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ARTICLE INFO ABSTRACT

Keywords: Secondary organic aerosol is formed through the atmospheric oxidation of gas-phase organic compounds and
Particulate matter primary aerosols. Despite the potential risks that this class of particles poses to human health and climate, how
Soot

primary emissions contribute to the formation of secondary organic aerosols remains largely unknown. This
study examines the formation of secondary organic aerosols resulting from the oxidation of soot nanoparticles
generated by a premixed laminar ethylene-air-rich flame. The exhaust gases and particles from the flame are
conveyed into an oxidation flow reactor to simulate the atmospheric conditions in which secondary aerosol
formation reactions occur. The pristine and oxidized aerosols are analyzed online using a scanning mobility
particle sizer system to assess their size distributions. Moreover, collected aerosols are chemically characterized
using a high-resolution time-of-flight aerosol mass spectrometer. The secondary aerosol formed exhibits an in-
crease in mean diameter under different oxidation conditions and reveals an enhanced concentration compared
to primary aerosols. These changes are accompanied by significant alterations in the chemical composition of the

Secondary organic aerosol
Size distribution
Mass-spectrometry

aerosols.

1. Introduction

Atmospheric aerosols have important implications for global
warming, climate change, and human health [1]. Aerosols can influence
the Earth’s climate by a variety of effects. Reflecting incoming sunlight
to outer space, aerosols have a cooling effect on the climate, while
absorbing aerosols can trap energy within the atmosphere, thus warm-
ing the environment [2-4]. Moreover, toxicological and epidemiological
studies have shown the multifaceted, detrimental health effects linked to
aerosol exposure, e.g., cardiovascular, pulmonary, and cognitive [5,6],
which are dominant factors in the millions of global deaths annually
attributed to outdoor air pollution [7,8].

Despite the attention to atmospheric aerosol due to these strong ef-
fects on human well-being, its composition is not well known, and the
mechanisms and the causes that enhance aerosol formation in the at-
mosphere are still controversial [9]. Despite the substantial advance-
ments achieved in comprehending aerosol formation in the atmosphere,
certain aspects of aerosol generation remain unclear. The uncertainty is

* Corresponding author.
E-mail address: francesca.picca@unina.it (F. Picca).

https://doi.org/10.1016/j.fuel.2024.131491

due to the influences of diverse variables encompassing different pre-
cursor emissions, atmospheric chemistry, meteorological conditions,
and interactions with other atmospheric constituents [10-12].

One significant component of atmospheric aerosol is organic aerosol
(OA) which constitutes a substantial fraction of submicron aerosols
worldwide [13,14]. The composition of organic aerosols (OAs) can be
complex, encompassing thousands of compounds ranging from simple
hydrocarbons to highly oxidized compounds [15,16]. Hydrocarbon
components emitted directly are termed POA, while aerosols formed
through the atmospheric oxidation of volatile and semi-volatile organic
compounds (VOCs and S-VOCs respectively) are referred to as SOA
[17,18]. Understanding the composition and sources of OA is essential
for elucidating the mechanisms driving aerosol formation, including the
contributions of primary and secondary aerosol precursors. Moreover,
distinguishing between primary and secondary OA components provides
insights into the relative importance of different aerosol formation
pathways, contributing to the ongoing efforts to refine our under-
standing of atmospheric aerosol processes [19].
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OA is generally separated into hydrocarbon-like OA (HOA),
oxygenated-like OA (OOA), and sometimes other primary components.
HOA and OOA can be considered good surrogates for primary OA (POA)
and secondary OA (SOA), respectively [17,19-21].

SOA in the environment comprises a significant and variable fraction
(60-95 %) of OA [18], and it is believed to be formed via the atmo-
spheric oxidation of gas-phase organic compounds, e.g., VOCs and S-
VOCs [22,23], of both biogenic and anthropogenic origin. These
oxidation reactions are mediated by reactive species such as ozone (O3),
nitrate (NO3), and hydroxyl radicals (OH) under atmospheric conditions
and transform compounds into less volatile products, some of which
may undergo further reactions or partition into the condensed phase,
thereby contributing to the complex chemical composition observed
within aerosol particles [24].

Among anthropogenic activities influencing SOA formation, a key
contribution at the urban scale is attributed to on-road and off-road
vehicles [22] which are a significant contributor to both urban air
particulate matter and gaseous pollution [25]. The considerable vari-
ability in emission rates and composition among vehicles and vehicle
types, attributable to factors such as vehicle class, size, fuel type, oper-
ation mode, model year, and engine/post-combustion control technol-
ogy, underscores the complexity of understanding vehicle emissions
[26]. Moreover, differences in regulations between on- and off-road
vehicles further compound this complexity.

