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Abstract To characterize trace elements from inhal-
able particles and to estimate human health risks,
airborne particles at an urban area of Ningbo city
during haze and non-haze periods from November
2013 to May 2014 were collected by a nine-stage
sampler. Seventeen trace elements (Na, Mg, Al, K, Ca,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd and Pb) were
measured by inductively coupled plasma mass spec-
trometry (ICP-MS). The concentrations of trace ele-
ments are in the ranges of 0.51 ngm™’
(Co) ~ 1.53 png m~> (K) for fine particles (Dp < 2.1
um), and 1.07 ng m— (Co) ~ 4.96 ug m—> (K) for
coarse particles (2.1 pm < Dp < 9.0 um) during the
haze days, which are 1.15 —4.30 and 1.23- 7.83-fold
as those of non-haze days, respectively. These
elements could be divided into crustal elements (Na,
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Mg, Al, Ca, Ti, Fe and Co), non-crustal elements (Cu,
Zn, Cd and Pb) and mixed elements (K, V, Cr, Mn, Ni
and As) according to their enrichment factor values
(EFs) and size distribution characteristics. Five emis-
sion sources of trace elements were identified by
positive matrix factorization (PMF) modeling. The
main sources of trace elements in fine particles are
traffic emission (21.7%), coal combustion (23.6%)
and biomass burning (32.1%); however, soil dust
(61.5%), traffic emission (21.9%) and industry emis-
sions (11.8%) are the main contributors for coarse
particles. With the help of the multiple-path particle
dosimetry (MPPD) model, it was found that deposition
fractions of seventeen measured elements in the
pulmonary region were in the range of 12.4%—-15.1%
and 6.66% —12.3% for the fine and coarse particles,
respectively. The human health risk assessment
(HRA) was employed according to the deposition
concentration in the pulmonary region. The non-
carcinogenic risk (HI) was below the safety limit
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(1.00). Nonetheless, the excess lifetime carcinogenic
risk (ELCR) for adults increased by 2.42-fold during
the haze days (2.06 x 107) as compared to that of
non-haze days (8.50 x 107) in fine particles. Cr (VI)
and As together contributed 96.5% and 96.3% of the
integrated cancer risks during the haze and non-haze
periods, respectively. Moreover, the related ELCR
values in coarse particles were 36.7% and 62.8% of
those in the fine particles for the non-haze period and
haze period, respectively.

Keywords Haze - Trace elements - Size
distribution - Source apportionment - Health risk
assessment

Introduction

Haze has attracted much attention worldwide, because
of its significant visibility reduction due to the light
extinction, negative health effects and impact on
regional weather and climate (Behera et al. 2015b;
Khare and Baruah 2010). The Yangtze River Delta
(YRD) region is one of the well-developed regions in
Eastern China, which has experienced considerable
haze events owing to its fast industrialization for the
past few decades (Fu et al. 2008; Li et al. 2015).
Among the different chemical compositions of par-
ticulate matter, some non-crustal elements, especially
heavy metals such as Cr, Ni, Cd and Pb, have been
grouped as toxic because of their negative health
effects to human beings (Greene and Morris 2006;
Kampa and Castanas 2008). Furthermore, most of the
transition metals such as Fe play a dominant role in the
production of hydroxyl radicals (OH-), which may
trigger cancer or DNA damage to humans (Saffari
et al. 2014). Therefore, the understanding of charac-
teristics, sources and associated human health risks of
trace elements is of great importance to formulate the
targeted actions to control haze episodes.

