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1. Introduction
Atmospheric nitroaromatic compounds (NACs) are a class of aromatic species with both hydroxyl (−OH) and 
nitro groups (−NO2) connecting to a benzene ring. They not only are important atmospheric pollutants that have 
proved to be genotoxic and phytotoxic (Fernandez et al., 1992; Grundlingh et al., 2011; Q. G. Huang et al., 1995; 
Purohit & Basu, 2000), but also can affect climate and air quality (Laskin et al., 2015; Moise et al., 2015). More-
over, NACs, including nitrophenols and their derivatives (NPs), nitrocatechols and their derivatives (NCs), nitro-
salicylic acids (NSAs), and nitroguaiacols (NGs), have been proven to be potentially important light absorption 
contributors to atmospheric brown carbon (BrC) (X. R. Li et al., 2020; Mohr et al., 2013; Teich et al., 2017; Xie 
et al., 2017, 2019), up to 50%–80% of the total visible light absorption (>400 nm) by BrC emitted from biomass 
burning (Lin et  al.,  2017). Therefore, elucidating the formation mechanisms and pollution characteristics of 
atmospheric NACs has become a major atmospheric research topic in recent years.

NACs have been observed in various ambient atmospheres, including mountain (L. Wang et al., 2018), rural 
(Liang et al., 2020; Mohr et al., 2013; Teich et al., 2017), suburban (Kitanovsli, Shahpoury, et al., 2020), and 
urban (Ikemori et al., 2019; M. Li et al., 2020; X. Li et al., 2020) environments. Combustion of biomass and fossil 
fuel are predominant primary sources of particulate NACs (Kitanovski et al., 2012; Mohr et al., 2013). A recent 
study has reported that NACs related to fresh or aged biomass burning (BB) aerosols accounted for 10%–21% of 
the total NACs in aerosols (L. Wang et al., 2018). Ambient concentrations of particulate NACs could reach up to 
over 100 ng m −3 during the heating season (X. Li et al., 2020; Liang et al., 2020).

Aside from primary sources, NACs might also be produced secondarily from the oxidation of anthropogenic 
volatile organic compounds (VOCs), including aromatic hydrocarbons (e.g., benzene, toluene, and xylene) and 
lignin pyrolysis products (e.g., phenol, m-cresol, guaiacol, catechol, and methylcatechol) (Harrison, Heal, & 
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Cape, 2005; Iinuma et al., 2010; Kroflic et al., 2015; Xie et al., 2017). For example, nitrophenols (NP), methyl-ni-
trophenols (MNP), and 4-nitrocatechol (4NC) could be formed from gas-phase photooxidation of benzene or 
toluene in the presence of NOx (Lin et  al.,  2015; Sato et  al.,  2007; Xie et  al.,  2017). NP and 4NC could be 
formed by OH or NO3 radical-initiated oxidation of phenol and catechol in the presence of NO2, respectively 
(Finewax et al., 2018; Harrison, Barra, et al., 2005). MNP and Methyl-nitrocatechols (MNC) might arise from 
NOx photooxidation of m-cresol (Iinuma et al., 2010; Olariu et al., 2002; Xie et al., 2017). Moreover, Lauraguais 
et al. (2014) have revealed the formation of 4NC from the OH-initiated oxidation of guaiacol in the presence of 
NOx. Nevertheless, this pathway appears to play only a minor role in 4NC formation under high-NOx conditions 
and NGs were formed as the major products (Lauraguais et al., 2014). NGs could also be formed via NO3-initi-
ated oxidation of guaiacol (Yang et al., 2016). In addition to the gas-phase oxidation, NAC formation can occur 
via aqueous-phase oxidation of aromatics (Frka et al., 2016; Kroflic et al., 2018; Vidovic et al., 2019, 2020). NPs 
could be formed by either photo-nitration of phenol upon UV irradiation of nitrite (Vione et al., 2001), or by 
hydroxylation and nitration of benzene in the presence of nitrite/nitrous acid (NO2 −/HNO2) in aqueous solutions 
(Vione et al., 2004). The electrophilic substitution of 3-methylcatechol (3MC) with nitronium ion (NO2 +) and 
the direct involvement of HNO2 in the nighttime transformation of 3MC via consecutive oxidation and conju-
gated addition reactions have been proposed as two important aqueous-phase formation pathways of MNC (Frka 
et al., 2016; Vidovic et al., 2018). Figure S1 in Supporting Information S1 summarized the proposed dominant 
reaction pathways for secondary formation of NP, NC, MNP, MNC, and NG. Additionally, it has been proposed 
that the atmospheric chemical sinks of NACs in the gas and aqueous phases include reactions with OH radicals 
(Bejan et al., 2007), NO3 radicals (Atkinson et al., 1992; Vione et al., 2009), or chlorine atoms (Bejan et al., 2015) 
as well as photolysis (Bejan et al., 2007; Yuan et al., 2016). However, to date, the atmospheric relevance of these 
processes has not been fully elucidated.

Field observations spanning from clean to polluted conditions are imperative for better revealing previously 
unrecognized factors and further corroborating the mechanistic understanding achieved from smog chamber 
experiments. However, such studies are still scarce, especially those conducted in polluted atmospheres with high 
levels of both NOx and anthropogenic VOCs, where the dynamics and abundance of atmospheric oxidants and 
pivotal precursors of NAC formation as well as the main sources of NACs could be significantly different from 
those in cleaner environments. In this study, we used ultra-high-performance liquid chromatography (UHPLC) 
coupled with an Orbitrap mass spectrometry (MS) to characterize the molecular composition of particulate NACs 
in urban Shanghai across the summer and winter of 2017, and quantify some highly abundant NACs. The aim is 
to get an understanding of the NAC formation and major influence factors in polluted atmospheres by compar-
atively examining the abundance and composition of NACs under contrasting atmospheric conditions, such as, 
summer versus winter, daytime versus nighttime, low versus high NOx, and low versus high nitrate. This study 
provides insights into formation characteristics of NACs via primary sources and secondary gas/aqueous-phase 
oxidation, and assesses the potential effects of severe anthropogenic pollutants (e.g., anthropogenic VOCs, NOx, 
and nitrate) on NAC formation in urban areas.

2. Materials and Methods
2.1. Aerosol Sampling and Chemical Analysis

Aerosol sampling took place at a height of 15 m on the rooftop of a building at Xuhui district, Shanghai, China 
(31°10′N, 121°25′E), which is located in a typical urban area surrounded by a traffic artery, residential areas, and 
commercial buildings, with no significant pollution sources nearby (see map in Figure S2 of Supporting Infor-
mation S1). PM2.5 samples were collected during summer (July 18−27 plus August 3−12, 2017) and winter (16 
December 2017−2 January 2018). Sampling times were during the day (07:00−18:30) and night (19:00−06:30), 
resolving the diel pattern of NACs formation. In total, 72 PM2.5 samples and 4 field blanks were acquired. The 
details of aerosol sampling, observations of air quality and meteorological parameters (Table S1 in Supporting 
Information S1) and VOCs (e.g., isoprene, methyl vinyl ketone (MVK), methacrolein (MACR), benzene, and 
toluene), and chemical analysis of the major PM2.5 components (e.g., OC, EC, Inorganic ions, and levoglucosan), 
as well as calculation of aerosol liquid water content (ALWC) and acidity, are described in Appendix S1 of the 
Supporting Information S1.
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2.2. UHPLC-Orbitrap MS Analysis

