Environmental Pollution 391 (2026) 127581

Contents lists available at ScienceDirect

Environmental Pollution

FI. SEVIER

journal homepage: www.elsevier.com/locate/envpol

Check for
updates

Size, spatial distribution, and diurnal variations of particulate nitrophenols
in the central Yangtze River Delta, China: Implications for their emissions
and atmospheric processes™

Chao Qin*?, Jingyi Liu", Xinyu Ji ", Wei Feng ", Zhijuan Shao ¢, Hong Liao ", Yuhang Wang “©,
Guofeng Shen ¢, Mingjie Xie "

@ Key Laboratory for Monitoring and Analysis of Organic Pollutants in Surface Water Environment of the Ministry of Ecology and Environment, Jiangsu Provincial
Environmental Monitoring Center, Nanjing, 210019, China

Y Collaborative Innovation Center of Atmospheric Environment and Equipment Technology, Jiangsu Key Laboratory of Atmospheric Environment Monitoring and
Pollution Control, School of Environmental Science and Engineering, Nanjing University of Information Science & Technology, Nanjing, 210044, China

€ School of Environment Science and Engineering, Suzhou University of Science and Technology, Shihu Campus, Suzhou, 215009, China

4 School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, 30332, United States

¢ Laboratory for Earth Surface Processes, College of Urban and Environmental Sciences, Peking University, Beijing, 100871, China

ARTICLE INFO ABSTRACT

Keywords: In this study, paired integrated PMs 5 and PM;( samples, as well as time-resolved PM3 5 samples, were collected
Nitrophenols during summer and winter from two sampling campaigns in northern Nanjing, China. Synchronous wintertime
Fine PM

PM; 5 samples from five urban sites in the center of the Yangtze River Delta (YRD), China, were retrieved from
another campaign. Four nitrophenols (NPs)—4-nitrophenol (4NP), 3-methyl-4-nitrophenol (3M4NP), 2-methyl-
4-nitrophenol (2M4NP), and 4-nitrocatechol (4NC)—were speciated in each sample. The concentrations of in-
dividual NPs in PM3 5 and PM;( were significantly correlated (r > 0.70, p < 0.05), and the majority (>70 %) of
the four NPs were present in fine particles. All NPs showed similar temporal variations across the five urban sites
in winter (r = 0.68 £ 0.15-0.78 + 0.066, p < 0.05), with 4NC exhibiting the least spatial variability. The diurnal
variations of PMy s-bound 4NP, 3M4NP, and 2M4NP in winter showed two elevations during 8:00-14:00 and
16:00-2:00 (next day), likely dominated by the photooxidation of gaseous aromatics and nighttime NOj-
chemistry, respectively. In summer, their diurnal patterns were characterized by a sharp increase during
16:00-20:00 and rapid removal after 20:00, which may correspond to NP formation from newly emitted pre-
cursors during rush hour and NOs--initiated degradation at night. The diurnal variations of 4NC were similar to
those of anhydrosugars in winter and secondary sulfate in summer. By combining measurement data of NPs and
source tracers in PMy 5, positive matrix factorization (PMF) was conducted to evaluate NP sources. A secondary
NP production factor was identified as the largest contributor to total NPs in time-resolved samples for both
summer (71.4 %) and winter (39.3 %). The biomass burning factor contributed significant fractions of NPs in all
winter samples, particularly for 4NC (>80 %).

Spatial variability
Diurnal pattern
Source apportionment

1. Introduction

Nitrophenols (NPs) are ubiquitous in the atmosphere and are char-
acterized by a benzene ring substituted with at least one nitro group and
one hydroxyl group. Evidence shows that exposure to NPs can affect
plant growth (Abdelmoneim et al., 2024; Adamek et al., 2024) and is
associated with several negative health outcomes in humans (e.g.,
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inflammation and respiratory distress; Eichenbaum et al., 2009; Khan
et al., 2022; Mo et al., 2024). In addition, NPs are strong chromophores
that absorb sunlight in the near UV and shorter visible wavelengths
(Laskin et al., 2018), which is a characteristic optical property of “brown
carbon” (BrC). Field measurements and laboratory experiments have
found that the contribution of NPs to the light absorption of organic
carbon (OC) is several times higher than their mass contribution (Mohr
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et al., 2013; Li et al., 2020b; Xie et al., 2017, 2019a; 2020).

