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Abstract: To evaluate air pollution and the public health burden of heavy metals in PM2.5 in a
campus with a population of approximately 40,000 in a typical suburb area of Taiyuan, North
China, PM2.5 measurements were conducted during the spring and winter of 2016. The average
concentrations of PM2.5 in spring and winter were 97.3 ± 35.2 µg m−3 and 205.9 ± 91.3 µg m−3,
respectively. The order of concentration of heavy metals in PM2.5 was as follows: Zn > Pb > Mn >
Cu > Cr > Ni > Cd > As, in both spring and winter. The concentrations of Cd and Pb in winter and
the concentrations of Cr in both spring and winter in this study were significantly higher than the
corresponding air quality standard values. Road/soil dust, industrial emissions/coal combustion,
and vehicle emissions/oil combustion and coal combustion/industrial emissions, road/soil dust,
and vehicle emissions/oil combustion were identified by principal component analysis to be the
major sources of heavy metals for spring and winter, respectively. The carcinogenic risks posed by Cr
via the three exposure pathways (except for inhalation exposure to children) and by Pb via ingestion
exposure exceeded the acceptable level for both children and adults. The non-carcinogenic risks
posed by Mn via inhalation for both children and adults, and by Cr and Pb for children via ingestion
exceeded the acceptable level.
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1. Introduction

Severe haze pollution, mainly caused by fine particulate matters with aerodynamic diameters less
than 2.5 µm (PM2.5), is becoming one of the hottest issues in recent years [1–3]. PM2.5 not only affects
the air visibility by light extinction [4,5], but also plays an important role in being harmful to human
health [6], mainly because it can carry varieties of pathogenic components (e.g., viruses, polycyclic
aromatic hydrocarbons, bacteria, and heavy metals) and can enter the respiratory system or other
organs of human beings [7]. Epidemiologic evidence associated cognitive deficits with PM2.5 exposure
among the elderly [8]. Cacciottolo et al. conducted time-to-event analyses to examine associations
between long-term residential exposure to PM2.5 and adverse neurocognitive outcomes, and found
that residing in places with fine particles exceeding United States Environmental Protection Agency
(US EPA) standards increased the risks for global cognitive decline and all-cause dementia, respectively,
by 81% and 92% [9]. Heavy metals (e.g., Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb) have been used by humans
for thousands of years. Previous studies have demonstrated the adverse health effect relationship
between particulate matter exposure and toxic heavy metals [10–13]. The International Agency
for Research on Cancer (IARC) classified As, Ni, Cd, and Cr as class I carcinogenic contaminants.
Human beings exposed to As via drinking water show excess risk of mortality due to lung, bladder,
and kidney cancer, with the risk increasing with increasing exposure. In addition, those exposed to
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As by inhalation, such as smelter workers, pesticide manufacturers, and miners in many different
countries, consistently demonstrate an excess risk of lung cancer [14]. Cd exposure was reported
to be related to chronic renal failure [15]. Pb inorganics were classified as class II(B) carcinogens
(i.e., ‘possible human carcinogen’). The risks of spontaneous abortion, reduced fetal growth (preterm
delivery, low birth weight), and reduced offspring neurobehavioral development may be related with
high levels of parental Pb exposure [16]. Although Zn, Cu, and Mn were classified as non-carcinogenic
contaminants, Zn, for example, as the major heavy metal in airborne PM2.5, may cause damage to
plasmid DNA [17].

