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Abstract

Soot particles formed in a system of non-premixed liquid fuel flames supported
on a wick-fed, smoke point test burner (ASTM D1322-08) were characterised by
in-situ visible light extinction and thermophoretically-sampled high-resolution trans-
mission electron microscopy measurements, HRTEM. The fuels studied were hep-
tane, toluene and their iso-volumetric mixture (HS0T50), given their relevance as
surrogate fuels. Extinction measurements were used to calculate the soot volume
fraction, F,, and determine the optical band gap (OBG) as a function of flame posi-
tion. The OBG was derived from the near-edge absorption feature using Tauc/Davis-
Mott analysis. For the HRTEM analysis, soot samples were collected at different
locations in the flame using thermophoretic sampling and a fast-insertion technique.
The images were then analysed using a ‘lattice-fringe’ algorithm, to determine im-
portant parameters such as the fringe length. Polycyclic aromatic hydrocarbon (PAH)
sizes were estimated from conjugation length obtained from OBG measurements and
fringe lengths from HRTEM measurements. Across all studied flames, the peak F;
ranged from 3.8 ppm in the heptane flame to 18.0 ppm in the toluene flame. De-
spite this wide range, the average OBG across the different flames only varied from
1.99 eV in the H50T50 to 2.06 eV in the heptane flames, which is consistent with
molecule lengths of between 0.98 nm and 1.02 nm. Lattice fringe analysis yielded
slightly lower average fringe lengths between 0.85 - 0.96 nm throughout the differ-
ent flames. This work provides experimental support to the model of soot formation
where the transition from chemical to physical growth starts at a modest molecular
size; about the size of circumpyrene.
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1 Introduction

The high complexity of petroleum-based fuels has encouraged the search for mixtures
of limited components to ease the development of new combustion technologies through
computational tools, and to generate insight and understanding of underlying fundamen-
tal processes. Commercial fuels are mixtures of hundreds of hydrocarbons. The primary
chemical classes of hydrocarbons in fuels are paraffins, olefins and aromatics [22, 42].
The soot particles formed by the combustion of these fuels are widely regarded as pol-
lutants, and are increasingly regulated both in terms of number and mass of particulate
matter emitted from on-road vehicles.

Sooting limits are defined to assess the sooting propensity of a fuel. In co-flow diffusion
flames a common target is the smoke point - the greatest flame height without smoke
emission under laminar diffusion combustion [6]. A lower smoke point indicates a higher
sooting tendency. In 1950’s the first studies trying to relate the molecular structure of
hydrocarbons with smoke point were published [31, 49]. The results indicated that the
rate at which hydrocarbons produced soot increased as follows: paraffins < isoparaffins <
mono-olefins < naphthenes < alkynes < aromatics. The more compact the structure, the
greater the tendency to soot. Further, several studies have observed that a high percentage
of fuel carbon in aromatic structures is converted into soot [28]. Therefore branched or
cyclic structures present lower smoke points, although the effect is small compared with
the increase in sooting tendency derived from the increase of aromatic character [10].

The formation of soot during combustion has been the subject of extensive research. The
last century has seen significant efforts to explain model, and predict the hundreds of
chemical and physical changes that take place in combustion processes [13, 25, 26, 39,
40, 43, 45, 53]. A widely accepted interpretation is that the pathway begins with the
formation of molecular precursors such as polyacetylenes and polycyclic aromatic hydro-
carbons (PAHs) from the fuel source [25]. There is some agreement that the rate limiting
reaction is the formation of the first aromatic ring, for which various mechanisms have
been proposed [5, 56]. The mechanism for particle inception is debated, but one model
asserts that it occurs with the polymerisation of PAHs. As the molecular mass of PAHs
increase a collision between two such molecules becomes more likely to result in the for-
mation of a dimer [25]. Therefore polymerisation occurs at an increasing rate, forming
larger molecules until the inception of a solid nucleus occurs. Another model for particle
inception states that changes in temperature and pressure along the space result in con-
densation of PAHs, followed by formation of liquid nuclei, which then proceed to form
solid particles [25, 56]. Once primary particles are formed, these nascent soot particles
undergo surface growth (and in some systems, competing oxidation reactions), and the
small particles agglomerate into larger fractal structures [25, 26, 37].