To better evaluate the phytotoxicity, health risks, and radiative ef-
fects of NPs, their origins, environmental transport, and transformations
have been widely investigated. Combustion experiments have shown
that the primary emission sources of ambient NPs contain biomass
burning (Lin et al., 2016; Wang et al., 2017), coal combustion (Lu et al.,
2019a), and motor vehicle exhaust (Inomata et al., 2015; Lu et al.,
2019b). In addition, NPs in the particle phase can form through daytime
photooxidation of volatile aromatic organics (e.g., phenols, benzene,
and toluene) in the presence of NOx (Nakayama et al., 2010; Lin et al.,
2015; Liu et al., 2016) and nighttime NOg-initiated oxidation (Wang
and Li, 2021; Zhang et al., 2025), followed by partitioning of gaseous
products to particulate organic matter or aerosol liquid water (ALW).
The nitration of dissolved aromatics in ALW is another important for-
mation pathway for secondary NPs (Barzaghi and Herrmann, 2004;
Vidovic et al., 2018; Pang et al., 2019). Based on the speciation of NPs in
laboratory simulations of combustion and secondary organic aerosol
(SOA) formation, several source-specific NPs have been identified. For
example, NPs in biomass burning emissions are featured by a structure
of methoxy nitrophenol (Xie et al., 2019a); nitrophloroglucinol is
derived from the oxidation of only benzene in chamber experiments
with various volatile aromatic compounds (Xie et al., 2017). However,
these compounds are rarely observed in field measurements, possibly
due to their short atmospheric lifetimes. Although motor vehicle emis-
sions and coal combustion are enriched with 4-nitrophenol and nitro-
catechols/methyl nitrocatechols, respectively (Lu et al., 2019a, b), these
compounds are also generated from biomass burning and SOA formation
(Xie et al., 2017, 2019a). Therefore, the commonly identified NPs in the
atmosphere, including nitrophenols, methyl nitrophenols, nitro-
catechols, and methyl nitrocatechols, can hardly be used to apportion
NPs to specific sources.

According to previous field studies, particulate NPs exist primarily in
the fine mode in Qingdao, China, during winter (Liang et al., 2020; Guo
et al., 2024) and in Mainz, Germany (Zhang et al., 2010). Li et al. (2016)
observed significant fractions of NPs, except for 4-nitrocatechol, in
coarse particles during severe haze episodes in Shanghai. The mean
concentrations of NPs in winter were several times to orders of magni-
tude higher than in summer (Kahnt et al., 2013; Chow et al., 2015; Yuan
et al., 2021), which can be attributed to increased primary emissions of
NPs and their precursors, weaker degradation, lower planetary bound-
ary layer height (PBLH), and the partitioning of gaseous NPs to the
particle phase at lower temperatures in winter. Multiple-site observa-
tions showed that urban areas with stronger anthropogenic emissions
had higher mean NP concentrations than rural or remote areas (Wang
et al., 2018). Because oxidants and reactants in air pass through filters
continuously during air sampling, particulate NPs may undergo chem-
ical transformations on filters during long-term (12-24 h) sampling.
Short-term (1-2 h) sampling or real-time mass spectrometry analysis are
alternative methods for investigating NPs in the atmosphere.
Time-resolved measurements showed that the diurnal pattern of NPs
was characterized by a prominent nighttime peak in fall and winter
(Sakakibara et al., 2022; Guo et al., 2024) and during the crop residue
burning season (Wang et al., 2020), which was attributed to NOg:-ini-
tiated oxidation of aromatic precursors.

Due to the complex sources and transformation pathways, the
ambient concentrations of NPs were not well revealed. For example, the
size distribution and spatiotemporal variations of NPs have rarely been
investigated within the same region, which could provide important
insights into their main sources. Moreover, there is a relative dearth of
studies evaluating the contributions of NP sources using highly specific
tracers for organic aerosols. In this study, filter samples of atmospheric
particles were collected from three sampling campaigns in our previous
work. These samples were analyzed for NPs to illustrate their size,
spatial distribution, and diurnal variations in the central area of the
Yangtze River Delta, China. Other compositional data, including water-
soluble inorganic ions (WSIIs) and organic molecular markers (OMMs),

Environmental Pollution 391 (2026) 127581

from the same samples were obtained for comparison and source
apportionment using the positive matrix factorization (PMF) model. The
study results will shed light on the relative importance of primary
emissions and secondary formation for particulate NPs and support the
evaluation of their health and climate effects.

2. Methods
2.1. Sample collection

In this study, filter samples of ambient particulate matter (PM) were
collected from three completed sampling campaigns. Detailed infor-
mation on the sampling methods is provided in Feng et al. (2023, 2024)
and Cui et al. (2025). Briefly, PMys and PM;o sample pairs were
collected at Nanjing University of Information Science and Technology
(NUIST, 32.21° N, 118.71° E; Fig. S1 in Supplementary Information) in
northern Nanjing, China, where two identical samplers (Laoying 2030,
Longying Environmental, China) equipped with 2.5 pm and 10 pm
cut-point impactors, respectively, were operated at a flow rate of 100 L
min~!. Eleven-hour samples were collected during 8:00-19:00 (day-
time) and 20:00-7:00 (overnight, nighttime) in summer 2020 and
winter 2020/2021.

During winter 2020/2021 (11/27/2020-02/28/2021), PM; 5 sam-
ples were also collected in five central cities of the YRD region in China:
Nanjing, Suzhou, Wuxi, Changzhou, and Zhenjiang (Fig. S1). A four-
channel sampler (TH-16a, Wuhan Tianhong, China) was operated at a
flow rate of 16.7 L min~! from 10:00 to 9:00 the next day for each
sampling day. Sampling was conducted at urban sites at the same time
every three days in the five cities.