University campuses usually have high population densities. The populations on university
campuses are mainly composed of students and teachers. There are usually also kindergarten,
elementary, and secondary schools on campus. Students leave campus for a specific period each year.
Some studies on PM2.5 have been conducted on campuses; however, most of those campuses are in the
inner city. North University of China (NUC), with a population of approximately 40,000 (students and
teachers), is located in a typical suburb area in the north of Taiyuan, surrounded by villages. Most of
the faculty’s children in the surrounding villages also study on the campus. The local residents mainly
depend on student-related business for their livelihood (e.g., illegal taxis, restaurants with raw-coal
burning for energy), and columns of acrid black smoke bloom upward from chimneys of the farmers’
coal stoves in winter. The distance from the campus to the center of Taiyuan City is about 25 km.
The aim of the present study is to evaluate air pollution and the public health burden of heavy metals
in PM2.5 in the NUC campus. PM2.5 measurements were conducted during the spring and winter
of 2016. Eight heavy metals (i.e., Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb) in PM2.5 were quantified and
source-identified. Additionally, the health risks of exposure to the observed elements in particulate
matter were assessed for both the children and adults on the campus.

2. Experiments

2.1. Sample Collection and Analysis

The sampling site in this study was the rooftop of a science building (about 27 m above ground
level; 38.02 N, 112.45 E) of NUC in a typical suburb area in the north of Taiyuan City, with villages
around. Taiyuan City and its main power plants and industrial facilities have been described in detail
in our previous study [18]. The specific locations of the sampling site, power plants, and industrial
facilities are shown in Figure 1. The methods of sample collection and analysis have also been described
in detail in our previous study [18]. Shortly, PM2.5 were collected on prebaked (600 ◦C, 4 h) quartz
microfiber filters (90 mm, Munktell Ahlstrom, Falun, Sweden) for 24 h (starting at approximately
8:00 a.m.) by a PM2.5 sampler (KC-6120, Qingdao Laoshan Electronic Instrument Factory Co., Ltd.,
Qingdao, China) at a flow rate of 100 L min−1, and weighed by an electronic microbalance (FA1004,
Lichen, Shanghai, China). The wind speeds and directions were monitored using an anemometer
(ZCF-5, Sipeik, Hefei, China). Heavy metals (i.e., Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb) were measured
using an inductively coupled plasma optical emission spectrometer (ICP-OES, Agilent 5100).
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Figure 1. Sampling site and the main industries (NUC represents the sampling site at the North 
University of China; 1, 2, 3, and 4 are the First and Second Power Stations, Taiyuan Iron and Steel 
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Figure 1. Sampling site and the main industries (NUC represents the sampling site at the North
University of China; 1, 2, 3, and 4 are the First and Second Power Stations, Taiyuan Iron and Steel
Factory, and Taiyuan Heavy Machinery Factory, respectively).

2.2. Health Risk Assessment

Because of the different effects on the respiratory systems and behaviors of residents living in
this area, the subjects were divided into children and adults [19]. The daily dose through inhalation
(Dinh, mg kg−1 day−1), ingestion (Ding, mg kg−1 day−1), and dermal contact (Dder, mg kg−1 day−1)
were calculated using Equations (1)–(3) [20,21].

Dinh =
C× InhR× ED× EF

BW×AT
(1)

Ding =
C× IngR× ED× EF

BW×AT
× 106 (2)

Dder =
C× SA×AF×ABS× ED× EF

BW×AT
× 106 (3)

All parameters above are described in Table 1. The concentrations units of elements were
transformed from µg m−3 to mg kg−1 before conducting the risk assessment posed by heavy metals in
PM2.5 via injection and dermal. The upper limit of the 95% confidence interval for the mean (95% UCL)
was calculated to represent the “reasonable maximum exposure” [19] in an exposure assessment, as
shown in the following formula [19,20]:

C95%UCL = exp
{

X + 0.5× s2 +
S× H√

n− 1

}
(4)

where X is the arithmetic mean of the log-transformed data, s is the standard deviation of the
log-transformed data, H is the H-statistic, and n is the number of samples. Because of the differences
in the body size between Chinese and foreigners, the values representing exposed skin area adopted
here were 2011.25 cm2 for adults and 1077.5 cm2 for children, according to Reference [22]. The dermal
absorption factor (ABS) for As, Cd, and others were 0.03, 0.001 [19,20,23,24], and 0.01 [19], respectively.
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Table 1. Exposure factors for health risk assessment model.

