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aCEREA, École des Ponts ParisTech, EDF R&

karine.sartelet@enpc.fr
bNational Institute for Industrial Environme

Halatte, France
cAerosol Physics Laboratory, Tampere Unive

† Electronic supplementary informa
https://doi.org/10.1039/d4ea00049h

‡ Present address: University of Californ
Center for Atmospheric Research, CO, US

§ Present address: Department of Civ
Northeastern University, Boston, MA, USA

Cite this: Environ. Sci.: Atmos., 2024, 4,
839

Received 19th April 2024
Accepted 14th June 2024

DOI: 10.1039/d4ea00049h

rsc.li/esatmospheres

© 2024 The Author(s). Published by
ular composition of SOA from
toluene photo-oxidation at urban and street
scales†

Karine Sartelet, *a Zhizhao Wang, ‡ab Victor Lannuque,a Siddharth Iyer, c

Florian Couvidatb and Thibaud Sarica§a

Near-explicit chemical mechanisms representing toluene SOA formation are reduced using the GENOA

algorithm and used in 3D simulations of air quality over Greater Paris and in the streets of a district near

Paris. The SOA concentrations formed by the toluene photo-oxidation are found to mostly originate

from molecular rearrangement with ring opening of a bicyclic peroxy radical (BPR) with an O–O bridge

(45%), followed by OH-addition on the aromatic ring (22%), Highly Oxygenated organic Molecules (HOM)

formation without ring opening (13%), condensation of methylnitrocatechol (8%), irreversible formation

of SOA from methylglyoxal (6%), and ring-opening pathway (3%). The concentrations simulated using the

most comprehensive reduced chemical scheme (rdc. Mech. 3) are also compared to those simulated

with a SOA scheme based on chamber measurements, and one reduced from the Master Chemical

Mechanism. Using rdc. Mech 3 leads to between 50% and 75% more toluene SOA concentrations than

the other schemes, mostly because of molecular rearrangement. The SOA compounds from rdc. Mech.

3 are more oxidized and less volatile, with molecules of different functional groups. Concentrations of

methylbenzoquinones, which may be of particular health interest, represent about 0.5% of the toluene

SOA concentrations. Those are slightly higher in streets than in the urban background (by 2%).
Environmental signicance

Toluene is one of the major monocyclic aromatic precursors of secondary organic aerosol (SOA) formation. Most SOA models used in 3Dmodelling oversimplify
the chemical pathways leading to SOA formation and therefore may not accurately describe SOA formation under all environmental conditions. Here, near-
explicit mechanisms of toluene SOA formation are reduced using the GENOA algorithm, preserving molecules and key chemical pathways. A recently high-
lighted pathway (molecular rearrangement of ipso-bicyclic peroxy radicals) is also added and found to be the main pathway for toluene SOA formation. This 3D
molecular description of SOA, combined with multi-scale modelling, makes it possible to map the concentration and properties of pollutants of health concern
from the regional scale down to the street level.
1 Introduction

High concentrations of organic aerosols are observed over
cities,1 with a strong contribution of solid-fuel combustion and
traffic.2 They are difficult to model, because of difficulties to
estimate emission factors for the different sources,3–5 to identify
D, IPSL, Marne la Vallée, France. E-mail:

nt and Risks (INERIS), 60550 Verneuil-en-

rsity, FI-33101 Tampere, Finland

tion (ESI) available. See DOI:

ia, Riverside, CA, USA, and National
A.

il and Environmental Engineering,
.

the Royal Society of Chemistry
the precursors6 and to represent the transformation of the
precursors into secondary organic aerosols (SOAs).7 Regional-
scale chemistry transport models are usually used to repre-
sent background urban concentrations.8 However, they need to
be coupled to a local-scale street network model6 to be able to
represent the concentrations in streets, which are oen higher
than the background ones for compounds associated with high
traffic emissions such as nitrogen oxides (NO2), black carbon
(BC), and particulate matter (PM).9,10

Aromatics are anthropogenic compounds that have long
been considered important for the formation of SOAs in cities11

and toluene is oen considered as one of the most important
monocyclic aromatic precursors for SOA formation.12 Moreover,
toluene SOA might have a large health impact through the
formation of quinones13 and Reactive Oxygen Species (ROSs).14

