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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Activation of soot particles obtained 
from the combustion of kerosene is 
evaluated. 

• The interplay of aging mechanisms (O3 
and SO2) enhances soot particles 
activation. 

• Aged soot particles show comparable 
activity to highly hygroscopic particle. 

• Chemical composition and hygroscopic 
properties of aged particles are 
correlated.  
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A B S T R A C T   

Soot particles released in the atmosphere have long been investigated for their ability to affect the radiative 
forcing. Although freshly emitted soot particles are generally considered to yield only positive contributions to 
the radiative forcing, atmospheric aging can activate them into efficient cloud condensation or ice nuclei, which 
can trigger the formation of persistent clouds and ultimately provide a negative contribution to the radiative 
forcing. Depending on their residence time in the atmosphere, soot particles can undergo several physical and 
chemical aging processes that affect their chemical composition, particle size distribution and morphology, and 
ultimately their optical and hygroscopic properties. The impact of the physical-chemical aging on the properties 
of soot particles is still difficult to quantify, as well as their effect on the radiative forcing of the atmosphere. 

This work investigates the hygroscopic properties of chemically aged soot particles obtained from the com-
bustion of aviation fuel, and in particular the interplay between aging mechanisms initiated by two widespread 
atmospheric oxidizers (O3 and SO2). Activation is measured in water supersaturation conditions using a cloud 
condensation nuclei counter. Once particle morphology and size distribution are taken into account, the hy-
groscopicity parameter κ is derived using κ-Köhler theory and correlated to the change of the chemical 
composition of the particles aged in a simulation chamber. While fresh soot particles are poor cloud condensation 
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nuclei (κ < 10− 4) and are not significantly affected by either O3 or SO2 at the timescale of the experiments, rapid 
activation is observed when they are simultaneously exposed to both oxidizers. Activated particles become 
efficient cloud condensation nuclei, comparable to the highly hygroscopic particulate matter typically found in 
the atmosphere (κ = 0.2–0.6 at RH = 20 %). Statistical analysis reveals a correlation between the activation and 
sulfur-containing ions detected on the chemically aged particles that are absent from the fresh particles.   

1. Introduction 

Soot particles formed from the incomplete combustion of hydrocar-
bons have a significant effect on the climate when emitted in the at-
mosphere as they strongly absorb shortwave radiation, which results in 
a positive contribution to the radiative forcing (Bellouin et al., 2020; 
Bond and Bergstrom, 2006). In addition, depending on their initial size 
distribution, soot particles can persist in the troposphere for hundreds of 
hours (Q. Wang et al., 2014; X. Wang et al., 2014). This period is suf-
ficiently long for atmospheric aging processes to modify the physico-
chemical properties of the freshly emitted soot particles (Moteki, 2023), 
in particular their hygroscopicity, transforming them into cloud 
condensation nuclei (CCN) (He et al., 2016; Zhang et al., 2008) or ice 
nuclei (IN) (Mahrt et al., 2018) when transported in the upper tropo-
sphere. CCN and IN can trigger the formation of persistent clouds, 
resulting in a net negative contribution to the radiative forcing. The best 
estimation of the effective radiative forcing is currently 0.11 [− 0.20 to 
0.42] W m− 2(Szopa et al., 2021). This wide uncertainty (in magnitude 
and sign) is related to the physical and chemical transformations of soot 
particles in the atmosphere (i.e. aging, mixing) and their interactions 
with clouds (i.e. contrails (Kärcher, 2018), biomass burning (Mallet 
et al., 2020)) and the cryosphere (Hansen and Nazarenko, 2004), a set of 
processes that are quite difficult to quantify (Lohmann et al., 2020). 

Freshly emitted soot particles are fractal-like aggregates containing 
up to hundreds of roughly spherical primary particles mainly composed 
of carbon and hydrogen, with chemical and physical properties highly 
dependent on the combustion conditions (D'Anna, 2009; Wang, 2011; 
Martin et al., 2022). Once emitted in the atmosphere, soot particles may 
undergo several aging processes that have been widely investigated both 
in the laboratory and in real atmospheric conditions such as photo-
chemical and heterogeneous oxidation or adsorption/deposition of gas- 
phase species (Grimonprez et al., 2018; Gross and Bertram, 2008; 
Guilloteau et al., 2010; Han et al., 2012; Lambe et al., 2015; Lelievre 
et al., 2004; Li et al., 2017; Liu et al., 2010; Peng et al., 2017, 2016; 
Tritscher et al., 2011). Freshly emitted soot particles have long been 
known to be poor CCN (Grimonprez et al., 2018; Hagen et al., 1989; 
Weingartner et al., 1997; Popovicheva et al., 2008). However, atmo-
spheric aging can significantly impact their chemical composition and 
therefore deeply affect their hygroscopic properties. Extensive labora-
tory studies under controlled laboratory conditions have demonstrated 
that fresh soot particles can be turned into efficient CCN by photo-
chemical aging (Li et al., 2022, 2018), or alternatively by chemical aging 
with OH and NO3 radicals or O3 under atmospherically relevant con-
ditions (Friebel et al., 2019; Friebel and Mensah, 2019; Grimonprez 
et al., 2018; Lambe et al., 2015; Tritscher et al., 2011; Wittbom et al., 
2014). These results are also confirmed by field measurements showing 
that soot particles can undergo changes of morphology, chemical 
composition and optical properties during aging (Bhandari et al., 2019; 
Peng et al., 2017; Zhang et al., 2008). 

