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• 19 elements in PM2.5 in winter were mea-
sured in-situ in Changzhou.

• Iron and steel industry and soil dust were
the predominant sources to elements in
PM2.5.

• Controlling emissions of Cr, Co and As
could be an effective way to protect public
health.
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The temporal variation, sources, and health risks of elemental composition in fine particles (PM2.5) were explored
using online measurements of 19 elements with a time resolution of 1 h at an urban location in Changzhou, China,
from December 10, 2020 to March 31, 2021. The mass concentration of PM2.5 was 50.1 ± 32.6 μg m−3, with a
range of 3–218 μg m−3. The total concentration of 19 elements (2568 ± 1839 ng m−3) accounted for 5.1 % of
PM2.5mass concentration. S, Cl, Si, and Fewere the dominant elementary species, accounting for 90% of total element
mass concentrations during thewhole campaign. Positivematrix factorization (PMF)modelwas applied to identify the
major emission sources of elements in PM2.5. Seven factors, named secondary sulfate mixed with coal combustion, Cl-
rich, traffic, iron and steel industry, soil dust, fireworks, and shipping, were identified. Themajor sources for elements
were iron and steel industry, followed by soil dust and secondary sulfate mixed with coal combustion, explaining
32.0 %, 23.5 % and 16.7 % of the total source contribution, respectively. The total hazard index (HI) of elements was
3.01 for children and 1.18 for adults, much greater than the admissible level (HI= 1). The total carcinogenic risk (CR)
in Changzhou was estimated to be 5.87× 10−5, whichwas above the acceptable CR level (1× 10−6). Among the cal-
culated metal elements, Cr, Co and As have higher carcinogenic risk, and Co was found to trigger the highest noncar-
cinogenic risk to Children. Our results indicate that industrial emission is the dominant CR contributor, emphasizing
the necessity for stringent regulation of industry sources. Overall, our study provides useful information for policymak-
ers to reduce emissions and health risks from elements in the Yangtze River Delta region.
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1. Introduction

It is well known that ambient air pollution is one of the greatest public
health hazards worldwide, given that it accounts for millions of premature
deaths per year (WHO, 2022). Particulate matter (PM) has significant im-
pact on air quality and human health (Chang et al., 2018; Cui et al.,
2020a; Rai et al., 2020b). Numerous epidemiological surveys have discov-
ered significant relationships between PM and adverse health influences
over short or long term exposure events (Pope et al., 2018). Fine particulate
matter (PM2.5), with relatively small particle size, can float for a long time
in the air before entering human body, resulting in aspiratory and cardio-
vascular illnesses, malignant tumor, as well as neural system and reproduc-
tive dysfunctions (Manisalidis et al., 2020; Pope et al., 2018).

Ambient trace elements account for a minor proportion of PM2.5 mass
concentration in urban atmosphere, while elemental components such as
As, Co, Cr, Ni, Pb, Se, and Cd have been identified as human carcinogens
(Chang et al., 2018). The major exposure methods of heavy elements in
PM2.5 are hand-mouth intake, inhalation, and dermal absorption (Xu
et al., 2019). Metal elements enriched in PM2.5 can penetrate human
body and deposit in different ways, causing dysfunction and irreversible
damage to the human body (Yan et al., 2022). Moreover, some elements
(e.g., transition elements, Mn, Ti, Cu, Fe and V) also play important roles
in catalyzing atmospheric photochemical oxidation process and further
contribute to secondary aerosol formation (Deng et al., 2020; Li et al.,
2017; Wang et al., 2021b). Therefore, it is necessary to access the chemical
composition, sources and health risks of toxic elements in PM2.5.

Source identification and quantification of elements are significant in
investigating the relationship among source emissions, environmental con-
centrations, health impact and environmental influences (Rai et al., 2020a).
Previous studies have indicated that elements can be used as markers to
identify and potential sources of PM2.5, particularly anthropogenic emis-
sions (e.g., industrial, traffic, and coal combustion) in cities (Rai et al.,
2021; Zhao et al., 2021). Compared to offline observation, high temporal
resolution instrument can collect aerosol and analyze samples in real-time
for long-term observations without laboratory analysis (Rai et al., 2020b).
Online measurement can provide insights into real-time dynamic changes
and primary local sources of PM2.5-bound elements in urban areas. Such
rapid changes and episodic events cannot be observed by conventional
offline filter observations (using a 12 or 24 h time resolution) (Chang
et al., 2018; Zhao et al., 2021). PMF model, as one of the receptor models,
was widely used for source apportionment of trace elements. As of now,
several studies by using high time resolution elemental data have identified
different sources via PMF model, such as coal combustion, traffic, oil com-
bustion, fireworks, industrial, road dust, secondary sulfate and metal
smelting (Chang et al., 2018; Cui et al., 2020b; Rai et al., 2020a; Rai
et al., 2020b; Reizer et al., 2021). Therefore, hourly measurement of ambi-
ent elements of PM2.5 is important and necessary to understand their pollu-
tion levels, chemical constitutions, evaluate the variation features and
identify the sources of trace elements.

