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a b s t r a c t

The secondary organic aerosol (SOA) formationmechanism and physicochemical properties

can highly be influenced by relative humidity (RH) and NOx concentration. In this study, we

performed a laboratory investigation of the SOA formation from toluene/OH photooxida-

tion system in the presence or absence of NOx in dry and wet conditions. The chemical

composition of toluene-derived SOA was measured using Aerodyne high-resolution time-

of-flight aerosol mass spectrometer (HR-ToF-AMS). It was found that the mass concentra-

tion of toluene decreased with increasing RH and NOx concentration. However, the change

of SOA chemistry composition (f44, O/C) with increased RH was not consistent in the con-

dition with or without NOx. The light absorption and mass absorption coefficient (MAC) of

the toluene-derived SOA only increased with RH in the presence of NOx. In contrast, MAC

is invariant with RH in the absence of NOx. HR-ToF-AMS results showed that, in the pres-

ence of NOx, the increased nitro-aromatic compounds and N/C ratio concurrently caused

the increase of SOA light absorption and O/C in wet conditions, respectively. The relative

intensity of CHON and CHOxN family to the total nitrogen-containing organic compounds

(NOCs) increased with the increasing RH, and be themajor components of NOCs in wet con-

dition. This work revealed a synergy effect of NOx and RH on SOA formation from toluene

photooxidation.

© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of

Sciences. Published by Elsevier B.V.

Introduction

Aromatic hydrocarbon compounds are widely emitted from
anthropogenic sources (Han et al., 2021; Mehra et al., 2020;
George et al., 2015), and their gas-phase oxidation reac-
tions with OH are the most important processes in the at-
mosphere (Chen et al., 2021; Jia and Xu, 2018). Oxidation

� This article is dedicated to Professor Dianxun Wang.
∗ Corresponding author.
E-mail: ghwang@geo.ecnu.edu.cn (G. Wang).

products with sufficiently low vapour pressure would trans-
form into the particle-phase through nucleation and con-
densation, and term the secondary organic aerosol (SOA)
(Ziemann and Atkinson, 2012; Zhang et al., 2019; Liu et al.,
2019a; Carlton et al., 2009). SOA, as an important component
of atmospheric particulate matter (PM), has a substantial im-
pact on air quality and public human health (Chen et al., 2021;
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Zhang et al., 2015; Paciga et al., 2014). A kind of SOAwith grad-
ually increasing absorption spectrum from visible light to ul-
traviolet (UV) light could significantly impact the earth’s ra-
diation balance, influence the photochemical processes and
cycles in the atmosphere (Liu et al., 2015a; Jo et al., 2016;
Laskin et al., 2015), and resulted in the diversification of re-
gion climate (Moise et al., 2015). Recently, the optical property
of SOA has been drawing more and more attentions.

SOA is a highly complex and dynamically mixed organic
matter because of its complex primary sources and sec-
ondary formation processes. NOx is one of the most com-
mon pollutants in the atmospheric environment, and plays
an important role in SOA formation (Schwantes et al., 2019;
Priestley et al., 2021). NOx concentration not only closely re-
lates to the concentrations ofmain atmospheric oxidants (like
OH, NO3 radicals and O3), but also governs the competitive
chemistry of peroxy radicals (RO2) in the photooxidation pro-
cess of VOCs (Schwantes et al., 2019; Zhao et al., 2018). Higher
NOx concentration can suppress SOA formation as reduction
of RO2 to alkoxy radicals (RO) ultimately leads to fragmenta-
tion of the RO species (Sarrafzadeh et al., 2016; Surratt et al.,
2006). The presence of NOx can also alter the chemical compo-
sition of SOA (Pullinen et al., 2020). Wang et al. (2019) reported
that the oxidation of toluene and benzene in the presence of
NOx was the dominant source of Nitrogen-containing organic
compounds (NOCs), and the NOx concentration was an im-
portant factor influencing the secondary formation of NOCs
(Wang et al., 2019). Multiple laboratory experiments and field
studies have demonstrated thatNOCs are the key components
causing the increase of aerosol optical property (Chow et al.,
2016; Lin et al., 2015; Liu et al., 2015b; Liu et al., 2019b). Xie et
al. (2017) identified and quantified Fifteen NOCs chemical for-
mulas from eight aromatic VOCs precursors in the presence
of NOx, and pointed that the average contributions of these
fifteen NOCs were two times greater than the average mass
contributions of SOA to total light absorption (Xie et al., 2017).

