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b Dipartimento di Fisica, Università degli Studi di Napoli Federico II, Napoli 80125, Italy
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A B S T R A C T

The effect of ozone addition on soot formation in partially premixed laminar methane flames at two equivalence
ratios, Φ = 11.9 and Φ = 7.6 (with 500 ppm and 570 ppm of ozone, respectively), has been investigated. Soot
particles collected in the centerline of the flames at several heights above the burner have been examined in
terms of size, morphology, and chemical/structural characteristics, by differential mobility analysis, atomic force
microscopy, and Raman spectroscopy respectively. The results show that adding ozone to the flame reduces the
number of soot particles, as well as their average size. The typical height profiles of the collected particles on
substrates are shown to be also flatter as compared to the pristine flames, possibly indicating a lower level of
cross-linking in the aromatic network forming the particles. Also, the Raman spectroscopy analysis indicates that
ozone addition promotes the formation of larger aromatic soot constituents. Moreover, within the selected
experimental conditions and ozone concentration of several hundred parts per million, the flame temperature is
unaffected regardless of the presence or absence of ozone. Consequently, it can be inferred that the observed
modifications in soot characteristics are predominantly attributed to chemical factors. The observed effects are
all consistent with a possible chemical interaction of atomic oxygen, resulting from the decomposition of ozone
in the post-flame zone, with aromatic π-radicals, precursors of the soot particles.

1. Introduction

Due to the negative effects on human health and the climate caused
by particles released into the atmosphere [1,2], the formation and
growth of soot is an active and ongoing research field in combustion.
Soot particles can have different sizes, nanostructures, and chemical
compositions based on the combustion conditions. Factors influencing
this variability include flame temperature, fuel composition, pressure,
residence time, and premixing level.

In fuel-rich conditions, the promotion of benzene formation, along
with larger polycyclic aromatic hydrocarbons (PAHs), occurs through
fuel pyrolysis and oxidation. PAHs are universally acknowledged as
fundamental components and precursors of carbonaceous nanoparticles.
The initial step in the soot formation process is particle nucleation, the
transition from gas-phase molecules to solid particles, which remains a

focal point of ongoing research [3]. Various mechanisms are proposed
and actively debated to describe the particle inception process [3–6].
Once formed, newly nucleated soot particles can undergo processes such
as coagulation, coalescence, and surface growth through the addition of
gas-phase compounds, resulting in the formation of larger particles.
Further modifications in the chemical and structural composition of soot
may occur due to carbonization and oxidation reactions prevalent
throughout the flame. Consequently, flame-formed soot particles can
exhibit diverse chemical and physical characteristics, influencing crucial
properties such as oxidation reactivity [7–9] and optical features
[10–12].

Current advancements in our comprehension of soot formation and
evolution mechanisms have been notable, owing to the recent use of
innovative experimental [13–15] and theoretical methods [4,16]. One
of the significant breakthroughs in the field involves the identification of
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π-radicals as critical intermediates in the inception and growth of soot
particles. Recent investigations have supported the existence of molec-
ular clustering reaction pathways driven by radical-chain reactions of
π-radicals yet pointing toward the formation of covalently bound com-
plexes [13–16].

Within the context of purely laminar premixed flames, soot forma-
tion starts immediately after the flame front, with the formation of
nucleation or incipient soot particles whose size is typically 2–3 nm in
diameter [12,17–19]. These nanoparticles undergo further growth
within the flame, reaching dimensions of up to tens of nanometers with a
particle size distribution having a bimodal shape [6]. In purely diffusive
flames, soot predominantly forms and attains its peak concentration in
the annular region proximate to the maximum radial flame temperature
on the fuel side [20]. Nonetheless, investigations by various researchers
have identified soot precursor nanoparticles within the flame core
[21–23].

Although the use of partially premixed flames is prevalent in
numerous practical devices, such as gas turbines, industrial furnaces,
internal combustion engines, and burners for boilers [24], it has
garnered relatively less investigation with respect to pure premixed or
diffusive flames, from which the impact of combustion parameters on
soot formation, including particles’ physicochemical properties and
nanostructure characteristics, has been mainly derived. A partially
premixed flame arises when the fuel is mixed with a sub-stoichiometric
amount of air – to generate a local fuel-rich mixture – before reaching
the reaction zone, where additional air becomes available. The effects of
partial premixing on soot formation have been explored using diverse
techniques such as laser-induced incandescence [25], light absorption
[26], high-resolution TEM [27], and more recently thermophoretic
particle densitometry (TPD) [28]. These studies collectively revealed
that the introduction of oxygen into the fuel stream influences both the
soot volume fraction and the structural properties of particles, including
lamellae curvature [27]. Particularly, it has been shown that the in-
crease in premixing results in an initial increase in the particle volume
fraction, which then decreases as the equivalent ratio further decreases
[28].

