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Abstract

Soot nucleation and growth mechanisms involving PAH and C,H; in distinct roles were quantitatively tested
against experimental data including profiles of soot, PAH, CH, and other species present in flat
benzene/oxygen/argon flames at 20 and 40 torr and equivalence ratios of 2.0, 2.125, and 2.4. In all the flames,
the concentration of high molecular weight PAH was found to exhibit a maximum value near the onset of soot
nucleation and to decline in the nucleation zone. A nucleation mechanism involving growth by reactive
coagulation of heavy PAH in competition with destruction through OH attack gave good agreement between
measured and predicted features of the soot nucleation kinetics. Conversely, soot nucleation through the
growth of PAH by sequential addition of C,H? with no PAH-PAH coagulation was much too slow to agree
with data. PAH also contribute significantly to the post-nucleation growth of soot particles. Most of the mass
of the soot system appears to come from C,H! through the formation of the heavy PAH precursors to soot
nuclei and the PAH that add to the growing soot particles, and direct CH, addition to the soot. Both the
growth and oxidation reactions in these mechanisms are formulated as involving localized ~-radicals (i.e. aryl
radicals in the case of PAH and active sites in the case of soot). The fraction of aryl radicals in the PAH and
of active sites among carbon atoms of the soot surface are assumed to depend on a partial equilibrium
involving the gas-phase concentration of H and Hj. The decrease in the surface growth rate of soot with time
can be attributed in part to the decay in gas-phase concentration and a reduction in the hydrogen content of

the soot.



The Roles of PAH and Acetylene in Soot Nucleation and Growth Page 3

Introduction

Soot nucleation and growth in flames occur in an environment rich in acetylene and polycyclic aromatic
hydrocarbons (PAH). Acetylene has long been regarded as a dominant mass source for soot growth,| primarily
because it is the most abundant hydrocarbon species in the sooting regions of a flame. A rate constant has
been measured for the addition of C,H2 to soot surfacesl. PAH in sooting flames exhibit rise-and-decay
concentration profiles peaking at later times for larger species, with decay of heavy PAH coinciding with soot
nucleation.34 Heavy PAH have long been proposed as soot intermediates (see reviews56,7), but without
knowledge of whether these compounds produce soot nuclei by growing individually through mass addition

from much smaller species or by also coagulating with each other.

Wersborg et al.§ suggested M + M = S as a bimolecular reaction producing a soot nucleus S from two heavy
hydrocarbons, M, and Bittner3) 10 obtained experimental evidence that heavy PAH are involved in soot
nucleation. Recent modeling calculations by Frenklachll, Colket et al.12 and Hanis and Weiner} have included

PAH coagulation as particle inception.

The objective of this study was to clarify the roles of heavy PAH and CH, in soot nucleation and growth. To
this end, concentration profiles of PAH, CH,, and soot in several flames were measured, and soot nucleation

and growth mechanisms were formulated and critically tested by comparing predicted kinetics against the data.

Experimental

Laminar premixed flat benzene/oxygen/argon flames were studied under the following sooting conditions Op
= equivalence ratio): /) ¢ = 2.0, 20 torr, 30% Ar, 2) < = 2.125, 40 torr, 45% Ar, and 3) p = 2.4, 40 torr,
10% Ar. Condition 1 was selected to be similar to the flames studied by Bittner) [¢ = 1.8 (almost sooting)

and p = 2.0)]. Condition 3 was selected to provide sufficient soot loadings for optical measurements. The
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flames were stabilized on a water-cooled, perforated copper plate (12 mm thick) and surrounded by an annular
non-sooting, CH” O, shield flame for lateral temperature uniformity. The burner chamber had several optical
ports. Liquid benzene was metered with an HPLC syringe pump and vaporized in a temperature-controlled

vessel. Gases (O” Ar, and CjH,,) were metered with critical orifices.

Soot particle size, number density, and volume fraction were measured using standard laser scattering and
absorption techniquesld. Particle sizes were sufficiently small that the Rayleigh theory could be used to
interpret the data. We used the optical properties of soot from Lee and Tienl5 and assumed a log-normal size
distribution. Scattering measurements were made at 488 nm using a 3 watt argon-ion laser. Absorption
measurements were made in the infrared at 1.4 nm to avoid absorption by PAH. Temperatures were

determined in the ¢ = 2.4 flame using the brightness-emissivity method.16,7

PAH were measured by sampling flame gases from the flame using a water-cooled quartz probe with a 0.7 mm
orifice.l6 The bottom 2 cm of the probe was uncooled to minimize flame perturbation. The pressure inside
the probe was 1 torr or less for rapid expansion of the sample in the hot section. The heavy PAH (roughly
3 rings and larger) condensed on the probe walls while the lighter species were collected in a liquid-nitrogen

trap ahead of the vacuum pump. The sample was extracted in dichloromethane (DCM) for analysis.

