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A B S T R A C T   

Functionalized aromatic compounds are one of the most important light-absorbing organic chromophores – so- 
called brown carbon (BrC) – in fine particulate matter (PM2.5). In this study, we conducted a wintertime field 
campaign to measure eight nitrated aromatic compounds (NACs) in PM2.5 with offline analysis techniques, 
including liquid chromatograph mass spectrometer (LC-MS) and aerodyne high-resolution aerosol mass spec
trometer (AMS) measurements, during foggy and nonfoggy days in suburban Nanjing in the Yangtze River Delta 
region, China. On average, 4-nitrophenol could be one of the most important light absorbing materials in the 
observed BrC, which accounted for over 40% of the mass concentration of identified chromophores. The mass 
concentration of 2-methyl-4-nitrophenol and 2,6-dimethyl-4-nitrophenol were evidently increased during foggy 
days, contribution of which to total NACs were increased by 10% and 5%, respectively. Positive matrix 
factorization analysis of combining LC-MS and AMS dataset was performed to identify the primary and secondary 
sources of NACs. Primary sources, e.g., traffic and solid-fuel combustion, accounted for 71% of the sum of 4- 
nitrophenol, 2,6-dimethyl-4-nitrophenol and 3-nitrosalicylic acid, suggesting important contribution of pri
mary emissions to these NACs. The contribution of secondary sources, associated with two oxygenated organic 
aerosols, could contribute 66% to 4-nitrophenol, reflecting the link of such nitrated aromatic compounds to 
secondary organic aerosol source. Together with optical measurements, 4-nitrophenol presented a high contri
bution (>50%) to the identified BrC absorbance in the light range 250 and 550 nm was observed. This could 
highlight an important role of such NACs in ambient BrC light absorption, despite its mass contribution to total 
organic carbon was negligible. Our work could improve the understanding of the links between optical properties 
and chemical composition of BrC, and the difference between BrC chromophores from nonfoggy days and foggy 
days under the typical polluted atmospheric conditions.   

1. Introduction 

Light-absorbing organic aerosol (OA) – well-known as brown carbon 
(BrC) – has strong absorption of solar radiation, making important 
impact on the balance of atmospheric radiation and subsequent climate 
change (Alexander et al., 2008; Saleh, 2020). It can also have a signif
icant impact on atmospheric chemical reactions by affecting the for
mation of ozone and other free radicals (e.g., OH and HO2) (Wu et al., 
2019). Ambient BrC is often attributed to a complex mixture of organic 

compounds, which presents strong wavelength dependence from the 
visible light region to the ultraviolet light region (Laskin et al., 2015). 
Different molecular composition of BrC could be generated from various 
sources, including primary emissions and secondary formation, which 
generally present different optical properties (Laskin et al., 2015; 
Moschos et al., 2018; Wang et al., 2019; Xu et al., 2022; Yan et al., 
2015a; Zhang et al., 2020a). Very limited understanding in the sources 
and optical properties of BrC molecular composition has been making a 
large uncertainty of accurately assessing such impact of BrC on climate 
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radiative forcing (IPCC, 2013). Therefore, it is critical to systematically 
investigate chemistry-source-optical properties of BrC at molecular 
composition levels. 

High molecular weight compounds, such as humic-like substances 
(HULIS) (Voliotis et al., 2017), nitrated aromatic compounds (NACs) 
(Desyaterik et al., 2013), polycyclic aromatic hydrocarbons (PAHs) 
(Samburova et al., 2016), amorphous carbon spheres in biomass com
bustion (Hoffer et al., 2016), of BrC were often observed from ambient 
air. NACs, one of the important components of brown carbon, have been 
attracting extensive attention of relevant scholars (Desyaterik et al., 
2013; Teich et al., 2017; Zhang et al., 2013). Previous studies have 
shown that nitrated aromatic compounds have a certain contribution to 
the BrC light absorption (Desyaterik et al., 2013; Zhang et al., 2013). The 
light absorption contribution of 16 nitrated aromatic compounds in fog 
aqueous solution accounted for 20%–55% of BrC in the wavelength 
range of 300–450 nm, most of which were nitrophenols (Desyaterik 
et al., 2013). Although the absolute mass of NACs in organic aerosols 
could be relatively low (Wang et al., 2018), its absorption contribution 
might not be ignored due to its strong absorption capacity per unit mass 
(Teich et al., 2017). However, we still do not have a good understanding 
of the chemical characteristics, sources and light absorption character
istics of nitrated aromatic compounds. Especially, the sources and op
tical properties of particulate NACs under foggy and/or polluted 
environments with substantial influence from intensive anthropogenic 
emissions remain unclear. 