Today, several strategies have been developed to improve combus-
tion efficiency and reduce pollutant emissions, including soot. Among
these, for instance, plasma-assisted combustion exhibits extensive po-
tential for enhancing combustion efficiency and flame control, while
simultaneously mitigating NOx and particulate matter emissions
[29,30]. Plasma-flame coupling produces a variety of reactive species,
including free electrons, ions, active radicals, and excited molecules.
These compounds collectively enhance the oxidation of fuel, resulting in
a shorter ignition delay time and faster flame propagation [31].
Nevertheless, the difficulty of generating stable, uniform, non-
equilibrium plasmas, particularly at high pressures, can be mitigated
by the injection of excited molecules, characterized by longer lifetimes
[32]. Among the active molecules, ozone (O3) stands out as particularly
promising [32]. An inherent advantage of O3 lies in its production from
oxygen molecules, the primary oxidizer in nearly all combustion sys-
tems, thus preventing the need for additional storage of fluids or gases.
In addition, ozone exhibits a long lifetime and strong oxidizing prop-
erties [32]. Early investigations have demonstrated that O3 can play a
multifaceted role, including accelerating ignition, enhancing flame
propagation, contributing to flame stabilization, as well as reducing
pollutant formation [32]. Despite the demonstrated positive effect of
ozone in improving combustion, to the best of the authors’ knowledge,
studies devoted to a fundamental understanding of the effect of ozone on
soot formation in flames have been rarely performed. Ozone injection
into flames is a simple means of increasing atomic oxygen concentration
in flames [32]. Atomic oxygen has been shown to rapidly react with
localized π-radical sites, e.g., fluorenyl-type radicals [33], which may
play a significant role in PAH clustering and soot formation [13–16]. It
was thus speculated that ozone injection into flames may also interact
with the soot formation process [3,13]. Only very recently, Ying and Liu

[34] reported on the effect of ozone on the formation and evolution of
soot in an inverse diffusion flame of ethylene. The ozone in flames
promoted the formation of free radicals and active substances, leading to
slightly increased soot formation and agglomeration processes. Higher
ozone concentration resulted in larger primary particle diameters,
increased agglomeration, elevated soot surface oxygen content, and a
lower sp2/sp3 ratio, indicating a higher oxidation reactivity in the
generated soot. In literature, an O3 concentration range between 10 ppm
and 1000 ppm is usually adopted for real-based scenarios, such as in-
ternal combustion engines [35,36], whereas lab-scale analyses also
cover higher and wider ranges, such as 2750 ppm and 5500 ppm in the
work of Ying and Liu [34], or 100 ppm and 5000 ppm in Cheng et al.
[37].

In this work, the effect of ozone on particle nucleation and soot
formation is analyzed in two partially premixed laminar flames of
methane operated with two equivalence ratios, i.e., different amounts of
the primary air added to the fuel stream. The ozone addition has been
obtained by partial conversion of the oxygen in the premixing primary
air, thus without altering the flame equivalence ratio. The concentra-
tions of the added ozone explored in our work, 500 ppm and 570 ppm,
lie in the range investigated in similar works [34–37]. Soot extracted
from the flames with ozone at different heights has been characterized in
comparison with soot formed from the same flames without ozone.
Differential mobility analysis, atomic force microscopy, and Raman
spectroscopy have been used to retrieve information on particle size
distributions, morphological characteristics, and chemical/structural
properties of the soot with and without the presence of ozone.

