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Abstract. Naphthalene, the most abundant atmospheric gas-phase PAH and a known Secondary Organic Aerosol (SOA) pre-
cursor, is emitted from combustion and asphalt production and paving alongside other hydrocarbons, NO, and SO,. We
investigated the influence of reaction conditions on the formation of SOA from the OH-oxidation of naphthalene in the Irish
Atmospheric simulation Chamber (IASC). Benzene, NOy and SO, were added to the chamber both individually and in com-
bination, resulting in a total of eight reaction mixtures (RM). SOA formation was observed in all RM, with the base case of 30
ppbv of naphthalene producing 40 ;g m—3 after 1 hour of photooxidation. The different co-reactants significantly influenced
the formation and evolution of SOA: the addition of benzene delayed the onset of particle formation, whereas NO, accelerated
particle formation by promoting faster generation of oxidation products and enhanced the total particle mass concentration,
likely through enhanced OH radical recycling. The addition of SO4 accelerated particle formation by increasing the condens-
ability of organic vapours without altering the underlying chemistry. The combined presence of NO, and SO- produced the
strongest effect, both accelerating oxidation product formation and enhancing partitioning into the particle phase. Our results
demonstrate that studies of individual precursor systems may overlook secondary pollutant formation from mixture effects
that are relevant to real-world environments. Air pollutant formation depends not only on SOA precursor emissions but also
on co-oxidation with other gaseous pollutants. Reducing Volatile Organic Compounds (VOC), NOy, and SO5 emissions may

therefore improve air quality and reduce occupational exposure.
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1 Introduction

Growing urbanisation places increasing demands on construction materials, such as asphalt, which is widely used for paving
roads and highways. Asphalt-related emissions occur throughout the material life cycle, such as production, paving, in-use ag-
ing, maintenance, and demolition. These emissions can affect the atmospheric environment through the release of a broad range
of organic compounds, particularly volatile and semi-volatile organic compounds (VOCs and SVOCs) (Li et al. (2024)).Such
compounds may be hazardous in their own right and contribute to the formation of secondary organic aerosol (SOA)(Khare
et al. (2020); Kriech et al. (2022); Khare and Gentner (2018)). Consequently, asphalt emissions are relevant for both occupa-
tional exposure and public health.

Asphalt mixtures consist of bitumen, coarse aggregate, and fine aggregate, where bitumen acts as the binder and is typically de-
rived from crude oil. Bitumen is a complex mixture of organic compounds, including numerous high-molecular-weight species
and polycyclic aromatic hydrocarbons (PAHs). The chemical and physical characteristics of emitted bitumen fumes can vary
depending on the activity, machinery, temperature, and materials used. Even though PAHs generally constitute only a small
fraction of the total bitumen content, they are of great concern for both SOA forming potential and occupational exposure.
Many studies report that PAHs are predominantly present in the gas phase (Burstyn et al. (2002); Védnénen et al. (2003)), with
naphthalene often being the most abundant PAH.

Recent studies have identified key components of asphalt-related emissions at construction and demolition sites, as well as in
production plants (Mousavi et al. (2024); del Carmen Rubio et al. (2013)). Compounds such as naphthalene, benzene, NO,
and SO3 are frequently reported. In addition, field studies have observed elevated particle number and mass concentrations in
workers’ breathing zones (Hedmer et al. (2026); Freund et al. (2012); Elihn et al. (2008)), some of which may arise from SOA
formed through the atmospheric oxidation of emitted organic compounds.

Naphthalene is not only present in the air at asphalt worksites, but it is typically the most abundant PAH in the atmosphere and
a significant contributor to ambient SOA, as observed during a wintertime haze event in Beijing Huang et al. (2019). Another
study by Cheng et al. (2026) likewise found 2-ring PAHs, like naphthalene, to be the largest contributor to SOA in wintertime.
Most existing studies have investigated naphthalene oxidation as an isolated precursor system. Here, several chamber studies
have examined the OH-initiated oxidation of naphthalene (Chen et al. (2016); Chan et al. (2009); Shakya and Griffin (2010)),
while others have investigated the influence of NO, chemistry on naphthalene-derived SOA formation and composition (Chen
et al. (2018); Kautzman et al. (2010); Kleindienst et al. (2012); Sari Doré et al. (2025); Riva et al. (2015)). Detailed oxidation
schemes for OH driven naphthalene with and without NO,, are well described in the literature (Lannuque and Sartelet (2024)).
However, real-world asphalt emissions are complex mixtures rather than single-compound systems.