Light PAH (up to about 250 amu) were identified by capillary-column GC. The total amount of DCM soluble
and insoluble material was determined gravimetrically.l8 The upper size limit of the DCM soluble PAH was
estimated by fast-atom bombardment/mass spectrometry to be 900 amu. Light gases were sampled with a

similar probe and analyzed with an on-line mass spectrometer.
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Results

The PAH concentration profiles are shown in Figs. 1 and 2. Light solubles are larger than 2-rings but with
an upper limit of about S5-rings (defined by the capillary GC). Soluble profiles for both flames exhibit slow
growth followed by a rapid decline at the soot nucleation zone (see below). The profiles of insolubles for the
two flames, however, are different. In the ¢ = 2.125 flame, the amount of insoluble material (M > 900 amu)
formed is less than the total amount of PAH. Thus most of the intermediate PAH inventory was destroyed,
either oxidized or pyrolyzed, rather than growing into insoluble material (soot). In the ¢ = 2.4 flame, the

total amount of insoluble material rises to a value much larger than the peak amount of soluble material.

Figure 3 shows the profiles of soot number density, diameter and volume fraction along with temperature for
the ¢ = 2.4, 40 torr flame. Diameter increases due to surface growth and coagulation while number density
decreases due to coagulation. The line on the number density curve is predicted from the Smoluchowski
equation,ly (collision efficiency = 1). The volume fraction shows a rapid early climb followed by a leveling

out.

Mass added to the soot could be either from PAH, CTL, or both. Figure 4a shows the collision efficiency
required if PAH were the only mass source for soot growth. The values greater than unity indicate that PAH
cannot be a dominant source of mass for soot growth above 9 mm. Figure 4b shows the computed CH,-soot
surface growth rate constant? if CH, were the sole mass addition species. The decay in surface growth rate

is similar to that of ref. 2.

Discussion

Possible mechanisms of soot nucleation and mass growth include I) sequential addition of CH,, and 2)
reactive coagulation of PAH. Sequential addition of CH, to PAH is an extension of the mechanism which

has been proposed.}4920 If a soot nucleus is 2000 amu, then approximately 70 acetylene units would have to
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be added to a small PAH molecule (e.g. phenanthrene). Reactive coagulation of PAH is an extension of the
observation that young soot particles coagulate with sticking efficiencies near unity. If such a mechanism is
operative for large molecular species, then only a few effective collisions would be required to form a soot

nucleus.

Acetylene addition mechanism

The rate of acetylene addition to large PAH has not been measured, but can be estimated by extrapolating
from both smaller and larger species. Fahr et al.ll and Fahr and Steinl] have measured a rate constant for the
acetylene addition to phenyl radical forming phenylacetylene over the range 1000-1330 K, and Harris and
Weiner? have determined a surface rate constant for acetylene addition to soot particles. These two processes
may be mechanistically similar if addition to soot is the reaction of acetylene with localized *-radicals or active
sites2} in the soot structure or on its surface. Because the <7-radical site is not delocalized over the i-electron

network, its energy will not be a strong function of molecular size.l4

The rate constants given in Table I are from ref. 21 and 22 where the authors stress that the data are taken
over a narrow temperature range and that extrapolation is risky. However, due to the lack of any high
temperature data we have computed rate constants at 1800 K, a typical temperature for soot nucleation in
benzene flames. As can be seen from Table I, there is a 10-fold span in the rate constants which hopefully

will bracket the actual value.

Also shown in Table I is the rate constant of ref. 2. In order to compare the rate expressions for acetylene
+ phenyl radical and acetylene + soot on the same basis, we have computed the collision efficiencies, or the

ratio of the rate constant to the bimolecular collision rate, ZA®p

fSkBT W
"AB [0.5(<7 -H<B)]? N1 Nb
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where ar is the collision (Lennard-Jones) diameter, kB is the Boltzmann constant, n is the reduced mass, and

Nj is the number density of each colliding species.

For acetylene + phenyl radical the collision efficiency, ijp”, is described by,

~FMS "Av

~ Phernrt

) ()
* <TAB

where kre/FMS is the rate constant from 172z and NAv is Avagadro’s number. For acetylene + soot surface the

collision efficiency, is given by,

KW 1000 RT

Y soot 0 3
S8KkBT

TH,,

where MAc is the molecular weight of Kk~ is the rate constant from 2 and R is the gas constant.

As can be seen from Table I, the collision efficiencies for the two processes are similar, thereby supporting
the concept that acetylene addition to phenyl radical and to soot involve similar mechanisms and that a

generalized rate expression may be employed for the addition of acetylene to aryl radicals of any size.