2. Experimental

A co-flow partially premixed laminar methane/air flame with and
without ozone in the premixing air was tested at two equivalence ratios,
Φ = 11.9 and Φ = 7.6. The burner was the same as in previous studies
[28] and was built similarly to the one in ref. [38]. The fuel/air mixture
(at ambient temperature) flows through an uncooled vertical tube (I.D.
~1.2 cm), while secondary air flows through a concentric tube (I.D.
~10.8 cm) [22]. Flames are stabilized at the burner exit by reducing the
air annulus with a 5.5 cm I.D. ring. A flux of secondary air was provided
to stabilize the investigated flames. A schematic of the burner set-up is
reported in Fig. 1. The flow conditions of the investigated flames are
reported in Table 1. Our experimental setup is equipped with mass-flow
controllers (from Bronkhorst, models F-201AV and F-201CV), used to
separately regulate the amount of primary air and fuel sent to the flame.
Moreover, a primary flow calibrator (from Gilian, model Gilibrator-2)
was used to precisely calibrate the mass-flow controllers, in order to
correlate the nominal values of the flowrates with the real flowrates of
oxidizer and fuel reaching the flame. The secondary air flow is
controlled with a flowmeter (from ASA, model E5-2600).

A total of four flame conditions were investigated. To understand
how flame residence time impacts soot formation, we chose equivalence
ratios similar to the ones used in prior studies of partially premixed
methane/air flames [38] so to have lightly sooting conditions and isolate
and observe the effect of ozone addition on the soot formation process.
However, for a clearer analysis, we opted for slightly richer flames (Φ =

7.6 and 11.9) compared to the previous studies on ozone addition [39].
While a higher equivalence ratio would increase soot volume, it would
also decrease oxygen content, making it difficult to study early soot
formation and the chemical influence of ozone. Conversely, very lean
flames (lower equivalence ratio) would produceminimal soot, hindering
analysis techniques like Raman spectroscopy. Hence, two partially
premixed methane/air flames at Φ = 7.6 and Φ = 11.9 were examined
with and without ozone addition in the premixing air. Overall, a fixed
amount of ozone, corresponding to roughly 500 ppm was prepared by
turning on the UV lamp of the ozone generator, Model 1001 Jelight
Company Inc. The ozone concentration was determined via a Model 205
Dual Beam Ozone Monitor (2B Technologies). The fuel flow rate (QCH4)
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was constant for both flames, as well as the secondary air flow rate
(QSA). The variable factor was the primary air flow (QPA), responsible for
generating the two Φ values. When the airflow passes through the ozone
generator, both the generation and decay processes are instantaneous.
The ozone concentrations in our experiments were dictated by the
limitations of the ozone generator, which permits a maximum of
approximately 0.25 % oxygen conversion into ozone, as well as by the
selected air-flow conditions necessary for stabilizing the two partially
premixed flames, namely the two equivalence ratios. The obtained
ozone concentration values align with those commonly employed in
various implementations of ozone in combustion processes [34–37].

Both flames conditions, Φ7.6O3 and Φ11.9O3, maintain an ozone
concentration of approximately 570 ppm and 500 ppm respectively. For
the two flames, the fuel and the primary air mixture were convoyed to
the burner at a velocity of 13.2 cm/s and 11.8 cm/s respectively. The
addition of ozone did not change the total velocity significantly.

The pictures of the flames have been recorded with a Canon EOS
1100D digital camera. The acquisition parameters of the camera were
kept the same for all the flame conditions: resolution = 1920 px × 1030
px, focal distance = 18 mm, ISO value = 100, exposure time = 4 s,
diaphragm aperture = F/22.

The flame temperature was measured using an R-type thermocouple

(Pt/Pt-13 %Rh) having a spherical junction with a diameter of 300 µm,
using a fast-insertion procedure [40]. This procedure allows for
measuring the temperature even in sooting flames by recording its time
profile and evaluating the flame temperature before the data starts to
decrease due to the coating of the thermocouple bead by soot, as
described in detail in previous investigations [41,42]. Additionally, the
recorded flame temperatures were corrected for radiation losses ac-
cording to the procedure reported elsewhere [43].

Particle size distributions (PSDs) measurements were achieved using
an electrical mobility spectrometer comprising an X-ray diffusion
charging source (TSI, Model 3088) positioned at the inlet of a TapCon 3/
150 differential mobility particle analyzer (DMA), complemented by a
Faraday cup electrometer serving as a counter.

Sampling of flame products occurred through a horizontal stainless
steel tubular probe, with a 1 cm outer diameter, provided by an orifice
(inner diameter= 0.2 mm, thickness= 0.5 mm) positioned downward at
the flame centerline. To ensure accurate measurements, at the probe
inlet the sampled flow was immediately mixed with a turbulent N2
diluent flow, achieving a dilution ratio of approximately 1:3000 [44].
This dilution aimed to prevent particle aggregation and quench chemi-
cal reactions [45].