A number of studies about trace elements in
aerosols from Asia found the levels of toxic elements
are much higher in urban and/or rural areas as
compared to the limit of World Health Organization
(WHO) and mainly originated from anthropogenic
sources (Fang et al. 2010; Khare and Baruah 2010). In
2007 a four-site (Suzhou, Hangzhou, Shanghai and
Nanjing) sampling campaign was conducted in YRD,
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which found that the EFs of As, Cd and Pb on PM, 5 in
the heaviest pollution episode were increased by
4.45-6.68 times compared to other days (Fu et al.
2008). Huang et al (2009) collected dozens of
atmospheric deposition samples covering the center
of YRD and the study revealed a distinct accumulation
of most analyzed trace metals compared to the
reference values. Wang et al (2014) investigated a
very strong haze pollution occurring at YRD including
cities of Hefei, Nanjing, Wuxi, Huzhou, Lin’an, etc.,
in January 2013 by measuring the chemical compo-
nents on PMy, », which showed heavy metals, dust
and sea salt composed 12.6% of the particulate mass
concentration on non-polluted days, yet these compo-
nents occupied less than 6% of the particulate mass
concentration on polluted days having slight variation
with size. Furthermore, previous studies reported that
the elemental composition of ambient aerosols of
different size varied greatly, largely dependent on the
type of the local/regional anthropogenic sources (Gao
et al. 2016; Pan et al. 2013; Tan et al. 2016). Hence,
just to reduce the aerosol mass concentration may not
be the best way to control these particulate toxic
metals (Khillare and Sarkar 2012). Therefore, source
apportionment of trace elements in size resolved
aerosol samples seem essential in prioritizing mitiga-
tion measures.

It has been reported that the average daily exposure
dose of particulate metals human health risk assess-
ment could depend on the total concentration (Wang
et al. 2016), deposition fraction (Behera et al. 2015a;
Betha et al. 2014) and bio-accessibility (Mukhtar and
Limbeck 2013). Researchers either apply a semi-
empirical equation (Behera et al. 2015b; Niu et al.
2015) or MPPD model (Betha et al. 2014; Ham et al.
2011) to evaluate the deposition fraction of the
particulate trace elements. The former method is very
simple to use and hypothesizes that all elements have
the same deposition efficiencies, while the MPPD
model is closer to the actual situation of the human
lung and its limitation lies in that the samples must be
collected by size-segregated samplers. Even for the
MPPD model, researchers obtained different results
for deposition fractions of trace elements in the
pulmonary region. Ham et al. (2011) found the
deposition fractions of V and Zn were higher in
summer than winter, while Betha et al (2014) found
most elements had higher deposition fraction in haze
days compared to non-haze days. However, the
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relationship between the elemental composition and
their deposition fractions on fine and coarse particles
has not been well investigated at present.

The present study was conducted to investigate
multiple trace elements in size-segregated aerosols
collected by a nine-stage Anderson sampler in both
haze and non-haze periods in an urban site at Ningbo
city from November 2013 to May 2014. The source
contributions of these elements were identified by the
PMF model. The deposition fractions of toxic ele-
ments in the human respiratory system such as head
and throat (H), tracheobronchial (T) and pulmonary
(P) region have been estimated using the MPPD
model. Finally, the human health risks for adults from
toxic elements were evaluated and compared for both
exposure periods.

Experimental
Sampling

Ningbo is located in the north of Zhejiang province
and the south of YRD. Ningbo port is in the top five
worldwide and the industrial scale is the top one in the
province. Our sampling was conducted on the rooftop
of the administration building at Ningbo municipal
meteorological bureau in Haishu District of Ningbo
(29.87° N, 121.53° E), which was situated in a mixed
residential and commercial area with high traffic
density and around 10 km away from the East China
Sea (Fig. S1). Size-segregated aerosol samples were
collected from 15 October 2013 to 16 May 2014 by a
low-pressure cascade impactor (TFE 20-800, Ther-
moFisher, USA) working at the flow rate of 28.3 L
min~! based on the method described elsewhere (Li
et al. 2012; Pan et al. 2013). Briefly, each set of
samples was collected for 23.5 h from 9:00 am to 8:30
am the next day. The sampler can take nine samples in
a set with nominal cut-off diameters decrease from top
to bottom in 9 stages, which rank as follows: stage 1

