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Abstract

Nitroaromatic compounds (NACs) are important nitrogen organics in aerosol with
strong light-absorbing and chemically reactive properties. In this study, NACs in six
Chinese megacities, including Harbin (HB), Beijing (BJ), Xi'an (XA), Wuhan (WH),
Chengdu (CD), and Guangzhou (GZ), were investigated for understanding their sources,
gas-particle partitioning, and impact on BrC absorption properties. The concentrations
of ZNACs in PM> s in the six cities ranged from 9.15 to 158.8 ng/m? in winter and from
2.02 to 9.39 ng/m’ in summer. nitro catechols (NCs), nitro phenols (NPs), and nitro
salicylic acids (NSAs) are the main components in XNACs, with NCs being dominant
in particulate phase and NPs being dominant in the gas phase. Correlation analysis
between different pollutant species revealed that coal and biomass combustions were
the major sources of NACs in the northern cities during wintertime, while secondary
formation dominated NACs in the southern cities during summertime. The contribution
of ZNAC:s to brown carbon (BrC) light absorption ranged from 0.85—-7.98% during the
wintertime and 2.07-6.44% during the summertime. The mass absorption efficiency at
365 nm (MAE36s5) were highest for 4-nitrocatechol (4NC, 17.4-89.0 m?/g), 4-methyl-
5-nitrocatechol (4AM5NC, 15.0-76.9 m?/g), and 4-nitroguaiacol (4NG, 11.7-59.8 m?/g).
The formation of NCs and NG through oxidation and nitration of catechol and guaiacol
led to a significant increase in aerosol light absorption. In contrast, NPs and NSAs
formed by the photonitration and photooxidation in liquid phase showed high polarity
but low light absorption ability, and the proportions of (NPs and NSAs) in the light

absorption of ZNACs were lower than 15.3% in the six megacities.

Keywords: NACs, Optical absorption, Source identification, Gas-particle phase

partitioning, Spatial and Seasonal variation.

1. Introduction
Nitroaromatic compounds (NACs) are aromatic organics consisting of nitro and

hydroxyl functional groups, which include nitro phenols and their derivatives (NPs),
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nitro catechols and their derivatives (NCs), nitro salicylic acids (NSAs), nitro guaiacol
(NG), etc (Chow et al., 2016; Kitanovski et al., 2012; Li et al., 2020c; Wang and Li,
2021). NACs are important light-absorbing contributors to brown carbon (BrC; Mohr
etal., 2013; Teich et al., 2017; Xie et al., 2019; Yang et al., 2022). Although NACs only
contribute 0.1-3.71% to PM2s mass (Li et al., 2020c; Teich et al., 2017), these species
contribute 4-50% or higher to BrC light absorption (Gu et al., 2022; Mohr et al., 2013).
NAC:s could also produce genotoxic and pose cytotoxic effects on human health (Feng
et al., 2022; Khan et al.,, 2022; Kovacic and Somanathan, 2014). NACs are
unambiguous in the atmosphere and have been detected in cloud water (Desyaterik et
al., 2013), rainwater (Schummer et al., 2009), fog (Richartz et al., 1990), snow (Vanni
et al., 2001), and atmospheric particulate matter (PM; Song et al., 2021; Wang et al.,
2018; Wang and Li, 2021).

NACs have been widely observed all over the world (SE Asia, Europe, US, etc.;
Finewax et al., 2018; Frka et al., 2022; Kitanovski et al., 2021; Mayorga et al., 2021).
NAC:s can be released from primary emissions from sources including biomass burning,
coal combustion, vehicle exhaust, industrial emissions, etc (Lin et al., 2017; Lu et al.,
2019a; Lu et al., 2019b; Lu et al., 2021). The emission factors of NACs from coal
combustion are 0.2—-10.1 mg/kg (Lu et al., 2019a). The content from industry emission,
biomass burning, and vehicle exhaust are 0.1-0.3 pg/m?, 2.0-99.5 pg/m?, and 0.2-10.7
ng/m?, respectively (Lu et al., 2019b; Lu et al., 2021; Wang et al., 2017). 4-nitrophenol
(4NP) and its methyl derivatives are predominant in the emission of vehicles, leading
to high total NACs concentrations ranging from 0.17-10.7 pg/m* (Lu et al., 2019b).

