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Abstract: In this study, PM2.5 was analyzed for heavy metals at two sites in industrial northeast
China to determine their sources and human health risks during heating and non-heating periods. A
positive matrix factorization (PMF) model determined sources, and US Environmental Protection
Agency (USEPA) and entropy weight methods were used to assess human health risk. PM2.5 heavy
metal concentrations were higher in the heating period than in the non-heating period. In the heating
period, coal combustion (59.64%) was the primary heavy metal source at Huagong Hospitals, and the
contribution rates of industrial emissions and traffic emissions were 21.06% and 19.30%, respectively.
Industrial emissions (42.14%) were the primary source at Xinqu Park, and the contribution rates of
coal combustion and traffic emissions were 34.03% and 23.83%, respectively. During the non-heating
period, coal combustion (45.29%) and industrial emissions 45.29% and 44.59%, respectively, were the
primary sources at Huagong Hospital, and the traffic emissions were 10.12%. Industrial emissions
(43.64%) were the primary sources at Xinqu Park, where the coal combustion and traffic emissions
were 25.35% and 31.00%, respectively. In the heating period, PM2.5 heavy metals at Xinqu Park had
noncarcinogenic and carcinogenic risks, and the hazard index of children (5.74) was higher than that
of adult males (5.28) and females (4.49). However, adult males and females had the highest lifetime
carcinogenic risk (1.38 × 10−3 and 1.17 × 10−3) than children (3.00 × 10−4). The traditional USEPA
and entropy weight methods both produced reasonable results. However, when there is a difference
between the two methods, the entropy weight method is recommended to assess noncarcinogenic
health risks.

Keywords: particulate matter; source apportionment analysis; health risk assessment; Huludao

1. Introduction

According to the latest results of the Global Burden of Disease Study, particulate matter
(PM) has become the sixth leading cause of death [1,2], and air pollution is responsible
for 1.5% of the total mortality worldwide [3]. Many epidemiological studies demonstrate
that when inhaled and deposited in the lungs, PM2.5 (particle diameter less than 2.5 µm)
can cause respiratory and cardiovascular disease in humans [4–6]. Thus, exposure to
high concentrations of PM2.5 leads to increases in morbidity and mortality. There are
many sources of PM2.5, including industrial emissions, coal combustion, traffic emissions,
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rocks, and soil weathering [7–9]. The contributions to PM2.5 from different sources depend
on geographic location, climatic conditions, economic structure, and populations [10,11].
When industrial production is reduced, PM2.5 pollution is also reduced in many cities
in China. However, industrial emissions and associated PM2.5 levels remain a cause for
concern in China [10]. The increased burning of coal and biomass in the winter, particularly
in northern China, is the main source of PM2.5 [12,13], in contrast to southern China [14,15].
In industrial cities in northern China, the dual effects of emissions from industry and coal
combustion need to be monitored and evaluated. Heavy metals in PM2.5 can harm multiple
human physiological systems and organs, and therefore, effects on human health are a
concern [16–18]. Moreover, the characteristics of heavy metals in atmospheric particulates
vary depending on the source [19–21]. Studies have shown that the concentration of PM2.5
in Zibo, which is dominated by petrochemical industry, is relatively high in the spring, with
K+ and Mg2+ mainly representing the source of fugitive dust; in winter, the concentration
of F- and NO3

- is relatively high, which represents coal burning; Cd and Ni, the elements of
industrial emissions, do not change significantly throughout the year; research on industrial
cities such as Baoding and the plateau city of Kunming also shows that the concentration
of As and Hg, the elements of coal combustion, is higher in winter; Cd and Pb produced
by zinc smelting are important sources of pollution in Huludao City [8,22–24].

To assess the impact of PM2.5 on human health, the human health risk assessment
method of the US Environmental Protection Agency (USEPA) is often selected [25–29]. Most
analyses of PM2.5 sources and human health risk assessment calculate human health risk
without considering the effects of different sources, and the default parameters of models
assume that factors do not interact or that interactions can be ignored [27,30,31]. However,
because of factors such as humidity, wind speed and direction, temperature, and human
activity, there may be different combinations of pollution sources with different levels of
contribution and concentrations [32]. The USEPA method can be improved by coupling
the source of the pollution analysis model with the human health risk assessment model;
however, such models only analyze data for a specific time [33], and there is no approach
for comprehensive analysis of long time series data. Heavy metals may bioaccumulate,
and animal models indicate that the concentrations of heavy metals and the extent of their
effects are nonlinear [34]. Moreover, the cellular toxicity of multiple heavy metals is not
merely the sum of the toxicity of single heavy metals, and combinations of different heavy
metals can produce synergistic or antagonistic effects [35,36]. Therefore, the health risks of
different heavy metals to a population should not be simply determined by the addition of
effects. To determine the effects of different combinations of pollution sources on human
health risk in a long time series, the possible compound effects of multiple heavy metals on
human health need to be considered. In this article, multiple heavy metals were regarded
as a system, and the entropy weight method was introduced to supplement human health
risk assessment.