Parameters Definition
Values

References
Children Adult

C (µg m−3 or mg kg−1) Concentrations of elements 95% UCL 95% UCL This study
InhR (m3 day−1) Inhalation rate 7.6 20 [20]

ED (year) Exposure duration 6 24 [19,20]
EF (days year−1) Exposure frequency 180 180 This study

BW (kg) Body weight 15 70 [19]
AT (day) Average exposure time

(for non-carcinogenic) ED × 365 ED × 365 [20]
(for carcinogenic) 70 × 365 70 × 365 [20]
IngR (mg day−1) Ingestion rate 200 100 [19,24]

SA (cm2) Exposed skin area 1077.5 2011.25 [22]
SL (mg cm−2 day−1) Skin adherence factor 0.2 0.07 [19,20]

ABS Dermal absorption factor As (0.03) As (0.03) [19,23,25]
Cd (0.001) Cd (0.001) [19,23,24]

Others (0.01) Others (0.01) [19]

The hazard quotient (HQ) is used for assessing the level of concern for each non-carcinogenic
contaminant, and the hazard index (HI) is the sum of the HQs for several chemicals. If the HQ or HI
equals or exceeds one, there may be concern for potential exposure to site contaminants. Lifetime
cancer risk (CR) was used to assess carcinogenic risk, and the acceptable or tolerable risk is 1 × 10−6 to
1 × 10−4 [21]. Equations are as below [19,20,24]:

HQ = D/RfD (5)

HI = ∑ HQ (6)

CR = Dinh × IUR = Ding × SF = Dder × (SF/G) (7)

where RfD refers to the reference dose of each intake path (mg kg−1 day−1); IUR is the inhalation unit
risk ((µg m−3)−1); SF is the slope factor (mg kg−1 d−1); and G is the gastrointestinal absorption factor.
The values of RfD, IUR, SF, and G for heavy metals are summarized in Table 2.

Table 2. The values of the reference dose (RfD; mg kg−1 day−1), inhalation unit risk (IUR; (µg m−3)−1),
slope factor (SF; mg kg−1 d−1), and gastrointestinal absorption factor (G) for heavy metals [19,23,24,26].

Parameters Cr Mn Ni Cu Zn As Cd Pb

RfD Inhalation 1.00 × 10−4 5.00 × 10−5 5.00 × 10−5 1.50 × 10−5 1.00 × 10−5

Ingestion 3.00 × 10−3 1.40 × 10−1 5.00 × 10−2 4.00 × 10−2 3.00 × 10−1 3.00 × 10−4 1.00 × 10−3 3.50 × 10−3

Dermal 2.50 × 10−2 1.00 × 100 4.00 × 10−2 1.00 × 100 1.00 × 100 1.00 × 100 2.50 × 10−2 1.00 × 100

IUR 1.20 × 10−2 / 2.40 × 10−4 / / 4.30 × 10−3 1.80 × 10−3 8.00 × 10−5

SF 5.00 × 10−1 / 8.40 × 10−2 / / 1.50 × 100 6.40 × 10−1 2.80 × 10−1

G 2.50 × 10−2 / 4.00 × 10−2 / / 1.00 × 100 2.50 × 10−2 1.00 × 100

3. Results and Discussion

3.1. The Characteristics of Heavy Metals in PM2.5

The measured concentrations of PM2.5 and eight heavy metals are presented in Table 3. The average
concentrations of PM2.5 in the spring (97.3 ± 35.2 µg m−3) and winter (205.9 ± 91.3 µg m−3) were 2.9
and 5.9 times higher than the daily air quality limit (35 µg m−3 in standard I) set by the Ministry of
Environmental Protection of China (MEPC). PM2.5 concentrations for more than 94% of the sampling
days exceeded 35 µg m−3, and even exceeded 75 µg m−3 (standard II set by the MEPC) on more than
82% of the sampling days.
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Table 3. The average concentrations (mean ± SD) of PM2.5 (µg m-3) and heavy metals (ng m−3) at
NUC and in other cities of China.