Most SOA models used in 3D modelling are based on
chamber experiments, employing approaches such as the two-
Environ. Sci.: Atmos., 2024, 4, 839–847 | 839
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compound Odum approach,15 the surrogate approach,16 and the
volatility basis set.17 Those models simplify the chemical path-
ways leading to SOA formation, and they use only a few aerosol
model compounds to represent the myriad of formed oxidation
products. Consequently, these simplied SOA schemes may not
accurately describe the formation of SOA under all environ-
mental conditions, especially at urban or street scales, where
fast reactions such as autoxidation may be signicant.18

More complex explicit or near-explicit chemical schemes
exist, such as the Master Chemical Mechanism (MCM),19 the
SAPRC mechanism generation system,20 and the Generator for
Explicit Chemistry and Kinetics of Organics in the Atmosphere
(GECKO-A).21 These schemes are of great interest for SOA
formation because they account for the various chemical
pathways and environmental variations. However, they may not
easily be used in 3D modelling due to computational resources
limitations.22 Furthermore, they account for the great variety of
molecules and their different functional groups, which may be
of particular interest to better understand the impact of SOA on
human health. For example, the decomposition of organic
hydroperoxides,23,24 peracids,25 and carbonyls26 can lead to the
formation of ROS.27 Toluene SOAmay also affect ROS formation
via the redox cycling of quinoid compounds.14,27 As these
explicit or near-explicit chemical schemes are too computa-
tionally expensive to be used in 3D air-quality models, some
studies have developed reduced mechanisms from them.28–30

Cao and Jang31 developed a reduced mechanism for toluene
from MCM. Wang et al.32,33 developed the GENerator of reduced
Organic Aerosol mechanism (GENOA) algorithm that can
automatically reduce detailed chemical mechanisms regarding
SOA formation under various atmospheric conditions.

Many laboratory studies have investigated the oxidation
mechanism of toluene to understand the different chemical
pathways leading to SOA formation.34–40 Lannuque et al.39 built
a detailed mechanism for toluene oxidation based on MCM and
GECKO-A, which follows recent literature to improve cresol
formation,41 accounts for ring-scission chemistry34 and the
formation of Highly Oxygenated Molecules (HOMs) by autoxi-
dation.35 However, this mechanism did not consider the
molecular rearrangement of bicyclic peroxy radicals (BPRs),
which was recently pointed out as a potential key pathway to
form SOAs.40 In order to investigate the inuence of different
chemical pathways on SOA formation, GENOA is used here to
generate condensed toluene SOA mechanisms from MCM and
from Lannuque et al.39 These reduced chemical mechanisms
are implemented in the aerosol model SSH-aerosol,42 coupled to
the 3D regional and street air-quality models Polair3D43 and
MUNICH.44 Aer a description of the toluene mechanisms and
their reduction, the inuence of the reduced chemical mecha-
nisms on toluene SOA concentrations and composition at
urban and street scales is investigated in this study.

2 Toluene mechanisms
2.1 Description

Following the MCM v3.3.1, the oxidation of toluene leads to
several pathways: (i) the addition of an OH function on the
840 | Environ. Sci.: Atmos., 2024, 4, 839–847
aromatic ring, forming BPR with an O–O bridge (65%), (ii) the
addition of an OH function on the ring forming cresol (18%),
(iii) the addition of an OH function on the ring forming an
epoxide with ring opening (10%), and (iv) the hydrogen
abstraction from the methyl group (7%).

In Lannuque et al.,39 the toluene oxidation mechanism was
modied by using GECKO-A to generate the oxidation mecha-
nism for non-aromatic compounds, thereby improving the
representation of methylglyoxal, a major gaseous compound
formed during the toluene oxidation. Additionally, a formation
pathway of HOMs from the BPRs was incorporated following
Wang et al.35 Furthermore, in the cresol formation pathway, the
successive addition of an alcohol function on the aromatic ring
was included following Schwantes et al.41 New reaction path-
ways for ring-opening chemistry or formation of furan-like
compounds were also added following Jang and Kamens.34

