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Nitrogen-containing organic compounds
Aromatic hydrocarbons are one of themajor precursors of atmospheric brown carbon (BrC) and both abundantly
co-exist with NOx in the urban atmosphere especially in winter haze period. However, the impact of NOx on the
formation of BrC derived from aromatic hydrocarbons is still not fully understood. In this study, the yield and light
absorption of secondary organic aerosols (SOA) from toluene photooxidation under various nitrogen oxides
(NO2) levels were investigated by using a 5 m3 photooxidation smog chamber. A trend of increase at first and
then decrease in the SOA yieldwith an increasing NO2 concentrationwas observed. The acid-catalyzed heteroge-
neous reactions lead to the increase of SOA yield in the low-NO2 regime. The formation of low-volatility species
might be suppressed at high-NO2 conditions is responsible for the decreased SOA yield. In contrast, light absorp-
tion andmass absorption coefficient (MAC) of the toluene-derived SOA continuously increased with the increas-
ing NO2 concentrations. HR-ToF-AMS results showed that nitrogen-containing organic compounds (NOCs) are
the main species that lead to the increase of the SOA light absorption. The ratio of CHN family to the total
NOCs, which are derived from the nitro compounds, also increased dominantly with the increasing NO2 levels
and accounted formore than half of the total NOCswhen theNO2 concentration increased to 495 ppbv, indicating
that nitro compounds rather than organic nitrates are themajor light-absorbing species and preferably formed in
the toluene oxidation process.

© 2021 Elsevier B.V. All rights reserved.
rmation Science of the Ministry of Education, School of Geographic Sciences, East China Normal University, Shanghai 210062,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2021.148714&domain=pdf
https://doi.org/10.1016/j.scitotenv.2021.148714
mailto:ghwang@geo.ecnu.edu.cn
Journal logo
https://doi.org/10.1016/j.scitotenv.2021.148714
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


S. Liu, Y. Wang, G. Wang et al. Science of the Total Environment 794 (2021) 148714
1. Introduction

Atmospheric brown carbon (BrC) is a class of particulate organic
compounds with an exponentially increasing absorption in the light
spectrum from the visible to ultraviolet (UV) wavelength, which has
been observed from the ground surface to the free troposphere (Ma
et al., 2019;Wu et al., 2020). Remote sensing observations and chemical
transport model simulation results showed that the global direct radia-
tive forcing of BrC ranges from 0.1 to 0.6Wm−2, suggesting its potential
climate forcing importance (G.X. Lin et al., 2014; Zhang et al., 2017). BrC
is only second to black carbon (BC) on thewarming effect of particulate
matter in the atmosphere (Laskin et al., 2015; Y.H. Lin et al., 2014;Wang
et al., 2018; Zhang et al., 2020). A few studies reported that the contri-
bution of BrC to aerosol forcing can account for around a fifth of the
solar absorption of carbonaceous aerosols globally (Chung et al., 2012;
Peng et al., 2020; Xie et al., 2017). Due to its effective absorption of UV
irradiation at the wavelength of λ < 320 nm, BrC can suppress ozone
photolysis and the production of OH radicals, and consequently affect
the atmospheric photochemistry (Jo et al., 2016; P.F. Liu et al., 2015).

BrC in the atmosphere is originated primarily from the direct emis-
sions of incomplete combustion of biomass and fossil fuel and secondar-
ily from photochemical reaction of VOCs with anthropogenic pollutants
such as NOx (NO2 = NO + NO2), O3, SO2 and NH3. Dark and photo-
chemical processes of the aqueous-phase reactions can promote the op-
tical spectra of organic aerosols, and are also the important process of
secondary BrC formation (Y. Chen et al., 2020; Huang et al., 2018;
Slikboer et al., 2015; Xu et al., 2018). Formation and light absorption
of BrC are affected bymany environment factors such as concentrations
and compositions of VOCs and oxidants, aerosol aqueous phase acidity,
andmeteorological conditions. In the past decades, field observation on
BrC have been conducted in various regions, but the formation mecha-
nisms of BrC are not yet clarified and thus knowledge about the
relationship between the chemical compositions and the optical prop-
erties of BrC remains limited, because of the diversity of VOCs, oxidation
reactions and influencing factors and the complexity of secondary BrC
compositions (Q.Y. Wang et al., 2019; Yan et al., 2020).