Experimental studies of soot morphology revealed that the crystallinity in mature soot
particles arises due to stacking of planar PAHs to form parallel atomic layers and their
alignment along the periphery of soot particles [18, 32, 54, 55]. It is clear from these
studies that PAH molecules act as a soot precursor, and their relative orientations decide
the crystalline (graphite-like) or amorphous nature of soot particles. The variations in the
structure of the PAHs, their sizes and their orientations in soot particles has also been
found to depend heavily on the type of the fuel producing it, fuel flow rate and the tem-



perature [2, 3]. The presence of PAH stacks and clusters revealed by HRTEM images
of soot particles, indicates that the coagulation of PAHs may be responsible for soot nu-
cleation. Furthermore, through Raman spectroscopy, crystallite sizes between 1.0-1.2 nm
were estimated in a diffusion flame, corresponding to PAHs with 4-5 aromatic rings across
(approximately the size of circumcoronene)[30].

In soot models it is often assumed that pyrene dimerisation is the critical soot particle
formation step [12, 51]. However, there are a number of recent studies that challenge this
view [5, 15, 16, 29, 50]. For example, the PAH growth mechanism presented by Violi
[21] models large, non-planar PAH sheets in a flame-like environment. A large set of
reactions describe the growth of a PAH molecule using a kinetic Monte Carlo (KMC) al-
gorithm and Molecular dynamics (MD) techniques. They found that molecular size was
the largest factor with the onset of dimerisation possibly beginning with PAHs the size of
ovalene (C38H14) [21, 36]. Similar results were found in our group by employing a pop-
ulation balance PAH-PP (polyaromatic hydrocarbon-primary particle) model [ 14, 44, 48]
coupled with KMC-ARS (kinetic Monte-Carlo-aromatic site). For the physical binding of
PAHs based on van der Waals interactions large PAH molecules of the order of 50 carbon
atoms were found to be required [27, 44]. Using conventional molecular dynamics (MD)
simulations with the isoPAHAP potential (isotropic potential for the PAH interactions),
the melting points of clusters of ovalene, hexabenzocoronene and circumcoronene were
estimated. It was concluded that at 1500 K a critical size of peri-condensed PAH for a
nascent soot particle is C71H21 and for a mature particle is C54H18 (circumcoronene)
[17].

The purpose of this paper is to estimate the size of agglomerating aromatics in soot parti-
cles. A combination of two techniques is used to find characteristic lengths of PAHs: an
optical band gap (OBG) determination from Tauc/Davis-Mott analysis [1] to estimate the
conjugation length, and ’lattice-fringe’ analysis from HRTEM images to estimate fringe
lengths. We compare the results of the two techniques from soot formed in a wick-fed dif-
fusion flame burning different liquid fuels. The fuels studied were heptane, toluene and
their iso-volumetric mixture (H50T50), given their relevance as surrogate fuels. . Extinc-
tion measurements were used to calculate the soot volume fraction, F,, and determine the
OBG. Soot was thermophoretically sampled from the flames and imaged with HRTEM.

2 Methods

2.1 Burner

In this study, the smoke point test burner [6] was used as simple, known and standardised
way to test different liquid fuels in terms of their combustion at atmospheric conditions.
This wick-fed burner (inset Figure 1), that has been previously described [7, 57], was
used to generate a laminar diffusion flame of liquid fuel. The burner consists of a cylin-
drical reservoir, with an inner concentric hole where the wick is placed, and a 7 mm i.d
nozzle. The flame height is adjusted by rotating a threaded fitting and increasing the wick
exposure (i.e, increasing the fuel flow rate).
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Figure 1: Experimental schematic of line of sight extinction measurements (inset burner
schematics).

The fuels tested are heptane, toluene and their mixture of 50/50% by volume (H50T50).
Flame heights close to the smoke point were selected: 4 cm, 0.7 cm and 1.1 cm respec-
tively. In the case of heptane the selected flame height was much lower than its smoke
point (7.3 cm) due to experimental limitations [7].

2.2 Extinction Measurements and Tauc analysis

The experiment schematic is shown in Figure 1. Full details of this set-up can be found
in a previous manuscript [1]. In summary, the collimated beam from a broadband super
continuum light source (NKT Photonics EXB-4) was expanded and focused onto the en-
trance slit of a monochromator, McPherson Model 2035 with 1200 g/mm gratings blazed
at 500 nm (providing 2 nm resolution in the experimental configuration). The beam was
then split into two channels, the extinction channel, which provided line of sight mea-
surements through the flame and a power metering channel, which bypasses the flame
allowing for power fluctuation monitoring. The transmitted light channel was periscoped
into the flame and then focused into the centre of the flame, at the focal point the beam
diameter was 0.47 mm. Downstream of the flame, the beam was collimated and focused
onto a photodiode detector with a mounted diffuser facilitating detection. A pair of lock-in
amplifiers, referencing a chopper at 400 Hz, were used to collect and digitise the signal.