Species
NUC Beijing Shanghai Taichung Nanjing Guangzhou Foshan

Spring (n = 48) Winter (n = 37) Winter [27] Winter [28] Annual [29] September [19] [30] Winter [31]

PM2.5 97.3 ± 35.2 205.9 ± 91.3 126 75.89 42.8 ± 17.4 / 91.4 ± 21 136.4 ± 40.5
Cr 63.6 ± 45.6 105.0 ± 80.8 30 7 33.5 ± 48 22.5 ± 7.8 51 ± 11 /
Mn 171.9 ± 64.8 166.5 ± 78.8 70 62 19.1 ± 20.5 48.3 ± 6.4 39 ± 8 200.6 ± 129.4
Ni 25.3 ± 18.9 38.8 ± 30.8 40 6 11.8 ± 29.9 6.7 ± 3.7 33 ± 7 /
Cu 83.1 ± 48.3 115.6 ± 52.8 200 13 11.5 ± 19.9 65.7 ± 32.1 109 ± 23 283.8 ± 174.7
Zn 338.2 ± 147.8 554.0 ± 161.6 310 235 177.8 ± 103.0 230 ± 69.3 680 ± 146 2214 ± 1438
As 1.8 ± 1.1 5.5 ± 3.5 10 / / 4.3 ± 2.3 81 ± 17 76.6 ± 49.1
Cd 2.8 ± 0.3 10.7 ± 2.4 0 1 4.3 ± 8.5 1.3 ± 0.1 14 ± 3 42.6 ± 45.2
Pb 214.3 ± 109.0 517.1 ± 185.3 150 64 283.1 ± 252.9 81.5 ± 12.0 373 ± 80 675.7 ± 378.5

As listed in Table 3, Zn and Pb were the most abundant metals in PM2.5 in both the spring and
winter. The order of concentrations of heavy metals in PM2.5 were as follows: Zn > Pb > Mn > Cu >
Cr > Ni > Cd > As, in both the spring and winter. The concentrations of Cr, Ni, Cu, Zn, As, Cd, and
Pb were 1.65, 1.53, 1.39, 1.64, 3.06, 3.82, and 2.41 times higher in winter than in spring, respectively.
However, the concentration of Mn was slightly higher in spring than in winter, which should be
ascribed to the frequent dust storms in spring. Previously studies have shown that Mn was the main
pollutant in soil and street dust [32,33], especially in Asian natural soil dust [32,34,35]. Therefore, Mn
is usually a marker of particulate matter originating soil and re-suspension dust [36]. According to
MEPC (GB3095-2012), the annual average concentration standards of Cr(VI), As, Cd, and Pb are 0.025,
6, 5, and 500 ng m−3, respectively. The concentrations of Cr, Cd, and Pb in winter in this study were
significantly higher than the standard values. The concentration of Cr in spring also exceeded the
standard value. Considering that the toxicity of Cr is dependent on its valence states [19] and the
concentration ratio of Cr(VI) and Cr(III) is about 1 to 6 [37], the concentrations of Cr in this study were
still higher. The concentration of As in both the spring and winter were lower than the corresponding
standard value and the values reported in other cities [27,28,31]. The concentrations of most of heavy
metals in PM2.5 in this work were lower than those in Foshan [31], but much higher than those in
Beijing [27], Shanghai [28], Nanjing [19], and Taichung [29]. The 48-h back trajectories starting at 300 m
from NUC were computed by using the HYSPLIT 4 model of the National Oceanic and Atmospheric
Administration (NOAA) (https://ready.arl.noaa.gov/HYSPLIT.php). As shown in Figure 2, the major
pollution episodes usually occurred during periods with air parcels originating from the southeast and
southwest for spring and winter, respectively, and from northwest directions with slow wind speed.
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3.2. Source Identification

IBM SPSS (version 22) was employed for the principal component analysis (PCA). Table 4 shows
the principal component loadings of the heavy metals during the study periods with corresponding
variances. The PCA results demonstrated that 86.64% and 92.76% of the data variance for the spring
and winter can be explained by three factors, respectively.