Aromatic hydrocarbons and NOx are themajor gaseous pollutants in
the winter atmosphere of China and co-abundantly occur with BrC in
Chinese haze development process (Wang et al., 2016). Recently, a
few field measurements have investigated the association between
BrC and NO2 in Chinese haze periods. For example, Peng et al. (2020)
evaluated the light absorption of BrC in filter-based PM2.5 samples col-
lected in the Sichuan Basin of Southwest China and found that BrC ab-
sorption was significantly higher during the pollution period over the
clean period, and a large amount of BrC formed on the polluted days
was related to the aqueous phase reactions of NO2 with anthropogenic
precursors (Peng et al., 2020). X.R. Li et al. (2020) examined the light ab-
sorption properties of BrC collected in northwest China during winter
and found that there was evident correlation between the absorption
coefficients (Abs) of BrC and NO2, which suggested an important contri-
bution of nitrated aromatic compounds to light absorption (J. Li et al.,
2020). Recent research also illustrated that the formation of a moder-
ately oxidized oxygenated organic aerosol (MD-OOA) with nitrogen
components is responsible for the increasing light absorption (Wang
et al., 2021). The effects of NO2 on secondary BrC formation were also
studied in laboratory studies. A scientific assessment on the optical
role of BrC by Y.C. Liu et al. (2015) indicated that the wavelength-
dependent absorptive component (k) values of secondary organic aero-
sols (SOA) formed in the presence of NO2 are greater than thosewithout
NO2, and the nitrogen-containing organic compounds (NOCs) are the
key components enhancing light absorption (Y.C. Liu et al., 2015). Xie
et al. (2017) reported that the light absorption of SOA generated in
the presence of NO2 is higher than that of hydrogen peroxide (H2O2),
and the mass absorption coefficient (MAC) of nitro-aromatic com-
pounds is more than twice as that of the whole SOA at 365 and
400 nm (Xie et al., 2017). Lin et al. (2015) compared the MACλ=365 nm
2

of toluene SOA under a high- and a low-level of NO2 conditions, and
found that MACλ=365 nm increased about 80 fold when the initial con-
centration ratio of NO2 to toluene ([NO2]0/[toluene]0, ppbv ppbv−1)
changed from 1:300 to 1:2 (Lin et al., 2015). The above field and labora-
tory studies suggested that NOx could promote BrC formation. How-
ever, the detailed dynamics of impact of NOx levels on BrC formation
is still not fully understood especially on a molecular level.

Toluene is one of themost abundant aromatic VOCs in the urban at-
mosphere, which is also an important source of BrC (Laskin et al., 2010;
Ma et al., 2018). In the present study, the formation dynamics and light
absorbance of SOA formed from the photooxidation of toluene were in-
vestigated with the initial NO2 concentrations varied from 0 to 500
ppbv. In complement to the optical measurements, the SOA chemical
composition was also characterized by using a high-resolution time-of-
flight aerosol mass spectrometer (HR-ToF-AMS) for identification of the
whole SOA chemical composition. The possible productswith UV absor-
bance were elucidated. We found that the increase of SOA light absorp-
tion was related to the concentration of NOCs, and nitro-aromatic
compounds with higher absorbance are dominantly formed under
higher NO2 conditions compared to other kinds of NOCs.
2. Experimental methods

2.1. Chamber studies

The secondary BrC was formed in a 5 m3 Smog Chamber of East
ChinaNormal University. Themethod for SOA formation in the chamber
followed the procedures given in our previous studies (Ge et al., 2019;
Liu et al., 2017; Liu et al., 2019). A summary of experimental conditions
for the photooxidation of toluene is provided in Table 1. The concentra-
tions of toluene and NO2 in the experiments were higher than those in
the real atmosphere to keep the particle production significant enough
for off-line collections and accuratemeasurements. The toluene concen-
trations remained stable in the different experimental conditions, the
variation of toluene-derived SOA mass concentration and yield was
only affected by the NO2 concentration in this study. The [toluene]0/
[NO2]0 ratios in this study covered the atmospheric conditions from
clean to polluted (Han et al., 2015; Zou et al., 2015). The experimental
conditions informative to aerosol formation and in the atmosphere
pollution degree. All experiments were performed at 1 atm, and the
temperature inside the chamber was kept at 298± 2 K. Before each ex-
periment, the chamber was flushed by zero air for more than 24 h until
the number of particles inside the chamber was less than 5 cm−3 and
the concentrations of NO2 and O3 were lower than1 ppbv, respectively.
While being flushed, the chamber was continuously irradiated with the
UV lights to completely remove organics potentially absorbed on the in-
side surface of the chamber. Zero air was generated through a Zero Air
Supplier (111-D3N, Thermo Scientific™, U.S.A.) and the flow rate was
regulated by a mass flow controller (D088C/ZM, Beijing Sevenstar Elec-
tron Corporation). The relative humidity (RH) of the zero air was about
15–20%. The OH radicals were generated by H2O2 photolysis under UV
light (TUV36W, Philips) irradiation. NO2 (510 ppm in N2, Air Liquid
Shanghai, China) was introduced into the chamber directly from the
corresponding standard gas cylinders. For each experiment, the same
amounts of toluene (EMD Chemicals, ≥99.8%) and H2O2 (Sigma-Aldrich,
30 wt% in H2O) solution were injected into a Teflon tube and gently
blown into the chamber by the zero air. The injected toluene concentra-
tion was 520 ppbv and the H2O2 concentration was 900 ppbv, which
were calculated from the injection volume of the liquids. The wall loss
rate constant of the particles mass concentration was (4.7 ± 0.3) ×
10−5 s−1, and the measured particle concentrations and SOA yield in
this study were corrected by the wall loss rate in the same way as re-
ported in our early study (Liu et al., 2017). Each experiment was per-
formed without seed aerosols here. The photooxidation started when
the UV light was turn on, and each experiment lasted for about 3 h.