Changzhou, one of the central cities in the Yangtze River Delta (YRD)
region, China, and a typical city with dense population and heavy industry
(Jensen et al., 2021), normally experiences heavy air pollution episodes, es-
pecially in winter. Previously, several studies of elements in PM2.5 have
been conducted in Changzhou (Liu et al., 2018b; Wang et al., 2015). How-
ever, there are few observations of elements in PM2.5 with high time reso-
lution, leading to unclear pollution formation and source identification.
Therefore, in order to understand the characteristics of pollution and
sources of PM2.5-bound elements in a typical city of China, it is essential
to perform high time resolution measurements to obtain the pollution for-
mation processes and sources in time, providing scientific evidence for bet-
ter air pollution control strategies. 19 elements in PM2.5 in urban
Changzhou were observed in this study with 1-h time-resolution from De-
cember 10, 2020 to March 31, 2021. The major purposes of this study
are: (1) study the chemical composition, concentration and temporal varia-
tion of elements in PM2.5; (2) identify the sources of elements via enrich-
ment factor and PMF model; (3) determine the health risk of the elements
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in PM2.5; (4) compare the concentration of each element and source contri-
bution to total elements during different pollution episodes. Results of this
study could be beneficial to the development of control strategies tackling
air pollution in the YRD region.

2. Methodology

2.1. Observational site

In this study, hourly observations of PM2.5-bound elements were con-
ducted on the rooftop of Changzhou Environmental Monitoring Center
(31°45′ N, 119°57′ E), Jiangsu Province, China (Fig. 1a–d). Fig. 1a shows
a map of China's provincial borders, in which Jiangsu Province is located
in the eastern coast of China (Fig. 1b). Fig. 1c and d show the sampling
site and a detailed map of the surrounding environment. It can be seen
that the sampling site were surrounded by residential areas, business streets
and traffic roads (such as Guanghua Road, Heping Road, Zhongwu Avenue
and Jingling South Road) without obvious industrial sources (Fig. 1d).

2.2. Field campaign

Ambient mass concentrations of elements in PM2.5 were detected with
an atmospheric heavy metal on-line analyzer (EHM-X 200, Skyray, China)
by using X-ray fluorescence (XRF). 19 elements (K, Ni, Si, S, Cl, Br, Se, As,
Zn, Cu, Co, Cr, V, Ti, Ca, Mn, Fe, Pb, and Ba) were measured with 1 h
time resolution. PM2.5 mass concentrations were detected at 1 h time reso-
lution by using β-ray technology from Continuous Particulate Matter Mon-
itor (BAM1020, Met One Inc., US). Meteorological parameters, including
temperature (T), relative humidity (RH), wind speed (WS) and wind direc-
tion (WD), were obtained by a weather transmitter (WXT520, Vaisala Inc.,
Finland), which uses ultrasonic to measure wind speed and wind direction,
and the PTU module (a pronoun for the built-in module of the weather
transmitter) uses oscillating and capacitive measurement method to mea-
sure atmospheric pressure, temperature, and humidity. Quality assurance
and quality control (QA/QC) for the elements data was implemented dur-
ing the whole sampling period, and the deviations between the measured
concentration and standard concentration for individual elements were
<5 %. The internal quality control checks of samples were conducted for
30 min every day during the sampling period. In addition, the stability of
the instrument measurement was ensured by measuring the Pb rob inside
the instrument. The minimum detection limits (1 h resolution, ng m−3)
during the measurement were: K (1.51), Ni (0.10), Si (14.9), S (5.8), Cl
(3.2), Br (0.23), Se (0.16), As (0.12), Zn (0.29), Cu (0.33), Co (0.30), Cr
(0.12), V (0.13), Ti (0.28), Ca (0.33), Mn (0.10), Fe (0.24), Pb (0.17), and
Ba (0.43).

2.3. Enrichment factors

The natural or anthropogenic sources of elements were determined by
the enrichment factors (EFs). The EFs of element in this work were calcu-
lated by Eq. (1).

EFi ¼ Ci=CSið Þaerosol
Ci=CSið Þcrust

(1)

where (Ci/CSi)aerosol stands for the concentration ratio of element i and Si in
aerosol samples, and (Ci/CSi)crust stands for the concentration ratio of ele-
ment i and Si in the upper continental crust (Ministry of Environmental
Protection of the People's Republic of China (MEP), 1990). Si was used as
the reference element in this study due to its relative stability in the envi-
ronment. Table S1 presented the concentration of elements in the upper
continental crust in Jiangsu Province. EFi value close to 1 suggest that the
element i is emitted from the natural sources, while the EFi < 10 means
the impact of crustal sources (e.g., soil dust) on the element i is predomi-
nant. Additionally, anthropogenic sources are predominant when the EFi
is higher than 10 (Ellouz et al., 2013).