Time-resolved PMy 5 samples were collected at the NUIST site in
January (winter) and July-August (summer) 2019. Two identical sam-
plers (PM5 5-PUF-300, Mingye Environmental, China) equipped with
2.5 pm cut-point impactors were operated alternately at a flow rate of
300 L min~!. Sampling was conducted at 2-h intervals from 8:00 to
20:00 and 6-h intervals from 20:00 to 8:00 the next day, resulting in
eight filter samples per sampling day. Ambient temperature (°C) and
relative humidity (RH, %) data recorded during each sampling interval
were obtained from Feng et al. (2023), and hourly gaseous pollutant
data (e.g., NOy) were retrieved using the same method as Yu et al.
(2019) from a nearby monitoring station.

As shown in Fig. S1, all sampling sites are located in the center of the
YRD, one of the most developed regions in China. Feng et al. (2024)
found that the contributions of major OC sources (regional biomass
burning and fossil fuel combustion) in this area were homogeneously
distributed. All PM samples were collected on quartz fiber filters pre-
baked at 550 °C for 4 h to eliminate potential contamination. The PM
samples from the three campaigns were analyzed to determine the size
distribution, spatial variability, and diurnal variations of NPs in central

Table 1
Information on PM samples analyzed for size, spatial distribution, and diurnal
variations of NPs in this study.

Size distribution Spatial distribution Diurnal variation

Sampling NUIST Five urban sites in NUIST
site Nanjing, Suzhou, Wuxi,
Changzhou, and
Zhenjiang
Sampling Summer: 2020/ Winter: 2020/11/ Summer: 2019/
period 07/24-2020/08/  27-2021/02/28; 07/24-2019/08/
20; 21;
Winter: 2020/ Winter: 2019/
12/19-2021/01/ 01/12-2019/01/
17 20
PM size PM, 5 and PM;q PM, 5 PM, 5
Sample No. Summer: 48 32 at each site Summer: 56 (7

pairs; Winter: 48
pairs

days); Winter: 56
(7 days)
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YRD. More information on the sampling dates and sample numbers is
provided in Table 1.

2.2. Chemical analysis of NPs

The methods for filter pretreatment and instrumental analysis of NPs
were similar to those used for polar OMMs in previous studies (Feng
et al., 2023, 2024; Cui et al., 2025). Briefly, an aliquot of each filter
sample was cut into pieces and spiked with 40 pL of isotopically labeled
4-nitrophenol (10 ng L~ of 4-nitrophenol-D4 in methanol) as the in-
ternal standard (IS). The sample pieces were ultrasonically extracted in a
mixture of methanol and dichloromethane (DCM; 1:1, v/v) for 15 min
twice. After that, the filter extracts were filtered, rotary evaporated, and
dried under a stream of nitrogen gas. Then, NPs in the dried extracts
were reacted with 50 pL of N, O-bis(trimethylsilyDtrifluoroacetamide
(BSTFA): trimethylchlorosilane (TMCS; 99:1) and 10 pL pyridine at
70 °C for 3 h to convert -OH and —~COOH groups into the corresponding
trimethylsilyl esters and ethers. Prior to instrumental analysis, 340 pL of
pure hexane was added to dilute the NP derivatives to a final volume of
400 pL.

An aliquot of 2 pL of each sample extract solution was injected for
analysis using gas chromatography (GC; Agilent 7890, United States) —
mass spectrometry (MS; Agilent 5977, United States) under splitless
mode. GC separation was performed with an Agilent HP-5 ms capillary
column (30 m x 0.25 mm x 0.25 pm), and the temperature was pro-
grammed from 50 °C (held for 2 min) to 120 °C at 3°C min ! (held for 0
min), then to 300 °C at 6 °C min~! (held for 10 min). Six-point cali-
bration curves were generated to quantify NPs in extract solutions using
the IS method. In Table S1 of the Supplementary Information, twelve
authentic standards of NPs were obtained from AccuStandard (United
States) and Sigma-Aldrich (United States), but only four—4-nitrophenol
(4NP), 3-methyl-4-nitrophenol (3M4NP), 2-methyl-4-nitrophenol
(2M4NP), and 4-nitrocatechol (4NC)—were identified in most PM
samples and are reported here. Recoveries were determined by
analyzing blank filters spiked with known amounts of target NPs, and
the method detection limit (MDL) was calculated as three times the
standard deviation of multiple injections (n = 6) at the lowest calibra-
tion level. As shown in Table S1, the mean recoveries of 4NP, 3M4NP,
2M4NP, and 4NC ranged from 70.1 % to 111 % and were not used to
adjust their concentrations in PM samples. The extremely low recoveries
of some NPs (e.g., 2-nitrophenol and 2-nitrophloroglucinol) might be
ascribed to the low derivatization efficiency of the ortho-phenolic hy-
droxy group. Field blank samples were analyzed identically to account
for potential contamination.