A small number of laboratory studies have investigated the photo-oxidation of monoaromatic compounds in the presence of
SO (Zhang et al. (2020); Li et al. (2022)), but to the best of our knowledge, none have focused specifically on naphthalene
co-reacting with SOs. Similarly, only a few studies have explored systems combining SO» with other inorganic vapors, such
as NOy or NHj3 (Yang et al. (2020, 2021)). Furthermore, only one study has investigated naphthalene photo-oxidation in the

presence of other VOCs (Chen et al. (2018)) despite these combinations of reagents occurring commonly at construction sites
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and urban environments. The literature on naphthalene photo-oxidation in the presence of both organic and inorganic species
is scarce. Because SOA precursors are rarely emitted individually in real atmospheric environments, it is important to study
their oxidation in more relevant chemical systems. Here, we investigate naphthalene oxidation in the presence of benzene and
inorganic gases relevant to asphalt-related environments, particularly asphalt plants and roadsides. The experimental design
allows us to examine how co-emitted organic and inorganic compounds influence SOA formation, chemical composition, and
atmospheric aging. In this manuscript, we focus on experimental SOA formation under controlled chamber conditions using
the Irish Atmospheric Simulation Chamber (IASC) and how NO,, SO5, and benzene influence SOA from photo-oxidation of
naphthalene. The investigation of the underlying chemical mechanisms and their impact on SOA composition will be presented

elsewhere (Ben Brik et al., 2026).

2 Method and Materials

We investigated eight reaction mixtures (RM) in which naphthalene served as the SOA precursor and assessed the effect
of adding co-reactants individually and in combination: NOy (RM2), benzene (RM3), SO, (RM4), and their combinations
(Figurel). In total, 26 experiments were carried out under a range of different initial conditions. (Table S1). Most experiments
were conducted without added water vapor corresponding to initial relative humidity in the range 1-5%. In 10 experiments,
water vapor was added to give initial RH in the range 16-31%. Initial temperatures were typically 19 °C, gradually increasing
to around 21 °C as the reactions progressed. RM1 (naphthalene + OH) is referred to as the base case, and RMS8 includes all

components (naphthalene, OH, benzene, NO,, and SO5).

T=20°C RH=1-31%

Figure 1. Overview of the reaction mixtures (RM) investigated in this study, with naphthalene as the SOA precursor. RM1 is the reference
case containing only naphthalene and OH. For example, RM2 includes the addition of NO,, RM3 includes benzene, and RMS includes both

NOx and benzene.
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2.1 Experimental setup and procedure
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Figure 2. Schematic of the IASC. The left side shows the arrangement for addition of gases (NOx, SOz and O3) and vapors (H2O2,
naphthalene and benzene) to the chamber. The right side shows the key instruments used for analysis in this work, including the Scanning

Mobility Particle Sizer (SMPS), Time of Flight Chemical Ionization Mass Spectrometer (ToF-CIMS) and gas analyzer.

Experiments were conducted in the IASC (Figure 2), a 27 m® FEP Teflon-foil chamber supported by an aluminium frame
and surrounded by 140 UV lamps (98 UVA lamps and 42 UVB lamps) for photolysis of OH radical precursors. The cuboidal
chamber was located inside an air-conditioned enclosure, where a ventilation system controlled the ambient temperature to
within 1 K of the set temperature of 293 K. The side walls were equipped with mounting plates with various port sizes, allowing
introduction of reagents and sampling of the gas mixtures for analysis. An air purification system equipped with a drier, two
charcoal filter towers, and two HEPA filters was connected to an air compressor to remove water vapour, VOCs, NOy, and
particles, respectively, prior to delivery to the chamber. When not in use, the chamber was continuously flushed with purified
air at 1000 L min~?!. Before running experiments, the chamber was chemically cleaned by humidifying it and photolyzing
a high mixing ratio of Og, typically in excess of 200 ppbv. O3 was generated using a VMUS-4 ozone generator (Oxidation
Technologies). After cleaning, the chamber was switched to Experiment mode, where the pressure was maintained at 10 Pa
above ambient by adding clean air to replace the air that had been extracted from the chamber by the various instruments. If
required, water vapor was added to the chamber using a custom-built humidification system. The reaction-mixture components
were introduced in the dark to allow complete mixing and volatilization. The following species were used to generate the eight
reaction mixtures: HoO2 (Sigma-Aldrich, 50 wt.% in H5O), which acts as the OH precursor (via HyO4 photolysis, Figure S4),
naphthalene (Sigma-Aldrich Fluka, >99.0% purity), benzene (Sigma-Aldrich Fluka, >99.5% purity), and NO (Air Liquide, 99
ppmv NO in N3); SO2 (BOC gases, 100 ppmv SO in synthetic air) and water vapour produced by the chamber humidification
system. The inorganic gases, NOy, SO- and O3 were continuously monitored using automated gas analysers (Teledyne T200

for NOy, T100 for SO4 and T400 for O3) operating at 1 minute time resolution.
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2.2 SMPS measurements