Table 1
Details on the experimental conditions for the photooxidation of the toluene/OH system.

Exp. no. Toluene H2O2 [NO2]0 SOA SOA yield

(ppbv) (ppbv) (ppbv) (μg.m−3)

1 520 900 ~0 74.3 3.4%
2 520 900 44.6 111.8 5.2%
3 520 900 86.2 115.5 5.3%
4 520 900 101.3 146.4 6.8%
5 520 900 153.3 135.7 6.3%
6 520 900 189.9 126.8 5.9%
7 520 900 253.5 123.2 5.7%
8 520 900 496.2 112.8 5.2%

S. Liu, Y. Wang, G. Wang et al. Science of the Total Environment 794 (2021) 148714
2.2. Sample collection

The formed toluene SOA was collected onto Teflon filters
(Whatman, 0.2 μm PTFE 46.2 mm Filter) at the end of each experi-
ment and measured for the light absorption. Of note, in order to
investigate the bleaching effect on BrC, the SOA was collected as
soon as it was detected by A scanning mobility particle sizer
(SMPS), and was defined as newly formed SOA in this study. By com-
parison, the SOA collected at the end of each experiment with an
average photooxidation time of 2 h was defined as aged SOA. The tol-
uene SOA was collected at a flow rate of 30 L min−1 for 2 h, and the
sampling volume was 3.6 m3. The filter was extracted with 10 mL
of methanol (HPLC grade, Sigma-Aldrich) for 10 min under sonica-
tion. Then the extracts were filtered through a 0.45 μm syringe filter
(Fisher Scientific, Fisherbrandt Syringe Filters) to remove the insolu-
ble components and determined for light-absorbance.

2.3. Experimental equipment

An online NOx analyzer (Model 42i, Thermo Scientific™, U.S.A.) was
used for the NO2 measurement. The uncertainty of the NO2 measure-
ment was less than ±1%, and the detection limits of NO2 analyzer
were 0.40 ppbv. Both RH and temperature were measured with an
Omega digital thermohydrometer (model RH411, Omega Engineering,
Inc., Stamford, CT).

The number concentrations and size distributions of SOA were
determined by the SMPS, which consists of a differential mobility an-
alyzer (DMAmodel 3081, TSI Inc., U.S.A.) and a condensation particle
counter (CPC model 3776, TSI Inc., U.S.A.) for the particle size screen-
ing and particle number concentration determination, respectively.
A sheath/sample flow relationship of 3.0/0.3 L min−1 in the DMA
was used for the measurements. To make sure all the particles
could be detected, each scan was 240 s and the particle size was ob-
tained in the range of 14 to 710 nm. Themass concentration was con-
verted from the particle volume concentration with a material
density. For toluene-derived SOA, the material density measured by
Ng et al. is 1.4 ± 0.1 g cm−3 (Ng et al., 2007), which is used in this
study for the related calculations.

Realtime chemical composition of toluene SOA was measured using
an Aerodyne high-resolution time-of-flight aerosol mass spectrometer
(HR-ToF-AMS; Aerodyne Research Inc. U.S.A.). V-mode (m/Δm =
~2000), which has a higher signal-to-noise ratio, was used in the AMS
ToF section. The operation protocols of the AMS are briefly described
as follows. First, the particles with an aerodynamics diameter less than
1 μm were focused into a narrow beam through an aerodynamic lens,
subsequently impacted onto the hot tungsten surface (~600 °C) inside
the AMS and were vaporized. Then, the vaporized species were ionized
by electron ionization (EI), of which the energy of ionization was 70 eV.
The composition dependent collection efficiency (CE) was applied to
the data based on Middlebrook et al. (2012). Default relative ionization
efficiency (RIE) values were used for the HR-ToF-AMS data. The AMS
data were analyzed by using the standard AMS data analysis toolkits
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SQUIRREL v1.53C coupled with PIKA 1.12C (http://cires.colorado.edu/
jimenez-group/ToFAMSResources/ToFSoftware/index.html) based on
Igor Pro 6.32A (WaveMetrics Inc.). The RIE values of sulfate, nitrate,
chloride and organic was 1.0, 1.1, 1.3 and 1.4 for themass concentration
calculations, respectively.

