydrocarbons and major fixed gases

Gas-tight glass syringes were used to sample
gaseous effluent through a septum located after
the XAD-4 resin stage (see Fig. 1). The collected
gases were then injected into a gas chromatograph
(Agilent GC 6890). Fixed gases (O,, CO, and CO»)
were analyzed with a 100/120 Carbosieve S-1I col-
umn, connected to a thermal conductivity detec-
tor (TCD). Light hydrocarbons were analyzed
with a HP-5/A1,03 30 m x 0.32 mm capillary col-
umn with a film thickness of 0.25 um, connected
to a flame ionization detector (FID). Targeted
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products were quantified using calibration gas
mixtures.

2.4. PAH extraction and analysis by gas chroma-
tography—mass spectrometry

Following the oxidation experiments, the filters
and XAD-4 resins were spiked with a 50 pL inter-
nal standard containing 50 pg each of naphtha-
lene-dy, acenaphthene-d|, anthracene-d,,
chrysene-d;, and perylene-dj». A Dionex ASE
200 Accelerated Solvent Extractor was used to
extract the organic compounds from the filters
and the resins together. XAD-4 resin and filter
blanks as well as combustion blanks were extract-
ed and analyzed. Details of the extraction tech-
nique are given in Ref. [18]. Identified aldehyde
components were spiked onto XAD-4 resin and
the recovery from XAD-4 was calculated. The
responses of the aldehydes/ketones were used to
develop a relative response factor (RRF), which
was used to calculate the aldehyde/ketone concen-
tration, based on the response from the appropri-
ate internal standard.

Chemical analysis of extracts was conducted
by means of gas chromatography coupled to mass
spectrometry (GC-MS) using a Hewlett-Packard
(HP) Model 5890 gas chromatograph equipped
with a HP Model 5971 mass selective detector.
Sample preparation, the operating conditions of
the GC-MS system and the data reduction were
described previously [11,18]. Species identification
was based on the NIST and Wiley mass spectral
libraries, and known retention times for isomers
were used. In order to assess the reproducibility
of the PAH analysis, triplicate oxidation experi-
ments were performed. The experimental proce-
dure was kept consistent in all evaluations to
ensure the validity of comparative values and rel-
ative trends.

The extraction efficiency for the PAH species is
the amount of standard recovered from the sam-
ple divided by the amount of the deuterated com-
pounds in the internal standard solution. The
National Functional Guidelines recommend a
recovery of greater than 50% for the aforemen-
tioned five internal standards which was exceeded
herein (59, 74, 85, 98, and 100%).

3. Results and discussion
3.1. Gas temperature measurements

Temperature profiles of the gas in the vaporiz-
er and oxidizer furnaces were obtained along their
vertical centerline using a 48 inch type-K Omega
thermocouple, see Fig. 2. Product sampling was
performed in the nearly-constant temperature
region of the oxidizer furnace’s heated zone,
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Fig. 2. Temperature profiles in vaporizer and oxidizer
furnaces.

where variations of not more than +10 K were
observed.

3.2. Anthracene particle vaporization calculations/
simulations

Calculations were performed in order to deter-
mine whether vaporization of the injected anthra-
cene particles (110-150 pum) was to be expected
within the heated zone of the first-stage furnace.
The distance and the time that the largest diame-
ter anthracene particles need to travel to vaporize
completely were evaluated by accounting for the
heat-up to the boiling temperature and for the
ensuing vaporization/sublimation at constant
temperature, as outlined in [19,20]. Results from
these calculations were compared to computations
executed with the finite-difference numerical code
Fluent 6.0, see Fig. 3.

Both methods yielded similar particle time-of-
flight outcomes, i.e., ~175 ms. There was some
disagreement, however, on the prediction of parti-
cle penetration in the vaporizer furnace (8.5 vs.
11.5 cm), which may be because the calculations
were conducted assuming constant gas tempera-
ture while, for computations, Fluent takes into
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Fig. 3. Diameter of a 150 pm anthracene particle vs. (a)
time to vaporize and (b) traveled distance to vaporize;
results of both the numerical computations (Fluent) and
calculations are superimposed.
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account the input experimental temperature pro-
file along the axis of the vaporizer. Nevertheless,
both methods indicated that the injected anthra-
cene particles, (110-150 um) were expected to
vaporize inside the vaporizer (upper) furnace,
whose hot zone extends 19 cm from the injection
point. Even so, due to the nature of this powder,
clumping of particles while feeding into the injec-
tor was difficult to completely avoid.