NAC:s can also be formed upon secondary liquid/gas phase oxidation of atmospheric
precursors such as aromatic hydrocarbons (benzene, toluene, and xylene) and lignin
pyrolysis products (phenol, m-cresol, guaiacol, catechol, and methyl catechol) (Kroflic
et al., 2015; Mayorga et al., 2021; Salvador et al., 2021; Vidovic et al., 2019; Wang and
Li, 2021; Wang et al., 2019; Yan et al., 2023; Yang et al., 2022). Nitrophenols (NPs)
and 4-nitrocatechol (4NC) are formed by the oxidations of phenol or catechol initiated
by hydroxyl (¢*OH) and nitrate (°NOs3) radicals, respectively, in the presence of nitrogen
dioxide (NO; Finewax et al., 2018). Methylnitrophenol (MNP) and
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methylnitrocatechol are formed through photooxidation of m-cresol in the presence of
nitrogen oxides (NOy; Olariu et al., 2002). NPs, MNP, and 4NC are formed through
gas-phase photooxidation of benzene and toluene in the presence of NOy (Lin et al.,
2015; Sato et al., 2007). The hydroxylation of nitrobenzene and the nitration or
photoinitiation of phenols with the nitrating agents [e.g., nitric acid, nitrous acid, and
chlorine nitrite (CINO>)] (Heal et al., 2007; Vione et al., 2003) also lead to elevated
NAC concentration levels.

Due to the diversity of NACs and their sources and transformation pathways, most
existing studies on NACs have focused on the production and transformation of a single
NAC species or under a specific emission condition, resulting in incomplete knowledge
of the NACs transformation pathways and associated environmental effects under
different environmental conditions. To fill this knowledge gap covering a large scale
across China, NACs contents in PM; 5 (particles with aerodynamic diameter < 2.5 um)
were measured in six representative cities. The objectives of this study include 1)
determining the spatiotemporal distributions of particle-phase NACs concentrations in
the six Chinese megacities, ii) exploring the sources and transformation pathways of
NACs, and iii) quantifying the contributions of NACs formed from different

mechanisms to BrC light absorption.

2. Experiments and Methods

2.1. Sample collection

In this study, PM> s samples were collected in urban areas in six megacities in China,
including Harbin (HB; 45.75°N, 126.84°E), Beijing (BJ; 39.98°N, 116.36°E), Xi'an
(XA; 34.22°N, 108.95°E), Wuhan (WH; 30.53°N, 114.39°E), Chengdu (CD; 30.69°N,
104.05°E), and Guangzhou (GZ; 23.15°N, 113.27°E), in December 2019 (winter) and
July 2021 (summer). 10 samples were collected in each city in winter and summer for
a total of 20 samples per city. These six cities represent the cultural and economic
centers of Northeast, North, Northwest, Central, Southwest, and South China,
respectively. The geographical latitudes of these cities span a wide range, which can

well represent different climate zones and cover a variety of pollution scenarios. Such
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a selection of sampling locations ensures the possibility of exploring characteristics of
pollutants emissions and transformation pathways under different meteorological
conditions. For example, winter heating (by burning coal and biomass) is popular in the
northern cities (HB, BG, and XA) contributing to atmospheric PM»s pollution.
Southern cities (WH, CD, and GZ) have higher average temperature and humidity,
which is conducive to liquid phase reaction and secondary generation of air pollutants.

24-h PM;s samples were collected using a mini-volume sampler (AirMetrics,
Springfield, OR, USA) at 5 L min™! on 47 mm quartz fiber filters (Whatman, Maidstone,
UK) in BJ, HB, and GZ; using a 100 L min™' medium volume PMs sampler (HY-
100SFB, Hengyuan, Qingdao, China) on a 90 mm quartz fiber filter (Whatman) in CD,
and using a high volume sampler with a flow rate of 1.13 m® min™! (HVS-PM, s Tisch
Environmental Inc., Cleves, OH, USA) on quartz fiber filters (203 mm X 254 mm,
Whatman, QMA) in XA and WH. The quartz fiber filters for PM> 5 collection were
prebaked at 780 °C for 5 hours. After the sample collection, the filters were wrapped
with clean aluminum foil and stored at -18 °C. Detailed sampling procedures and
information can be found in Sun et al (2022) and Zhang et al (2022c). Water-soluble
inorganic ions (Na*, NH4", K, Mg?*, Ca**, CI', NOs", and NO»") were analyzed by ion

chromatography (Dionex 500, Dionex Corp, USA).