The concept of soot nucleation through sequential addition of PAH can now be tested using Eq. 1, the above
collision efficiency, and an acetylene mole fraction of 0.05, which is fairly typical of sooting flames.}925 The
time required for growth from a small PAH, for example phenanthrene (178 amu), to a 2000 amu soot nucleus
(i.e., the time to add 70 acetylenic units) is computed assuming the growing nucleus to be spherical with

density 1.8 gm/cm3. The measured time from the peak concentration of small PAH to the onset of yellow
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luminosity is less than 1 ms.39 The rate of growth of a particle under these conditions, expressed as the rate

of increase of particle radius (r) is given by

(4
dr CH; ( 8KBT '|I? (rGH2 + r»<x)
dt 4p I
where is the CHj-soot collision efficiency and p is the particle density. Integrating Eq. 4 from an initial

seed PAH of radius r0, we get

If we take the Lennard-Jones diameter for phenanthrene (@ = 7.3 A)24 as 2r0 and the collision efficiency for
soot (ref. 2) from Table I, Eq. 5 yields a time of 11 ms to produce a 2000 amu soot nucleus (r = 7.6 A). This
time is a lower limit, since oxidation is destroying the nucleus simultaneously with growth. Thus, the

calculated time is more than 10-times greater than the observed time for the formation of soot nuclei.

Reactive Coagulation

Reactive coagulation refers to sticking collisions between PAH which are stabilized by the formation of a
chemical bond. From Fig. 4a, the PAH-soot collision efficiency is 0.1-0.5 in the early part of the flame where
PAH may dominate the soot mass growth. In our numerical modeling of nucleation,)’ we find the PAH-PAH
collision efficiency, i-PAH, for heavy PAH to be in the range of 0.2 to 0.4 for to several flame conditions.
Theoretical calculations of Millerl7 bracket PAH in this range. The measured concentration of heavy DCM
solubles in the ¢ = 2.0, 20 torr, 30% Ar flame was L.SxlO-§ g/cm\ and their average molecular weight is
approximately 500 amu, considering the upper limit of the capillary GC (250 amu) and the solubility limit of
PAH in DCM (900 amu). Thus the number density of heavy PAH is 1.Sx1O} cm'3 and from Eq. 1, the time

required to form a soot nucleus from these molecules, which takes only three effective collisions, is (I/r>) *
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110 (is. Even if we use a lower T'PAH value of 0.2, the time required is within the observed limit of 1 ms.

Perhaps a more stringent test of the PAH coagulation concept is the comparison between coagulation rates
and oxidation rates. The critical [PAH]/[OH] ratio at which the rate of mass removal from the oligomers by

oxidation is balanced by the rate of mass addition through coagulation is given by

[PAH] _ _“oH [0-5(goH + gPAH)]? 0.5 M
|OH] JTpAH 0.5 </ PAH M,

PAH Me

()

where T0H is the collision efficiency with which OH removes a carbon atom from soot and the 0.5 in the

denominator avoids double counting PAH-PAH collisions.

From Neoh et al.2§, 7j0H = 0.13 to 0.27. Bittner*'9 measured XQH = IxlO'} in the region of a benzene flame
where the PAH are growing rapidly in size. He also observed the PAH concentration to change by a factor
of 100 from ¢ = 1.8 (nearly sooting) to = 2.0 (lightly sooting). As shown in Table II, the predicted
[PAH]*, falls between the observed experimental values in sooting and non-sooting flames, supporting the
concept of soot nucleation as a competition between growth through reactive coagulation of PAH and
destruction by oxidation. This approximate calculation ignores CH, addition which, as discussed below, is less

significant than PAH addition in the nucleation zone.

The high molecular weight data of Bittnerl) further support reactive coagulation. The M>200 amu and
M>700 amu concentration profiles each show a maximum at 8.1 mm and 10.0 mm above the burner (Fig. 5).
At the flux maxima (9.1 mm and 10.3 mm) which occur slightly downstream of the concentration peak owing
to diffusion, the formation reactions are just balanced by destruction reactions and the net rate is zero. From
the measured CH, and OH concentrations, the ratio of the apparent collision efficiency for addition to that

for oxidation (Table III) is 2.2 times greater at 10.3 mm than at 9.1 mm. The proposed mechanisms for CH,

"TjjcJe.
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addition and OH oxidation are both by reaction with an aryl radical,)y according to which the relative collision
efficiencies would not be expected to vary with changes in OH and G,H: concentrations. The observed
increase in jjcW’toH may indicate that the growth of the M>700 amu material is due to both CH. and
M<700 PAH (reactive coagulation) with the relative contribution of the latter being larger at 9.1 mm where

its concentration is large.