2.4. UV–Vis light absorption analyses

The UV–Vis light absorption spectra of toluene SOA with different
NO2 concentrations were measured by a UV–Vis spectrophotometer
(UV-3600, Shimadzu, Japan) with a 1 cm cuvette at wavelength range
of 200–800 nm. The UV–Vis spectra were collected with a resolution
of 0.5 nm−1. The detailed method was described in previous studies
(J. Li et al., 2020; Yan et al., 2020). Light absorption coefficient of the par-
ticles at a specific wavelength λ (Absλ, M/m) was calculated as Eq. (1)
below:

Absλ ¼ Aλ−A700ð Þ∙ Vl

Va � L � ln 10ð Þ ð1Þ

where Absλ is the light absorption of SOA at the λ wavelength, A700 is
the light absorption intensity background value (in order to reduce
the limits of error inmeasurement, the average value of light absorption
intensity of 695–705nmwas used asA700), Vl is the volumeofmethanol
with dissolved aerosols, Va is the volume of the sampled air, and L
(1 cm) is the optical path length. The limit of detection (LOD) was
0.081 M/ m in the 300–700 nm wavelength range with an estimated
uncertainty of 21%. Since the measured Absλ is strongly dependent on
the amount of SOA collected on the filter, mass absorption coefficient
(MAC, m2 g−1) was used here for a comparison, which was calculated
using Eq. (2) below:

MACλ ¼ Absλ
M

ð2Þ

where MACλ is the mass absorption coefficient of SOA at the λ wave-
length, M (μg m−3) is the mass concentration of methanol-soluble or-
ganic matter.

3. Result and discussion

3.1. Effect of NO2 on toluene-derived SOA formation

To investigate the role of NO2 in the toluene SOA formation by OH
oxidation, a series of photooxidation experiments were conducted
with the initial NO2 concentration ranging from 0 to 496.2 ppbv. The
temporal evolution of SOA formation as a function of reaction time
under different initial NO2 concentrations is shown in Fig. 1. The new
particles formed in the chamber were observed after 10 min UV-
irradiation (Fig. 1a). Then the SOA mass concentration gradually in-
creased as the irradiation proceeded. After about 1 h of photooxidation,
the SOA concentration was stable as it reached the maximum, which
means that the photooxidationwas almost completed and no additional
SOAwas formed anymore. SOAyieldwas used to represent the SOA for-
mation potential in the photooxidation process. In this work the SOA
yield was calculated as follows:

Y ¼ ΔM0

ΔHC
ð3Þ

where Y is the SOA yield,ΔM0 is themaximum concentration of organic
aerosols in the chamber (μg m−3), and ΔHC is the concentration of
reacted toluene (μg m−3).

Fig. 1b shows the changes in the maximum concentration of SOA
and SOA yields of toluene at different NO2 concentrations. There was
an increase at first and then decrease in the SOA yield with the increas-
ing NO2 concentration. The SOA maximum concentration was 74.3 ±

http://cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html
http://cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html
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2.3 μg m−3 in the absence of NO2, and increased to a maximum of
146.4± 1.8 μgm−3 when the initial NO2 increased to 101.3 ppbv. After-
wards, the SOA maximal concentration decreased gradually to 112.9 ±
2.4 μgm−3 as initial NO2 reached 496.2 ppbv. The toluene SOAyieldwas
3.4%, 6.8% and 5.2% when the initial NO2 concentration was ~0, 101.3,
and 496.2 ppbv, respectively. The maximum of SOA yield was observed
when concentration ratio of [NO2]0/[toluene]0 was about 1:5. Such a
variation pattern in SOA growth rate of increasing under relatively
low NO2 conditions and decreasing under relatively high NO2 condi-
tions was also observed by previous studies. Sarrafzadeh et al. (2016)
and Qi et al. (2020) pointed out that the promotion of NO2 on SOA for-
mation was due to the increase of OH concentration in the chamber (Qi
et al., 2020; Sarrafzadeh et al., 2016). However, both studies were con-
ducted under black light irradiation conditions with a light wavelength
of 365 nm, and theOHwas generated through recycling via (NO+NO2)/
HOx chemistry. UV light in the wavelength of 254 nm was used in this
study. Thus, the OH was formed from H2O2 photolysis directly, and
the OH formation was almost unaffected by NO2. Therefore, although
the same change trend was observed in our and the previous studies,
the mechanism of NO2 affecting SOA formation should be different.

NO+ and NO2
+ are themain fragments of both organic and inorganic

nitrates detected by AMS, but the NO+/NO2
+ ratio is different between

the two types of nitrates. NO+/NO2
+ ratio of organic nitrates is substan-

tially higher than ammonium nitrates (Boyd et al., 2015). Thus, NO+/
NO2

+ ratio in the AMS mass spectra is routinely used to distinguish the
organic nitrates from inorganic nitrates (Farmer et al., 2010; Ng et al.,
2017; L. Xu et al., 2015), and the NOorg and NO2,org concentrations can
be calculated by using the following equations:

NO2;org ¼
NO2;meas � Rmeas−RANð Þ

RON−RAN
ð4Þ

NOorg ¼ RON �NO2;org ð5Þ

where Rmeas is theNO+/NO2
+ ratio from the observation.RAN is theNO+/

NO2
+ ratio for ammonium nitrate (AN). The value of 1.3 ± 0.1 was used

in calculations for RAN in our AMS data, which is within the range
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Fig. 1. The temporal evolution of the formed toluene SOA (a) and the maximal SOA mass
concentration (b) with different NO2 concentrations (All the data were corrected for the
wall loss).