To characterize the particles generated in the flames, thermophoretic
samplings were conducted by the rapid insertion of atomically flat mica
substrates, held by a TEM grid holder, into the flames at different heights
using a pneumatic fast actuator.

The morphology of soot particles thermophoretically sampled on
freshly cleaved mica substrates was investigated by atomic force mi-
croscopy (AFM). Specifically, one insertion of 10 ms of the substrate in
flame was performed. The morphological analysis was performed with a
Scanning Probe Microscope NTEGRA Prima (from NT-MDT), operating
in semi-contact mode in air. Supersharp silicon probes SSS-NCHR (from
NANOSENSORS) were used, having a nominal tip radius of 2 nm, a
nominal spring force constant of 42 N/m, and a nominal resonant fre-
quency of 285 kHz. Gwyddion software was used to process the images
[46].

For Raman spectroscopy analysis, thermophoresis sampling was
performed by multiple insertions of 30 ms for both flames. Raman
spectroscopy of the soot particles deposited on 3 mm pieces of silver
filters was carried out using a Horiba XploRA Raman microscope system
equipped with a 50 × objective (NA 0.9, Olympus). The laser source
used was a dual-frequency Nd:YAG laser (λ = 532 nm). Laser beam
power, exposure time, diffraction grating, and other instrumental set-
tings were carefully chosen to avoid structural changes in the sample
due to thermal decomposition and to ensure optimal resolution. Spectra
were acquired with a laser beam power attenuated at 10 %, corre-
sponding to 1.2 mW laser power, with a diffraction grating of 1200
groves/mm and an accumulation (exposure) time of five cycles, each
lasting 60 s. For each sample, 10 spots were randomly selected and
averaged to obtain statistically significant Raman spectra. Subsequently,
all spectra were subjected to baseline correction and normalization to
the G-peak, located at approximately 1600 cm− 1.

3. Results and discussion

3.1. RGB image analysis

The images of the four flame conditions (two equivalence ratios, with
and without ozone injection in flame) are reported in Fig. 2. The naked
eye can barely observe the flame variation when the ozone concentra-
tion changes but measurements of the flame luminosity through high-
resolution camera imaging show that the addition of O3 in the flame
slightly lowers the overall flame luminosity, particularly in the upper
part of the flames. Through a preliminary qualitative RGB image anal-
ysis, it was possible to highlight the differences in terms of the signals for
each flame with and without ozone.

Being the flames axial-symmetric, the RGB signals were extracted

Fig. 1. Schematic of the co-flow partially premixed burner setup. Ozone from
the UV lamp is fed into the premixing air without changing the equivalence
ratio by converting a fraction of O2 into O3.

Table 1
Characteristics of four experimental investigated conditions. O3 is the ozone
concentration in ppm; QCH4 is the volumetric flow rate of methane; QPA is the
volumetric flow rate of the primary air (premixed with CH4); QSA is the volu-
metric flow rate of secondary stabilizing air.

Flame Ф O3 (ppm) ±
10 ppm

QCH4 (l/min)
± 0.01 l/min

QPA (l/min)
± 0.01 l/min

QSA (Nl/h)
± 100 Nl/h

Φ7.6 7.6 0.40 0.50 4000
Φ7.6O3 7.6 570 0.40 0.50 4000
Φ11.9 11.9 0.40 0.32 4000
Φ11.9O3 11.9 500 0.40 0.32 4000

L. Basta et al.



Fuel 373 (2024) 132342

4

along the axis of each flame, see Fig. S1 in the Supplementary material.
A decrement in terms of RGB sum intensity (as well as the RED channel
alone, as listed in Table S1) is observed after the ozone addition for both
the equivalence ratios.

3.2. Flame temperature profiles

Temperature measurements were performed for all the investigated
flames and the resulting temperature profiles are reported in Fig. 3.
Within the adopted experimental conditions and amounts of O3 intro-
duced into the flames, the temperature profiles did not show any sig-
nificant changes. The low sensitivity of the flame temperature profile to
the ozone addition is probably due to the low amount of O3 added.
Indeed, previous studies have shown that compared to pure oxygen, the
presence of ozone in higher amounts influences the flame temperature
profile [34] whereas, for ozone addition in lower quantities, the flame
temperature remains almost unchanged [37].