To evaluate the sources, formation, and light absorption of NPs,
concentrations of other components in PM samples, including WSIIs
(NH{, Ca®*, NO3, and SO37), OC, elemental carbon (EC), non-polar and
polar OMMs, and the light absorption coefficient of methanol-
extractable OC (MEOC) at 365 nm (Absses), were obtained from Feng
et al. (2023, 2024, 2025) and Cui et al. (2025) for comparison. The
contributions of the target NPs to Abssgs were estimated as the product
of their ambient concentrations and the corresponding mass absorption
efficiency at 365 nm (MAEsgs, m? g’l; Table S1). The MAEgzgs5 values
were determined by measuring the light absorbance of methanol solu-
tions of individual NPs in the same manner as Xie et al. (2017). In
Table S2, the non-polar and polar OMMs are grouped by vapor pressures
at 298.15 K (p®*1) and by origins, respectively, as in the studies
mentioned above. Table S3 provides the mean concentrations of bulk
PM components (WSIIs, OC, and EC) and OMM groups in integrated PM
samples from northern Nanjing and the five urban sites in central YRD.
Fig. S2-S4 illustrate their diurnal variations in northern Nanjing in
summer and winter 2019.

2.3. PMF modeling

The identification and quantification of NP sources were achieved by
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combining concentration data of NPs and other PM components listed in
Table S2 as input for the EPA PMF 5.0 model. Due to the limited sample
size, the compositional data of PM; 5 samples from the three sampling
campaigns were combined, and grouped OMMs were used instead of
individual species. Because source profiles of PM can change signifi-
cantly by season, PMF analysis was conducted separately for summer
and winter data. Except for EC, whose temporal variations in summer
might be uncertain due to its low concentrations (<1 pg m~>) in many
summer samples, all other bulk components and grouped OMMs were
included in the PMF analysis. After excluding samples with no OMM
data, the resulting PMF data sets for summer (PMFs) and winter (PMFw)
consisted of 104 and 252 observations, respectively, of 23 species (4NP,
3M4NP, 2M4NP, 4NC, 5 bulk components, and 14 OMM groups;
Tables S2 and S4). The final number of factors was determined by
considering the physical meaningfulness of the output factors, the
robustness of PMF solutions with factors ranging from 4 to 12, and the
changes in Q/Qexp with the factor number (Tables S5 and S6). More
details on data preparation and factor number determination for PMF
analysis are provided in Text S1 in the Supplementary Information.

3. Results and discussion
3.1. NPs in PMy 5 and PM;¢ from northern Nanjing

Among the four identified NPs, 4NP was the most abundant com-
pound, followed by 4NC, 2M4NP, and 3M4NP (Fig. S5 and Table 2),
consistent with observations in Xi’an, China (Yuan et al., 2021). How-
ever, 4NC showed higher mean concentrations than 4NP in Hong Kong,
China (Chow et al., 2015), and in many other cities in western countries
(Table 2; Zhang et al., 2010; Kahnt et al., 2013; Mohr et al., 2013; Zhang
et al., 2013; Xie et al., 2019b). Except for 4NC in Mainz, Germany, a
seasonal cycle of lower concentrations in summer and higher concen-
trations in winter was observed for NPs in all the cities listed in Table 2.
In addition to changes in meteorological conditions (e.g., temperature,
solar radiation, and PBLH), emissions of NPs and their precursors were
more intensive in winter than in summer. For example, more biomass
and fossil fuels are burned in winter for domestic heating (Qi and Wang,
2019).

