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Abstract: Airborne particulate matter (PM) pollution often occurs in the wintertime in northern
China, posing a potential threat to human health. To date, there are limited studies about the metals
and inorganic ions to link source apportionments and health risk assessments in the different size-
segregated PM samples. In this study, our samples were collected by a high-volume air sampler from
26 December 2018 to 11 January 2019 in a high population residential area (Beijing). Water-soluble
inorganic ions, metal elements in the different size-segregated PM samples were determined for
health risk assessments by inhalation of PM. During the sampling period in Beijing, the average
concentrations of PM1.1 and PM1.1–2.0 were 39.67 ± 10.66 µg m−3 and 32.25 ± 6.78 µg m−3. Distinct
distribution profiles characterized the different elements. The markers of coal combustion Pb, As, and
Se had >52% of their mass concentration in PM1.1. The average mass ratios of (NO3

− + NO2
−)/SO4

2−,
Cl−/Na+, Cl−/K+, and Cl−/(NO3− + NO2

−) were 1.68, 6.58, 6.18, and 0.57, which showed that coal
combustion and vehicle emissions were the main anthropogenic sources of PM in Beijing in winter.
PM1.1 was the major contributor of Pb, Cd, and As for carcinogenic risks (CR) and hazard quotient
(HQ). It was indicated that PM1.1 is more harmful than coarse PM. The toxic elements of Cr (VI)
(1.12 × 10−6), V (0.69 × 10−6), and As (0.41 × 10−6) caused higher CR for children than Ni, Cd, Co,
and Pb. Meanwhile, Pb (35.30 × 10−6) and Ni (21.07 × 10−6) caused higher CR for adults than As,
Cr (VI), V, Co, and Cd, especially PM1.1. This study provides detailed composition data and the first
report on human health in a high population residential area in Beijing.

Keywords: airborne particulate matter; metal elements; water-soluble inorganic ion; anthropogenic
sources; cancer risk

1. Introduction

In recent decades, with the rapid economic growth and urbanization of China, air
pollutants have rapidly increase to become an environmental issue of public health con-
cern in most metropolitan areas in China [1,2]. According to the records in the scientific
literature, the significant risks posed to human health by the inhalation of airborne parti-
cles (Particulate Matter, PM) are strongly associated with their size and physico-chemical
characteristics [3–5]. PM can be classified as coarse particles (PM10 with an aerodynamic
diameter less than 10 µm), fine particles (PM2.5), and especially sub-micrometer (PM1) and
ultrafine particles (UFPs, PM0.1). PM can be derived from both primary sources, in which
they are directly produced by a series of human activities (e.g., fossil fuel combustion,
industrial metallurgical processes, vehicle emissions and waste incineration) into the at-
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mosphere, and secondary aerosol formation, released from natural sources (e.g., soil dust,
volcanism, erosion, surface winds and forest fires) [6–8].

Epidemiological and experimental studies have shown that coarse particles, in general,
remain in the upper respiratory system and stay there for a long time whereas fine particles
penetrate deep respiratory system and deposit in the alveolar region, entering the blood
circulation system more easily, and translocating to extrapulmonary organs including the
liver, spleen, heart, and even brain threatening human health [9]. Potentially toxic metals,
which are cytotoxic, concealed, persistent, and biologically accumulated, play a decisive
role in the assessment of atmospheric pollution and the hazards to human health [10]. After
breathing into the human body, they may cause various human dysfunctions or cause a
variety of diseases: As, Cr, Ni, Pb, and Cd have certain carcinogenic ability, while As and
Cd have potential teratogenic effects on the human body, and Pb and Hg are toxic to the
fetus [11,12]. Cr, Ni, Cu, Fe, Co, Mn, As, V, and Zn could support electron exchange [13] and
induce the formation of reactive oxygen species (ROS) in the lungs [14], causing damage of
oxidative DNA and inflammation of respiratory tracts [15]. Lead (Pb) is a well-known toxic
element that may be harmful to the nervous and hematopoietic system, leading to impaired
growth and mental function [16]. Relevant literature shows that about 70–80% of the metal
elements in the atmosphere are adsorbed on fine particles [17]. World Health Organization
(WHO) estimated that air pollution was associated with approximately 300,000 premature
deaths per year in China [18]. Consequently, the presence of different PM-bound toxic
compounds may pose severe health concerns and information about their size-distribution
is of primary relevance to determine and quantify the potential deleterious effects on
human health.

Beijing is the capital city of China with a population of approximately 21.54 million
and annual coal consumption of 17.62 million tons in 2018 [19,20]. Beijing as one of the
core cities in Beijing-Tianjin-Hebei (BTH) (high elements emission areas) [21], it has been
troubled by air pollution. Due to heating and meteorological conditions, air pollution in the
wintertime is typically more serious than in other seasons in Beijing [22]. In the past few
decades, many studies have investigated the characteristics and sources of atmospheric PM
in Beijing. In PM2.5 and PM10 samples from Beijing, different elements showed different
size distributions during summer and winter [2]. Further, 13 elements in PM2.5 in urban
Beijing were measured were to investigate the concentration of elements, illustrate their
temporal variations, and estimate the health risks [23]. The concentrations of metals and
ions, their characteristics, and a comparison in hazy and non-hazy days of PM10 were
discussed [1]. There are few studies on sources analysis and health risks of metal elements
in size-segregated PM in Beijing, many studies have assessed human health risk caused
by individual sizes (often for either PM10 or PM2.5) [1,2,18,24]. The compounds of PM
are complex and have obvious seasonal and regional differences [25]. In addition, due to
changes in physical and chemical composition, the toxic effects of particulate matter vary
greatly with geographic location. Therefore, it is very important to quantify the chemical
composition of aerosols to determine the potential deleterious effects on human health,
especially in higher population residential area. Our sampling site is in a high population
residential area (Figure 1), with about 600,000 people, and the traffic volume is very heavy
in the morning and evening rush hours. Residents living in this area are potential receptors
for metals in the air.
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Figure 1. Map (left) of the sampling area, the map (right) indicates the sampling site in Beijing. 
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ber 2018 to 11 January 2019). Nine water soluble inorganic ions (Cl−, NO3−, NO2−, SO42−, 
NH4+, Na+, K+, Ca2+, and Mg2+) were analyzed by Ion Chromatography (IC, ICS1600, Di-
onex Aquion, Thermo Fisher Scientific CO, Waltham, MA, USA), the mass concentration 
of 21 metal elements was measured by inductively coupled plasma mass spectrometry 
(ICP-MS, Agilent 7700, Agilent Technologies, Inc., Santa Clara, CA, USA). The main ob-
jectives of this study were: (1) to investigate the occurrence levels of metals elements, wa-
ter soluble inorganic ions and their size distributions, (2) to identify the potential sources 
contributing to enrichment of metals, and (3) estimate the health risk to child and adults 
of several toxic trace elements (As, Cd, Cr (VI), V, Ni, Co, and Pb). 

2. Materials and Methods 
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As the capital of China, Beijing is the political, economic, and cultural center of China. 
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rounded by the Taihang and Yanshan Mountains in the west, north and northeast. More-
over, it is one of the most crowded cities in the world [26]. The resident population of 
Beijing city is 21.54 million and car ownership of 6.36 million vehicles in 2018 [19,20]. This 
area experiences a monsoon-influenced humid continental climate, which is characterized 
by hot, humid summers, and cold, dry winters [27]. The mean temperature over the year 
is 11.9 °C, with annual precipitation of 400–500 mm [28].  

The aerosol sampling was conducted by a high-volume air sampler at a flow rate of 
566 L/min in Beijing from 26 December 2018 to 11 January 2019. The sampler (Anderson 
Sampler, equipped with 5 cut particle sizes: <1.1, 1.1–2.0, 2.0–3.3, 3.3–7.0, >7.0 μm can col-
lect the particulate matter (PM) in the flue gas on five quartz filter membranes according 
to the aerodynamic diameters such as PM1.1, PM1.1–2.0, PM2.0–3.3, PM3.3–7.0, PM>7.0, respec-
tively. The quartz filter used for collecting PM was baked in a muffle furnace (450 °C) for 
6 h before sampling and placed in a constant temperature and humidity chamber at 25 °C 
and 45% humidity for 24 h and then wrapped in clean aluminum foil paper and placed in 
a refrigerator at −45 °C until use. After sampling, the membranes were equilibrated and 
weighed again using the same procedure. To ensure accuracy, each filter was weighed at 
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Given the background discussion above, in this study, we collected atmospheric
samples with a high-volume air sampler (Anderson Sampler, HV-RW, Shibata Science Co.,
Ltd., Japan) in a high population residential area of Beijing during the winter (26 December
2018 to 11 January 2019). Nine water soluble inorganic ions (Cl−, NO3

−, NO2
−, SO4

2−,
NH4

+, Na+, K+, Ca2+, and Mg2+) were analyzed by Ion Chromatography (IC, ICS1600,
Dionex Aquion, Thermo Fisher Scientific CO, Waltham, MA, USA), the mass concentration
of 21 metal elements was measured by inductively coupled plasma mass spectrometry (ICP-
MS, Agilent 7700, Agilent Technologies, Inc., Santa Clara, CA, USA). The main objectives
of this study were: (1) to investigate the occurrence levels of metals elements, water soluble
inorganic ions and their size distributions, (2) to identify the potential sources contributing
to enrichment of metals, and (3) estimate the health risk to child and adults of several toxic
trace elements (As, Cd, Cr (VI), V, Ni, Co, and Pb).

