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Abstract

Oxidation kinetics of soot is typically measured with well aged soot as substrates. Recent studies show
that nascent soot can have structures and surface composition drastically different from mature, graphi-
tized soot. In the present study, the kinetics of nascent soot oxidation by molecular oxygen was observed
at temperatures of 950, 1000 and 1050 K for molecular oxygen concentrations ranging from 1000 to
7800 ppm at ambient pressure in a coupled burner-stabilized stagnation flame burner and laminar aerosol
flow reactor. The reactant particles, 10-20 nm in diameter, were freshly synthesized from premixed flames
of ethylene, n-heptane, and toluene and introduced into the flow reactor continuously. The kinetics of par-
ticle oxidation was measured through electric mobility measurement of particle size distributions before
and after oxidation. It was found that the specific oxidation rate is has a first-order dependency on gas-
phase O, concentration over the range of O, concentration studied. The rate measured is an order of mag-
nitude larger than that predicted by the classical Nagle Strickland-Constable (NSC) correlation. The result
suggests that the surface of nascent soot is considerably more reactive towards oxidation than graphite or
graphitized soot.
© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Recent studies suggest that soot can exhibit
structural and chemical compositional complexi-
ties that have not been fully understood [1-3].
Soot microstructure varies with flame chemistry
and conditions [4-6]. Nascent soot is known to
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contain amorphous components and mixtures of
sp? and sp> carbon [7-9] and can exhibit little
ordering of graphitic planes [10]. Mixed sp*/sp’
phases have also been observed in mature soot
[11,12]. Additionally, nascent and mature soot
show differences in details of interior and surface
microstructures [4,13-15]. Because the heteroge-
neous reaction kinetics and mechanisms are
expected to be sensitive to surface structure and
composition, the oxidation kinetics of nascent
soot surfaces is not expected to be the same as that
of aged or graphitized carbon surfaces. Similarly,
the rate of nascent soot oxidation by molecular
oxygen can be substantially different from what
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is described by the classical Nagle-Strickland Con-
stable (NSC) equation [16] derived for graphite or
carbon black.

Theory of carbon oxidation by O, was first
proposed by Eyring and coworkers [17]. Two dis-
tinct reaction sites were introduced to explain the
maxima observed in the oxidation rate and this
was also considered in the NSC expression from
observations of bulk pyrographite oxidation [16].
The NSC expression has since been extended to
high-temperature soot oxidation [18,19]. The rates
predicted by the NSC expression were found to be
in good agreement under a certain flame condition
with rates derived from gas-phase analogous reac-
tions of phenyl + O, [20].

A wide range of experimental techniques has
been used to probe carbon particle oxidation by
0O,. The oxidation rate has been determined at
temperatures above 1700 K by aerosolizing car-
bon black in shock tubes [21-24]. Soot oxidation
has also been studied in flame/dual flame environ-
ments or vitiated oxidizing flows [4,25-29], in
some cases, using soot freshly prepared in flames
[30,31]. Soot synthesized in a pyrolysis flow reac-
tor was shown to be more reactive towards oxida-
tion than that predicted by the NSC expression;
and the reactivity appears to be sensitive to the
source fuel from which soot is synthesized [4].

The oxidation of soot has also been studied ex
situ. For example, gravimetric analysis has been
applied to carbon black, flame soot and diesel
soot exposed to an oxidant in immobilized beds
[32-39] over wide ranges of temperature, oxidant
concentration and particle size. The oxidation of
flame and diesel soot has also been followed by
transmission electron microscopic analysis of par-
ticle size and morphology [40-42]. The Tandem
Differential Mobility Analyzer method has been
introduced and used by Zachariah and coworkers
(e.g., [43-46]) to examine the oxidation of soot at
the tip of a coflow diffusion flame and from a die-
sel engine. A comparable study on nascent soot
during the early stage of its growth has not been
attempted, and there are no direct kinetic observa-
tions made for the oxidation of nascent soot by O,
under well-defined conditions.