As shown in Table 2 and Fig. S5, more than 70 % of the four NPs in
PM;( were accounted for by PMa 5, and their concentrations in PMj 5
and PM are significantly correlated in both summer (r = 0.75-0.93, p
< 0.01) and winter (r = 0.94-0.96, p < 0.01), indicating that particulate
NPs are mainly distributed in fine particles in northern Nanjing. Because
the Abssgs of MEOC is also enriched in fine particles, the mean contri-
butions of total NPs in PMy 5 and PMjq to Absges of MEOC were very
close in both summer (PMs 5 0.58 % + 0.45 %, PM1g 0.67 % + 0.43 %)
and winter (~2 %). Although low molecular weight (MW) NPs are
strong light-absorbing chromophores, they are not the main components
of BrC in northern Nanjing. Due to the evaporation of NPs at higher
temperatures, significantly greater (p < 0.01) coarse fractions of NPs
were observed in summer (23.6 % =+ 18.3 %) than in winter (10.3 % =+
7.91 %). The mean concentrations of 4NP in PMj 5 (summer, 1.67 +
1.05 ng m~3; winter 25.7 + 12.9 ng m~°>) and PM;q (2.08 + 1.32 ng
m~3; 29.8 + 13.6 ng m~3) differed significantly (Student’s t-test, p <
0.01) in both summer and winter. Sakakibara et al. (2022) reported a
mean particle phase fraction (Fp) of 33 % + 11 % for 4NP in Kumamoto,
Japan, indicating the presence of substantial 4NP in the gas phase. The
associations of NPs with coarse PM were probably caused by the
adsorption and condensation of vapor-phase NPs (Offenberg and Baker,
1999; Wang et al., 2009) and heterogeneous formation on coarse PM
(Liang et al., 2020). However, the fractions of 4NP in PM, 5 in this study
(>80 %) during summer were higher than those in urban Jinan (<60 %),
China (Li et al., 2020a). One possible explanation is that the relative
humidity (RH, %) during the same period as the NP measurement in
northern Nanjing in summer (81.6 % + 16.0 %; Wang, 2013) was higher
than in Jinan (57.7 % + 12.2 %; Li et al., 2020a), and the dissolution of
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Table 2
Mean concentrations of target NPs in central YRD cities (this study) and other studies.
City, country Site type Period PM Size 4NP 3M4NP 2M4NP 4NC References
Nanjing, China Suburban  Summer 2020 <2.5pm  1.67 +£1.05 0.20 + 0.13 0.63 + 0.50 0.88 £+ 0.56 this study
<10 pm 2.08 +£1.32 0.28 £ 0.21 0.86 + 0.99 1.01 + 0.85
Winter 2020-2021 <2.5pm 25.7 £12.9 4.43 £+ 2.09 7.16 + 2.80 7.78 £5.15
<10 pm 29.8 £13.6 4.68 £+ 2.60 7.94 + 3.63 6.42 + 4.20
Nanjing, China Urban Winter 2020-2021 <2.5pm  9.84 +4.92 1.14 £ 0.63 234+ 212 5.02 £+ 6.49
Suzhou, China <2.5pm 14.8 £7.80 1.14 £ 0.57 2.20 +1.24 5.25 +£5.34
Wuxi, China <2.5pm 13.2 +6.97 1.57 £ 0.85 3.11 £ 251 5.69 + 6.15
Changhzou, China <2.5pm  20.4 £13.1 2.76 + 1.83 4.76 + 3.51 9.04 + 9.89
Zhenjiang, China <2.5pm  8.59 +4.21 1.33 £0.70 2.16 +1.20 5.20 + 4.72
Xi’an, China Urban Summer 2016 <2.5pm 0.45 + 0.28 0.070 + 0.060 0.10 £ 0.10 0.16 +£ 0.11 Yuan et al. (2021)
Winter 2015 <2.5pm 15.6 £ 6.60 3.40 £ 1.52 4.50 +1.72 15.5 + 7.40
Hong Kong, China Urban Summer <2.5pm  0.31 +£0.22 0.020 + 0.18 +0.13 0.77 £0.71 Chow et al. (2015)
2010-2012 0.0072
Winter 2009-2012 <2.5pm 1.71 £ 0.99 0.14 £+ 0.090 1.06 + 3.98 +£2.95
0.067
Xianghe, China Rural Summer 2013 <10 pm 0.98 +0.78 0.09 + 0.07 0.32 + 0.21 /
Wangdu, China Rural Summer 2014 <10 pm 2.63 + 2.66 0.21 + 0.35 0.68 + 0.78 /
Melpitz, Germany Rural Summer 2014 <10 pm 0.06 + 0.03 0.03 + 0.00 0.04 + 0.00 / Teich et al. (2017)
TROPOS, Germany Urban Winter 2014 <10 pm 7.09 +7.08 2.60 £+ 2.22 3.64 + 3.05 /
Melpitz, Germany Rural Winter 2014 <10 pm 4.09 + 3.27 2.44 £+ 2.20 3.64 + 3.06 /
Mainz, Germany Suburban  Summer 2006 <3 pm 1.69 £ 1.27 / / 6.88 £ 7.53 Zhang et al. (2010)
TSP 2.57 £2.32 / / 8.22 +£7.98
Winter 2006-2007 <3 pm 3.96 + 2.88 / / 4.18 +£2.99
TSP 5.28 + 3.54 / / 4.50 + 3.20
Pasadena, United States Urban Summer 2010 <2.5pm / 1.24" 1.67 Zhang et al. (2013)
Research triangle park, United Suburban  Summer 2013 <2.5pm  0.018 + 0.0068 =+ 0.0092" 0.057 + Xie et al. (2019b)
States 0.027 0.042
Hamme, Belgiumb Rural Summer 2010 <10 pm 0.29¢ / / 0.23 Kahnt et al. (2013)
Winter 2010-2011 <10 pm 1.19¢ / / 11.6
Detling, United Kingdom Rural Winter 2012 <3 pm 0.02¢ 5° 2.5 Mohr et al. (2013)
? Including all isomers with MW of 152.035.
> Median values.
¢ Including all isomers with MW of 138.019.
4NP in aerosol liquid water would enhance its fraction in fine PM. and anhydrosugars (Fig. S6a and c). In winter, less volatile n-alkanes (Ig
The correlations of individual NPs with other PM components, pp* > —8) and oxy-PAHs showed stronger correlations with NPs than
including bulk species and OMM groups, in northern Nanjing are shown anhydrosugars (Fig. S6b and d), indicating that NPs in northern Nanjing
using contour plots in Fig. S6. In summer, NP concentrations in PMj 5 had multiple origins and cannot be used as tracers for specific emission
and PM;o were moderately correlated with both bulk PM components sources or formation pathways. This may explain why many studies
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Fig. 1. Distribution of (a) correlation coefficients (r) and (b) coefficients of divergence (COD) for concentrations of individual NPs between two sampling sites in the
five central cities of the YRD region

The boxes depict the median (dark line), interquartile range (box), 10th and 90th percentiles (whiskers), and mean (red diamond) of r and COD for 10 pairs of
sampling sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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identified sources of NPs using compounds with known origins (e.g.,
SOg, O3, and levoglucosan; Kahnt et al., 2013; Liet al., 2016; Wang et al.,
2018; Li et al., 2020a). However, OMM-based source apportionment of
NPs has rarely been conducted.