4

(1.1–3.5) reported in literatures (Farmer et al., 2010; Fry et al., 2013;
Ng et al., 2017). RON is the NO+/NO2

+ ratio for organic nitrates. In this
work, the NO+/NO2

+ ratio of organic nitrates from the photooxidation
of aromatic hydrocarbons is 4.8 ± 1, which is much higher than that
of ammonium nitrate (Sato et al., 2010). NO2,meas represents the total
NO2

+ fragments obtained from the AMS data.
The mass concentration ratio of nitrate ions to SOA ([NO3

−]/[Org])
obtained by the AMS under different initial NO2 concentrations is
shown in Fig. 2. With the increase of initial NO2 concentration in the
chamber, an increase in the [NO3

−]/[Org] ratio was observed, suggesting
more inorganic nitrate was formed under higher NO2 conditions. Since
inorganic acid could catalyze particle-phase heterogeneous reactions
of organic carbonyl species and lead to an increase in SOA mass (Jang
et al., 2002), the higher ratio of [NO3

−]/[Org] observed in this work
suggests an increase in acidity of the secondary aerosols along with an
increasing NO2 concentrations, which is responsible for the acid-
catalyzed reactions and the promotion of SOA formation.

The chemical composition of toluene-derived SOA in terms of H/C
and O/C ratios at different initial NO2 concentration was further com-
pared. The elemental ratios of O/C vs. H/C for different initial NO2 con-
centrations are shown in Fig. 3a. The slope of the linear fit of H/C vs.
O/C of toluene-derived SOA at different initial NO2 concentrations in
the VanKrevelen diagram is used to illustrate the chemical processes in-
volved in the evolution of SOA (Heald et al., 2010). The fitted slope for
toluene SOA at different conditions is shown in Fig. 3b. The slop of the
linear fit of H/C vs. O/C of toluene-derived SOA was about −2.3 in the
absence of NO2. The slop increased quickly to −1.5, −1.3 and −0.97
as the initial NO2 concentration increased to 45, 86 and 190 ppb, respec-
tively,which indicated that the growth rate of O atoms in SOA formation
process was increased with initial NO2 concentrations. Previous studies
found that the glyoxal andmethylglyoxal were formed from the toluene
OH-oxidation, and exhibits high O/C ratios (Ji et al., 2017). The hemiac-
etal and acetal formation through the acid-catalyzed reactions resulted
in the participation of glyoxal into the particle phase (Jang et al., 2002).
Hence, the decrease slop of H/C vs. O/C was observed. The similar de-
creased trend of the H/C vs. O/C slop was evidenced through acid-
catalyzed heterogeneous uptake based on the data in a previous study
(Chhabra et al., 2011; Zhao et al., 2018).

In addition, the formed HNO3 could promote the formation of some
compounds with high oxidation state and low volatility (Connelly et al.,
2012), which is another reason for the increase of SOA yield with
the increasing NO2 concentrations. Previous studies found that
the initial reaction of toluene with OH radicals is a OH addition
pathway, which results in the formation of the OH-toluene adduct
(e.g., methylhydroxycyclohexadienyl radicals) (Ji et al., 2017). In addi-
tion, O2 addition to the OH-toluene adducts would form the primary
RO2 radicals and subsequently form glyoxal andmethylglyoxal through
0
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a ring cleavage reaction. Both carbonyls are further oxidized into
glyoxylic acids in the presence of nitric acid (Connelly et al., 2012).

Although only NO2was introduced into the chamber before the pho-
tooxidation, the NO could be formed through the NO2 photolysis under
the UV light irradiation and the glyoxylic acid formation. With the con-
tinuous increase of NO2 or nitric acid,moreNOwas formed in the cham-
ber. Then, the reaction of NO with RO2 would be promoted, and
gradually replace the reaction of RO2 with RO2/HO2 (Liu et al., 2019;
Xu et al., 2020; Zhao et al., 2018). The reaction of RO2 with NO could
lead to fragmentation by RO intermediate, then produce more higher
volatile compounds and thus reduce the formation of SOA (Hu et al.,
2007; J.L. Xu et al., 2015). As shown in Fig. 3a, SOA formed at high NO2

has a lower H/C compared to that at lowNO2. Zhao et al. (2018) pointed
the organic nitrates formed through RO2 reacted with NO have a lower
H/C ratio than hydroperoxides, whichwas formed from the RO2 reacted
with HO2 at low NOx condition (Zhao et al., 2018). The decrease of H/C
observed with the increase of initial NO2 condition illustrated that the
contribution reaction of RO2 with NO was enhanced with NO2 concen-
tration. However, it should be noted that despite a descending trend
of SOA mass concentration was observed with the continuous increase
of initial NO2 concentration, the SOA mass concentration with 496.2
ppbv initial NO2 was still 1.5 times higher than that in the absence of
NO2.