Fig. 1. Location map of the sampling site.
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2.4. Positive matrix factorization model

PMFmodel, as a multivariate factor analysis receptor model, was exten-
sively used for identifying and quantifying themajor emission sources of el-
ements in previous studies (Cui et al., 2020b; Li et al., 2022; Shukla et al.,
2021; Zhang et al., 2018). In brief, source factor contributions were calcu-
lated with application of PMF model using a weighted least square fit
method. The details of PMF have been summarized in previous studies
(Manousakas et al., 2017; Paatero and Tapper, 1994; Reizer et al., 2021).
In this study, the US Environmental Protection Agency (EPA) PMF 5.0
was used to ascribe elements to particular sources.

Here, three to nine factors solutions were initially tested to obtain the
ideal factor based on the change of Qtrue/Qexp, and then the ideal factors
were distinguished for more detailed PMF source analysis. As shown in
Fig. S1, the ratios of Qtrue/Qexp were decreased from 6.96 to 3.37 when
the factorization increased from three to nine. The decrease of Qtrue/Qexp

ratio was smaller for sixmoving to seven factors compared to sevenmoving
to eight factors, as is shown in Fig.S1. Therefore, the most reliable solution
of seven factors was based on the variation of Qtrue/Qexp and the interpret-
ability of the results.
2.5. Health risk assessment

Heavy metals can cause health problems through ingestion (ing), inha-
lation (inh), and dermal absorption (derm) (Zheng et al., 2010). Based on
the method of US EPA, Integrated Risk Information Database and the Inter-
national Agency for Research on Cancer, the elements can be divided into
3

two different types (noncarcinogenic and carcinogenic). Among the mea-
sured elements in this study, Ni, As, Zn, Cu, Co, Cr, V, Mn, Pb and Ba
were identified as noncarcinogenic species, and Ni, As, Co, Cr and Pb
were regarded as carcinogenic species.

For the noncarcinogenic risk (NCR), the exposure level of PM2.5-bound
metals was evaluated by computing the average daily dose (ADD) for inges-
tion (ing), inhalation (inh), and dermal absorption (derm).

ADDing ¼ C� IngR� EF� ED
AT� BW

(2)

ADDinh ¼ C� InhR� EF� ED
AT� BW

(3)

ADDderm ¼ C� SL� SA� ABS� EF� ED
AT� BW

(4)

HQ ¼ ADD
RfD

(5)

where C is the concentration (mg m−3 for inhalation or mg kg−1 for inges-
tion and dermal absorption) of metals; IngR and InhR refers to ingestion
rate (children: 100 mg day−1; adults: 200 mg day−1) and inhalation rate
(7.5 m3 day−1 for children and 15 m3 day−1 for adults) (EPA, 2011; Yan
et al., 2022). EF refers to exposure frequency (days year−1); ED is the ex-
pose duration (for children: 6 years; for adults: 24 years); AT is the average
exposure time (for noncarcinogenics: AT = ED × 365 days; for carcino-
genic, AT = 70 years × 365 days) (Zhang et al., 2018); BW is the mean
body weight (kg) (MEP. Ministry of Environmental Protection of the
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People's Republic of China (MEP), 2019); SL and SA refer to skin adherence
factor (0.2 mg m−2 day−1 for children and 0.07 mgm−2 day−1 for adults)
and skin surface area (2800 cm2 for children and 5700 cm2 for adults), re-
spectively. ABS is the skin absorption coefficient (0.03 As and 0.001 for
other metals). RfD is a receivable risk value for metal (Table S2); HQ is
the hazard quotient, and the hazard index (HI) was then computed by
adding all metals along with noncarcinogenic impacts. Values of HQ or
HI higher than 1 indicate a significant unfavorable noncarcinogenic effect
of lifetime of exposure in children and adults.

For the carcinogenic risk (CR), the inhalation exposure route of carcino-
genic elements was evaluated by figuring out the lifetime average daily
dose (LADD) for inhalation (inh). The calculation formula is as follows
(Alharbi et al., 2019; Kong et al., 2015; Wang et al., 2021a):

LADDinh ¼ C� EF
AT

� InhRchildEDchild

BWchild
þ InhRadultEDadult

BWadult
Þ

� �
(6)

In this study, LADDInhR was calculated by adding time-weighted expo-
sure in infancy and adulthood. AT refers to 70 × 365 days (Fan et al.,
2021). The CR for metals was calculated by Eq. (7).

CR ¼ LADD� SF (7)

where SF refers to the slope factor (mg (kg day)−1, Table S2). The CR is cal-
culated from the inhalation route in this study owing to the lack of SF for
ingestion or dermal absorption (Yan et al., 2022). When CR is equal to
10−6, the risk is receivable, while a CR value above 10−4 means significant
cancer risk. All relevant parameters used in NCR and CR have been docu-
mented in Table S2 and Table S3.