In the troposphere, relative humidity (RH) is one of the
most significant physical parameters that affect the SOA for-
mation and photooxidation process. Many previous studies
have investigated the effect of RH on SOA formation from
VOCs (Jia and Xu, 2018; Chen et al., 2021; Liu et al., 2019a).
The increased RH could increase the liquid water content
(LWC). The RH could promote the active uptake of gaseous
oxidation products into the aerosol liquid water (ALW), and
showed a positive effect on SOA formation (Luo et al., 2019;
White et al., 2014). However, an obvious inhibitory effect of
RH on SOA formation was observed in the m-xylene-OH sys-
tem (Zhang et al., 2019) and isoprene-NOx system (Jia and
Xu, 2018). On the one hand, it has been proved that this in-
hibitory effect was caused by the suppression of condensation
reactions and oligomers formation, and further affected the
highly oxygenated organic molecules (HOMs) formation pro-
cess (Carlton et al., 2009; Jia and Xu, 2018). On the other hand,
the increase of RH could favour the exchange of OH into the
particles, andmore OHwould react with SOA to produce small
molecule products through fragmentation reactions and de-
creased SOA concentration (Liu et al., 2019b). All in all, the ef-
fect of RH on SOA formation has not been decided yet.What is
certain, though, is that the RH could affect the chemical com-
position of SOA,hence change the physical nature (e.g., optical

property) of the SOA. The effect of RH on the optical property
of SOA did not get enough attention, and more studies should
be conducted in further studies.

Toluene is one of the most important artificial VOCs in the
troposphere (Ji et al., 2017; Lin et al., 2015). Toluene is an im-
portant precursor of SOA in the urban areas, and the toluene-
derived SOA has important contribution to the light absorp-
tion of atmospheric particles (Laskin et al., 2015; Wang et al.,
2019). However, the understanding of the absorbance of at-
mospheric particulates formed in the different environmen-
tal conditions is still limited. In this study, the toluene-derived
SOA was formed through OH photooxidation in the presence
or absence of NOx in dry and wet conditions using a 4 m3 in-
door smog chamber. In the present study, we investigated the
mass concentration, chemical composition, optical absorp-
tion of toluene-derived SOA performed in the presence or ab-
sence of NOx in dry and wet conditions using a 4 m3 indoor
smog chamber through OH photooxidation. The UV-vis spec-
trum analysis was used to measure the optical property of
toluene SOA. The chemical composition of SOA was detected
with an Aerodyne aerosol mass spectrometer (AMS) online.
The effect of RH on the SOA absorption could be explained by
the alterations in functional groups of SOA. The results would
help us to better understand the SOA formation mechanism
and optical property in different RH conditions.

1. Materials and methods

A series of photochemical experiments with different RH con-
ditions were carried out in a 4 m3 smog chamber at East
China Normal University. Briefly, 0.08 mm-thick FEP-Teflon
film was used to construct the chamber. The particle wall loss
rate constants are almost the same under different RH con-
ditions. The average wall loss rate constant of the particles
was 3.6 × 10−5 sec−1, which was used to correct the measured
SOA concentrations by the SMPS in this study. 50 UV-B lamps
(TUV36W, Philips) with the peak wavelengths of 254 nm were
used as the light source to form the OH radical in the cham-
ber through the Hydrogen peroxide (H2O2) photolysis. In order
to maximize and homogenize the interior UV-light intensity,
mirror surface stainless steel was used as the interior wall of
the chamber.