Although the formation of a BPR by an attack of OH on the
aromatic ring in the ortho-position is favored,45–47 Iyer et al.40 has
shown that ring attack in the ipso-position could also lead to the
formation of SOA by molecular rearrangement of the ipso-BPR,
accounting for 7% of ring attack. Due to the addition of the ipso-
BPR in the rst oxidation step of toluene, the branching ratios
of ring attack pathways are adjusted (multiplied by 0.93 to
include the ipso-BPR branching ratio). Similarly to ortho-BPR in
the Lannuque et al.39 mechanism, ipso-BPR is considered to
undergo oxidation by NO, HO2, RO2, and NO3 with the same
kinetic rates as ortho-BPR. Concerning the molecular rear-
rangement, only the main pathway leading to SOA formation in
Iyer et al.40 is kept: ipso-BPR undergoes molecular rearrange-
ment leading to a ring-broken RO2 (P-C2), which then undergoes
a 1,6 H-shi and an O2 addition, forming the peroxy radical
R1b-RO2. R1b-RO2 isomerizes via a 1,6 H-shi at a rapid rate of
200 s−1, quickly followed by O2 addition to form O9-RO2

C7H9O9. Both of these reactions occur too fast for bimolecular
reactions (with HO2/NO) to play a signicant role. The C7H9O9

could continue to undergo rapid unimolecular reactions to
form higher oxidized RO2s. However, accurate rates for this
molecule are not available, and because C7H9O9 is modelled to
be predominantly in the condensed phase in the atmosphere,
further reactions are not included. The saturation vapor pres-
sure of condensable compounds is estimated using UManSy-
sProp,48 with the method of Myrdal and Yalkowsky49 for vapor
pressure and the method of Nannoolal et al.50 for the boiling
point.

Finally, three near-explicit mechanisms for toluene gaseous
oxidation are considered:

� The “Mech. 1” is the mechanism available in MCM
v3.3.1.51,52

� The “Mech. 2” corresponds to the mechanism described in
Lannuque et al.39 Based on the MCM and GECKO-A21 mecha-
nisms updated for cresol, ring-scission chemistry, and the
formation of HOM, it also represents the irreversible parti-
tioning pathway for methylglyoxal.53

� The “Mech. 3” mechanism corresponds to the “Mech. 2”
mechanism with the addition of the ipso-BPR pathway. It is
considered the most comprehensive mechanism among the
three in terms of pathways leading to SOA formation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2 Reduced toluene SOA mechanisms

The GENOA v2.0 (ref. 33) algorithm is employed to reduce the
near-explicit toluene chemical mechanisms regarding SOA
formation. Within GENOA, reduction strategies are applied to
search for reduction candidates, such as merging similar
compounds, jumping over rapidly degrading radicals, and
removing reactions or species with low contributions to SOA
production. These reduction candidates are then evaluated
using 0D simulations under a dataset of representative atmo-
spheric conditions, with only those meeting selection criteria
being incorporated into the reduced mechanism. This search-
and-evaluate process continues until no further reductions are
viable, and the nal reduced SOA mechanism is eventually
evaluated under a large dataset covering a wide range of
conditions. As GENOA primarily aims to preserve SOA forma-
tion, its reduction evaluation is based on the total SOA
concentration and composition simulated using the aerosol
model SSH-aerosol,42 accounting for different aerosol
phenomena (e.g., non-ideality and hydrophilic/hydrophobic
partitioning).

The reduction of toluene SOA mechanisms (i.e., Mech. 1 and
Mech. 2) adopted a GENOA conguration similar to Wang
et al.33 Three datasets of atmospheric conditions are selected
over Europe for reduction evaluation at different reduction
stages. In the early stage of reduction, an eight-condition
dataset is adopted, including six extreme conditions of Wang
et al.33 and two high-NOx Paris street conditions from Sarica
et al.6 Aerward, the evaluation dataset changes to a broader
152-condition dataset to better represent general atmospheric
conditions. Finally, a comprehensive dataset of 9433 European
conditions is used for the nal evaluation of the reduced
mechanism. Simulations are set for ve days with different
starting times (0 h, 7 h, and 20 h) to include SOA formation and
aging in response to nighttime and daytime chemistry, poten-
tially inuenced by traffic rush hours.