3. Results and discussion

3.1. Overview of field measurements

Themeteorological conditions, ambient concentrations of PM2.5 and el-
ements are summarized in Table 1 and Fig. 2. During the field campaign,
the hourly temperature (T) varied from−7.3 °C to 27.7 °C with an average
of 9.3± 5.5 °C; the relative humidity (RH) ranged from 15 % to 85 %with
an average of 54.2 ± 17.8 %. The wind speed (WS) averaged at 1.4 ±
0.7 m/s with a range of 0.2–5 m/s. The precipitation ranged from 0.1 to
5.9 mm with an average of 0.69 mm. The total measured PM2.5 mass con-
centrations at Changzhou was 50.1 ± 32.6 μg m−3 (ranged between 3
and 218 μgm−3), whichwas about 3.3 times higher than the daily standard
value (15 μg m−3) advised by the World Health Organization (WHO,
2021). The mass concentration of PM2.5 in non-precipitation days
(50.9±32.7 μgm−3) was about 1.2 times higher than that on precipitation
days (41.3 ± 30.1 μg m−3), and the lowest concentration (3 μg m−3) ap-
peared on precipitation days (Fig. 2), indicating that wet deposition play
an important role in removing PM2.5 (Zhang et al., 2019). Compared to
other cities in winter, the PM2.5 concentrations observed in Changzhou
was lower than that in northern China (Cui et al., 2020b), such as Tianjin
(67 ± 64 μg m−3), Shijiazhuang (83 ± 65 μg m−3), and Zhengzhou
(70 ± 50 μg m−3), but higher than that measured in Shanghai (46 ±
34 μg m−3) (Li et al., 2020), Nanjing (45.5 μg m−3) (Cao et al., 2021)
and Guangzhou (40.2± 19.3) (Huang et al., 2022). The above results indi-
cate that the PM2.5 pollution in Changzhou in winter is significant. As
shown in Fig. 2, the maximum daily mean PM2.5 value (141 μg m−3) at
Changzhou was observed on 12 December 2020, which was about 9.4
times higher than the daily air quality standard (15 μg m−3) defined by
WHO. In this study, nine pollution episodes (marked as P1–P9), with 1
Chinese New Year period (CNY) and 1 dust period (Dust) were identified
and highlighted in Fig. 2, with pollution episodes in gray, CNY in pink and
dust in yellow. According to the Ambient Air Quality Standards of China
(GB 3095–2012), the daily PM2.5 for the 1st and 2nd standard values are
35 μg m−3 and 75 μg m−3, respectively. Therefore, the nine pollution epi-
sodes in this study were named when the daily average PM2.5 concentration
4



Fig. 2.Temporal variations of meteorological parameters (WS,m/s; T, °C; RH,%; Precipitation, mm), concentrations of elements (ngm−3) and PM2.5 (μgm−3) in Changzhou
during the field campaign.

Y. Yi et al. Science of the Total Environment 853 (2022) 158450
was higher than 75 μg m−3. Table 1 and Fig. S2 shows that the prevailing
wind during pollution episodes was from the southeast. Calm conditions
(~1 m/s) and high humidity (> 60 %) were frequently found during the P1
P2 and P9, which suggested that high RH and calm weather contribute to
the accumulation of pollutants and then cause the formation of haze (Fan
et al., 2021). PM2.5 concentrations (35.8 μg m−3) during the Chinese New
Year was close to China's 1st standard limit (35 μg m−3, GB 3095–2012).

The hourly mean values of total elements were 2568±1839 ngm−3 at
Changzhou during the campaign (Table 1), accounting for 5.1 % of PM2.5

(50.1 ± 32.6 μg m−3). Compared to other studies (Table S4), most ele-
ments in Changzhou were found to be much lower than those observed
in Beijing (Fan et al., 2021), Nanjing (Yu et al., 2019), and Delhi, India
(Rai et al., 2020a), but higher than what were measured in Shanghai,
China (Cheng et al., 2022) and Warsaw, Poland (Reizer et al., 2021).
Concentrations of Zn, Cr, Mn and Fe in this study are higher than Shanghai,
which may be related to the existence of denser iron and steel industries in
Changzhou.

In general, S was found to be the most abundant elements with an aver-
age concentration of 810 ± 768 ng m−3, followed by Cl (467 ±
532 ng m−3), Si (345 ± 776 ng m−3), Fe (321 ± 292 ng m−3), K
(267 ± 396 ng m−3) and Ca (103 ± 105 ng m−3), and the sum of above
elements accounted for 90 % of total elements concentration (Table 1).
The concentrations of Zn, Pb, Mn, Co, Ba, Cu, Ni and Ti were at a range of
10–100 ng m−3, but Br, Cr, As, V, and Se were <10 ng m−3. Previous stud-
ies have indicated that high contents of K, V, Ba and Cu are related to fire-
works and firecrackers burning (Kong et al., 2015; Tian et al., 2014). As
can be seen from Fig. 2, some peaks of elements occurred during the
whole sampling period, the peaks of K, Cu, V and Ba concentrations were
observed from February 11 to February 17, 2021 (CNY period), with hourly
peak values of these elements reaching up to 5259 ngm−3, 169 ngm−3 and
709 ng m−3, respectively. Therefore, all those peak values of elements
could be attributed to the intensive fireworks during the Chinese Lunar
5

New Year (Cui et al., 2020a). Furthermore, high values of Si, Ti, Ca and
Fe were observed in late spring and were related to the dust storm. During
the dust storm episode on March 30–31, 2021, the peak values of Si, Ti, Ca
and Fe elements reached 15,891 ng m−3, 414 ng m−3, 1506 ng m−3, and
4491 ng m−3, respectively. It is well known that short-term or prolonged
exposure to these elements at high mass concentrations may increase the
risk of acute or chronic disease among local populations (Pope et al.,
2018; Zhou et al., 2018).