A five-step extraction procedure was used for the sample separation (i.e., extraction by methanol containing 30μL 
of saturated EDTA solution, filtration through a polytetrafluoroethylene membrane, evaporation by N2, recon-
stitution by methanol, and centrifugation). The extracts were analyzed by means of an UHPLC system (Dionex 
UltiMate 3,000, Thermo Electron, Inc.) coupled with a Q-Exactive Orbitrap MS (Thermo Electron, Inc.). The 
electrospray ionization (ESI) source was operated in negative ionization mode. The scanning range of m/z was 
from 90 to 600 with a mass resolution of 140 000 at m/z 200. The commercially available authentic standards 
included 4-nitrocatechol (4NC), 4-methyl-5-nitrocatechol (4M5NC), 4-nitrophenol (4NP), 2-methyl-4-nitro-
phenol (2M4NP), 3-methyl-4-nitrophenol (3M4NP), 2,6-dimethyl-4-nitrophenol (2,6DM4NP), 5-nitrosalicylic 
acid (5NSA), 3-nitrosalicylic acid (3NSA), 3-hydroxy-5-nitrobenzoic acid (3H5NA), and 4-nitroguaiacol (4NG). 
4-nitrophenol-2,3,5,6-d4 was used as the internal standard (IS). The recoveries of 10 NAC standards were in the 
range of 91.3–105% (Table S2 in Supporting Information S1). More details regarding sample extraction, instru-
mental analysis, and quality control of analysis are provided in Appendix S1.2 of Supporting Information S1.

Table S3 lists the retention times and molecular structures of all quantified NAC species. The target NACs were 
quantified by comparing their retention time and mass spectra with authentic standards or with surrogate species 
with the same molecular formula. The extracted ion chromatograms of NACs from the authentic standards and an 
ambient sample are shown in Figure S3 of Supporting Information S1. 4M5NC was identified based on its reten-
tion time matching that of the authentic standard, while 3M5NC and 3M6NC were tentatively assigned based on 
their corresponding fragmentation patterns (Figure S4 in Supporting Information S1). As it has been previously 
documented, the MS/MS product ion spectra for methyl-nitrocatechols (MNC, namely, 4M5NC, 3M5NC, and 
3M6NC) differ only in relative abundances of ions corresponding to the neutral losses of NO (m/z 138) and 
HNO (m/z 137), the loss of NO2 (m/z 122), and the concurrent loss of NO and CO (m/z 109) (Frka et al., 2016; 
Iinuma et al., 2010; Kelly et al., 2010). However, the MS/MS spectrum of the compound eluting at 16.8 min in 
ambient aerosol extracts showed one additional peak at m/z 151 (Figures S3b and S4d in Supporting Informa-
tion S1), corresponding to neutral losses of ∙OH, which agreed well with the fragmentation pattern of 3M6NC in 
Frka et al.'s study (Frka et al., 2016). This difference can be ascribed to the ortho effect, that is, the nitro group 
in 3M6NC is adjacent to one of the hydroxyl groups. Thus, the chromatographic peak at 16.8 min in our field 
samples was assigned to the 3M6NC isomer (Figure S3b in Supporting Information S1). The elution order of 
the three MNC isomer peaks in this work was similar to previous chamber experiments (Iinuma et al., 2010; 
Xie et al., 2017). 3M5NC and 3M6NC were quantified based on the standard curve of 4M5NC due to the lack 
of authentic standards and their structural similarity to 4M5NC. For the three dimethyl-nitrophenol (DMNP) 
isomers, 2,6DM4NP standard was used to quantify total DMNP, whereas we cannot categorically exclude the 
other two DMNP isomers potentially being ethyl-nitrophenols or methoxylated isomers.

2.3. Data Processing

The obtained chromatogram-mass spectrometry data were processed with a MZmine-2.30 software (http://
mzmine.github.io), to obtain the m/z ratios, formulas, retention times, and peak areas of detected organic 
compounds (Hu et al., 2016; X. Wang et al., 2020). The molecular formula assignment was mainly based on 
detected m/z values with a mass tolerance of ±2 ppm. For chemical formula CcHhOoNn, the double bond equiv-
alent (DBE) is calculated as DBE = (2c + 2 + n − h)/2, and the aromaticity equivalent (Xc) is calculated as 
Xc = (3DBE − 1.5o − 2)/(DBE − 0.5o). Xc has been suggested to help identification and characterization of 
monocyclic and polycyclic aromatic compounds, with Xc ≥ 2.50 and Xc ≥ 2.71 as unambiguous minimum crite-
ria for the presence of monocyclic and polycyclic aromatic compounds, respectively (Yassine et al., 2014). In 
addition, Kendrick mass defect (KMD) is useful to differentiate groups of similar compounds among a large set of 
molecular formulas. In this study, CH2 was chosen as a base unit, and thus, molecules with identical KMDs differ 
only in the number of –CH2 groups (Hughey et al., 2001). Data processing details have been described in Appen-
dix S1.4 of Supporting Information S1 and our previous study (Cai et al., 2020). The abundance of a compound 
refers to its chromatographic peak area and the abundance of detected compounds were corrected using blanks. In 
order to facilitate more accurate comparison, relative abundance of compounds was defined as ratios of absolute 
abundance of each compound to that of IS (set as 100%) in the same sample.
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2.4. Trajectory Cluster Analysis

Seventy-two-hour air mass backward trajectories arriving at the sampling location were calculated using the 
Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT, http://www.arl.noaa.gov/ready/
hysplit4.html) (Rolph et al., 2017), which is conducive to investigating the transport pathways of atmospheric 
pollutants. The input meteorological data were obtained from the Gridded Meteorological Data Archives of 
the Air Resources Laboratory (https://ready.arl.noaa.gov/archives.php). The model was run every 4 hr, and the 
starting height was set at 100 m. A clustering technique, embedded in the free software TrajStat, is performed to 
discriminate different transport trends/tendencies in the horizontal and vertical directions (Draxier & Hess, 1998; 
Rolph et al., 2017). Similar trajectories are paired to form clusters in the clustering analysis, from which maxi-
mized differences are found. The cluster analysis of 72 hr backward trajectories is presented in Figure S16 of 
Supporting Information S1.

3. Results and Discussion
3.1. Molecular Characterization of CHON Compounds in Urban PM2.5

By UHPLC-Orbitrap MS analysis, 216–545 measured masses were assigned to compounds containing C, H, O  
and N elements (CHON compounds)  in ESI− mode (Figure  1). These CHON compounds were classified 
into 32 subgroups according to the number of N and O atoms. The total number and abundance of molecular 
formulas in each subgroup are shown in Figure S5 of Supporting Information S1. Based on previous studies  