Among these research works, some have focused on the hygroscop-
icity of soot particles directly emitted in the upper troposphere by 
aircraft engines to evaluate their role in contrails formation (Kärcher, 
2018; Khou et al., 2017; Petzold et al., 2005; Schumann et al., 2017). 
Contrails, which can evolve into persistent clouds, give a small but 
positive contribution to the radiative forcing that is becoming more and 
more important as the volume of air traffic increases (Klöwer et al., 
2021). Even if there is no clear consensus in the previously cited liter-
ature, contrails formation is often explained by rapid activation 

following the formation or deposition at the surface of soot particles of 
sulfates (SO4

2− ). Alternatively, exposure of soot particles to OH radicals 
has also been shown to significantly enhance activation (Lambe et al., 
2015). Therefore, soot particles oxidized by OH radicals, which are 
present at high concentration in aircraft turbines, have been suggested 
to be an important source of CCN in aircraft exhausts (Grimonprez et al., 
2021). 

The reaction HO + SO2 (+ O2, H2O) → H2SO4 + HO2 has been long 
known to dominate in the gas phase under tropospheric conditions 
(Stockwell and Calvert, 1983). The resulting sulfates (H2SO4 + 2H2O → 
HSO4

− + H3O+ + H2O ⇄ SO4
2− + 2H3O+) can participate to heteroge-

neous processes (for instance, deposit onto existing aerosol particles) or, 
if present in sufficiently high concentration, to the homogeneous 
nucleation of ultrafine particles (Sipilä et al., 2010). The presence of 
ammonia (Kirkby et al., 2011) or oxidized biogenic organic compounds 
(Riccobono et al., 2014) stabilizes SO4

2− and their clusters. Formation of 
SO4

2− may also result from the reaction of SO2 with stabilized Criegee 
intermediate resulting from the ozonolysis of unsaturated organics 
(Berndt et al., 2012). On the other hand, laboratory measurements 
support the idea that multiphase chemistry on the surface of solid or 
aqueous particles also play an important role on the conversion of SO2 
during formation of SO4

2− (Cheng et al., 2016; Liu et al., 2021; Ma et al., 
2023; Quan et al., 2015). 

Experiments performed on carbonaceous materials in controlled 
laboratory conditions are, however, sparse. The heterogeneous oxida-
tion of SO2 has been investigated by diffuse reflectance infrared Fourier 
transform spectroscopy (Xu et al., 2015). The authors observed that the 
rate of formation of SO4

2− largely increases when black carbon preven-
tively aged with O3 is exposed to SO2. Oxidation of SO2 has also been 
studied on the surface of soot using attenuated total internal reflection 
infrared spectroscopy (Zhao et al., 2017) that allows following in real 
time the formation of SO4

2− . This result is supported by calculations of 
the energy profiles of the reactions pathways that show a catalytic effect 
of soot on the oxidation of SO2 by O2 (He et al., 2018; He and He, 2020). 
However, to the best of our knowledge, no experimental study investi-
gated the interplay of these mechanisms that could initiate activation of 
soot particles. 

The present work focuses on investigating the changes of the hy-
groscopic properties of soot particles obtained from the combustion of 
aviation fuel (Jet A-1 kerosene) chemically aged with two widespread 
atmospheric oxidizers (O3 and SO2). The experiments have been 
designed to minimize the role of the gas-phase chemistry and to focus on 
the heterogeneous processes occurring on the soot particles. The soot 
activation is measured in water supersaturation conditions using a water 
droplets counter and the hygroscopicity parameter κ is calculated 
following the approach that we recently proposed (Wu et al., 2020). To 
describe the size-dependent particle activation process, this approach 
uses the particle volume equivalent diameter dve that is calculated from 
the mobility diameter corrected by the morphology descriptors of the 
soot aggregates, which are measured with a scanning mobility particle 
sizer (SMPS) and transmission electron microscopy (TEM), respectively. 
Finally, the ex situ analysis of the chemical composition of the soot 
particles performed by time of flight secondary ion mass spectrometry 
(ToF-SIMS) reveals a correlation between the increasing κ and the 
presence of several sulfur-containing ions in the aged particles that are 
absent from the fresh particles. 

J. Wu et al.                                                                                                                                                                                                                                      
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2. Methods 

A detailed description of the experimental protocol adopted for the 
soot aging experiments is reported in our previous work (Grimonprez 
et al., 2021; Wu et al., 2020), and only relevant changes and improve-
ments are detailed herein. Briefly, soot particles are sampled from a 
reference laboratory flame and size selected (Section 2.1). The mono-
disperse fresh soot particles are injected into the CESAM atmospheric 
simulation chamber at ambient temperature and pressure where they 
are chemically aged with O3 and SO2 (Section 2.2). The activated frac-
tion against water supersaturation, from which κ is derived, is measured 
on-line (Section 2.3). At the end of each experiment, samples are 
extracted and deposited on suitable substrates for morphological (Sec-
tion 2.4) and chemical (Section 2.5) analyses. 

As shown in Table 1, four series of experiments are performed under 
different conditions. First, κ of monodisperse fresh soot particles is 
measured as reference value (EXP1). Then, κ of the activated particles is 
measured for the fresh particles exposed first to SO2 then O3 (EXP2), and 
first to O3 then SO2 (EXP3). The injection order of SO2 and O3 is swapped 
in EXP2 and EXP3 in order to identify the role of soot pre-treatment by 
SO2 or O3, respectively. These two experiments are carried out at very 
low relative humidity (RH) in the chamber (RH < 0.2 %). To assess the 
role of water vapor, EXP2 is repeated at RH = 20 % (EXP4). 