According to China's ambient air quality guidelines (GB 3095–2012)
and the atmospheric mass concentrations limits of WHO, the threshold of
value of Ni, As, Cr, V and Mn are 20 (25 for WHO), 6 (6.6 for WHO),
0.025 (0.25 for WHO), 1000 (WHO) and 150 (WHO) ngm−3

, respectively.
In this study, the average concentrations of Cr (5.7 ± 6.5 ng m−3) was
higher than the limitation values of NAAQS and WHO, while the levels of
other airborne metals in Changzhou were lower than the limits of China
and WHO. It can be seen that there is heavy Cr pollution in Changzhou,
which is likely to be affected by the local iron and steel industry.

3.2. Diurnal variations of elements

The hourly observation of PM2.5-bound elements provides data to track
the diurnal process of PM2.5 sources and the generation of secondary aero-
sol in detail. Fig. 3 presents the diurnal variations of elements in PM2.5 in
Changzhou during the whole observational period. In this study,
7:00–19:00 is defined as daytime, and 20:00–6:00 is nighttime. Concentra-
tions of K, V and Ba reflected the impact of fireworks. As shown in Fig. 3,
the peak concentrations of K, Cu, V and Ba from 19:00 to 22:00 reflected
the common sources caused by the burning of fireworks and firecrackers.
Peak concentrations of Si, Ti and Ca were obviously higher in daytime
than that in nighttime, which could be owing to anthropogenic activities,
such as road dust. Concentrations of these elements decreased obviously
in nighttime, which is possibly attributable to the road sweeping and



Fig. 3. Diurnal variations of elements in PM2.5-bound elements.
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watering work. As an abundant element species, S concentrations varied
obviously throughout the daytime (Fig. 3), with lower concentrations dur-
ing the nighttime, which reflected the influence of fossil fuel combustion or
secondary formation. The two peak concentrations of Fe, Cu, Mn and Pb in
the morning and evening demonstrated the effect of traffic during rush
hours. Concentrations of K, Br, Cl, Fe, Cu V and Ba at nighttime were higher
than those in daytime. Diurnal variation of Br, Cu, Cr, Mn and Fe is a good
indication for the influences from industrial emissions and planetary
boundary layer (PBL) changes. As shown in Fig. 3, the lowest concentra-
tions of most elements occurred between 12:00 and 17:00, when the height
of PBL and ambient temperature (Fig. S3) are both the highest during the
daytime (Yu et al., 2019; Zhang and Cao, 2015).
Fig. 4. Average enrichment facto
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3.3. Source identification and apportionment of PM2.5-bound elements

3.3.1. Enrichment factors-based source identification
The EFs of elements in Changzhou during the campaign were presented

in Fig. 4. The EFs of Ti and Cawere generally lower than 10, indicating that
they were largely derived from crustal sources like soil suspended and dust
storm. K and Feweremoderately enriched (10< EFs< 100), indicating that
they were largely influenced by anthropogenic sources (Yu et al., 2019).
The EFs of Ni, Cl, Br, Se, As, Zn, Cu, Co, Cr, V, Mn, Pb and Ba were higher
than 100, suggesting the dominant influences of human activities, such as
industrial emissions, fossil fuel combustion, and traffic emissions (Jena
and Singh, 2017; Xu et al., 2019).
rs of elements in Changzhou.
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3.3.2. PMF-based source apportionment
In the PMF analysis, seven sources were figured out, including (1) sec-

ondary sulfate mixed with coal combustion, (2) Cl-rich, (3) traffic,
(4) iron and steel industry, (5) soil dust, (6) fireworks, and (7) shipping.
The profiles and contributions of seven PMF factors are shown in Fig. 5.

Factor 1 is characterized by the highest contribution of S (93.4 %). The
abundance of S is likely related to a secondary product formed during the
burning of sulfur-bearing fuels (Reizer et al., 2021). As shown in Fig. S4,
S shows a significant correlation with SO4

2− (R2 = 0.63), which suggested
that S is related to primary emissions and secondary formation from coal
combustion, similar to many previous researches on source apportionment
(Rai et al., 2020b; Reizer et al., 2021; Sharma et al., 2014). Therefore, the
most likely source in this study is coal combustion, releasing large amount
of SO2, which in turn generates sulfate via oxidation. Furthermore, As also
has a high loading (80.9 %) in factor 1. Studies have shown that As can be
used as a reliable tracers for coal combustion (Cui et al., 2019; Reizer et al.,
2021). Therefore, factor 1 can be attributed to the mixed source of second-
ary sulfate and coal combustion. The average relative contribution of sec-
ondary sulfate mixed with coal combustion factor to the analyzed
elements mass was 16.7 %.