The scanning mobility particle sizer (SMPS, TSI 3938 with a TSI 3082 electrostatic classifier and TSI 3750 condensation
particle counter) provided measurements of particle size distributions and number concentrations. To interpret the particle
properties measured by the SMPS, several calculations were performed. Particle mass concentrations were estimated assuming
a particle density of 1.5 g cm ™2 (Chan et al., 2009). The coagulation rate (Tcoag) Was calculated following Seinfeld and Pandis
2016 and is described in detail in supplementary Section S2.1. These calculations resulted in a size-resolved coagulation sink
comparable to the measured number (dN) and mass (dM) distributions. The size-resolved 7.,q4 Was subsequently summed at
each time step across all particle diameters to obtain the total coagulation sink, 7,44, Which is the value reported in this work.
Particle growth rates (rg,o,¢n) Were derived to characterise the evolution of newly formed particles. The original SMPS size
distribution consists of 102 mobility-diameter bins. To improve the signal-to-noise ratio, these were grouped into seven broader

bins, from which growth rates were calculated. These are described in more detail in Section S2.2.
2.3 ToF-CIMS measurements

Naphthalene and its oxidation products were measured using a ToF-CIMS (Aerodyne C4Q-106) fitted with a Filter Inlet for
Gases and Aerosols (FIGAERO) to allow for the analysis of species in both the gas and particle phases. The instrument
was operated in both positive and negative ion modes, using toluene (C7Hg) and methyl iodide (CHs3I) to produce C;HZ
and I~ reagents, respectively, for the detection of a wider range of oxidation products. Negative mode (I7) was used to
detect more electronegative compounds. In positive mode (C7H§), the instrument was sensitive to the primary SOA precursor
(naphthalene), whereas in negative mode naphthalene was not detected. Data from the ToF-CIMS were further processed
by generating time-series plots for each experiment. ToF-CIMS and SMPS data were combined to examine the evolution
of individual species relative to their baseline signal, defined as the signal measured five minutes before the UVA and UB
(UVAB) lamps were switched on. Only species exhibiting a discernible maximum were included in the analysis. Two metrics
were calculated for each peak: (1) the maximum intensity, defined as the increase in signal relative to the baseline, and (2) the
time to peak, defined as the elapsed time between activation of the UVAB lamps and the occurrence of the maximum signal.
The time to peak was used as a proxy for the relative rate of species formation across the different experiments, providing a

basis for assessing whether product formation occurred more slowly or more rapidly among the different reaction mixtures.
2.4 Initial experiment conditions, and the estimation of OH concentrations and production rates

Data from the ToF-CIMS and gas analysers were further processed to determine the initial conditions for each experiment and to
calculate OH concentrations and production rates. The supplementary Section S4 provides time-series plots for each experiment
(Figures S22-S48). Because the ToF-CIMS was operated in two ionisation modes, naphthalene was not measured directly in
all experiments. 8 out of 26 experiments were conducted in positive-ion mode, in which naphthalene could be detected (Table
S1). Although the same mass of naphthalene (~ 5 mg) was weighed for each experiment, the exact amount transferred to the