2. Materials and Methods
2.1. Sites and Sampling

As the capital of China, Beijing is the political, economic, and cultural center of China.
Beijing is located at the northwestern edge (39.4–41.6 N◦, 115.7–117.4 E◦) of the North China
Plain, adjacent to Tianjin to the east, and the other adjacent to Hebei Province, surrounded
by the Taihang and Yanshan Mountains in the west, north and northeast. Moreover, it
is one of the most crowded cities in the world [26]. The resident population of Beijing
city is 21.54 million and car ownership of 6.36 million vehicles in 2018 [19,20]. This area
experiences a monsoon-influenced humid continental climate, which is characterized by
hot, humid summers, and cold, dry winters [27]. The mean temperature over the year is
11.9 ◦C, with annual precipitation of 400–500 mm [28].

The aerosol sampling was conducted by a high-volume air sampler at a flow rate of
566 L/min in Beijing from 26 December 2018 to 11 January 2019. The sampler (Anderson
Sampler, equipped with 5 cut particle sizes: <1.1, 1.1–2.0, 2.0–3.3, 3.3–7.0, >7.0 µm can collect
the particulate matter (PM) in the flue gas on five quartz filter membranes according to the
aerodynamic diameters such as PM1.1, PM1.1–2.0, PM2.0–3.3, PM3.3–7.0, PM>7.0, respectively.
The quartz filter used for collecting PM was baked in a muffle furnace (450 ◦C) for 6 h
before sampling and placed in a constant temperature and humidity chamber at 25 ◦C and
45% humidity for 24 h and then wrapped in clean aluminum foil paper and placed in a
refrigerator at −45 ◦C until use. After sampling, the membranes were equilibrated and
weighed again using the same procedure. To ensure accuracy, each filter was weighed at
least three times before and after sampling, and the results were averaged. After weighing,
store the filter at −45 ◦C until analysis. The sampling duration was 47 h and was changed
to new quartz filter at about 12:00 a.m. During the representative sampling period, the
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temperature (T; ◦C), relative humidity (RH; %), wind speed (WS; km/h), and wind direction
(WD) and other atmospheric pollutants (SO2, CO, NO2 and O3) were collected from the
website of Air quality online monitoring and analysis platform (https://www.aqistudy.cn;
accessed on 20 August 2020) and Ventusky- Weather Maps (https://www.ventusky.com;
accessed on 20 August 2020).

2.2. Potentially Toxic Metals Characterization via ICP-MS

Inductively coupled plasma mass spectrometry (ICP-MS) was used to identify 21
elemental species (Na, Mg, Al, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Cd, Sb,
Ba, Pb) concentration [29]. After weighing, a certain amount of filter was cut and placed in
polytetrafluoroethylene (PTFE) reaction tubes, then each filter was digested with a 5:2:1
mixture of HNO3-H2O2-HF in PTFE vessels and heated in a microwave system (ETHOS
UP, MAXI-44). There were six heating steps for microwave digestion of filter. (1) The
temperature was increased from room temperature to 90 ◦C and was maintained for 3 min.
(2) The temperature was increased from 90 to 150 ◦C and was maintained for 5 min. (3)
The temperature was increased from 150 to 175 ◦C and was maintained for 17 min. (4) The
temperature was increased from 175 to 200 ◦C and was maintained for 30 min. (5) After
cooling for 30 min, the polypropylene reaction vessel was removed from the microwave
sample pretreatment device, and the decomposition solution in the PTFE reaction vessel
put into the polypropylene digestion tube. (6) The polypropylene digestion tube was
placed in the acid decomposition system and heated at 100 ◦C for about 5 h to remove
hydrofluoric acid until the solution is about 0.1 mL. The digested solution was then diluted
to 10 mL with 2% HNO3 and stored at room temperature until analysis. Three blank filters
were treated and analyzed with the same methods as for and metals to obtain background
values. Potentially toxic metals were analyzed by ICP-MS at the Center for Environmental
Science in Saitama (CESS) in Japan.

2.3. Water-Soluble Inorganic Ions

An ultrasonic method was used to extract water-soluble inorganic ions from portions
of the PM filter samples, and normally over 98% of sulfate, nitrate, and ammonium can
be extracted. The filter was submerged in a vial with 10 mL ultrapure water, sealed
and subjected to ultrasound for 20 min for each extraction. The extraction was repeated
3 times. The extract was filtered with a 0.22 µm PTFE and then the concentration of
water-soluble inorganic ions (Cl−, NO3

−, NO2
−, SO4

2−, NH4
+, Na+, K+, Ca2+, and Mg2+)

were analyzed by ion chromatography to determine the concentrations of water-soluble
inorganic ions [1,29].

2.4. The Crustal Enrichment Factors (CEFs)

To assess the contribution of anthropogenic sources and crustal origin of various trace
elements in multi-size PM. In this study, the crustal enrichment factors (CEFs) of all ele-
ments were calculated by dividing the relative abundance in the PM sample by the average
abundance in the upper continental crust. (CEFs) were calculated by Equation (1) [30].

CEFs = (Eatm/Ratm)/(Ecrust/Rcrust) (1)

where E and R represent the investigated element and reference element for crust mate-
rial, respectively. (Eatm/Ratm) is the concentration ratio of E to R in PM sample while
(Ecrust/Rcrust) is the concentration ratio of E to R from earth upper continental crust [31].
To facilitate interpretation, classification of EF follows: similar to crust (CEFs < 1), the ele-
ments almost all originated from the crust; low enrichment (CEFs 1–10), the element mainly
contributed by natural sources while slightly contributed by anthropogenic emissions;
moderate enrichment (CEFs 10–100), the elements released from human activities and
highly enrichment (CEFs > 100), the elements affected by human activities in most of the
studies [4,32,33]. In the present study Al, high abundance in the Earth’s crust composition,
was selected as the reference element [29].

https://www.aqistudy.cn
https://www.ventusky.com
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2.5. Health Risk Assessment

In this study, based on the US-EPA Integrated Risk Information System (IRIS) and
International Agency for Research on Cancer (IARC), the metals can be divided into
carcinogens and non-carcinogens. Group 1 (carcinogenic to humans): As, Cd, Cr (VI) and
Ni; Group 2A (probably carcinogenic to humans); Group 2B (possibly carcinogenic to
humans): Co, V, and Pb. The concentration of Cr (VI) was presumed to be 1/7 of the total
concentration of Cr when calculating the Cr health risk. According to US-EPA Region RSL
(Regional Screening Levels), the Cr (VI) to Cr (III) ratio is 1:6 [9,34]. We analyzed the health
risks of these seven toxic metal elements (As, Cd, Cr (VI), Ni, Co, V, and Pb).

To determine the probability of non-carcinogenic and carcinogenic risks (CR) to the
public due to PM-bound metals, the risk to human health should be assessed. Fine particle
matter through inhalation would deposit into the alveolar region. However, the alveolar
region does not have protective mucus layers, so particles deposited into this region are
difficult to eliminate, causing considerable health risks for humans [35]. Moreover, the
alveolar area is difficult to eliminate particles deposited in this area, it can be posing a
considerable health risk to the human body [36]. Thus, particles deposited in the alveolar
region via inhalation route are considered to play the most important role in threatening
human health [37].

EC =
(Ci × ET × EF × ED)

ATn
(2)

HQ =
EC

(RfC × 1000)
(3)

CR = UR × EC (4)

The carcinogenic risks (CR) are the likelihood that an individual will develop any
type of cancer after being exposed to cancer risk during their lifetime. The sum of the
hazard quotient (HQ, index of non-carcinogenic risk) was applied to evaluate the overall
potential for non-carcinogenic effects caused by more than one chemical. Thus, both the
noncarcinogenic and carcinogenic health risks of metals in PM via inhalation pathways for
each element can be calculated as Equations (2)–(4) [38]:

The exposure concentration (EC) of each element through inhalation (µg m−3). where
Ci is the average concentration of individual metals of PM size i. where ET, EF, ED and
ATn are exposure time (h day−1), exposure frequency (days year−1), exposure duration
(year), and average lifetime (hours). The explanations and values of all the parameters are
listed in Table 1.