3.3. Particle size distribution curves

PSDs by DMA have been measured at the flame tip for both flames, Φ
= 7.6 and Φ = 11.9, without and with ozone injection. Results are shown
in Fig. 4. For the Φ = 7.6 flame the PSD is mostly monomodal while for
the Φ = 11.9 flame, it is bimodal. Both conditions showed a decrease in
particle number in the upper part of the flame because of ozone addition.
This can be due either to a higher reactivity of the soot towards

oxidation because of ozone addition compared to the normal one, or to a
lower concentration and nucleation of soot because of the ozone injec-
tion into the flames.

3.4. Atomic force microscopy analysis

The morphology of soot particles collected at the heights (Z) of 43
mm, 37 mm, and 34 mm in the different flame conditions was analyzed
with semi-contact AFM, as shown in Fig. 5. Due to the rapid single
insertion of the substrates in the flame, the particles (or clusters of
particles) are individually visualized on the mica substrates, allowing for
direct analysis of the sampled material. Firstly, the number of particles
collected at the same height in the flame with Φ = 11.9, is considerably
larger than those in the flame with Φ = 7.6, as it can be expected for a
flame with a lower amount of premixing air.

Both the surface coverage and the collected volume of the particles
decrease by reducing the equivalent ratio: from a coverage of 5.9 % and
a total volume of 1.38 x 10-3 µm3, for the flame with Φ = 11.9 (at Z = 43
mm), to a coverage of 1.16 % and a volume of 0.12 x 10-3 µm3, for the
flame with Φ = 7.6 (at Z = 43 mm). Accordingly, the surface RMS
roughness (RRMS) is smaller for the flame with more oxygen premixed,
being 0.12 nm compared to 0.59 nm in the case of the richer flame (at Z
= 43 mm).

When ozone is added to the premix air, it affects the characteristics of
the collected particle. For both flame conditions, the surface coverage
decreases with ozone addition, being 2.2 % for the flame with Φ = 11.9
(at Z = 43 mm) and 0.74 % for the flame with Φ = 7.6 (at Z = 43 mm).
Also, both the total particle volume and the surface RMS roughness
follow a reducing behavior, decreasing from a collected volume of 0.18
x 10-3 µm3 and an RRMS of 0.23 nm, for the flame with Φ = 11.9 (at Z =

43 mm), to a volume of 0.06 x 10-3 µm3 and an RRMS of 0.08 nm, for the
flame with Φ = 7.6 (at Z = 43 mm). Moreover, the collected particles
exhibit a considerably lower height when sampled in flames with ozone
addition. This effect is better perceived in the 3-dimensional visualiza-
tion of the AFM images, as shown in the Supplementary material, see
Fig. S2.

As can be seen from the AFM images, and from the height profile over
the single particles, see Fig. S3 in the Supplementary, the shape of the
particles can be assumed as a spherical cap having a height (h) smaller
than the corresponding basal radius (rBASE) consistent with results from
previous studies obtained with scanning probe microscopy techniques
[17,47,48]. The observed shape is assumed to be the result of particles
being flattened as they strike the substrate surface during the sampling.

Fig. 6 shows the distributions, as relative frequency, of the height
and the base radius. It is worth noticing that the lateral dimensions of
small particles, when measured with AFM, always reflect a convolution
of both the probe’s geometry and the actual shape of the features being
captured. This results in an overestimation of the base radius by at least

Fig. 2. Photographs of the partially premixed methane/air flames at two
equivalence ratios, i.e., Φ = 11.9 and Φ = 7.6, without and with ozone injec-
tion. Green-dashed lines correspond to the sampling positions above the
burner exit.

Fig. 3. Temperature profiles along the central axis for the two partially premixed flames with and without O3. Flame Φ = 7.6 left panel, flame Φ = 11.9 right panel.
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two or three tip radii (4 to 6 nm) [48]. Moreover, to not take into
consideration the surface roughness in the particles counting for the
height distributions, the smallest morphological features have been
discarded from the statistical analysis, which can lead us to exclude
some of the single-layer PAHs from the analysis. However, the same
procedure has been followed for all the flame conditions and, therefore,
the entire analysis accounts for this effect, if present.