Table 4. Principal component analysis (PCA) results of heavy metals in PM2.5 at NUC.

Heavy Metals
Spring Winter

FI FII FIII FI FII FIII

Cr 0.891 0.753 0.458
Mn 0.925 0.478 0.920
Ni 0.856 0.263 0.935
Cu 0.699 0.249 0.787 0.415 0.320
Zn 0.761 0.534 0.215 0.614 0.476
As 0.672 0.414 0.409 0.819 0.219
Cd 0.952 0.985
Pb 0.407 0.781 0.243 0.948 0.207

Variance (%) 49.47 23.86 13.31 56.59 21.91 14.26

In spring, 49.47% of the total variance of the data can be explained by factor I (FI), with high
loadings of Mn (0.925), Cr (0.891), Zn (0.761), Cu (0.699), As (0.672), and Pb (0.407). Mn was considered
as a marker of re-suspension and soil dust [32–34,36,38]. North China frequently suffered from dust
storms in spring [2]. This factor should be well associated with dust (Mn, Cr) re-suspended from roads
and soil [32,33,36,38]. Factor II (FII) is dominated by Ni (0.856), Pb (0.781), and moderately associated
with Zn (0.534) and As (0.414), which has been reported to mainly originate from industrial emissions
and coal combustion [32,33,38–40]. Factor III (FIII) is dominated by Cd (0.856), which originated from
vehicle emissions/oil combustion [32].

In winter, FI (56.59%) has high loadings for Pb (0.948), Ni (0.935), Cr (0.753), Cu (0.787), and As (0.819).
This may be mainly due to coal combustion (Pb, As, Zn) for heating (including central-heating, domestic
coal-stove-heating) and industry and industrial emissions (As, Ni, Cd, Cu) [32,33,38,39,41–43]. FII shows
the high loading of Mn (0.920), with moderate loadings of Zn (0.614), Cr (0.458), and Cu (0.415), which
should be well associated with dust re-suspended from roads and soil. [32,36,38,39]. FIII, which explains
14.26% of the total variance, has high loadings of Cd (0.985). Vehicle emissions and oil combustion should
be responsible for this source [40,43–45].

3.3. Health Risk Assessment

In order to evaluate the threat to the health of the local students, teachers, and inhabitants caused
by heavy metals in PM2.5, the carcinogenic and non-carcinogenic risks for both children and adults via
direct inhalation, ingestion, and dermal contact were assessed and are aggregated in Table 5. For the
carcinogenic risks, direct ingestion appeared to be the main exposure pathway for both children and
adults, followed by dermal contact and then inhalation exposure for children, and inhalation exposure
and then dermal contact for adults. Except for inhalation exposure to children, the carcinogenic risks
posed by Cr via the three exposure pathways exceeded the acceptable level (1× 10−4) for both children
and adults. The carcinogenic risks posed by Pb via ingestion exposure also exceeded the acceptable
level for both children and adults. The non-carcinogenic risks posed by Mn via inhalation for both
children and adults and posed by Cr and Pb for children via ingestion were higher than 1. Only the
sum of carcinogenic risks for children through inhalation exposure in the two sampling areas were
within the threshold value (1 × 10−4), and only the HI (the sum of HQs) for adults through dermal
exposure was below 1, while the others all exceeded their threshold values. The results show that the
health risks from heavy metals in PM2.5 via the three exposure pathways to children and adults in
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rural areas were consistent with those in urban areas, which also confirms that severe air pollution
in suburb areas should be paid more attention. Therefore, cancer risk and non-carcinogenic risks to
children and adults posted by heavy metals in PM2.5 should not be neglected in these areas of Taiyuan
given the present air quality.