Some field observation and laboratory studies have found that the 
sources of NACs could be from primary emission and secondary for
mation (Harrison et al., 2005; Yan et al., 2015b). Some observations 
have confirmed that vehicle exhaust contains a certain amount of 
nitrophenols and nitrocatechols (Tremp et al., 1993). Recently, several 
studies reported that secondary formation could be an important source 
for NACs in BrC, and that its contribution might be more than one-third 
of total NACs (Harrison et al., 2005; Xu and Wang, 2013). The main 
secondary generation pathway is the nitration of phenol (or benzene) 
and its derivatives, which can be carried out in both gas phase and liquid 
phase (Harrison et al., 2005). Although different kinds of NACs sources 
were reported, it’s still a huge challenge to quantify various sources of 
NACs due to limited measurement and analysis techniques. 

In the past two decades, the widespread use of aerodyne aerosol mass 
spectrometer (AMS) has greatly promoted the chemical characterization 
and source analysis of OA ( Daellenbach et al., 2020, 2015; Jimenez 
et al., 2009; Zhang et al., 2020b). Some recent studies have applied such 
AMS techniques coupled with multi-wavelength optical instruments to 
characterize the interaction between the optical properties, chemical 
composition and sources of ambient BrC (Chen et al., 2018, 2020; Lambe 
et al., 2013; Moschos et al., 2018). Especially, offline AMS technology 
has been developed to characterize environmental aerosol filter samples 
(Ge et al., 2017; Huang et al., 2014; Xu et al., 2015), cloud water (Kim 
et al., 2019), aqueous phase samples (Smith et al., 2014), etc. Despite 
AMS has one of the advantages for source apportionment of organic 
aerosol, it cannot provide molecular information of samples due to 
limited use of its detection system (Canagaratna et al., 2007; Jayne et al., 
2000). Recently, some studies have tried to combine the data measured 
by AMS (i.e., mass spectra data) and molecular-level instruments to 
further identify and quantify sources of ambient organic aerosols with 
more detailed molecular information (Srivastava et al., 2019). This 
combining methodology could provide an effective way to analyze 
sources of ambient particulate matter at molecular levels (e.g., NACs). 

The Yangtze River Delta (YRD) is one of the most prominent areas of 
air pollution in China, because of strong anthropogenic emissions 
(Zheng et al., 2018). In winter, the YRD region frequently suffers from 
haze air pollution with high humidity weather conditions. Previous 
studies have reported that fog and/or aqueous processing leads to 
enhanced secondary organic aerosol formation and evolution (Kaul 
et al., 2011). It is hypothesized that aqueous-phase chemistry in fog 
drops is responsible for increasing secondary organic aerosol (SOA) 

production, which could be also linked to secondary brown carbon 
formation via aqueous chemistry (Gilardoni et al., 2016; Wang et al., 
2021). In this study, we conducted a field campaign during wintertime 
in Nanjing, a typical megacity in the YRD region. Off-line measurements 
including AMS and LC-MS, as well as optical instruments, and subse
quent analysis were performed to quantify concentrations, sources, and 
light absorption characteristics of NACs in BrC. To explore impact of fog 
and/or aqueous processing on potential secondary NACs production, we 
did a comparison between polluted foggy and nonfoggy days. 

2. Material and methods 

2.1. Field observations 

The sampling site was located at the campus of Nanjing University of 
Information Science and Technology (32.20 ◦N, 118.71 ◦E), surrounded 
by residential areas, main traffic roads and industrial areas. Atmospheric 
particulate matter samples were collected by a PM2.5 large volume 
sampler (KB-1000, Jinshida, China) with a sample flow velocity of 1.05 
m3 min− 1. Around one-year sampling periods included 14 typical foggy 
and 12 nonfoggy days from December 2017 to December 2018. The 
sampling time in foggy days was set up into three-time intervals: (P1) 
10:00–14:00, (P2) 14:00–18:00, (P3)18:00–9:00 next day, while 24 h 
time resolution was performed for collecting samples during nonfoggy 
days. Finally, total 54 p.m.2.5 samples were collected. Meteorological 
parameters, such as air temperature, relative humidity, wind speed, 
wind direction and precipitation, were simultaneously observed at the 
same sampling site. 