The purified dry airwas used to clean the chamber formore
than 18 hours before each experiment, and the concentration
of NOx, SO2, and particles was less than 1 ppbV, 1 ppbV, and
1 cm−3, respectively. Zero air, which was generated by zero air
supply (111-D3N, Thermo ScientificTM, USA), was used to fill
the chamber. A flow rate of zero air of 20 L/min was controlled
by themass flow controller (D088C/ZM, Beijing Sevenstar Elec-
tron Corporation) in the process of inflating. The RH of zero
air is about 15%-20%, and it could provide dry conditions in
the chamber directly. For the wet experiment, the zero air was
humidified by bubbling the air through fritted glass in distilled
water and RH>70%.

A measured amount of toluene (Sigma-Aldrich, analyti-
cally pure) and H2O2 solution (Sigma-Aldrich, 30 wt.% in H2O)
were injected into a Teflon bulb with the micro syringes, and
vaporized from liquid to gas by the zero air, and finally blown
into the chamber. NOx (Air Liquid Shanghai, 510 ppmV NO2
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Table 1 – Summary of experimental conditions in this study.

No.
Tolene H2O2 NO2 RH Temperature SOA mass concentrationa

(ppbV) (ppmV) (ppbV) (%) (°C) (μg/m3)

Exp.1 790 1.98 – 25±1 20±1 622.9±15.3
Exp.2 790 1.98 – 79±1 20±1 486.4±15.5
Exp.3 790 1.98 62 26±1 20±1 434.5±14.9
Exp.4 790 1.98 63 79±1 20±1 400.3±15.9

RH: relative humidity.
a All the mass concentrations were wall-loss corrected.

in N2) were directly introduced into the chamber for the re-
quired concentrations. Each experiment was performed with-
out seed aerosols here. When the samples in the chamber
were well combined, all the UV light lamps were turned on,
and the photooxidation started. The experimental conditions
for the toluene photooxidation were listed in Table 1.

The particle size distribution and volume concentration of
toluene-derived SOA for each experiment were measured by
the Scanning Mobility Particle Sizer (SMPS), which was com-
posed of a differential mobility analyzer (DMA model 3081,
TSI Inc., USA) for screening particulates with specific aero-
dynamic equivalent particle size and a condensation parti-
cle counters (CPC model 3776, TSI Inc., USA) for counting the
number of the selected particles. The sheath gas and sample
gas of SMPS were 3 and 0.3 L/min, respectively. The particle
size scan range of the s was from 13.6 to 726.5 nm.The density
of 1.4 g/cm3 was used to convert the particle volume concen-
tration measured by SMPS into mass concentration (Ng et al.,
2007).

The chemical composition of toluene-derived SOA was
characterized online through the Aerodyne high-resolution
time-of-flight aerosol mass spectrometer (HR-ToF-AMS; Aero-
dyne Research Inc. USA). Before entering the AMS, the sam-
ple gas passed through a Nafion drying tube, and reduced
the RH below 20%. Then, particles with the aerodynamic
equivalent diameter below 1 μm were focused into a nar-
row beam by an aerodynamic lens at the injection port. The
particles were ionized by electron collision (70 eV) after im-
pacted on a flash vaporizer (600°C) and changed into vapours.
The positively charged ions were separated in the ToF sec-
tion, and then detected by quadrupole mass spectrometer
with the scans across m/z 1 to 300. V-mode (m/�m = ∼2000),
which has a higher signal-to-noise ratio, was used in the
AMS ToF section. The composition-dependent collection ef-
ficiency (CE) was applied to the data based on Middlebrook
et al. (Middlebrook et al., 2012). For mass concentration calcu-
lations, 1.1, 1.2, and 1.4 were used for the default relative ion-
ization efficiency (RIE) values for nitrate, sulfate, and organic,
respectively. The chemical composition data from AMS was
analyzed through SQUIRREL 1.63B coupled with PIKA 1.23B in
the Igor Pro (WaveMetrics, Inc., Portland, Oregon), which were
available at http://cires1.colorado.edu/jimenezgroup /ToFAM-
SResources/ToFSoftware/index.html. Note that the elemen-
tal ratios (i.e., O/C, H/C, N/C) were calculated using the
Aiken-Ambient method for comparison with previous studies
(Aiken et al., 2008).