Despite the recognized danger posed by these particles, particularly
in the context of secondary organic aerosol formation, our comprehen-
sion of the underlying chemical and physical processes governing SOA
formation and their resultant properties remains limited [27-30].
Several approaches have been used to characterize SOA, meant as a
mixture of organic compounds emitted from fuel combustion. Estima-
tion methods include top-down approaches, based primarily on ambient
air quality measurements, and bottom-up processes focusing on the in-
depth characterization of emissions [31,32]. The bottom-up approach
consists of the oxidation of fresh exhaust from the combustion system in
environmental chambers or oxidation reactors to simulate potential SOA
formation in the ambient atmosphere [33]. In this study, this second
approach was adopted.

Environmental chambers typically consist of several cubic meters in
volume and are made by Teflon film, stainless steel, or Pyrex (borosili-
cate glass). These chambers serve to replicate atmospheric conditions
within a controlled laboratory environment. They are often equipped
with a standard array of instruments, including integrated temperature
and humidity probes, as well as a differential pressure indicator. In these
chambers, precursor gases and aerosols are introduced into the system.
By employing specific light sources, such as natural sun-light [34],
xenon arc lamps [35], and UV black lights [36], and oxidizing agents,
researchers can handle the oxidation conditions within the chamber and
simulate various atmospheric scenarios [37-39]. Conversely, oxidation
flow reactors, OFR, are designed to generate highly oxidative environ-
ments, significantly expediting chemical processes that typically occur
over several days in the atmosphere to mere minutes within laboratory
or field settings [40]. Using an oxidation flow reactor instead of a large
environmental chamber provides multiple advantages: shorter residence
time, reduced wall losses, higher oxidation rate, and enhanced porta-
bility. Because of the reduced residence time, it is also possible to
measure SOA formation of a changing emission source in real time
[33,41,42].

In atmospheric chemistry research, OFR185 and OFR254 modes, i.e.,
OFR utilizing 185 nm and 254 nm photolysis lamps respectively,
represent fundamental operational configurations widely employed for
accelerated experimentation [43]. OFR254 mode employs filtered low-
pressure mercury lamps to emit 254 nm light, facilitating the photol-
ysis of externally supplied O3 within the reactor to generate OH radicals.
Conversely, in OFR185 mode, the low-pressure mercury lamps emit
unfiltered 185 nm light capable of photolyzing H20 molecules to pro-
duce OH radicals, and converting O to O(3P), eliminating the necessity
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for externally supplied Og [33].

In this study, an OFR254 was utilized to investigate the formation of
SOA from the oxidation of the products of incomplete combustion of
ethylene in a fuel-rich laminar premixed ethylene-air flame. Ethylene
was selected since this is a key intermediate in the combustion of hy-
drocarbon and its combustion behavior is thus representative of more
complex hydrocarbon fuels used in combustion processes. Studying
ethylene under fuel-rich conditions allows for the investigation of non-
ideal combustion systems, such as those encountered in real-world
combustion devices like on-road and off-road vehicles, industrial fur-
naces, residential heating appliances, and power plants. Indeed, also in
clean combustion systems, local non-ideality occurs resulting in a
complex ensemble of unwanted volatile and semi-volatile compounds,
and particles with a broad range of size distribution ranging from a few
nanometers to microns. The use of a laminar premixed flame reactor
allows to selectively simulate the formation of single classes of these
compounds typically found at the exhaust of real systems by the proper
choice of the flame parameters such as temperature and fuel/oxidant
composition and reaction time. Indeed, in this flame, the height above
the burner is representative of the reaction time thus flame products
sampled at different points in the flame are representative of different
stages of formation and growth.

The products of incomplete combustion, including NOx, VOC, mono-
and polycyclic aromatic hydrocarbon (PAH) compounds, and soot
nanoparticles, were collected at different residence times in the flame
and convoyed to an oxidation flow reactor which simulates the condi-
tions that combustion exhausts find in the atmosphere. A scanning
mobility particle sizer (SMPS) and a high-resolution — time of flight —
aerosol mass spectrometer (HR-ToF-AMS) were also used to follow the
evolution of the particles’ size distributions (PSD), the nucleation of new
particles and chemical composition variations of the combustion prod-
ucts in an environment which mimics the atmospheric transformation.