2.2. Measurements of NACs in PM2 s

10 nitroaromatic compounds in PM;s were analyzed, including 4-nitrocatechol
(4NC), 4-nitroguaiacol (4NG), 3-nitro-salicylic acid (3NSA), S-nitrosalicylic acid
(5NSA), 4-methyl-5-nitrocatechol (4MS5NC), 4-nitrophenol (4NP), 3-methyl-4-
nitrophenol (3M4NP), 2-methyl-4-nitrophenol (2M4NP), 4-methyl-2,6-dinitrophenol
(MDNP), and 2,6-dimethyl-4-nitrophenol (DMNP), which are classified into four
classes based on their function groups in molecules for further analysis, including nitro
catechols (NCs=4NC and 4M5NC), nitrophenols (NPs=4NP, 3M4NP, 2M4NP, MDNP,
and DMNP), nitrosalicylic acids (NSAs=3NSA and 5NSA), and nitroguaiacols
(NG=4NG). The abbreviation of each target NAC is listed in Table S1.

A triple-quadrupole—MS system (TSQ Quantis, Thermo-Fisher, Agawam, MA, USA)
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with an electrospray ionization source was applied to quantify NACs in the filter
samples. Detailed methodology and instrumental settings are shown in Supporting
Information (SI, Text S1). Briefly, each PM; s-loaded quartz filter sample was sonicated
with 5 mL of methanol (HPLC, Macklin, Shanghai, China) for 30 min and passed
through a 0.22-um polytetrafluoroethylene syringe (WEGO, Weihai, Shandong, China)
to remove residues. The filtrate was then dried under a gentle stream of high-purity
nitrogen, redissolved with 50 pL of methanol, and subsequently injected into the
analytical instrument. All target NACs were quantified by matching their retention
times with authentic standards (> 97% purity; Shanghai Macklin Biochemical,
Shanghai, China) and the characteristics of fragment ions under ionization. The relative
standard deviation (RSD) of the concentration for each NAC was less than 15%.
Following the method specified by the United States Environmental Protection Agency,
the detection limit for each target species was calculated (Table S1). The recoveries of

the NACs through the extraction were between 96.0~106.3%.

2.3 Optical property measurement

The light absorption of BrC in the ultraviolet-visible region [UV—Vis (i.e., 200 ~ 800
nm)] was measured using a USB2000 + UV-VIS-ES spectrometer, which is equipped
with a 100-cm long liquid waveguide capillary cell (LWCC-3100, World Precision
Instruments, Sarasota, FL, USA). The molecular structure of the ground state was
optimized by selecting the B3LYP function basis set of 6-311g, with the Gaussian 09
software coupled with the time-deficit-density functional method. The excited state of
each NAC was calculated, and the UV-visible spectra of the corresponding molecules
were obtained. In the calculation, the solventization effect (solvent: methanol) was
attenuated from the spectra. The optical parameters and the absorbance contributions

of NACs were calculated and shown in Text S2.

2.4. Estimation of gas-phase NACs concentrations
The concentrations of gas-phase NACs were estimated from the measured particle-

phase NACs content based on equilibrium absorption partitioning theory, as described
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in the following equation (Barley and McFiggans, 2010; O'Meara et al., 2014; Pankow,
1994):

_ CN-1__% .

B=Q+07 = (1)
where F, is the percentage of NACs in the particulate phase and Cy, is the
concentration of organic aerosol (OA), calculated as 1.6 times of OA; C* is the

effective saturated mass concentration; and ¢, and ¢, are the contents of NACs in

the gas- and particle-phases, respectively. C* was calculated as below:

£ _ M10%¢Py
760RT

(ii)

where M is the molar mass of NAC (g/mol); { is the activity coefficient of the
substance (assumed to be 1); R is the gas constant (8.314 J(mol K)'); T is the
temperature (K); and P, (Pa) is the saturation pressure. P, at average temperature was
calculated using the online prediction tool for multiphase systems developed at the
University of Manchester, UK
(http://umansysprop.seaes.manchester.ac.uk/tool/vapour pressure, UManSysProp)
according to the method reported by Nannoolal et al (Joback and Reid, 1987; Nannoolal
et al., 2008; Nannoolal et al., 2004). The aerosol liquid water content (ALWC) was

estimated based on the mass concentrations of NH4", SO4*, NOs3", and CI" using the

thermodynamic model in ISORROPIA-II (Liu et al., 2023; Shi et al., 2023).