Table 1. Parameters and values used in the human health risk.

Parameter Definition Unit
Value

References
Child Adult

Exposure time ET h day−1 24 24 [39]
Exposure
frequency EF days year−1 350 350 [12]

Exposure duration ED year 6 24 [36]

Average lifetime ATn hours

non-carcinogenic AT = ED × 365 (day year−1) ×
24 (hour day−1)

carcinogenic AT = 80 × 365 (day year−1) × 24
(hour day−1) [40]

UR is the inhalation unit risk of trace metal (µg·m−3)−1, RfC is the corresponding
reference concentration for the non-carcinogenic trace metal (mg·m−3). The HQ value
higher than 1 implies that the non-cancer risk merits attention. Carcinogenic risk is the
probability that an individual will develop cancer because of exposure to carcinogenic
hazards over the individual’s lifetime. CR value is lower than 1 × 10−6 (i.e., one additional
case of cancer per million people), indicating acceptable risk. The acceptable or tolerable
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risk for regulatory purposes is defined as a carcinogenic risk of between 1 × 10−6 and
1 × 10−4 [41]. The parameter of UR and RfC value of potentially toxic metals are shown in
Table 2.

Table 2. The UR and RfC value of some potentially toxic metals.

Element Unit Risk (UR) (µg m−3)−1 References RfC (mg m−3) References

V 8.3 × 10−3 PPRTVs a 1.0 × 10−4

Cr6+ 1.2 × 10−2 RAIS b 1.0 × 10−4 USEPAd

Co 9.0 × 10−3 PPRTVs a 6.0 × 10−6 RAIS b

Ni 2.4 × 10−4 RAIS b 1.4 × 10−5 CALEPA c

As 4.3 × 10−3 RAIS b 1.5 × 10−5 CALEPA c

Cd 1.8 × 10−3 RAIS b 1.0 × 10−5 USEPAd

Pb 1.2 × 10−5 CALEPA c

a PPRTVs: Provisional Peer-Reviewed Toxicity Values (n.d.), from https://www.epa.gov/pprtv/provisional-peer-reviewed-toxicity-
values-pprtvs-assessments; accessed on 15 August 2020. b RAIS: The Risk Assessment Information System. (n.d.), from https://rais.ornl.
gov/cgi-bin/tools/TOX_search?select=chemtox; accessed on 15 August 2020. c CALEPA: California Environmental Protection Agency.
(n.d.), from https://calepa.ca.gov/; accessed on 15 August 2020. d USEPA: United States Environmental Protection Agency. (n.d.), from
https://www.epa.gov/iris; accessed on 15 August 2020.

2.6. Statistics

Statistical analysis was accomplished by Excel (2010) (Microsoft Corporation., Red-
mond, WA, USA) and Origin 8.0 (OriginLab Corporation., Northampton, MA, USA) was
used to draw the figures in this article.

3. Results and Discussion

Generally, PM can be classified as coarse particles (PM10 with an aerodynamic diam-
eter less than 10 µm), fine particles (PM2.5) [42,43]. In our research, in order to facilitate
statistical analysis, we regard particles <1.1 µm and 1.1–2.0 µm as fine particles (with an
aerodynamic diameter less than 2.0 µm), and others as coarse particles PM>2.0 includ-
ing (2.0–3.0 µm, 3.3–7.0 µm, >7.0 µm). The sum of all particles is called total suspended
particles (TSP).

3.1. Weather Conditions

Many studies have reported that the mass concentration of size distribution varies in
different conditions [43,44].The characteristics of atmospheric aerosols can be investigated
based on the weather conditions [43] (T, RH, WS, and WD and atmospheric pollutants
(SO2, CO, NO2 and O3) [29].

Detailed information about the meteorological parameters, weather conditions and
atmospheric pollutants was provided in the supplementary material (Tables S1–S3). During
the sampling period, the temperature varied from −8 ◦C to 3 ◦C with a mean value of
−2.18 ± 2.55 ◦C; the ambient RH was in a range of 10–30% and averaged at 18.24 ± 7.06%;
the average wind speed of 4.12 ± 2.40 km h−1. Table 1 and Figure 2 show that the lowest
PM2.0 and PM>2.0 (38.52 and 111.41 µg m−3, respectively), which was collected between
28–30 December, during this sampling period, the ambient temperature (−5 ◦C) and rel-
ative humidity (10%) was lower than other groups, and wind speed was higher than
other sampling time. Meanwhile, PM2.0 and PM>2.0 was highest (75.95 and 207.23 µg m−3,
respectively), which was collected between 1–3 January, during the sampling period, the
ambient temperature (−1.33 ◦C) and relative humidity (26.67%) are relatively higher, while
the wind speed (3.00 km/h) is lower than most other sampling groups. Pearson correla-
tion coefficients show that the mass concentration PM3.3–7.0 had an apparent correlation
(p < 0.01) with T(r = 0.85) and the mass concentration PM2.0–3.3 also had an apparent corre-
lation (p < 0.01) with T(r = 0.85). From the above discussion, we conclude that the mass
concentration of particulate matter is positively correlated with temperature and humidity,
and negatively correlated with wind speed. Pearson correlation coefficients between mass
concentration and meteorological parameters and atmospheric pollutants were presented

https://www.epa.gov/pprtv/provisional-peer-reviewed-toxicity-values-pprtvs-assessments
https://www.epa.gov/pprtv/provisional-peer-reviewed-toxicity-values-pprtvs-assessments
https://rais.ornl.gov/cgi-bin/tools/TOX_search?select=chemtox
https://rais.ornl.gov/cgi-bin/tools/TOX_search?select=chemtox
https://calepa.ca.gov/
https://www.epa.gov/iris
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in Table 3. To interpret the r-value for the correlation, the following classification was
adopted, as presented in Supplementary Table S4 [45].
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Figure 2. The meteorological factors and mass concentrations in different size-resolved PM during each sampling period.

Table 3. Pearson correlation coefficients between mass concentration and meteorological parameters and atmospheric pollutants.

Size Range T
(◦C)

RH
(%)

WS
(km h−1)

SO2
(µg m−3)

CO
(mg m−3)

NO2
(µg m−3)

O3-8h
(µg m−3)

<1.1 µm 0.43 0.34 −0.37 0.58 0.63 0.58 −0.60
1.1–2.0 µm 0.64 0.58 −0.40 0.72 0.74 0.71 −0.67
2.0–3.3 µm 0.31 0.85 −0.37 0.58 0.49 0.36 −0.44
3.3–7.0 µm 0.85 0.52 −0.65 0.75 0.79 0.76 −0.61

>7.0 µm 0.59 0.32 −0.41 0.66 0.74 0.76 −0.74
<2.0 µm 0.55 0.46 −0.43 0.68 0.71 0.66 −0.67
>2.0 µm 0.70 0.83 −0.61 0.86 0.85 0.76 −0.76

Pearson correlation coefficients show that the mass concentration PM2.0 and PM>2.0
both had an apparent correlation (p < 0.01) with T(r = 0.55), RH(r = 0.46), WS(r = −0.43) and
T(r = 0.70), RH(r = 0.80), WS(r = −0.61), respectively; in addition, the mass concentration
PM2.0 and PM>2.0 also presented an apparent correlation with atmospheric pollutants
(PM2.0, SO2, r = 0.68, CO, r = 0.71, NO2, r = 0.66, O3, r = −0.67, p < 0.01; PM>2.0 SO2, r = 0.86,
CO, r = 0.85, NO2, r = 0.76, p < 0.01, O3, r = −0.76, p < 0.01). This result was consistent with
the study [29].