2. Experimental procedure
2.1. Combustion system/apparatus

An atmospheric pressure laminar premixed ethylene-air flame,
operating under fuel-rich conditions, was used to produce products of
incomplete combustion. The flame was stabilized on a water-cooled
sintered steel McKenna burner with a diameter of 6 cm. The cold gas
velocity was set at 9.8 cm/s, and the carbon to oxygen (C/O) atomic
ratio at 0.67 (equivalence ratio, ¢ = 2.01).

For all the investigations, the combustion products were extracted
from the flame centerline through a tubular dilution probe, as described
in previous studies [44-46]. The combustion products were collected at
different heights above the burner (H), representing different residence
times in flame. In this work, the H was fixed at 8, 10, and 14 mm, rep-
resenting three different regions of the soot formation process, particle
nucleation (H = 8 mm), early particle growth (H = 10 mm), and particle
maturation/carbonization (H = 14 mm), respectively [47].

2.2. Oxidation flow reactor

A detailed representation of the experimental set-up is represented in
Fig. 1. The sampled gaseous flame products and particles were convoyed
to an oxidation flow reactor developed by Dekati® (DOFR™) where an
oxidation process is performed via ozone-generated OH radicals [33]
(see Supplemental Material for a more detailed description).

Different amounts of ozone and water molecules allow mimicking
different residence times in the atmosphere, thus following the aerosol
aging time from a few hours up to a few days. Some details about the
correlation between ozone concentration and atmospheric aging times
are reported in the supplementary material. At the exit of DOFR™ the
generated aerosol particles are analyzed through online and offline
measurements by SMPS and HR-ToF-AMS, respectively.
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Fig. 1. Experimental set-up.

2.3. On-line and off-line measurements: SMPS and HR-ToF-AMS

Particle size distributions (PSDs) were measured online by an SMPS
system positioned at the exit of the DOFR™. To collect flame products, a
turbulent flow tubular dilution probe, positioned horizontally to the
flame was used; the probe consists of a tube with a 1 cm outer diameter
with an orifice (ID = 0.2 mm, thickness = 0.5 mm) for sampling; it uses
N, as diluent ensuring a dilution ratio, DR, of 1 : 3 @ 10% [44-46]. Such a
sampling procedure was adopted to prevent particle coagulation and to
quench chemical reactions, thus avoiding particle mass growth within
the sampling line. The aerosol flow containing particles and unburned
species is then sent to an Advanced Aerosol Soft X-ray Neutralizer,
model TSI 3088. This process aimed to achieve Fuchs’ stable charge
distribution [48]; subsequently, the particles and unburned species are
selected with a cylindrical electrostatic classifier by differential mobility
analysis (DMA), model TSI 3085 and counted by a Condensation Parti-
cles Counter (CPC), model TSI 3776. TSI aerosol instrument manager
software (AIM) was used to determine the particle size distribution
function. Furthermore, the Multi-instrument manager software accounts
for the particle losses inside the instrument by diffusion to the walls and
applies correction for multiple charges. In a post-processing analysis, a
total sampling efficiency was calculated and applied to the data [49].

Flame products’ composition was analyzed offline by a HR-ToF-AMS
(from Aerodyne Research. Inc. ARI). To this aim, samples were collected
in 5L Tedlar® PLV Gas Sampling bags, which are usually employed for
sampling of gas and are also suitable to collect emissions from com-
bustion chamber [50]. HR-ToF-AMS is equipped with a PM, s aero-
dynamic lens which enables particles of about 100 nm [51] to be
detected with a great efficiency. Therefore, it was necessary to allow the
coagulation of particles to enable their detection by the HR-ToF-AMS.
This was achieved using a probe with a larger orifice diameter than
that used for SMPS measurements, i.e., 2.5 mm instead of 0.2 mm. The
dilution ratio obtained with this probe was DR = 1:21, high enough to
quench flame reactions and reduce chemical modification of the
collected material, but low enough to allow particle coagulation. The
relative cumulative size distributions are reported in Fig. S2.

Particles collected in the Tedlar® sampling bags were analyzed by an
HR-ToF-AMS, enabling fully molecular-resolved online quantification of
organic aerosol [52]. Aerosol particles are sampled from the bag through
the PMy 5 aerodynamic lenses and focused into a narrow beam that
impacts a resistively heated (ca. 600 °C) capture vaporizer, where the
non-refractory particle species are vaporized. The resulting vapors are
then ionized by a 70-eV electron beam and convoyed into the mass
spectrometer for analysis. In addition, HR-ToF-AMS is also equipped
with the Soot Particle AMS (SP-AMS) for detecting refractory particle

species such as Black Carbon and metals. A detailed description of the
HR-ToF-AMS, SP-AMS, and the operating conditions is reported in the
supplemental material.