In the present work, the rate of nascent soot
oxidation by O, was examined at around 1000 K
over a range of oxygen concentration in an aero-
sol flow reactor. The various obstacles to measur-
ing the oxidation kinetics of nascent soot were
minimized by using fresh soot extracted simulta-
neously and continuously from a burner-stabilized
stagnation (BSS) flame as the soot reactant. To
understand the potential effect of fuel structure
towards oxidation reactivity of flame soot, three
different flames were used to generate soot using
ethylene, n-heptane and toluene as the parent
fuels. The results are compared between the differ-
ent fuels and against the predictions made by the
NSC expression.

2. Experimental

In developing the experimental setup, our
emphasis was placed on minimizing the transit
time from the point where soot was extracted
from a flame to the flow reactor inlet. The short
transit time and suspension of reactant particles
within an inert flow minimizes the change in the
surface composition. Like the work of Zachariah
and coworkers [43-46], we utilized electric mobil-
ity as the primary diagnostic. Unlike their work,
the reactant particles examined here are younger
and have not undergone considerable carboniza-
tion. A schematic summarizing the experimental
setup is shown in Fig. 1. There are three key ele-
ments: (1) a BSS flame that produces the fresh
nascent soot, (2) a flow reactor that oxidizes the
soot in a flow containing O, diluted in N», and
(3) a particle sizer that measures the particle size
distributions before and after the oxidation
occurs. All components are operated at the ambi-
ent pressure or close to the ambient pressure.

The BSS flame is composed of a flat flame bur-
ner and a water-cooled stagnation surface that is
also used for particle sampling. The flame setup
has a pseudo one-dimensional flow with well-
defined boundary conditions [47]. It allows for
the temperature-stoichiometry—time history of
soot to be controlled to an extent and the size dis-
tribution probed at the different stages of soot
growth. The flat flame burner is 5 cm in diameter
and is uncooled. A sheath of nitrogen shields the
flame to prevent radial entrainment and diffusion
of oxygen from ambient air. Nascent soot was
extracted at a distance of 0.8 cm from the burner
surface using a stagnation-surface probe—a
method similar to our earlier characterization of
particle size distribution function (PSDF) in BSS
flames [47-49].

Nascent soot entering into the orifice in the
stagnation-surface probe was immediately diluted
and chilled in a flow of cold nitrogen. The dilution
ratio is approximately 100. The aerosol was car-
ried to the flow reactor within a transmission time
of 0.1 s and mixed with a preheated stream of oxy-
gen/nitrogen or nitrogen that enters into a tubular
flow reactor of 1.8 cm inner diameter. The temper-
ature of the flow reactor was monitored at the
reactor inlet, the reactor outlet and at one point
within the heated length. The temperatures mea-
sured at the three positions are roughly equal with
the standard deviation of 3 K. Oxidation of nas-
cent soot was observed at 7'=950, 1000 and
1050 K for oxygen concentrations ranging from
1000 to 7800 ppm. The highest O, concentration
was chosen because of experimental hardware
limitations. The total flow rate in the test section
of the flow reactor was kept at 330 cm?/s (298 K
and 1 atm) for every oxygen concentration. The
residence times ranges from 0.20 to 0.22 s depend-
ing on the reactor temperature. The Reynolds
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Fig. 1. Schematic of the experimental apparatus.

number in the reactor is 700 under these
conditions.

The diagnostic for nascent soot oxidation is
the change in the PSDF, which was measured with
a TSI Scanning Mobility Particle Sizer (Electro-
static Classifier 3085 and Condensation Particle
Counter 3025). Sampling probes embedded at
the inlet and outlet of the aerosol reactor allowed
for the PSDF to be measured before and after
oxidation.

Three flames generated different soot reactants.
The flame compositions and properties are sum-
marized in Table 1. The mass-flow rates were con-
trolled by critical orifices for all gaseous flows into
the BSS flame and flow reactor. A syringe pump
meters the flow rate of liquid fuels. The fuel was
injected into a vaporizer through a microspray
and mixed with a pre-heated flow of oxygen and
argon.