Although ensuring vaporization of the anthra-
cene particles was important, re-condensation at
the venturi was also a concern. The partial pres-
sure of anthracene vapors in the vaporizer furnace
was calculated to be ~0.023 atm, corresponding
to the vapor pressure of anthracene at ~195°C
[21]. Figure 2 shows the gas temperature dipping
to this point only at the center of venturi where
additional gas is mixed, decreasing the anthracene
partial pressure. Hence, recondensation of anthra-
cene at the venturi is not expected.

3.3. Emission yields

Yields of major gas products (CO, CO, and
0,) and light hydrocarbons, sampled inside the
oxidizer furnace, are shown in Fig. 4. Yields, in
mg g~ of anthracene injected, of CO and CO,
increased from 20 (1217 ppm) to 72 (4040 ppm)
and from 74 (2900 ppm) to 184 (6500 ppm),
respectively, at 1.2% O,, 950 °C. Corresponding
0, yields (mgg™' of anthracene injected)
decreased from 258 (1.40%) to 214 (1.05%), see
Fig. 4a. At 1.2% O,, 1050 °C, CO and CO, yields
varied only mildly in the sampling zone, around
80 and 160 mg/g, respectively (Fig. 4b). At 5% ini-
tial O,, the absolute values of both CO and CO,
increased by factors of 1.5 and 2, respectively,
compared to the latter case (Fig. 4c). Oxygen
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Fig. 4. Plot of fixed gas and light hydrocarbon yields
(mg/g of anthracene injected). Tyaporizer fOr all cases was
900 °C. (a) Tuxidizer =950 oc’ [02] = 12%, (b) Toxidizer =
1050 °C, [03] = 1.2%; (¢) Toxidizer = 1050 °C, [O5] = 5%.
At between sampling points was ~80 ms.

was consumed faster at the higher furnace temper-
ature, even before the first sampling point.

The most prevalent light volatile hydrocarbon
was acetylene, followed by ethylene, methane,
benzene and propylene, see Fig. 4. In most cases
the concentration of light hydrocarbons increased
along the furnace axis, especially at the lower ini-
tial oxygen concentration (1.2%), see Figs. 4a and
b. Furthermore, the mole fractions of light hydro-
carbons increased with furnace temperature, and
at 1050 °C, propyne was also detected. As input
oxygen concentration increased from 1.2 to 5%,
the yields of prevalent hydrocarbons remained
nearly unchanged, whereas benzene, propyne
and propylene yields decreased by factors of up
to 10, 5 and 6, respectively. Ethane was detected
only at 5% initial O, case. Ethyl acetylene was
detected in all tests but was not quantified.

Polycyclic aromatic compounds (PAC) were
captured both in the gaseous and condensed phas-
es. The combined PAC yields in the two phases
are presented. Yields of unreacted anthracene
together with other detected PAC are shown in
Fig. 5. Under all experimental conditions, fluo-
rene-9-one, 9,10-anthracenodione, biphenylene,
dibenzofuran, fluorene, 1H-phenalene, indene,
anthrone, 2-naphthalenecarboxaldehyde, ace-
naphthylene, phenanthrene, phenylacetylene and
4-methylphenanthrene were the most prevalent
PAC. This composition of the product mixture
is very similar to that detected in Millet’s thesis
[17]. Differences amounted to 1-hydroxy-9,10-
anthracenodione which was detected therein but
not herein; and to biphenylene, dibenzofuran, flu-
orene, indene, acenaphthylene and naphthalene,
which were present in all experiments herein, but
were not reported by Millet [17].

At the oxidizer temperature of 950 °C and
1.2% O,, most PAC yields were in the range of
50-1000 pg/g of anthracene, see Fig. 5a. Major
product PAC yields over 1000 ug/g of anthracene
were 9,10-anthracenodione, naphthalene and fluo-
rene-9-one.