The flame was horizontally scanned horizontally over the range -1.0 cm to 1.0 cm in
0.05 cm increments, at each wavelength. After completing the scan, the positioner would
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return to the starting position and the monochromator would move 2 nm to the next wave-
length. The procedure was repeated until the entire spectral range, 440 nm to 740 nm,
was covered. The spectral range between 540 nm and 740 nm was covered with steps
of 10 nm. The height above the burner (HAB) was measured from the burner rim. Hep-
tane flame was mapped from a HAB of 0.5 cm in 0.5 cm increments until the tip (4 cm).
HS50T50 and toluene flames were mapped from 0.3 cm HAB, in increments of 0.2 cm
until the flame tip (1.1 cm and 0.7 cm respectively).

Given that the flame is axi-symmetric, the line of sight extinction will be a combination
of contributions from the different radial positions. The radially distributed extinction
was tomographically reconstructed using an Abel inversion technique. In this work, the
extinction spectra as a function of wavelength are fit to an exponential function prior to
tomographic reconstruction to prevent degradation in the signal-to-noise ratio. Fitting the
spectra prior to inversion also allows for the quantification of the noise in such a way
that the error can be propagated to determine the uncertainty this noise causes in the
OBG determination. In addition to quantifying the noise in the data set, the uncertainty is
quantified by calculating the deviation in replicate experiments at HAB 2 cm, 0.7 cm and
0.5 cm for heptane, H5S0T50 and toluene experiments, respectively. The reported error in
the OBG is the sum of the uncertainty from calculating the extinction on replicate runs
and the error propagated from the exponential fit.

2.3 HRTEM and fringe-lattice analysis

Soot particles are driven thermophoretically to the cold wall of the probe and are ulti-
mately captured on its surface [20]. A fast insertion technique is used to protect the grid
from thermal damage [33]. The soot particles were collected in holey carbon films on 300
mesh cooper grids. Samples were collected at different position in the flames. Heptane
flame was sampled along the centerline at 1 cm, 2 cm, 3 cm, and 4 cm HAB, and at the
flame front at 1 cm and 2 cm HAB. Due to the small size of H50T50 and toluene flames,
samples were taken at only at 0.7 cm and 1.1 cm HAB and 0.7 cm HAB, respectively.

TEM images were taken using a JEOL 3011 microscope with a specified point-to-point
resolution of 0.17 nm. The operating voltage of the microscope is 300 keV using a Lab6
filament. Gatan image software v.3.4 was used for microscope operation. At least 10
images acquired in different regions of the grid (5-10 squares surrounding the grid cen-
tre) obtained at different magnifications (500,000 and 600,000) were selected for image
analysis.

The HRTEM image analysis algorithm used here was developed and implemented using
MATLAB (The Math Works Inc., Natick, MA) based on literature approaches [60], with-
out relying upon commercial image processing packages with unknown preset parame-
ters. A full description of the algorithm can be found in [8]. The processing technique of
HRTEM images involves several steps. In general, the background noise is filtered at the
Fourier transform level using different bandpass filters. Then the image is transformed
from greyscale to binary image using an intensity threshold. The selection of an appropri-
ate threshold is crucial, given that a lot of information can be lost or distorted in this step.
Once the binary image is obtained a thinning process called "skeletonisation" is applied,



consisting of the conversion of the fringes into thin lines of 1 pixel wide. The skeletonised
pixel-based image is first transformed into a vectorial image and then each fringe can be
analysed individually in relation to its neighbours.

The "lattice-fringe" analysis performed in this paper contains the following steps for im-
age processing: 1- Region of interest selection, 2- Contrast enhancement using histogram
equalisation (discrete gray levels: 5), 3- Gaussian low-pass filter (size 7, sigma 2), 4-
Bottom-hat transformation (disk, size 2), 5- Binarisation using Otsu’s method, 6- Skele-
tonisation, 7- Elimination of isolated pixels and pixels with more than 3 connections.

Once the skeleton of the binary image is defined, the connectivity of all pixels is obtained.
All connected pixels are detected and stored representing the fringes. The fringe length
is then calculated as the Euclidean distance between the fringe pixels. All fringes shorter
than 0.483 nm (two aromatic rings) are eliminated as they are non-physical. Due to image
manipulation some information can be lost or modified. For example, branched fringes
were artificially separated such that they were individual, this could cause a reduction in
the length values determined. This should taken into account in the analysis of the results.

3 Results an Discussion

3.1 Soot volume fraction (F;)

The large difference in sooting tendency between toluene and heptane flames can be quan-
tified through Equation 1, which calculates the F,, from the experimentally determined
radially distributed extinction profile (I/) [61].