The acquired data were analyzed with the ToF-AMS analysis toolkit
Squirrel 1.65/PIKA 1.25 version provided by Aerodyne Research Inc.
Details of the software’s analysis are described in DeCarlo et al. [53].
The acquisition of the data through the AMS allows to evaluate Unit
Mass Resolution (UMR) spectra up to a chosen m/z (fixed at 1100 in this
study) and simultaneously analyse the signals between 12 and 120 m/z
with a mass resolving power up to 2500 (high-resolution region). A
comprehensive elucidation of the data processing and the derived
informational content from the HR-ToF-AMS can be located within the
corresponding section of the supplementary materials. In this study, a
detailed analysis of the main chemical compounds present in samples
was performed; a tracers investigation as indicators of POA and SOA, the
triangular plot, and the Van Krevelen diagram to study the evolution of
aerosols within the oxidation processes, are reported.

3. Results and discussion
3.1. Particle size distributions

The PSDs measured at the three flame sampling locations are re-
ported in Fig. 2. The plot reports the PSDs measured at the exhaust of the
DOFR™ with and without the ozone addition, 0 ppm and 5 ppm
respectively. Information about the aging time corresponding to 5 ppm
of O3 are reported in Fig. S1 in the supplementary material.

At 8 mm, Fig. 2.a, the particles produced in the flame are smaller
than 10 nm and the size distribution is unimodal. The activation of
photo-oxidation reactions by ozone induces the formation of new and
larger particles and PSD presents two additional modes centered at
about 8 nm and 30 nm respectively. A similar behavior is observed at 10
mm, a slight increase in the particle mode centered at about 8 nm, and
the formation of the new mode of particles larger than 15 nm, Fig. 2.b.
At 14 mm, Fig. 2.c, another effect is highlighted: an additional mode
with particles of intermediate size equal to 6 nm is observed when
photo-oxidation is induced. The effect is highlighted in Fig. 3 where the
PSDs of the particles after 2 days of aging ([O3] = 5 ppm) due to the
photo-oxidation of incomplete combustion products at different resi-
dence times, are reported.

This new particle mode is observed particularly at 14 mm and could
be attributed to soot particle oxidation-induced fragmentation [54,55].
The chemical characterization of this particle mode could help in un-
derstanding the origin.
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Fig. 2. Particle size distribution (PSD) at different flame conditions: a) H = 8
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3.2. Unit mass resolution (UMR) AMS profiles

The mass spectra of the incomplete combustion products collected at
8, 10, and 14 mm above the flame have been analyzed by HR-ToF-AMS.
Fig. 4 reports the mass spectra of 0 and 5 ppm of ozone concentration for
the three Hs, in the 100-1100 m/z range. The upper diagrams report the
oxidized conditions (5 ppm), and the lower plots describe the no-
oxidized conditions (0 ppm).

The reported spectra are relative to the entire exhausted compounds,
including gases and particulate matter. Molecular masses span over the
entire investigated range, with the most intense peaks falling in the
100-600 m/z range. Several PAHs of moderate size (about the size of
coronene to ovalene) are present and even a series of peaks attributed to
pure carbon species (Cy), i.e., fullerenes structures, in the 14 mm sample
mass spectrum are noticed. This outcome aligns with the results reported
by Sabbah et al. [47] in a comparable flame operating sooting condition,
where two-step laser desorption ionization mass spectrometry (LDI MS)
was employed as the mass spectroscopic technique.

A preliminary analysis of the spectra highlights that, by photo-
oxidation of the samples, most of the PAH peaks disappear. Indeed, a
reduction of the peaks is observed in the m/z range from 300 to 500 for
the three Hs equal to 8, 10, and 14 mm, indicating that these species
participate in oxidative processes. Furthermore, particularly at the
highest H, a reduction is also observed for the peaks registered in the m/z
range 700-1000. Simultaneously, there is a notable increase in the
overall signal detected in the oxidizing conditions, indicating the po-
tential nucleation of new particles. In particular, for H = 8, 10, and 14
mm, under oxidized conditions, we observe an increase in the total ion
signal of 12 %, 17 %, and 18 %, respectively.

3.3. High-resolution (HR) AMS profiles

The effects of photo-oxidation can be better explained by studying
the organic spectra in the lower mass region which has a higher mass
resolution [21,53,56]. Electron impact at 70-eV is a very fast, sensitive
but also harsh ionization technique that results in fragmentation of the
input species [57]. Within the mass region of 12-120 m/z, approxi-
mately 82 to 90 percent of the signals in each sample falls, enabling a
more precise examination of the elemental composition of the aerosol.