After the photooxidation reaction finished, the SOA was
collected onto the 46.2 nm PTFE filter (WhatmanTM, UK) for
offline analysis. The volume of sample gas was 3 m3. The col-
lected SOA sample was dissolved in 5 mL of methanol (HPLC
grade,>99.8%) with 30min of sonication to ensure all the SOA
was completely dissolved. 0.2 μm PTFE syringe filters were
used to remove the suspended insoluble particles. The ab-
sorption spectra of toluene-derived SOA under different con-
ditions were presented by using a UV spectrophotometer (UV-
3600, Shimadzu, Japan). The absorption was detected in the
range of 200 to 800 nm with a resolution of 0.5 nm−1. The
mass absorption coefficient (MACλ, m2/g) is a key parameter
that describes the light-absorbing ability of the particles. The
MACλ calculation is based on the SOA mass concentrations
and light absorption coefficient. MACλ value is calculated us-
ing Eqs. (1) and (2):

Absλ = (Aλ − A700) ×
Vl

Va × L
× ln(10) (1)

MACλ = Absλ

M
(2)

Here Aλ is the light absorption intensity at a specific wave-
length.A700 is the background value of light absorption inten-
sity.Vl and Va are the volume of methanol with dissolved par-
ticles and the sampled air, respectively. L is the optical path
length. M represents the concentration of methanol-soluble
organic carbon.

2. Results and discussion

2.1. Effect of RH on SOA formation

The SOAmass concentrationwas investigated under four con-
ditions: dry and wet conditions in the absence of NOx, and
dry and wet conditions in the presence of NOx. The wall-loss-
corrected particle mass concentrations as a function of pho-
tooxidation reaction time are shown in Fig. 1.

A significantly negative effect of RH on SOA formation from
tolueneOHoxidation in the absence of NOxwas observed.The
maximum mass concentrations of toluene-derived SOA were
622.9±15.3 and 486.4±15.5 μg/m3 in dry and wet condition, re-
spectively. Similar results were also observed in the previous
studies for the aromatic SOA formation (Cao and Jang, 2010;
Tuet et al., 2017). Hinks et al. (2018) investigated the effect of
RH on toluene SOA formation and found a significant reduc-
tion of SOA yield at high RH compared to that under low RH for
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Fig. 1 – The evolution of SOA mass concentration at
different RH and NOx conditions. All the SOA mass
concentrations were corrected for the wall loss.

low-NOx conditions (Hinks et al., 2018). Zhang et al. (2019) also
pointed the SOA yields for the aromatic-OH photooxidation
system decreased by nearly 1 order when the RH increased
from 24% to 74%-79% (Zhang et al., 2019). It has been proved
that hemiacetal and peroxy hemiacetal oligomers are thema-
jor chemical components of toluene derived aerosol (Sato
et al., 2007). Water is involved as a by-product during the con-
densation reaction process and, thereby, oligomers formation
was inhibited with the increasing RH conditions. The sup-
pression of oligomers formation might be the key factor for
the decreased SOA mass concentration. Besides, we cannot
rule out the possibility that the mass loading of SOA was af-
fected by the enhanced wall loss of more water-soluble com-
pounds under high-RH conditions. The water-soluble prod-
ucts from toluene would be more efficiently absorbed by the
wetted chamber walls at high RH conditions, and result in a
stronger effect of RH on the SOA mass loading.

The lower toluene-derived SOA mass concentration was
observed at elevated RH, regardless of the presence or absence
of NOx. However, interestingly, when the experiments with
NOx presence, the maximum mass concentration of toluene
SOA was not significantly different under different RH con-
ditions. When compared SOA mass concentration observed
in the dry condition, the SOA formed at the wet condition
decreased from 434.5±14.9 to 400.3±15.9 μg/m3 as NOx in-
troduced into the chamber. The SOA mass concentration de-
creased 9.8% as RH increased from dry to wet condition in
the presence of NOx, but it decreased 29.1% in the absence
of NOx. This result is well in line with the previous study of
Hinks et al. (2018), which have similarly found that there was
amuch small difference in themaximummass concentration
achieved under<2%,40%,and 75%RH for the high-NOx exper-
iments compared to the low-NOx experiments (Hinks et al.,
2018). It is conceivable that less water-soluble products in the
toluene-derived SOAwere formed in the presence of NOx than
those formed in the absence of NOx.