Figure 1. Bond equivalent (DBE) versus C number for the CHON compounds detected in polluted (a and c) and clean (b and d) days during winter and summer 
campaigns. The color bar denotes the oxygen-to-nitrogen ratios of CHON compounds. The marker size is proportional to the cubic root of the abundance of each 
compound. The formulae for the compounds with higher abundance in panels (a–d) are C7H5NO5, C6H5NO3, C6H5NO4, and C7H7NO3, respectively. The numbers of 
CHON molecular formulas in these samples are listed. Note that the proposed structures are representative and not determined.
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(Kourtchev et al., 2013; Laskin et al., 2009; Lin et al., 2012; Song et al., 2019), CHON compounds assigned 
with oxygen-to-nitrogen ratios (O/N) ≥ 3 could be nitro compounds or organonitrates, since these compounds 
appeared to contain sufficient oxygen atoms to allow the assignment of one nitro (−NO2) or nitrooxy (−ONO2) 
group in their formulas. Besides, the excess of O atoms in addition to those in the −NO2 functionality of CHON 
compounds suggests that these compounds also possess other oxygenated functional groups such as hydroxyl 
group (−OH). In this study, only 53–62% of CHON compounds were characterized by O/N ≥ 3 (shown in the 
upper half of Figure S5b and S5d in Supporting Information S1), which was far lower than that in Bakersfield, 
USA, where this fraction was in excess of 98% (O'Brien et  al., 2014). This might indicate that more CHON 
compounds contained reduced nitrogen functional groups (e.g., amines) in Shanghai. The majority of CHON 
compounds spanned a wide range of DBE values (3–25), indicating a high prevalence of double bonds and/or 
ring structures (Figure 1). It was obvious that almost all high-relative-abundance CHON compounds showed 
O/N ≥ 3 (CHONO/N≥3) and the most abundant CHONO/N≥3 species exhibited DBE 5–9, suggesting that those 
CHON species are mainly nitroaromatic compounds containing mono- and dinitro substituted phenols, such 
as nitrophenols (C6H5NO3), methyl-nitrophenol (C7H7NO3), nitrocatechols (C6H5NO4), methyl-nitrocatechols 
(C7H7NO4), and dinitrophenol (C6H4N2O5), which is consistent with previous studies (Song et al., 2018, 2019; X. 
Wang et al., 2017). These NACs, often attributed to OA from BB in previous studies, were proposed to signif-
icantly contribute to the aerosol light absorption (Mohr et al., 2013; Teich et al., 2017; X. Zhang et al., 2013).

Figure 2 and Figure S6 in Supporting Information S1 show the CH2-Kendrick and Van Krevelen (VK) diagrams 
of CHON compounds in winter and summer, respectively. Homologous compounds line up a horizontal line in 
the CH2-Kendrick diagrams but a tilted one in the VK diagrams, suggesting that the homologs could have varia-
ble degrees of saturation and oxidation but possible similar structure and physicochemical properties. The CHON 
compounds in region A (Figures 2c and 2d and Figure S6c and S6d in Supporting Information S1) had Xc ≥ 2.71 
and overlap with the typical region of condensed aromatic hydrocarbon (Kim et al., 2003). As it was obvious 
in the VK diagrams (Figures 2c and 2d and Figure S6c and S6d in Supporting Information S1), the number of 
CHON compounds with polycyclic aromatic characteristics in region A was significantly higher in the polluted 
winter samples (45 species) than during the summer (10–14 species), implying a more significant anthropogenic 
influence for winter samples. In addition, the number and abundance of detected NACs significantly increased in 
polluted days (63–85 species) compared to clean days (39–50 species), especially in winter (Figure 2 and S6  in 
Supporting Information  S1), suggesting their potentially significant contributions to atmospheric OA during 
pollution episodes. It should be noted that Xc values for C6H5NO3(CH2)n (Figures 2c-1) and C6H5NO4(CH2)n 
(Figure 2c-2) are below 2.50 (e.g., aromatic compounds with Xc ≥ 2.50), implying that the number of aromatics 
could have been underestimated (X. Wang et al., 2017, 2020). Furthermore, the polycyclic NACs were character-
ized by lower H/C and O/C ratios, such as nitronaphthol homolog (C10H7NO3(CH2)n, Figure 2c-5) in the lower 
left part of the VK diagram (0.5 < H/C < 1.0 and 0 < O/C < 0.4). As mentioned above, NACs detected in this 
study exhibited the greatest relative abundance among CHON compounds, especially in polluted days (Figures 1 
and 2 and Figure S6 in Supporting Information S1). However, the relative peak area may not accurately reflect 
the concentration levels of analytes, and quantification without standards is impossible because compounds with 
different molecular structures have different and unpredictable ionization efficiency. Because of numerous NACs 
detected here, using standard compounds for quantitation for all compounds was impractical, and therefore we 
attempted to quantify some highly abundant NACs in ambient aerosols by using 10 NAC standards in this study 
to further explore the compositions and formation pathways of NACs.

3.2. Concentration, Composition and Gas/Particle Partitioning of NACs

3.2.1. Concentration and Composition of NACs

By employing authentic or surrogate standards, 12 NACs were quantified in this study and their concentrations 
are summarized in Figure 3 and Table S3 in Supporting Information S1. The total concentrations of NACs and 
their contribution to OM averaged 52.3 (12.4–118) ng m −3 and 0.27 (0.14–0.42) % in winter, respectively, which 
were about seven and five times higher than the mean concentration [7.83 (2.16–19.2) ng m −3] and contribution 
[0.06 (0.02–0.10) %] measured in summer. This trend agrees with previous studies in ambient aerosols from 
Ljubljana, Slovenia (Kitanovski et al., 2012), Hong Kong (Chow et al., 2016), Beijing (X. Li et al., 2020; Y. Wang 
et al., 2019), and Jinan, China (L. Wang et al., 2018). Such a seasonal variation for NACs could be associated 
with emission sources, formation pathways, and meteorological conditions (e.g., temperature). The clustering 
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analysis of backward trajectories from the sampling site (Figure S16 in Supporting Information S1) showed that 
the air masses in winter mainly originated from northern domestic heating regions with substantial emissions 
of anthropogenic pollutants (R. J. Huang et al., 2014), while the air masses mostly came from clean ocean and 
littoral regions in summer. As a result, NOx that was important to electrophilic nitration of intermediates (e.g., 
methylcatechols) for NAC formation (Iinuma et al., 2010), exhibited an average concentration in winter about 
twice higher than that in summer (60.3 vs. 24.8 ppb). Meanwhile, benzene and toluene, as the precursors of 
NACs, also exhibited higher levels in winter (1.10 ± 0.61 ppb and 3.07 ± 1.52 ppb, respectively) than summer 
(0.64 ± 0.30 ppb and 1.50 ± 0.67 ppb, respectively) (Figure 3). Besides, BB also showed significant enhancement 
during winter, indicated by the four times higher level of its tracer levoglucosan in winter than in summer (251 
vs. 69.4 ng m −3 on average). Lower ambient temperatures in winter would also favor gas/particle partitioning of 
NACs and their intermediates. All these served to interpret the higher NACs in winter. Furthermore, based on this 
and previous studies, the NAC concentrations in summer are generally lowest in the four seasons (Figure S7 in 
Supporting Information S1), probably owing to much higher contributions from combustion emission (e.g., coal 
combustion and BB) in winter, spring, or autumn than in summer (Chow et al., 2016; Ikemori et al., 2019; Kahnt 
et al., 2013; Kitanovski et al., 2012; Kitanovski, Hovorka, et al., 2020; L. Wang et al., 2018).