3. Results and discussion

3.1 Seasonal and spatial distributions of NACs in PM> s

Table 1 summarizes the concentration levels of individual and total quantified NACs
(ENACs) in PM; 5 particles in the six megacities during the two seasons. The highest
YNACs concentration during the winter was seen in HB (158.8 + 68.6 ng/m?), followed
by XA (43.0 £ 16.3 ng/m*), WH (31.0 = 12.4 ng/m?), GZ (19.4 = 10.6 ng/m?), BJ (10.8
+ 7.74 ng/m?), and CD (9.15 + 2.67 ng/m®). A different ranking was observed during
the summer, with the highest concentration in CD (9.39 + 2.04 ng/m?), followed by BJ
(8.02 + 0.30 ng/m?), HB (7.18 £ 2.94 ng/m?), GZ (3.97 + 0.02 ng/m?), XA (3.00 £ 0.02
ng/m?), and WH (2.02 = 0.03 ng/m?). The levels of ENACs in winter were 1.35 to 22.1
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times of those in summer in most cities, except in CD with winter level being 0.97 times
of that in summer. The highest fraction of XNACs in PM» 5 (XNACs/PM; 5) was seen in
HB (1.78%o), followed by XA (0.62%0), WH (0.40%o0), GZ (0.38%0), BJ (0.36%9), and
CD (0.09%o) in winter. The highest XNACs/PM> s was in BJ (0.64%o), followed by CD
(0.25%0), HB (0.23%0), GZ (0.15%0), XA (0.09%0), and WH (0.09%o) in summer. The
seasonal pattern with higher XNACs/PM: s in winter than summer was consistent with
those reported in Shanghai (Cai et al., 2022), Hong Kong (Chow et al., 2016), Jinan (Li
et al., 2020b; Wang et al., 2018), and Beijing (Ren et al., 2022; Yang et al., 2020).
NCs, NPs, NSAs, and NG contributed 37.9-77.7%, 9.42-40.7%, 4.51-25.5%, and
0.16-4.89%, respectively, to XNACs in winter (Fig 1b), and 4.95-44.5%, 10.2-59.9%,
20.4-58.8%, and 0.70—14.8%, respectively, in summer (Fig. 1¢). The NSAs/XNACs in
HB, XA, WH, and CD were lower in winter than summer (4.51 vs 31.54%, 8.67 vs
58.83%, 13.84 vs 51.90%, and 12.72 vs 42.46%, respectively). The fractions of NPs in
HB, BJ, and CD were higher in summer than winter, but the opposite trend was seen in
XA, WH, and GZ. In BJ, the fraction of NPs in XNACs were the highest in both seasons,
indicating their relatively stable sources. NG had the lowest fraction in ZNACs in
winter in all megacities except HB, but also showed higher fractions in HB, BJ, and CD

during the summertime.

Insert table 1

Insert figure 1

3.2 Source identification of NACs
The sources and formation pathways of NACs in the six megacities were identified
by correlation analysis between XNACs and other tracers (Fig. 2). In winter, ZNACs
significantly correlated with K* and SO4*, which are typical tracers for biomass and
coal combustion sources, respectively, in all the cities except WH. Thus, biomass
burning and coal combustion sources contributed significantly to NACs in northern and
southern cities during the wintertime, as has been reported in earlier studies (Huang et

al., 2023; Salvador et al., 2021; Wang et al., 2017). The correlation between NCs and
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NPs was significant (Pearson correlation analysis, P<0.05), especially in XA, CD and
GZ (Table S3), indicating that the primary and precursor sources of the two classes of
NAC:s are similar. The variation in the relationship between XNACs and NOs3™ suggests
that there are secondary sources of NACs in winter in these cities. NO3™ correlated well
with NSAs in the northern cities, and with NCs, NPs, and NSAs in BJ, XA, CD, and
GZ. The correlations of NSAs with NCs and NPs were also prominent, especially in
GZ and XA, which indicates that the sources of NCs, NPs, and NSAs in winter are
similar in the same city. It also indicates that secondary reactions are one of the sources
of NAC:s in the cities mentioned above in winter. However, there was no correlation
between NG and other NACs, suggesting unique formation pathway of NG.