The nal reduced mechanisms of Mech. 1 and Mech. 2 are
comparable in size and accuracy, as detailed in Table 1. The
mechanisms reactions andmain compounds are detailed in the
ESI (Sections S1 and S2†). Maps of the relative error between the
near-explicit and reduced mechanisms over the 9433 European
conditions are displayed in Section S3 of the ESI.† As the
addition of the ipso-BPR pathway leads to only one aerosol
species, the reduced mechanism of Mech. 3 (rdc. Mech. 3) is
obtained by simply adding the ipso-BPR pathway to the reduced
Table 1 Mechanism**** size and accuracy (in terms of reduction
errors in %,33) before (noted as “ref”) and after (noted as “rdc”) the
GENOA v2.0 reduction process

Scheme Reaction Gas Aerosol Ave.err Max.err

ref. Mech. 1 814 270 132 — —
rdc. Mech. 1 48 28 10 3.1 71
ref. Mech. 2 494 210 105 — —
rdc. Mech. 2 48 31 9 2.7 28
rdc. Mech. 3 54 35 10 — —

© 2024 The Author(s). Published by the Royal Society of Chemistry
mechanism of Mech. 2 (rdc. Mech. 2) and by modifying the
other branching ratios, as described in Section 2.1.

For comparison with mechanisms commonly used in 3D
simulations,6 the highly simplied hydrophilic/hydrophobic
organic (H2O) SOA mechanism, is also adopted. The H2O
mechanism, which uses a surrogate approach based on
chamber experiments,42,54 models toluene SOAs with three
surrogates: AnClP formed by reactions of toluene with OH and
HO2/RO2 under low-NOx conditions, as well as AnBlP and
AnBmP, formed by reactions of toluene with OH and NO/NO3

under high-NOx conditions.
2.3 Reduced mechanism with quinone formation

According to Lannuque et al.,39 Schwantes et al.,41 methyl-
benzoquinone (MBQN) molecules are formed during the
oxidation of methylcatechol (dihydroxytoluene), which itself is
derived from cresol, followed by successive additions of alcohol
functions on the aromatic ring. This oxidation pathway is kept
in the rdc. Mech. 3, as it leads to the formation of TOL3OH
(trihydroxytoluene) and TOL4OH (tetrahydroxytoluene), which
are some of the main compounds of toluene SOAs (see Section
3.2). However, the formation of MBQNmay not be necessary for
reduced SOA mechanisms that aim to represent the total SOA
mass, as its inuence on SOA formation is low. Nevertheless,
because of the potential signicant health effects of these
molecules,13,27 the formation pathways of hydroxy methyl-
benzoquinone (MBQN1OH), dihydroxy methylbenzoquinone
(MBQN2OH), trihydroxy methylbenzoquinone (MBQN3OH) are
preserved in the rdc. Mech. 3 (see Section S1 of the ESI†).
2.4 Evaluation of the mechanisms

The SOA concentrations formed from toluene photo-oxidation
in the ow tube experiment of Lannuque et al.39 using the
different toluene SOA mechanisms are compared in Fig. 1. Wall
losses are modelled as in Lannuque et al.39. The measured SOA
concentrations are 16 mg m−3. They are well reproduced by the
Fig. 1 Toluene SOA concentrations (in mg m−3) simulated with
different toluene SOA mechanisms (the near-explicit mechanism
Mech. 2, the reduced mechanisms rdc. Mech. 1, rdc. Mech. 3 and H2O)
for the flow tube experiment of Lannuque et al.39

Environ. Sci.: Atmos., 2024, 4, 839–847 | 841

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00049h


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 3
:0

2:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
near-explicit scheme of Lannuque et al.39 (Mech. 2) and the rdc.
Mech. 3, with SOA concentrations of 13.3 mg m−3 and 11.9 mg
m−3, respectively. The concentrations simulated with rdc.
Mech. 2 are about 16% lower than those of Mech. 3, indicating
a limited impact of molecular rearrangement of the ipso-BPR
pathway in this ow tube experiment. The SOA concentrations
are very under-estimated using rdc. Mech. 1, with a SOA
concentration of 5.6 mg m−3, and they are over-estimated using
H2O, with a SOA concentration of 33.5 mg m−3. Using H2O leads
to smaller SOA concentrations compared to other mechanisms
at the beginning of the experiment, when the concentrations
are low, and higher concentrations are the end.
Fig. 2 Regional-scale toluene concentrations (left panel, in mg m−3)
and toluene SOA concentations (right panel, in ng m−3) simulated with
the rdc. Mech. 3, in May–June 2014.
3 3D simulations over Greater Paris
down to the street scale
3.1 Model set-up