3.2. The Mass Concentration of Atmospheric Particulate Matter Size Distribution

In addition to weather conditions, the mass concentration distribution of aerosol
particles strictly depends on their size. The size distribution of particulate matter can
provide information about the chemical and physical processes. Some epidemiological
evidence suggests many adverse health effects, such as chronic respiratory [46], heart dis-
ease [47], lung cancer [48], and acute respiratory infections, are closely related to exposure
to PM [49,50]. Figure 2 illustrates the time series of mass concentrations in size segregated
PM1.1 in winter in Beijing. The distribution of PM concentration was bimodal, with fine par-
ticles peak PM1.1 and coarse particles peak at PM3.3–7.0. The detailed information about the
mass concentration ratios was provided in Supplementary Table S5. The average concentra-
tions of PM1.1, PM1.1–2.0, PM2.0–3.3, PM3.3–7.0, PM>7.0 and TSP were 39.67 ± 10.66 µg m−3,
32.25 ± 6.78 µg m−3, 36.54 ± 17.70 µg m−3, 63.24 ± 9.37 µg m−3, and 58.95 ± 10.75 µg m−3,
and 230.06 ± 42.29 µg m−3 respectively. The average concentration of PM2.0, PM7.0 and
TSP in winter in Beijing, slightly exceeds the second-grade ceiling of the National Ambient
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Air Quality Standard (NAAQS GB3095-1996). However, the average concentration of PM2.0
and PM7.0 were nearly 1.03 times and 2.45 times higher than GB3095-2012 of China for
PM2.5 (35 µg m−3) and PM10 (µg m−3), respectively. The average concentration of PM2.0
and PM7.0 also exceed The World Health Organization (WHO) air quality guidelines more
than 3.19 times and 7.58 times. It was indicated that the air pollution is much serious in
winter in Beijing.

There is no large pollution source on the sampling site. However, both PM2.0 and PM7.0
average concentrations in winter are similar to previous research in Beijing in winter(PM2.5
85.47 µg m−3, PM10 107.20 µg m−3) and higher in summer (PM2.5 60.20 µg m−3, PM10
46.3 µg m−3) [2], which are attributable to the coal combustion from residents for living
and heating, vehicle emissions, road dust or uncovered ground, construction site, as well
as air pollution transported from Tianjin-Hebei-Shandong province. These activities in
the province are the frequent occurrence of unfavorable atmospheric diffusion conditions,
resulting in increased air pollutant emissions [2].

Furthermore, the average ratios of PM1.1/TSP, PM1.1–2.0/TSP, PM2.0–3.3/TSP,
PM3.3–7.0/TSP and PM>7.0/TSP were 0.17 ± 0.03, 0.14 ± 0.01, 0.16 ± 0.05, 0.27 ± 0.03
and 0.26 ± 0.02 respectively, which indicates that fine particles significantly contribute to
atmospheric particulate matter pollution in winter in Beijing. This was also observed in
previous studies [8,18]. It is generally acknowledged that primary source like road dust
and soil as the main emission source of coarse particulate matter, while fine atmospheric
particulate matters are emitted from both primary source and secondary formation due to
complex chemical processes in the atmosphere [2].

3.3. The Mass Concentration of Water-Soluble Inorganic Ionic Species Size Distribution
and Sources

Detected ion water-soluble inorganic ionic species (WSIIs), an important of atmo-
spheric particulate matters, which can be used to infer the chemical properties and origin
of aerosols [29,39]. Figure 3 illustrated the size distribution of Cl−, NO3

−, NO2
−, SO4

2−,
NH4

+, Na+, K+, Ca2+ and Mg2+ detected in winter. The percentage (%) of water-soluble
inorganic ionic species for size fraction mass concentrations in Beijing were provided in
Figure 4. The ratio of NO3

−/SO4
2−, Cl−/Na+, Cl−/K+, and Cl−/NO3

− in different size-
that secondary pollution in the atmosphere in winter was strong. SO4

2− showed a slightly
bimodal size distribution, with fine particles, PM1.1, thus demonstrating a unimodal dis-
tribution of fine particles. Most of the SO4

2−, NO3
−, and NH4

+ mass concentration were
concentrated in fine particles, PM1.1, which is consistent with previous studies [1,40,41].
The average mass concentration of NO3

− in the fine particles accounted for 74.94% of the
total nitrate mass, while that for NH4

+ was 71.85% and that for SO4
2− was 61.70% in winter

in Beijing. Na+ and Mg2+ were bimodal, the major peak in the size range of PM1.1 while
the minor peak in the size range of PM>7.0, meanwhile Ca2+ was unimodal, peak of PM>7.0.
The size distribution of K+, Cl−, and NO2

− were bimodal, with a fine particles peak at
PM1.1 and coarse particles peak of PM>7.0.

It was well known that that SO2 and NO2, which are the gaseous precursors of SO4
2−

and NO3
−,so the ratio of NO3

−/SO4
2− could be used to compare the contribution of

stationary (such as coal burning) and mobile source (such as motor vehicle exhausts)
of SO2 and NO2 [2]. NO2

− concentration is very low, and it is unstable due to being
easily oxidized by ozone, hydroxyl radicals, and hydrogen peroxide, so put NO2

− and
NO3

− together to discuss. According to the previous studies show that the higher (NO2
− +

NO3
−)/SO4

2− values to mobile source over the stationary source of atmospheric pollutants.
The average mass ratio of (NO2

− + NO3
−)/SO4

2− was 1.68. Compared to the previous
results, which reported the measured ratio of 0.71 during 2001–2003 [49], 1.03 in 2012 [1],
between 1.31–1.16 during 2014–2015 [1], and 3.12 in 2017 [25], indicating that air pollution
during the research period was mainly from the mobile source in Beijing in winter.
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Most of the Na+, Ca2+, and Mg2+ in coarse particles were found to be high, which are
mainly from crustal source, such as re-suspended road dust, soil dust and building dust [29].
K+ in fine particles is known as an inorganic tracer of biomass burning emissions [41].
The results show that the distribution of mass concentration of Na+, Ca2+, and Mg2+ were
consistent with the distribution of mass concentration of Na, Mg, and Ca (Figure 5). The
dominant source of Cl− was generally considered from coal burning, biomass burning
and vehicle exhaustion fine fraction and sea water in a coarse fraction [1]. The linear
relationship between K+ and Cl− was strong (R > 0.98). Meanwhile, the linear relationship
between Na+ and Cl− was weak (R < 0.20). The average mass ratio of Cl−/Na+, Cl−/K+

and Cl−/(NO2
− + NO3

−) were 6.58, 6.18 and 0.57, respectively. The above discussion
indicated that the major contributor of Cl− was coal burning and the minor contributor of
Cl− was biomass burning and vehicle exhaustion in Beijing during the winter.

3.4. Potentially Toxic Metals

Generally, PM is produced due to weathering and soil suspension, construction,
coal, oil burning and resuspension of industrial dust [51,52]. Potentially toxic metals are
considered to be an important ingredient in inducing respiratory diseases and cancer due
to their toxicity [42,53,54]. Thus, determining the types and sources of heavy metals is a
direct and effective way to control potentially toxic metals pollution.

3.4.1. The Mass Concentration of Potentially Toxic Metals Size Distribution

Mass concentrations of the total 21 elements (Na, Mg, Al, K, Ca, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Se, Sr, Cd, Sb, Ba, Pb) in multi-size PM samples were determined by using
ICP-MS. Although the mass concentration of some potentially toxic metals is very low,
some of these potentially toxic metals adsorbed on PM are harmful to public health and
therefore cannot be ignored. The size distribution of potentially toxic metals for Beijing
samples during the winter were illustrated in Figures 5–7 and Supplementary Table S6.

According to their mean mass size distribution, 21 elements could be divided into
three groups: bimodal, unimodal, irregular. Group I were classified into two situations
(Figure 5), the first case I a (Figure 5a): Na, Mg, Ca, Al, Ti, Fe, Ni, Cu, Mn, Sr, and V
were bimodal, the highest peak in the size range sizes of PM>7.0, however, the lowest
peak in the size range of PM1.1. (The corresponding mass concentration ratio of aggregate
particle size were 50.45%, 48.56%, 47.12%, 46.59%, 49.38%, 45.20%, 34.61%, 31.33%, 37.44%,
48.76%, 51.70% vs. 26.57%, 17.42%, 16.41%, 22.53%, 17.80%, 15.77%, 23.31%, 20.75%, 24.53%,
18.18%, 16.25%). Another case I b (Figure 5b): Sb Zn and K were also bimodal, hoverer, the
maximum average mass concentration aggregate particle size and the minimum aggregate
particle size are opposite to the first case (the corresponding mass concentration ratios of
aggregate particle size were 38.07%, 39.02%, 38.10% vs. 19.24%, 33.99%, 21.84%). Figure 6
shows that the potentially toxic metals with particle size- unimodal distribution. Metals in
group II a: the mean mass concentration of Ba and Co showed a unimodal size distribution,
with coarse particles peak at PM>7.0 while Cd, As, Se and Pb (group II b) were accumulated
on sizes of PM1.1. The elements of Ba, Co appeared to have most of their mass portion in
the coarser size-range of PM>7.0, with more than 44% of the TSP (Table S6). The mean mass
concentration of Cd, As, Se and Pb in sizes of PM1.1 contributed about 67.98%, 52.15%,
78.73%, and 70.95% to the total corresponding metal in TSP, respectively. Figure 7 shows
that the metal elements with particle size- irregular distribution Group III: the major of Cr
was localized on sizes of PM>7.0, the minor was accumulated on PM2.0–3.3.
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Figure 7. Potentially toxic metal of Cr with particle size-irregular distribution.