In summer, the correlation between XNACs and K was not as significant as that in
winter, suggesting a reduced contribution from biomass burning. The correlations
among the NACs species were also significantly weaker than those in winter,
suggesting more diversified formation pathways of the NACs in summer. The strong
correlations between NPs (DMNP with 3MNP, 2MNP, and 4NP) indicate that the origin
and chemical transformation of NACs of the same class were similar. The correlation
between NSAs and NCs in HB, BJ, XA, and GZ were significant (P<0.05). NCs and
NSAs positively correlated with O3 (NCs-O3: R = 0.563, P<0.05; NSAs-O3: R = 0.346,
P<0.05), but NG negatively correlated with Oz (R = -0.783) in XA. The photolysis of
Os is the main source of *OH. The photo-oxidation and subsequent nitration of the
precursors such as benzene and toluene could both produce NACs (Mayorga et al., 2021;
Wang and Li, 2021; Yang et al., 2022). Moreover, precursor oxidation initiated by *OH
and *NOs could occur during the day- and nighttime (Li et al., 2020a). NCs (R=0.706,
P<0.05), NPs (R=0.718, P<0.05), and NSAs (R=0.801, P<0.01) significantly correlated
with NOs™ in HB. Among the southern cities, NSAs significantly correlated with NOs3"
in WH (R=0.791, P<0.05) and CD (R=0.677, P<0.05), while SNSA significantly
correlated with NO>™ in GZ (R=0.702, P<0.05). The presence of nitrate promotes the
formation of gaseous nitrite and nitrogenous aromatic compounds in the atmosphere
(Deng et al., 2021). These results suggest the importance of secondary formation in the

production of NACs in summer, especially in southern cities.
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The above discussions suggested very different pollution sources of NACs between
winter and summer. Overall, NACs in the six megacities were mainly derived from
biomass and coal combustion in winter. NCs, NPs, and NSAs in BJ, XA, CD, and GZ
could also be from secondary formation in winter. On the contrary, NACs were mainly
from secondary formation in summer, as further illustrated below. The main source of
oxidants for NACs formation in XA was *OH produced by O3, while the formation of
NCs, NPs, and NSAs in HB and NSAs in the southern cities was mainly from the

oxidation of nitrogen-containing radicals.

Insert figure 2

3.3 The formation of NACs

The different sources and formation mechanisms between different NACs species
and subsequent complex atmospheric chemistry processes resulted in varying NACs
levels in each megacity. In the discussion below, the calculated Fp and ALWC of NACs
and the correlation analysis results were used together to explore the possible formation
mechanisms of NACs in atmospheric aerosols in the studied cities.

In winter, the concentrations of ) NACs were higher in northern than southern cities
due to extensive coal and biomass combustion for winter heating in most northern cities
(Huang et al., 2023; Zhang et al., 2022b). In BJ, NACs emissions from direct sources
were lower, but NACs formation from secondary sources were higher compared to the
other northern cities due to the stricter emission reduction measures implemented in
this city, such as the one for switching coal to gas (Yuan et al., 2023). The 4NC
significantly and positively correlated with ALWC in HB (Fig. S2a), indicating
secondary production in the liquid phase of 4NC in winter in this city. Earlier studies
suggested that NPs was mainly from vehicle and industrial emissions (Lu et al., 2019a;
Yang et al., 2020). However, the significant positive correlations between 4NPs and
ALWC in winter in GZ and BJ indicated that a significant amount of NPs was generated

from secondary production.
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NSAs correlated relatively well with K, NO,, and O3 in both southern and northern
cities, implying that NSAs were associated with both primary and secondary sources.
Figure S2 shows significant positive correlations between NSAs and ALWC in HB, BJ,
and GZ during wintertime, suggesting the occurrence of secondary production of NSAs
in the liquid phase. The phenolic substances in the particle phase are activated into
phenoxy radicals by the hydrogen extraction of *OH, which are subsequently nitrated
by *NO3 to form 3NSA and SNSA (Fig. 3; Jang and Kamens, 2001; Shi et al., 2023).
Note that these phenols are mainly derived from pyrolysis of lignin during biomass
combustion in winter (Ilinuma et al., 2010). NSAs are mainly from secondary oxidative
nitration of precursors from biomass combustion in winter. The high Os levels in HB,
GZ, and WH ensured rich oxidants for the oxidation of precursors, and high NO» levels
in winter in all of the six cities provided enough NOs™ for nitration, which led to the
high contents of NSAs in winter in HB, GZ and WH.