The simulations are conducted over twomonths, starting on the
1st of May 2014, using the modelling chain WRF-Polair3D/
MUNICH/SSH-aerosol6,55 to represent the evolution of concen-
trations at the regional scale (0.02 × 0.02 horizontal resolution)
and the local scale (street network of an eastern suburb of
Paris). The street network is displayed in Fig. 3. The streets are
discretised into segments of uniform height and width.
Concentrations are assumed to be homogeneous in each street
segment. The background concentrations above the streets are
those simulated with Polair3D. At intersections, pollutants may
be transported from one street segment to another. The wind
prole in streets and vertical/horizontal transfer coefficients
were parameterized by adapting a ow parametrization for
sparse vegetated canopy to street canyons using computational
uid dynamic simulations, as described in Maison et al.56 The
wind velocity in the streets is estimated using the friction
velocity above the streets simulated with WRF, the wind angle
with the street, and the street characteristics.56 The exchange
between the background and street concentrations depends on
the gradient concentrations, the street characteristics and the
meteorology.44,56,57

The model setup is detailed in Sarica et al.,6 which also
presents themodel validation by comparisons to measurements
of BC, NO2, PM10, PM2.5, and organic matter over the year 2014.
The model validation over the two months simulated here is
presented in Section S4 of the ESI.† The SSH-aerosol model is
used in the WRF-Polair3D/MUNICH chain to represent the gas-
phase chemistry and aerosol dynamics. In Sarica et al.,6 simu-
lations were performed over Greater Paris using the H2O
mechanism, with boundary conditions from a simulation over
France.4 Here, sensitivity simulations are run over Greater Paris
using alternatively the reduced mechanisms rdc. Mechs. 1 to 3
for the formation of toluene SOA. As the newly added toluene
SOA compounds were not previously simulated over France, the
boundary conditions for those compounds are set to 0.
3.2 Concentrations of toluene SOA

Fig. 2 and 3 show the concentrations of toluene and toluene
SOA during this two-month period, simulated using the WRF-
842 | Environ. Sci.: Atmos., 2024, 4, 839–847
Polair3D/MUNICH/SSH-aerosol and the rdc. Mech. 3, which is
the most comprehensive reduced chemical mechanism among
those discussed in this work. The toluene concentrations are
notably higher in the city of Paris, particularly in the center of
the domain, and in streets with high traffic. Spatial heteroge-
neities are more signicant for toluene than for toluene SOA.
Average toluene SOA concentrations are elevated in the center of
Paris and its nearby suburbs, in the main direction of the urban
plume, as shown in Fig. 2. Concentrations of toluene SOA are
quite homogeneous across different streets.

To assess the impact of the representation of toluene SOA
chemistry in 3D air-quality modelling, sensitivity simulations
are conducted by changing the toluene SOA mechanism.

The more comprehensive rdc. Mech. 3 is replaced by other
toluene SOA reduced mechanisms, including rdc. Mech. 1, rdc.
Mech. 2, and the simpler H2O mechanism. The differences
between the mechanisms are different than those simulated in
the ow tube, because favorable reactions pathways may differ
depending on the reaction ratios of the precursor with the
oxidants O3, OH and NO3, and on the reaction ratios of RO2

species with NO, HO2, NO3, and other RO2 species.58 The
toluene SOA concentrations are between 45% and 70% lower
with the H2O mechanism (Fig. 4), and between 50% and 70%
lower with the rdc. Mech. 1 mechanism compared to rdc. Mech.
3. The concentration differences between rdc. Mech. 1 and rdc.
Mech. 3 are generally uniform over the domain, whereas the
differences between H2O and rdc. Mech. 3 are slightly lower
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Street-scale toluene concentrations (left panel, in mg m−3) and
toluene SOA concentations (right panel, in ng m−3) simulated with the
rdc. Mech. 3, in May–June 2014.

Fig. 4 Relative differences (%) of toluene SOA concentrations in May–
June 2014 between rdc. Mech. 1 and rdc. Mech. 3 (left panel) and
between H2O and rdc. Mech. 3 (right panel).
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over Paris city. The higher concentrations simulated with rdc.
Mech. 3 are mostly due to SOA formed from the molecular
rearrangement of the BPR radical, which represents 45% of the
toluene SOA concentrations in rdc. Mech. 3. The concentrations
of SOA from the molecular rearrangement of ipso-BPR are
particularly high over Paris, where toluene concentrations are
the highest and within the city plume (see Section S5 of the
ESI†). Indeed, with rdc. Mech. 2 where ipso-BPR SOA is not
taken into account, the differences between the mechanisms
are lower, ranging from −13% to −38% for rdc. Mech. 1
compared to rdc. Mech. 2 and from 18% and −42% for H2O
compared to rdc. Mech. 2. Over Paris city, the concentrations
simulated using H2O are higher than those simulated with rdc.
Mech. 2. These results highlight the signicant inuence of
© 2024 The Author(s). Published by the Royal Society of Chemistry
molecular rearrangement of ipso-BPR on toluene SOA concen-
trations, regardless of the environmental conditions.