In both dry and wet conditions, The SOA mass concentra-
tion formed in the presence of NOx is lower than that in the
absence of NOx. The production of low volatile compounds
is likely to be inhibited in high-NOx experiments (Song et al.,
2005; Yang et al., 2020). The previous study also reported

that toluene SOA displayed higher mass concentration un-
der low-NOx conditions and lower under high-NOx conditions
(Ng et al., 2007). RO2 are the important intermediates in the
photooxidation process. The branching of RO2 loss among dif-
ferent pathways has an important influence on the chemical
composition of photooxidation products and thus on SOA for-
mation (Zhao et al., 2018). The RO2+RO2/HO2 reaction prod-
ucts are believed to be involved in SOA formation.The reaction
rate constant of RO2+RO2 is 2.5 × 10−13 cm3/(molecules�sec)
(298 K), which is as much as 50 times slower than that
of RO2+NO (∼9 × 10−12 cm3/(molecules�sec) at 298 K)
(Ziemann and Atkinson, 2012). In the presence of NOx, the
reaction of RO2 with NO was the major reaction pathway for
RO2 and led to the formation of RO radicals. RO could produce
more volatile compounds through fragmentation and thus re-
duce SOA formation (Kirkby et al., 2016; Liu et al., 2019a, 2015b).
With the increase of RH, the decrease ratio of mass concentra-
tion of toluene SOA formed without NOx is higher than that
of toluene SOA formed with NOx. The decrease ratios were
30.3% and 17.7% for the dry and wet conditions, respectively.
This result also pointed the inhibitor effect of NOx on toluene
SOA formation would be weakened by the increasing RH.

The chemical properties of toluene SOA formed in the dif-
ferent conditions were detected by the AMS. The mass spec-
tra of SOA formed under different RH conditions are shown in
Fig. 2. The mass spectra were dominated by m/z 28, 29, 43, 44
for the organic fragments of CO+, CHO+, C2H3O+, and CO2

+,
respectively. Both CO+ and CO2

+ originate from the fragmen-
tation of organic acids, are the indicators of highly oxygenated
organic aerosols (Alfarra et al., 2004; Ng et al., 2010). The CHO+

and C2H3O+ are the characteristic fragmentation ion of alde-
hydes and ketones (Ng et al., 2010; Chen et al., 2021). The
fraction of the organic signal at m/z 44 is represented by f44.
In the experiments with the absence of NOx, f44 was persis-
tently lower in wet condition, indicating that SOA formed un-
der higher RH conditions were less oxidized, which was un-
favourable to SOA formation. Seinfeld et al. (2001) pointed the
promotion of partitioning of gas-phase products in wet con-
dition would result in more insufficient oxidized gas-phase
products were partitioned into the aerosol phase under higher
RH conditions, and further reduced the oxidation state of SOA
(Seinfeld et al., 2001). However, in the presence of NOx, f44
had no evident change between different RH conditions (0.089
in dry condition and 0.091 in wet condition). This might be-
cause the oxidation products in the presence of NOx are more
volatile. These products with lower f44 are mainly partici-
pated in the gas-phase andmore difficult to distribute into the
particle-phase. This causes the decreasing trend of f44 with RH
in the absence of NOx is not observed in the experiment with
NOx presence.

The elemental analysis serves as a valuable tool to eluci-
date SOA chemical composition and SOA formation mecha-
nisms (Heald et al., 2008; Chhabra et al., 2011). Fig. 3 shows
the ratios of O/C and N/C of toluene-derived SOA under differ-
ent RH conditions. The changing trend of O/C was similar to
that of f44 at different experiment conditions. O/C decreased
with the increase of RH in the absence of NOx. It decreased
from 0.897 in dry condition to 0.822 inwet condition.Although
the O/C does not change obviously, a slight increase of O/C
with RH could be observed in the presence of NOx. The O/C in-
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Fig. 2 – Mass spectra of SOA formed under different RH and
NOx conditions.m/z: mass to charge ratio.