3. Data analysis

For a particle of an arbitrary shape, the mass
disappearance rate due to surface oxidation is:

dm
dr
where m is the particle mass, ¢ the time, S is the
surface area, and o the specific surface oxidation

wS, (1)

rate (g/cm”s). If the mass density p; is constant
and fragmentation is negligible, the specific oxida-
tion rate, w, may be given by

ps dy
=74 2
2 dt (2)

as long as a suitable size parameter y can be
defined. In the case of a sphere, the obvious choice
for y is the diameter; and for a rounded cylinder
or a spheroid, y may be taken as the diameter of
the cylinder and the circle on the major-axis plane.

As will be shown later, all of the PSDFs to be
treated here are lognormal or close to lognormal,
in which case the median mobility diameter (D,)
of such a PSDF may be chosen as the characteris-
tic size parameter y. To the first approximation,
we have o= —(p,/2)(4(D,)/At). This simplest
method of analysis is referred to as Model I here-
after. A more appropriate way to analyze the data
involves a full PSDF modeling, in which case the
time rate of change of the mobility diameter is a
constant and the number concentration is con-
served. This is the second model (Model II)
employed in our analysis, in which the specific
oxidation rate was obtained through a least
squares fitting of the measured PSDFs. Though
they are simple to implement, the above models
cannot reproduce the measured PSDF when a
substantial size change occurs. A possible cause
is the spherical-shape assumption in the interpre-
tation of mobility diameter. In fact, recent studies
of nascent soot by Helium Ion Microscopy [50,51]
showed that (a) nascent soot as small as 10 nm
can exhibit elongated shapes due to aggregation,
and (b) these aggregates can have a quite large
aspect ratio. A third model (Model III) was thus
employed in which the PSDFs are described by
the sum of two lognormal distributions. The first
size mode characterizes small, spherical particles,
and the second mode measures larger particles
and have shapes that can be a rounded cylinder
or prolate spheroidal. Because non-spherical
shapes of real soot particles must be interpreted
in a statistical manner (i.e., each particle has its
own shape and there is no two particles that are
identical), some idealization must be considered
here. A rounded cylinder of diameter D and
length between the two half-sphere centers equal
to L was chosen as our model system. It turns
out that the exact shape does not impact the

Table 1

Summary of flame conditions for the BSS flame soot.
Mole fraction® ¢ Velocityh, vo (cm/s) Temperature, Tjq. (K)
Fuel 0,

Ethylene 0.1510 0.218 2.07 10.55 1915

n-Heptane 0.0427 0.227 2.07 7.47 1900

Toluene 0.0326 0.169 1.77 9.28 2035

# The balance gas is argon.
® 298 K and 1 atm.
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calculation of the ® value notably, as will be dis-
cussed later. Thus we find that y =D and the
mobility area to be the mean, two-dimensional
projection of  the rounded cylinder,
S. = nD*/4 + v/2DL/2. The spherical equivalent
mobility diameter D, is given by the relationship

D’ =D’+2V2DL/n (3)

The oxygen is in excess within its concentration
range employed in comparison with reactant par-
ticle surface loading. Therefore the oxidation
reaction occurs in the pseudo first-order regime
with respect to the particle surface. The soot par-
ticle density in the current work, p,, was taken to
be 1.5 g/cm? based on earlier work conducted on
similar flames [52].

4. Results and discussion

Particle—particle coagulation and decomposi-
tion must be suppressed in the flow reactor for
the shift in PSDF to an effective indication of oxi-
dation. The normalized PSDF under inert nitro-
gen condition, comparing measurements made at
the inlet (0 s) and outlet (~0.2 s) of the flow reac-
tor is shown in Fig. 2. As can be seen, there is no
observable change in the PSDF over the reaction
time, indicating that the effect of these processes
was minimal. The observation is consistent with
the total number density of the reactant soot cho-
sen in the experiment. At N = 107 cm™ total num-
ber density, the time scale for particle—particle
coagulation to be observable is around 1 min.
Additionally, the mean free path of the gas is lar-
ger than the size of the particles studied therefore
no mass transfer limitations are expected. Figure 2
also shows that (D,) = 11, 13 and 18 nm for soot
reactants made from the ethylene, n-heptane and
toluene flame, respectively. The broader distribu-
tion of the particle size observed for the toluene
flame is related to the stability of that flame, caus-
ing soot production to fluctuate somewhat and
leading to PSDF broadening.

