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Abstract

An updated rate of O2 oxidation of one to four ring polyaromatic hydrocarbons in
premixed flames is presented based on density function theory simulations of oxygen
attack at different radical sites on various PAHs. The rate is in agreement with other
rates found in the literature; however, it is several orders of magnitude lower than
the currently accepted oxidation rate of multi-ring aromatic species, including soot.
Simulations are presented of a premixed flame using this improved rate and a new
advanced soot particle model, which is developed in this paper. This model includes
unprecedented detail of the particles in the ensemble, including the aromatic con-
tent, C/H composition and primary-particle aggregate structure. The O2 oxidation
rate calculated in this paper is shown to give a better prediction of particle num-
ber density and soot volume fraction for a premixed flame. The predicted particle
size distributions are shown also to describe better the experimental data. Predicted
C/H ratio and PAH size distributions are shown for the flame. Computed TEM-style
images are compared to experimental TEM images, which show that the aggregate
structure of the particles is well predicted.
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1 Introduction

Soot formation is an important process for industry and for the environment. It is generally
acknowledged that polyaromatic hydrocarbons (PAHs) are the precursors to soot particles.
This has been inferred from the essentially graphitic nature of nascent soot [13].

The soot model proposed by Frenklach and Wang [8], generally referred to as the ABF
model, remains the basis for most soot models currently in use for premixed flames. The
ABF model considers soot growth by addition of acetylene via the hydrogen-abstraction—
carbon-addition (HACA) mechanism and by condensation of PAHs, though usually only
pyrene is considered. Appel et al. [2] updated the model to include a correlation for active
surface sites (alpha), which was fitted to data from a set of premixed flames. Alpha is
an empirical correlation which accounts for the surface aging effect observed in sooting
systems, and was formulated as a function of temperature and reduced particle mass.

The ABF model includes O2 and OH oxidation of soot particles, however, the rates of
these processes are questionable. The gas-phase mechanism of Wang and Frenklach [30]
treats the rate of O2 oxidation of one to four ring aromatic species as equal to the rate
for phenyl. They also indicate that there are substantial uncertainties in the rate of phenyl
oxidation. The ABF soot model also considers the rate of soot oxidation to be equal to the
rate of phenyl oxidation [2], ignoring the affect that the neighbouring geometry on large
aromatics might have. Oxidation is crucially important to combustion processes, and it is
important that accurate rate expressions are available.

In order to capture all aspect of flame-generated soot, models must consider particle shape
and structure as well as composition. Common shape models include spherical particles
[8] and fractal models [16] which describe particles by two coordinates: size and a shape
descriptor, for example surface area [23] or fractal dimension [16]. Recent studies using
Monte-Carlo algorithms to solve sooting systems [21] have used very complex particle
descriptions which account for the relative positions of each primary particle within an
aggregate. Such models enable 3D images of aggregates to be generated, however, they
are very computationally expensive.

Until recently soot particle models have been necessarily simple in order to allow parti-
cle ensembles to be simulated in computationally reasonable timescales. Often particles
are considered to consist of uniformly graphitic carbon only [3], and simple spherical or
surface-volume shape models have been used. Often these restrictions are imposed by the
numerical technique used. Moment methods [7] are very fast but are restricted to a one or
two dimensional particle spaces, as the number of moment equations scales exponentially
with the number of particle coordinates. They also allow no resolution of the particle
size distribution (PSD) without a further assumption about its shape. Sectional techniques
[31] can also be fast and allow the PSD to be resolved, however they can suffer from
numerical diffusion [22] and they also do not scale favourably with the size of the parti-
cle state space. Monte-Carlo methods [3] are generally slower than other techniques and
have only been coupled to simple systems [5], however, they allow very detailed particle
descriptions to be used, such as the model discussed in this paper.

Recently kinetic Monte-Carlo (KMC) and molecular dynamics (MD) [29, 9] have been
used to study the growth of single PAH molecules and graphene sheets. These techniques
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allow very complex particles to be modelled, however, the high computational expense
make it currently prohibitive to use these techniques to model entire particle ensembles.