Experiments at 1050 °C and 1.2% O, produced
yields that were on average much higher than
those at 950 °C, some components increased by
a factor of five, see Fig. 5b. Biphenylene and fluo-
rene-9-one yields increased the most, whereas
9,10-anthracenodione and 2-naphthalenecarbox-
aldehyde increased only slightly with rising oxidiz-
ing temperature. Biphenylene, was generated at
5000-16,000 pg/g of anthracene, followed by fluo-
rene-9-one, naphthalene, fluorene, acenaphthyl-
ene, 9,10-anthracenodione, 1 H-phenalene,
phenanthrene, anthrone, dibenzofuran, phenyl-
acetylene, indene, etc.

Experiments at 1050 °C and 5% O, produced
yields that were overall comparable to those in
the lower oxygen case above, see Fig. 5c. Under
these conditions fluorene-9-one resulted in the
highest yield (9000-16,000 pug/g of anthracene)
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followed by biphenylene and naphthalene. Some
prominent PAC byproducts such as biphenylene,
fluorene, phenanthrene and acenaphthylene,
decreased in yields with increasing oxygen; others,
especially oxygenated ones, such as fluorene-9-
one, 2-naphthalencarboxaldehyde and dibenzofu-
ran increased significantly together with
naphthalene.

Generally, but not in all cases, PAC yields
increased along the centerline of the furnace, as
anthracene was consumed. Moreover, some PAC
were predominately detected in the gas-phase,
others in the condensed-phase. For instance, in
all three series of experiments, naphthalene,
indene, phenylacetylene, benzaldehyde, benzofu-
ran and styrene yields were found mostly as
gaseous PAC. Biphenylene, acenaphthylene, 2-
methylnaphthalene, 1-methylnaphthalene, phen-
anthrene and 1-methylphenanthrene were found
in both phases, whereas the remaining species
were found nearly entirely in the condensed phase.

3.4. Oxidation of anthracene: reaction pathways
and rate

Measurement of reaction products as function
of reaction time (Figs. 4 and 5) led to better
insight into prevalent reactions involved in
anthracene oxidation. The resulting reaction
scheme, given in Fig. 6, shows formation of
anthrone as a major initial oxidation product.
Consistent with previous observations in combus-
tion environments [3], isomerization to phenan-
threne, which is oxidized subsequently,
represents a competing pathway. Oxidation of

—A— 9H-Xanthene
—&f - 1-Methylnaphthalene
O Styrene

Sampling Point

oxidizer — =950 OC
1050 °C, [O,] = 5%. At between sampling points was

oro ‘
coo~olo oh*“

. 8 14'02 9 o
©©© OO~ 00
(]T+02

oL

Fig. 6. Main products and proposed reaction pathways
for anthracene oxidation. (1) 2-Naphthalenecarboxalde-
hyde, (2) 1H-phenalen-l-one, (3) anthracene, (4)
anthrone, (5) fluorene-9-one, (6) 4-hydroxy-9-fluore-
none, (7) phenanthrene, (8) 9,10-anthracenodione, (9)
Xanthone, (10) 1-hydroxy-9,10-anthracenodione.

anthrone to 9,10-anthracenodione is a following
reaction step. It should be noted that 9,10-anthra-
cenodione has structural features similar to p-
benzoquinone which has been discussed as a
thermally stable intermediate of benzene oxida-
tion [2,4]. Naphthalenecarboxaldehyde is another
key intermediate of continued anthracene deple-
tion. While elemental reactions leading to its for-
mation still need to be identified, unimolecular
CO loss yields naphthalene, another major
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intermediate (Fig. 5, not shown in Fig. 6). Oxida-
tion of naphthalene to naphthol or napthoxy, fol-
lowed by another unimolecular CO loss step [3],
explains the formation of indene which is abun-
dant in the product mixtures (Fig. 5). Benzene is
likely to be product of the further indene decom-
position/oxidation. Its lower yields at the higher
oxygen concentration of 5% is consistent with its
fast subsequent oxidation. A detailed quantitative
reaction mechanism describing benzene oxidation
has been discussed previously [2,4] and explains
semi-quantitatively the presence of acetylene, pro-
pylene, CO and CO; in the present work.