2.1. Soot generation and sampling 

In this work, a turbulent diffusion jet flame supplied with aviation 
grade kerosene (Jet A-1) is used to generate soot particles with 
controlled size distribution, morphology and chemical composition. The 
diffusion flame is stabilized on the same atmospheric hybrid burner 
described in our previous works. Briefly, a standard Holthuis burner is 
modified with a central direct injection high efficiency nebulizer for 
liquid fuels. At the tip of the nebulizer, the kerosene flow is broken into a 
spray by the pressurizing N2. The spray is then ignited by the premixed 
methane-air flat flame (ϕ = 0.96) stabilized on the top of the porous plug 
surrounding the nebulizer. The resulting turbulent flame is 21 cm high 
and roughly 2 cm wide. The steps leading to soot formation in diffusion 
flames follow a sequence starting with the fuel oxidation at the bottom 
of the flame, followed by acetylene formation which is the building 
block of the first aromatic ring (Smooke et al., 2005). Then, polycyclic 
aromatic hydrocarbons (PAHs) are formed and peak around 70 mm 
height above the burner (HAB) in our flame. PAHs and their derivatives 
are well-known soot precursors (Martin et al., 2022), and therefore their 
consumption corresponds to the formation of soot particles whose 
concentration peaks around 130 mm HAB in our flame. The axial dis-
tribution of PAHs and soot in the kerosene flame is schematically rep-
resented in (Grimonprez et al., 2018) and is derived from in situ 
measurements of PAHs by laser induced fluorescence and of soot by laser 
induced incandescence (Lemaire et al., 2010, 2009). In our protocol, 

soot particles are sampled at 130 mm on the flame axis where the 
concentration of hydrocarbons in the gas phase reaches its minimum, 
and soot particles show the lowest CCN activity when exposed to O3 
compared to other HABs (Grimonprez et al., 2018). 

The sampling system used to transfer the soot particles from the 
flame to CESAM consists of a diluting microprobe followed by a diffu-
sion denuder and a differential mobility analyzer (DMA 3081, TSI). The 
diluting microprobe is made of two concentric quartz tubes (Irimiea 
et al., 2018). The outer tube ends with a thin tip with a 126 μm aperture 
that is radially inserted into the flame. During the sampling, the dilution 
nitrogen flows between the tubes, mixes at the probe tip with the aerosol 
sampled from the flame and is extracted through the inner tube. The 
inner probe tube is connected downstream to the diffusion denuder 
which consists of a square cross section tube containing 22 parallel 260 
× 50 mm sheets of activated carbon-embedded silica paper. The 
adsorption efficiency of the denuder is characterized by gas chroma-
tography on a standard mixture of gaseous hydrocarbons, and verified to 
be higher than 94 % for hydrocarbons containing 3–7 carbon atoms 
(Grimonprez et al., 2018). The main improvement with respect to our 
previous investigations is the DMA installed downstream the probe, 
which allows the pre-selection of monodisperse soot particles before 
injection: as explained in Section 2.3, controlling the mobility size dis-
tribution of the injected particles is critical for the determination of κ. 
Since the mobility diameter selection operated with the DMA drastically 
reduces the number concentration of the injected particles, a low dilu-
tion ratio (around 20) has to be used to reach a sufficiently high number 
concentration of aerosol particles in CESAM (around 103 cm− 3) in a 
reasonably short injection time (15–30 min). 

2.2. Soot aging in the CESAM atmospheric simulation chamber 

The freshly emitted soot particles are injected into the stainless steel, 
4.2 m3 CESAM atmospheric simulation chamber, that has already been 
extensively used to investigate the aging process of aerosols (Denjean 
et al., 2015; Kourtchev et al., 2015; Wang et al., 2011; Yasmeen et al., 
2012). During all experiments, CESAM is first filled with synthetic air 
(80 % N2 and 20 % O2). Then, soot particles are injected followed by 
known concentrations of O3/SO2. The geometry and wall properties of 
the chamber guarantee the lifetime of submicron particles to be at least 
15 h while the ventilation system allow for a mixing time of about 1 min. 

Ozone is generated by an 802 N (BMT GmbH) generator and its 
concentration is monitored by a Horiba APOA-370 detector. A known 
initial amount of SO2 is directly injected into the chamber using a gas 
tight syringe, and its concentration is monitored in real time by an 
Environment SA SO2 analyzer (E-series). The particle size distribution is 
continuously measured using a scanning mobility particle sizer (SMPS) 
consisting of a differential mobility analyzer (DMA 3081, TSI) with X- 
ray neutralizer (TSI 3088), and a condensation particle counter (CPC 
3776, TSI). The CPC is set to work with a flow rate of 0.2 L min− 1 and the 
flow ratio between sheath flow and sample flow of the DMA is fixed to 
10:1. The impactor size is 0.0457 cm, which provides a cut-off diameter 
of 897.7 nm. The total scanning time is set to 135 s which provides a 
size-resolved distribution from 19.5 nm to 881.7 nm, 107 bins in total. 

Fig. 1a shows a typical evolution of the aerosol particle total number 
concentration Np against time (black line), and the same data corrected 
for the dilution and particle coagulation (red line). Details on the cor-
rections can be found in (Doussin et al., 2023). Fig. 1b shows the contour 
plot of the aerosol size distribution. Two modes can be identified: the 
first one at ~150 nm corresponds to the mobility diameter dm of the 
particles selected by the DMA, while the second mode at ~250 nm is 
attributed to larger and double-charged particles. No new particle for-
mation events are detected after injection of SO2 and O3. This is an 
important observation confirming that the concentration of SO4

2− in the 
gas phase is too low to sustain homogeneous nucleation. The absence of 
new particle formation is systematically verified for all experiments, and 
supports the current choice of the experimental conditions as suitable to 

Table 1 
Overview of the sampling conditions. [O3]0, [SO2]0 and [OH]0 and RH0 are the 
initial concentration in the simulation chamber of O3, SO2, and relative hu-
midity, respectively, before injection of the soot particles (dm = 150 nm). texp is 
the exposure time of soot to both O3 and SO2.   