Factor 2 is mainly composed of high loadings of Cl (89.1 %) and Br
(43.6 %), which is considered as a source of Cl-rich. Researches showed
that Cl can be regarded as a tracer of coal combustion and biomass burning
(Rai et al., 2021; Shukla et al., 2021; Zhang et al., 2018). In addition, an-
thropogenic Cl emissions are mainly in the form of HCl, which can be pro-
duced in the steel sector during the production of carbon steel products
(Shukla et al., 2021). There are many iron and steel industries in Chang-
zhou. In addition, the combustion of coal, garbage and biomass burning
can also releaseHCl (Gani et al., 2019). Factor 2 shows increased concentra-
tions from midnight until 9:00 (Fig. S6 (a)), largely influenced by the high
RH, low temperature and low PBL during winter (Pant et al., 2015). There-
fore, factor 2 can be considered as Cl-rich. The above evidence suggests that
the Cl-rich factor is likely affected by steel industry, coal/garbage combus-
tion and biomass burning. The contribution of Cl-rich factor to the overall
analyzed elements mass was 6.6 %.

The most abundant elements in Factor 3 were Cu (78.8 %) and Pb
(81.8 %). Cu is usually utilized as a lubricant and attrition material for the
Fig. 5. Profiles and contributions of PMF factor identified for PM2.5 in Changzhou.
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tyre or brake rotor (Lin et al., 2015), while Pb is associatedwith traffic emis-
sions and can be discharged when the engine and brakes wear out (Han
et al., 2015; Niu et al., 2021; Wang et al., 2016). The diurnal variations of
Cu, Pb and PMF-derived elemental concentration for factor 3 shows an
obvious morning peak and an evening peak (Fig. 3 and Fig. S6 (b)), and
further indicates the reasonability of this source identification. Thus, factor
3 can be considered as a source of traffic, which explained 7.0 % of the
analyzed elements and suggested emissions from traffic sources.

The dominant elements in Factor 4 were Cr (95.4 %), Zn (57.8 %), Mn
(60.2 %), Fe (50.4 %), and Co (38.3 %). Cr mainly comes from industrial
production processes, such as steel production and fuel burning (Liu
et al., 2018a), while Zn, Mn and Fe are mainly derived from sintering in
iron and steel industries (Cui et al., 2020b; Duan and Tan, 2013). Tian
et al. (Tian et al., 2015) indicated that the steel production industry can
emit a large amount of Zn (about 60 % in China). Therefore, factor 4 can
be assigned as iron and steel industry source, which was an important
source of elements in PM2.5 at Changzhou, accounting for the highest
proportion (32.0 %) of the total element mass.

Factor 5 was characterized by Si, Ti and Ca, with relative contributions
to the total analyzed elements mass of 78.8 %, 87.5 %, and 68.0 %, respec-
tively. Generally, Si, Ti and Ca are mainly emitted from minerals powder,
construction dust, traffic emissions and soil of industry (Gao et al., 2016;
Rai et al., 2020b). Si and Ca, as the two most abundant elements in the
upper crust, are mainly derived from wind-blown dust in atmosphere
(Chang et al., 2018). The correlation analysis of Si, Ti and Ca (R ≥ 0.75,
P < 0.01, Fig. S5) also showed that these three elements have the same
sources. Therefore, factor 5 can be considered as soil dust, accounting for
23.5 % of the total PM elements at Changzhou.

Factor 6 is related with fireworks, characterized by high K (65.3 %), V
(53.0 %), Ba (83.2 %) and Cu (18.2 %). High contents of K, V, Ba and Cu
are related to fireworks and firecrackers burning (Kong et al., 2015; Tian
et al., 2014). For examples, Cu and Ba elements are often used for
manufacturing blue and green fireworks (Rai et al., 2020b). K can be
used as an important component of black power in the burning of fireworks
and firecrackers (Drewnick et al., 2006). The temporal variations of these
elements (Fig. 2) also showed higher concentrations during the CNY. In ad-
dition, the diurnal variation of K, V, Ba and Cu was higher at night
(19:00–23:00), which was related to the firework events (Fig. 3). Further-
more, the correlation analysis of K, V and Ba (R ≥ 0.86, P < 0.01,
Fig. S5) also indicated that these three elements have the same source.
The fireworks source explained 14.0 % of the total element sources.

Factor 7 had high loadings of Ni (72.2 %). Ni is an indicator of oil com-
bustion, which can be derived from the heavy oil combustion, lubricating
oil and petrochemical (Cheng et al., 2022; Lin et al., 2015; Zhao et al.,
2021). By the end of 2019, Changzhou had 32 production berths, and
over 50million tons of goods were transported in the whole year according
to the Department of transport of the Jiangsu Province (DTJP, 2020).
Therefore, factor 7 was identified as a source related with shipping,
which accounted for 0.31 % of the total element sources in this study.