With the combination of reactive coagulation of PAH and surface reaction of CH” the apparent CH surface
growth rate measured in the benzene flame can be quantitatively interpreted. The data in Fig. 4b show a
discontinuity at HAB = 7.5 mm, which corresponds closely to the point at which the PAH rapidly disappear.
Thus, at HAB < 7.5 mm, the apparent QH surface growth rate is very high because the mass addition to soot
is not through CH addition, but from PAH coagulation. At HAB > 7.5 mm, most of the PAH has been

removed from the flame by the soot, and the mass growth is due almost solely to CH addition.

The decay in surface reactivity may also be interpreted using the model of acetylene plus an aryl radical. The
surface density of aryl radicals (active sites) on the soot will be a function of hydrogen on the surface of the
soot and the concentration of gas phase H atoms which can abstract the hydrogen. To a first approximation,

the reaction

)

may be in equilibrium. Both the H/C ratio of the soot2) and the H-atom concentration}) are decreasing as
mass is added to the soot system. Calculations show that the product of these decay rates is comparable to

the decay in surface reactivity.
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Conclusions

The mass of the soot system can be described as coming from G,H: through the growth of PAH that add to
the soot and direct CH, addition to soot, but the addition of CH, to PAH is not itself sufficiently fast to
account for the formation of 2000 amu soot nuclei. The reactive coagulation of heavy PAH, forming
oligomers, with a collision efficiency in the range of 0.2 - 0.4 can account for the rate of appearance of soot

nuclei.

This picture is supported by the observation that the earliest soot growth rates measured are too fast to be
accounted for by CH, addition alone. At the point where the [PAH] has decayed to near zero the surface
growth rate of soot has fallen close to a previously measured value.? The decrease in surface growth rate with

time can be attributed to the decay in [H] and reduction in hydrogen content of the soot.
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Figure Captions

Figure 1. Profiles of PAH from ¢ = 2.125, 45% Ar, 40 torr flame. Circles - Light DCM soluble material
representing material from 128 to 250 amu. Triangles - Total DCM solubles: 128 amu to 900 amu. Squares -

Total material collected, DCM soluble + insoluble.

Figure 2. Profiles of PAH for ¢ = 2.4, 10% Ar, 40 torr flame. Circles - Total DCM solubles: 128 amu to

900 amu. Triangles - Total material collected, soluble + insoluble.

Figure 3. Soot particle dynamics and temperature profiles for p = 2.4, 10% Ar, 40 torr flame. Triangles -
Number density, line represents prediction from Smoluchowski equation. Circles - Diameter. Diamonds -
Volume fraction. Squares - Temperature. Shift profiles 3 mm away from burner to compare to probe

sampling measurements.

Figure 4. a) Required collision efficiency between PAH and soot if all mass addition to soot comes from
PAH. b) Surface growth rate constant for soot (per unit partial pressure of CH,) if all mass addition to soot

comes from acetylene, computed as in ref. 2.

Figure 5. PAH profiles from Bittner910. Solid line represents all material of M > 200 amu. Dashed line is

for M > 700 amu.
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Table Captions

Table I. Comparison of rate constants for acetylene addition to phenyl radical and acetylene to soot. Collision
efficiency, ll, computed at 1800 K. Phenyl + CH2 rate constants: A) from ref. 21, B) taken from figure in

ref. 22 representing data of ref. 21, C) recommendation from ref. 22.

Table II. Calculated critical concentration of PAH relative to experimental non-sooting and sooting
measurements given that: XoH = 1x10° for ¢ = 1.8 and 2.0, vran = 1on = 0.2. XoH is believed to be a weak

function of <.

Table III. Comparison of the apparent ratio "CW"0H at two points in Bittner39 flame given measured OH

and C,H2 concentrations.
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Table L

CH? + QH, - (A)
QHAH + H B)

Rate

kfQHJtQHj| ©

C:2H: + Soot

Rate k S PC:H2

Table II.

Calculated Condition

Calculated critical
sooting [PAH]

To* = Tcoag

Experimental Conditions

9 = 1.8 Non-sooting
=20 Lightly sooting
Table III.
Peak Flux, M>200
HAB (mm) 9.1
AOH 9.5X10-4
~C2H2 4.8x10"

LIx10"?

Rate Constant

101L5 exp(-1.4/RT)
1093 exp(-5.5/RT)
1013-6 exp(-10.1/RT)

units: mol/cm3 s, kcal/mol
S.0x10'} @ max

units: gm/s cm? atm

[PAH] cm-3

8.3X101

1.Sx1012

1.Sx101

Peak Flux, M>700
10.3
1.Sx103
3.7x10"
2.37x10-2

1800
2.1x10u

7.5x10u

2.3X1012

3.0x103

Page 16

7 x103
0.43

1.54

4.71

0.59
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Figure 1. Profiles of PAH from ¢ = 2.125, 45% Ar, 40 torr flame. Circles - Light DCM soluble material
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