Oxidation behavior for a range of oxygen con-
centrations was measured at flow reactor temper-
atures of 957 &2, 1014 £2 and 1050 K. PSDF
data are shown in Fig. 3 for soot reactant pro-
duced in the n-heptane flame at reactor tempera-
ture of 1017 K. The PSDFs and their variations
for reactant particles produced from the ethylene,
n-heptane and toluene flames for all reactor condi-
tions can be found in the Supplemental material.
For each condition, the experiments were repeated
at least three times to ensure reproducibility.
Shifts in the particle diameter were observable
for O, concentration >1000 ppm at 950 K and
the shift is more dramatic for increased O, con-
centration or temperature. As shown in Fig. 3,
most of the particle mass is consumed before the
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°
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Fig. 2. Normalized PSDFs of soot from the ethylene, n-
heptane and toluene flames probed at the inlet of the
flow reactor (¢ = 0 s; lines) and at the exit in an N, flow for
temperature and time of 950 K and 0.22 s (circles), 1000 K
and 0.21 s (diamonds) and 1050 K and 0.20 s (triangles).
The total number density N is around 107 #/cc.

oxygen concentration reaches 1% (mol). This
extent of particle conversion is similar for every
fuel and most conditions studied as shown in the
Supplementary material.

A comparison of the three models is also
shown in Fig. 3 in terms of the fit to the PSDFs
for n-heptane-flame soot at reactor temperature
of 1017 K. The diameter shown is the mobility
diameter that measures the average two-
dimensional projection area rather than the actual
diameter. The results of Models I and II are dem-
onstrated in the left column and those of Model
III are presented in the right column for the same
conditions. For 1000 ppm O, concentration, all
three models reproduce the measured PSDF but
the agreement of Models I and II weakens as oxy-
gen concentration is increased. The cause is clearly
in the broadening of the simulated PSDF resulting
from the large particles not losing mass as fast as
observed. Overall, the failure of the two models
lies in the spherical-shape assumption in the inter-
pretation of the mobility diameter. The discrep-
ancy between experiment and model is an
indication that the spherical-shape assumption
under-estimates the particle surface area available
for oxidation.

To illustrate what was just discussed, we
introduce Model III in which the size distribution
is decomposed into two separate lognormal
functions, one describing small, spherical particles
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Fig. 3. PSDFs (symbols) measured for nascent soot oxidation at 1017 K after 0.203 s of reaction time in the flow reactor.
The reactant soot is produced from the n-heptane flame. Left panel: fits to data using Models I (dashed line) and II (solid
line); right panel: fits to data using Model III (solid line).

and the other representing rounded cylinders of
different length L. As shown in Fig. 3, this varia-
tion in particle shape assumptions allows for an
adequate description of the entire distribution
function for all oxygen concentrations. The results
shown are joint fits to the PSDF data with respect
to the initial cylinder diameter D of the unreacted
soot and w value for a specific oxygen concentra-
tion. In all cases, the best fit yields a D value of
8 nm for the case shown in Fig. 3. For ethylene-
and toluene-flame soot, the best D values are 8
and 13 nm, respectively, which are well within
the range observed earlier [51,52]. The ratio of
the number density ratio of the spherical particles
to rounded cylinders was found to be about 2 to 1,
as shown in the right column of Fig. 3. Clearly,
rounded cylinders provide greater surface areas
and are oxidized faster than spherical particles.
Other models have been considered during the
course of data analysis. These include variable
mass density of the particle material, particle frag-

mentation and diffusion limited processes, but
none yielded results as convincing as Model III.
For example, an internal reaction formulation is
analyzed in the Supplemental material. Also, there
are no features in the measured PSDFs that are
indicative of fragmentation over the range of tem-
perature tested.