[O3]0/ppm [SO2]0/ppb RH0% texp/min κ ToF-SIMS 

EXP1  0  0  <0.2  14 <10− 4 S1 
EXP2a  1.10  110  <0.2  14 0.07(3)       

32 0.13(5) S2 
EXP3b  0.50  100  <0.2  15 0.18(7) S3 
EXP4a  1.10  109  20  29 0.20(7)       

45 0.32(9)       
68 0.5(2)       
94 0.6(3) S4  

a SO2 was injected before O3. 
b O3 was injected before SO2. 
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minimize the injection in the chamber of reactive hydrocarbons, and 
thus to minimize the reactivity in the gas phase as discussed above. 
Further confirmation derives from one experiment (not shown here) 
carried out using the same aging conditions except sampling at 70 mm 
HAB where gaseous hydrocarbons are detected at high concentration. In 
this case, new particle formation events are observed immediately after 
the introduction of SO2 following O3 i.e., secondary aerosols are likely 
generated as a result of the gas phase chemistry as discussed above. 

2.3. CCN activity and determination of the hygroscopicity parameter κ 

The CCN activation behavior of fresh and aged soot particles is 
recorded using a cloud condensation nuclei counter (CCNc-100, Droplet 
Measurement Technology) and a CPC (3776, TSI) in parallel. Briefly, 
soot particles sampled from the chamber are equally split between the 
CCNc and the CPC. The number concentration of droplets (Ndroplet in 
cm− 3) formed from the monodisperse particles at a given supersatura-
tion (SS in %) is measured by the CCNc. In parallel, the number con-
centration of monodisperse particles (Nparticle in cm− 3) is measured by 
the CPC. The activated fraction Fa is calculated as Fa = Ndroplet / Nparticle 
and varies from 0 (no droplets detected) to 1 (all soot particles converted 
to droplets). Series of SS-resolved activation spectra (Fa-SS) are recorded 
by varying SS from 0.1 to 1.6 % in the CCNc. 

According to κ-Köhler theory (Petters and Kreidenweis, 2007), at 
thermodynamic equilibrium the SS required to activate the aerosol 
particles and form water droplets can be described using a single hy-
groscopicity parameter κ. Previous studies modeled Fa-SS by introducing 
in the classical theory framework the effects of the particle size distri-
bution (Zhao et al., 2015), of non-homogeneous aerosol chemical 
composition represented by a distribution of κ values (Su et al., 2010; 
Wu et al., 2020; Zhao et al., 2015) and of the particle morphology (Wu 
et al., 2020; Yon et al., 2015) that are all taken into account to retrieve κ 
as shown in Eq. (1). 

Fa(SS) =
∑∞

κ=0

{
1
2
−

1
2
erf

[
lndve(κ, SS) − lnμve,geo

̅̅̅
2

√
lnσve,geo

]}

p(κ)Δκ (1)  

where μve,geo and σve,geo are the mode and the geometric standard devi-
ation of the volume equivalent diameter dve. In Eq. (1), pκ is the prob-
ability density function of κ defined as: 

p(κ) =
1

κlnσκ,geo
̅̅̅̅̅
2π

√ e
−
[lnκ− lnμκ,geo]

2

2ln2 σκ,geo (2)  

where μκ,geo and σκ,geo are the geometric mean and standard deviation of 
κ, respectively. To calculate κ, Eqs. (1) and (2) are applied to fit each 
experimental Fa-SS. According to the model sensitivity study (Wu et al., 
2020), σκ,geo is fixed to 1.4 and μκ,geo is treated as a free parameter. 

2.4. Soot morphology 

At the end of each aging experiment, soot samples are collected on 
copper TEM microscopy grids (Holey Carbon Filter 200 Mesh) during 20 
min with a flow rate of 15 L min− 1 at 1000 mbar. The collected samples 
are analyzed on the FEI Tecnai G2 20 microscope (200 kV acceleration, 
29,000 magnification) available at the electron microscopy facility of 
the University of Lille. The quantified morphological parameters are the 
primary particle diameter (dpp) and the maximum length of the aggre-
gate projection (L2D). These parameters are used for determining the 
fractal dimension Df, required to estimate dve used in Eq. (1). The 
measured values (dpp = 16.7 nm and Df = 1.66 for EXP1 and dpp = 17.9 
nm and Df = 1.68 for EXP4) show that the morphology of the soot ag-
gregates is only slightly affected by the aging in the chamber. 

2.5. Soot chemical composition 

The samples for the ToF-SIMS analyses are obtained at the end of 
each experiment. A detailed description of the preparation protocol is 
provided elsewhere (Irimiea et al., 2019, 2018). Briefly, the samples are 
obtained by impacting the aerosol particles extracted from the CESAM 
chamber onto Ti wafers. 30 min of pumping at p = 1000 mbar result in a 
clearly visible impaction site of the soot particles on the wafer surface, 
while condensable gas is free to diffuse and deposit all over the wafer 
surface. The samples are analyzed with the IONTOF TOF.SIMS5 in-
strument available at the surface analysis pole of the University of Lille. 
The loaded wafers are transferred from the preparation to the analysis 
chamber of the mass spectrometer (residual pressure 10− 7 mbar) where 
they are irradiated with a primary ion beam of Bi3+ clusters (25 keV, 0.3 
pA). The instrument is operated in static mode (estimated ion dose 1011 