Both results of EFs and PMF showed that Ti and Cawere mainly derived
from crustal sources, and other elementsweremainly affected by anthropo-
genic emissions, such as secondary sulfate, fossil fuel combustion, fire-
works, traffic emissions and industry.

3.4. Concentrations and source contributions of elements in different periods

The concentrations of elemental compositions and their relative abun-
dances to total element mass during different periods are shown in Fig. 6.
The higher contributions of S to mass elements were observed during P1
(47.4 %), P6 (57.1 %), P7 (55.0 %) and P9 (45.6 %), which suggested
that those periodswere possibly affected by secondary sulfate. Previous sur-
veys indicated that S can be emitted either from the combustion of coal or
from the photoreaction of secondary sulfate (Zhang et al., 2018). This was
recognized by PMF modeling results in Section 3.3.2. Backward trajecto-
ries, source concentrations (seven factors) and hourly source analysis
during different periods are shown in Fig. S7, Fig. S8 and Fig. S9a-k. As



Fig. 6. Concentrations of elemental compositions and their relative contributions to total elements.
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shown in Fig. S8, the higher contributions of secondary sulfate mixed
with coal combustion to elements mass were also observed during the P1
(26.8 %), P6 (27.1 %) P7 (38.4 %) and P9 (27.8 %), mainly due to the
aging of aerosol and coal combustion from Shandong, Jiangsu, southern
areas of China (such as Shanghai, and Anhui, Zhejiang, Jiangxi Provinces)
and the ocean (Fig. S7). Comparedwith other pollution periods, the propor-
tion of Cl was the highest in the P2-P5 (Fig. 6), with relative contributions
of 33.8 %, 29.4 % 20.6 % and 27.0 %, respectively. Fig. S8 also exhibited
that the contributions of Cl-rich aerosol are high during P2-P5, accounting
for 13.3 %, 9.1 %, 9.5 % and 7.8 %, respectively. This phenomenon sug-
gests that P2-P5 may be affected by coal/garbage combustion and biomass
burning. The air masses of P4 and P5 were mainly influenced by southern
areas of China (such as Anhui, Zhejiang and Jiangxi provinces). The contri-
butions of Cu and Pb were higher in P2, P4 and P5 compared with other
periods (Fig. 6), and the contributions of traffic also increased during the
P2 (7.3 %), P4 (7.9 %) and P5 (9.8 %). Overall, iron and steel industry
exhibited higher contributions during P1-P3, P5, P6, P8 and P9, with the
relative contributions of 44.3 %, 48.6 %, 48.3 %, 46.5 %, 43.3 %, 58.5 %
and 40.7 %, respectively, which suggested that those periods at Changzhou
were mainly affected by iron and steel industry. Moreover, the hourly
source analysis results further confirmed that the iron and steel source
was themain pollution source of P1-P3, P5, P6, P8 and P9 during the obser-
vation period (Fig. S9). Based on the analysis of 48 h backward trajectory
(Fig. S7), the airmasses in P1-P3 periods weremainly derived fromwestern
Fig. 7. Risk values of noncarcinogenic risk (a, b, c) and car
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Inner Mongolia, Shanxi, Hebei, Shandong, Anhui, and Jiangsu Province,
most of which are the polluted and heavily populated areas of China. In ad-
dition, the air mass of P8 was affected by short-distance transmission and
was dominated by the local steel industrial sources (58.5 %). The contribu-
tions of Si (17.6 %) and Ca (7.5 %) increased significantly in P4 compared
with other pollution periods, and the contributions of soil dust also in-
creased by 28.8 % in P4 based on PMF, which were mainly affected by
the transmission of northwest and southwest air masses.

Concentration of K increased significantly in CNY (11 February-17 Feb-
ruary 2021), and the contributions of Cu, Ba and V also increased signifi-
cantly compared with other pollution periods. Fireworks can release large
amounts of K, Cu, V and Ba (Cui et al., 2020a; Kong et al., 2015; Yu et al.,
2019). Moreover, the relative contributions of Ni, Br, As, Zn, Co, Cr, Ca,
Mn and Fe decreased during the CNY (Fig. 7), which were mainly attribut-
able to the suspension of production by companies and factories to cele-
brate the Spring Festive. The air masses of CNY were mainly derived from
northern China and northern Zhejiang province. The concentration of
PM2.5 showed a correlation (0.20 ≤ R ≤ 0.35, P < 0.05, Table S5) with
fireworks tracers (K, V, Ba, and Cu), suggesting that PM2.5 can reflect the
influence of firework. There is no strong correlation (R ≤ 0.13, P > 0.1,
Table S5) between SO2 and firework tracers (K, V and Ba) during the
Chinese New Year (CNY), suggesting that SO2 may be dominantly affected
by loose coal combustion and long-distance transmission. As shown
in Fig. S8 and Fig.S9, the results of the total contribution of fireworks
cinogenic risk (d) in different elements in Changzhou.
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(65.5 %) and hourly source analysis showed that the CNY period was
mainly affected by the release of fireworks. Therefore, the above results
indicated that fireworks and firecrackers were the primary source of
PM2.5 elements during the CNY at Changzhou.