(> 9.0 um), stage 2 (5.8-9.0 um), stage 3
(4.7-5.8 um), stage 4 (3.3-4.7 um), stage 5
(2.1-3.3 um), stage 6 (1.1-2.1 pm), stage 7

(0.65-1.1 pm), stage 8 (0.43-0.65 pm) and stage 9
(<043 pm). The substrates were 81 mm mixed
cellulose microfiber filter and each sample was put
into a single plastic case and stored at — 20°C until
further extraction and analysis. Meanwhile,

meteorological parameters including visibility, wind
speed, ambient temperature (T) and relative humidity
(RH) were obtained from an automated weather
station in the same building during the sampling
period. The local air quality index (AQI), together
with levels of PM, s and PM;,, was acquired from
Ningbo Real-time Air Quality Publication System
operated by Ningbo Municipal Environmental Mon-
itoring Center.

Air mass backward trajectory

To monitor the migration of air masses, the Hybrid
Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT, 4.9 model) was applied for air mass
backward trajectory analysis according to the setup
from previous studies (Stein et al. 2015). All backward
trajectories were generated every 2 h for a total of 96 h
backward of the sampling at 500 m above the ground
level to ensure the starting trajectory was within the
atmospheric boundary layer and remaining close to the
ground surface. The cluster analysis for all trajectories
was calculated by the latest software of TrajStat
(1.2.1.0) (Wang et al. 2009), which was applied
successfully by Xu et al. (2016) for the same purpose
recently.

Extraction and analysis of trace metals

A half filter of each sample was digested by a
microwave digester (MARS 5, CEM, USA) with
10 ml mixture of nitric acid (65%), hydrochloric acid
(37%) and purified water (18.2 MQ cm™ ) with a
volume ratio of 55.5:167.5:777 (Ho et al. 2006; Tan
et al. 2014). The digester was programmed for
temperature program as below: the first step was to
heat up from room temperature to 185°C in 15 min;
the second step was to keep at the temperature for
another 25 min. After cooling to room temperature,
each digest was filtered through 0.45 pm PTFE
membrane filters; then 0.555 ml nitric acid (65%)
and 0.5 ml internal standards solution (5 ppm of In,
Sc, Y and Ge in 1% nitric acid) were added. After that,
the mixture was diluted to 50 ml with purified water
(18.2 MQ cm_l). Then these extracts were refriger-
ated at 4 °C for further analysis. The concentrations of
seventeen trace elements were measured by ICP-MS
(Perkin-Elmer 300X, USA). For quality control,
elemental concentrations in field blanks were
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subtracted from sample concentrations. Also, the
corresponding relative standard deviation (RSD) of
triplicated measured concentrations in each sample
was less than 10% for all elements except Cd with
RSD of less than 20%.

Enrichment factors

Enrichment factors (EFs) were used to classify crustal
and non-crustal elements (Zoller et al. 1974). The EF
of element X in aerosols is defined as below:

EFX[CX/CAJ (1)

where (C,/Cap)air 1S a ratio for the concentration of
element X to that of Al in particles; (C,/Cap)crus 1S the
corresponding concentration ratio of element X to Al
in the crust. The elemental abundance of the crust was
referenced from Taylor and McLennan (1995). If EFx
is close to unity, crustal soil is the overwhelming
majority source for element X (Zoller et al. 1974). And
if EFy is over 10, the element X would have prominent
sources from anthropogenic emissions (Behera et al.
2015a). The element X has mixed sources if EF is in
the range of 1 to 10.