Fig. 3 – Ratios of O/C and N/C of toluene-derived SOA under
different RH conditions.

Fig. 4 – Van Krevelen diagram of toluene-derived SOA at
different RH and NOx conditions.

creased from 0.844 in dry condition to 0.857 in wet condition
in the presence of NOx. For the SOA formed in the presence
of NOx, obvious nitrogen element was detected in the AMS
results. The N/C was 0.010 in dry condition. The N/C value in-
creased two and a half times to 0.025 in wet condition. It has
been proved before that the presence of NOx could participate
into the organic-phase in the form of nitro and nitrate groups
through the atmospheric oxidation process. The formation of
nitro and nitrate groups would provide extra Oxygen atoms
for the oxidation products of toluene.We assume that, for the
nitro and nitrate groups, eachNitrogen atom can carry two ad-
ditional Oxygen atoms. If the increase of oxygen atoms caused
by nitro and nitrate groups in the toluene-derived SOA were
excluded in the presence of NOx, the O/Cwould decrease from
0.824 in dry condition to 0.807 in wet condition. Therefore, the
increase of N/C with RH resulted in the growth of O/C in the
condition with NOx presence.

The Van Krevelen diagram was developed to illustrate how
elemental composition changes during SOA formation. The
H/C and O/C of toluene SOA formed at different RH and NOx
conditions were evaluated and displayed in the Van Krevelen
diagram for the further investigation of the oxidation degree
of SOA. The Van Krevelen diagram is shown in Fig. 4. Lines
indicated slope of 0, −0.5, −1, −2 representing additions of
alcohol or peroxide groups (OH or OOH), carboxylic acids (or
simultaneous addition of carbonyl and alcohol groups) with
fragmentation, carboxylic acids (or simultaneous addition of
carbonyl and alcohol groups) without fragmentation, carbonyl
groups (ketones and aldehydes), respectively (Heald et al.,
2010).

The slope of the linear fit of H/C vs. O/C was used to illus-
trate the chemical processes involved in the evolution of SOA
(Heald et al., 2010). The fitted slope for toluene SOA at different
conditions is shown in Fig. 5. In the absence of NOx, the fitted
slope of -0.59 ± 0.06 and -0.92 ± 0.03 were obtained for toluene
SOA formed in the dry and wet conditions, respectively. The
slopes indicated that the SOA formed from photooxidation of
toluenewasmainly composed of the carboxylic acidwith frag-
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Fig. 5 – Slope of the linear fit of H/C vs. O/C of
toluene-derived SOA at different RH and NOx conditions in
the Van Krevelen diagram.

mentation in the dry condition and without fragmentation in
the wet condition. Carboxylic acid formedwith fragmentation
has smaller molecular weight and has higher volatility than
that without fragmentation. The less relatively volatile sub-
stance is distributed into the particle-phase in the wet condi-
tion than that in the dry condition, indicated that the SOA for-
mation was inhibited as RH increased in the photooxidation
of toluene. However, in the presence of NOx, the fitted slope
of -0.97 ± 0.07 and -0.68 ± 0.11 were obtained for toluene SOA
formed in the dry and wet conditions, respectively. The slope
of the linear fit of H/C vs. O/C in the presence and absence
of NOx also presented the opposite trend with RH. These re-
sults indicated that NOx not only played a significant effect on
the SOA formation, but also changed the effect of RH on the
toluene-derived SOA chemistry composition.