Entropy was proposed by the German physicist Clausius to describe random thermal
motion in thermodynamics [37]. Thereafter, Boltzmann developed entropy theory and
applied it to information theory, in which entropy is defined as a random variable [37]
and the acquisition of entropy indicates a loss of information. Therefore, with an increase
in the entropy value, less information is provided by a factor, and it is less important in
a comprehensive evaluation [38]. To reduce the uncertainty of factors in an evaluation
model, the information entropy model was established, which calculates a factor’s entropy
weight [37,39]. The biggest advantage of the entropy method is to use the data itself to
calculate the weight index instead of human factors, thereby improving the objectivity of
the comprehensive evaluation results [40]. The entropy weight method has been validated
in many types of assessments, including environmental pollution assessment, vulnerability
distribution in coastal aquifers, ecological risk assessment, and comprehensive water
quality assessment [39,41,42]. In such studies, the weightings between the indicators in the
index and the weightings of the subsystems in the evaluation system are applied reasonably,
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demonstrating the suitability of the weighting method in evaluation systems. Thus, this
approach should also be applicable to human health risk assessment of atmospheric PM.

To assess heavy metal pollution in Huludao City, Liaoning Province, China, environ-
mental pollution study has focused on soils, indoor and outdoor dust, sediments, fresh
water, insects, and food, and has included heavy metal accumulation, distribution, and
degree of pollution, as well as human health risk assessment [22,43–46]. In this research,
the concentrations of heavy metals in atmospheric PM2.5 were determined, and the health
risks were assessed at two sites in Huludao City. To assess human health risk, the entropy
weight method was compared with the traditional USEPA method. The objectives of the
study were the following: (1) to identify changes in PM2.5 and the heavy metal concentra-
tions during heating and non-heating periods; (2) to determine the main sources of heavy
metals and their contributions in the different periods; (3) to assess the human health risks
of heavy metals in PM2.5 (carcinogenic and noncarcinogenic risks); and (4) to compare
different methods that estimate the human health risk over the long-term.

2. Materials and Methods
2.1. Study Area

The research was conducted at two sites in Huludao City, an industrial city in northeast
China. The city is in the southwestern part of Liaoning Province adjacent to the Liaodong
Gulf of the Bohai Sea (Figure 1). The region has a north temperate continental monsoon
climate. The west monsoon is dominant in winter, and the east monsoon prevails in
summer. The average annual wind speed is 3 m/s. The main industries in Huludao
City are petrochemicals, nonferrous metals, mechanical shipbuilding, and energy and
power. The city has the largest zinc smelter in Asia, the Huludao Zinc Plant (HZP). As a
result of the smelting operations, heavy metals are discharged into the environment and
pollute the atmosphere, soil, and rivers [22,43]. Industrial activities and coal combustion
are responsible for an approximate twofold increase in pollution in the study area. One
sampling site was at Huagong Hospital, which is in the Lianshan District of Huludao City.
Metal mining is the main industry in the region, and the city has a large proportion of
secondary and tertiary industries. The other sampling site was at Xinqu Park, which is in
the Longgang District of Huludao City. The forested land in this area accounted for 50.6%
of the total land area, and it is a relatively new urban area dominated by secondary and
tertiary industries.

2.2. Sample Collection and Preparation

The distribution of sampling sites is shown in Figure 1. At the Huagong Hospital
site, the PM2.5 mass concentrations and the atmospheric particle samples were collected
and measured continuously using an atmospheric particulate monitor (APM; Dasibi 7201,
Beijing Zhongshengtyco Environmental Science and Technology Development Co. Ltd.,
Beijing, China). The duration of sample collection was 1 h, and the airflow was 16.7 L min−1.
At the Xinqu Park site, the PM2.5 mass concentrations and the atmospheric particulate
samples were collected separately by using two APM systems (i-5030 and i-FH62C14,
Thermo Fisher, Franklin, MA, USA). The duration for both sample collections was 6 h,
and the airflow was 16.7 L min−1. The PM2.5 was sampled in the study areas from
April 2015 to March 2016. According to the “Huludao City Heating Management Measures”
(2011), November to March is the heating period, and April to October is the non-heating
period [47]. The PM2.5 was sampled at two points in both Huagong Hospital and Xinqu
Park, and a total of 96 valid samples were collected.
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Figure 1. Study area. S1: Xinqu Park sampling area; S2: Huagong Hospital sampling area.