Crust

Source apportionment

PMF receptor model (version PMF 5.0) was used in
this study to quantify emission sources of trace
elements. Concentrations of 18 species (17 measured
elements including Na, Mg, AL, K, Ca, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, Cd and Pb, and the sum of these
elements) of 108 samples (9 samples per sets x 12
sets) were formed as the input dataset. Uncertainties
(Unc) of these species were calculated according to
Eq. (2) and (3) (Huang et al. 2018). Equation (2) was
used when concentrations of species were < the
method detection limit (MDL), and Eq. (3) was
applied when concentrations were above related
MDLs:

5
Unc = ¢ X MDL (2)

Unc = \/ (ErrorFraction x concentration)’ + (0.5 + MDL)

(3)
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An Error Fraction was set as 10% for both haze and
non-haze samples. Only converged solutions should
be investigated for further analysis. Na, V, Ni, As and
the sum were grouped as weak species due to low
correlation coefficients between observed and pre-
dicted values.

Elements deposition modeling

Various studies have assessed the deposition of
particulate matter from the ambient air in H, T and P
region of the respiratory system of human beings by
using the deposition models (Betha et al. 2014; Youn
et al. 2016). The most widely used regional lung
deposition models are the International Commission
on Radiological Protection (ICRP) deposition model
and the MPPD model. The former is a simple path
model that is not suitable for calculating the particle
deposition for a defined region (Hofmann 2011).
Therefore, the MPPD model had been employed to
calculate the deposition fraction efficiencies for ele-
ments in size-segregated samples successfully in
previous studies (Betha et al. 2014; Lyu et al. 2017,
Wang et al. 2019), which would be applied in this
study too.

Input data including airway parameters, particle
properties and exposure conditions are needed to run
the MPPD model. In this modeling, the adjustable as-
sumptions include the following points: Yeh-Schum
Single path; the object is a human adult with
functional reserve capacity, upper respiratory tract
and the tidal volume are 3300 ml, 50 ml and 625 ml,
respectively; nasal breathing of spherical particles at a
frequency of 12 breaths min~"; the inspiratory fraction
is 0.5. The multiple diameters (0.1-10 pm) is selected
because it is very close to the real formation of the
human airway (Betha et al. 2014; Lyu et al. 2017).
Fine particle mass density was hypothesized as
1.66 g cm ™ and 1.78 g cm ™ based on the polluted
days and clean days in Beijing, respectively (Li et al.
2016). The deposition concentration (DC, ng m_3) of
individual metal is estimated by

DC =Y (C; x DF;) (4)

where DF; is the deposition fraction of trace
elements in three regions (H, TB and P) of the human
respiratory tract; C; (ng m™>) is the concentration of
individual trace elements in each size bin.
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Health risk assessment

In this study, the health risk assessment model of
USEPA has been applied for the human health risk
evaluation (USEPA, 2009). V, Cr(VI), Mn, Co, Ni, As
and Cd are grouped as toxic elements that have non-
carcinogenic health risks in the human body, while
Cr(VI), Co, Ni, As, Cd and Pb are classified as
carcinogens to human health (USEPA, 2015). HRA
was performed based on elemental concentrations in
fine and coarse particles for hazard quotient (HQ) and
excess lifetime cancer risk (ELCR) (USEPA 2009).
Cr(VI) concentration was assumed 1/7 of Cr concen-
tration (Taner et al. 2013). Only adults and the
inhalation pathway (ECj,nae) are considered for the
exposure mode in the present study (Betha et al. 2014;
Huang et al. 2018). The equations for the calculation
of HRA are as follows:

CUCL X ET x EF x ED

AT,
EC

RfC; x 1000ug /mg
HI = Z HO;
CRiny = IUR x EC

E Cinhale =

H Qinh =

where Cycy is the upper limit of the 95% confidence
interval for the mean (ug m_3) (Zhang et al. 2018); ET
is the exposure time (24 hday™'); EF is exposure
frequency (350 daysyear™' for residents); ED is
exposure duration (24 years for adults and 6 years
for children); AT, is the average time (for non-
carcinogens, AT, = ED x 365 days x 24 hday ';
for carcinogens, AT, = 70 years x 365 daysyear '~

x 24 h). RfC; and IUR stand for inhalation reference
concentrations (mgm_3) and inhalation unit risk
(m>pg™"), respectively (USEPA 2015). Hazard index
(HI) is the sum of HQ for different elements (USEPA
2009). The safety limits of HQ and HI are 1.00,
exceeding the limit suggests non-carcinogenic risk. If
ELCR is less than 10_6, the cancer risk can be ignored.