2.2. Chemical analysis 

To measure the NACs, including 3-methyl-4-nitrophenol (3M4NP), 
2-methoxy-5-nitrophenol (2M5NP), 3-nitrosalicylic acid (3NSA), 2- 
methyl-4-nitrophenol (2M4NP), 2,6-dimethyl-4-nitrophenol 
(2,6D4NP), 4-nitroguaiacol (4NG), 4-nitrophenol (4NP), 4-nitrocatechol 
(4NC), the small piece samples with a diameter of 25 mm were first 
taken from the collected four quartz membranes samples by using 
ceramic scissors. The 350 ng of an internal standard solution (i.e., 4- 
nitrophenol-2, 3, 5, 6-d4) was prepared for internal calibration. The 
10 mL methanol was used to extract an aliquot of the filter thrice under 
ultrasonication. Pure nitrogen was used to concentrate and dry the ex
tracts, which were later completely dissolved the remaining particles in 
the test tube using 500 μL of methanol followed by liquid chromatog
raphy/mass spectroscopy analysis (LC-MS, USA). The uncertainty 
caused by the volatilization of NACs during nitrogen drying will be 
further explored in the future. The more detailed description of the LC- 
MS can be found in previous literatures (Kitanovski et al., 2012a, 
2012b). 

Atlantis T3 C18 chromatographic column (2.1 mm × 150 mm, 3 m 
aperture, USA) was used to carry out the LC separation. The mobile 
phase used in the analysis was two phases, including phase C and phase 
D. The phase C was methanol containing 0.1% acetic acid, while the 
phase D was ultrapure water containing 0.1% acetic acid. The gradient 
separation was conducted with 0.1% acetic acid (v/v) in methanol 
(eluent C). The concentration of eluent C was 1% for the first 2.7 min, 
increased to 54% from 2.7 to 15.2 min, held at 54% for 1 min, and then 
increased to 90% from 16.2 to 32.7 min, held at 90% for 0.2 min. 
Finally, it decreased back to 1% from 32.9 to 34.7 min, held at 1% for 
17.3 min. 

The sample injection volume and the instrument flow rate were set to 
10 μL and 0.19 mL/min, respectively. The column temperature was 
maintained at 45 ◦C. In this study, only ion currents with a specific mass- 
to-charge ratio (m/z) were detected, thereby improving the resolution of 
detection. In the process of sample detection analysis, a total of 9 
nitrated aromatic compounds were determined according to the ob
tained mass spectra and retention time. The retention time of 9 kinds of 
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nitrated aromatic compounds is between 18.4 and 25.6 min. The setting 
of the mass spectrometer conditions was optimized for the parameters of 
each standard product through the mass spectrometer interface, 
including the deflection voltage of the precursor ion, the collision energy 
of the fragment ions, etc. A complete injection method is formed by 
setting the liquid phase conditions and mass spectrometry conditions as 
mentioned above. 

2.3. UV–Vis light absorption analysis 

Four round pieces of each filter (diameter: 20 mm) was extracted 
with 40 mL ultrapure water, and sonicated for 30 min. Then the insol
uble species in water were removed through the 0.45 μm syringe filters, 
and we obtained the solution to be tested. 

A UV–Vis spectrophotometer (UV-3600, Shimadzu, Japan) was used 
to measure the light absorption spectra of filter extracts at wavelengths 
of 250–800 nm. The light absorption coefficient at a certain wavelength 
of λ (babs,λ, M/m) can be calculated by using eq. (1) (Hecobian et al., 
2010): 

babs,λ =(Aλ − A700)
Vl

Va⋅l
ln(10) (1)  

where A700 is used as a background value. Vl and Va are the volumes of 
solvent (ultrapure water) and sampled air, respectively. L is the optical 
path length of the instrument (1 cm). 

The dependence of light absorption characteristics of atmospheric 
brown carbon on wavelength is expressed by absorption Ångström 
exponent (AAE), and it is calculated by eq. (2) (Xie et al., 2020b): 

babs,λ =K⋅λ− AAE (2)  

where K is a constant and the wavelength range is 300–600 nm. 
In order to compare the difference of light absorption capacity be

tween different samples, the mass absorption efficiency is introduced. 
The mass absorption efficiency (MAE, m2/g) at 365 nm is calculated by 
eq. (3) (Huang et al., 2018): 

MAE365 =
babs,365

WSOC
(3)  

where WSOC represents the concentration of water-soluble organic 
carbon (WSOC). 

2.4. Offline AMS measurements and data analysis 

In order to obtain high resolution organic aerosol mass spectra, the 
PM2.5 filter samples were detected by offline AMS techniques (Dael
lenbach et al., 2015; Ge et al., 2017; Ye et al., 2017). In this study, an 
aerodyne soot particle aerosol mass spectrometry (SP-AMS) by setting 
the standard vaporizer mode was applied. More detailed description 
about SP-AMS can be found from previous studies (Onasch et al., 2012, 
2016; Wang et al., 2020; Zhang et al., 2020b). For each sample, 4 cir
cular filter membranes with a diameter of 20 mm were extracted in 20 
mL ultrapure water. The uncertainty caused by different solvent 
extraction will be further explored in the future. The liquid extracts were 
aerosolized using an atomizer (TSI, Model 3076) and the mist passed 
through a silica-gel diffusion dryer to dry the particles which were 
subsequently analyzed by the SP-AMS. 