The highest concentrations simulated with rdc. Mech. 3 are
not only due to ipso-BPR SOA, but also to several toluene SOA
formation pathways added by Lannuque et al.39 The most
inuential pathway is the OH addition to the aromatic cycle,
which is particularly efficient at forming SOA in the city plume.
Further analysis of the main molecular compounds in rdc.
Mech. 3 is provided in the next section.

At the street scale, the toluene SOA concentrations are
similar to those above the streets, i.e. in the city's urban back-
ground. The differences in toluene SOA concentrations between
the mechanisms are also very similar to those observed at the
regional scale, but slightly stronger. The differences between
the toluene SOA concentrations simulated with rdc. Mech. 1
and rdc. Mech. 3 range from −86% and −88% in the streets,
whereas they are −67% above the street network in the urban
background. The differences between the toluene SOA concen-
trations simulated with H2O and rdc. Mech. 3 range from−56%
and −38% in the streets, whereas they are about −53% above
the street network. These higher differences between the
mechanisms are linked to differences in the volatility of the
compounds between the mechanisms. The volatility of the
compounds of rdc. Mech. 1 and H2O is much higher than that
of rdc. Mech. 3: on average, the particle phase toluene SOA
concentrations represent 95% of the gas and particle phase SOA
concentrations in rdc. Mech. 3, whereas they account for only
41% and 21% in rdc. Mech. 1 and H2O, respectively.
Environ. Sci.: Atmos., 2024, 4, 839–847 | 843
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The model accounts for the exchange/transport between the
urban background and the street concentrations. Particles may
not only be emitted or formed in the streets, they may be
transported from the background to the street. During this
transport, the particle-phase compounds of high volatility that
are not signicantly produced in the street (and are formed at
a larger scale) tends to shi to the gas phase due to the dilution
of the background concentrations within the street volume.
However, the street and background concentrations are very
similar in rdc. Mech. 3, mainly because most toluene SOA
compounds are highly oxidized and have low volatility, as dis-
cussed in the subsequent section.
3.3 Composition of toluene SOA

3.3.1 Regional-scale urban background. Although the
different toluene mechanisms lead to moderate differences in
terms of toluene SOA concentrations (less than 70% differ-
ences), the molecular composition differs signicantly. The
daily composition of toluene SOA remains relatively stable
during the two months of simulation (Fig. 5). In rdc. Mech. 1,
the main products are formed from the oxidation of methyl-
catechol in the cresol chemical pathway: MNCATECH repre-
sents 59% of the toluene SOA simulated with rdc. Mech. 1, i.e.
x1.9 ng m−3, and MNNCATCOOH represents 10%, i.e.x0.3 ng
m−3. In contrast, the equivalents in rdc. Mech. 3 (MNCATECH
and HOM2ONO2) contribute signicantly less to the toluene
SOA, about 8.5% and 5%, respectively, corresponding to 0.8 ng
m−3 and 0.4 ng m−3. The second most formed product in rdc.
Mech. 1 is TLFUOOH, constituting 18% of the toluene SOA or
0.6 ng m−3. However, this compound was not retained
Fig. 5 Average toluene SOA composition over Greater Paris in May–
June 2014, using rdc. Mech. 3 (left panel) and rdc. Mech. 1 (right panel).
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individually and was merged with other compounds during the
reduction of Mech. 2, because of its relatively low contribution
to SOA formation. The predominant role of methylcatechol
oxidation products in MCM and, by extension, in rdc. Mech. 1,
was pointed out in several studies as being excessively high.36,39

In rdc. Mech. 3, the main products correspond to the
molecular rearrangement of ipso-BPR with ring opening
(C7H9O9 at 45%, 4.5 ng m−3), followed by the products formed
by the successive addition of the alcohol function –OH to the
aromatic ring (TOL3OH at 15%, 1.5 ng m−3, and TOL4OH at
6%, 0.6 ng m−3), and by the HOM formation pathway from the
ortho-BPR without ring opening (HOM2O, 9%, 0.9 ng m−3, and
HOM2ONO2, 4%, 0.4 ng m−3). The formation of methylni-
trocatechol contributes to about 8%, and the irreversible
pathway of methylglyoxal (IRMGLY) to about 6%, 0.6 ng m−3.
The ring-opening pathway (PP4000) has a low but non-
negligible contribution (about 3%, 0.3 ng m−3).