chamber varied slightly, as indicated by differences in the ToF-CIMS signal (Figure S19). The initial naphthalene levels were
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therefore adjusted based on the relative ToF-CIMS response and the amount of naphthalene introduced into each experiment.
For the remaining 18 experiments conducted in negative mode, naphthalene was not detected directly, and this adjustment
could therefore not be applied. The ozone monitor also exhibited cross-sensitivity to several chamber constituents, including
benzene, naphthalene (Spicer et al., 2010), and H2O2, because they absorb the 254 nm radiation emitted by the mercury lamp
inside the instrument (Figure S13). Prior studies have also reported a correlation between ozone monitor readings and H2O4
concentration (Abue et al., 2024). A model was therefore fitted to the measured pre-illumination maximum ozone signal to
estimate the individual contributions from the different interfering compounds. The model provided reasonable estimates of
the initial naphthalene and benzene concentrations during the pre-illumination period. Model development and evaluation are
described in greater detail in Section S3.1 and presented in Figures S13-S18. The OH concentration was determined using
two complementary approaches. The 8 experiments conducted in positive mode enabled OH concentrations to be derived
from the observed decay of naphthalene, assuming first order decay kinetics (see Section S3.2). When benzene was present,
its additional contribution to OH loss was included as described in Eq. S10. For experiments conducted in negative mode,
naphthalene was not measured directly and OH could therefore not be determined from its decay. Instead, OH concentrations
were estimated using an empirical proxy model (see Section S3.3 and Figure S20). The proxy was trained using experiments
for which naphthalene-decay-derived OH concentrations were available and related the OH concentration to variables relevant
to OH production and loss, including the initial concentrations of benzene, HyO5, naphthalene, and NO,. The OH production
rate (ror) was subsequently calculated using either the OH concentration derived from the experimentally measured decay
of naphthalene, or the OH concentration derived from the model. An effective pseudo-first-order OH loss rate coefficient was
calculated by accounting for reactions of OH with naphthalene, benzene, SO, and NO- after illumination (see Section S3.4).

All derived metrics are reported in Tables S1-S3.

3 Results and discussion

A total of 26 experiments were performed on naphthalene photoxidation in the IASC under different reaction conditions, as
summarised in Table S1. SOA was observed in all experiments and attributed to naphthalene photoxidation because no de-
tectable particle formation was observed in control experiments without the PAH precursor, i.e., from photolysis of H,O5 in
the presence of SO2 or benzene, with and without NO,. Additional tests on the benzene + OH reaction at elevated benzene
(320 ppbv), H2O4, and NOy levels also did not produce detectable particle formation. This is consistent with a previous study
which only detected negligible amounts of SOA from the photoxidation of ~4000 ppbv benzene (Borras and Tortajada-Genaro,
2012) have also only detected small, negligible amounts of SOA from photooxidation of benzene, even at elevated levels of
~4000 ppbv. However, it is interesting to note that particles were detected during tests on the reaction mixture OH + benzene
+ SOs.

Experiments were conducted with an initial relative humidity of <31% and at a temperature of approximately 19 °C (Table
S1). Experiments performed at higher RH generally produced less SOA than those without added water vapor. However, as

shown in Figure S21, the effect is neither large nor consistent in this set of experiments, and since the humidification system
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was not functioning optimally, the effect of RH on SOA formation was not investigated further. The analysis, therefore, focuses
on the role of added NOy, SO5, and benzene on SOA formation from naphthalene, resulting in eight reaction mixtures shown

in Figure 1.

3.1 Particle formation and evolution
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Figure 3. Example time series for RM2 (naphthalene + OH + NOxy). Panels (a) show the particle number size distribution and gas-phase
concentrations, (b) the coagulation rate, and (c) selected ToF-CIMS signals (toluene reagent ion), all shown relative to UVAB lamps on

(t = 0). Panel (d) shows the evolution of the particle mass size distribution with increasing UVAB exposure time.

Data from one of the experiments conducted on RM2 is shown in Figure 3. Reactants (here RM2: NO, naphthalene, and
H203) are added in the dark while the chamber is in experiment mode. After the gases are mixed, the UVAB lamps are
switched on, resulting in rapid new particle formation within 15 min (Figure 3.al). As the experiment proceeds, particles
coagulate (Figure 3.b) and grow to larger dN/dlog D,, modes (Figure 3.d). Figure 3.c shows a selection of the gas-phase
species detected by ToF-CIMS (positive mode). The naphthalene signal peaks approximately 15 minutes before the UVAB
lamps are switched on and subsequently decreases gradually due to a combination of wall losses and dilution. Following
illumination, the naphthalene signal decreases rapidly due to oxidation, accompanied by the formation of oxidation products.
Most of these products reach their maximum signals within the first 30 minutes, as indicated by the filled circles, broadly
coinciding with the observed peak times (%,,,,) for total particle number concentration (npy¢) and total coagulation rate
(Tcoag)- Figure 3 shows a single experiment, but equivalent data treatment was performed for all 25 other experiments (Figures
S22-S47) and averaged into the eight reaction mixtures, with the results summarised in Table 1. Figures 4 and 5 show the
average particle mass concentration attributed to SOA and the coagulation rate for each reaction mixture. The reaction of
naphthalene with OH (RM1) yields an average SOA mass concentration of 38.3 + 4.9 ug m—3. Adding benzene (RM3)
reduces the mass concentration slightly to 37.8 + 7.3 ug m~2, though not significantly, whereas adding NO, increases it