Table 5. Carcinogenic and non-carcinogenic risks of each element for children and adults via inhalation,
ingestion, and dermal exposure.

Heavy Metals
Carcinogenic (CR) Non-Carcinogenic (HQ)

Children Adults Children Adults

Inhalation exposure

Cr 7.27 × 10−5 2.91 × 10−4 1.44 × 10−2 1.44 × 10−2

Mn 2.28 × 100 2.28 × 100

Ni 4.78 × 10−7 1.91 × 10−6 4.64 × 10−1 4.64 × 10−1

As 7.83 × 10−7 3.13 × 10−6 1.42 × 10−1 1.42 × 10−1

Cd 4.53 × 10−7 1.81 × 10−6 2.93 × 10−1 2.93 × 10−1

Pb 1.70 × 10−6 6.79 × 10−6

Sum 7.61 × 10−5 3.04 × 10−4 3.19 × 100 3.19 × 100

Ingestion exposure

Cr 2.72 × 10−4 1.36 × 10−4 2.12 × 100 2.65 × 10−1

Mn 7.31 × 10−2 9.14 × 10−3

Ni 1.50 × 10−5 7.52 × 10−6 4.18 × 10−2 5.22 × 10−3

Cu 1.44 × 10−1 1.80 × 10−2

Zn 7.26 × 10−2 9.07 × 10−3

As 2.48 × 10−5 1.24 × 10−5 6.38 × 10−1 7.97 × 10−2

Cd 1.45 × 10−5 7.24 × 10−6 3.64 × 10−1 3.30 × 10−2

Pb 5.35 × 10−4 2.67 × 10−4 6.37 × 100 7.96 × 10−1

Sum 8.62 × 10−4 4.31 × 10−4 9.72 × 100 1.21 × 100

Dermal exposure

Cr 1.17 × 10−4 2.19 × 10−4 9.13 × 10−1 4.26 × 10−1

Mn 7.88 × 10−4 3.36 × 10−4

Ni 4.05 × 10−6 7.56 × 10−6 1.13 × 10−2 5.25 × 10−3

Cu 1.55 × 10−3 7.25 × 10−4

Zn 7.82 × 10−4 3.65 × 10−4

As 8.00 × 10−7 1.49 × 10−6 2.06 × 10−2 9.62 × 10−3

Cd 6.24 × 10−7 1.17 × 10−6 1.14 × 10−2 5.31 × 10−3

Pb 5.76 × 10−6 1.08 × 10−5 6.86 × 10−2 3.20 × 10−2

Sum 1.29 × 10−4 2.40 × 10−4 1.03 × 100 4.80 × 10−1

Values in bold are those that exceeded their thresholds.

4. Conclusions

In the study, PM2.5 samples were collected from a campus with a population of approximately
40,000 in a typical suburb area of Taiyuan, North China. The average concentrations of PM2.5 in spring
and winter were 97.3± 35.2 µg m−3 and 205.9± 91.3 µg m−3, respectively. The order of concentrations
of heavy metals in PM2.5 were as follows: Zn > Pb > Mn > Cu > Cr > Ni > Cd > As, in both spring
and winter. PCA results indicated that the main sources of heavy metals in PM2.5 were road/soil
dust, industrial emissions/coal combustion, and vehicle emissions/oil combustion in the spring, and
coal combustion/industrial emissions, road/soil dust, and vehicle emissions/oil combustion in the
winter. For the carcinogenic risks, direct ingestion appeared to be the main exposure pathway for both
children and adults. Except for inhalation exposure to children, the carcinogenic risks posed by Cr via
the three exposure pathways exceeded the acceptable level (1 × 10−4) for both children and adults.
The carcinogenic risks posed by Pb via ingestion exposure also exceeded the acceptable level for both
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children and adults. The non-carcinogenic risks posed by Mn via inhalation for both children and
adults, and posed by Cr and Pb via ingestion for children exceeded the acceptable levels.
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