The abundance of NACs also exhibited large variations in different locations (shown in Figure S7 and Table S5 
of Supporting Information S1). During the summer, our measurement values (7.83 ± 3.30 ng m −3) were higher 

Figure 2. (a and b) CH2-Kendrick diagrams and (c and d) Van Krevelen diagrams for CHON compounds detected in polluted and clean days during winter. The 
color bar denotes the Xc values of CHON compounds. The gray, orange, green, purple, and red solid circles represent aliphatic compounds (Xc < 2.50), aromatics 
with a benzene core structure (2.50 ≤ Xc < 2.71), with a naphthalene (2.71 ≤ Xc < 2.80) core structure, with an anthracene (2.80 ≤ Xc < 2.83) core structure, and 
with a pyrene core structure (2.83 ≤ Xc < 2.92), respectively. The marker size is proportional to the cubic root of the abundance of each compound. The molecular 
formulas of the homolog series 1–7 can be written as C6H5NO3(CH2)n, C6H5NO4(CH2)n, C7H5NO5(CH2)n, C6H4N2O5(CH2)n, C10H7NO3(CH2)n, C7H5NO4(CH2)n, and 
C8H7NO3(CH2)n, respectively. Region A represents the region of highly unsaturated CHON compounds with Xc ≥ 2.83, which overlapped with the typical region of 
condensed aromatic hydrocarbons.
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than those observed in mountain, rural, and urban summer environments from China (1.87–5.9 ng m −3) (Chow 
et al., 2016; L. Wang et al., 2018), Belgium (1.29 ng m −3) (Kahnt et al., 2013), Germany (0.39 ng m −3) (Teich 
et al., 2017), Slovenia (0.84 ng m −3) (Kitanovski et al., 2012), and Japan (3.66 ng m −3) (Ikemori et al., 2019), 
which could be attributable to the large anthropogenic emissions in Shanghai. Additionally, the total NAC level 
(6.51 ng m −3, excluding 3NSA, 3NSA, 3H5NA, and 4NG) was generally comparable to that detected in the 
summertime of urban Beijing (6.63 ng m −3), which was under high NOx and anthropogenic VOC conditions (Y. 
Wang et al., 2019). Edwards et al. (2017) showed that nocturnal oxidation of biogenic VOCs (BVOCs) would shift 
from low- to high-NOx regimes and that almost all of BVOCs would be oxidized by NO3 radicals at a NOx/BVOCs 
ratio exceeding 1.4. As monoterpene measurements were unavailable in this study, the concentrations of BVOCs 
were approximated as the sum of isoprene, MVK, and MACR. The NOx/BVOCs ratios in summer were higher 
than 8 (nocturnal ratios exceeding 20) (Figure S8e in Supporting Information S1). If the main anthropogenic 
VOCs (benzene, toluene, phenol, and cresol) are further considered, NOx/VOCs ratios in summer were higher 
than 4 (nocturnal ratios exceeding 8) (Figure S8f in Supporting Information S1). A recent study reported that the 
NO3∙ oxidation in NOx-rich air contributed significantly to the daytime NACs (Chen et al., 2021). Furthermore, 
the urban Shanghai in summer was under typical high-NOx conditions (Gao et al., 2019). The high-NOx envi-
ronments during the campaign would promote the NO3∙ oxidation and NO2 nitration of aromatic alcohols (e.g., 
phenol and cresol) and subsequently produce abundant NACs, which explained the high levels of NACs during 
summer in urban Shanghai. However, the wintertime observation in Shanghai (52.3 ng m −3) was much lower 

Figure 3. Comparison of measurements in the summer (pink) and winter (cyan) at the urban site of Shanghai, including (a) nitroaromatic compounds (NAC) 
concentrations, (b) RH and T, (c) NO3 − and NOx, and (d) anthropogenic volatile organic compounds (Benzene and Toluene). The full names, formulas, molecular 
weights, and molecular structures of NAC species in panel (a) are listed in Table S2 and S3 of Supporting Information S1. The error bars in panels (a–d) represent one 
standard variation of all data in each campaign.
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than those measured in previous studies in the wintertime of Beijing (144.7 ng m −3), Qingdao (121.8 ng m −3), 
and Jinan (105.4 ng m −3) (Figure S7 and Table S5 in Supporting Information S1), which were located in northern 
China and impacted by substantial emissions of anthropogenic pollutants from coal combustion and BB during 
the heating season (M. Li et al., 2020; X. Li et al., 2020; Liang et al., 2020). This large difference between south-
ern and northern China further indicates that coal combustion and BB were the very important sources of NACs. 
Beside, compared with southern China, lower atmospheric temperatures in northern China during winter would 
be more favorable for the partitioning of NACs from gas phase into particle phase.

The compositions of NACs varied slightly with seasons (Figure S9 in Supporting Information S1). 4-Nitrophenol 
and 4-nitrocatechol were the most abundant species among all NACs quantified, accounting for 35.8% and 19.4% 
of the total NACs in summer and 40.0% and 21.6% of the total NACs in winter, respectively. This observation 
was in good agreement with recent studies, where 4NP and 4NC were the most abundant NAC species (Table 
S5 in Supporting Information S1) (M. Li et al., 2020; X. Li et al., 2020; Y. Wang et al., 2019). Nitrophenols 
and nitrocatechols could be formed from the OH radical-initiated oxidation of aromatic VOCs in the presence 
of NO2 (Lin et al., 2015; Vione et al., 2004; Xie et al., 2017). Moreover, 4NC has been found to predominate 
the composition of NAC products generated in the benzene/NOx chamber experiment (Xie et al., 2017). Hence, 
it is reasonable to observe the high abundance of 4NP and 4NC in urban Shanghai under the typical high-NOx 
and anthropogenic VOC conditions. Notably, the contribution of 4NP could be higher if the gas-phase 4NP was 
considered. The concentrations of gas-phase NACs are estimated in Sect. 3.2.2 using the equilibrium absorption 
partitioning model. The concentrations of 4-nitroguaiacol (4NG) and its contribution to total NACs were very 
low, especially in summer, which coincided with recent studies (Ikemori et al., 2019; Kitanovski, Shahpoury 
et al., 2020). In general, the NAC compositions varied slightly with seasons in urban Shanghai and Hong Kong 
(Chow et al., 2016), while they in urban Jinan varied greatly with seasons (M. Li et al., 2020). This difference 
might be attributable to the intensified combustion of coal and biomass for domestic heating in Jinan.

3.2.2. Gas/Particle Partitioning of NACs

The mass transfer by gas-particle partitioning may affect the particle-phase concentrations. The gas-phase 
concentrations of NACs were not measured in this study. Here, the gas-phase concentrations of NACs were 
estimated based on their measured particle-phase concentrations and an equilibrium absorption model of gas/
particle partitioning (Donahue et al., 2006; Pankow, 1994a, 1994b; Pankow et al., 2001) (see Appendix S1.5 
in Supporting Information S1 for details). The saturated liquid vapor pressures of NACs were calculated using 
the University of Manchester multiphase system online property prediction (UManSysProp) tool (Nannoolal 
et al., 2008). Although vapor pressures from group contribution estimation method of Nannoolal et al. (2008) 
might have both structural and parametric uncertainties, Nannoolal et  al.  (2008) provided the comprehensive 
estimations of sub-cooled liquid vapor pressures of NACs.