to 53.6 = 3.8 ug m~3 (Table 1). Table 1 also reports the SOA mass to initial naphthalene ratio mgoa /MNap.int- Here, NOx
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increases the ratio, while benzene shows no strong effect on the ratio. Figure S48 compares SOA mass concentrations from this

study with two previous studies. The results obtained by Chan et al. 2009 are in agreement with this work when differences in

initial naphthalene concentrations are taken into account, whereas Shakya and Griffin 2010 reported a slightly smaller increase

in SOA as a function of initial naphthalene levels.

Table 1. SOA formation parameters for naphthalene oxidation obtained by averaging results (presented as Mean (SE) from several ex-

periments under the specified conditions: SOA mass concentration (mso4), total coagulation rate (rcoag), particle number concentration

(npn~c), and the corresponding times in which they peak as ¢,,,42. The production of OH radicals and the mso a/MmNap,int, Where Mmyap,int

is the mass of naphthalene at the start of the reaction, is likewise shown.

RM mSOAg t'rr.mz' (msoa) 5O AMN apint T’OIjS(XJlOS) Tcoig B tn.m,:c (reoag) npne (x 109) t@aw (npne)
g/ m min cm™3 s cm™3s min min

1 38.3(4.9) 1059 (2.4) 0.24 (0.03) 3.5(1.0) 21.2(2.2) 20.9 (2.4) 0.8 (0.1) 20.6 (2.5)

2 53.6 (3.8) 73.3 (6.2)) 0.34 (0.02) 5.5(1.5) 43.1 (18.9) 19.1 (3.6) 1.1 (0.3) 17.8 (2.7)

3 378(73) 1099 3.8) 0.24 (0.05) 3.7(0.6) 15.0 (5.3) 244 (3.9) 0.7 (0.1) 229 (3.0)

4 50.0 (29.4) 105.5 (4.9) 0.31 (0.19) 3.4(0.9) 160.4 (76.4) 13.3(0.4) 2.4(0.8) 11.8 (0.4)

5 53.8(5.9) 88.3(6.3) 0.34 (0.04) 6.1 (0.6) 38.4 (7.6) 17.3 (0.3) 1.1 (0.1) 16.8 (1.0)

6 76.0 (12.5) 114.0 (1.9) 0.48 (0.08) 4.1 (0.6) 348.6 (141.27) 11.3(0.9) 4.0 (1.6) 10.5 (1.9)

7 111.2 (10.7)  64.1 (10.0) 0.70 (0.07) 4.4 (0.1) 1080.4 (911.7) 7.8 (2.6) 6.5 (3.6) 6.3 (2.6)

8 101.2(108) 868 (20.8) 0.64 (0.07) 6.7(0.3) 6963 (6365) 8.8 (3.8) 49(2.9) 8.8 (3.8)
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Figure 4. Average time series of particle formation from experiments on RM1, RM2, RM3 and RMS5. The panels show the particle mass

concentration of SOA (msoa) and the coagulation rate (7coqg) as a function of time, where ¢ = 0 corresponds to turning UVAB lamps on. n
is the number of replicate experiments performed in each RM.
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Figure 5. Average time series of particle formation from experiments on RM4 and RM6-RMS. The panels show mgsoa and rcoqg as a
function of time, where ¢ = 0 corresponds the time when the UVAB lights are turned on. Measurement in all panels are based on two

replicates.

Comparing RM2 to RM1 (Figure 4b and 4a, no NO,) shows that adding NO, both enhances and accelerates aerosol
formation. Consistent with this, gas-phase oxidation products form more rapidly in the NOy-containing mixtures (Figure
6), particularly when comparing RM1 and RM3 with their NOx-containing counterparts (RM2 and RMS5). Overall, NOy shifts

180 peak times earlier for particle number concentration, r¢.q4, and most gas-phase oxidation products.
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Figure 6. Formation of gas-phase oxidation products observed in positive mode (upper panel) and negative (lower panel) mode as a function
of time, where ¢ = 0 corresponds to the beginning of the photolysis (UVAB lamps on). Peak times are stated in the viewgraphs. Positive

mode includes RM1, RM2, RM3 and RM5, whereas negative mode includes all reaction mixtures.