2.3. Chemical Analyses

The PM2.5 samples were collected on 47 mm diameter quartz fiber filters. A sample
was weighed after constant temperature (25 ◦C) and relative humidity (30%) for 24 h, the
filter membrane was cut in half and transferred to a Teflon digestion vessel. Then, HNO3,
HF, and HClO4 (1:1:5) were added to the vessel. The sample mixture was heated for 3 h at
200 ◦C [48]. After digestion, the sample was cooled to room temperature, and the solution
was quantitatively transferred to a 50 mL volumetric flask, which was filled to the mark.
The sample digests were analyzed using inductively coupled plasma mass spectrometry
(Thermo Fisher, Germany) to determine the concentrations of nickel (Ni), cadmium (Cd),
lead (Pb), copper (Cu), and arsenic (As) on the filters [31].

For quality assurance/quality control, 10 blank filters and river sediment standard
(Fluvial sediments: GBW08301) were digested and analyzed as described above to de-
termine heavy metal detection limits and recovery rates. The average concentrations
in the blank filters were the following (µg m−3): 0.021 ± 0.006 Ni; 0.088 ± 0.006 Cu;
0.249 ± 0.034 As; 0.003 ± 0.002 Cd; and 0.037 ± 0.020 Pb. The detection limits were the
following (µg m−3): 0.016 Ni, 0.018 Cu, 0.098 As, 0.006 Cd, and 0.057 Pb. According to the
river sediment tests, the average recovery rates of heavy metals ranged from 89.83% to
115.15%. The calculated values of the atmospheric PM2.5 samples used in this article were
obtained by subtracting the blank filter value from the test value.

2.4. Positive Matrix Factorization Model (PMF)

A positive matrix factorization (PMF) model allocates sources based on internal
correlation of the data and determines the main contributing factors according to the size of
the contribution and the actual local conditions [19,49]. The eigenvalues of each component
are analyzed, and the source type represented by each factor is determined [19,49]. The
PMF model has been widely used in the analysis of sources of heavy metals, aerosols,
and organic matter in atmospheric PM and has performed well in separating different
combustion sources [19,20,50]. The goal of PMF is to solve the chemical mass balance
between the measured species concentrations and the source profiles [19,49]. In addition,
minimization of the objective function of the PMF model enables derivation of the factor
contributions and the profiles. The species method-specific limit of detection limit (MDL)
is calculated to determine the uncertainty of an element [50–52]. In this study, the PMF
model used 96 samples as the input items. For the model, the MDL was 2.82 times the
standard deviation of the 10 blank filters. The uncertainty was calculated according to
Equations (1) and (2). When the concentration was lower than the MDL, Equation (1) was
used to calculate the uncertainty, and when the concentration was higher than the MDL,
Equation (2) was used, with the error function the relative standard deviation. According
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to the PMF5.0 user guide, a signal-to-noise ratio lower than 0.5 is defined as “Bad”, a
ratio higher than 0.5 and lower than 1 is “Weak”, and a ratio higher than 1 is “Strong”.
According to the running result of the model objective function, the residual result between
−3 and +3 was selected, and the minimum objective function was the output result [53,54].

Unc =
5
6
×MDL (1)

Unc =
√
(Error Fraction× concentration)2 + (0.5×MDL)2 (2)

2.5. Health Risk Assessment

Heavy metals are readily accumulated in human organs such as the liver and kidney
and are difficult to degrade and excrete from the body [55]. Heavy metals in atmospheric
particulates will enter the human body via respiration, skin absorption, and oral intake, and
pose risks to human health [56,57]. Currently, the USEPA’s human health risk assessment
model is widely used to estimate heavy metal exposure levels. The model is based on the
exposure mode, exposure time, concentration factor, and the average daily inhaled dose of
non-carcinogenic metal (ADDinh, mg·kg−1·day−1) and the average daily inhaled dose of
metal carcinogen for lifetime exposure (LADDinh, mg·kg−1·day−1) in order to calculate the
risk index for the human health, as given by Equations (3)–(5) [29,58]. In this study, a risk
assessment for heavy metal (Ni, Cu, As, Cd, and Pb) exposure based on intake of PM2.5
was carried out. The metals were divided into two categories, in which all the heavy metals
were considered non-carcinogenic, and Ni, As, and Cd were considered carcinogenic [59].

The basic statistical data and abbreviations used in the study are as follows:

ADDinh i(LADDinh i) = C× InhR× EF× ED
BW × ATn(ATc)

(3)

C: concentration of heavy metals in PM2.5, mg/m3. InhR: inhalation rate, 19.20 m3/day
for adult males, 14.17 m3/day for adult females, 5.00 m3/day for children [29,58]. EF:
exposure frequency, 350 day/year in this study [56]. ED: exposure duration, 30 years
for adults, and 6 years for children [29,58]. BW: average body weight, 62.70 kg for adult
males, 54.40 kg for adult females, 15.00 kg for children [30,60]. ATn: averaging time for
non-carcinogens, ED × 365 days [30,60]. ATc: averaging time for carcinogens, 70 × 365
days [29,58]. Age of children, 0–16 years; adults, 17–70 years [56].