The purpose of this paper is to present updated O2 oxidation rates for small aromatics and
soot particles. These rates are incorporated into a new soot particle model for premixed
laminar flames. This model consists of two sub-models which have been considered sep-
arately in the past. The first sub-model describes soot particles by their aromatic struc-
ture [6], and has previously been applied to soot formation in a plug-flow reactor. The
second sub-model uses a primary particle list to describe aggregate structure, which al-
lows TEM-style images to be generated and directly compared to experimentally obtained
TEMs [32].

2 Estimating the rate of O2 oxidation

Only oxidation processes involving one free-radical carbon atom are investigated here.
Oxidation reactions on repeating zig-zag and armchair edges with multiple neighbouring
radical sites have already been investigated by Sendt and Haynes [25, 26].

At high temperatures the reaction between a free radical site on a graphene ring and an
oxygen molecule occurs mainly through the metathetical process [20]:

C• + O2 → C−O + O (1)

C• represents a radical site on a PAH. The bond between the oxygen atoms is broken and
one atom connects to the free radical site while the other atom remains in the surrounding
gas and can undergo further reactions. This is assumed to be the rate-limiting step for
PAH oxidation [30].

Oxidation rates of benzene, naphthalene, anthracene, phenanthrene, pyrene and benzo[a]anthracene
at different carbon atoms have been calculated to allow the dependence of the oxidation
rate on the radical site geometry to be studied. Oxidation processes were investigated
using density functional theory (DFT) at a B3LYP/6-31G(d) level of theory. Kunioshi
et al. [19] have previously investigated the oxidation rate of phenyl, naphthyl and pyrenyl,
and concluded that the rate is independent of the number of carbon rings. The purpose of
this work is to investigate the dependence of the oxidation reaction on the neighbouring
geometry. Fig. 1 shows the transition states studied, in addition to those calculated by
Kunioshi et al.

All quantum mechanical calculations were performed using the GAMESS-UK program
suite [11]. The structures of the reactants and the transition states have been optimized,
and the vibrational frequencies calculated to verify that the stable species have no imagi-
nary frequencies, and that the transition states have exactly one imaginary frequency. The
reaction pathway for anthracene can be seen in figure 2.

The temperature dependent oxidation rates were calculated in the range 700-3000 K using
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Figure 1: Studied transition states for (a) anthracene, (b) C2 pyrene, (c) phenanthrene
and (d) benzo[a]anthracene. Labelled sites are (i) free-edge site, (ii) armchair
site, (iii) zig-zag site.

Figure 2: Reaction pathway for anthracene.
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Figure 3: O2 oxidation rates as function of temperature for all studied PAH molecules. k
in cm3/mol s, T in K

transition state theory (TST):

k(T ) =
kBT

h

Q6=

QAQB

exp

(
−∆E

kBT

)
(2)

Q6=, QA, QB are the total partition functions of the transition state and the reactants and
∆E is the activation energy. Tunnelling processes have been neglected in these calcula-
tions.

Fig. 3 shows the temperature dependence of the oxidation rate for all the studied mole-
cules. A linear least-square fitting algorithm was used to calculate the Arrhenius rate
coefficients using the expression:

k(T ) = AT nexp

(
−∆E

RT

)
(3)

where T is the temperature in Kelvin. The calculated Arrhenius coefficients are given in
table 1.

The calculated activation energies for benzene, naphthalene and pyrene oxidation agree
with the energies calculated by Kunioshi et al. [19], suggesting that the energies calcu-
lated for the other molecules are also reasonable. For molecules where the oxidized car-
bon atom belongs to an armchair site (phenanthrene and Benzo[a]anthracene) the oxygen
molecule the C-O-O angles are about 175◦ in both cases, and the C-C-O angles are 125.8◦

and 123.8◦ respectively, this induces an activation energy of 173 kJ/mol compared to about
160 kJ/mol for species where the oxygen molecule remains straight and the C-C-O angle
is 117◦. This suggests that the change of the geometry induced by the Hydrogen atom on
Carbon 4 (Anthracene) respectively Carbon 5 and 7 (Benzo[a]anthracene) is responsible
for the higher activation energy. Fig. 3 shows that the difference of the oxidation rates for
geometries where oxygen remains straight is negligible, whereas the higher activation en-
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Table 1: Arrhenius parameters for O2 oxidation of one to five ring aromatics. A in
(cm3/mol s), ∆E in (kJ/mol).