The water-soluble organic matter (WSOM) was measured using off
line SP-AMS, as detailed in Ge et al. (2017). Briefly, the aqueous extracts 
were nebulized using a constant output atomizer, dehumidified by a 
diffusion dryer filled with silica-gel, and then were sent to the SP-AMS. 
The SP-AMS data was processed using the Igor-based software toolkit 
SQUIRREL (version 1.56D) and PIKA (version 1.15D). The SP-AMS OA 
spectral data was combined with the NACs data to make a combined 
OA-NACs matrix dataset for the input data of positive matrix factor
ization (PMF) model. For the SP-AMS matrix data, the m/z range was 

from m/z 10 to m/z 185. More detailed information of PMF analysis can 
be found in many previous studies (Sun et al., 2012; Zhang et al., 2011). 
The uncertainty (unc) is estimated by equation according to the NAC 
concentration (c) and method detection limit (MDL), where the error 
fraction of 0.2 was taken. The uncertainty is calculated by eq. (4): 

unc=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Error ​ Fraction × c)2
++(0.5 × MDL)2

√

(4)  

3. Results and discussion 

3.1. Concentration and variations 

Fig. 1 shows time series of the mass concentration of NACs, WSOC, 
and water-insoluble organic carbon (WIOC) during the entire observa
tion period. The NACs has a similar trend with WSOC, indicating that 
major NACs might closely related to WSOC and may come from similar 
sources. The average concentration of the total NACs mass ranged from 
3.02 to 249.13 ng/m3 with an average value of 105.20 ± 59.71 ng/m3 

for the foggy days, which is ~105.31% higher than that observed during 
nonfoggy days. The average concentration of the total NACs was 51.24 
± 33.32 ng/m3 and 105.21 ± 59.70 ng/m3 in nonfoggy days and foggy 
days, respectively (Table 1). The average concentration of the total 
NACs during foggy days in this study was obviously higher than those 
observed during wintertime in other cities in eastern China, such as 
Beijing (74 ± 51 ng/m3) (Xla et al., 2020) and Jinan (48 ± 26 ng/m3) 
(Wang et al., 2018). However, the average concentration in nonfoggy 
days was comparable to the results observed in the two cities. The mass 
concentration of WSOC (13.97 ± 6.78 μg/m3) was generally higher than 
that of WIOC (6.52 ± 3.07 μg/m3) during foggy days, suggesting a more 
important role of WSOC in contributing to organics in PM2.5. The 
average concentration of WSOC in foggy days (16.10 ± 5.77 μg/m3) was 
approximately 2.5 times higher than that in nonfoggy days (6.53 ± 4.39 
μg/m3), while limited difference of WIOC was observed between foggy 
days (6.76 ± 2.96 μg/m3) and nonfoggy days (5.70 ± 3.40 μg/m3). 
These results suggested that fog processing might pormote more WSOC 
formation rather than WIOC. One of the potential reasons could be 
enhanced secondary organic aerosol formation via aqueous chemistry 
under high humidity weater conditions and high fossil fuel combusition 
emission (Ervens et al., 2011; Tong et al., 2020; Wang et al., 2021; Ye 
et al., 2020; Yele et al., 2016). Additionally, adverse meteorological 
conditions, e.g., weak atmospheric diffusion, could make serious 
accmulation of air pollutants (Bei et al., 2016; Huang et al.; Wang et al., 
2015), which might be another possible reason. 

As shown in Fig. 1, the mass concentration of individual NACs shows 
very dynamic variations, likely due to changes of source emissions, 
secondary formation and meteorology. The 4NP was a dominate species 
in particulate NACs, with daily contribution ranging from 20% to 67%. 
As shown in Fig. 2, the relative contribution of the 2M4NP to the total 
NACs during foggy days (16%) was higher than that during nonfoggy 
days (6%). 3M4NP and 2,6D4NP were also consistent with 2M4NP. But 
the relative contribution of the 4NC to the total NACs during foggy days 
(13%) was lower than that during nonfoggy days (21%). During the 
entire study, NACs had a higher contribution to the total PM2.5 mass, in 
comparison to the contribution from nitrosalicylic acid (NSA) oxidation 
compounds. This may be because there were many kinds of nitrophenol 
compounds measured in this study and their concentrations in the at
mosphere were high. The contribution of NACs to the total PM2.5 mass 
during nonfoggy and foggy days was 0.78 ± 0.71‰ and 0.53 ± 0.28‰, 
respectively. The concentration of the total NACs and its corresponding 
chemical compounds also showed distinct diel cycles during foggy days. 
For example, the concentration of the total NACs was generally the 
highest in the afternoon (0.75 ± 0.29‰), followed by the morning (0.55 
± 0.13‰) and evening (0.29 ± 0.16‰). From November 27 to 
December 3, 2018, the mass concentration of 4-nitrophenol and 4-nitro
catechol were also higher in the afternoon (43.63 and 19.41 ng/m3) than 
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in the morning (40.65 and 10.72 ng/m3) and evening (35.09 and 10.00 
ng/m3), respectively. This may be because the light was stronger and the 
photochemical reaction was better in the afternoon than that in other 