3.2. Spatial distribution of PM3 s-bound NPs in central YRD

Mean concentrations of the four NPs in PM, 5 from the five cities in
central YRD followed the same order (4NP > 4NC > 2M4NP > 3M4NP)
as those from northern Nanjing (Table 2). Changzhou had the highest
total concentrations of NPs (36.1 + 27.1 ng m3) among the five cities in
winter, followed by Wuxi (23.6 + 15.5 ng m’B) and Suzhou (22.9 +
14.1 ng m ). To evaluate the spatial variability of NP concentrations in
the central YRD region, the correlation coefficients (r) and coefficients of
divergence (COD, 0-1; Kim et al., 2005; Wilson et al., 2005; Wong-
phatarakul et al., 1998) for concentrations of individual NPs between
sampling sites are shown in Fig. 1. In general, the concentrations of all
NPs showed significant correlations (r = 0.68 + 0.15-0.78 + 0.066, p <
0.05) between sampling sites across the five cities, and their mean COD
values (0.24 + 0.097-0.28 + 0.069) were close to the empirical
threshold (0.20; Krudysz et al., 2008) for homogeneous spatial distri-
bution. Thus, the four target NPs in the five central cities of YRD likely
had similar temporal variations in winter and were influenced by
regional sources. However, the significantly (p < 0.05) higher concen-
trations of individual NPs in Changzhou suggested stronger local emis-
sions or formation. Feng et al. (2024) found that the contribution of
traffic-related factors, which had the highest spatial variability, to OC in
Changzhou (37.3 %) was higher than in the other four cities (16.1 %—
25.6 %) due to stronger local emissions. Differences in local mixing and
boundary layer dynamics across the five cities may also contribute to the
spatial variability of NPs. Similar to the observations in northern

Environmental Pollution 391 (2026) 127581

Nanjing, the target NPs accounted for only 1.20 % + 0.53 %-1.97 % +
0.96 % Abszgs of MEOC in PM; 5 samples from the five urban sites in
central YRD.

Concentrations of all NPs were strongly intercorrelated at each of the
five urban sites in central YRD during winter (Fig. S7). The strong cor-
relations between NPs and various OMMs (e.g., n-alkanes, oxy-PAHs,
and anhydrosugars) support that individual NPs are not specifically
related to particular sources. Fig. S8 compares the mean concentrations
of PMjy s-bound NPs from northern and downtown Nanjing during the
eight overlapping sampling days in winter 2020-2021. Concentrations
of 3MNP, 2M3NP, and 4NC at the two sites were significantly correlated
(r=10.85-0.99, p < 0.05), and only 4NC showed no significant (p = 0.83)
difference in mean concentrations. In addition, excluding Changzhou,
the mean concentrations of 4NC had the smallest difference across the
other four urban sites in central YRD (5.02 + 6.49-5.69 + 6.15 ng m’a;
Table 2). These results may indicate that 4NC has the lowest spatial
variability in central YRD. Wang et al. (2018) measured PMj s-bound
NPs at four sites in northern China and observed large spatial variability
in total NPs (2.5 + 1.6-9.8 + 4.2 ng m™~3). This is because the four sites
were of different types (urban, rural, and mountain) and distributed over
a broader region (Hebei and Shandong provinces).

3.3. Diurnal variations of NPs in PM» 5 from northern Nanjing

In Fig. 2, the diurnal patterns of 4NP, 3M4NP, and 2M4NP showed
two elevations during 8:00-14:00 and 16:00-2:00 (next day) in winter.
After sunrise, increased temperature (Fig. S9a), along with higher PBLH
and stronger solar radiation, led to lower concentrations of particulate
NPs through dilution, photolysis, and evaporation. As such, the first
elevation before 14:00 was supposed to be caused by the rapid formation
of NPs due to increased atmospheric oxidation capacity (Fig. S9d).
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Fig. 2. Diurnal variations in mean concentrations of individual NPs and their contributions to Absses in PMj 5 from northern Nanjing in summer and winter 2019.
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Chamber experiments have demonstrated that NPs can form through the
photooxidation of volatile aromatic compounds in the presence of NOx
(Nakayama et al., 2010; Lin et al., 2015; Liu et al., 2016; Xie et al.,
2017). In the afternoon, the second increase in particulate NPs was
possibly initiated by the decline in PBLH and temperature and was
promoted by primary emissions from motor vehicles during rush hour
(Fig. S9¢) and biomass burning for domestic heating (Fig. S4c). Addi-
tionally, the peak concentrations at 20:00-2:00 can be explained by
NOs--induced oxidation of aromatic precursors (Wang and Li, 2021;
Zhang et al., 2025), and the increase in RH at night (Fig. S9b) facilitated
the dissolution of gaseous NPs in ALW. Nighttime peak concentrations of
NPs were also observed in northern and eastern China (Wang et al.,
2020; Guo et al., 2024) and Kumamoto, Japan (Sakakibara et al., 2022).
Among other PM components, only NO3 exhibited a similar increase
from afternoon to midnight with the same peak time (Fig. S2c), and the
rise in mean NO; concentration that began during afternoon rush hours
continued until 2:00 (Fig. S9c¢), supporting the role of NO3: chemistry in
NP formation at night.