Interestingly, the o values extracted from the
three models are similar at in the low range of
O, concentrations. For comparison, we present
in Fig. 4 the w values for the heptane-flame soot
as a function of oXygen concentration. For
[0,]<6 x 10 mol/cm®, the w values obtained
from the three models overlap with each other
and exhibits a first-order dependency on O, con-
centration. The w values diverge only for the high-
est O, concentration measured. Only Model III
yields the expected first-order behavior over the
entire range of O, concentration.

The first order dependency on [O,] is verified
for soot reactants from all flames under the



1892 J. Camacho et al.| Proceedings of the Combustion Institute 35 (2015) 1887-1894

conditions tested. Figure 5 shows the variation of
o as a function of [O;] for all flame soot and reac-
tor temperatures studied. The intrinsic rate con-
stant (g cm/mol s) is taken as the slope of the w-
versus-[O,] plot, i.e., k = w/[O-]. Figure 6 presents
an Arrhenius plot for the intrinsic rate constant,
which is found to be independent of the soot
reactants produced from the three flames. The
apparent activation energy was found to be
21.4 + 3.7 kcal/mol.

For nascent soot studied herein, we found that
the specific oxidation rate is an order of magni-
tude greater than what is predicted by the NSC
equation over the temperature range studied. This
comparison is shown in Fig. 7; and this result is
expected considering that nascent soot should be
more reactive than graphite or carbonized soot
from which the NSC equation was developed.
Previously, Vander Wal and Tomasek [4] exam-
ined soot burnout rates by directly injecting newly
formed particles from a pyrolysis flow reaction
into the post-flame region of a lean flame. Similar
to the current study, the burnout rates reported
were shown to be more than an order of magni-
tude faster than NSC.

There are differences in results obtained here
and those in the literature. It has been reported
[39] that the reactivity of soot produced in n-hep-
tane and ethylene diffusion flames is inversely pro-
portional to the age of the soot in the flame.
Ethylene-flame derived soot was found to be less
reactive than n-heptane soot because the ethylene
flame produced soot earlier. The lack of sensitivity
towards the parent fuel observed currently is
probably due to the fact that the soot reactants
were sampled with a comparable aging process
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across the flames studied. In another study, soot
formed in a pyrolysis flow reactor was entrained
in the post-flame region of an oxygen-rich flame
[4]. Benzene soot was shown to be more reactive
towards oxidation than the ethylene soot. The
variation in reactivity may also be indicative of
the fact that the soot microstructure is a strong
function of the local condition (temperature, resi-
dence time, hydrogen content, etc.) under which
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Fig. 7. Specific oxidation rates measured for nascent
soot produced from ethylene (circles), n-heptane (dia-
monds) and toluene (squares) flames and compared to
predictions by the NSC equation (solid lines).

soot forms and grows, and of course, local condi-
tions of the flame is impacted by the fuel compo-
sition. Other studies [23,25,43] reported kinetic
rates of soot or carbon black particle oxidation
by O, that are generally in line with the NSC
expression. The cause for the difference is no other
than the fact that soot is not a uniquely defined
material, and as such the surface reaction mecha-
nisms must vary as a function of the composition.
For example, Higgins et al. [43] reported the oxi-
dation rate of carbonized soot sampled from the
tip of a co-flow diffusion flame to be consistent
with the NSC expression, and this soot is more
carbonized than the nascent soot studied herein.

5. Conclusions

Kinetics of soot oxidation by molecular oxy-
gen was observed under the ambient pressure for
nascent soot particles during early stages of mass
and size growth in a novel flow reactor coupled
with a burner-stabilized stagnation flame burner.
Nascent soot was generated in ethylene, n-heptane
and toluene flames and immediately introduced in
the flow reactor as an aerosol. The rate of change
in the median particle diameter due to oxidation
was measured to be O(10nm/s) at around

1000 K and a few thousand PPM of O,. The spe-
cific rate of oxidation was observed to have a first-
order dependency on gas-phase O, concentration
over the range of O, concentration studied. The
rate is about an order of magnitude greater than
that predicted by the NSC equation, which sug-
gests that the surface of nascent soot is more reac-
tive than graphite or carbonized soot surfaces.
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