The hazard quotient (HQ) represents the risk due to non-carcinogens, and the in-
cremental lifetime cancer risk (ILCR) for carcinogens was calculated using the following
equations [22,29,56,58]:

HQi =
ADDinh i

R f Di
(4)

ILCRi = LADDinh i × CSFi (5)

RfD: reference dose; Ni 2.00 × 10−2 mg·kg−1·day−1; Cu 4.00 × 10−2 mg·kg−1·day−1;
As 3.00 × 10−4 mg·kg−1·day−1; Cd 1.00 × 10−3 mg·kg−1·day−1; Pb 3.50 × 10−3 mg·kg−1·
day−1 [29,58]. CSF: carcinogens slope factor; Ni 0.84 mg·kg−1·day−1; As 1.51 mg·kg−1·day−1;
Cd 6.30 mg·kg−1·day−1 [29,58].

As in previous studies [8,29,54], and without considering the interaction between
heavy metals, the hazard index (HI) was calculated by superimposing the HQ value of
each heavy metal, and the ILCRtotal was calculated by superimposing the ILCR value of
each heavy metal, as shown in Equations (6) and (7).

HI = ∑
i

HQi (6)

ILCRtotal = ∑
i

ILCRi (7)
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The human health risk index, however, calculated by the above method does not take
into account the impact of different pollution sources. Although the ME2 model can also
calculate health risks from different sources, it does not consider the long-term effects of
the factors on the population, especially heavy metal pollutants [33,61]. Therefore, this
study introduces the entropy weight method into the human health risk assessment to
evaluate the impact of factors which pose a long-term effect. First, we establish relevant
feature matrices based on the samples and the evaluation parameters:

A =


a11
a21
...

am1

a12
a22
...

am2

· · ·
· · ·

...
· · ·

a1n
a2n

...
amn

 (8)

where A represents the relevant feature matrices, m is the number of considered features
(in this paper m is the number of heavy metals), and n is the number of samples [39,62].
The parameter index amount, j, in sample i is subsequently (yij) calculated by Equation (9);
the information entropy (Hi) is calculated by Equation (10); and the entropy weight, Ei, is
calculated by Equation (11) [62].

yij = aij/
m

∑
i=1

aij i = 1, 2, · · · , m; j = 1, 2, · · · , n. (9)

Hi = −
1

ln n

n

∑
j=1

yij ln yij i = 1, 2, · · · , m; j = 1, 2, · · · , n (10)

Ei =
1− Hi

m−∑m
i=1 Hi

i = 1, 2, · · · , m. (11)

To show the impact of different pollution sources on the human health risk, the entropy
weight method was used to calculate the weight value of the HQ value and the ILCR for
each heavy metal, and the weighted correction of the HI’ value and the ILCRtotal’ for human
health risk, as shown in Equations (12) and (13):

HI′ = ∑
i

HQi · Ei (12)

ILCR′total = ∑
i

ILCRi · Ei (13)

where Ei represents the weight of different heavy metal HQ values or ILCR values in the
method for calculation (see Equations (9)–(11)). If HQ and HI exceed 1 or if ILCR and
ILCRtotal exceed 10−4, then there is a chance that non-carcinogenic or carcinogenic effects
might occur. If the ILCR and ILCRtotal values exceed 10−6, but do not exceed 10−4, there is
a potential carcinogenic risk for the heavy metals [22,55].

2.6. Data Analysis

SPSS Statistics 25 was used for statistical analysis and Origin 2017 for plotting. Excel
in office 2016 calculates the coefficient of variation (CV).

3. Results and Discussion
3.1. Particulate Matter Concentrations

The average PM2.5 concentrations were 45.31 µg m−3 in Xinqu Park and 57.36 µg m−3 in
Huagong Hospital. The concentrations were higher during the heating period (62.63 µg m−3 in
Xinqu Park; 68.36 µg m−3 in Huagong Hospital) than in the non-heating period (33.91 µg m−3

in Xinqu Park; 52.05 µg m−3 in Huagong Hospital). This finding is consistent with the results of
several studies [48,63]. The concentrations in the study area were relatively low compared with
those in Beijing (89.60 to 196.3 µg m−3) [48], Shanghai (103.1 µg m−3) [63], and other large cities.
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In addition, the concentrations in Chengdu (41.45 to 115.4 µg m−3) [64], a city of greater size
and population density than Huludao, were generally higher. The highest PM2.5 concentrations
in Huludao were similar to those in the tourist city of Tai’an (63.00 µg m−3) [65] but were lower
than those in the industrial city of Zhuzhou (81.00 to 201.3 µg m−3) [27]. Existing studies have
shown that only considering the level of social and economic development, when the share of
urban secondary industry is low, PM2.5 pollution is lighter, and the polycentric and scattered
population distribution will increase the concentration of PM2.5 in Chinese cities [10,11].