Results and discussion

Categorization of haze and non-haze periods

To investigate and compare the variations of trace
elemental profiles in aerosols of Ningbo under

different polluted conditions, the samples were
divided into the haze and non-haze periods. Sampling
days with visibility below 10 km, RH less than 90%
and PM, 5 mass concentration above 75 ugm73 were
classified as haze periods, while the sampling days
with visibility above 10 km, RH below 90% and PM, 5
mass concentration below 75 pgm > were classified
as non-haze periods (Mishra et al. 2015; Xu et al.
2015). Based on the classification of haze and non-
haze periods, 12 sets of samples were chosen for this
study, of which 5 sets were from the non-haze periods,
and 7 sets were from the haze periods. Table 1 shows
the AQI, occurrence levels of PM, s and PM, ¢, T, RH,
wind speed and visibility of both periods. High AQI
values (147 + 25.7), dry weather condition (RH:
55.4% + 12.3%), with poor visibility (4.60 &
1.70 km) and weak surface wind (1.60 £ 0.800 m
s~ ') were observed during the haze days. However,
low AQI values (58.2 4 18.1), moist weather condi-
tion (RH: 70.6% =+ 14.7%) with high visibility
(149 £+ 4.30 km) and higher surface wind speed
254+05m sfl) were observed in the non-haze
days. The mass concentrations of PM, 5 and PM;, in
the haze periods (117 £ 17.0 pg m™> and 182 + 26.0
gm ) were about 4 times of those in the non-haze
periods (30.0 &+ 12.0 pg m~ and 47.0 + 14.0 ng
m ). Besides, the mass concentrations of PM, s and
PM, during haze days were much higher than the
WHO 24-h average standards with 25 pg m— and
50 ug m~* for PM, 5 and PM, respectively; and they
also violated the level 2 daily average thresholds of
75 pg m—> and 150 pg m > by the Chinese National
Ambient Air Quality Standards (GB 3095-2012). This
suggests that the local public may suffer negative
health effects to a certain degree due to the exposure of
these high levels of particulate matter during the haze
days.

Air mass backward trajectory

Figure 1 shows 96 h of air mass backward trajectories
at 500 m (above ground level) with 2-h intervals for
both study periods. As for the haze period, the wind
generally brought the air masses from Northwest
China. Two clusters together with 60.7% of the air
mass passed from Xinjiang, Gansu, Inner Mongolia,
Ningxia, north of Shaanxi, south of Shanxi, Henan and
Anhui provinces to Ningbo. Another cluster with the
other 39.3% of air mass came from south of Shanxi,

@ Springer
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Table 1 Aerosol concentrations and meteorological conditions

Sampling date (dd/mm/yyyy) AQI PM, 5 (ugmf’%) PM;q (pgme) Temp (°C) RH (%) WS (m sfl) Vis (km)

Haze days 15/11/2013 118 113 175 13 72 2.5 2.6
29/12/2013 123 112 173 1 44 14 6.4
30/12/2013 152 113 175 4 45 1.1 5.9
31/12/2013 136 98 154 6 48 0.8 6.4
03/01/2014 180 139 213 11 59 1.7 4.1
04/01/2014 182 141 225 8 48 2.8 4.1
05/01/2014 138 103 162 6 72 1.1 2.8
Average 147 £26 117 £ 17 182 £ 26 7+ 4.1 55+ 12 1.6+0.38 46 + 1.6