3.2. Light absorption of toluene derived SOA

BothAbs andMACλ=365 nmwere used to investigate the effect of NO2

on the light absorption of toluene-derived SOA in the chamber. The
measured Abs and the calculated MACλ=365 nm with different initial
NO2 concentrations are shown in Fig. 4. As seen in Fig. 4a, light absorp-
tion of the toluene derived SOA in the chamber increased alongwith an
increase in NO2 concentration in the wavelength range from 200 nm to
500 nm. As shown in Fig. 4b, MACλ=365 nm of the toluene derived SOA
formed through OH oxidation was 0.041 m2 g−1 in the absence of NO2

and increased to 0.155m2 g−1 when the initial concentration of NO2 in-
creased to 496.2 ppbv, further suggesting that the increase of NO2
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concentration not only promoted the SOAproduction but also enhanced
the light-absorbing ability of SOA formed in the chamber.

Such an increase ofMACwith NO2 is in a good agreementwith those
reported by Lin et al. (2015) and Xie et al. (2017), but there is a great
deal of difference among the MAC values (Table 2). Lin et al. (2015) re-
ported that MACλ=365 nm of toluene SOA formed at high NO2 condition
was 0.78m2 g−1, but the toluene SOA producedwithout NO2was color-
less with the value of MACλ=365 nm being 0.01 m2 g−1. First, NO2 in the
study of Lin et al. was 1500 ppbv, and the concentration ratio of NO2 to
toluene was 5:1; both are much higher than those of this study. Sec-
ondly, BrC is chemically unstable and the chromatic groups can be de-
graded by extra oxidants, or the bleaching effect may also be induced
by direct photolysis (Y.C. Liu et al., 2015). A shorter wavelength of
254 nm UV lights used in this study compared to the study by Lin
et al. (2015), which may cause an enhancing bleaching effect and thus
result in the lower MAC values compared to that observed by Lin et al.
(2015). As seen in Fig. 4b, the average MACλ=365 nm of the toluene
SOA with 2 h of photooxidation was about 40% lower than that of the
newly formed SOA. For a better comparison about the influence of
NO2 on the toluene SOA absorption, the relation of MACλ=365 nm with
NO2 concentration in different studies was shown in Fig. 5. As seen
Fig. 5, the increase rate of MACλ=365 nm with initial NO2 concentration
for the newly formed SOA in this study (slope = 5.0 × 10−4) was com-
parable to that observed by Lin et al. (slope= 5.1 × 10−4). Therefore, it
can be assumed that the bleach effect in present study is stronger than
that in Lin et al., which is probably the main reason for the lower MAC
value of toluene SOA observed in this study.

The MACλ=365 nm of toluene SOA generated in the study of Xie et al.
was 0.17 and 0.55 m2 g−1 under the lower and high NO2 conditions, re-
spectively. The MACλ=365 nm value observed by Lin et al. is consistent
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Fig. 4. Abs (a) and MACλ=365 nm (b) of the toluene-derived SOA with different initial NO2

concentrations (The blue triangle points represent theMACλ=365 nmof newly formed SOA,
the black square points represent the MACλ=365 nm of aged SOA with an average
photooxidation time of 2 h).
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Table 2
Relationship between MACλ=365 nm and initial NO2 concentration for several chamber result.

Light source Seed particles Low NO2 condition High NO2 condition

[NO2]0 (ppbv) MACλ=365 nm (m2 g−1) [NO2]0 (ppbv) [NO2]0/[toluene]0 MACλ=365 nm (m2 g−1)

This study UV light
(254 nm)

No No 0.03 496 1:1 0.15

Lin et al. (2015) Black light
(365 nm)

No <2 0.01 1500 5:1 0.78

Xie et al. (2017) Black light
(365 nm)

(NH4)2SO4 No 0.17 300 1:10 0.55
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with that observed by Xie et al. at highNO2 condition, but the initial NO2

concentration and the [NO2]0/[toluene]0 ratio under high NO2 condition
in Xie et al. were only 300 ppbv and 1:10, respectively, which are much
lower than those of Lin et al. (Lin et al., 2015; Xie et al., 2017). The
MACλ=365 nm value in the absence of NO2 from Xie et al. study is
much higher than the results from both Lin et al. and our study. Xie
et al. reported that 4-nitrocatechol, 2-methyl-4-nitroresorcinol, and 2-
nitrophloroglucinol were the main nitroaromatic compounds detected
in the toluene/NO2 SOA, but the contribution of nitroaromatic com-
pounds absorption was only 13% to the light absorption coefficients of
toluene SOA extracts at 365 nm, suggesting the formation of other
types of absorbents, which resulted in the enhancement of the toluene
SOA absorbance. Ammonium sulfate [(NH4)2SO4] seed aerosol at a con-
centration of 0.1–1 μg m−3 was introduced for the experiments to pro-
mote SOA formation in the study of Xie et al. (2017). The heterogeneous
reaction of ammonium with the carbonyl and carboxyl group from the
toluene SOA could produce more NOCs, and enhance the absorbance
of SOA (Qi et al., 2020). Therefore, the MAC value observed by Xie
et al. (2017) under a very low ratio of NO2 to toluene conditions is still
comparable and even higher than that of the experiments with no
(NH4)2SO4 seeds such as the cases of Lin et al. (2015) and this study
(Table 2).