2.2. Effect of RH on SOA optical absorption

Optical absorption is one of the important properties of SOA.
The change of SOA optical absorption formed under dif-
ferent RH conditions was investigated in this section. The
MACλ=365 nm of toluene SOA under different RH conditions
are shown in Fig. 6. Whether in the dry or wet condition,
MACλ=365 nm was higher in the presence of NOx than that in
the absence of NOx, which indicated that the NO2 could en-
hance the light-absorbing ability of SOA formed in the cham-
ber. This result is in accordance with the previous studies
(Xie et al., 2017; Lin et al., 2015). The effect of RH on the
MACλ=365 nm absorbance in the presence or absence of NOx
was different. The MACλ=365 nm value for the toluene SOA
formed without NOx was almost unchanged between dry and
wet conditions. The MACλ=365 nm is 0.157 and 0.153 m2/g
in the dry and wet conditions, respectively. This result indi-
cated that the increased RH does not affect the optical ab-
sorption of SOA formed in the toluene/OHphotooxidation sys-
tem without NOx. Meanwhile, the MACλ=365 nm of toluene-
derived SOA in the presence of NOx increased with RH. The
MACλ=365 nm of SOA formed in dry condition is 0.281 m2/g,
and it increased to 0.404 m2/g when the SOA formed in wet
condition. The MACλ=365 nm value increased by 43.7% under
wet condition compared with that under dry condition. The
highest MACλ=365 nm value was observed in the wet condition

with NOx presence. This result indicated that the presence of
NOx and increasing RH synergistic enhanced the MACλ=365 nm

of toluene SOA.
The formation of NOCs in the presence of NOx has been

proved to contribute significantly to the light absorption of
particles and responsible for the enhanced light absorption
of the toluene-derived SOA (Liu et al., 2015b; Yan et al., 2020).
The chemical properties of toluene SOA formed in the dif-
ferent conditions were detected by the AMS. Many Nitrogen-
containing fragments were observed in toluene SOA from
the AMS spectra when the NOx existed in the chamber. The
dominated Nitrogen-containing fragments were observed at
m/z 27 (CHN+), 41 (C2H3N+), 43 (C2H5N+), 44 (CH2ON+), 45
(CH3ON+), and 73 (C3H7ON+), respectively. In order to indi-
cate the changes in chemical compositionmore intuitively, six
fragment groups of CH, CHO, CHOx, CHN, CHON, and CHOxN
were divided according to the atomic composition of themass
spectrum fragment observed in the AMS spectra. Fig. 7 shows
the difference in the mass spectra of toluene SOA formed in
the presence of NOx at different RHs. The characteristic frag-
mentations of CHN, CHON, and CHOxN families are derived
from the NOCs (Liu et al., 2015b). However, the signal intensi-
ties of Nitrogen-containing fragmentswereweaker than those
of the CH, CHO, and CHOx families. It is important to note that
some of the NOCs may fragment into ions that do not contain
nitrogen atoms, and here were categorized into the groups of
CH, CHO, CHOx. Despite the concentration of CHN, CHON, and
CHOxN families in the SOA is very low (less than 6%), the con-
centration of NOCs should be higher than the concentration of
the sum of CHN, CHON, and CHOxN families shown in Fig. 7.
The concentration of Nitrogen-containing fragments is 2.6%
under dry condition. But in the wet condition, the concen-
tration of Nitrogen-containing fragments increased to 5.9%.
Obviously, the evolution of RH could promote the formation
of NOCs. The concentration of nitrogen-containing fragments
increased by 123% from dry condition to wet condition, which
is much higher than the increased ratio of MACλ=365 nm with
the evolution of RH.

Fig. 7 shows that the change of the relative proportion of
different kinds of NOCs is obviously different. Compared with
the dry condition, the ratio of intensity of CHON and CHOxN
observed in thewet condition increased from 0.5% to 1.1% and
from 0.7% to 2.6%, respectively. The proportion of CHN fam-
ily in SOA also increased from 1.3% under the dry condition
to 2.2% under wet condition. The proportion of CHN family
experienced a sixty-nine per cent increase in wet condition
as compared to that at dry condition, which was consisted
with the increasing ratio of MACλ=365 nm. However, the pro-
portion of CHN in the Nitrogen-containing fragments in the
SOA was decreased from 52% under the dry condition to 38%
under wet condition. The organonitrates, one of the impor-
tant Nitrogen-containing organic components, widely exist in
the atmosphere (Li et al., 2018). C-O-N is the basic structure
of organonitrogen molecules, where the Nitrogen atom can
only directly connect to the oxygen atom. Hence, CHN fam-
ily, in which a nitrogen atom is bonded directly to a carbon
atom, could not be fragmented from organonitrates. The nitro
compounds should be the source of CHN family fragmenta-
tions, and responsible for the increased value of MACλ=365 nm

of toluene-derived SOA. Some nitro compounds, e.g., 4-nitro-
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Fig. 6 – The value of MACλ=365 nm of toluene SOA formed at different RH and NOx conditions.