Non-haze days  05/05/2014 60 25 53 16 56 2.8 20.5
10/05/2014 47 21 34 20 88 2.8 14.2
11/05/2014 37 18 30 22 84 2.8 17.7
12/05/2014 85 46 62 22 67 1.7 9.6
13/05/2014 62 39 57 20 58 2.5 12.4
Average 58 + 18 30 + 12 47 £ 14 20+ 24 7115 25+05 15+ 43

north of Henan, and pass over Jiangsu from north to
south direction (Fig. 1a).This cluster travelled a much
shorter distance, indicating a more stagnant meteoro-
logical condition near the receptor site. Hence, this site
was significantly affected by industrial emissions.
Regarding the non-haze days, the wind direction was
quite different. Of which 18.3% of the air masses came
from the northwest, 20% of the air mass passed over
from Siberia, East of Mongolia, Beijing, Hebei,
Shandong and over the Yellow Sea before reaching
Ningbo. The remaining 61.7% of the air masses
reaching Ningbo originated from the East China Sea
and travelled a much shorter distance (Fig. 1b). These
ocean region air masses brought aerosols mainly
emitted from ships and local sources of the coast
region. Therefore, it appears that the particulate matter
was characteristic with crustal and industrial emission
aerosols during the haze days, but typically with sea
salt, ship emission aerosols during the non-haze days.

Elemental characterization

Elemental concentrations

In the present study, fine (Dp < 2.1 um), coarse
(2.1 ym < Dp < 9.0 pm) and large (Dp > 9.0 um)

particles were defined due to no cut-off sizes of 2.5 and
10 pm in the sampler. Table 2 lists the average

@ Springer

concentrations of seventeen trace elements among
fine, coarse and large particles at Ningbo during the
haze and clear periods. The elemental concentrations
of each stage are also presented in Fig. 2.

The results in Table 2 show that the elemental
concentrations of the selected seventeen trace ele-
ments (TEs) in fine particles during the haze period
ranged from 0.510 ng m—> (Co) to 1.53 pgm™>
(K) with a sum of 5.53 pg m—, which is about a
third as that of coarse particles but 3 times that of large
particles. However, the occurrence levels of TEs in
fine particles were quite different during the non-haze
days, with a range of 0.240 ng m > (Co) to 1.52 pg m
~3 (Ca). The sum of seventeen TEs in fine and coarse
particles was 3.49 and 5.60 ug m ~°, respectively;
however it was only 0.750 pg m> in the large
particles. Moreover, all elements except Ca in fine
particles showed higher concentration during the haze
periods. The ratios of elemental concentrations
between haze and non-haze periods were in the range
from 1.15 (Na) to 4.30 (Zn) for fine particles and 1.23
(Na) to 7.82 (Cd) for coarse particles. This suggests
that the elemental pollution in the haze period was
much stronger compared to the non-haze period.

As shown in Table 2, the concentration of Cr (VI)
was 25 ~ 202 times higher than the limit for Cr(VI)
(0.025 ng m ) from National Ambient Air Quality
Standards (NAAQS) in China (MEP 2012). The
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Air mass trajectory statistics
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Fig. 1 The 96 h air mass backward trajectories of Ningbo with
an interval of 2 h at 500 m (above ground level) during the haze
(a) and non-haze (b) days

concentrations of As in fine and coarse particles were
about three times higher than the concentration limit
for As (6 ng m~>) from NAAQS in China (MEP
2012). However, the levels of Cd and Pb were lower
than guideline values of NAAQS in China (5 ng m >
for Cd; 500 ng m~> for Pb) (MEP 2012). The
concentrations of Mn and Ni were within the target
values of WHO (150 ng m > and 25 ng m > for Mn,
Ni, respectively) (WHO 2000). To compare with
studies from other parts of China, the mean concen-
trations of some elements in the fine particles during
the haze days are presented (Table 3). It was observed
that most of the elements are comparable with other

cities such as Shanghai (Behera et al. 2015b),
Guangzhou (Cao et al. 2012) and Beijing (Yang
et al. 2010). This finding suggests Ningbo also suffers
from atmospheric element pollution like other cities in
China.