Molecule A n ∆E

Benzene 7.7× 103 2.43 162
Naphthalene 8.9× 103 2.40 160
Anthracene 7.3× 103 2.42 156
Phenanthrene 4.0× 103 2.44 173
Pyrene-4 9.7× 103 2.42 161
Pyrene-2 8.0× 103 2.42 161
Benzo[a]anthracene 6.0× 103 2.46 173

ergy for armchair oxidation leads to a lower rate. The oxidation rates for an armchair next
to a zigzag (Benzo[a]anthracene) is higher than the rate for an armchair next to a free-
edge site (phenanthrene) but still lower than the rates where the oxygen remains straight.
A second transition state for the Benzo[a]anthracene oxidation process with an angle of
21.5◦ between the oxygen molecule and the plane in which the PAH structure is located
has been found, but this transition state gives a lower reaction rate.

Jung et al. [15] investigated the oxidation process for soot particles at low temperatures
experimentally and found an activation energy of 148 kJ/mol, which is in reasonable
agreement with the activation energies reported here.

3 Aromatic-site (ARS) model

The previously reported ARS model [6] describes the aromatic content of soot particles
by considering the different possible sites on aromatic structures. Four principal sites
were identified and are shown in fig. 4. These are defined by the number of carbon atoms
required to construct them: free-edges have two atoms, zig-zags have three atoms, arm-
chairs have four atoms and bays have five atoms. Six atoms in a loop are assumed to
rapidly form a new aromatic ring, so are neglected at present. This assumption will have
to be tested in the future.

Additionally, the presence of 5-member rings on zig-zag sites has been suggested [9],
therefore these are included in the model; however, 5-member rings in the graphite lattice
are not considered. By neglecting the relative positions of the surface sites, it is possible to
describe a soot particle by nine variables: carbon atom (C) and hydrogen atom (H) counts,
the particle surface area (Sa), the number of edges (Ned), zig-zags (Nzz), armchairs (Nac),
bays (Nbay), 5-member rings (NR5) and the number of PAHs (NPAH). Therefore, particles
are described by a nine dimensional type:

X = (C, H, Sa, Ned, Nzz, Nac, Nbay, NR5, NPAH) (4)

This model is referred to as the site-counting model [6]. The motivation for neglecting the
relative site positions is to maintain as much information about the soot PAH structure as
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Figure 4: An example PAH structure showing the four principal site types.

possible, while keeping the computational expense low enough to simulate large particle
ensembles, rather than just single particles.

Some surface processes require more than one site to be contiguous on the PAH edge, for
example a 6-member ring can be considered as three consecutive free-edges. As no posi-
tional information is stored, correlations for such combined-sites have been developed by
Raj et al. [24] which provide the number of these combined-sites in terms of the principal
sites.

Surface processes necessarily change the structure of the PAH surface. Simple geometric
considerations require that each surface site has two neighbouring sites. These neigh-
bouring sites must be updated when a process is simulated. In general, ring addition will
increase the number of carbon atoms in each neighbour by one, thereby moving the site
type up the chain: free-edge→ zig-zag→ armchair→ bay. Ring desorption will reduced
the number of carbons in each neighbouring site by one, thereby moving the site type
down the chain. Not all site types are equally likely to neighbour other sites, hence a
set of process-dependent site weights are used to select neighbouring sites depending on
the process being simulated. These are also given by Raj et al. [24], who used a KMC
algorithm to simulate single PAH molecules using the same surface processes as the site-
counting model.