The ratio mgoa /MNap,int 1S slightly higher with NO, addition (see Table 1). However, while NOy substantially increases
OH production (thereby accelerating particle formation), this does not translate proportionally into higher SOA mass. Benzene
addition slows the formation of naphthalene oxidation products (see Figure 6). In contrast, NO, significantly accelerates
oxidation chemistry, with many peak times approximately halved. Adding benzene together with NO does not substantially
weaken the NOy-driven acceleration. The addition of SO, strongly affects r.,q4 (see Figure 5 in comparison to Figure 4),
promoting much faster particle formation but does not have a SO5 does not have a distinguishable effect on gas phase product
peak times (Figure 6). Combining SO, with benzene increases particle mass (Figure 4). Finally, when both SO and NOy are

present, oxidation products reach their maxima earlier than in the corresponding NO-only cases.

12



https://doi.org/10.5194/egusphere-2026-6739
Preprint. Discussion started: 13 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Growth rates and particle dIN/dlog D, modes

—e—RM2 /RM1
—e—RM3 / RM1
55 | |—e—RM4/RM1

RMS / RM1

RM6 / RM1
—e—RM?7/RM1
—e—RM8 / RM1

rgrowth/ rgrowth,RMl

Growth interval (nm --> nm)

Figure 7. The ratio of growth rates between RM; (i=2-8) and the base case. Growth-rate calculations are provided in Section S2.2.

190 The average SOA growth rate for each RM is shown in Figure S10, while Figure 7 presents the ratio of growth rates found
for RM; (i=2...8) and RM1. NOy (RM2 and RMS5) enhances particle growth rates, whereas the presence of SO- reduces
growth. Thus, SO4 accelerates particle formation (Table 1), but the resulting particle mode grows more slowly than in the
other mixtures. Comparing these 74,0w¢n trends with the particle number size distributions in Figure 8 reveals a clear pattern.
Experiments containing SO5 (RM4 and RM6-RMS) exhibit intense particle formation within the first 0-10 min. Particle number

195 concentrations in these cases are approximately 200-250 times higher than in RM1. During this early stage, the particle mode

diameter is similar to, or slightly larger than, that of RM1.
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Figure 8. Particle number size distributions (dN/dlog D,) averaged over replicates for each reaction mixture and shown for four time
windows after UVAB lights-on. The z-axis limit for panels a and b is 10-200 nm and for panels ¢ and d is 30-400 nm. Distributions are

normalised to 30 ppbv naphthalene.

However, from 15 to 90 min, the SO2-containing experiments consistently exhibit smaller mode diameters than the base
case. This suggests that, although SO2 promotes rapid nucleation and the formation of a large number of particles, the sub-
sequent growth of each individual particle remains limited, consistent with the lower growth rates shown in Figure 7. One
possible explanation is that sulfuric-acid-driven nucleation provides a large population of small particles onto which con-
densable compounds, including oxidation fragments and benzene-derived products, can partition. The available condensable
material is therefore distributed among more particles, resulting in smaller final particle sizes.

In contrast, NO has the opposite effect on the d/N/dlogD, mode diameter. Although particle formation occurs later, NOy
enhances growth, leading to generally larger modes than in RM1. The maximum of the dN/dlog D,, distribution is also ele-
vated (typically by a factor of 4-6 relative to RM1), though not to the same extent as in the SO2-containing mixtures. When
both SO and NOy are present, particle number concentrations increase even more dramatically (350-600 times higher than
the base case). In these cases, the mode remains larger than RM1 at early times (10-20 min) but becomes smaller at later times
(30-150 min), reflecting the competing effects of rapid nucleation (from SO addition) and enhanced growth (from NO, addi-
tion). Finally, benzene generally reduces both dN/dlog D,, concentrations (Figure 8) and growth rates (Figure 7), indicating a

suppressive effect on particle formation due to benzene reacting with OH, resulting in slower oxidation of naphthalene.
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SOA formation regimes

Particle formation and evolution, together with gas-phase chemical transformations, reveal four regimes across the eight reac-
tion mixtures. These are summarised in Table 2.
Table 2. The four regimes identified among the investigated reaction mixtures and their averaged experimental parameters. Regime I consists

of RM1 and RM3 (base case and benzene added). Regime II consists of RM2 and RMS5 (NOy added to Regime I). Regime III consists of
RM4 and RM6 (SO2 added to Regime I). Regime IV consists of RM7 and RM8 (co-addition of NOy and SO» to Regime I). The values are

in Mean (SE).
. npnc (X 105) tmaw,n Tcoag msoaA tmamm mSOA/mNap,int TOH (X 108)
Regime
/em™3 / min /cm? s~1 / pg m=3 / min Ratio /em™3 57!