The concentration of PM2.5 at Huagong Hospital was higher than that at Xinqu Park.
However, the PM2.5 concentration (33.91 µg m−3) at Xinqu Park only met the ambient air
quality standards (35.00 µg m−3) during the non-heating period. High concentrations of
PM2.5 may increase human health risks [60]. A nonparametric test indicated the PM2.5
concentration in Huagong Hospital and Xinqu Park was significantly different (p < 0.05).
The concentration was also significantly different between the two sampling sites during
the heating and the non-heating periods (p < 0.05). These results indicated that the main
sources of PM2.5 at the two sampling sites were different. This difference might be because
Xinqu Park is downwind of the HZP, whereas Huagong Hospital is in the old part of the
city northwest of the HZP and is relatively less affected by plant emissions.

3.2. Heavy Metal Content of PM2.5

Figure 2 shows heavy metal concentrations in PM2.5 in the study area. Except for
As and Pb at Huagong Hospital, the concentration of heavy metals in the heating period
was higher than that in the non-heating period. The concentration of heavy metals in
PM2.5 at Xinqu Park was higher than that at Huagong Hospital during the heating period,
and the concentrations of Ni and Cd at Xinqu Park were higher than those at Huagong
Hospital during the non-heating period. Differences in the locations and sources of the two
sampling sites might have affected the concentrations of heavy metals. In previous studies,
the concentration of heavy metals is highest in winter and lowest in summer [13,64]. The
heavy metal content of PM2.5 in the industrial city of Changzhou in southern China in
autumn and winter was higher than that in the present study. In Changzhou, traffic and
industrial emissions are the main sources of pollution, with coal combustion sources the
smallest contributor [30]. By contrast, in Chifeng City in northern China, the main sources
of heavy metal pollution are coal combustion and vehicle emissions [66]. The heavy metal
concentrations of PM2.5 in Chifeng City are slightly lower than those in the present study,
and the highest concentrations occur in winter and the lowest concentrations occur in
summer [66].

Nonparametric tests on the heavy metal concentrations in the different sampling peri-
ods detected differences between heavy metals (p < 0.05), suggesting there were multiple
sources of heavy metals. During the heating period, the concentrations of As, Pb, and
Cu were relatively high. Arsenic is an important indicator of coal combustion, and Pb
is an important pollutant from zinc smelting and may also be a product of coal combus-
tion [64,67]. Therefore, during the heating period, heavy metal concentrations in PM2.5
might be most affected by coal combustion and industrial production. In the non-heating
period, the concentrations of As, Pb, and Cu were higher at Huagong Hospital than at
Xinqu Park, whereas the concentrations of Ni and Pb were higher at Xinqu Park than at
Huagong Hospital. Nickel is primarily derived from the burning of fossil fuels, the wear of
auto parts, and ship emissions [64,67,68]. Therefore, during the non-heating period, the
differences in the concentrations of heavy metals between the two sampling points might
be due to the different locations and sources.
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3.3. Source Apportionment Analysis
3.3.1. Identification of Factors

The USEPA PMF5.0 model was used to classify the sources of heavy metals in PM2.5
at Huagong Hospital and Xinqu Park. Figure 3 shows the major air pollution sources
and their contributions. The first factor had high concentrations of As (44.30–84.53%),
Pb (36.61–47.86%), and Cd (6.50–66.20%). Many studies show that As and Pb are important
indicators of coal combustion, especially As [64,69,70]. The combustion of coal also releases
many trace elements, including Pb and Cd [58,71], and thus, those metals in PM2.5 indicated
that coal combustion might be the source. The second factor had high concentrations of Cd
(22.53–57.46%), Pb (33.95–50.60%), and Cu (13.87–74.23%). The metals Cd, Cu, and Pb are
typically associated with smelting and nonferrous metal industries [64,72–74], Cd and Pb
are important pollution signs in zinc smelting [40–42], and therefore, the emission signature
was attributed to industrial emissions. The third factor had relatively high concentrations
of Ni (12.41–79.05%), Cd (11.27–36.04%), and Pb (12.79–22.62%). Nickel is primarily derived
from the combustion of fossil fuels but is also an important indicator of ship emissions and
is closely linked with road dust derived from worn vehicle components (e.g., brake linings
and tire wear) and vehicle exhaust (oil, diesel combustion) [66,68,75]. The study area is
adjacent to Liaodong Bay, and ship emissions might be a source of heavy metals in PM2.5,
which were classified as traffic emissions. In this article, the traffic emissions are the total
emissions generated by vehicle and ship emissions. The study area is in northeast China
and is a typical metallurgical processing area. The HZP produces 3.3 × 105 tonnes of zinc
per year, as well as Cd [46] and a variety of heavy metals [76]. Thus, industrial emissions
and coal combustion were the main sources of PM2.5 in the study area.
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3.3.2. Source Apportionment for the Non-Heating Period