ions cm− 2). The ejected secondary ions are identified through a time-of- 
flight analyzer that can reach mass resolution up to 104. To discriminate 
the chemical composition of aerosol particles and condensable gas, 
scans in positive and negative polarity are performed in 500 × 500 μm2 

regions of interest (ROIs) on the impaction site (impaction ROIs) and on 
the surrounding region (halo ROIs) following the analysis protocol 
already established for laminar diffusion flames (Faccinetto et al., 
2020). To ensure reproducibility, at least three different impaction and 
halo ROIs are analyzed on each sample. The identification of unknown 
peaks is based on the mass defect analysis of the ensemble of peaks 
having signal-to-noise ratio SNR > 3. All identified peaks from the 
deposition substrate (Ti oxides) are discarded, and the remaining peaks 
normalized by their partial ion count. Because of the large number of 
detected peaks (547 in negative polarity and 862 in positive polarity), 
principal component analysis (PCA) is used to reduce the dimensionality 
of the database and assist the data interpretation (covariance matrix, 
ROIs as observation and peaks as variables). 

3. Results 

3.1. Activation of soot by O3 and SO2 

EXP1 is the blank experiment. The hygroscopic properties (Fa-SS 
spectra), size (SMPS), morphology (TEM) and chemical composition 
(ToF-SIMS) of fresh monodisperse soot particles are used as reference for 
all the other experiments. To verify the absence of activation, Fa is 
measured in real time at fixed supersaturation. SS = 1.6 % is chosen for 
being the highest SS that the CCNc can reliably keep over time, and thus 
offers the lowest detection limit for a stable measurement. In these 
conditions, no soot particles are activated (Fa = 0) over 1 h of continuous 

Fig. 1. (a) Total particle concentration Np against time measured by the SMPS 
during EXP4 (black line) and corrected by the dilution and particle wall loss 
effects (red line). The arrows show the injection time of SO2, H2O and O3. (b) 
PSD against time. 
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measurements. This result confirms several previous observations 
showing that freshly emitted soot particles are poor CCN (Grimonprez 
et al., 2018; Hagen et al., 1989; Popovicheva et al., 2008; Weingartner 
et al., 1997). 

In EXP2 (Fig. 2a, top panel), fresh monodisperse soot particles are 
injected followed by SO2 and ~ 25 min later by O3. In EXP3 (Fig. 2b, top 
panel) the roles of SO2 and O3 are inverted: fresh monodisperse soot 
particles are injected followed by O3 and ~ 35 min later by SO2. EXP2 
and EXP3 are conducted under dry conditions (RH < 0.2 %). The lower 
panels of Fig. 2 show the corresponding Fa measured at SS = 1.6 %. As 
clearly shown in the figures, no fresh soot particles are activated (Fa = 0) 
in the presence of SO2 (up to 100 ppb) or O3 (up to 1 ppm) alone. This 
result is consistent with previous investigations showing that O3 and SO2 
cannot independently activate soot at the timescale of these experiments 
(Friebel et al., 2019; Wittbom et al., 2014). However, once SO2 and O3 
are both injected, the activated fraction quickly reaches Fa = 1 indi-
cating that the totality of the soot particles is activated and forms water 
droplets. 

Since activation consistently begins in the presence of both reactants, 
the exposure time texp passed after the injection of the second reactant 
(O3 in EXP2 and SO2 in EXP3) is used as reference to compare different 
Fa-SS measurements. Fig. 3a shows the Fa-SS spectra of the activated soot 
particles at different texp. Fa of EXP2 shifts to the left when increasing texp 
of O3 and SO2, i.e. the longer their permanence time in the chamber, the 

more efficient as CCN the aged soot particles become. Soot particles 
exposed first to O3 and then to SO2 in EXP3 are found to be more effi-
cient CCN compared to EXP2, even at lower texp, i.e. soot particles 
pretreated with O3 can be activated more easily when exposed to SO2. 
This finding is in good agreement with the reported uptake of SO2 by 
soot aged with O3 being more important than by fresh soot (Xu et al., 
2015). Fig. 3b shows the probability density of κ of the activated soot 
particles. The mean values of κ calculated for EXP2 and EXP3 are listed 
in Table 1. Compared to the very low value of κ of fresh soot (κ < 10− 4), κ 
of aged soot ranges from 0.07 ± 0.03 up to 0.18 ± 0.07. This result 
clearly shows that hydrophobic fresh soot can be efficiently transformed 
in CCN when exposed to O3 and SO2 simultaneously. 

Finally, experiment EXP4 is performed in the same conditions of 
EXP2 except for the higher RH. After injecting the fresh soot, water 
vapor is injected to reach RH = 20 %. Fig. 4 shows the comparison of κ of 
aged soot particles exposed to SO2 and O3 with RH < 0.2 % (EXP2) and 
RH = 20 % (EXP4) conditions. At the same texp, κ of aged soot at RH =
20 % is about two times larger than at RH < 0.2 %. 

Fig. 2. Role of O3 and SO2 on the CCN activation of soot particles. The top 
panels show the concentration of O3 and SO2, while the bottom panels show the 
activated fraction Fa at fixed SS = 1.6 %, all monitored in real time. (a) EXP2, 
SO2 is injected ~25 min before O3. (b) EXP3, O3 is injected ~35 min 
before SO2. 