The high-resolution mass spectra (HR-MS) in Fig. 5 followed a fitting
procedure performed by PIKA software, resulting in a peak separation by
fragment ions with a mass resolving power up to 2500 in the m/z range
of 12-120 [53]. These fitted ions have been grouped according to the
molecular composition in seven families: Cy, CH, CHO1, CHOgp;, CHN,
CHO;N, and CHOg;N (where Og; stands for number of oxygen atoms
greater than one). We have chosen these families in the HR analysis
according to the chemical composition of the species present in the
flame-formed aerosols where we expect purely carbon, hydrogen, oxy-
gen, and nitrogen atoms. This family subdivision provides insights into
the composition of the aerosol before and after the effects of photo-
oxidation. It is crucial to highlight that, to obtain a clearer analysis of
the organic fractions, we deliberately excluded the CoHj ion from the
fitting process because the ion Co,H} has a mass-to-charge ratio close to
that of N3 (28.03130 vs. 28.00615) and the software is unable to provide
an accurate evaluation of these two species.

In Fig. 5 pie charts are also reported, indicating the percentage
contribution of each family. The CHON and CHOg;N families have
minor contributions in all the displayed spectra. The combined sum of
CHON and CHOgN is less than 5 % for both unoxidized and oxidized
samples. As expected, the CH family consistently represents the largest
contribution. Increasing the height above the burner, the CH fraction
tends to increase because, as the concentration of ethylene (not included
in the ion fitting procedure) decreases, the other species in the family
become more predominant. The contribution of the Cx family also fol-
lows the increasing pattern along H observed above in the spectra at
wider m/z ranges. This trend was also reported in the study performed
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by Sabbah et al [47]. The effects of photo-oxidation are noticeable since It also appears that under shorter residence times in flames, species
the oxygenated CHO and CHOyg; families exhibit an increased contri- with a higher tendency to react within the oxidation chamber are
bution following the oxidation process. generated, resulting in a higher concentration of oxygenated
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compounds. Indeed, at H = 8 mm, the CO3 ion related to the m/z 44
exhibits the highest proportion of oxidized hydrocarbons, representing
the largest peak at 17.5 % of the HR-MS. In addition, the peak at m/z 43
also shows the effects of photo-oxidation due to the presence of the
CoH;0™ fragment.

The effect of photooxidation becomes even more evident in the plots
presented in Fig. 6, where differences in the signals of high-resolution
ions between SOA ([O3] = 5 ppm) and POA ([O3] = 0 ppm) are depic-
ted. Negative signals correspond to species, for each specific m/z, that
contribute more to the POA; conversely, positive signals correspond to
species that contribute more to the SOA. Therefore, for each family, it is
possible to identify the components that contribute to the specific m/z
signal. Significant variations are observed, particularly within the
CHOgq; and CH families, enabling us to hypothesize which class of
species are more prominently involved in oxidative processes and
consider them tracers of the phenomena.

A detailed analysis of the tracers shows that among the CHO and
CHOgy; families, represented in Fig. 6 by purple and magenta columns
respectively, the following m/z ratios, 43, 44, 45, 46, and 47 show the
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strongest increase after the oxidation process. The increment can be
noticed for all the flame heights. These m/z values are associated, by the
HR analysis, with specific fragments: CoH30" (43.01839 m/z), CO3
(43.98938 m/z), CHO3 (44.99760 m/z), CH,03 (46.00548 m/z) and
CH303 (47.01330 m/z). Furthermore, among the CH family, repre-
sented in Fig. 6 by green columns, the strongest decrement is observed
for the following m/z: 43, 55, 57, 69, 71, 83, 85. As for the previous case,
the same trend is noticed for each height. Again, the HR analysis allows
to associate these m/z to the specific fragment contribution: C3H7
(43.05470 m/z), C4H7 (55.05030 m/z), C4H§ (57.07043 m/z), CsHY
(69. 07043 m/z), CsH{1 (71.08606 m/z), CeH{; (83.08606 m/z), CeHi3
(85.10172 m/z). Coherently with the literature analysis, an increment of
the oxidized species and a decrease in the hydrocarbon-like structures
are registered due to the application of photo-oxidation [20,58,59]. In
this sense, a more detailed analysis is presented in the following para-
graph, where an investigation of specific tracers of the photo-oxidation
process is performed.