The toluene SOA molecules signicantly differ between rdc.
Mech. 1 and rdc. Mech. 3, leading to distinct contributions of the
functional groups constituting these molecules, as illustrated in
Fig. 6. This gure compares the functional groups in the toluene
SOA of rdc. Mech. 1 and rdc. Mech. 3 across the simulation
domain and period. The concentrations associated with each
functional group are estimated bymultiplying the concentrations
of each molecule by the molar mass ratio between the functional
group and the molecule. In rdc. Mech. 1, the alkyl –C (22%),
alcohol –OH (24%) and nitroaromatic -ACNO2 (20%) groups are
dominant, while in rdc. Mech. 3 the hydroperoxyl group –CO–OH
(29%), the carbonyl group –RCO (20%) and alcohol –OH (19%)
are very high. The concentrations linked to the nitroaromatic
group are higher in rdc. Mech. 1 than in rdc. Mech. 3. Although
the nitroaromatics could be genotoxics,59 the high methylni-
trocatechol simulated in rdc. Mech. 1 may not be realistic.36

Furthermore, dinitro-aromatics could be much more toxic than
mononitro-aromatics,59 and the only dinitro-aromatic simulated
is dinitro-cresol, which represents 0.12% of the toluene SOA
concentrations in rdc. Mech. 1, and 0.04% of the toluene SOA
concentrations in rdc. Mech. 3. Considering the toxicity of
Fig. 6 Functional groups simulated in the average toluene SOA
concentrations over Greater Paris in May–June 2014, using rdc. Mech.
1 and rdc. Mech 3: alkyl (RC), double C bound (C]c), alcohol (OH),
carbonyl (RCO), esther (RCOO), ether (COC), acid (COOH), nitro-
aromatic (ACNO2), nitrate (ONO2), hydroperoxide (CO–OH), peroxide
(CO–OC), peroxyacyl nitrates (PAN), peroxyacetyl acid (COOOH),
nitroalkyl (NO2).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of total toluene SOA composition simulated with rdc. Mech. 3 above the street network and in the streets over May–June
2014 (in ng m−3)

- ipso-BPR molecular rearrangement w. ring opening (C7H9O9) 6.2 6.1 1.00
- OH-addition from MCATECH (TOL3OH, TOL4OH, TOL3OH1NO2) 3.0 3.0 1.00
- Methylnitrocathecol and oxidation products (MNCATECH, NC4MDCO2H) 1.9 1.9 1.00
- BPR HOM formation without ring opening (HOM2O) 1.1 1.1 1.01
- Irreversible formation of SOA from methylglyoxal (IRMGLY) 0.9 0.9 1.01
- Ring-opening pathway (PP4000) 0.5 0.5 1.00
- HOM2ONO2 0.5 0.5 1.00
- Formation of MBQN (MBQN1OH, MBQN2OH, MBQN3OH) 0.2 0.2 1.02
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hydroperoxide and carbonyls due to their inuences on oxidative
potential,23,26 the functional group distribution of the various
compounds suggests notable health impacts of the compounds
simulated with rdc. Mech. 3.

For health impacts, the concentrations of quinones may also
specically matter. The concentrations of MBQN are only
simulated in rdc. Mech. 3. They constitute a small fraction of
toluene SOA: they represent on average 0.5% of the toluene SOA
concentrations, distributed between MBQN2OH for 44% and
MBQN3OH for 56%.