time periods. The daily concentrations changes of 2-methyl-4-nitrophe
nol and 3-methyl-4-nitrophenol were basically the same, and almost all 
of them were the highest in the second membrane sample taken in the 
afternoon, compared with the other two time periods. 

The mass concentration of the total NACs presented good correla
tions with OC (r = 0.73) and WSOC (r = 0.75), respectively (see Fig. 3). 
These good correlations could not only validate reasonable variation 
trends for measured NACs, but it might also highlight that the observed 
NACs involved in similar atmospheric formation processes and/or 
sources. Especially, the good correlation between NACs and WSOC could 
also suggest that potential impact of aqueous process on the formation of 
major NACs. The sources and potential formation process will be further 
discussed in next section. 

Table 2 presented the correlations between NACs and air pollutants. 
Overall, most NACs had good correlation (r = 0.29–0.57) with each 
other, indicating that they have the similar source and/or trans
formation pathway. The class of NPs compounds also had good corre
lations (r = 0.29–0.97) with each other. For example, 4NG and 4NC had 
overall good correlation with the NPs compounds. The correlation co
efficient between 4NG and 4NC with 2M5NP was extremely high, which 
could explain that these three compounds were likely from the same 

Fig. 1. Time series of (a) nitrated aromatic compounds and (b) water-soluble OC (WSOC) and water-insoluble OC (WIOC) during the entire campaign. Foggy days are 
marked as gray shaded areas. 

Table 1 
Mass concentration (ng/m3) of NACs during nonfoggy and foggy days, 
respectively.  

Compounds Molecular 
weight 

Non-foggy 
days 

Foggy days 

Average Average 

4-nitrophenol 139.11 29.75 ± 22.41 45.44 ± 25.75 
3-Methyl-4-nitrophenol 153.14 3.13 ± 3.06 5.84 ± 3.34 
2-Methyl-4-nitrophenol 153.14 5.23 ± 5.92 17.93 ± 13.54 
4-Nitrocatechol 155.11 23.83 ± 49.75 13.17 ± 9.05 
2,6-Dimethyl-4- 

nitrophenol 
167.16 1.76 ± 2.15 8.52 ± 8.03 

2-Methoxy-5-nitrophenol 169.13 14 ± 29.92 7.3 ± 5.48 
4-Nitroguaiacol 169.13 7.41 ± 18.71 4.77 ± 4.12 
3-Nitrosalicylic acid 183.21 2.78 ± 3.47 2.24 ± 2.17 
Total NACs  51.24 ± 33.32 105.21 ±

59.70  

Fig. 2. Relative contribution of the nitrated aromatic compounds to the total NACs during (a) nonfoggy and (b) foggy days, respectively.  
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source. 3NSA showed a better correlation with 4NC rather than with the 
MNPs compounds. This could suggest similar source of 3NSA and 4NC, 
but they might be different from the class NPs compounds. In the urban 
atmosphere, SO2 is the particulate sulfate precursor mainly originated 
from coal combustion emission. The good correlation between SO2 and 
some of NACs (e.g., 4NG and 4NC) may suggest one of possible NACs 
sources linked to coal combustion emission. In addition, some of NACs 
also had good correlations with NO2, implying possible contribution of 
traffic emissions to NACs in this study. Further analysis in the sources of 
NACs will be further discussed in next section. 