Well-defined experimental conditions, includ-
ing good temperature control, allowed for the
determination of global rate constants describing
anthracene oxidation at different temperatures.
Due to the excess of oxygen, leading to its deple-
tion by not more than 25% (Fig. 4) between sam-
pling points, anthracene oxidation was treated as
a pseudo-first order chemical reaction:

OOO + 0, <~ PRODUCTS

Rate constants were obtained for the different
temperatures and oxygen partial pressures from
the experiments conducted herein in the drop-tube
furnace and from those of Millet [17] in the muffle
furnace. Reaction rates were determined between
the highest and the middle sampling points, and
then again between the middle and the lowest
sampling points and averages were taken. Gas
temperatures along the sampling locations were
assumed constant, as the profile in Fig. 2 shows
variations of not more than £10 K. Rate con-
stants for the reactions were obtained as follows:

d[Anthracene]

& —k[Anthracene][O,]

[O,] was assumed to be constant throughout the
reaction, and was set at the average value between

two sampling points, i.e., [O,] = %. The rate
constant (k) was obtained by integrating the
above equation,

1 [Anthracene];
[Anthracene],

k= [Oz]Al

The residence time, Af, between the sampling
points is calculated based on the integrated veloc-
ity profile at the centerline as obtained by the Flu-
ent code, using the experimentally obtained gas
temperature profile as input. Moreover, Roesler
[22], using classical reactor theory, suggested that
the chemistry in laminar flow reactors with fully
developed velocity profiles follows plug flow

behavior along the centerline stream on the time-
scale defined by the local velocity. For systems,
such as the one herein, where the Damkoehler
number exceeds 40, radial mass transport be-
comes locally negligible.

In this study, two oxidizing furnace tempera-
tures were explored, therefore, two rate constants
were calculated. The same approach was applied
to 1.2 and 5% O, concentration cases at
1050 °C. Results are consistent with the previous
work of Millet [17]. Based on both data sets
depicted in Fig. 7 (from steady-state combustion
in the drop-tube and from unsteady combustion
in the muffle furnace), and assuming Arrhenius
behavior, a rate constant of
1 x10%exp(—71 kI mol™!/RT) was deduced,
where R = 0.008314 kJ mol ' K.

Finally, it should be noted that, under most
conditions, anthracene oxidation by O,, described
quantitatively by the global reactions deduced
here, occurs in addition to direct oxidation by
the following sequence:

O, + anthracene — HO, + anthracyl

anthracyl + O, — products

Observation of significant quantities of ace-
phenanthrylene and fluoranthene (Fig. 5) as well
as of acetylene (Fig. 4) is consistent with the for-
mation of the aceanthrylene by addition of acety-
lene to 1- and 9-anthracyl radicals followed by
ring closure and thermal interconversion [23].
Similarly, acenaphthylene, also observed in the
present work, is formed via the reaction of 1-
naphthyl radicals with acetylene.

Quantitative assessment of the relative contri-
butions of both pathways requires sufficiently pre-
cise kinetic data describing hydrogen abstraction
and anthracyl concentrations. However, compila-
tion of a kinetic model, including this reaction
sequence followed by the comparison of predicted
time-dependent concentrations of anthracene and
major intermediates with determination of

A Muffle Furnace (Millet)

1.E+09 1
< Drop-tube Furnace (5%02)
1.E+08 - # Drop-tube Furnace (1%02)
T 1E+07 1 L I
"o (O 2 ‘ ~~~~~~ ‘
5 1.E+06 o 4
s B
“g 1.E+05 1 *
2
x 1.E+04 - k= Ae-EaIRT= 1x1 010e-8551(1IT)
1.E+03 1 Activation Energy (E ;)= 71 kd/mol
. _ 10
1.E+02 I"-’re-expﬁ)nentlal‘ (A)= 1x‘10 ‘ ‘
7 8 9 10 11 12 13
1T x 10° (K7)

Fig. 7. Plot of the global rate constant, k vs. 1/T for
oxidation of anthracene.
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reaction fluxes, can provide additional insight.
Development of such detailed model will be part
of future work.