The estimated saturation vapor pressure (𝐴𝐴 𝐴𝐴
o

L
 ), particle-phase fraction (Fp), and gas-phase concentrations of NACs 

in summer and winter are listed in Table S4 of Supporting Information S1. The Fp of NACs varied greatly with 
different species and seasons. 3NSA, 5NSA, and 3H5NA (Fp > 99%) were almost entirely in the particle phase in 
both seasons. In summer, MNC (3M6NC, 3M5NC, and 4M5NC) showed substantial partitioning in the particle 
phase (Fp > 70%), while 4NP, MNP (3M4NP and 2M4NP), and DMNP were mainly in the gas phase (Fp < 13%). 
In addition, 4NG and 4NC were almost evenly distributed between the gas and particle phases. However, the 
Fp of NACs increased significantly from summer to winter: >90% of MNC, 4NG, and 4NC, >70% of DMNP, 
and nearly half of MNP were distributed in the particle phase, whereas only 4NP (Fp < 20%) was mainly in the 
gas phase at the relatively lower winter temperatures. This seasonal variation for the estimated Fp of NACs was 
consistent with a recent study on the measured Fp of NACs (Li et al., 2020b), largely attributable to the lower 
saturated vapor pressures of species in the lower ambient temperatures of winter. The equilibrium absorption 
partitioning model gives a reasonable estimation for the Fp values of NACs except for underestimation for the 
Fp value of 4NP and MNP (Al-Naiema & Stone, 2017; Bannan et al., 2017; M. Li et al., 2020). The estimated 
Fp values of 4NP and MNP in summer (<5%) were obviously lower than the measured Fp values in China 
(i.e., 15%–30% for NP and MNP in summer of 2016) (Le Breton et al., 2018; M. Li et al., 2020). Likewise, the 
estimated Fp values of 4NP in winter (17.7%) were generally lower than the values measured in urban Jinan, 
China (54% in winter), downtown Rome (82% in cold season), and Iowa City, IA USA (30% in fall) (Al-Naiema 
& Stone,  2017; Cecinato et  al.,  2005; M. Li et  al.,  2020). Therefore, the equilibrium absorption partitioning 
model might overestimate the vapor pressure of nitrophenols, which has been confirmed by Bannan et al. (2017). 
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Further studies for the gas-particle partitioning of NACs are warranted to better explain the potential measure-
ment–model discrepancies and the variety of Fp values observed in different studies. Even if gas-phase NACs can 
also be dissolved into the aqueous phase of particles, the aerosol aqueous-phase fractions of NACs are still low 
given the low Henry's law constants (Sander, 2015). More details regarding the gas-particle partitioning of NACs 
are provided in Appendix S1.5 of Supporting Information S1.

3.3. Sources and Formation Pathways of NACs

Figures 4a and 4b respectively show the temporal variations of total NACs, OM, PM2.5, NO2, nitrate, K +, and 
benzene levels, as well as meteorological parameters during the summer and winter. Three pollution episodes 
were identified based on the daily mean mass concentrations of PM2.5 (>75 μg m −3, Table S1 in Supporting 
Information S1). The concentrations of total NACs increased significantly during pollution episodes, especially 
in winter, which coincided with the obvious enhancements in OM, NO2, benzene, and K + (i.e., a BB tracer). 
During summertime, the correlation coefficient (Pearson r) of total NACs was stronger with benzene or toluene 
(r ≥ 0.69) than with K + (r = 0.52) or levoglucosan (r = 0.51), and the total NACs correlated better with nitrate 
(Table S6 in Supporting Information S1, r = 0.52, p < 0.01) than with EC (r = 0.38, p < 0.05). These results indi-
cated that NACs mainly originated from secondary formation rather than primary emissions in summer. During 
wintertime, the total NACs correlated strongly with levoglucosan, SO2, and CO, a widely existing byproduct from 
the combustion process (Table S8 in Supporting Information S1, r ≥ 0.76), suggesting more contributions of BB 
and coal combustion to NACs in winter. The concentrations of CO, levoglucosan, SO2, and NACs stepped up 
from the airflow from marine in summer to Northern China in winter (Table S1 in Supporting Information S1, 
Figure 3 and Figure S16 in Supporting Information S1), proclaiming that BB and coal combustion from northern 
outflow were important sources for NACs formation in this region. However, as levoglucosan, SO2, and CO were 
relatively inert and long-lifetime compounds in the atmosphere, the good correlations between them and NACs in 
winter could not explicitly indicate whether NACs were dominated by the direct emission or secondary oxidation 
of precursors emitted from BB and coal combustion sources.

A tracer method analogous to the EC-tracer method used for secondary organic carbon calculation was adopted in 
this study to evaluate the contributions of primary emission and secondary oxidation to the observed NACs (Chen 
et al., 2021; Li et al., 2019; Salvador et al., 2021; Q. Zhang et al., 2019). CO and levoglucosan were selected as 
the tracer for combustion and BB, respectively. The secondary formation of NACs was evaluated via Equation 1,

[NACs]𝑠𝑠 = [NACs]𝑡𝑡 −

(

[NACs]

[tracer]

)

pri

× [tracer] (1)

where [NACs]s and [NACs]t are the concentration of NACs generated from secondary oxidation and the total 
measured NACs, respectively, ([NACs]/[tracer])pri is the primary emission ratio of NACs relative to the tracer, 
[tracer] is the concentration of tracer. ([NACs]/[tracer])pri was estimated from the fitting of the minimum [NACs]/
[tracer] ratio, assuming that the primary source dominated the period with minimal secondary formation.