Fig. 3. Hygroscopic properties of soot activated by O3 and SO2 in dry condition 
(EXP2, RH < 0.2 %), see Table 1 for the concentrations. texp is the exposure time 
to both oxidizers, measured from the injection of the second oxidizer. (a) 
Activated fraction Fa versus SS. (b) Probability density function p(κ) versus κ. 
Datapoints and lines represent experimental data and fitting curves (Eqs. (1) 
and (2)), respectively, from EXP2 (black) and EXP3 (red). The error bars 
represent the standard deviation calculated from 1 min of continuous 
acquisition. 
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3.2. Analysis of the chemical composition of soot particles 

Samples of fresh and aged soot particles are collected and analyzed 
by ToF-SIMS. The sampling conditions are indicated in Table 1: sample 
S1 contains the fresh soot particles analyzed as the blank, while samples 
S2, S3 and S4 contain the soot particles chemically aged with O3 and 
SO2. The analysis of the positive polarity mass spectra does not lead to 
useful results since the PCA cannot correlate the information extracted 
from the mass spectra to any other measured property. Therefore, the 
discussion below is limited to the analysis and interpretation of the 
negative polarity mass spectra. 

The mass defect plot obtained from the mass spectra in negative 
polarity of soot particles chemically aged with O3 and SO2 is shown in 
Fig. 5. The mass spectra are rich of low-mass CmHn

− and CmHnOp
−

(fragment) ions likely resulting from the degradation of the carbon 
matrix under irradiation (high mass defect series). Larger molecular ions 

Fig. 4. κ of aged soot exposed to SO2 and O3 versus SO2 exposure in dry (RH <
0.2 %, EXP2) and wet (RH = 20 %, EXP4) conditions. The lines are linear fit-
tings. The error bars represent the FWHM of the corresponding p(κ). 

Fig. 5. Mass defect plot showing the peaks used as input for the PCA (back-
ground removed, only peaks with SNR > 3 are shown). The size of the data-
points is proportional to the logarithm of the (normalized) peak intensity. The 
low mass defect series mostly contains SO3

2− , SO4
2− , and S2O8

4− along with their 
fragment ions partially recombined with H+, Na+ and K+. The high mass defect 
series is typical of soot and contains CmHn

− and CmHnOp
− fragment ions. 

Fig. 6. Results of the PCA performed on the ToF-SIMS negative polarity mass 
spectra representing the chemical composition of the aged soot particles. 24 
ROIs (observations) against 170 peaks (variables), covariance matrix. (a) PC2 
vs. PC1 score plot. The different shapes and colors of the datapoints represent 
different samples as detailed in Table 1. Solid and open symbols indicate the 
impaction and halo ROI, respectively. (b) and (c) PC1 and PC2 loading plots, 
respectively. 
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like polycyclic aromatic hydrocarbons typically found adsorbed on soot 
particles (Irimiea et al., 2019) are absent as they preferentially generate 
cations. Several sulfur-containing anions are identified that include: S− , 
SO− , SO2

− , SO3
− , HSO3

− , SO4
− , HSO4

− , NaSO3
− , S2O3

− , NaSO4
− , Na2SO3

− , 
KSO4

− , HS2O7
− , H2S2O7

− , H2S2O8
− , H3S2O8

− , NaHS2O7
− , NaHS2O8

− , 
NaH2S2O8

− and KH2S2O8
− . The most recurring anions appear to be SO3

2− , 
SO4

2− and S2O8
4− partially recombined with H+, Na+ and K+. 

Fig. 6 shows the results of the PCA on all the available mass spectra. 
The analysis of the score plot (Fig. 6a) and of the loading plots of the PC1 
and PC2 (Fig. 6b and c, respectively) conveys different levels of chemical 
information. First, in the loading plot of the PC1 only sulfur-containing 
ions have high positive loadings. Therefore, the transition from negative 
to positive scores on PC1 represents the change in the chemical 
composition due to the incorporation in the samples of sulfur-containing 
species. Second, in the score plot in Fig. 6a, all halo ROIs (S1, S2, S3 and 
S4) and the impaction ROIs of the fresh soot sample (S1) have negative 
scores in PC1, while the impaction ROIs of the samples chemically aged 
with O3 and SO2 (S2, S3 and S4) have positive scores on PC1. Raman 
spectroscopy analyses systematically performed on samples extracted 
from laboratory flames using the same impaction conditions show that 
soot particles are collected only on the impaction ROIs and are absent 
from the halo ROIs (Faccinetto et al., 2020). Therefore, the low negative 
scores on PC1 of the halo ROIs, comparable to those of fresh soot, clearly 
show that the sulfur-containing ions are found in the chemically aged 
particles only. Third, as shown in the score plot in Fig. 6a, κ progres-
sively increases for increasing positive scores in PC1. In conclusions, 
these observations strongly suggest that the change in the hygroscopic 
properties of the aged soot particles is related to the sulfur-containing 
anions listed above that are found on the chemically aged soot particles. 

The majority of the impaction and halo ROIs have low scores in PC2, 
with the only exception being the impaction ROIs of the blank S1. As 
shown in Fig. 6c, small carbon fragment ions have the highest negative 

loadings on PC2 in Fig. 6c. PC2 possibly represents the destruction of the 
particles carbon matrix regardless of the oxidation source. However, 
since PC2 only represents 7.19 % of the total variance, this effect is 
considered to be negligible when compared to the contribution of sulfur- 
containing ions to PC1. 

4. Discussion 

In this work, the hygroscopic properties of soot particles sampled 
from a kerosene flame and then aged with O3 and SO2 are studied in 
water supersaturation conditions using a cloud condensation nuclei 
counter. While freshly emitted soot particles are highly hydrophobic, 
they are efficiently transformed into CCN when simultaneously exposed 
to O3 and SO2. Experiments performed under dry (RH < 0.2 %) and wet 
(RH = 20 %) conditions show that the chemical aging is further accel-
erated in presence of water vapor. The hygroscopicity parameter κ is 
calculated at different steps of the aging for each of the experiments. For 
freshly emitted soot particles κ < 10− 4, while for chemically aged soot 
particles κ = 0.07–0.18 at RH < 0.2 %. At RH = 20 %, κ = 0.2–0.6 that is 
comparable to ammonium sulfate (κ = 0.61) (Petters and Kreidenweis, 
2007) i.e. to one of the most hygroscopic chemicals found in the par-
ticulate matter in the atmosphere. 