Firstly, in both flame conditions, the average particle’s height de-
creases and the distribution narrows with ozone addition, see the left
panels in Fig. 6. For Φ = 11.9 (at Z = 43 mm) the geometric average of
the height (<h>g) decreases from 2.0 nm to 0.76 nm, with a geometric
standard deviation (σ(h)g) narrowing from 3.4 nm to 0.32 nm (at Z = 43
mm, obtained from the fitting with a lognormal function). Likewise, for
the flame with Φ = 7.6 (at Z= 43 mm),<h>g decreases from 0.95 nm to
0.46 nm and σ(h)g narrows from 0.41 nm to 0.31 nm. It is notable that
the heights of the particles collected in the flames after ozone addition
correspond to that of PAHs of only a few layers (bin spacing approxi-
mately corresponding to the PAHs interlayer distance). Moreover, the
base radius follows the same trend, decreasing with reducing Ф and with
ozone.

These trends are observed at all the different heights (Z = 43 mm, Z
= 37 mm, and Z = 34 mm) and all the main results are summarized in
Table 2 below. At lower Z the collected particles exhibit smaller di-
mensions, both in their height and base radius, revealing a decrease in
the overlapping and cross-linking of the PAH layers. Remarkably, the
particles sampled in the ozonized flame at Z= 37 and 34 mm are mainly
monolayer molecules.

3.5. Raman spectroscopy analysis

Raman spectroscopy has been used to assess the effect of ozone
addition on soot chemical/structural characteristics. Raman spectra of
soot, thermophoretically collected on silver membranes, at different
flame conditions, are shown in Fig. 7. All the spectra present the typical
two main features of amorphous carbon, the G band at around 1600
cm− 1 and the D band, at about 1340 cm− 1. Details on the physical origin
of these two Ramanmodes can be found elsewhere [49]. It is well known
that the relative intensity of the D and G peaks is dependent on the size
of the aromatic domains [49] and that for highly disordered/amorphous
carbonaceous materials, i.e., for very small graphite crystallites, as in the
case of flame-formed soot particles, the larger is the ratio between the D
band over the G one, the larger is the size of the aromatic constituents.

As a general trend, and for both flame equivalence ratios, an increase
in the sampling position, Z, results in a slightly higher D band intensity

Fig. 4. Particle size distributions along the flame centerline with and without ozone injection. Flame Φ = 7.6 left panel, flame Φ = 11.9 right panel.

Fig. 5. AFM semi-contact images of 5 µm × 5 µm areas acquired on samples
with soot particles sampled in flames with (a-b) Φ = 7.6 at Z = 43 mm, and Φ =

11.9 at (c-d) Z = 43 mm, (e-f) Z = 37 mm, and (g-h) Z = 34 mm. The left panels
show images of particles sampled without ozone while the right panels show
images of samples collected with ozone addition.

L. Basta et al.
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Fig. 6. Relative frequency distributions of the height (h) and the base radius (rBASE) of the particles collected in the flames with (a-b) Φ = 7.6 at Z = 43 mm, and Φ =

11.9 at (c-d) Z = 43 mm, (e-f) Z = 37 mm, and (g-h) Z = 34 mm. The grey-filled bins show the distribution of the flames before ozone addition, while the purple
slanted-line pattern bins show the distribution of the flames with ozone addition.

Table 2
Statistical parameters of sampled soot particle characteristics obtained from AFM morphology measurements in the different flames and at different heights.

Z = 43 mm Z = 43 mm Z = 37 mm Z = 34 mm

Flame conditions Φ7.6 Φ7.6O3 Φ11.9 Φ11.9O3 Φ11.9 Φ11.9O3 Φ11.9 Φ11.9O3

RRMS (nm) 0.12 0.08 0.59 0.23 0.20 0.14 0.07 0.04
Surface coverage 1.16 % 0.74 % 5.9 % 2.2 % 7.9 % 2.7 % 2.1 % 0.77 %
Total particles volume (⋅10-3 µm3) 0.12 0.06 1.38 0.18 0.90 0.22 0.12 0.02
<h>g (nm) 0.95 0.46 2.0 0.76 1.2 0.39 0.52 0.35
σ(h)g 0.41 0.31 3.4 0.32 1.1 0.32 0.14 0.11