The results from both tracers are consistent and demonstrate the dominant secondary formation of NACs during 
the day in winter (Table S10 in Supporting Information S1). As shown in Table S10 of Supporting Informa-
tion S1, up to 59.5%–75.4% of NACs were significantly contributed by the secondary formation during the day. 
The fraction of secondary formation for NACs decreased at night, down to around 15.3–34.7%. Furthermore, the 
good correlations between O3 and NACs in the daytime (Table S9a in Supporting Information S1) confirm the 
importance of photochemical oxidation for NACs. As reported in previous studies, the photochemical formation 
of NACs was related to the oxidation of aromatics in the presence of NO2 (Chen et al., 2021; Finewax et al., 2018; 
Xu & Wang, 2013; Yuan et al., 2016). Here, the concentration of NACs increased monotonically with the increase 
of aromatics (Figures S12c and S13c in Supporting Information S1) in the daytime, implying the enhanced NACs 
formati.on with the increase of precursors. The apparent correlations between N2O5 and NO2 or NO3 radical 
production were observed (H. Wang et al., 2018); thus, the NO2 concentration was utilized as a variable to explore 
NO3-initiated chemistry during the sampling period. The concentration of NACs was highly correlated with NO2 
during the day in winter (Figure 6e and Table S9a in Supporting Information S1), indicating the significance of 
NO3∙ oxidation pathway on the daytime NACs formation. Chen et al. (2021) have shown that besides the ∙OH 
oxidation of aromatics, the NO3∙ oxidation also contributed significantly to the daytime NACs in NOx-rich air.
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Figure 4. Time series of (a) temperature (T) and relative humidity (RH), (b) benzene and K +, (c) PM2.5, OM, and nitrate, and (d) NO2 and four kinds of nitroaromatic 
compounds (NACs) (NPs, namely, 4NP, 3M4NP, 2M4NP, and DMNP; NCs, namely, 4NC, 4M5NC, 3M5NC, and 3M6NC; nitrosalicylic acids (NSAs), namely, 3NSA, 
5NSA, and 3H5NA; 4NG) in the (a) summer and (b) winter of urban Shanghai. The empty marks denote the daytime and the solid marks denote the nighttime in panels 
(b–d). The pollution episodes, with elevated PM2.5, are marked by light yellow shading.
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Figure 5.
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To better investigate the atmospheric formation relevance, the inter-species correlations of individual NAC 
species and their correlations with other chemical components were examined (Tables S6 and S8 in Supporting 
Information S1). The inter-species correlations within each subgroup, that is, NPs (r ≥ 0.66), NCs (r ≥ 0.79), and 
NSAs (r ≥ 0.82), were generally stronger than those between the subgroups, for example, nitrocatechol deriva-
tives (MNC) and nitrophenol derivatives (DMNP, r = 0.43–0.53, in summer) during the observation campaigns. 
This strongly suggested that the formation and loss pathways as well as their influential factors might be more 
similar within each subgroup than between the subgroups. Additionally, in comparison with NPs, NCs and NSAs 
in summer correlated better with benzene, toluene, and K +, whereas their correlations showed no discernible 
difference in winter (Tables S7 and S9 in Supporting Information S1). This was possibly associated with the fact 
that particle-phase NPs only contribute to a minor fraction of their atmospheric abundance because of their high 
saturation vapor pressures in summer, especially for nitrophenols (Table S4 in Supporting Information S1). The 
concentration of particulate NP could largely depend on gas-to-particle partitioning, which is strongly susceptible 
to temperature, as well as their gas-phase loss pathways (e.g., photolysis) (Bejan et al., 2007; M. Li et al., 2020; 
Yuan et al., 2016). Additionally, since the majority of NCs and almost all of NSAs were distributed in the particle 
phase, especially in winter (Table S4 in Supporting Information S1), the photolysis and oxidation degradation 
rates of NCs and NSAs could be much lower. Slade and Knopf  (2014) reported that, compared with the dry 
condition, the reactive uptake of OH by MNC aerosol particles was reduced by a factor of 4 at RH approach-
ing 15%–30%, as a result of competitive coadsorption of H2O that occupied reactive sites. The higher ambient 
RH condition (44%–92%) in this work likely further suppressed OH uptake by MNC particles, and thereby the 
multiphase oxidation degradation of MNC by OH was probably unimportant. Interestingly, NPs, NCs, and NSAs 
correlated better with levoglucosan or K + in winter than in summer, further hinting at a greater contribution 
of direct BB emissions to NACs in winter than in summer. Besides, the higher ratios of NPs versus NSAs in 
winter than in summer (Figure S10 in Supporting Information S1) indicated that NSAs are more likely formed 
from oxidation of aromatic VOCs rather than direct emissions. This also explains higher proportions of NSAs in 
summer than in winter (17% vs. 11%, Figure S9 in Supporting Information S1).

To further elucidate the distinctive secondary formation chemistry of NACs, we examined the diel variations of 
individual NAC species (Figure 5). Most NAC species in summer exhibited daytime enhancements, while NAC 
species in winter had no obvious diel variations. Furthermore, NACs mainly originated from secondary forma-
tion in summer, whereas NACs at night were significantly contributed by BB and coal combustion in winter. 
Hence, we would focus on the diel variations and secondary formation pathways of NAC species during the 
summer campaign which was in the absence of other confounding sources.

For the NP subgroup, 2M4NP and DMNP presented daytime enhancements in summer (Figures  5b, 5c, 5k, 
and  5l), suggesting a significant source from photochemical formation. For nitrophenols, Yuan et  al.  (2016) 
showed that the gas-phase photooxidation of aromatics predominantly contributed to nitrophenols with the 
contribution from nighttime reaction of phenol with NO3 radicals relatively lower. However, 4NP herein did not 
show obvious daytime enhancement in summer, probably owing to the greater gas-particle partitioning at night 
or strong photolysis loss during the day. Yuan et al. (2016) predicted the photolysis loss rates of 17 ppt day −1 
and lifetime of ∼80 min due to photolysis at noontime for nitrophenol, using the Master Chemical Mechanism 
box model. Photolysis has been recognized as a dominant sink for nitrophenol, but is less effective on MNP, 
the average photolysis rate of which is nearly one order of magnitude lower than that of nitrophenols (Bejan 
et al., 2007; Cheng et al., 2021). Additionally, there was a weak correlation between 4NP and NO2 (r = 0.47) over 
the whole summer campaign (Table S6 in Supporting Information S1), whereas only a significant correlation at 
night (r = 0.86) was observed when considering the diurnal and nocturnal environments separately (Table S7 in 
Supporting Information S1), which further suggested that photolysis was an efficient gas-phase loss pathway for 
nitrophenols. 4NP exhibited a good correlation (r = 0.55) with benzene during daytime in summer, indicating the 
significance of photooxidation of benzene in 4NP formation. On the other hand, the ratios between the daytime 

Figure 5. (a) Diel variations of (a) solar radiation (Rs), (b) 2-Methyl-4-nitrophenol (2M4NP), (c) Dimethyl-nitrophenol (DMNP), (d) 4-Nitrocatechol (4NC), (f) 
3-Methyl-5-nitrocatechol (3M5NC), (g) 3-Methyl-6-nitrocatechol (3M6NC), (h) 3-nitrosalicylic acid (3NSA), (i) 5-nitrosalicylic acid (5NSA), and (j) 3-hydroxy-5-
nitrobenzoic acid (3H5NA) during the summer and winter. The relevant nitroaromatic compound (NAC) species exhibited daytime enhancements in summer. (b) Diel 
variations of (k) 4-nitrophenol (4NP), (l) 3-methyl-4-nitrophenol (3M4NP), (m) 4-methyl-5-nitrocatechol (4M5NC), and (n) 4-nitroguaiacol (4NG) in summer and 
winter campaigns. The day-night variations were not as obvious in summer. The daytime and nighttime samples are denoted by empty and solid marks, respectively. 
Note, the abundance of species from summer and winter campaigns refer to the left and right y axis, respectively. The pollution episodes are marked by light yellow 
shading.
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Figure 6. (a) Schematic description of the competitive formation pathways of nitroaromatic compounds (NACs) and inorganic nitrate (Bolzacchini et al., 2001; 
Edwards et al., 2017; Finewax et al., 2018; Frka et al., 2016; Harrison, Barra, et al., 2005; Harrison, Heal, & &Cape, 2005; Heal et al., 2007; Kroflic et al., 2015; 
Vidovic et al., 2018; Vione et al., 2004). (b–g) Variations of NACs, nitrate concentrations and [NACs]/[NO3 −] concentration ratios as a function of NO2 concentration 
bins (ppb) in the summer (pink, b–d) and winter (cyan, e–g) field campaigns. The closed markers within boxes represent the mean values, whiskers represent 1 and 99 
percentiles, and the bottom and top of boxes represent 25 and 75 percentiles in each concentration bin. The r value in each panel represents the correlation coefficient 
between NACs or NO3 − and nighttime NO2 concentrations. ** Correlation is significant at 0.01 (2-tailed).
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and nighttime concentrations in summer for 4NP, 2M4NP, and DMNP were 1.12, 1.42, and 1.71 on average, 
respectively, suggesting that the substituted alkyl groups enhanced the diel variations in nitrated phenols, either 
through greater production or weaker loss during the day or through greater gas-particle partitioning at night. 
MNP and DMNP in summer also showed good correlations (r ≥ 0.51) with toluene and benzene during daytime. 
Moreover, 4NP, MNP, and DMNP in summer correlated poorly with atmospheric RH and were mainly in the 
gas phase (Table S4 in Supporting Information S1). These results indicated that gas-phase oxidation of aromatic 
VOCs might play a more significant role in the secondary formation of NP and its methylated derivatives than 
aqueous-phase and heterogeneous reactions.