Figure 4 shows the source contributions from the PMF model. In the non-heating
period, the main source of heavy metals in PM2.5 at Huagong Hospital was industrial
emissions (45.29%), followed by coal combustion (44.59%) and traffic emissions (10.12%).
At Xinqu Park, the main source was industrial emissions (43.64%), followed by traffic
emissions (31.00%) and coal combustion (25.35%). According to the model results, indus-
trial emissions were the main source of PM2.5 in the study area. The different secondary
sources for the two sampling points might be related to their locations and meteorological
factors. During the non-heating period, the study area is dominated by southerly and
southwesterly winds. Therefore, the sampling points in Xinqu Park were likely affected
by emissions from ships in Liaodong Bay, and the contribution from traffic emissions was
relatively high. The results in this study are consistent with those for Chengdu and Tai’an
in southern China [64,65]. However, industrial emissions had a relatively high contribution
in the study area, likely because zinc smelting was the dominant industry. Chengdu is
a provincial capital city, and Tai’an is a tourist destination [64,65]. The contribution of
industrial emissions during the non-heating period (summer) was higher than that of coal
burning, which is in contrast to results from the industrial city of Chifeng in northern
China [66]. The contrast may be due to coal-fired power generation and coke plants in
Chifeng City, which increase the contribution of coal combustion during the non-heating
period [66], compared with that in the study area.
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3.3.3. Source Apportionment for the Heating Period

The PMF model identified the main sources of PM2.5 in the study area (Figure 4). Dur-
ing the heating period, the main source of heavy metals in PM2.5 at Huagong Hospital was
coal combustion (59.64%), followed by industrial emissions (21.06%) and traffic emissions
(19.30%), whereas at Xinqu Park, industrial emissions (42.14%) dominated, followed by
coal combustion (34.03%) and traffic emissions (23.83%). Thus, there were differences in
the main sources of PM2.5 heavy metals at the two sampling sites. The differences might
be because Huagong Hospital is in the old urban area of the city where the population is
relatively dense. Coal-fired heating might also affect the site, in addition to industrial pro-
duction, particularly considering the wind direction. During the heating period, the wind
direction is mainly northerly and southwesterly, and because of the dilution/dispersal
effect, the wind direction might have had a disproportionate effect on pollutant disper-
sal [77]. Coal-fired heating might have had less effect on Xinqu Park. In Liaoning Province,
for example, coal consumption for industrial processes reached 175 million tonnes in 2015,
including the burning of 140 million tonnes of coal for fuel [78]. In Chengdu, air condition-
ers are heavily used in the cold period, and that usage creates an increased demand for
coal in thermal power generation; hence, the contribution of PM2.5 associated with coal
combustion increases in winter [64].

Overall, industrial emissions were the main source of PM2.5 in the study area, followed
by coal combustion and then traffic emissions. These results are the same as those for Tai’an
and Chengdu [64,65], whereas the differences between Chifeng City and the present study
are only because the research area is an industrial city dominated by zinc smelting [66].
At Huagong Hospital, coal-fired heating increased the contribution of coal combustion to
heavy metals in PM2.5. A similar conclusion was also reached in a PM10 source analysis in
northeast China [79]. According to the data of the Department of Ecology and Environment
of Liaoning Province (2015), the contributions to PM2.5 from industrial emissions are much
higher than those from traffic emissions. Because contributions from pollution sources
change in time and space, there are different combinations of pollutants, and they likely
have different health risks to populations.

3.4. Health Risk Assessment

The human health risk assessment index only represents the assessment results for a
particular period. However, because of the bioaccumulation of heavy metals, the assess-
ment results of individual sampling periods cannot fully represent the human health risks
in a study area. Therefore, in this paper, the average value of heavy metal concentrations
during the sampling period was used to represent the human health risk associated with
heavy metals in PM2.5. In this study, HQ was used to evaluate the noncarcinogenic risk,
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and the ILCR was used to evaluate the carcinogenic risk. The different types of risk were
analyzed separately for the heating and non-heating periods. The total carcinogenic risk
and the total noncarcinogenic risk were calculated by the traditional USEPA method and
the entropy weight method; the calculation results are shown in Figure 5.

Atmosphere 2021, 12, x FOR PEER REVIEW 12 of 18 
 

 

source analysis in northeast China [79]. According to the data of the Department of Ecol-
ogy and Environment of Liaoning Province (2015), the contributions to PM2.5 from indus-
trial emissions are much higher than those from traffic emissions. Because contributions 
from pollution sources change in time and space, there are different combinations of pol-
lutants, and they likely have different health risks to populations. 