3.3. Chemical composition of toluene-derived SOA

The molecular-level study of SOA chemistry is helpful for better un-
derstanding on the change of SOA yield and the evolution of light ab-
sorbing of the BrC. The typical mass spectrum from toluene-derived
SOAwith different initial NO2 concentration is shown in Fig. 6. The frag-
ments at m/z 28 (CO+), 43 (C2H3O+) from CHO family, and fragments
m/z 44 (CO2

+) from CHOx (here x>1) family spectrum were dominant
in the AMS spectrum. The relative intensity between m/z 43 and m/z
44 was one of themost significant changes of the AMS spectra obtained
from different NO2 conditions. The m/z 43 ion signal includes the fresh
less-oxidized organic aerosols, while the m/z 44 ion signal is an indica-
tor of highly oxygenated organic aerosols (Ng et al., 2010). The increas-
ing relative intensity of m/z 44 indicated that the toluene SOA is more
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Fig. 5. The relationship between MACλ=365 nm and initial NO2 concentration reported by
different studies.
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oxidized with increase NO2 concentration, suggesting that the presence
of NO2 promotes the formation of some high oxidation state products
containing more carboxyl groups, e.g., glyoxylic acid, through toluene
photooxidation (Chhabra et al., 2010; Ng et al., 2010).

In the presence of NO2, many N-containing fragments were ob-
served in the AMS spectra. The total NOCs was detected as the CHN,
CHON and CHOxN fragment groups by the AMS. The dominated N-
containing fragments from the CHN family were observed at m/z 27
(CHN+), 41 (C2H3N+), 41 (C2H5N+), respectively, and the strong frag-
ments from CHON and CHOxN groups were also observed at m/z 44
(CH2ON+), 45 (CH3ON+), 73 (C3H7ON+). As shown in Fig. 7, the con-
tent of total N-containing fragments in SOA were 2.5%, 2.9%, 4.3% and
6.0%with initialNO2 concentrations of 45, 86, 190 and 495ppbv, respec-
tively. Some of the NOCs may fragment into ions that do not contain ni-
trogen atoms, and herewere categorized into the groups of CH, CHOand
Fig. 6. The typical HR-ToF-AMS spectra of toluene-derived SOA with different
concentration of initial NO2. The figure inset shows the elemental ratios for different
experiments.

Image of Fig. 5
Image of Fig. 6


Fig. 7. Chemical composition of tolune-derived SOA with different initial NO2 concentration measured by HR-ToF-AMS.
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CHOx. Thus, the concentration of total N-containing fragments in the
SOA might be much lower than the concentration of NOCs.

Obviously, NO2 could promote the formation of NOCs, although the
signal intensities of N-containing fragments were weaker than those
of the CH, CHO and CHOx families. Yan et al. (2020) pointed out that
the NOCs are strong BrC chromophores, and even a small amount of
nitro-aromatic compounds could contribute significantly to the light
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absorption of particles (Yan et al., 2020). Fig. 8 shows the relationship
between MACλ=365 nm and the content of N-containing fragments in
the total SOA mass with different initial NO2 concentration. The
MACλ=365 nm was increasing linearly (R2 = 0.97) with the concentra-
tion of N-containing fragments, clearly demonstrating that the
nitrogen-containing functional groups are the important BrC chromo-
phores and responsible for the enhanced light absorption of the
toluene-derived SOA. We also attempted to link optical properties to
the elemental ratios of chemical composition.We therefore investigated
MACλ=365 nm versus N/C ratios in Fig. 8b. Indeed, the MACλ=365 nm

value of toluene-derived SOA also appeared to increase in general
with the increases of N/C ratios from AMS measurements, and there
had strong correlations of MACλ=365 nm and N/C ratios. Chen et al.
(2018) and Y.F. Chen et al. (2020) investigated the light absorption
and chemical properties of BrC in PM2.5 collected in field experiments,
and a positive response of MACλ=365 nm to N/C ratios and organic nitro-
gen (ON) contents were observed, and these results also indicated that
ON species are important BrC chromophores (Chen et al., 2018; Y.F.
Chen et al., 2020).