Total concentrations of Na, Mg, Al, Ca, and Fe in winter contributed about 80.24%
and 69.15% to the total TSP and PM2.0 element concentrations respectively, indicating that
Na, Mg, Al, Ca and Fe would be more likely originated from dusts storm and road dust
related sources and occurred mostly in coarse particles. The total mass concentrations of
As, Cd, Pb, and Se accounted for 0.69% and 1.95% of the whole element’s concentrations
for TSP and PM2.0, respectively, which indicated that As, Cd, Pb, and Se could be mainly
associated with fuel combustion sources and existed largely in fine particles. This is in good
accordance with the previous study [55], indicating that coal consumption of residential
and other sectors for supplying heat in winter would increase emissions of Cd, Cr, and
Pb. The north, west, and southwest of our study area were surrounded by mountains and
largely covered by forest and scenery protection zone (see Figure 1). while the southern
plain east regions were not only densely populated, but also were vulnerable affected by
the pollutant’s diffusion and trans-boundary transportation from surrounding regions,
such as Tianjin, Hebei, and Shandong.

3.4.2. Source-Apportionment of Potentially Toxic Metals by Crustal Enrichment Factors

The crustal enrichment factors (CEFs) of each element of size-segregated particles in
Beijing were illustrated in Figure 8. In this study, the CEFs values of Na, Ti, V, and Ca in
five stages of all PM size and K in the range of particle size <3.3 µm were close to 1, fine
PM, which suggested that these elements would be more likely originated from natural
sources (including re-suspended road dust, soil dust and building dust) [56,57] and had no
obvious enrichment in aerosols.

Most elements in PM1.1 and PM1.1–2.0 revealed higher CEFs than those in PM>7, when
the CEFs values between 1 and 10, reflecting that the metals in the smaller particles
were significantly contributed by anthropogenic emissions, well consistent with previous
research results [58]. The CEFs values of Mg, Ba, Co, Mn, Sr, and Fe in all particle size
ranges were between 1 and 10, low enrichment, indicate a mixed contribution of metals
majorly from natural sources and minorly from anthropogenic sources. Fe and Mn were
speculated to be released from lubricating oil [59,60]. Fe, Mn, Ba can be released from
the wear of rails or braking systems, or diesel engines from vehicles [61], while it is an
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important part of the crustal elements. Here, the mean CEFs of Cu, Ni, Pb, Cr, and As
were normally below 100, indicating these elements originated mainly from anthropogenic
sources and had moderate enrichment in the PM. Cu was the metal with the moderate
enrichment (17.48–80.05), major emitted from exhaust emissions and tire wear. The crustal
enrichment factors for As and Pb were 8.39–123.39 and 13.37–551.65, respectively, they
mainly came from coal combustion in metallurgy, thermal power and other industries [48].
Leaded gasoline was eliminated more than ten years ago, but as this research shows, lead
is still ubiquitous in the environment. Cr is widely used in the electroplating and leather
tanning industries [24], and a large number of leather industries and metal electroplating
industries were found near Beijing [39], which verified that the interpretation of this source
was reasonable. The CEFs values of Sb, Se, Zn, and Cd were greater than 100 in all PM sizes,
which suggested that these elements were highly enrichment and significantly affected
by vehicle emissions and industrial sources or coal combustion, including metal smelting
and incineration emissions [60,62]. From Figure 6, we conclude that when CEFs > 10, the
CEFs values increased with increasing aerosol particle size, reflecting that metals in coarse
particles were mainly contributed by human activities.
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Figure 8. The crustal enrichment factors (CEFs) of each element of size-segregated particles in Beijing.
The blue dashed line indicates that CEFs are less than 1. The black dashed line indicates that CEFs
are less than 10. The green dashed line indicates that CEFs are less than 100.

3.4.3. Health Risk Assessment

Our sampling site is the largest residential area in Asia, with about 600,000 people,
and the traffic volume is very heavy in the morning and evening rush hours. Residents
living in this area are potential receptors for metals in the air. Fine and coarse atmospheric
particulate matter has an important impact on human health and inhalation is the typical
main route of direct exposure of toxic elements bound to PM in the atmosphere [30].

Figure 9 show the carcinogenic and non- carcinogenic risks of each toxic elements
for children and adults within PM1.1, PM1.1–2.0, PM2.0–3.3, PM3.3–7.0, and PM>7.0 in Beijing
during the sampling period. As expected, most of the toxic metals exhibited high CR values
in the smaller particles (<1.1 µm) because of their high deposition efficiencies [38].The total
CR values (reached 2.42 × 10−6 for children and 66.71 × 10−6 for adults, respectively) were
exceeded the acceptable level (1 × 10−6), indicating that we should pay more attention to
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these toxic elements [43]. Compared with previous studies, carcinogenic risks for children
and adults is lower than those carcinogenic risks in Nanjing (2.57 × 10−5 for children
and 4.59 × 10−5 for adults) [39], in Linfen (2.91 × 10−5 for children and 7.75 × 10−5 for
adults) [9], In Changzhi (2.58 × 10−6 for children and 10.31 × 10−6 for adults) [33], in Kan-
pur (1.60 × 10−5 for children and 3.99 × 10−6 for adults) [63], and in Ningbo (6.24 × 10−6

for children and 2.50 × 10−5 for adults) [64]. Supplementary Figure S1 show that the
relative portions of carcinogenic and non- carcinogenic risks of toxic elements within PM1.1,
PM1.1–2.0, PM2.0–3.3, PM3.3–7.0 and PM>7.0 in Beijing during the sampling period. PM1.1
was the major contributor of Pb, Cd and As for CR and HQ (Supplementary Table S7), it
was indicated that PM1.1 is more harmful than coarse PM. The toxic elements of Cr (VI)
(1.12 × 10−6), V (0.69 × 10−6) and As (0.41 × 10−6) were caused higher CR for children
than Ni, Cd, Co, and Pb. Meanwhile, Pb (35.30 × 10−6) and Ni (21.07 × 10−6) caused
higher CR for adults than As, Cr (VI), V, Co, and Cd, especially PM1.1 (Supplementary
Table S8). It was indicated that V, Cr (VI), and As may be more dangerous for children,
whereas Pb and Ni may be more dangerous for adults. The toxic element of Ni had the
highest HQ for children and adults.
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Figure 9. The carcinogenic and non- carcinogenic risks of toxic elements within PM1.1, PM1.1–2.0, PM2.0–3.3, PM3.3–7.0, PM>7.0

in Beijing during the sampling period.

With respect to children and adults’ non-carcinogenic risk, the corresponding con-
tributions of elements to the HQ were ranked in the following order: Cr (VI) (46.06%) >
V (28.42%) > As (16.71%) > Ni (6.28%) > Co (1.05%) > Cd (0.95%) > Pb (0.53%) and Pb
(52.92%) > V (31.59%) > As (4.69%) > Cr (VI) (4.63%) > V (4.13%) > Co (1.41%) > Cd (0.63%).
The HQ values for As, Cd, Co, Cr (VI), Ni, and V via inhalation exposure for both children
and adults were all lower than the safe level (=1), indicating no non-carcinogenic risks
from the inhalation exposure for each toxic elements [41].

4. Conclusions

In this study, nine water-soluble ionic species and 21 elemental species in PM which
collected by Andersen high-flow five-stage sampler in the largest residential in Asia
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in Beijing and the mass concentrations, size-distributions, and health risk assessment
were characterized.

(1) The mass concentration of atmospheric particulate matter is positively proportional
to ambient temperature and relative humidity, and negatively related to the wind direc-
tion. The sum of the mass concentrations of PM1.1 and PM1.1–2.0 was above the standard
recommended by the WHO and NAAQS of PM2.5.

(2) The mass concentration of SO4
2−, NO3

−, and NH4
+ have demonstrated a unimodal

distribution in fine particles, PM1.1. The average mass ratios of (NO3
− + NO2

−)/SO4
2−,

Cl−/Na+, Cl−/K+, and Cl−/(NO3
− + NO2

−) were 1.68, 6.58, 6.18, and 0.57, respectively.
Combined with higher CEFs, it showed that coal combustion and vehicle emissions were
the main anthropogenic sources of PM in Beijing in winter.