3.4. Health Risk Assessment 
The human health risk assessment index only represents the assessment results for a 

particular period. However, because of the bioaccumulation of heavy metals, the assess-
ment results of individual sampling periods cannot fully represent the human health risks 
in a study area. Therefore, in this paper, the average value of heavy metal concentrations 
during the sampling period was used to represent the human health risk associated with 
heavy metals in PM2.5. In this study, HQ was used to evaluate the noncarcinogenic risk, 
and the ILCR was used to evaluate the carcinogenic risk. The different types of risk were 
analyzed separately for the heating and non-heating periods. The total carcinogenic risk 
and the total noncarcinogenic risk were calculated by the traditional USEPA method and 
the entropy weight method; the calculation results are shown in Figure 5. 

 
Figure 5. Risk indices of the two methods. Note: A represents non-heating period in Huagong Hos-
pital; B represents heating period in Huagong Hospital; C represents non-heating period in Xinqu 
Park; D represents heating period in Xinqu Park. Children: 0–16 years; males: 17–70 years; females: 
17–70 years. EWM: entropy weight method. 

3.4.1. Non-Carcinogenic Risk Assessment 
The lowest noncarcinogenic risk index in the non-heating period was for adult 

women at Xinqu Park (2.14 × 10−2 (USEPA) and 1.78 × 10−2 (entropy weight method)), 
whereas the highest noncarcinogenic risk index was for children at Huagong Hospital 
(0.469 (USEPA) and 0.788 (entropy weight method)) (Figure 5). In the non-heating period, 
the hazard index was less than 1, indicating that heavy metals in PM2.5 in the study area 
did not pose a noncarcinogenic human health risk. During the heating period, adult 

Figure 5. Risk indices of the two methods. Note: (A) represents non-heating period in Huagong
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females: 17–70 years. EWM: entropy weight method.

3.4.1. Non-Carcinogenic Risk Assessment

The lowest noncarcinogenic risk index in the non-heating period was for adult women
at Xinqu Park (2.14× 10−2 (USEPA) and 1.78× 10−2 (entropy weight method)), whereas the
highest noncarcinogenic risk index was for children at Huagong Hospital (0.469 (USEPA)
and 0.788 (entropy weight method)) (Figure 5). In the non-heating period, the hazard
index was less than 1, indicating that heavy metals in PM2.5 in the study area did not
pose a noncarcinogenic human health risk. During the heating period, adult women
at Huagong Hospital had the lowest noncarcinogenic risk (5.67 × 10−2 (USEPA) and
1.79 × 10−2 (entropy weight method)), whereas children at Xinqu Park had the highest
noncarcinogenic risk index (5.90 (USEPA) and 5.74 (entropy weight method)). The HI value
of Xinqu Park was greater than 1, indicating that heavy metals posed a noncarcinogenic
risk to human health in the area. Similar results are also reported for Tianjin City and
Sistan in Iran [80,81]. Increased human health risks associated with increased heavy metal
concentrations have been reported previously [16,82]. For the different populations at the
two sampling locations within the same sampling period, the noncarcinogenic risk index
was ranked as children > adult males > adult females. Thus, children likely faced the
greatest noncarcinogenic risk from heavy metal pollution. This finding is consistent with
studies in which the noncarcinogenic risk for children is higher than that for adults. In
addition, the exposure parameters of weight and breathing rate, among others, are higher
for adult males than for adult females [8,11,31]. A nonparametric test of the population
HI determined by the two methods in the different periods showed that the results were
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significantly different at Huagong Hospital (p < 0.05). However, there was no significant
difference between the results of the two methods at Xinqu Park (p > 0.05). This difference
might be because the main sources of heavy metals in PM2.5 in the heating and non-heating
periods at Huagong Hospital were different, as were the main contributing heavy metals.
Therefore, the weight of the HQ value of each heavy metal calculated by the entropy weight
method was different. To compare the difference in the results of the two methods, the
coefficient of variation (CV) of the HI value during the period was calculated. At Huagong
Hospital, the CV values of the entropy weight method were slightly higher (1.185 for the
non-heating period and 0.524 for the heating period) than those of the USEPA method
(1.182 for the non-heating period and 0.453 for the heating period). At Xinqu Park, the CV
values of the entropy weight method were lower (0.561 for the non-heating period and
1.419 for the heating period) than those of the USEPA method (0.563 for the non-heating
period and 1.437 for the heating period). Thus, there was little difference between the
results of the two methods at Xinqu Park, and the values calculated by the entropy weight
method had a lower degree of dispersion. In evaluating the effects of long-term changes
in heavy metal concentrations in PM2.5 on human health risks, the calculation results of
entropy weight method might be more representative.