3.2. Source apportionment of NACs 

Fig. 4 presents PMF-resolved mass spectra of OA-NACs sources. Time 
series of PMF-OA factors during the entire study could be found in Fig. 5. 
The mass spectrum of HOA is dominated by long-chain alkanes, such as 
CxHy

+ (62.0%), in which the O/C value is low (0.17). This factor could be 
representing for fresh traffic emissions, which is also consistent with 
many previous studies observed in urban environment (Zhang et al., 
2011; Zhou et al., 2020). Meanwhile, 4NP, 2M4NP, 3M4NP and 2, 
6D4NP made a relatively high contribution (4.76–48.08%) in the HOA 
factor profile. This results were in consistent with previous studies, 
where they found that these NACs are the main NACs emitted from 
vehicle exhaust (Lu et al., 2019a). On average, this HOA contributed 
17.9% and 10.2% to the total OA-NACs during foggy and nonfoggy days, 
respectively (Fig. 6). The correlation between m/z 60 and m/z 73 tracer 
fragments C2H4O2

+, C3H5O2
+ (r2 = 0.47 and 0.57) observed for the BBOA 

factor. In the factor profile, those m/z tracers and 4NC had the highest 
contribution. Meanwhile, some literature have showed that biomass 
burning (Li et al., 2020a) could also be a major source of ambient 

particulate 4NC. On average, this BBOA contributed 14.6% and 49.0% 
to the total OA-NACs during foggy and nonfoggy days, respectively 
(Fig. 6). The combustion activity of natural substances in nonfoggy days 
was more intense than that in foggy days, which may be because rela
tively sufficient light in nonfoggy days is conducive to the occurrence of 
photochemical reactions. For local OA, it is actually a POA with an ox
ygen carbon ratio of 0.44 in this study. The mass spectrum character
istics of this factor were similar to other POA tracer fragments, with the 
good correlations (r2) with C4H7

+ (0.52), C4H9
+ (0.55), C3H3O+ (0.56), 

C3H5O+ (0.48), respectively. Among the NACs, 4NP, 2M4NP and 
3M4NP made a high contribution in this factor profile (Fig. 4). These 
NACs are often associated with coal combustion emissions (Lu et al., 
2019b). 4NP has been found related to industrial sector emissions (Lu 
et al., 2019a, 2021). Therefore, this local OA factor was likely an OA in 
the background of a northern suburb city. On average, this local OA 
contributed 30.6% and 2.8% to the total OA-NACs during foggy and 
nonfoggy days, respectively (Fig. 6). The contribution of foggy days was 
more obvious, which may be because the meteorological conditions of 
high humidity and low temperature in foggy days were more unfavor
able to the diffusion of pollutants. 

Compared with other factors, LO-OOA had the best correlation with 
nitrate. The O/C of this factor was 0.56, which higher and lower than 
primary factors and MO-OOA, respectively. Compared with MO-OOA, 
LO-OOA had a higher peak at m/z 29 and m/z 43. The high contribu
tion of CxHyO+ in the LO-OOA mass spectrum was also observed. In 
addition, 4NP was contained within the mass spectrum of LO-OOA, 
indicating a possible source of 4NP linked to this SOA factor. Such 
link could be due to that the 4NP has semi-volatility property (Pereira 
et al., 2014), which is comparable with the LO-OOA factor (Jimenez 
et al., 2009; Sun et al., 2018; Xu et al., 2017). Some previous studies 

Fig. 3. Correlation between the total NACs with (a) OC and (b) WSOC, respectively.  

Table 2 
Pearson correlation coefficients between individual NAC species with aerosol chemical components and gas pollutants.   

3M4NP 2M5NP 3NSA 2M4NP 2,6D4NP 4NG 4NP 4NC SO2 NO2 O3 

3M4NP 1 0.457a 0.337a 0.904a 0.827a 0.452a 0.858a 0.436a 0.340b 0.480a 0.042 
2M5NP  1 0.708a 0.285b 0.231 0.979a 0.417a 0.993a 0.475a 0.488a − 0.026 
3NSA   1 0.114 0.005 0.721a 0.469a 0.767a 0.389a 0.467a − 0.095 
2M4NP    1 0.970a 0.300b 0.699a 0.245 0.249 0.474a 0.222 
2,6D4NP     1 0.265 0.599a 0.181 0.239 0.457a 0.270 
4NG      1 0.387a 0.979a 0.463a 0.573a − 0.036 
4NP       1 0.414a 0287b 0.321b 0.011 
4NC        1 0.463a 0.508a − 0.071 
SO2         1 0.311b 0.24 
NO2          1 − 0.344b 

O3           1  

a Significant correlation at the 0.01 level. 
b Significant correlation at the 0.05 level. 
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have found that 3NSA in ambient particles could come from secondary 
formation and had substantial contribution to NACs (Li et al., 2020a). In 
the MO-OOA mass spectrum, m/z 44 and m/z 28 presented the highest 
contribution, which was consistent with the contribution of fCO and fCO2 
fragments. Meanwhile, the O/C value of this factor was 0.89, suggesting 
the more aged SOA factor observed in this study. The NACs in this factor 
were mainly 4NC and 2M5NP or 4NG (Fig. 7), which can be formed by 
secondary reaction (Li et al., 2020b). Therefore, this could further sup
port the secondary characteristics of these NACs involved in MO-OOA 
factor. 