—In (é) A

F=— K, (1)
where [ is the path length (tomographic reconstruction step size, 0.05 cm, for this appli-
cation), A is the wavelength of light, and K, is the dimensionless extinction coefficient of
soot. The value for the dimensionless extinction coefficient of soot has been studied and
characterised in a variety of fuel systems [34, 35, 58]. Krishnan et al. studied the effect
of liquid and gaseous fuels across a range of molecular weights on K, finding a relatively
consistent value of 8.6 & 1.5 at 514.5 nm, which is used in this work [35]. The errors
in reported F, measurements are calculated from the uncertainty in replicate extinction
measurements, but the uncertainty in K, value results in a 20% error intrinsic to reported
F, values.

Figure 2 presents an image of the calculated F, for the heptane, H50T50 and toluene
flames measured at 540 nm. In the heptane flame particle concentrations were not observ-
able until 1 cm HAB (in the wings) and 2.5 cm HAB (in the centerline) and maximum
soot concentrations are found in the centre of the flame. As toluene is added the maximum
concentration migrates from the centre to the wings, a similar trend has been observed in
other highly sooting flames [1]. The maximum F, concentration in H50T50 and toluene
flames exceed the maximum heptane F, by a factor of four.
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Figure 2: F, as calculated from extinction measurements at 540 nm. Left: heptane flame
(peak F, 3.8 ppm + 0.5 ppm); Centre: H50T50 flame (peak F, 16.2 ppm +
2.7 ppm); Right: toluene flame (peak F, 18.0 ppm + 0.6 ppm).

3.2 OBG calculation

In the late 1960’s and early 1970’s, two groups (Tauc and Davis/Mott) demonstrated that
the long wavelength edge of the optical absorption of amorphous semiconductors acts as
a probe of the localised states [52, 59]. Therefore the optical band gap (OBG) can be
calculated from Equation 2.

hv-a =~ (hv— OBG)" )

where o is the extinction coefficient and r is a constant describing the directness and
quantum mechanical allowedness of the optical transition. In this work a value of r=0.5
is used corresponding to a direct allowed transition [19, 41]. A more detailed discussion
for choice of r value and the methodology followed in this work can be found in a recent
publication by Adkins and Miller [1]. To determine the OBG, (hv - &)'/") was plotted as
a function of photon energy (eV), and the straight line portion (determined in previous
publications to be over the spectral range from 440 nm to 540 nm [1]) of the plot was
extrapolated to the x-intercept. This procedure was repeated at each height and radial
position, only using position data where the linear portion possessed an R? greater than
0.9 and where the exponential fit noise was less than 50%.

In the heptane flame (Figure 3a) it can be observed that at low HAB, OBG is lower close
to the flame front, where there is the largest concentration of soot. Moving downstream,
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to the tip of the flame, lower values of OBG are found close to the flame centerline. The
same behaviour is observed in H50T50 and toluene flames (Figures 3b,3c). At the tip
of the flames there was not sufficient soot for a reliable estimation of OBG, except in the
toluene flame. At the tip of this flame the OBG is larger due to oxidation of the particles
as they approach the tip. Oxidation at the tip has been observed in similar flame systems
using different diagnostics [9].

3.3 Correlating OBG Measurements to Molecular size

Robertson and Ferrari showed that systems with sp2 character, such as soot, have elec-
tronic properties that are dominated by & — * interactions [46, 47]. Based on these
conclusions, they showed the OBG scales inversely with the size of the pericondensed
aromatic structure [11, 23, 24]. Using this relationship, Miller et al. related computa-
tional results of the calculated HOMO-LUMO gaps for a variety of D,, PAH molecules
to the number of aromatic rings in the structure resulting in the following relationship
(Equation 3):

5.8076 1.4787

OBG = YR +0.5413 =

+0.5413 (3)

a

where M is the number of aromatic rings and L, is the conjugation length [46, 47]. In
different techniques various titles for the variable L, have been used including “in-plane
crystallite size", “correlation length", and “conjugation length". All of these descriptors
address the same concept of the characteristic dimension of a planar 7 system. Figure 4
combines the relationship between the number of aromatic rings and the OBG and the re-
lationship between the number of aromatic rings and the conjugation length to relate the
experimentally determined OBG to the physical size of the PAH [38]. The grey bands cor-
respond to the range of experimentally determined OBG in the n-heptane flame correlated
with the number of aromatic rings and conjugation length.