3.4.2. Carcinogenic Risk Assessment

Figure 5 shows the carcinogenic risk assessment results for the study area. The
lowest carcinogenic risk index for the non-heating period was for children at Xinqu Park
(3.31 × 10−6 (USEPA) and 3.73 × 10−6 (entropy weight method)), whereas the highest
carcinogenic risk index was for adult males at Huagong Hospital (8.30 × 10−5 (USEPA)
and 1.55 × 10−4 (entropy weight method)). Therefore, according to the entropy weight
method, the heavy metals in PM2.5 in the non-heating period were a potential carcinogenic
risk in the study area or a carcinogenic risk to adults at Huagong Hospital (1.55 × 10−4

for males and 1.32 × 10−4 for females). The lowest carcinogenic risk index for the heating
period was for children at Huagong Hospital (3.17 × 10−6 (USEPA) and 1.33 × 10−6

(entropy weight method)), whereas the highest carcinogenic risk index was for adult males
at Xinqu Park (1.38 × 10−3 (USEPA) and 1.37 × 10−3 (entropy weight method)). During
the heating period, the heavy metals in PM2.5 were a potential carcinogenic risk to people
at Huagong Hospital and a carcinogenic risk to people at Xinqu Park. A nonparametric
test of the population HI of the two methods in different periods showed that the two
methods produced different results at Huagong Hospital (p < 0.05) but not at Xinqu Park
(p > 0.05). At Huagong Hospital, the CV values of the entropy weight method were slightly
higher (1.185 for the non-heating period and 0.889 for the heating period) than those of
the USEPA method (1.160 for the non-heating period and 0.518 for the heating period).
At Xinqu Park, the CV values of the entropy weight method were lower (0.742 for the
non-heating period and 1.396 for the heating period) than those of the USEPA method
(0.607 for the non-heating period and 1.396 for the heating period). The results of the
two methods at Xinqu Park were similar, although the result of the USEPA method had
a smaller degree of dispersion. For ILCR, the traditional USEPA method might be more
applicable. At Xinqu Park, the carcinogenic risk during the heating period was higher than
that in the non-heating period, a conclusion also reached in a recent study [8]. However, at
Huagong Hospital, the risk of carcinogenesis was high during the non-heating period. For
the different population groups, the risk of carcinogenesis was higher in adults than that
in children, and the health risks of adult males were higher than those of adult females.
Studies of the Pearl River delta region and Baoding City reached conclusions consistent
with those of this study [8,83]. With respect to the study area, industrial emissions and
coal combustion were the main sources of carcinogenic risk for the population, and heavy
metals caused the highest carcinogenic risk to adult males and the lowest carcinogenic risk
to children.
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4. Conclusions

In this study, PM2.5 concentrations were quantified, the sources were identified, and
health risks were assessed in an industrial area of northeast China. The concentrations of
PM2.5 in the heating period were higher than those in the non-heating period. In addition,
the PM2.5 concentrations in the old city at Huagong Hospital were higher than those at
Xinqu Park. The PM2.5 concentrations of various metals differed. In general, the heavy
metal concentrations in the heating period were higher than those in the non-heating
period. Nonparametric tests detected differences between concentrations of heavy metals
in PM2.5, indicating there were different sources of heavy metals in the study area. The
PMF model identified industrial emissions as the main source of heavy metals in PM2.5,
followed by coal combustion and then traffic emissions. Compared with the sources of
emissions at Xinqu Park, an increased demand for coal combustion for heating during
the winter led to elevated concentrations of heavy metals in PM2.5 at Huagong Hospital,
demonstrating coal combustion was the most important source of pollution. In the heating
period, coal combustion (59.64%) was primary heavy metal source at Huagong Hospitals,
and the contribution rates of industrial emissions and traffic emissions were 21.06% and
19.30%, respectively. Industrial emissions (42.14%) were the primary source at Xinqu
Park, and the contribution rates of coal combustion and traffic emissions were 34.03%
and 23.83%, respectively. During the non-heating period, coal combustion (45.29%) and
industrial emissions (44.59%) were the primary sources at Huagong Hospital, and the
traffic emissions were 10.12%. Industrial emissions (43.64%) were the primary sources at
Xinqu Park, the coal combustion and traffic emissions were 25.35% and 31.00%, respectively.
Differences in the contributions of heavy metals in PM2.5 from different pollution sources
affected the risks to human health. Children had the highest noncarcinogenic risk and
adult females had the lowest noncarcinogenic risk, whereas adult males had the highest
carcinogenic risk and children had the lowest carcinogenic risk. Furthermore, during the
heating period, there were noncarcinogenic and carcinogenic risks to the public only at
Xinqu Park, whereas during the non-heating period, there was potential carcinogenic risk
for people in Huagong Hospitals and Xinqu Park. Compared with the traditional USEPA
method, the results of the entropy weight method were also reasonable. However, when
there is a difference between the two methods, the entropy weight method is recommended
to assess noncarcinogenic health risks, because the result has smaller dispersion and is
more representative. In contrast, the USEPA method is recommended for ILCR.
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