As shown in Fig. 6a–d, the contribution of different OA factors to the 

total OA mass concentration and the total NACs mass concentration was 
different. Although BBOA contributed nearly half of the total OA mass 
concentration in nonfoggy days, its contribution to NACs was much less 
important (12.5%). This indicated that biomass burning produced more 
substances other than NACs. In comparison, traffic emissions in foggy 
days only accounted for 17.9% of the total OA mass concentration, yet it 
was the most significant contributor of the total NACs mass concentra
tion (53.8%). This may be because NACs dominated the air pollutants 
emitted by traffic in foggy days. The contribution of traffic emissions to 
the concentration of NACs in foggy days was the highest, followed by the 
secondary source factors. During nonfoggy days, the contribution of 

Fig. 4. Mass spectra of PMF OA factors, including HOA, BBOA, LO-OOA, MO-OOA, and local OA.  

Fig. 5. Time series of PMF OA factors during the entire campaign.  
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secondary aerosols to NACs was higher than traffic emissions. 
As shown in Fig. 7, 4NP contributed to approximately 99% of NACs 

in local OA, both during foggy and nonfoggy days. For the two primary 
sources (i.e., HOA and BBOA) and a less oxidized SOA factor (i.e., LO- 
OOA), the contribution of 3M4NP or 2M4NP in foggy days was higher 
than that in nonfoggy days. In contrast, 4NC presented higher contri
bution during nonfoggy days than that during foggy days. This was 
probably because the contribution of traffic emissions was greater than 
that of biomass burning during foggy days (see Fig. 6). The 4NC and 
2M5NP or 4NG observed in the MO-OOA factor dominated total mass 
concentration of these NACs during the entire periods, highlighting that 
these NACs were likely involved in secondary formation processes, such 
as photochemical and/or aqueous reactions. 

3.3. Optical properties of NACs 

The light absorption of the water extracts was mainly measured in 
the short wavelength range and decreased dramatically with the in
crease of wavelength. This is actually a typical feature of BrC (Li et al., 

2019). Fig. S1 illustrated the average light absorption coefficient (babs) 
of water-soluble extracts at wavelengths (λ) from 300 to 600 nm. During 
the sampling period, the average Abs of the water extract of the aerosol 
samples at 365 nm was 16.91 ± 7.47 M/m (Fig. S1), which was much 
larger than that of the central Los Angeles (1.97 ± 0.93 M/m) (Sol
eimanian et al., 2020) and the northern suburbs of Nanjing (7.45 ± 3.73 
M/m) (Xie et al., 2020a). The average babs during foggy days (16.91 
M/m) was twice higher than that during nonfoggy days (7.41 M/m). The 
absorption Ångström exponent (AAE) can represent the wavelength 
dependence of the light absorption of BrC (Xie et al., 2020a). The dif
ference in the AAE values of the water extract may be related to the 
difference in the chemical composition of the chromophore that only 
dissolves in water and is dominated by the main chemical substances 
(Sun et al., 2021; Xie et al., 2020a). In general, the AAE value of BrC in 
the atmosphere is closely related to its chemical composition and aerosol 
aging state (Bones et al., 2010; Chen and Bond, 2009). The AAE values in 
this study ranged from 7.26 to 7.67, with an average value of 7.46, as 
shown in Fig. S1. This value was higher than that in the northern suburbs 
of Nanjing (5.79) (Xie et al., 2020a), but less than that in the Central Los 
Angeles (8.71 ± 0.92) (Soleimanian et al., 2020). 

The mass absorption efficiency of BrC at 365 nm (MAE365) can 
characterize the difference of light absorption capacity between 
different samples (Xie et al., 2020a). The average value of MAE365 ob
tained in this study was 1.07 ± 0.27 m2/g (Fig. S2). The value of MAE365 
in this study was greater than that of Los Angeles (0.61 ± 0.22 m2/g) 
(Soleimanian et al., 2020) and the northern suburbs of Nanjing (0.87 ±
0.29 m2/g) (Xie et al., 2020a). The MAE365 between nonfoggy and foggy 
days was 1.12 and 1.06 m2/g, respectively. We quantified a strong 
spectral dependence of absorption by BrC in the UV and diminished 
ultraviolet B radiation reaching the surface. Functionalized aromatic 
compounds were noteworthy chromophores responsible for the ab
sorption of light by BrC (Li et al., 2020b). The absorption coefficients of 
standard NACs increased gradually with the increase of wavelength, and 
then decreased gradually after reaching a certain value (see Fig. 8a). The 
babs patterns for NACs was obviously different, where the babs of 4NP was 
the largest among the eight compounds. The maximum babs of 4NP and 
its methyl derivatives were generally higher than any of 4NG, 4NC and 
3NSA, respectively. It is worth noting that the mass concentrations of the 
NACs only accounted for 0.078% and 0.053% of the total PM2.5 during 
nonfoggy and foggy days, respectively. While the ratio of the absorption 
for the NACs to the total BrC absorption reached a maximum at 
approximately 330 nm with the value of 9.0% during non-foggy days 
and 4.45% during foggy days, respectively (Fig. 8b). Among them, 4NP 
was the most important BrC chromophores, followed by 4NC during 
nonfoggy days and 2M4NP during foggy days (Fig. 9). Meanwhile, the 
relevant parameters of eight NACs were listed in Table 3, such us 