(3) PM1.1 was the major contributor of Pb, Cd, and As for CR and HQ. The potentially
toxic metals of Cr (VI), V and As caused higher CR for children than Ni, Cd, Co, and Pb.
Meanwhile, Pb and Ni were the cause of higher CR for adults than As, Cr (VI), V, Co, and
Cd, especially in PM1.1.

Our results can help stakeholders and policy makers to recognize the characteristics of
anthropogenic particles and their impact on air quality in the region, and initiate strategies
to further control emissions to improve public health. We recommend continuing efforts in
controlling coal burning throughout the year and also to include the surrounding areas.
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Airborne particulate matter PM
Average lifetime ATn
Beijing-Tianjin-Hebei BTH
California Environmental Protection Agency CALEPA
Carcinogenic risks CR
Center for Environmental Science in Saitama CESS
Crustal enrichment factors CEFs
Exposure concentration EC
Exposure time ET
Exposure frequency EF
Exposure duration ED
Hazard quotient HQ
High-volume air sampler HV-RW
Inductively coupled plasma mass spectrometry ICP-MS
International Agency for Research on Cancer IARC
Integrated Risk Information System IRIS
Ion Chromatography IC
National Bureau of Statistics NBS
Polytetrafluoroethylene PTFE
Provisional Peer-Reviewed Toxicity Values PPRTVs
Risk Assessment Information System RAIS
Relative humidity RH
Reference concentration RfC
Temperature T
Total suspended particles TSP
Unit risk UR
Ultrafine particles UFPs
United States Environmental Protection Agency USEPA
Wind speed WS
Wind direction WD
Water-soluble inorganic ionic species WSIIs
World Health Organization WHO

References
1. Wu, X.; Chen, B.; Wen, T.; Habib, A.; Shi, G. Concentrations and chemical compositions of PM10 during hazy and non-hazy days

in Beijing. J. Environ. Sci. 2020, 87, 1–9. [CrossRef]
2. Lv, D.; Chen, Y.; Zhu, T.; Li, T.; Shen, F.; Li, X.; Mehmood, T. The pollution characteristics of PM10 and PM2.5 during summer and

winter in Beijing, Suning and Islamabad. Atmos. Pollut. Res. 2019, 10, 1159–1164. [CrossRef]
3. Rohra, H.; Tiwari, R.; Khandelwal, N.; Taneja, A. Mass distribution and health risk assessment of size segregated particulate in

variedindoor microenvironments of Agra, India—A case study. J. Urban Clim. 2018, 24, 139–152. [CrossRef]
4. Fomba, K.W.; van Pinxteren, D.; Müller, K.; Spindler, G.; Herrmann, H. Assessment of trace metal levels in size-resolved

particulate matter in the area of Leipzig. Atmos. Environ. 2018, 176, 60–70. [CrossRef]
5. Zanobetti, A.; Austin, E.; Coull, B.A.; Schwartz, J.; Koutrakis, P. Health effects of multi-pollutant profiles. Environ. Int. 2014, 71,

13–19. [CrossRef]
6. Manalis, N.; Grivas, G.; Protonotarios, V.; Moutsatsou, A.; Samara, C.; Chaloulakou, A. Toxic metal content of particulate matter

(PM10), within the Greater Area of Athens. Chemosphere 2005, 60, 557–566. [CrossRef]
7. Onder, S.; Dursun, S. Air borne heavy metal pollution of Cedrus libani (A. Rich.) in the city centre of Konya (Turkey). Atmos.

Environ. 2006, 40, 1122–1133. [CrossRef]
8. Sun, Y.; Zhuang, G.; Zhang, W.; Wang, Y.; Zhuang, Y. Characteristics and sources of lead pollution after phasing out leaded

gasoline in Beijing. Atmos. Environ. 2006, 40, 2973–2985. [CrossRef]
9. Lin, Y.-C.; Zhang, Y.-L.; Song, W.; Yang, X.; Fan, M.-Y. Specific sources of health risks caused by size-resolved PM-bound

metals in a typical coal-burning city of northern China during the winter haze event. Sci. Total Environ. 2020, 734, 138651.
[CrossRef] [PubMed]

10. Zhang, J.; Hua, P.; Krebs, P. Influences of land use and antecedent dry-weather period on pollution level and ecological risk of
heavy metals in road-deposited sediment. Environ. Pollut. 2017, 228, 158–168. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jes.2019.03.021
http://doi.org/10.1016/j.apr.2019.01.021
http://doi.org/10.1016/j.uclim.2018.01.002
http://doi.org/10.1016/j.atmosenv.2017.12.024
http://doi.org/10.1016/j.envint.2014.05.023
http://doi.org/10.1016/j.chemosphere.2005.01.003
http://doi.org/10.1016/j.atmosenv.2005.11.006
http://doi.org/10.1016/j.atmosenv.2005.12.032
http://doi.org/10.1016/j.scitotenv.2020.138651
http://www.ncbi.nlm.nih.gov/pubmed/32460085
http://doi.org/10.1016/j.envpol.2017.05.029
http://www.ncbi.nlm.nih.gov/pubmed/28528263


Processes 2021, 9, 552 18 of 19

11. Hu, X.; Zhang, Y.; Ding, Z.; Wang, T.; Lian, H.; Sun, Y.; Wu, J. Bioaccessibility and health risk of arsenic and heavy metals (Cd, Co,
Cr, Cu, Ni, Pb, Zn and Mn) in TSP and PM2.5 in Nanjing, China. Atmos. Environ. 2012, 57, 146–152. [CrossRef]

12. Hu, Z.; Shi, Y.; Niu, H.; Cai, Y. Synthetic musk fragrances and heavy metals in snow samples of Beijing urban area, China. Atmos.
Res. 2012, 104–105, 302–305. [CrossRef]

13. Sen, I.S.; Bizimis, M.; Tripathi, S.N.; Paul, D. Lead isotopic fingerprinting of aerosols to characterize the sources of atmospheric
lead in an industrial city of India. Atmos. Environ. 2016, 129, 27–33. [CrossRef]

14. Verma, V.; Fang, T.; Guo, H.; King, L.; Bates, J.T.; Peltier, R.E.; Edgerton, E.S.; Russell, A.G.; Weber, R.J. Reactive oxygen species
associated with water-soluble PM2.5 in the southeastern United States: Spatiotemporal trends and source apportionment. Atmos.
Chem. Phys. Discuss. 2014, 14, 12915–12930. [CrossRef]

15. Distefano, E.; Eiguren-Fernandez, A.; Delfino, R.J.; Sioutas, C.; Froines, J.R.; Cho, A.K. Determination of metal-based hydroxyl
radical generating capacity of ambient and diesel exhaust particles. Inhal. Toxicol. 2009, 21, 731–738. [CrossRef] [PubMed]

16. Wang, S.; Zhang, J. Blood lead levels in children, China. Environ. Res. 2006, 101, 412–418. [CrossRef] [PubMed]
17. Mohanraj, R.; Azeez, P.A.; Priscilla, T. Heavy Metals in Airborne Particulate Matter of Urban Coimbatore. Arch. Environ. Contam.

Toxicol. 2004, 47, 162–167. [CrossRef] [PubMed]
18. Duan, J.; Tan, J.; Hao, J.; Chai, F. Size distribution, characteristics and sources of heavy metals in haze episod in Beijing. J. Environ.