I: RM1, RM3 0.8 (0.2) 21.7(29) 18.1(5.0) 38.0(5.8) 107.4 (3.9) 0.24 (0.04) 3.6 (0.8)
II: RM2, RM5 1.1 (0.3) 17.5(2.3) 41.7(16.0) 53.8 (4.2) 77.8 (9.3) 0.34 (0.03) 5.7 (1.3)
III: RM4, RM6 3.1 (0.6) 11.1 (1.4) 2543 (142.8) 63.0(23.8) 109.8 (5.8) 0.40 (0.15) 3.7(0.8)
IV:RM7,RM8 5.6 (2.6) 7.5 (3.0) 888.3 (679.2) 106.2 (10.5) 75.4(18.7) 0.67 (0.07) 5.6 (1.4)

The first regime (I) consists of RM1 and RM3, representing the base case and benzene addition. In this regime, particles form
215 and subsequently grow. Benzene reduces the overall SOA mass expected from a mixture of 150 ppbv of organic compounds in
comparison to RM1, which has 30 ppbv of organic compounds. However, it should be noted that the mso 4 /M Nap,int does not
differ between the two reaction mixtures. Given that the OH concentration remains similar across the experiments, the possible
reduction is attributed to kinetic competition, whereby benzene consumes OH while producing negligible SOA. This limits the
OH available for naphthalene to form condensable products. This interpretation is consistent with the ToF-CIMS observations,
220 where naphthalene oxidation products form later (Figure 6). Overall, compared with RM1, the changes observed in RM3 with
respect to particle formation timescales are primarily driven by reduced OH availability, resulting in slower oxidation but not
necessarily lower SOA mass produced.
The second regime (II) is characterised by the addition of only NOyx (RM2 and RMS) to the gas mixture. NOy leads to
faster SOA formation and an increase in particle mass, indicating faster and moderately enhanced SOA formation in the
225 corresponding reaction mixture. The SOA produced per initial naphthalene in RMS5 relative to RM3 is higher, which may
indicate that benzene-derived oxidation products (or new products formed in the presence of NO,) partition more efficiently
when NO is present. Chen et al. 2016 report an increase in SOA mass as NO increased from 10-50 ppbv to 50-150 ppbv,
followed by a decrease at higher NO. In an earlier study Chan et al. 2009 also observed less SOA formation at high NO, (300-
400 ppbv) than during experiments conducted in the absence of added NOy. Overall, these studies suggest that moderate NO
230 enhances SOA formation, with a maximum at intermediate NO/VOC, consistent with our results. At higher NO concentrations,
SOA formation likely decreases (see Figure S49).
A corresponding increase in both the rate and magnitude of 7,44 is also observed in Regime II, suggesting that higher NOx

coincides with higher npyc and enhanced 7.,,4. Compared to RM1, both RM2 and RM5 show consistently higher growth
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rates, particularly for the smaller size intervals (Figure 7). Likewise, the dN/dlog D, mode evolution (Figure 8) indicates
faster growth to larger mode diameters earlier in the experiment compared with the other regimes.

The addition of NOy reduces the ¢, times of msoa, Tcoag and npyc. This effect is largest for mgo 4, moderate for