Fig. 6. Relative contribution of the OA factors to the total OA mass concen
tration (a and b) and (c and d) the total NACs mass concentration during (a and 
c) foggy and (b and d) nonfoggy days, respectively. 

Fig. 7. Relative contribution of OA factors to different NACs during (a) foggy and (b) nonfoggy days, respectively.  
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formula, m/z, babs and MAE365. The MAE365 values of some NACs ob
tained are consistent with previous studies (Xie et al., 2017). 

4. Conclusions 

Chemical composition, sources and optical properties of the eight 
NACs during winter foggy days in Nanjing were comprehensively 
characterized. The bulk concentration of NACs ranged from 3.02 to 
249.13 ng/m3, with an average value of 94.00 ng/m3 during the entire 
study. The enhanced NACs concentration was evidently observed during 
foggy days, which was overall consistent with the WSOC variations. The 
4NP was one of the most abundant compounds in NACs, with an average 
contribution of 46% during foggy days. PMF analysis of the combining 
the data measured by AMS and LC-MS identified five types of the NACs 
sources, which were corresponding to three primary (i.e., HOA, BBOA, 
and local OA) and two secondary OA sources (i.e., LO-OOA and MO- 
OOA). The largest contribution (54%) of the HOA factor, linked to 
urban traffic emissions, to the NACs mass was quantified during foggy 
days, followed by the OA factors of LO-OOA (29%) and MO-OOA (10%), 
etc. These results indicate important contribution of primary traffic 
emissions and secondary formation to the NACs observed during foggy 
days. Moreover, 4NP and 3M4NP or 2M4NP were mainly contributed 

from the HOA factor, while the large fraction of 4NC was found in the 
MO-OOA factor. However, further research would be required to further 
understand the formation mechanism of the secondary NACs factors in 
ambient air, especially under high humidity environment conditions. 
Optical measurements suggest that 4-nitrophenol dominated the 
measured BrC, accounting for 40%–60% of the concentration of iden
tified chromophores. Meanwhile, 4-nitrophenol contributed more than 
50% to the identified BrC absorbance in the wavelength range 250 and 

Fig. 8. Links between the optical properties and chemical compositions of BrC chromophores. (a) Absorption coefficient of standard NACs solutions (10 mg/l), and 
(b) Ratio of absorption coefficient of NACs to the total absorption among the wavelength of 250–600 nm. 

Fig. 9. Absorption coefficient of individual identified BrC chromophores (stacked area) linked to different NACs during (a) foggy days and (b) nonfoggy days, 
respectively. 

Table 3 
Absorption characteristics of standard nitrated aromatic compounds.  

Compounds Formula m/z, [M- 
H]- 

babs (M/ 
m) 

MAE (m2/ 
g) 

4-Nitrophenol C6H5NO3 138.16 20.49 2.05 
2-Methyl-4-nitrophenol C7H7NO3 152.12 31.32 3.13 
3-Methyl-4-nitrophenol C7H7NO3 152.18 26.71 2.67 
4-Nitrocatechol C6H5NO4 154.01 81.51 8.15 
2,6-Dimethyl-4- 

nitrophenol 
C8H9NO3 166.13 33.39 3.34 

2-Methoxy-5-nitrophenol C7H7NO4 168.10 57.56 5.76 
4-Nitroguaiacol C7H7NO4 168.09 67.93 6.79 
3-Nitrosalicylic acid C7H5NO5 182.08 17.04 1.70  
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550 nm. The ratio of the absorption for the NACs to the total BrC ab
sorption reached at approximately 330 nm with the value of 4.5% 
during foggy days. These results suggest important contribution of NACs 
to aerosol light absorption at near UV wavelength during foggy days, 
although their contribution by mass was relatively low. 
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