However, when the content of N-containing fragments in the SOA
increased, the relative proportion of different kind of NOCs also changed
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Fig. 9. The relative abundances of CHON, CHOxN and CHN family fragments in the chamber
under different initial NO2 concentrations.
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significantly. The ratio of fragment intensity of CHON, CHOxN and CHN
family at different NO2 experiments is shown in Fig. 9. The proportion
of CHN family in the N-containing fragments only accounted for 40%
under the initial 45 ppbv NO2 conditions. The proportion of CHN family
increased with the initial NO2 concentrations, and accounted for 57% of
the NOCwhen the initial NO2 concentration increased to 495 ppbv. The
organonitrates are the important nitrogen components and widely
found in the atmosphere (Li et al., 2018). C-O-N is the basic structure
of organonitrogen molecules, where the C atom directly connects with
the O atom. In contrast, for the CHN family, the C atom directly connects
Fig. 10. Formation pathways of nitro-aromatic compound
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with the N atom. Hence, the fragments of CHN family are definitely not
from the organonitrogen. Instead, they should come from the nitro
compounds. Laboratory chamber studies have reported that the nitro
compounds can be produced from the toluene SOA in the presence of
NO2 (Lin et al., 2015). Y. Wang et al. (2019) and X.R. Li et al. (2020)
also reported that NO2 plays important roles in the secondary formation
of nitro-aromatic compounds via photooxidation of anthropogenic
VOCs precursors (e.g., toluene, benzene) (Y. Wang et al., 2019; Yan
et al., 2020). Nitro-aromatic compounds are of a strong light-
absorbing ability (X.R. Li et al., 2020). Therefore, the increased relative
s in toluene photooxidation in the presence of NO2.

Image of Fig. 10
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abundance of nitro compounds, i.e., the CHN family, to the total NOCs
can explain the enhanced light absorbance of SOA under the high NO2

conditions.
Themechanism of nitro compounds formation from photooxidation

in the presence of NO2 is discussed here (Fig. 10). Toluene is known to
react with OH to form the OH-aromatic adduct (a), which can react
with O2 or NO2 (Hurley et al., 2001). According to the rate constant
for reaction of OH-adduct with NO2 (k = 3.6 ± 0.4 × 10−11 cm3

molecule−1 s−1) andwithO2 (k=2.28±0.34× 10−16 cm3molecule−1

s−1), 28% of OH-aromatic adduct could be consumed through the reac-
tion of adduct + NO2 when the initial NO2 concentration increased to
themaximumof 496.2 ppbv in this study. The 3-nitrotoluene is believed
to be produced by the reaction of OH-aromatic adduct with NO2 (Sato
et al., 2007). Ji et al. (2017) revealed that the o-cresol (c) formation rep-
resented the dominant pathway for toluene OH oxidation (Ji et al.,
2017). A methylphenoxy radical (d) was formed as an intermediate
product in the reaction between OH and o-cresol. The NO2 added to
the benzene ring of methylphenoxy radical could form another adduct
(f), which would form the 4-nitro-o-cresols through the isomerization
reactions (Jang and Kamens, 2001). Nitrocresols are produced as the
second-generation products. The 3-methylbenzene-1,2-diol (j) would
further react into o-cresol. Because the molecular structure of both
4-nitro-o-cresol and 3-methylbenzene-1,2-diol are similar to o-
cresol, another nitro group was added to the benzene ring by the
reaction of 4-nitro-o-cresol or 3-methylbenzene-1,2-diol with OH
radicals in the presence of NO2 in the similar process to form 4,6-di-
nitro-o-cresol and 3-methyl-5-nitrobenzene-1,2-diol. All these
nitro-aromatic compounds have been observed in field studies (Y.
Wang et al., 2019). In addition to the nitro-aromatic compounds de-
tected by the AMS, the formation of linear chain or branched-chain
nitro compounds may also occur during the reaction. Future studies
are necessary to identify the exact chemical formula of nitro com-
pounds via a liquid chromatography-electrospray ionization multi-
stage mass spectrometry (LC-ESI-MS).
4. Conclusion

The production yield and light absorption of toluene SOA from OH
photooxidation in the presence of NO2 was studied by using a chamber
simulation technique. The SOA concentration first increased with the
initial NO2 concentration below 100 ppbv, and maximized at a value
of 146.4 ± 1.8 μg m−3. Then, the SOA concentration decreased slowly
along with the continuous increase in initial concentrations of NO2.
Both the acid-catalyzed reaction by nitric acid and the formation of
lower volatile compounds (e.g., glyoxylic acid) are responsible for the
increase of the SOA yield.

HR-ToF-AMS results showed that the presence of NO2 enhanced
the light absorption of toluene SOA by forming NOCs. The ratio of
NOCs to the total SOA increased with an increase of initial NO2

concentrations, and showed a robust linear correlation with
MACλ=365 nm, suggesting a dominant contribution of NOCs to the
light absorption of secondary BrC produced from toluene photooxi-
dation. HR-ToF-AMS characterization further revealed that nitro-
aromatic compounds are the major light-absorbing compounds and
dominant in NOCs at high NO2 concentration with organonitrogen
being relatively minor.
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