Throughout the flame systems we observe a fairly consistent range of OBG values in
the range of 1.82 - 2.34 (and thus estimated size of PAH of 10-20 rings). The average
OBG for the flame systems were 2.06 eV, 1.99 eV, and 2.05 eV for the n-heptane flame,
H50T50 flame, and toluene flame, respectively (full summary in Table 1). These values
correspond to an average aromatic size of something with between 15-16 aromatic rings,
about the size of circumpyrene. Interestingly, the H50T50 flame has an average OBG
lower than either of the component compounds. However, the range in the OBG reported
in all flame systems are all within the uncertainty in the measurements.

3.4 Fringe length calculation

Figure 5 show representative HRTEM images of samples taken at the tip of each flame
(4 cm HAB for heptane, 1.1 cm HAB for H50T50 and 0.7 cm HAB for toluene). The
corresponding image analysis mapping all relevant fringes are presented in the bottom
row. An ‘onion-like’ distribution of the fringes is observed, showing nearly spherical
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primary particles of different sizes stick to each other. Qualitatively heptane’s soot seems
to have shorter and more curved fringes compared to H5S0T50 and toluene, indicating a
lower degree of graphitisation.

From the lattice-fringe analysis a fringe length distribution is obtained. The mean fringe
length calculated at all sampling points for the three flames is presented in Figure 6.
Results show that the fringe length increases with HAB in the heptane flame, until a point
after which it decreases considerably. Previous measurements of soot particle size [7]
indicate that oxidation plays a large role and that could explain the smaller fringe length.
There is not a significant difference in the mean fringe length obtained in the centerline
and the wing at the same HAB. For H50T50 the mean fringe length decreases from 0.7 cm
to 1.1 cm HAB, possibly due to oxidation at the flame tip. Toluene was only sampled at
the tip and exhibited the highest values of fringe length.

3.5 Comparison of fringe and conjugation length

Table 1 presents the comparison between values of fringe and conjugation lengths, which
are both measures of the typical lenght scale of a PAH. For all fuels the values obtained
with the two experimental methodologies are very consistent. Fringe lengths obtained
from HRTEM images represent only carbon atoms parallel to the beam, and do not give
any information on the 2D-structure of the PAH. The quality of the image is important for
the final result.

The results obtained are in agreement with recent studies of conjugation length from both
OBG determination and Raman [30] studies conducted using an ethylene-diluted co-flow
diffusion flame, where results indicated PAH species with conjugation lengths between
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Figure 5: HRTEM images taken at magnification 600,000x, sampled at the tip of the
flames. Left: Heptane Flame, Centre: H50T50 Flame, Right: Toluene Flame.
Top row corresponds to raw image and bottom row contains overlaid fringe

mapping.

0.81 nm to 1.13 nm and 1.0 nm to 1.2 nm, respectively [1, 30]. Similarly, a recent pub-
lication of HRTEM in an ethylene flame reports fringe length measurements in the range
from 0.94 nm to 1.24 nm and conjugation lengths from Raman studies from 1.03 nm to
1.13 nm [4]. In computational studies we have found a critical size of peri-condensed
PAH for mature soot particles in the range of circumcoronene (conjugation length about
1.11 nm) [17].

4 Conclusions

Analysis of extinction measurements and HRTEM was used to estimate the length of
molecules that constitute soot particles formed in wick-fed diffusion flames of heptane,
toluene and its iso-volumetric mixture. The two estimators are conjugation length ob-
tained from extinction measurements and fringe length derived from HRTEM images.
The tomographically reconstructed extinction data was processed using Tauc/Davis-Mott
analysis to determine the optical band gap. The OBG ranges from about 1.82 eV to
2.34 eV were measured in the flames correlating to an average size of a structure with 15
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Table 1: Comparison of the range of OBG, conjugation length and fringe length observed
across all flame systems.

OBG (eV) Number of aromatic  Conjugation Length ~ Mean fringe length
rings (nm) (nm)
Flame Min. Max. Mean Min. Max. Mean Min. Max. Mean Min. Max. Mean
Heptane 1.82 234 206 104 206 150 082 1.16 098 091 099 0095
H50T50 186 2.17 199 127 194 162 091 1.12 1.02 095 098 097
Toluene 190 229 205 11.0 183 153 085 1.09 099 099 099 0.99

aromatic rings. Average PAH sizes in the three flames correspond to conjugation lengths
between 0.98 nm and 1.02 nm. Similar sizes were obtained using fringe-lattice analysis of
HRTEM images taken from soot thermophoretically sampled in the same flames. Mean
fringe lengths between 0.95 nm and 0.99 nm were estimated. These results support the
theory of soot formation where the transition from chemical to physical growth occurs at
modest molecular size; about the size of circumpyrene.
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