The diurnal variation of 4NC in winter was similar to that of anhy-
drosugars (Fig. 2d and S4c). Its mean concentration decreased from 8:00
to 16:00 and showed a prominent increase from 16:00 to 20:00.
Although 4NC can also form through the photooxidation of aromatic
compounds, the -OH oxidation rate of 4NC is an order of magnitude
higher than that of 4NP (Zhao et al., 2015), which may reveal the
decrease of 4NC during the daytime. The significant increase of 4NC
during the same period (16:00-20:00) as PAHs and anhydrosugars was
likely attributed to the impact of combustion emissions (e.g., biomass
burning) for domestic heating in winter. Unlike the other three NPs,
NOs-induced oxidation is a degradation pathway rather than a forma-
tion mechanism during 20:00-2:00 in winter. Because 4NP dominated
the mean concentrations among the four NPs, the diurnal pattern of total
NPs was driven by 4NP (Fig. 2e). However, the contribution of total NPs
to Abssgs (0.20 £ 0.10-0.27 £ 0.10 Mm ) peaked at 18:00-20:00 in
winter (Fig. 2f), reflecting the influence of 4NC due to its high MAE3g5
value (8.48 m> g’l; Table S1).

In summer, 4NP, 3M4NP, and 2M4NP exhibited almost identical
diurnal patterns (Fig. 2a—c). Their mean concentrations remained rela-
tively constant from 8:00 to 16:00, then rose substantially until 20:00,
followed by a sharp decrease overnight. The nearly flat daytime pattern
of these three species may result from a balance between secondary
formation and removal processes in summer. The spike from 16:00 to
20:00 was expected to be caused by the formation of NPs from newly
emitted precursors during rush hours (Fig. S9¢) and the partitioning of
gaseous NPs to the particle phase at lower temperatures (Fig. S9a).
Unlike in winter, mean NO; concentration decreased earlier after 20:00
in summer (Fig. S9c). Due to the lack of primary emissions, NOg-
induced oxidation became a degradation pathway at night, leading to
the rapid removal of 4NP, 3M4NP, and 2M4NP. The diurnal variation of
mean concentrations of 4NC in summer was very different (Fig. 2d), but
resembled those of NH and SOF~ (Fig. S2a and d). Therefore, it was
assumed that 4NC was formed through aqueous-phase oxidation in
summer. Since the mean concentrations of 4NC were much lower than
those of 4NP and varied less significantly, the diurnal variations of both
total NPs and their Abssgs contributions were similar to those of 4NP,
3M4NP, and 2M4NP in summer. Including the diurnal cycles, except for
4NC in winter, little or no correlation was observed between NPs and
anhydrosugars (Fig. S10). Less intercorrelation between 4NC and the
other three NPs was observed for time-resolved samples than for inte-
grated PM samples. These results suggest that ambient NPs may not be
directly emitted from biomass burning or share the same formation
pathways.

3.4. Source apportionment

Based on the interpretability and robustness of the resulting factors
from the 4- to 12-factor solutions, the 8- and 9-factor solutions were
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selected for the PMFs and PMFw data, respectively (Text S1; Tables S5
and S6). Since the compositional data of PM5 5 samples have been used
for source apportionment of organic aerosols, the associations of the
factors shown in Fig. 3 with emission sources or atmospheric processes
were identified through the characteristic species in each factor profile
and by comparison with previous studies (Xie et al., 2022; Feng et al.,
2023, 2024; Cui et al., 2025).

Both the PMFs and PMFw solutions include six factors linked to
biomass burning (characteristic species: anhydrosugars), coal burning
(PAHS), dust (Ca2+), lubricating oil combustion (steranes and hopanes),
nitrate (NO3), and secondary NP production (4NP, 3M4NP, and 2M4NP;
Fig. 3). Although the PMFs solution separated isoprene and a-pinene
SOA tracers into two factors, the isoprene SOA tracers were lumped with
NHZ and SO3~ (Fig. 3g). Since isoprene SOA tracers and sulfate are both
secondary products, and inorganic sulfate participates in the formation
of isoprene SOA (e.g., 2-methyltetrols; Surratt et al., 2010; Cui et al.,
2018), these two groups of species had some similarity in diurnal vari-
ations during daytime in summer (Figs. S2a and S4a). Besides a-pinene
SOA tracers, the a-pinene SOA factor in the PMFs solution also contained
nearly 50 % of sugar alcohols and saccharides (Fig. 3h). This is because
sugar polyols are mainly associated with microbiota activity during the
growing season (Simoneit et al., 2004; Verma et al., 2018) and exhibited
similar diurnal patterns as a-pinene SOA tracers (Fig. S4). The biogenic
SOA factor from the PMFw solution was characterized by high loadings
of both isoprene and a-pinene SOA tracers and also contained some
fractions of anhydrosugars and sugar polyols (Fig. 3h), as biomass
burning can emit significant amounts of isoprene, a-pinene, and sugar
polyols in winter (Akagi et al., 2011; Marynowski and Simoneit, 2022).
An additional factor dominated by volatile n-alkanes and oxy-PAHs
@ > 1078 atm) was resolved using the PMFw data (Fig. 3i). Given
the presence of Ca?* and SO3, this factor may indicate the partitioning
of gaseous organics to PM and associated heterogeneous reactions.
Unlike other factors associated with primary emissions (biomass
burning, coal burning, dust, and lubricating oil combustion) or atmo-
spheric processes (nitrate, sulfate, isoprene/a-pinene/biogenic SOA, and
gas-surface interaction), the secondary NP production factor was not
characterized by any OMM specifically related to sources. Due to the
high loadings of 4NP, 3M4NP, and 2M4NP (Fig. 3f), the secondary NP
production likely represents a combination of atmospheric processes,
including emissions, formation and loss processes, and meteorology
based on their diurnal variations. The contributions of each factor to
individual NPs and PM> 5 bulk components were illustrated using stack
plots for the three sampling campaigns. As shown in Fig. 4 and S11-513,
the total contributions agreed with input measurements and reproduced
the diurnal pattern for most species, supporting the robustness of the
selected PMF solutions.