NG significantly positively correlated with NO;™ in HB (P<0.01) because their
common linkage with *NOs. It is known that NO>™ can produce *NO3 (Kroflic et al.,
2021; Yang et al., 2021). NG is produced from the oxidation and nitration of guaiacol

released from biomass combustion emissions (Cai et al., 2022). Therefore, the nitration
of ¢NOs with rich guaiacol released from biomass combustion in winter in HB led to

the highest NG content in HB among the six megacities.

In summer, NACs were significantly reduced due to reduced biomass combustion
sources. Most of the precursors for the secondary production of NACs were derived
from VOCs in summer because the high levels of VOCs and sufficient O3 (Table. S4)
are conducive to the formation of NACs. The main sources of NCs (biomass and coal
combustion) decreased in summer compared to winter, resulting in significantly lower
levels of NCs in summer. The direct sources of NPs (industry and vehicle emissions)
were relatively stable in summer. NSAs and NGs were primarily from secondary
reactions, and their proportions in NACs increased significantly in summer compared
to the cases in winter.

During summertime, significant correlations between 3NSAs, NPs and ALWC were
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only observed in WH, suggesting that most of NACs in the six megacities were mainly
derived from the oxidation of *OH and *NOj in the gas phase. According to Figure 2,
biomass burning in HB resulted in higher > NACs content compare to XA, WH, and
GZ. CD is located in the Sichuan Basin, which is not conducive to the diffusion of air
pollutants because of its unique topography, static wind, and high humidity (Zhang et
al., 2022a; Zhao et al., 2018). As a result, the residence times of VOCs and other
precursors in the atmosphere increase, and thus enhance the secondary generation of
NACG:s, resulting in the highest ) NACs in CD among the southern cities in summer.
Discussions presented above focused only on particle-phase NACs. It should be
noted that gas-particle partitioning of NACs also have significant impacts on the
contents of NACs in PM; 5 (Fig. S3). The large Fp values of NCs in winter (27.9-99.4%)
indicate that these species mainly distributed in the particle phase, especially in the
northern megacities. The much lower Fp of the NPs than the other three types of NACs
indicated NPs being mostly in the gas phase, which also partly explained the higher
levels of NCs than NPs in PM2s. The close to 1 value of Fp of NSAs suggested that
NSAs were entirely distributed in the particle phase, despite that these species could
also be formed through secondary production in the gas phase in summer. Moreover,
Fp values were smaller in summer than winter for every species of NACs at any of the

sites, consistent with the seasonal patterns of ) NACs levels.

Insert figure 3

3.4 The influence of NACs formation on their light absorption

NAC:s are important BrC chromophores (Frka et al., 2022; Xie et al., 2017; Yang et
al., 2022). The contributions of ¥NACs and the four subclasses to the total light
absorption of the BrC at the wavelength of 365 nm were determined with the Gaussian
software (Fig. 4). During the wintertime, the contribution of XNACs to the total light
absorption of BrC (3.Nac/Brc_absorption) Was the highest in XA (7.98%), followed by GZ
(7.89%), HB (7.11%), WH (4.18%), CD (1.74%), and lowest in BJ (0.85%), while
during the summertime the highest was in GZ (6.44%), followed by WH (3.00%), XA



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

(2.66%), HB (2.51%), CD (2.26%), and lowest in BJ (2.07%). It should be noted that
the light absorption contributions of NACs were generally higher in winter than
summer (Li et al., 2020d; Yuan et al.,2021). Figure S4 shows the atomic absorption
coefficient profiles of the ten NACs considered in this study, from which we can
conclude that NCs and NG are strong light-absorbing species while NPs and NSAs are
weak light-absorbing species. For example, 4NC, 4M5NC, and 4NG have prominent
absorption properties at 365 nm, with their MAE3¢s5 being 17.35-88.99, 14.98-76.85,
and 11.66-59.82 m%/g, respectively (Table. S5). In contrast, 4NP, 3NSA, and 5NSA
have much weaker absorption properties with their MAE3ss being only 0.00—-0.05,
0.47-2.43, 0.00-0.31 m?/g, respectively.