The complex, multi-dimensional particle state space of the site-counting model demands a
solution technique such as a Monte-Carlo particle method to be computationally tractable.
Soot particle growth is therefore modelled as a stochastic process where the data set is an
ensemble of computational particles [3] with the properties defined above. The stochastic
jump processes are calculated using the set of soot surface reactions detailed by Celnik
et al. [6]. The reader is referred to that reference for a detailed analysis of the surface
processes. Ring growth by acetylene and ring desorption processes are included, based
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on the work of Frenklach et al. [9], as well as oxidation processes at both free-edges and
armchairs, using the rates presented in this paper. The jump-process rates were calculated
by assuming steady-state of the short-lived intermediates.

4 Particle structure model

In order to describe the aggregate structure of the soot particles, the primary-particle track-
ing algorithm of West et al. [32] was used. A list of primary particles (hereafter, primaries)
is maintained independently for each soot particle (hereafter, aggregate). The assumptions
that the primaries are spherical and have uniform density are made, therefore each primary
is fully described by the number of C atoms it contains. At particle inception an aggre-
gate is assumed to be spherical and is assigned one primary. On coagulation the list of
primaries of both aggregates are appended. The surface-volume model [23] is formulated
such that all surface processes increase aggregate sphericity, and hence decrease specific
surface area. Each aggregate’s primaries are regularly updated such that the combined pri-
mary surface area matches that predicted by the surface-volume model. This is modelled
by removing primaries, starting with the smallest, and redistributing the C atoms across
the remaining primaries, weighted by their surface area. This is repeated until the primary
surface area is less than or equal to the surface-volume surface area. This mimics the
situation in which smaller primaries are subsumed into larger ones due to surface growth.
Each aggregate is therefore described by a vector of primaries (P ) of length Npri, hence
the particle type now has a minimum of ten dimensions (Npri + 9):

Xp =
(
X, P1,2...Npri

)
(5)

In the current simulations, typical values of Npri were observed in the range 5-20, which
gives a particle type of 14-29 variables.

The aromatic-site-counting—primary-particle model, which combines the above descrip-
tions of particle composition and structure, shall be referred to as the ARSC-PP model.

5 Flame simulations

The model presented here is very detailed and capable of predicting a large number of
features of sooting systems, therefore the premixed flames of Abid et al. [1] were used
for comparison, as experimentally obtained data were available for particle number den-
sity, soot volume fraction and particle size distributions, as well as TEM images. The
premixed flame chemistry was solved using the PREMIX code [17], including a method-
of-moments approximation for soot formation [7]. The Monte-Carlo particle solver was
then run as a post-processing step [3] using the ARSC-PP model. Computations are pre-
sented only for the flame designated HWC4 (C4 in [1]) here, though similar results have
been observed for the other flames, C1-C5, presented in that paper.

The gas-phase combustion mechanism of Wang and Frenklach [30], updated by Appel
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Figure 5: Particle number density as a function of height above burner. HAB shifted by
+0.15 cm.

et al. [2] was used to model the gas-phase chemistry. This mechanism includes the for-
mation of aromatic species up to pyrene. The gas-phase mechanism was modified to
include the new aromatic O2 oxidation rate detailed in this paper for two, three and four
ring PAHs (naphthalene, anthracene and pyrene respectively). The O2 oxidation rate for
pyrene-4 was used as the rate for soot particles in the ARS soot mechanism. The rate
of O2 oxidation presented here is much lower than the current ABF value, therefore it is
expected that a greater quantity of soot should be predicted.

6 Results

Fig. 5 shows the comparison of the ARSC-PP model to the experimentally observed par-
ticle number density (M0). The simulations underpredict the experimental M0 using both
oxidation rates. The new oxidation rates show reasonable agreement during the inception
phase, however, they appear to underpredict M0 at later stages. The ABF oxidation rate
severely underpredicts M0 at all heights above burner (HAB). Abid et al. [1] discuss how
the SMPS probe delays the formation of soot, and they “shift” their data by -0.35 cm
(upstream) to account for this. It was found that the simulations presented here better
matched the experimental data if the results were shifted back 0.15 cm (downstream).
This seems valid as the exact retardation of soot formation due to the SMPS probe is not
exactly known, and the shifted position lies in between the actual and shifted positions
reported by Abid et al..