L. Basta et al.
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compared to the G band. This is consistent with a slight increase in the
size of the aromatic constituents of the soot. The introduction of O3 has a
stronger effect on soot formed at lower Z where an increase in D/G ratio
is produced, thus indicating the presence of larger aromatic constituents
as compared to the pure methane/air flames. The effect slightly appears
at Z= 34mm of the Φ = 11.9. However, it is evident at Z= 37 mm of the
Φ = 7.6 flame. In this flame condition, the Raman spectrum is different
from all the other conditions with a low and not well-resolved D band
indicating the presence of small PAHs and the absence of a graphitic
character in the just nucleated soot. The effect of O3 is to promote the
growth of the aromatic size, evidenced by the larger D/G ratio and a
better graphitic structure shown by the deeper valley between D and G
peaks. This effect can be tentatively assigned to the removal of reso-
nantly stabilized radicals. In fact, in the flame without O3, a higher
amount of such radicals, which arise from non-hexagonal defects, would
favor crosslinks between aromatics and, thereby, reduce HACA growth
producing smaller aromatic structures [50]. Remarkably, as demon-
strated with thermocouple measurements, the addition of ozone, in the
order of a few hundred ppm, does not sensibly affect the flame structure
in terms of temperature. Therefore, within the adopted experimental
conditions, the observed effect of adding O3 to the flames in terms of
both soot size/morphology and graphitic structure is purely chemically
based. The observed effect of particle size reduction when introducing
ozone is consistent with a chemical interaction of atomic oxygen with
aromatic π-radicals, precursors of the soot particles, resulting in a
reduced clusterization of soot molecular constituents. Furthermore, the
interaction of the atomic oxygen with the aromatic π-radicals in incip-
ient particles can also alter their growth through coagulation. This hy-
pothesis, that functional groups containing oxygen might cause a lower
coagulation, was already reported in literature for small soot particles as
well as for graphene oxide [51,52]. Indeed, it was observed that the
removal of oxygen in particles, by reduction with hydrazine, promoted
particle coagulation either in incipient soot particles [52] or in graphene
oxide composites [51].

Finally, at the highest Z positions, i.e. in the oxidative flame regions,
both flames exhibit minor effects in the presence of ozone. There is only
a slightly higher intensity of the intervalley region of the soot coming
from the ozone-added flames. In this region of the spectrum amorphous
carbon mostly contributes to the signal. Its increase can be justified by a
stronger propensity to oxidation in soot produced in the flame with O3
addition. Indeed, in a previous work, it was shown that in mature soot
the oxidation by O2 increases the amorphous phase content by

fragmentation [9].

4. Conclusions

The effect of ozone addition in the premixing air of a partially pre-
mixed laminar methane flame has been investigated in terms of soot
formation and evolution. Two equivalence ratios, namely Φ = 11.9 and
Φ = 7.6, without and with ozone, have been considered to address the
possible effect of ozone in the soot formation process. Ozone has been
introduced in flame, in the order of a few hundred parts per million, by
direct conversion of a small percentage of premixing oxygen, and thus
without modifying the flame equivalence ratio. Soot has been extracted
at different flame positions, both within the growing zone and the
oxidative zone, to assess the specific effect of the ozone in the nucle-
ation/growing process of the soot particles and on the oxidative stage.

The results obtained by a combination of thermocouple, AFM, DMA,
and Raman spectroscopy measurements suggest the following
conclusions:

• O3 removes resonantly stabilized radicals;
• AFM shows a reduction in the number and size of soot particles,
down to few-layers PAHs;

• The typical heights of the collected particles in ozonized conditions
are flatter as compared to the pristine flames, indicating a lower level
of cross-linking in the aromatic network forming the particles and
subsequent 3D growth;

• Raman spectra exhibit a higher I(D)/I(G) ratio in the presence of O3,
especially for young soot particles, evidencing larger aromatic soot
constituents;

• Fewer aromatic crosslinks enable HACA to continue leading to larger
aromatic molecules.

Since temperature measurements have shown that under the
employed ozone concentrations, flames with and without ozone have
similar temperature profiles, modifications in the soot inception and
growth, caused by ozone, can be ascribed purely to a chemical effect.
The observed effects are consistent with a chemical interaction of atomic
oxygen with aromatic π-radicals, precursors of the soot particles, and
with a reduced chemical clusterization of soot molecular constituents as
well as with a reduced incipient soot coagulation.

Fig. 7. Raman spectra of soot collected at different flame conditions.
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