3.4. Characteristics of tracers in HR-ToF-AMS

Tracers can be a useful tool for the mass spectra interpretation.
Following the analysis described in the supplemental material, AMS data
processing section, the trends of various m/z ratios related to literature-
known tracers are proposed. All the m/z ratios associated with carbo-
naceous compounds that have been investigated are reported in the
tables below: Table 1 and Table 2, which summarize the HOA and OOA,
respectively. All the values are referred to the organic fraction normal-
ized reported in Fig. 5. All the conditions, in terms of height above the
burner and ozone concentration, have been considered for the com-
parison. Next to the m/z values, the most probable chemical species [53]
is highlighted in the second column of the two tables. Regarding the
HOA tracers, a notable decrease from the non-oxidated to oxidated
conditions is observed for the following mass-to-charge ratios: 57, 67,
69, 71, 81, 83, 85, 95, and 97 m/z. Zhang et al. [20] associated these
mass-to-charge values to hydrocarbon-like species, in the generic form
of CH. By increasing the photo-oxidation processes, their signals tend to
decrease for each H [20].

In Fig. 7, the histogram plots reporting the relative abundance of the
m/z equal to 15, 44, 85, and 97 for the various analyzed conditions are
shown. The trends of two representative m/z ratios for the HOA (hence
for POA) are reported in Fig. 7.a and 7.b, corresponding to m/z 85 and
97; these two signals were chosen because, among the various m/z ra-
tios, their decrement is more pronounced. Zhang et al. [20] associated
these values to CgHis and C;H{3, respectively. These hydrocarbon-like
structures with a considerable carbon chain tend to suffer oxidative
conditions. Therefore, for each H, the signals associated with these
hydrocarbon-like molecules decrease in the oxidized case. The same
analysis was performed for the OOA tracers. The OOA tracers, used as
SOA indicators exhibit specific m/z, including 15, 17, 18, 31, 44, 45, 53.
For these m/z ratios, and each H, an increase is observed when moving
from non-oxidized to oxidized conditions. As an example, two signals
are reported, m/z 15 and 44 in Fig. 7.c and Fig. 7.d, respectively. The
first signal, m/z equal to 15, is commonly associated with the presence of
methyl radical, CH$ [60]. This radical can be produced by the frag-
mentation of aromatic-like structures which could be more and more
affected by the increased oxidative conditions [20,58]. On the other
hand, the m/z 44 is associated with the CO3 ion presence, generally
considered a marker of a sample’s oxidation level [21]. As for m/z 15, an
increase for each height above the burner is registered.

3.5. Triangular plot and Van Krevelen diagrams

In Fig. 8, the so-called “triangular plot”, i.e., the results of the f43 vs.
f44 analysis, is reported. The fractions f43 and f44 represent the ratio of
m/z 43 and m/z 44 to the total organic signal, respectively. The m/z 43
serves as an indicator of saturated carbonyl groups, although it can also
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Table 1
Mass-to-charge ratios of the main HOA tracers reported as organic fraction normalized signals.
HOA m/z Fragment H =8 mm H =10 mm H=14mm
0 ppm 5 ppm 0 ppm 5 ppm 0 ppm 5 ppm
57 C4Hg 0.0572 0.0329 0.0621 0.0354 0.0658 0.0397
67 CsH7 0.0178 0.0129 0.0181 0.0156 0.0195 0.0173
69 CsHg 0.0345 0.0219 0.0374 0.0234 0.0394 0.0270
71 CsHiy 0.0280 0.0163 0.0333 0.0170 0.0345 0.0186
81 CeHs 0.0189 0.0123 0.0195 0.0130 0.0209 0.0153
83 CeHi1 0.0215 0.0140 0.0241 0.0143 0.0251 0.0154
85 CeHis 0.0142 0.0079 0.0177 0.0082 0.0201 0.0100
95 C/Hi, 0.0158 0.0087 0.0174 0.0098 0.0184 0.0122
97 C,H{3 0.0163 0.0076 0.0178 0.0085 0.0193 0.0099
Table 2
Mass-to-charge ratios of the main OOA tracers reported as organic fraction normalized signals.
OOA m/z Fragment H =8 mm H =10 mm H =14 mm
0 ppm 5 ppm 0 ppm 5 ppm 0 ppm 5 ppm
15 CHY 0.0075 0.0145 0.0129 0.0157 0.0073 0.0115
31 CH30™" 0.0035 0.0104 0.0051 0.0095 0.0027 0.0073
44 CO3 0.0179 0.0279 0.0141 0.0281 0.0120 0.0249
45 CO,H™ 0.0060 0.0096 0.0041 0.0088 0.0023 0.0089
53 C3HO™ 0.0065 0.0106 0.0063 0.0099 0.0064 0.0098
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Fig. 7. Relative abundance of different m/z ratios at different flame heights at 0 ppm and 5 ppm. For HOA: a) m/z equal to 85; b) m/z 97. For OOA tracers: ¢) m/z 15;

d) m/z 44.

originate from other types of species. The m/z 44 is attributed to the CO3
signal due to the thermal decarboxylation of oxo-, di-, and poly-
carboxylic acids [57,61,62]. The red and blue dashed lines, reported in
the plot, delimit the triangular region where atmospheric samples of
SOA components generally fall [63]. A detailed description of the
triangular plot is reported in supplemental material.