Fig. 6 shows the comparison of the ARSC-PP model to the experimentally observed soot
volume fraction (Fv). Again the results have been shifted by 0.15 cm downstream. Both
simulations underpredict Fv by more than one order of magnitude, even when consider-
ing the confidence intervals due to the uncertainty in the measured temperature profiles,
however, this is an acceptable result for soot prediction [4]. The improved oxidation rate
shows a substantial increase in Fv over the original rate, which demonstrates that it is
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Figure 6: Soot volume fraction as a function of height above burner. Short-dashed lines
indicate confidence intervals due to the 50 K uncertainty in the experimentally
measured flame temperature. HAB shifted by +0.15 cm.

more appropriate in this case. There is also some uncertainty about the soot density as-
sumed by Abid et al. [1], which might account for some of the discrepancy between the
simulations and the experiments.

Fig. 7 shows the comparison of the ARSC-PP model to the experimentally obtained par-
ticle size distributions (PSDs). The PSDs were calculated using the kernel density esti-
mation (density) function of the statistical package R [10] with a bandwidth of 0.03×d,
where d is the aggregate collision diameter [23]. The ABF oxidation rate underpredicts
the particle sizes at all HABs. In general, the improved oxidation rates give a much more
appropriate fit to the experimental data. At the first HAB = 0.5 cm the simulation already
predicts bimodality, which is not observed in the experimental data. At HAB = 0.6 cm
there is good agreement for the larger particles, however the trough is predicted to occur
at a lower diameter (2.5 nm instead of 6 nm), also the number of particles in that range
are underpredicted. This result is consistent with the findings of Singh et al. [27], who
demonstrated that the trough position can be better predicted if the size of the incepting
PAH molecule is increased. This trend continues at HAB = 0.8 cm, although the simula-
tion now underpredicts the peak diameter and the number of larger particles. The trough
depth, however, is better matched. At the last observed point, HAB = 1.0 cm, there is a
severe underprediction of the largest particles, although the trough at around 4-4.5 nm is
beginning to match the experimental data better than at other points. In general, the simu-
lations are able to capture the qualitative properties of the experimental data, including the
onset of bimodality, and are reasonably good at predicting the quantitative properties also.
The disagreement at larger particle sizes is probably a symptom of the underprediction of
Fv (fig. 6).
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Figure 7: Particle size distributions at different heights above burner (shifted by
+0.15 cm).
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Figure 8: Particle C/H Ratio density plot against particle diameter at HAB = 1.0 cm.

6.1 Particle composition

Fig. 8 shows the particle C/H ratio distribution against particle diameter at HAB = 1.0 cm.
The 2D kernel density estimation (kde2d) function of R was used to calculate the dis-
tribution, using 100 points in each direction. The bimodality of the particle distribution
can be clearly seen. The left-most density maximum occurs around C/H = 1.6, which is
equivalent to pyrene (C16H10). This is an artefact of the soot inception model used, which
assumes that the dimerisation of pyrene is the only route of particle formation, so in this
respect the result is uninteresting. The second peak occurs at C/H values around 2, which
is consistent with reported values for young soot particles [29]. It is interesting that there
is little variation of the C/H ratio for particles between 10-40 nm, in fact the C/H ratio ap-
pears to converge on a value just below 2. Far higher ratios are presented in the literature,
for example Harris and Weiner [12] report about 7 and Homann [14] reports about 10. It
has been suggested [6] that a process such as graphitisation could be responsible for such
an increase in C/H ratio, but this has not been considered here.