Similar to 2M4NP and DMNP, 4NC, 3M5NC, and 3M6NC also showed daytime enhancements during the summer 
(Figures  5d, 5f and  5g), suggesting a significant contribution of photochemical reactions to secondary NCs. 
Previous studies showed that gas-phase oxidation of aromatic VOCs in the presence of NOx (including photoox-
idation and nocturnal oxidation) was an important pathway to form atmospheric 4NC (Finewax et al., 2018; Lin 
et al., 2015; Xie et al., 2017), which was indicated by moderate to strong correlations between 4NC and benzene, 
toluene, or NO2 in summer. Furthermore, 4NC in summer correlated strongly with O3 (r = 0.58) during daytime 
and weakly with atmospheric RH (r = −0.37), which further underscored that the gas-phase photooxidation could 
be more important for 4NC formation. For MNC species, 4M5NC, 3M5NC, and 3M6NC inversely correlated with 
atmospheric RH in summer (|r| ≥ 0.44, Table S6 in Supporting Information S1). Our observation was contrary 
to Wang et al.'s study (Y. Wang et al., 2019), where elevated ambient RH would promote the aqueous-phase 
formation of 4M5NC and 3M5NC. This appears reasonable because the average ambient RH in Shanghai (67% in 
summer, Figure 4a) was much higher than that in the summer of Beijing (37%) and increased RH would promote 
the water uptake of aerosols, ultimately leading to excessive ALWC and then increased pH through dilution. 
Recent studies have reported that aqueous-phase oxidation can be an important pathway for secondary MNC 
formation in the atmosphere, especially in polluted environments with high NOx abundance and relatively acidic 
particles (pH around 3) (Vidovic et al., 2018, 2019, 2020; Y. Wang et al., 2019). In our summer campaign, the 
acidic particles exhibited higher pH under high RH conditions (pH = 4.3) than low RH conditions (pH = 2.9, 
Figure S11 in Supporting Information S1). Thus, MNC formation could decrease with higher RH (Figure S15 in 
Supporting Information S1, r = −0.53), which was attributed to increased pH as a result of higher ALWC. This 
implied that aqueous-phase oxidation could represent an important pathway to form MNC. Here, the daytime 
enhancements of 3M5NC and 3M6NC in summer were likely attributed to stronger aqueous-phase oxidation 
as a result of lower pH during daytime. Quantum chemical calculations predicted the preferential formation of 
3M5NC isomer via nighttime aqueous-phase electrophilic substitution and nitration of 3MC by NO2 +, whereas 
the formation of 3M6NC was negligible because of the higher activation barrier for nitration of 3MC to form 
3M6NC than 3M5NC (Frka et al., 2016). In this study, the levels of 3M5NC were generally higher than those of 
3M6NC (Figure 3 and Figure S9 in Supporting Information S1), as theoretically predicted in Frka et al. (2016), 
where 3M5NC isomer dominated in ambient aerosols.

The daytime levels of 3NSA, 5NSA, and 3H5NA generally exceeded the nighttime ones in summer (Figures 5h–5j), 
indicating a preferential photooxidation formation of nitrosalicylic acids. This is in agreement with Ikemori 
et al.'s study (2019), where photooxidation is a dominant source of 3NSA and 5NSA. L. Wang et al. (2018) also 
indicated that NSAs were formed mostly from secondary formation that was dominated by NO2 nitration. 3NSA, 
5NSA, and 3H5NA showed similar temporal variations (Figures  5h–5j) and strong correlations in summer, 
suggesting their similar formation behaviors or limiting factors. Furthermore, 3NSA, 5NSA, and 3H5NA corre-
lated moderately to strongly with toluene (r ≥ 0.52) and NO2 (r ≥ 0.48) in summer, implying their possible 
secondary formation from oxidation of toluene in the presence of NO2. 5NSA has been reported as a product by 
photooxidation of toluene in the presence of NOx (Jang & Kamens, 2001), while the formation pathways of 3NSA 
and 3H5NA remain unclear. Clearly, more studies are needed to better understand the origins and formation 
mechanisms of anthropogenic NACs in polluted atmospheres.

3.4. Sensitivity of NAC Formation to NO2 Abundance

As shown in Figure S1 of Supporting Information S1, in the presence of NO2, NACs could be produced from 
OH or NO3 radical-induced oxidation of aromatic alcohols (e.g., phenol and cresol), which are the first oxidation 
products of benzene and toluene (Berndt & Böge, 2003; Finewax et al., 2018; Frka et al., 2016; Harrison, Heal, 
& Cape, 2005; Jenkin et al., 2003; Vione et al., 2004). For example, nitrophenol is generated from NO2 nitration 
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of phenoxy radical (C6H5O∙), which is an intermediate arising from reaction of phenol with ∙OH during the 
day or at night with NO3∙ (Berndt & Böge, 2003). Furthermore, the analysis in this work has suggested that the 
oxidation of aromatics by ∙OH or NO3∙ in the presence of NOx was an important source of NACs in Shanghai, 
especially in summer. The total quantified NACs and NO2 exhibited similar temporal variations (Figure 4) and 
showed good correlations (r = 0.54 in summer and r = 0.68 in winter) during the whole campaign. However, 
when daytime and nighttime NO2 were considered separately, only the nighttime samples showed a significant 
correlation (r ≥ 0.74) between NACs and NO2 (see in Tables S7 and S9 of Supporting Information S1) and 
the daytime samples exhibited no or lower correlation due to the influence from the daytime photolysis and 
decomposition of NACs (Bejan et al., 2007; Vione et al., 2009; Yuan et al., 2016). This might hint the signifi-
cance of NO3∙-initiated oxidation in NACs formation during nighttime, consistent with recent studies (X. R. Li 
et al., 2020; L. Wang et al., 2018).

To further elucidate the sensitivity of NAC secondary formation to NO2 abundance and understand the underly-
ing atmospheric chemical processes, the concentrations of the total NACs and NO3 − as well as the mass ratio of 
total NACs to NO3 − (i.e., [NACs]/[NO3 −]) as a function of NO2 abundance were plotted in Figure 6. Only data 
from nighttime samples in summer and daytime samples in winter were analyzed here in view of the stronger 
photolysis and decomposition of NACs during the day in summer and the importance of primary emission at 
night in winter. In general, higher levels of NACs and NO3 − were observed with elevated NO2 abundance in box 
whisker plots in Figure 6b, 6c, 6e, and 6f. During the winter, under low-NOx environments (NO2 < 30 ppb), NACs 
apparently rose with NO2 increasing. Meanwhile, the NO3 − levels were lower and [NACs]/[NO3 −] ratios were 
higher. When NO2 rose to a level above 30 ppb, the NAC abundance did not further rise with NO2 increasing, 
hinting at a transition from NOx-sensitive to NOx-saturated regimes for secondary NAC formation. Meanwhile, 
the NO3 − levels showed increasing trends while [NACs]/[NO3 −] ratios decreased (Figures 6e–6g), which further 
indicated that the daytime NO2 was in excess for the NO3∙ oxidation and NO2 nitration of aromatic alcohols at 
NO2 > 30 ppb, and then the superfluous NO2 would be further oxidized to produce inorganic nitrate, resulting in a 
shift of products from organic-to inorganic-dominated conditions. Analogously, during summertime, a transition 
value was observed at NO2 ∼ 30 ppb in which NOx oxidation products were converted from organic to inor-
ganic dominance (Figures 6b–6d). The summertime NAC formation still increased with NO2, but [NACs]/[NO3 −] 
ratios declined sharply and the NOx oxidation products were dominated by inorganic nitrate under high-NOx 
environments (NO2 > 30 ppb). Higher [NACs]/[NO3 −] mass ratios were observed under low-NOx environments, 
suggesting that a larger fraction of NO2 was transformed into organonitrogen when NO2 was less abundant. 
Figure 6a shows the schematic description of the competitive formation pathways of NACs and inorganic nitrate. 
Although both of the NO2 transition values in summer and winter were ∼30 ppb, the number of samples collected 
in NO2 > 30 ppb atmospheric environments (Figure 5) as well as the increasing ranges of particle-phase NACs 
and NO3 − with NO2 during wintertime were much larger than the summertime one (Figure 6), which could be 
attributed to the higher concentrations of aromatics and NOx (Figure 3 and Figure S8 in Supporting Informa-
tion S1) and greater gas-particle partitioning in winter.