Figure S2 presents the percentage of elemental
concentration in the fine, coarse particles and large
particles to the sum of 9 stages for both periods. Na,
Mg, Al, Ca, Ti, Fe and Co are mainly in coarse
particles. K, Mn, Cu, Zn, Cd and Pb are mainly
distributed in fine particles. It should be noted that V,
Cr, Ni and As are distributed in both fine and coarse
particles. The elemental fractions of large particles to
total suspended particles (TSP) for all elements were
in the range of 1.38% 4 0.300% (Cd) to
24.9% =+ 2.55% (Cd) in the haze period and from
1.21% =+ 0.120% (Cd) to 17.9% =+ 4.36% (Cr) in the
non-haze period. As most of these TEs that dominated
in fine and coarse particles are toxic heavy metals, it
can be summarized that TEs were concentrated in both
fine and coarse particles.

The major elements were Na, Mg, Al, K, Ca, Fe and
Zn, with concentrations higher than 200 ng m
during the haze period, which constituted
93.2 £+ 0.800% and 95.0 £+ 1.30% of all elements in
fine particles for haze and non-haze periods, respec-
tively. Regarding the coarse particles, these major
elements made wup of 96.0+ 0.700% and
96.6 £ 0.700% for the haze and clear days. The sum
of the other ten elements only contributed about 5% of
the total elemental mass, but most of them are toxic
heavy metals such as Cr, Ni, As, Cd and Pb. Therefore,
these trace elements could bring huge health risks to
humans, especially carcinogenic risks.

The total mass concentrations of the seventeen
elements contributed 4.8 £ 0.7% and 13.1 + 6.20%
for PM, 1, and 9.30 £ 1.70% and 17.1 & 5.40% for
PMy  during the haze and non-haze periods, respec-
tively. Li et al. (2012) reported that the total mass
concentration of 21 studied elements accounted for
12.5% of the total aerosol mass. Besides, according to
the method of Yan et al. (2012), our results show that
soil crust was 7.20 £ 1.10% and 27.2 £ 11.6% for
PM,;, and 26.7 £ 5.50% and 45.1 £ 12.5% for
PMy for haze and non-haze periods, respectively.
The lower contribution of soil dust in the haze period
for PMy ¢ and PM, ; may indicate that more organic
matter was emitted and more secondary aerosols
formed during the haze periods, because previous
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Table 2 Concentrations of trace elements in size-resolved particles at Ningbo in haze and clear periods

Haze Clear/Non-haze

Fine Coarse Large Fine Coarse Large

(< 2.1 pm) (2.1-9.0 pm) (> 9.0 pm) (< 2.1 um) (2.1-9.0 pm) (> 9.0 um)
Na (ug m—) 0.63 £ 0.22 0.94 £ 0.53 0.32 £ 0.14 0.55 £ 0.18 0.76 £ 0.20 0.27 £ 0.11
Mg (gtg 0.22 £ 0.05 0.80 £ 0.23 0.32 £+ 0.11 0.13 £ 0.02 0.34 £ 0.18 0.09 £ 0.04

m )
Al (ng m™) 0.39 £ 0.05 227 £0.38 0.69 £+ 0.16 0.31 £ 0.03 0.77 £ 0.27 0.17 £ 0.06
K (ug m™) 1.53 £ 0.36 1.09 £ 0.24 0.31 £+ 0.05 041 £0.18 042 £ 0.19 0.14 £ 0.10
Ca (ug m™) 1.03 £0.23 496 £ 1.21 2.02 £ 0.66 1.52 £ 0.51 2.07 £ 0.93 0.48 £ 0.23
Ti (ng m™>)  41.15 + 548  126.09 + 17.07 39.88 + 8.81 23.11 £5.89 3526 £ 17.77 11.35 £ 6.64
V (ng m™>) 13.53 £ 3.72 13.14 £ 3.59 3.16 £ 1.05 6.52 £ 0.80 647 £ 1.64 1.68 £ 0.30
Cr(ng m™) 3252 + 8.08 3547 £9.03 12.06 + 2.48 12.46 £ 2.98 8.09 £ 1.50 4.40 £+ 0.63
Mn (131g 58.18 £ 13.38  50.88 £ 8.92 17.33 £+ 4.17 26.01 £ 15.33 17.41 £ 8.05 4.26 £ 2.07
m—)