3.3.2 Street scale. The toluene SOA compositions simulated
with rdc. Mech. 3 are similar at the street and regional scales. To
understand if toluene SOAs are formed in the gas phase in the
streets, Table 2 compares the total (gas and particle phases)
concentrations averaged over the street network and those above
it (background). A ratio of concentration between the background
and the street concentrations close to 1 suggests that the
compound is mainly formed at the regional scale, while a ratio
above 1 indicates formation in the street. For most compounds,
the ratio is close to 1 or only slightly higher, indicating that the
formation in streets is low. Compounds with the highest street-
to-background ratio include MBQN (1.02), HOM formation
without ring opening (1.01), and irreversible formation of SOA
from methylglyoxal (1.01), suggesting a slight formation of those
compounds in the streets, allowing to represent the molecular
composition of toluene SOA over Greater Paris and down to the
streets of a district in the eastern part.
4 Conclusions

Near-explicit chemical mechanisms of toluene photo-oxidation
were reduced using the GENOA algorithm to simulate SOA
formation, preserving the main chemical pathways and mole-
cules. Three reduced mechanisms were considered: one derived
from the Master Chemical Mechanism (rdc. Mech 1.), one
derived from Lannuque et al.39 (rdc. Mech. 2). The third adds
a recently highlighted pathway (molecular rearrangement of
ipso-bicyclic peroxy radicals) to the mechanism reduced from
Lannuque et al.39 (rdc. Mech. 3). These SOA mechanisms are
implemented in the multi-scale modelling chain Polair3D/
MUNICH/SSH-aerosol The more comprehensive rdc. Mech. 3
is replaced by other toluene SOA reduced mechanisms,
including rdc. Mech. 1, rdc. Mech. 2, and the simpler H2O
mechanism built from chamber measurements. The toluene
SOA concentrations are between 45% and 70% lower with the
© 2024 The Author(s). Published by the Royal Society of Chemistry
different mechanism compared to rdc. Mech. 3., because of the
molecular rearrangement of the ipso-BPR radical, which repre-
sents 45% of the toluene SOA concentrations in rdc. Mech. 3.

The toluene SOA molecules differ signicantly between rdc.
Mech. 1 and rdc. Mech. 3. In rdc. Mech. 1, the main products are
formed from the oxidation of methylcatechol in the cresol
chemical pathway (69% of toluene SOA), whereas in rdc. Mech. 1,
themain products are formed from themolecular rearrangement
of ipso-bicyclic peroxy radicals (45%) and by the successive
addition of the alcohol function –OH to the aromatic ring (21%).
This leads to distinct contributions of the functional groups
constituting the SOA molecules in the different mechanisms. In
rdc. Mech. 1, the alkyl –C (22%), alcohol –OH (24%) and nitro-
aromatic –ACNO2 (20%) groups are dominant, whereas in rdc.
Mech. 3 the hydroperoxyl group –CO–OH (29%), the carbonyl
group –RCO (20%) and alcohol –OH (19%) are very important.

In future work, the methodology presented here should be
generalised to other SOA precursors. It will allow a more accu-
rate description of the molecular composition of SOA in cities,
taking into account the different oxidation pathways. This will
allow better estimation of changes in concentrations in relation
to changes in emissions,29 but also strengthen the links between
organic aerosol concentrations and health effects.
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Network on air quality in the Île-de-France region), POLEMICS
project of the Agence Nationale de la Recherche (ANR) program
(grant ANR-18-CE22-0011), and the European Union’s Horizon
2020 Research and Innovation Programme (RI-URBANS (grant
no. 101036245)).

Notes and references

1 R. M. Harrison, Philos. Trans. R. Soc., A, 2020, 378,
20190319.

2 G. Chen, F. Canonaco, A. Tobler, W. Aas, A. Alastuey, J. Allan,
S. Atabakhsh, M. Aurela, U. Baltensperger, A. Bougiatioti,
J. F. De Brito, D. Ceburnis, B. Chazeau, H. Chebaicheb,
K. R. Daellenbach, M. Ehn, I. El Haddad, K. Eleheriadis,
O. Favez, H. Flentje, A. Font, K. Fossum, E. Freney,
M. Gini, D. C. Green, L. Heikkinen, H. Herrmann,
A.-C. Kalogridis, H. Keernik, R. Lhotka, C. Lin, C. Lunder,
M. Maasikmets, M. I. Manousakas, N. Marchand, C. Marin,
L. Marmureanu, N. Mihalopoulos, G. Mo�cnik, J. Necki,
C. O'Dowd, J. Ovadnevaite, T. Peter, J.-E. Petit, M. Pikridas,
S. Matthew Platt, P. Pokorná’, L. Poulain, M. Priestman,
V. Riffault, M. Rinaldi, K. Rózański, J. Schwarz, J. Sciare,
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