Under non-oxidation conditions, a rise in flame residence time leads
to observable trends: a decrease in f44 and an increase in f43. These
trends are in alignment with the data presented in the pie chart of Fig. 5.

Therefore, higher flame residence time impacts on an increase in the
fraction of hydrocarbon species. In an oxidation environment, a similar
trend is observed, but with higher values for the f44. This result in-
dicates the occurrence of an oxidation process, resulting in the genera-
tion of organic oxygenated carboxylic species. The f43 of samples
subject to oxidation environment remains relatively constant when
compared to the [O3] = 0 ppm condition. This suggests that the photo-
oxidation process promotes the formation of oxygenated compounds
while simultaneously reducing hydrocarbon-like species. This



F. Sasso et al.

0.30 e H8[O3]=0ppm e H10[O3]=0ppm e H14 [O3]=0ppm

1 \\ N © H8[O3]=5ppm o H10 [O3]=5ppm o H14 [O3]=5ppm
02544 » HOA ambient [21,63] @ OOA ambient [21, 63]

\\ N .
\ N
\ N
0.20 4 ‘\ AN
\ N
\ N
\ N
< 0154 \ AN
E \\ h AN
\ a N
0.10 \ hN
. -1 , o N
] %@ \ o AN
\
v a N N
0.054 @% .\\n a . S
\ N

1 i\ . N N

0.00 = T - — r I .
0.05 0.10 0.15 0.20
f43

Fig. 8. Triangular plots showing both ozone concentrations, i.e., 0 and 5 ppm.
In the diagram, the HOA and the OOA ambient data provided by Ng et al.
[21,63] are also reported. The grey full squares represent the HOA components,
while the green empty squares represent the oxygenated OOA components.

observation aligns with the findings in Fig. 5, as detailed in Section 3.3
of the study. Notably, it is worth mentioning that in both cases, the data
points fall outside the defined triangular zone. The results presented in
Fig. 8 were compared with literature data [21,63], in which the organic
aerosol components were determined through a multivariate factor
analysis of datasets in the UMR of the Northern Hemisphere. The
oxidized products of our study appear consistent with the environmental
OOA reference data. Indeed, under unoxidized conditions, our samples
show a lower f44 value than the corresponding oxidized samples, which
is consistent with the f44 values of reference HOA and OOA reported by
Ng et al. [21]. Nevertheless, our data exhibit a slightly lower f43 value as
compared to the reference data. Since f43 represents the organic fraction
of the m/z 43 ion over the total organic, this UMR analysis fails to
perfectly discern the contribution of hydrocarbons from oxygenates.
Indeed, the f43 can be attributed either to oxygenated species or hy-
drocarbon ones. Therefore, in the following paragraph, the high-
resolution analysis is also described.

Based on the high-resolution ToF-AMS data it was possible to plot the
Van Krevelen diagrams that show the H:C vs O:C. In the plot, shown in
Fig. 9, further information can be extracted to better characterize the
chemical composition of the aerosol. The straight black lines separate
different regions in which the main oxygenated functional groups are
located. The lines are labeled as “m”, where “m” corresponds to the
angular coefficient, hence the slope, of each line. The slopesm =0, 1, 2
stand for alcohol/peroxides, carboxylic acids, and ketone/aldehydes
functional groups, respectively. Different carbon oxidation states are
represented on the plot by the positive-slope grey dashed lines. Gener-
ally, the oxidation state (OS) of an atom is defined as its formal charge
assigned, assuming the atom loses its valence electrons to the most
electronegative element when a molecule is formed. The OS will
necessarily increase in oxidizing environments, such as the Earth’s at-
mosphere [64]. The equation used to calculate the OS is reported in the
supplemental material. The area bordered by the blue and red dashed
lines, representing the lower and upper limit of the region respectively,
is correlated to the triangular region present in the f43 vs f44 plot. As for
the triangular plot, atmospheric samples of OA components generally
fall inside the area. Further information about this correlation is re-
ported in the supplemental material. The analysis of these plots con-
tributes to better identifying the chemical species formed during the
photo-oxidation of the samples. As for the pie charts reported in the
3.3 paragraph, the CoHj ion was not included in the fitting procedure.
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Fig. 9. Van Krevelen plots reporting both 0 and 5 ppm ozone concentration the
H:C and O:C data of the ambient components provided by Canagaratna et al.
[68] are also reported. The grey full squares represent the hydrocarbon-like
organic aerosol (HOA) components, while the grey empty squares represent
the semi-volatile oxygenated organic aerosol (SV-OOA) components. The
straight black lines, labeled as “m”, separate different regions in which the main
oxygenated functional groups are located. Different OSs are represented on the
plot by the positive-slope grey dashed lines. The blue and red dashed lines
indicate the lower and the upper limits of the region where atmospheric sam-
ples of SOA generally fall.