The contributions of Si, Fe, Ca and Ti were the main contribution spe-
cies in the Dust period, whichwasmainly influenced by ocean and northern
air masses (Fig. S7), and the results of soil dust contribution (75.3 %) and
hourly source analysis indicated that soil dust was the main source during
the Dust period (Fig. S8 and Fig. S9 k). Furthermore, we found a strong cor-
relation between PM10 and dust tracers during the Dust period (R≥ 0.78,
P< 0.01, Table S6), indicating that PM10 can reflect the influence fromdust.

3.5. Health risk assessments of PM2.5-bound elements in Changzhou

The estimated values of noncarcinogenic risk (NCR) and carcinogenic
risk (CR) are presented in Fig. 7. There is an obvious health risk of NCR ef-
fect when the HQ or HI value >1. The acceptable risk of CR is <1 × 10−6

(Cui et al., 2020a). As shown in Fig. 6 and Table S7, the NCR values of
PM2.5-bound metals was evaluated through ingestion, inhalation, and der-
mal absorption routes for children (adults) were 0.42 (0.07), 2.29 (1.11)
and 0.30 (0.01), respectively. According to our results, Co was the domi-
nant species to NCRchildren by inhalation routes and its HQ value (1.40)
was higher than 1, indicating an adverse NCR for children. Most of the in-
dividual HQ values in this study was lower than 1, suggesting no obvious
non-carcinogenic influence, while the total HI (sum of the HQ) value via in-
halation routes was 2.29 for children and 1.11 for adults, respectively,
which was beyond the safe value (HQ = 1), indicating the obvious risk of
non-carcinogenic effects in Changzhou. As was the dominant species to
NCR through ingestion and dermal absorption routes with HQ values
below 1. The total NCR for children (3.01) was about 2.5 times higher
than that of adults (1.18), indicating more non-carcinogenic influence
from metals on children. Co (50.1 %), Mn (25.6 %) and As (13.8 %) were
the dominant species contributing to NCRchildren, and Co (75 %), Mn
(11.7 %) and Cr (3.9 %) were the major species contributing to NCRadults.

For carcinogenic elements, the total CR in Changzhouwas 5.87×10−5,
significantly higher than the acceptable (1 × 10−6) risk levels, suggesting
that there is a potential carcinogenic risk during the sampling period.
Compared to other cities, the total CR value was lower than Beijing
(1.1× 10−2) (Cui et al., 2020a), Foshan (3.37 × 10−3) (Zhou et al.,
2018), and Taiyuan (>1 × 10−4) (Liu and Ren, 2019), but higher than
Huanggang (10−14–10−12) (Li et al., 2021) and Zhuhai (10−6–10−5)
(Yang et al., 2019), indicating that there is a certain level of carcinogenic
risk in Changzhou. The CR of each carcinogenic element were ranked
in the following order: Cr (2.48 × 10−5) > Co (2.34 × 10−5) > As
(8.20 × 10−6) > Ni (1.19 × 10−6) > Pb (1.15 × 10−6). Among the CR
elements, Cr, Co and As were found to be the dominant risk species,
which contributed 42 %, 40 % and 14 % to the total CR, respectively.
Those results indicated that the control of Cr, Co and As emissions is impor-
tant to decrease the carcinogenic risk in Changzhou.

4. Conclusions

The hourly time-resolved trace elements in PM2.5 were observed at an
urban site in Changzhou from December 10, 2020 to March 31, 2021. Re-
sults indicate relatively high PM2.5 pollutions with the maximum hourly
mean concentration over 140 μg m−3 in winter in Changzhou. S, Cl, Si
and Fe were the dominant elements in the whole period with an average
mass concentrations exceeding 300 ng m−3. The diurnal variations of ele-
ments in PM2.5 reflected comprehensive impacts from various emission
sources as well as the changes in meteorological circumstances
(e.g., PBL). EFs analysis showed that the majority of elements were mainly
derived from human activities. Seven sources for elements (secondary sul-
fate mixed with coal combustion, Cl-rich, traffic, iron and steel industry,
soil dust, fireworks, and shipping) in PM2.5 were recognized by PMF
model based on the hourly elemental data. Iron and steel industry source
was the largest contributor to PM2.5 elemental mass (together accounting
9

for 32.0 %), followed by soil dust (23.5 %). Notably, results from EFs and
PMF were similar, indicating that the elements at Changzhou were mainly
influenced by anthropogenic emissions. Health risk assessment results sug-
gested that the CR values of Cr and Co were much greater than the admis-
sible levels (1 × 10−6). Controlling industrial emissions could be of great
significance for reducing carcinogenic risk in Changzhou. Collectively,
our study provides insights into sources of elements in PM2.5, guiding effec-
tive control strategies for reducing emissions and health risks of elements in
the YRD region.
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