Insert figure 4

During the wintertime, NCs contributed most to the light absorption of XNACs,
accounting for >80% in all of the six megacities (Fig. 5). NG and NPs contributed
appreciable fractions, accounting for 0.18-10.43% and 0.86—6.68%, respectively.
NSAs contributed minimum fractions, only 0.07-0.40%. Biomass and coal combustion
were the main sources of NCs in winter, and there was a high correlation between the
mass fraction of NCs and the light absorption of BrC (R = 0.804, P < 0.05). Thus, a
large number of primary emission sources from biomass and coal combustion in winter
resulted in a strong light-absorbing contribution from NCs.

During the summertime, the contributions of the four subclasses in ZNACs to the
light absorption of XNACs in descending order were NCs (20.76-94.82%) > NG (1.81—
63.91%) > NPs (0.86—14.56%) > NSAs (0.77-1.95%). In summer, most NACs were
formed from secondary reactions of VOCs precursors under high ambient temperature
condition and oxidants levels. 4NC and 4NG are from the precursors replaced by
nitration of NO» after oxidation of *OH and *NOs3 (Fig. 3). Their strong light-absorbing
properties indicate that the oxidation-nitration process of catechol and guaiacol led to a
significant increase in aerosol light absorption. Yang et al. observed a greater increase

in light absorption during nitrate-mediated photo-oxidation of guaiacol (Yang et al.,
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2021). The phenomenon in our study suggests that the presence of nitro groups on
phenolic compounds is important for the enhancement of light absorption of BrC. The
NCs and NG formed by the precursors of nitration substitution could enhance the light
absorption capacity of BrC. NPs were formed by photonitration of precursors such as
phenol under UV nitrite irradiation or by hydroxylation and nitration of benzene in the
presence of nitrite/nitrous acid (NO>/HNO>) in aqueous solution (Vione et al., 2004;
Vione et al., 2001). Salicylic acid and other phenols were activated by hydrogen
extraction of *OH and nitrate of *NOj3 to form NSAs (Shi et al., 2023). Among the four
subclasses of NACs, the mass fraction of NSAs in XNACs ranked the third, but its light
absorption contribution to XNACs ranked the lowest in all of the six megacities.
Moreover, the mass contribution of NPs to XNACs were 3.87—14.4 times of its light
absorption contribution. These indicate that NPs and NSAs formed from liquid phase

photonitration or photooxidation cannot enhance the light absorption of BrC.

Insert figure 5

4. Conclusions

This study determined the NACs in six megacities in China during one summer and
one winter month. Typically, the higher contents of XNACs and higher NCs fractions
in ZNAC in winter than summer resulted in higher contributions of XNACs to the
absorbance of BrC in winter in the six megacities. Coal and biomass combustion were
the major sources of NACs during wintertime, particularly in northern cities. Secondary
formation accounts for a higher proportion of NACs in southern than northern cities in
summer. NSAs were mainly formed in liquid-phase secondary reactions, while NCs
were released from primary emissions of biomass and coal combustion, and these two
groups of chemical species mainly distributed in the particle phase. NPs were the main
component of the gas-phase NACs and were from secondary generation and vehicle
emissions. NCs and NG were strong light-absorbing species while NPs and NSAs were
weak light-absorbing species. The oxidation-nitration process of catechol and guaiacol

led to a significant increase in aerosol light absorption, and the liquid-phase
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photoionization and photo-oxidation for the formation of NPs and NSAs showed weak
light absorption of BrC. Future studies should include more intermediate chemical
species involved in the NACs formation processes to advance our understanding on the

detailed transformation mechanisms under different atmospheric conditions.
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Figure captions

Figure 1. Daily concentrations levels and compositions of four subclasses of NACs in
six megacities (Green shadows represent the heavy polluted days). Average
proportions of the four subclasses to ENACs during winterime (b) and summertime
(©).