Fig. 9 shows the approximate average sub-particle PAH ring count distribution against
particle diameter at HAB = 1.0 cm. The distribution was calculated using R in the same
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Figure 9: Approximate average sub-particle PAH ring counts calculated assuming a
square PAH arrangement.

manner as the C/H ratio. The ring counts were calculated assuming that the PAH had a
m×m ring arrangement, such that the number of rings (Nrng) is given by eqn. 6:

Nrng =

⌊(
0.5

√
(2× C/NPAH) + 4− 1

)2
⌋

(6)

Again the bimodality can be observed in this figure. The bottom left density peak corre-
sponds again to pyrene (four rings). As the particle grow, the average size of the PAHs
also increases. The ring counts in the range 4-40 correspond approximately to character-
istic lengths of 0.5-2 nm, or 16-100 carbon atoms. These values compare favourably to
the results of Vander Wal and Tomasek [28], though they report a few lengths up to 6 nm,
which would correspond to a very large graphene structure for very compact PAHs, or a
more open or linear arrangement of the PAH rings. In the first instance it is assumed here
that the distribution of average PAH sizes over the ensemble should be representative of
the distribution of PAH sizes within a large soot particle. This could be tested with future
models. A future, more complex model is suggested to track each PAH in each particle
individually, in order to generate per-particle PAH size distributions.
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6.2 Particle structure

Figure 10: Comparison of experimentally obtained TEM images with computationally
generated images. Left panel is experimental TEM reproduced from Abid
et al. [1]. Centre panel is a computationally generated TEM-style image using
the old oxidation rate. Right panel is a computationally generated TEM-style
image using the new oxidation rate.

Fig. 10 shows computationally generated TEM-style images compared to experimentally
obtained images. These TEM-style images were obtained by taking a selection of par-
ticles from the predicted ensemble and placing them on a grid of identical size to the
experimental TEM. The centre panel demonstrates that the ABF oxidation rate generates
small aggregates with diameters 5-10 nm. These do not compare well to the experimental
image, which shows nearly-spherical primary particles around 10 nm in diameter, and
possibly some evidence of aggregation on a larger scale. Abid et al. [1] argued that the
captured particles must be liquid-like due to the apparent halos around the particles. They
used AFM analysis to strengthen this argument. In this case the particles should be smaller
than they appear on the grid, as they would have spread. However, the particles predicted
using the old oxidation rate still appear too small for this to explain the discrepancy. The
right-hand panel shows particles generated with the improved oxidation rates. Large ag-
gregates are observed with diameters about 10-20 nm, and primary particle sizes around
5-10 nm. These particles compare more favourably in terms of size with those observed
experimentally, however, the degree of aggregation predicted is not observed experimen-
tally. A possible reason for this discrepancy is the surface-volume model assumption of
aggregation, even for the smallest particles, as is observed in the centre panel. If the small
particles are indeed liquid-like, then this assumption would be invalid. It may be neces-
sary to include a size-dependent model for particle coalescence for small particles, which
becomes inactive for larger particles [18]. This should slightly reduce the overall particle
sizes, but should also reduce the predicted degree of aggregation.
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7 Conclusions

New O2 oxidation rates for two to four ring aromatics and soot have been presented based
on quantum-chemistry calculations. The new rates are substantially lower than the previ-
ously accepted rate, which leads to enhanced soot production in flames. It has been shown
that the oxidation rates are similar for all studied radical sites, except for those on an arm-
chair. Armchair radical sites exhibit a higher activation energy, which was attributed to
the need for the oxygen molecule to bend.

The soot particle model presented here is a step change for soot modelling. The com-
bined aromatic-site-counting—primary-particle model allows a very detailed prediction
of soot particle ensembles, including composition and aggregate structure. The model
does not include any fitted parameters for surface chemistry, which were required in pre-
vious models. The model demonstrates reasonable agreement when compared to experi-
mental observations of a premixed flame, although it still underpredicts soot volume frac-
tion. Predictions of particle C/H ratio and constituent PAH size have been shown which
agree well with reported values for young soot, although they are smaller than other values
reported for flames. Graphitisation has been suggested as a process which could explain
this. Finally, TEM-style images have been generated using the primary-particle model and
compared to an experimentally obtained TEM image. The improved oxidation rates are
shown to give better predictions of particle size, but the degree of aggregation is perhaps
overpredicted.
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