By measuring κ of soot during exposure to O3 and SO2, this study 
provides a new indicator of the chemical changes of soot particles as 
confirmed by the identification of the reaction products. To this means, 
mass spectrometry analysis shows that sulfur-containing ions are 
detected only on aged soot. In addition, principal component analysis 
highlights the existence of a correlation between the presence of sulfur- 
containing ions and the change of the hygroscopic behavior of aged soot. 
Therefore, the available evidence suggests heterogeneous reactions 
involving both O3 and SO2 on the soot particles. 

The uptake of O3 or SO2 by carbonaceous surfaces and associated 
heterogeneous reactions has been the subject of numerous studies dur-
ing the last decades using flow tube reactors, Knudsen cells or simulation 
chambers (Liu et al., 2022). Soot is oxidized by O3 only at high exposure, 
and the resulting CCN typically show limited activity (Friebel et al., 
2019; Friebel and Mensah, 2019; Grimonprez et al., 2018). This 
behavior is observed during the first period in EXP2, where soot is 
exposed to O3 alone for 35 min, too short a duration to generate CCN 
even at the extreme SS = 1.6 %. 

Heterogeneous reactions between n-hexane soot and SO2 have been 
studied using attenuated total internal reflection infrared (ATR-IR) 
spectroscopy and ion chromatography for on-line measurement of 
SO3

2− /SO4
2− formation in a flow tube reactor (He et al., 2018; Zhao et al., 

2017). Experiments carried out as a function of RH (6–70 %) show that 
water vapor promotes SO2 adsorption and SO4

2− formation. In addition 
to the role of water, the role of molecular oxygen has also been 
demonstrated in the oxidation process of SO2 into SO4

2− at the surface of 
propane soot by electron spectroscopy (Novakov et al., 1974) or on n- 
hexane soot by electron paramagnetic resonance (Chughtai et al., 1998). 
To explain these experimental results, the energy profiles of the re-
actions pathways have been calculated, and a catalytic mechanism for 
the oxidation of SO2 at the surface of soot involving molecular oxygen 
and leading to the formation of SO4

2− has been recently proposed (He 

Fig. 7. Comparison of κ of CCN obtained from fresh and aged soot represented 
in a classical SSc against dve diagram. The values of κ are listed in Table 2. 

Table 2 
κ of kerosene soot CCN (dve = 100 nm) exposed to atmospheric oxidizers. The atmospheric age represents the time needed for soot to experience in the troposphere the 
equivalent exposure used in the simulation chamber. The range of the atmospheric age is calculated with the range of typical concentration of each oxidizer in the 
troposphere: [O3] = 40–55 ppb (Parrish et al., 2021), [OH] = 0.08–0.3 ppt (Mao et al., 2009; Stone et al., 2012), [SO2] = 2–150 ppb (Boichu et al., 2019).  

Oxidizer κ cm− 3 s Atmospheric age/h 

/ <10− 4 (Grimonprez et al., 2018) / / 
O3 5 × 10− 3 (Grimonprez et al., 2018) 2.0 × 1017 41–56 
OH 5 × 10− 2 (Grimonprez et al., 2021) 1.9 × 1011 7–26 
O3/SO2

a 6 × 10− 1 (this work) 1.6 × 1016 3–90  

a Exposure calculated with respect to SO2. 
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and He, 2020). 
In this work, in EXP1, soot is exposed to SO2 only for 23 min at RH <

0.2 %. Similarly to EXP2, no droplets are measured even at high su-
persaturation (SS = 1.6 %). We must here underline important differ-
ences concerning our experimental conditions compared to those cited 
above on n-hexane soot. First, the SO2 concentration used in this work 
are in the range of 100 ppb, i.e. 1–4 orders of magnitude smaller than 
those used in the works cited above. Second, soot is exposed to SO2 in a 
simulation chamber and not while deposited on substrates. Finally, no 
activation could be observed before the injection of O3, i.e. activation of 
soot due to the interplay of SO2 and O2 (the latter available from the 
synthetic air used to fill the simulation chamber) can be ruled out. 
However, as soon as soot particles are simultaneously exposed to SO2 
and O3, they become efficient CCN, certainly due to the formation of 
SO4

2− on the particles as shown by ToF-SIMS analyses. 
Very few works report measurements that could lead to the writing 

of a kinetic mechanism describing the heterogeneous conversion of SO2 
into SO4

2− in the presence of ozone. For instance, a mechanism has been 
proposed for calcium carbonate (Li et al., 2006): 

(SO2)g⇆(SO2)ads  

(SO2)ads +(H2O)ads→
(
SO3

2− )

ads + 2(H+)ads  

(
SO3

2− )

ads +O3→
(
SO4

2− )

ads +O2 

Notice that this mechanism requires water adsorbed on the CaCO3 
surface. In addition, the heterogeneous conversion of SO2 into SO4

2− has 
been extensively studied using a gas-flow sample cell coupled to a micro- 
FTIR spectrometer to monitor the formation of SO4

2− on the surface of 
synthetic soot exposed to an O3/SO2 mixture (He et al., 2017). The 
mechanism specifically proposed for carbonaceous surfaces by the au-
thors begins with the reaction of O3 with a soot surface site (for instance, 
a C––C bond with neighboring CH) to form a Criegee intermediate. Then, 
SO2 can react with the Criegee intermediate to form SO4

2− according to:   

The development of a detailed kinetic model is beyond the scope of 
this work. However, we believe this second mechanism to be more 
suitable for soot particles because of the availability of hydrogen at the 
soot surface: in this second case, adsorbed water is not necessary like in 
the case of CaCO3, and this fits well with the high efficiency of the 
particle activation in dry conditions (RH < 0.2 %) observed in our work. 
However, since O3 and SO2 can easily adsorb on the surface of the soot 
particles, some degree of competition cannot be ruled out. The second 
mechanism might dominate at low RH, while the first mechanism be-
comes competitive only at higher RH. 