Sci. 2014, 26, 189–196. [CrossRef]
19. National Bureau of Statistics (NBS) China Statistical Yearbook 2019. P.R. China; China Statistics Press: Beijing, China, 2019. Available

online: http://www.stats.gov.cn/tjsj/ndsj/2019/indexeh.htm (accessed on 10 August 2020).
20. Beijing Bureau of Statistics (NBS) Beijing Energy Statistical Yearbook 2018 P.R.; Beijing Statistics Press: Beijing, China, 2018. Available

online: http://nj.tjj.beijing.gov.cn/nj/main/2018-tjnj/zk/indexeh.htm (accessed on 10 August 2020).
21. Zhu, C.; Tian, H.; Hao, Y.; Gao, J.; Hao, J.; Wang, Y.; Hua, S.; Wang, K.; Liu, H. A high-resolution emission inventory of

anthropogenic trace elements in Beijing-Tianjin-Hebei (BTH) region of China. Atmos. Environ. 2018, 191, 452–462. [CrossRef]
22. Sun, Y.; Wang, Z.; Fu, P.; Jiang, Q.; Yang, T.; Li, J.; Ge, X. The impact of relative humidity on aerosol composition and evolution

processes during wintertime in Beijing, China. Atmos. Environ. 2013, 77, 927–934. [CrossRef]
23. Cui, Y.; Ji, D.; He, J.; Kong, S.; Wang, Y. In situ continuous observation of hourly elements in PM2.5 in urban Beijing, China:

Occurrence levels, temporal variation, potential source regions and health risks. Atmos. Environ. 2020, 222, 117164. [CrossRef]
24. Liu, J.; Chen, Y.; Cao, H.; Zhang, A. Burden of typical diseases attributed to the sources of PM2.5-bound toxic metals in Beijing:

An integrated approach to source apportionment and QALYs. Environ. Int. 2019, 131, 105041. [CrossRef] [PubMed]
25. Che, Y.; Zhang, J.; Zhao, C.; Fang, W.; Xue, W.; Yang, W.; Ji, D.; Dang, J.; Duan, J.; Sun, J.; et al. A study on the characteristics

of ice nucleating particles concentration and aerosols and their relationship in spring in Beijing. Atmos. Res. 2021, 247,
105196. [CrossRef]

26. Men, C.; Liu, R.; Xu, F.; Wang, Q.; Guo, L.; Shen, Z. Pollution characteristics, risk assessment, and source apportionment of heavy
metals in road dust in Beijing, China. Sci. Total Environ. 2018, 612, 138–147. [CrossRef]

27. Yao, L.; Li, T.; Xu, M.; Xu, Y. How the landscape features of urban green space impact seasonal land surface temperatures at a
city-block-scale: An urban heat island study in Beijing, China. Urban For. Urban Green. 2020, 52, 126704. [CrossRef]

28. Xu, W.; Wen, Z.; Shang, B.; Dore, A.J.; Tang, A.; Xia, X.; Zheng, A.; Han, M.; Zhang, L.; Zhao, Y.; et al. Precipitation chemistry and
atmospheric nitrogen deposition at a rural site in Beijing, China. Atmos. Environ. 2020, 223, 117253. [CrossRef]

29. Wang, W.; Zhang, W.; Dong, S.; Yonemachi, S.; Lu, S.; Wang, Q. Characterization, Pollution Sources, and Health Risk of Ionic and
Elemental Constituents in PM2.5 of Wuhan, Central China. Atmosphere 2020, 11, 760. [CrossRef]

30. Rovelli, S.; Cattaneo, A.; Nischkauer, W.; Borghi, F.; Spinazzè, A.; Keller, M.; Campagnolo, D.; Limbeck, A.; Cavallo, D.M. Toxic
trace metals in size-segregated fine particulate matter: Mass concentration, respiratory deposition, and risk assessment. Environ.
Pollut. 2020, 266, 115242. [CrossRef]

31. Rudnick, R.L.; Gao, S. Composition of the Continental Crust. Crust 2003, 3, 1–64.
32. Malandrino, M.; Casazza, M.; Abollino, O.; Minero, C.; Maurino, V. Size resolved metal distribution in the PM matter of the city

of Turin (Italy). Chemosphere 2016, 147, 477–489. [CrossRef] [PubMed]
33. Gharaibeh, A.A.; El-Rjoob, A.-W.O.; Harb, M.K. Determination of selected heavy metals in air samples from the northern part of

Jordan. Environ. Monit. Assess. 2008, 160, 425–429. [CrossRef] [PubMed]
34. Chen, C.-R.; Lai, H.-C.; Liao, M.-I.; Hsiao, M.-C.; Ma, H.-W. Health risk assessment of trace elements of ambient PM2.5 under

monsoon patterns. Chemosphere 2021, 264, 128462. [CrossRef] [PubMed]
35. Duan, X.; Yan, Y.; Li, R.; Deng, M.; Hu, D.; Peng, L. Seasonal variations, source apportionment, and health risk assessment of trace

metals in PM2.5 in the typical industrial city of changzhi, China. Atmos. Pollut. Res. 2021, 12, 365–374. [CrossRef]
36. Chen, L.C.; Lippmann, M. Effects of Metals within Ambient Air Particulate Matter (PM) on Human Health. Inhal. Toxicol. 2009,

21, 1–31. [CrossRef]
37. Betha, R.; Behera, S.N.; Balasubramanian, R. 2013 Southeast Asian Smoke Haze: Fractionation of Particulate-Bound Elements and

Associated Health Risk. Environ. Sci. Technol. 2014, 48, 4327–4335. [CrossRef]
38. US, EPA. Exposure Factors Handbook 2011 Edition (Final Report); US Environmental Protection Agency: Washington, DC, USA, 2011.
39. Sun, Y.; Hu, X.; Wu, J.; Lian, H.; Chen, Y. Fractionation and health risks of atmospheric particle-bound As and heavy metals in

summer and winter. Sci. Total Environ. 2014, 493, 487–494. [CrossRef]

http://doi.org/10.1016/j.atmosenv.2012.04.056
http://doi.org/10.1016/j.atmosres.2011.09.002
http://doi.org/10.1016/j.atmosenv.2016.01.005
http://doi.org/10.5194/acp-14-12915-2014
http://doi.org/10.1080/08958370802491433
http://www.ncbi.nlm.nih.gov/pubmed/19242849
http://doi.org/10.1016/j.envres.2005.11.007
http://www.ncbi.nlm.nih.gov/pubmed/16442092
http://doi.org/10.1007/s00244-004-3054-9
http://www.ncbi.nlm.nih.gov/pubmed/15386140
http://doi.org/10.1016/S1001-0742(13)60397-6
http://www.stats.gov.cn/tjsj/ndsj/2019/indexeh.htm
http://nj.tjj.beijing.gov.cn/nj/main/2018-tjnj/zk/indexeh.htm
http://doi.org/10.1016/j.atmosenv.2018.08.035
http://doi.org/10.1016/j.atmosenv.2013.06.019
http://doi.org/10.1016/j.atmosenv.2019.117164
http://doi.org/10.1016/j.envint.2019.105041
http://www.ncbi.nlm.nih.gov/pubmed/31377599
http://doi.org/10.1016/j.atmosres.2020.105196
http://doi.org/10.1016/j.scitotenv.2017.08.123
http://doi.org/10.1016/j.ufug.2020.126704
http://doi.org/10.1016/j.atmosenv.2019.117253
http://doi.org/10.3390/atmos11070760
http://doi.org/10.1016/j.envpol.2020.115242
http://doi.org/10.1016/j.chemosphere.2015.12.089
http://www.ncbi.nlm.nih.gov/pubmed/26802934
http://doi.org/10.1007/s10661-008-0706-7
http://www.ncbi.nlm.nih.gov/pubmed/19083108
http://doi.org/10.1016/j.chemosphere.2020.128462
http://www.ncbi.nlm.nih.gov/pubmed/33022500
http://doi.org/10.1016/j.apr.2020.09.017
http://doi.org/10.1080/08958370802105405
http://doi.org/10.1021/es405533d
http://doi.org/10.1016/j.scitotenv.2014.06.017


Processes 2021, 9, 552 19 of 19

40. Liu, J.; Chen, Y.; Chao, S.; Cao, H.; Zhang, A.; Yang, Y. Emission control priority of PM2.5-bound heavy metals in different seasons:
A comprehensive analysis from health risk perspective. Sci. Total Environ. 2018, 644, 20–30. [CrossRef] [PubMed]

41. Risk Assessment Guidance for Superfund (RAGS): Part. A Interim Final, 1; Office of Emergency and Remedial Response: Washington,
DC, USA. Available online: http://nj.tjj.beijing.gov.cn/nj/main/2018-tjnj/zk/indexeh.htm (accessed on 20 August 2020).