In the past decade, a clear decreasing trend in nitrate aerosols in China has emerged beacuse of aggressive 
controls on NOx emissions (Shen et al., 2020; Yan et al., 2020), and this trend will likely continue in the next 
several decades. Hence, the relative abundance of NACs and inorganic nitrate in China is expected to shift in 
favor of NACs, and organonitrogen would play a more important role in influencing aerosol properties, such 
as light absorptivity, hygroscopicity, surface tension, and toxicity (Moise et al., 2015; Ozel et al., 2011; Twohy 
et al., 2005).

We take the compositional variation of NACs and nitrate as an example for illustrating that the transition from 
low-to high-NOx regimes and the corresponding NOx oxidation products shifting from organic-to inorganic-dom-
inated conditions exist in polluted urban atmospheres that are characterized by high NOx and anthropogenic 
VOCs. However, compared with the well-known BVOC−NOx atmospheres (Edwards et al., 2017), the mecha-
nisms and transition thresholds for anthropogenic VOCs−NOx atmospheres were less elucidated. In this study, 
the NOx regime transition value was expressed by NO2 concentrations instead of NO2/VOCs or NOx/VOCs ratios 
due to only a limited number of quantified VOC species. Note that the NOx regime transition values could vary in 
different atmospheric conditions. Clearly, further comprehensive investigation through laboratory simulation and 
field observations are warranted for developing more quantitative understanding of the NOx regime transition for 
anthropogenic VOCs−NOx under various atmospheric environments.
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3.5. Effects of Other Factors on NAC Formation

Nitration of aromatic hydrocarbons (e.g., benzene and toluene) represented an important source of NACs in 
urban Shanghai, especially in summer. Overall, a rise in NAC abundance was found with benzene and toluene 
increasing during the summer and winter (Figures S12 and S13 in Supporting Information S1), but the summer 
abundance of NACs appeared much lower and the increase was less prominent than the winter concentrations. 
This is expected because during wintertime locally there were more BB activities (K +, Figure 4) and substantial 
pollutants (e.g., NACs, benzene, toluene, and NOx) transported from elsewhere in the heating regions (Figure S16 
in Supporting Information S1). During summertime, when benzene and toluene were higher than 0.8 and 2.2 ppb, 
respectively, the daytime NAC levels did not further increase discernibly with benzene and toluene increasing 
(Figures S12a and S13a in Supporting Information S1), indicating that benzene and toluene were excessively 
present, and thereby ceased to be the limiting factors for secondary NAC formation. Likewise, the nocturnal NAC 
formation would become independent of these precursors with benzene and toluene higher than 0.6 and 2.2 ppb, 
respectively. In addition, compared with summer, the transition values of benzene and toluene in winter were 
higher, reaching 1.2 and 4.2 ppb, respectively, likely owing to the significantly higher NOx abundance with higher 
oxidation capacity to VOC precursors in winter.

The total NACs showed no apparent correlations with O3 in summer and winter (Tables S6 and S8 in Supporting 
Information S1). However, when considering the daytime and nighttime conditions separately, only 4NC and 
3M5NC showed strong positive correlations with O3 during daytime in summer, whereas individual NAC species 
were greatly correlated with O3 during daytime and they at night were largely anticorrelated with O3 during the 
winter (Tables S7 and S9, Figure S15 in Supporting Information S1), implying that the formation pathways of 
NACs could vary under different atmospheric conditions. Recent studies have suggested that during daytime, 
oxidation by OH radicals (mainly generated from the photochemical process of O3) dominates secondary forma-
tion of NAC, while oxidation by NO3 radicals (mostly formed by reaction of O3 with NO2) accounts for the 
nighttime formation (Finewax et al., 2018; C. Li et al., 2020; X. R. Li et al., 2020). Moreover, the high O3 abun-
dance indicated strong photochemistry. Among our summer and winter campaigns, the level of O3 reduced in the 
following order: (daytime, summer) > (nighttime, summer) or (daytime, winter) > (nighttime, winter) (Figure 
S8 in Supporting Information S1). This abundance order was likely impelled by solar radiation intensity. During 
daytime in summer, 4NP and MNP poorly correlated with O3, probably attributable to their stronger photolysis 
than 4NC and MNC. It is thereby possible that stronger photochemistry involving O3 led to higher concentrations 
of 4NC and 3M5NC during daytime in summer. During nighttime in winter, the low O3 could constantly oxidize 
NO2 to form NO3 and the nighttime formation of NACs was dominated by NO3-initiated oxidation, ultimately 
resulting in lower O3 and higher NAC abundance. Nevertheless, no apparent correlation was found between NACs 
and O3 in the nighttime of summer and daytime of winter (Tables S7 and S9 in Supporting Information S1). This 
appears to suggest that the O3 oxidant level only acted as a limiting factor to NAC abundance in certain condi-
tions. More field observations and comprehensive lab simulations are required to gain a reasonable explanation.

Previous studies have reported that the semi-volatile characteristics of NACs would lead to a temperature-de-
pendent partitioning between gas- and particle-phases, especially for NPs (Al-Naiema & Stone, 2017; Cecinato 
et al., 2005), which was also verified in this work (discussed in Section 3.2.2). Based on the linear correlations 
between the three subgroups and temperature shown in Figure S14 of Supporting Information S1, three kinds of 
NAC subgroups were differently dependent on temperature throughout the entire sampling periods: the concen-
trations of NPs showed the strongest dependence. This observation indicated that NPs possessed greater volatility 
than NCs or NSAs. It is therefore possible that the aqueous/particle-phase NPs would be more prone to be evap-
orated or lost from the aerosols in higher ambient temperatures via enhanced transfer into the gas phase or via 
increased photolysis than NCs or NSAs.

In summary, anthropogenic emissions have a great effect on the formation of NACs in urban Shanghai. The total 
number and abundance of NACs could increase significantly in polluted air, especially in winter. Our results 
advance the understanding of NAC formation in polluted atmospheres, and highlight the importance of reduc-
ing anthropogenic pollutant emissions, especially anthropogenic VOCs and NOx, to reduce the toxic organic 
aerosol burden in urban areas. Future field studies combined with chamber experiments and model simulations 
are warranted for achieving an integral understanding of the production and losses of NACs in polluted urban 
environments.
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