4. Conclusions

Vaporization of anthracene particles and sub-
sequent oxidation of gas-phase anthracene took
place in a two-stage laminar-flow, drop-tube fur-
nace at fuel-rich, atmospheric conditions. The
upper stage was a vaporizer furnace where anthra-
cene particles were injected, heated and vaporized
in nitrogen. This stage was followed by a venturi
mixer where oxygen was introduced. The bottom
stage was an oxidizer furnace where anthracene
vapors oxidized at fuel-rich conditions. Sampling
was conducted at three constant-temperature
locations along the centerline of the oxidizer fur-
nace. Analysis of the sampled gases was per-
formed to assess the rate of consumption of
anthracene and to identify the by-products of oxi-
dation. Yields of CO and CO, showed increasing
trends with time or distance traveled in the oxidiz-
ing furnace at the lower temperature, whereas
they did not significantly change at the higher
temperature. The average values of CO steadily
increased with higher oxidizing temperatures and
oxygen concentrations. On the other hand, CO,
exhibited trends like those of CO, but were more
sensitive to oxygen concentration than tempera-
ture. As the oxidizing temperature increased,
more oxygen was consumed. GC-MS analysis
revealed many prevalent PAC, including unre-
acted anthracene, fluorene-9-one, 9,10-anthracen-
odione, 1-H-phenalene, biphenylene, naphthalene,
dibenzofuran, fluorene, acenaphthylene and
anthrone. Other products resulted in lower yields.

PAC product yields increased by up to an
order of magnitude when the oxidizer was operat-
ed 100 °C higher. Biphenylene and fluorene-9-one
yields increased the most, whereas 9,10-anthracen-
odione only slightly increased with the rise in oxi-
dizing temperature. Most major oxygenated
species, such as 2-naphthalenecarboxaldehyde,
dibenzofuran and fluorene-9-one, together with
naphthalene, increased with oxygen concentra-
tion. The yields of other PAC with no oxygen
atom in their molecules (e.g. biphenylene, fluo-
rene, acenaphthylene, and 1H-phenalene)
decreased. The most abundant light volatile
hydrocarbons were acetylene, ethylene, methane,
benzene and propylene. When operating with
1.2% oxygen concentration, benzene, propyne
and propylene yields were higher than at the 5%
conditions. Yields of light hydrocarbons increased
with furnace temperature; acetylene yields
increased, more than any other species, as temper-
ature and oxygen concentration increased.

Based on the aforementioned detected oxida-
tion byproducts an anthracene oxidation pathway

scheme was proposed. Moreover, a global rate
expression for oxidation of anthracene was
deduced to be; In{[Anthracene]/[Anthra-
cenelo} = —1 x 10%exp(—8551/T(K)) x [O5]o X At
at temperatures in the broad neighborhood of
1000 °C, which are pertinent to practical incinera-
tor systems (afterburners).
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Comment

Judy Wornat, Louisiana State University, USA. You
report biphenylene as one of your higher yield polycy-
clic aromatic products. What evidence do you have
that the C;,Hg product you have assigned to be
biphenylene is really biphenylene and not either the
C,Hg 2-ethynylnaphthalene or the C;,Hg l-ethynyl-
naphthalene? In systems that have phenylacetylene,
such as I believe you have, an ethphylnaphthalene
seems a more likely Ci,Hg product. Since the mass
spectra of biphenylene, tethynylnaphthalene, and 2-
ethynylnaphthalene are very similar, one needs to
show that the two ethynylnaphthalenes can be ruled
out before assuming that the C;,Hg product observed
is piphenylene. Note that a typical NIST mass spectra
library, used with most GC-MS instruments, does not

[22]1J.F. Roesler, Proc. Combust. Inst. 27 (1998)
287.

[23] L.T. Scott, N.H. Roefols, J. Am. Chem. Soc. 109
(1987) 5461-5465.

contain the mass spectra of the ethynylnaphthalenes,
so the fact that an automated search might present a
“match” with biphenylene is not sufficient substantia-
tion of biphenylene’s presence.

Reply. We currently use both the Wiley and NIST
searches. Retention times were used to compare the stan-
dards of biphenylene with those of the unknowns. The
retention time windows are adjusted to ensure that there
is no retention time overlap for these isomers. Moreover,
since over the years the analytical study involved many
samples of different origins and the retention times
matched (samples from other fuels tested in the same
lab in the past), we are confident of the results provided
in the paper.
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