Fig. 9 reports Van Krevelen plots for the three-residence time in
flame with an [O3] equal to 0 and 5 ppm.

The oxidative environment produces a visible increase in the O:C
ratio across all the experimental conditions and a reduction in the H:C
ratio, congruent with our previous findings during the analysis of
organic fractions. Furthermore, OOA compounds are observed to form
within oxidative conditions. In addition, it is remarkable that in this
more sensible analysis, the OOA data fall in the triangular region.

The OS of the compounds undergoes an increment, approximating
from an average value of —1.5 to an average value of —0.85, attributable
to the presence of more oxygenated species. The rise in organic aerosol
(OA) secondary formation was likely attributed to heterogeneous
oxidation processes. The observed alterations align closely with previ-
ous findings regarding aromatic precursors and with observations of OA
transformations under photochemical conditions [21,65]. The results
presented in Fig. 9 were compared with the main literature data avail-
able in the HR-AMS spectral database [66,67]. Specifically, the H:C and
0:C data of the ambient components (HOA and OOA) were provided in
Table S1 by Canagaratna et al. [68]; here are reported the studies
[69-81]. The robustness of our study’s findings is reinforced by the
alignment observed between our data and those reported in the litera-
ture, both for the unoxidized conditions, in line with the HOA data, and
for the oxidized conditions in line with the OOA data, as evidenced by
the comparison in Fig. 9. This result means that, even by a laboratory
experimental setup, secondary aerosol species are obtained with
chemical characteristics closely resembling those found in the ambient.
This, in turn, lays the way for future and more comprehensive in-
vestigations into primary and secondary aerosol formation by using
laboratory flame aerosol generators combined with oxidation flow
reactors.

4. Conclusions
In this study, a detailed investigation of the SOA formation simu-

lating an aging period of approximately 2 days is proposed. To perform
this study, the characterization of the vapors and soot particles produced
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by a combustion system, i.e. an ethylene-air flame, was performed
through particle size distribution functions and mass spectra analysis.

The PSD analysis highlighted the formation of new and larger par-
ticles as a consequence of the photo-oxidation process. At high residence
time in flame (H = 14 mm) an additional mode with particles of inter-
mediate size equal to 6 nm is registered when the photo-oxidation is
induced.

The mass spectrometry investigation unveiled significant changes in
SOA with respect to POA, marked by a reduction and, in some cases, the
disappearance of specific peaks. Since almost all signals fall in the
10-120 m/z range, a high-resolution analysis was required. Our findings
show that CH-like hydrocarbon species have the most significant influ-
ence on POA. Further POA-oriented analysis reveals that also a small
fraction of CHOg; and CHO is present. The outcomes highlight a con-
spicuous increase in the presence of oxygenated carbon compounds
significantly contributing to the formation of SOA. Thereby, CH con-
tributions are reduced. The Cy species, associated with fullerenes gen-
eration, show an increasing contribution following the residence time in
flame but with no crucial variation in the oxidized condition.
Conversely, the contribution of nitrogen species, while present,
remained relatively contained. Investigations based on triangular plots
and the Van Krevelen diagrams allow us to validate the observed
oxidation trends. However, in this laboratory study it emerges that
triangular plots are not the most suitable tool for evaluating oxidative
trends. Van Krevelen diagrams, performed through high resolution
mode better discern the contribution of oxygenated and hydrocarbon
species. This analysis suggests that a promotion in the oxygenated
compounds formation happens by photo-oxidation simultaneously with
a reduction of the hydrocarbon-like species. The trends agree with the
formation of oxidized species, particularly carboxylic acids. Therefore,
the data analysed in this study could represent a starting point for the
evaluation of SOA generation and characterization by using laboratory
flame aerosol generators combined with oxidation flow reactors, with
the possibility of being implemented also in atmospheric studies.
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