In conclusion, this study provides new insights on the role of each 
oxidation process leading to the transformation of soot into CCN. The 
analysis of the chemical composition of the aged soot particles shows 
that the variability of SO4

2− and related ions found on the surface of soot 
particles is correlated to the increasing κ, which therefore become pri-
mary candidates to explain the CCN activation of chemically aged soot 
particles. 

In Fig. 7, κ obtained for EXP4 is compared with our previous 

measurements carried out with kerosene soot exposed to O3 and to OH 
radicals in a classic critical supersaturation (SSc) against particle size 
(dve is used) diagram (Petters and Kreidenweis, 2007). All these exper-
iments have been performed following the same experimental protocol. 
In particular, soot is sampled from the same kerosene flame at 130 mm 
HAB, size-selected at dm = 150 nm (dve = 100 nm) using the same 
sampling system and aged in the same chamber. Fig. 7 provides a useful 
overview of κ, showing the wide range of values as a function of the 
chemical system used for the aging process. 

To better estimate the atmospheric implications of our results, an 
equivalent atmospheric age is calculated for each experiment using 
typical tropospheric concentration ranges of the oxidizers. κ is shown in 
Table 2 with the corresponding atmospheric age that is found to be 
shorter than the typical lifetime of soot estimated from atmospheric 
modeling (Q. Wang et al., 2014; X. Wang et al., 2014). These new data 
are essential to understand the long- and short-term temporal variability 
in CCN measurements during field campaigns (Mei et al., 2021; Peng 
et al., 2020; Perkins et al., 2022; Schmale et al., 2018; Zheng et al., 
2020). The CCN activation of soot by O3 and SO2 is a potentially 
competitive pathway for soot activation that should be taken into ac-
count in the modeling of the formation of clouds, as well as their lifetime 
and the evolution of their optical properties. Moreover, this work sug-
gests that the activation of soot may occur directly on the particles in 
presence of both SO2 and O3. 

More generally, SO4
2− is a key anion in the atmosphere as it can 

participate to either homogenous or heterogeneous nucleation events. In 
the atmosphere, the rate of formation of SO4

2− is driven by the oxidation 
of SO2 by OH. In case of low OH concentration (during the night for 
instance) SO2 can be oxidized by stabilized Criegee intermediate formed 
by the ozonolysis of unsaturated organics. Heterogeneous oxidation of 
SO2 on the surface of particles (either solid or aqueous solutions) is also a 
pathway that complements the overview of the atmospheric SO2 
chemistry (Liu et al., 2021). Even if this gas phase chemistry is well- 
known, some model-measurements disagreement exist (Kasibhatla 
et al., 1997; Willis et al., 2018). In our opinion, this disagreement could 
be reduced if the contribution of multi-phase chemistry were adjusted in 

the chemical transport models for instance. Hence, there is the need for 
new laboratory measurements aiming to measure the kinetics constants 
that determine the SO2/O3 heterogeneous reactivity on carbonaceous 
particles, and on soot in particular. 

In addition, it is reasonable to assume that the byproducts of the 
oxidation of the organics on the surface of the soot particles during SO2/ 
O3 reactions gradually leads to the modification of the physicochemical 
properties of the surface, in particular their affinity for water and other 
polar species, which can lead to the formation of a coating that can ul-
timately affect the optical properties of the particles (Lefevre et al., 
2019; Liu et al., 2016). 

Concerning the hygroscopic parameter κ derived for each aerosol 
family, it seems necessary to extend this database by studying at labo-
ratory scale under controlled and realistic atmospheric conditions the 
role of the complex mechanisms on the activation of soot, and in 
particular the effect of temperature and RH (Friebel and Mensah, 2019). 
This approach should also be applied to particles from other combustion 
processes (biomass burning or biofuels for instance). The results of these 
studies, coupled with field observations, should be used to feed global 
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climate models to provide better information on soot-cloud interactions 
and their adjustment effect on climate change. 
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Rugenstein, M., Sato, Y., Schulz, M., Schwartz, S.E., Sourdeval, O., Storelvmo, T., 
Toll, V., Winker, D., Stevens, B., 2020. Bounding global aerosol radiative forcing of 
climate change. Rev. Geophys. 58 https://doi.org/10.1029/2019RG000660 
e2019RG000660.  

Berndt, T., Jokinen, T., Mauldin, R.L.I., Petäjä, T., Herrmann, H., Junninen, H., 
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Gagné, S., Ickes, L., Kürten, A., Kupc, A., Metzger, A., Riccobono, F., Rondo, L., 
Schobesberger, S., Tsagkogeorgas, G., Wimmer, D., Amorim, A., Bianchi, F., 
Breitenlechner, M., David, A., Dommen, J., Downard, A., Ehn, M., Flagan, R.C., 
Haider, S., Hansel, A., Hauser, D., Jud, W., Junninen, H., Kreissl, F., Kvashin, A., 
Laaksonen, A., Lehtipalo, K., Lima, J., Lovejoy, E.R., Makhmutov, V., Mathot, S., 
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