The distribution of factor contributions for NPs and PMs s bulk
components in winter was generally consistent across the three sampling
campaigns. 4NP, 3M4NP, and 2M4NP in integrated and time-resolved
PM, 5 samples from northern Nanjing were mainly contributed by the
secondary NP production factor (Fig. 4 and S11), whose diurnal pattern
showed a slight increase at noon (12:00-14:00) due to photooxidation
and a noticeable rise from 20:00 to 2:00 (next day) caused by nighttime
NOgs- chemistry. The lubricating oil combustion factor contributed
significantly to 4NP (14.4 %-25.7 %) only at urban sites in central YRD
during winter (Fig. S12), as motor vehicle emissions are an important
primary source of 4NP in urban areas (Yan et al., 2023a, b). With the
inclusion of the day-night cycle, a significant fraction of 4NP (24.0 %—
37.3 %) and 2M4NP (9.47 %-18.0 %) in time-resolved samples was
apportioned to the gas-surface interaction factor (Fig. 4), which showed
higher contributions during the daytime than at night. 4NC in all winter
PM, 5 samples was mainly (>80 %) attributed to the biomass burning
factor, indicating the dominance of regional influence. Considering the
high reactivity of NPs, the fractions assigned to biomass burning were
likely immediate products from the atmospheric oxidation of biomass
burning smoke.
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Saccharides.

The summertime PM; 5 bulk components were well explained and
showed similar distributions of factor contributions for both integrated
and time-resolved samples in northern Nanjing, but NPs were not
consistently revealed between the two sampling campaigns. Due to the

absence of the day-night cycle, NPs in integrated PMj 5 samples were
primarily apportioned to coal burning, sulfate, and nitrate factors
(Fig. S11a). For time-resolved PMs 5 samples, the total NPs were pre-
dominantly attributed to the secondary NP production factor (44.3 %-—
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86.9 %, Fig. 4i). Except for 4NC, the diurnal profile of the secondary NP
production factor almost reproduced those of NP concentrations. The
discrepancy between the measured and simulated diurnal patterns for
4NC in summer (Fig. 4g) may be caused by the large fraction (55.4 %) of
missed measurements for time-resolved samples. Because NP concen-
trations are controlled by their formation and degradation, none of the
typical source markers used in this study can track their temporal var-
iations in summer. Therefore, the identified secondary NP production
factor is not a specific source for NPs but represents a combination of
atmospheric processes.

4. Conclusions

In this work, PM samples from three sampling campaigns were
analyzed to determine the size, spatial distribution, and diurnal varia-
tions of four NPs, including 4NP, 3M4NP, 2M4NP, and 4NC, in central
YRD, China. Comparisons of NP concentrations between PM; 5 and PM;
samples showed enrichment in fine particles during both summer and
winter. Due to the evaporation of NPs at high temperatures, a greater
fraction of NPs was observed in coarse PM in summer than in winter. In
winter, individual NPs exhibited similar concentration time series across
the five urban sites in central YRD, and 4NC had the lowest spatial
variability, indicating significant regional influences. The diurnal vari-
ations of 4NP, 3M4NP, and 2M4NP in winter were driven by gas-phase
photooxidation before noon, biomass burning for domestic heating in
the late afternoon and early evening, and nighttime NOs-induced
oxidation. Their summertime diurnal patterns reflected rapid formation
during the evening rush hour and NOs-induced degradation. However,
4NC showed a different diurnal profile, resembling that of anhy-
drosugars in winter and secondary sulfate in summer. Combined with
other speciation data of PMj 5 samples, PMF analysis for both summer
and winter identified a secondary NP production factor, which
contributed most NPs in northern Nanjing. Since the diurnal pattern of
the factor contribution was balanced by the formation and removal of
NPs, the secondary NP production factor actually represented a combi-
nation of atmospheric processes. Considering the high reactivity of NPs
in the atmosphere, the contribution of the biomass burning factor might
indicate the immediate formation of NPs from the oxidation of biomass
burning smoke.
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