42. Zhang, J.; Tong, L.; Huang, Z.; Zhang, H.; He, M.; Dai, X.; Zheng, J.; Xiao, H. Seasonal variation and size distributions
of water-soluble inorganic ions and carbonaceous aerosols at a coastal site in Ningbo, China. Sci. Total Environ. 2018, 639,
793–803. [CrossRef]

43. Van Do, T.; Vuong, Q.T.; Choi, S.-D. Day–night variation and size distribution of water-soluble inorganic ions in particulate matter
in Ulsan, South Korea. Atmos. Res. 2021, 247, 105145. [CrossRef]

44. Yao, Q.; Liu, Z.; Han, S.; Cai, Z.; Liu, J.; Hao, T.; Liu, J.; Huang, X.; Wang, Y. Seasonal variation and secondary formation of
size-segregated aerosol water-soluble inorganic ions in a coast megacity of North China Plain. Environ. Sci. Pollut. Res. 2020, 27,
26750–26762. [CrossRef]

45. Verla, E.N.; Verla, A.W.; Enyoh, C.E. Finding a relationship between physicochemical characteristics and ionic composition of
River Nworie, Imo State, Nigeria. PeerJ Anal. Chem. 2020, 2, e5. [CrossRef]

46. Carreras, H.A.; Calderón-Segura, M.E.; Gómez-Arroyo, S.; Murillo-Tovar, M.A.; Amador-Muñoz, O. Composition and mutagenic-
ity of PAHs associated with urban airborne particles in Córdoba, Argentina. Environ. Pollut. 2013, 178, 403–410. [CrossRef]

47. Li, Y.; Ma, Z.; Zheng, C.; Shang, Y. Ambient temperature enhanced acute cardiovascular-respiratory mortality effects of PM2.5 in
Beijing, China. Int. J. Biometeorol. 2015, 59, 1761–1770. [CrossRef] [PubMed]

48. Gilli, G.; Traversi, D.; Rovere, R.; Pignata, C.; Schiliro, T. Airborne particulate matter: Ionic species role in different Italian sites.
Environ. Res. 2007, 103, 1–8. [CrossRef]

49. Mazidi, M.; Speakman, J.R. Ambient particulate air pollution (PM2.5) is associated with the ratio of type 2 diabetes to obesity. Sci.
Rep. 2017, 7, 9144. [CrossRef] [PubMed]

50. Zhang, X.; Xu, Y.; Su, J. Temporal and spatial characteristics of particulate matters in metro stations of Shanghai, China. Build.
Environ. 2020, 179, 106956. [CrossRef]

51. Wang, Y.; Zhuang, G.; Tang, A.; Yuan, H.; Sun, Y.; Chen, S.; Zheng, A. The ion chemistry and the source of PM2.5 aerosol in
Beijing. Atmos. Environ. 2005, 39, 3771–3784. [CrossRef]

52. Hu, Y.; Cheng, H. A method for apportionment of natural and anthropogenic contributions to heavy metal loadings in the surface
soils across large-scale regions. Environ. Pollut. 2016, 214, 400–409. [CrossRef]

53. Shi, G.; Chen, Z.; Bi, C.; Wang, L.; Teng, J.; Li, Y.; Xu, S. A comparative study of health risk of potentially toxic metals in urban and
suburban road dust in the most populated city of China. Atmos. Environ. 2011, 45, 764–771. [CrossRef]

54. Al-Hemoud, A.; Gasana, J.; Al-Dabbous, A.; Alajeel, A.; Al-Shatti, A.; Behbehani, W.; Malak, M. Exposure levels of air pollution
(PM2.5) and associated health risk in Kuwait. Environ. Res. 2019, 179, 108730. [CrossRef]

55. Tian, H.; Cheng, K.; Wang, Y.; Zhao, D.; Lu, L.; Jia, W.; Hao, J. Temporal and spatial variation characteristics of atmospheric
emissions of Cd, Cr, and Pb from coal in China. Atmos. Environ. 2012, 50, 157–163. [CrossRef]

56. Dall’Osto, M.; Querol, X.; Amato, F.; Karanasiou, A.; Lucarelli, F.; Nava, S.; Calzolai, G.; Chiari, M. Hourly elemental concentra-
tions in PM2.5 aerosols sampled simultaneously at urban background and road site during SAPUSS–diurnal variations and PMF
receptor modelling. Atmos. Chem. Phys. Discuss. 2013, 13, 4375–4392. [CrossRef]

57. Tao, J.; Gao, J.; Zhang, L.; Zhang, R.; Che, H.; Zhang, Z.; Lin, Z.; Jing, J.; Cao, J.; Hsu, S.-C. PM2.5 pollution in a megacity of
southwest China: Source apportionment and implication. Atmos. Chem. Phys. Discuss. 2014, 14, 8679–8699. [CrossRef]

58. Shao, P.; Tian, H.; Sun, Y.; Liu, H.; Wu, B.; Liu, S. Characterizing remarkable changes of severe haze events and chemical
compositions in multi-size airborne particles (PM1, PM2.5 and PM10) from January 2013 to 2016–2017 winter in Beijing, China.
Atmos. Environ. 2018, 189, 133–144. [CrossRef]

59. Mugica-Álvarez, V.; Figueroalara, J.; Romero-Romo, M.; Sepulvedasanchez, J.D.; López-Moreno, T. Concentrations and properties
of airborne particles in the Mexico City subway system. Atmos. Environ. 2012, 49, 284–293. [CrossRef]

60. Taghvaee, S.; Sowlat, M.H.; Mousavi, A.; Hassanvand, M.S.; Yunesian, M.; Naddafi, K.; Sioutas, C. Source apportionment of
ambient PM2.5 in two locations in central Tehran using the Positive Matrix Factorization (PMF) model. Sci. Total Environ. 2018,
628–629, 672–686. [CrossRef]

61. Amato, F.; Viana, M.; Richard, A.; Furger, M.; Prévôt, A.S.H.; Nava, S.; Lucarelli, F.; Bukowiecki, N.; Alastuey, A.; Reche, C.;
et al. Size and time-resolved roadside enrichment of atmospheric particulate pollutants. Atmos. Chem. Phys. Discuss. 2011, 11,
2917–2931. [CrossRef]

62. Christian, T.J.; Yokelson, R.J.; Cárdenas, B.; Molina, L.T.; Engling, G.; Hsu, S.-C. Trace gas and particle emissions from domestic
and industrial biofuel use and garbage burning in central Mexico. Atmos. Chem. Phys. Discuss. 2010, 10, 565–584. [CrossRef]

63. Can-Terzi, B.; Ficici, M.; Tecer, L.H.; Sofuoglu, S.C. Fine and coarse particulate matter, trace element content, and associated
health risks considering respiratory deposition for Ergene Basin, Thrace. Sci. Total Environ. 2021, 754, 142026. [CrossRef]

64. Wu, Y.; Lu, B.; Zhu, X.; Wang, A.; Yang, M.; Gu, S.; Wang, X.; Leng, P.; Zierold, K.M.; Li, X.; et al. Seasonal Variations, Source
Apportionment, and Health Risk Assessment of Heavy Metals in PM2.5 in Ningbo, China. Aerosol Air Qual. Res. 2019, 19,
2083–2092. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2018.06.226
http://www.ncbi.nlm.nih.gov/pubmed/29980081
http://nj.tjj.beijing.gov.cn/nj/main/2018-tjnj/zk/indexeh.htm
http://doi.org/10.1016/j.scitotenv.2018.05.183
http://doi.org/10.1016/j.atmosres.2020.105145
http://doi.org/10.1007/s11356-020-09052-0
http://doi.org/10.7717/peerj-achem.5
http://doi.org/10.1016/j.envpol.2013.03.016
http://doi.org/10.1007/s00484-015-0984-z
http://www.ncbi.nlm.nih.gov/pubmed/25900003
http://doi.org/10.1016/j.envres.2006.06.005
http://doi.org/10.1038/s41598-017-08287-1
http://www.ncbi.nlm.nih.gov/pubmed/28831041
http://doi.org/10.1016/j.buildenv.2020.106956
http://doi.org/10.1016/j.atmosenv.2005.03.013
http://doi.org/10.1016/j.envpol.2016.04.028
http://doi.org/10.1016/j.atmosenv.2010.08.039
http://doi.org/10.1016/j.envres.2019.108730
http://doi.org/10.1016/j.atmosenv.2011.12.045
http://doi.org/10.5194/acp-13-4375-2013
http://doi.org/10.5194/acp-14-8679-2014
http://doi.org/10.1016/j.atmosenv.2018.06.038
http://doi.org/10.1016/j.atmosenv.2011.11.038
http://doi.org/10.1016/j.scitotenv.2018.02.096
http://doi.org/10.5194/acp-11-2917-2011
http://doi.org/10.5194/acp-10-565-2010
http://doi.org/10.1016/j.scitotenv.2020.142026
http://doi.org/10.4209/aaqr.2018.12.0452

	Introduction 
	Materials and Methods 
	Sites and Sampling 
	Potentially Toxic Metals Characterization via ICP-MS 
	Water-Soluble Inorganic Ions 
	The Crustal Enrichment Factors (CEFs) 
	Health Risk Assessment 
	Statistics 

	Results and Discussion 
	Weather Conditions 
	The Mass Concentration of Atmospheric Particulate Matter Size Distribution 
	The Mass Concentration of Water-Soluble Inorganic Ionic Species Size Distribution and Sources 
	Potentially Toxic Metals 
	The Mass Concentration of Potentially Toxic Metals Size Distribution 
	Source-Apportionment of Potentially Toxic Metals by Crustal Enrichment Factors 
	Health Risk Assessment 


	Conclusions 
	References