Fig. 7 – Chemical composition of toluene-derived SOA in
the presence of NOx under (a) dry and (b) wet conditions
measured by the Aerodyne high-resolution time-of-flight
aerosol mass spectrometer (HR-ToF-AMS).

o-cresols, 4,6-dinitro-o-cresol, and 3-methyl-5-nitrobenzene-
1,2-diol, could be formed in the toluene/NOx photooxida-
tion system (Jang and Kamens, 2001; Wang et al., 2019).
Future studies are necessary to quantify the concentration of
these nitro compounds formed at different RH conditions via
a liquid chromatography-electrospray ionization multi-stage
mass spectrometry (LC-ESI-MS).

Although the proportion of CHN,CHON,CHOxN families in-
creased from dry to wet conditions. CHN family accounted for
half of the Nitrogen-containing fragments in the dry condi-
tion, which meant that the nitro compounds were the main
component of NOCs in the dry condition. The CHON and

CHOxN family fragmentations were the characteristic frag-
mentations of organonitrates. The proportion of CHON and
CHOxN increased from 50% to more than 62% from dry to wet
condition, and become the main component of NOCs in the
wet condition, suggesting the promotion of RH on organon-
itrates formation is more efficient than that on nitro com-
pounds, and the increased RH promoted the proportion of
organonitrates in NOCs and SOA.

3. Conclusions

In this study, mass concentration, chemical composition, and
optical operation of toluene-derived SOA in dry and wet con-
ditions were compared in the presence or absence of NOx.
We found that both RH and NOx could suppress the forma-
tion of toluene-derived SOA. The SOA maximum mass con-
centration at wet condition to that in dry condition decreased
from 622.9±15.3 to 486.4±15.5 μg/m3, and decreased from
434.5±14.9 to 400.3±15.9 μg/m3 with NOx absence and pres-
ence, respectively. The inhibitor effects of NOx and RH on
toluene SOA formation were weakened by each other. The
changing trends of SOA optical property are not consistent
under different NOx conditions. In the absence of NOx, the
MACλ=365 nm of toluene-derived SOA was almost unchanged
with increasing RH. Meanwhile, the MACλ=365 nm of SOA
formed in wet condition (0.404 m2/g) increased 43.7% to that
in dry conditions (0.28 m2/g) with NOx presence. HR-ToF-
AMS results showed that the wet condition significantly pro-
moted the formation of NOCs. The concentration of Nitrogen-
containing fragments is 2.6% in dry condition, and it in-
creased to 5.9% in wet condition. The ratio of the CHN family
showed a robust linear correlationwithMACλ=365 nm, suggest-
ing a dominant contribution of nitro-aromatic compounds to
the light absorption of toluene-derived SOA through the OH-
photooxidation.

NOx is one of the most common pollutants in the atmo-
spheric environment, and plays an important role in SOA for-
mation. But the effect of NOx on SOA formation also influ-
enced by other environmental factors. In this work, we re-
vealed a synergy effect of NOx and RH on toluene-derived
SOA concentration, chemical composition, and optical prop-
erty. Due to the large latitude span in China, there is a great
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difference in environmental humidity between the north and
south regions.Ourworkwill help in further understanding the
different effects of NOx emission reduction on SOA in differ-
ent regions.

In this study, the synergy effect of RH and NOx on SOA for-
mation was studied qualitatively. The further chamber exper-
iments should be investigated to clarify the synergy effect of
RH and NOx on SOA formation quantitatively and provide pa-
rameterization scheme for improving air quality model.
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