Tcoag> and weak for npyc. The same observation is made for selected oxidation products (Figure 6). Collectively, these results
suggest that NO, accelerates aerosol formation through faster oxidation processes. The OH production rate is nearly double
that of Regime I; however, mgoa /mnap does not increase by twice the amount, highlighting the non-linear nature of the rela-
tionship between OH production and recycling in the presence of NO, and the formation of SOA. ToF-CIMS measurements
further show that NO, accelerates the formation of naphthalene oxidation products and introduces additional species into the
oxidation product matrix, e.g., nitroaromatics. This means that more oxidised species form much faster, which studies (Tuet
et al. (2017)) have found to be directly correlated with greater production of reactive oxygen and nitrogen species that could
be harmful to human health.
The third regime (III) is defined by the addition of only SOy (RM4 and RM6). These experiments show increased particle
mass concentrations, especially in the presence of benzene (RM6), as well as a higher mgoa /mnap ratio in RM6, indicating
that benzene-derived oxidation products may partition more efficiently under these reaction conditions. SOz enhances 7¢oqq
and np ¢ while reducing their ¢,,,., consistent with rapid particle formation followed by efficient coagulation. In contrast,
the time at which SOA reaches its maximum occurs later, and the OH production rate does not increase substantially in this
regime. Similar studies (Liu et al., 2024; Yang et al., 2021) investigated the effects of SO2 on aromatic photooxidation and
observed higher production of SOA with respect to initial naphthalene concentrations, attributed to acid-catalysed heteroge-
neous reactions. This is consistent with our ToF-CIMS observations. Our results further indicate that SO5 does not accelerate
the formation of naphthalene oxidation products (in contrast to NOy). Instead, species that were previously non-condensable
appear to contribute more strongly after SO, addition. This effect is also evident when benzene is present: in RM3 benzene
suppresses oxidation product formation by competing for OH, whereas in RM6 benzene-derived products appear to contribute
additional SOA mass (Ben Brik et al., 2026). In RM3, the benzene oxidation products will remain in the gas-phase rather than
partitioning into the particle phase as observed for RM6. Notably, SO5 + OH alone did not yield detectable particles, whereas
the addition of benzene resulted in particle formation, despite benzene + OH producing no detectable particles either with or
without NOy. This is consistent with Li et al. 2017, who showed that VOCs can promote SO- photooxidation and nucleation,
followed by aerosol growth. Presumably, during VOC oxidation, the continual production of radicals (RO2, HO2) regenerates
OH, which can react with SO to produce sulfuric acid that nucleates with water to produce new particles that can subsequently
grow.

The fourth regime (IV) involves the co-addition of SO, and NO, (RM7 and RMS). Here, NOy enhances OH production
while SO4 promotes the partitioning of previously non-condensable species to the particle phase. Together, these effects lead
to highly efficient particle formation, with both higher concentrations and earlier peak times (Table 2). Liu et al. 2024 observed
similarly synergistic effects of NOy and SO, potentially through acid-catalysed heterogeneous reactions involving both nitric
and sulfuric acid. Overall, these results highlight how co-emitted species can substantially influence aerosol formation in chem-

ically complex systems relevant to occupational exposure (e.g., asphalt workplaces) and urban air quality. Details regarding

16



270

275

280

285

290

295

https://doi.org/10.5194/egusphere-2026-6739
Preprint. Discussion started: 13 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

the chemical reaction pathways and oxidation products governing SOA formation in the regimes studied here will be reported

in a follow-up study (Ben Brik et al., 202X).

4 Conclusions

Oxidation of individual SOA precursors is well documented, but real atmospheric environments rarely reflect such isolated
conditions. It is therefore important to understand how co-emitted VOCs and inorganic gases affect the formation and sub-
sequent growth of SOA. Here, we investigated a chemical system relevant to asphalt workplaces, where bitumen fumes may
contain naphthalene together with benzene, NOy, and SO4 emitted during asphalt production or from nearby sources, using
an experimental matrix of eight reaction mixtures. Adding benzene to the naphthalene + OH base case slowed SOA forma-
tion, consistent with competition for OH radicals and the production of comparatively less-condensable oxidation products. In
contrast, adding benzene together with NOy accelerated SOA formation. Adding SO5 increased SOA formation, suggesting
that benzene-derived products are converted into more condensable species or more easily partition into the particle phase
under these conditions. More generally, SO5 accelerated the onset of particle formation, although overall particle growth was
reduced relative to the base case; importantly, SO, did not shift the timing of peak naphthalene oxidation products, indicating
that earlier particle formation is driven primarily by enhanced partitioning rather than faster production of highly oxidized
naphthalene products. NO, substantially accelerated the formation of naphthalene oxidation products and advanced particle
onset via more efficient OH recycling, but led to only a modest increase in SOA mass. The combined presence of NO, and
SO4 produced the strongest overall effect, consistent with the additive effects of faster oxidation and enhanced partitioning to
the particle phase.

Overall, these results demonstrate that the photo-oxidation of multi-component mixtures relevant to urban air and asphalt
workplaces leads to SOA formation in ways that single-precursor experiments cannot predict. The experimental matrix re-
vealed four distinct SOA formation regimes governed by interactions between benzene, NOy and SOs. Specifically, NO
accelerated oxidation via enhanced OH recycling, while SO promoted the condensation of oxidation products into the particle
phase. Together, NO, and SO, drove the strongest enhancement in organic aerosol mass and also activated SOA formation
from benzene. Ultimately, these findings highlight that urban air quality and occupational exposures are dictated by complex
chemical mixtures rather than isolated compounds. Future work will address the remaining questions regarding the chemical

mechanisms, composition, and phase states of the aromatic oxidation products.
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