Figure 2. Correlations between individual NAC species and other chemicals in six
megacities between winter and summer.

Figure 3. The transformation pathways of major NACs in atmospheric aerosols.

Figure 4. XNACs contributions to absorption of BrC in the six megacities during
wintertime (left) and summertime (right).

Figure 5. Seasonal contributions of four NACs subclasses to the total light absorption

of NAC:s in the six Chinese megacities.
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Figure 1. Daily concentrations levels and compositions of four subclasses of NACs in six

megacities (Green shadows represent the heavy polluted days). Average proportions of the four

subclasses to ZNACs during winterime (b) and summertime (c).
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669  Table 1. Concentration levels of individual and total quantified NAC (ZNACs) and

670 fraction in PM2 5 in six megacities during the two seasons.
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Table 1. Concentration levels of individual and total quantified NAC (XNACs) and fraction in PM; 5 in six megacities during the two seasons.

. 4NC 4NP 3M4NP  2M4NP DMNP 3NSA 4M5NC 4NG MDNP 5NSA ENACs YNACs/PMa.s
v eason ng/m’ ng/m’ ng/m’ ng/m’ ng/m? ng/m’ ng/m? ng/m? ng/m? ng/m? ng/m’ %o
B Winter  94.51£50.36 6.02+1.54 9.37+2.36 16.83+4.50 0.52+0.15 2.79+1.55 14.9749.23 7.77+420 1.64+0.65 4.38+2.22 158.79+68.63  1.78£0.43

summer  1.07+0.84 1.09£0.47 0.42+0.15 1.39£0.45 0.04£0.02 0.47+0.29 0.13£0.10 0.59£0.13 0.20£0.06 1.80+0.83  7.18+2.94 0.23£0.08

s Winter ~ 4.2244.58 0.75+0.33 0.73+0.39 1.43+£0.65 0.06£0.02 0.80+0.88 0.52+0.53 0.37£0.24 0.43+£0.24 1.50+1.64  10.80+7.74 0.36+0.29

' summer  0.46£0.48 1.10£0.32 0.92+0.80 1.34£026 0.04£0.01 0.51£0.44 0.04£0.03 1.49+043 0.59+0.25 1.54£1.06  8.02+2.15 0.64=0.30

A Winter  23.19£10.66 3.15£0.84 1.95+0.53 4.30£1.14 0.06x0.02 1.30+0.73 4.98£227 0.80£0.36 0.82+0.24 2.42+090 4297+1626  0.62£0.34
x summer  0.72£0.30 0.18£0.04 0.03£0.01 0.15£0.04 0.003£0.001 0.31+0.13 0.10£0.03  0.02£0.01 0.04£0.01 1.45+0.86  3.00+1.26 0.09£0.02

Winter  17.7748.66 1.56£0.28 0.79+0.28 2.55£0.91  0.05£0.02 1.26+0.47 3.09£2.13 0.22+0.12 0.71£0.27 3.04+0.68 31.04+12.43  0.40+0.13
Wi summer  0.67£0.45 0.09£0.02 0.01£0.00 0.09£0.03 0.002+0.001 0.26+0.10 0.08£0.07 0.01£0.01 0.02£0.01 0.79+0.18  2.02+0.73 0.09£0.03
Winter  5.86+1.81 0.22+0.07 0.13+0.06 0.35+0.14  0.01£0.00 0.35+0.13 1.26+0.41 0.01£0.01 0.16£0.05 0.81020  9.15+2.67 0.09+0.02
v summer  1.15£0.74 0.89£0.09 0.55+0.14 1.52+0.37 0.06£0.01 0.86+0.45 0.11+0.07 0.78£0.31 0.34£0.08 3.1240.99  9.39+2.04 0.25+0.04
Winter  9.29+5.67 0.73+0.38 0.37+0.14 1.56+0.83  0.02+0.01  1.05£0.58 1.63+0.96 0.19+0.08 0.64+0.37 3.87+1.96 19.35+10.58 0.38+0.11
© summer  1.60£0.51 0.32£0.07 0.04£0.01 0.24£0.05 0.01£0.00 0.47+0.17 0.17£0.05 0.16£0.09 0.05£0.02 0.91+0.18  3.97+0.84 0.15+0.02