Fe (ug m™) 0.54 £ 0.12 1.55 £ 0.20 0.50 £ 0.13 0.23 £ 0.07 0.49 £ 0.24 0.11 £ 0.06
Co (ng m™) 0.51 £0.12 1.07 £ 0.19 0.36 £ 0.11 0.24 £ 0.07 0.45 £ 0.17 0.08 £ 0.03
Ni (ng m~) 9.24 £ 3.36 9.45 £ 3.09 2.76 £ 0.97 5.70 £ 0.89 3.90 £ 0.76 0.36 £ 0.17
Cu(ngm™) 4553 + 1775 2343 £+ 9.07 5.59 £ 1.96 28.22 £9.85 1290 £ 2.70 1.00 £ 0.44
Zn (ng m—>) 827.89 £ 79.30 365.99 + 87.49 54.26 £+ 27.76 192.71 &+ 40.36  78.54 £ 22.65 8.02 £ 2.54
As (ng m™) 1437 + 1.47 13.80 £ 2.15 421 £ 0.78 9.81 £ 1.02 9.26 £ 2.03 2.60 £ 0.39
Cd (ng m™) 4.80 &+ 1.58 1.09 £ 043 0.08 £+ 0.02 1.53 £ 0.06 0.14 £ 0.06 0.02 £ 0.01
Pb (ng m™>) 154.60 + 30.16  25.93 & 4.26 4.67 £ 1.13 54.78 £+ 8.14 9.38 £ 1.56 2.08 £ 0.74
3 (ug m) 5.53 £0.84 15.00 £ 3.04 1.59 £ 0.51 349 £+ 0.84 5.60 £ 2.00 0.75 £ 0.27

studies found that secondary organic and inorganic
aerosols increased during the haze periods (Huang
et al. 2014; Sun et al. 2006).

Fig. S3 depicts the EFs of trace elements in the fine,
coarse and large particles of both periods. The EFs of
Na, Mg, Al, Ca, Mn, Fe and Co are around 1-10,
indicating their crustal origin. The EFs of Cr, Cu, Zn,
Cd and Pb are within 10-1000, suggesting their non-
crustal origin. The EFs of K, Mn and Ni are less than
10 in coarse and large particles but higher than 10 in
the fine particles, which signifies that their crustal
origin in coarse and large size and non-crustal origin in
fine size. Furthermore, the EFs of crustal elements are
very similar in both coarse and large particles (e.g. Al,
Ca and Fe), while those of non-crustal elements
decreased from fine to coarse particles, suggesting that
these non-crustal elements were more concentrated in
the fine particles. Like the concentrations of trace
elements, the EFs of most elements (K, Cr, Mn, Fe,
Co, Ni, Cu, Zn, Cd and Pb) were higher in the haze

@ Springer

period. The relatively higher EF values of most
elements during the haze period could be ascribed to
the effects of a massive amount of non-crustal sources
such as anthropogenic emissions.

Size distribution

The size distribution of trace elements for both periods
is presented in Fig. 3. All seventeen elements are
classified as three groups based on concentration
patterns as a function of particle size. The first group
includes Na, Mg, Al, Ca, Ti, Fe and Co. These metals
showed a unimodal distribution in the coarse mode
with a single peak in the range from 5.8 to 9.0 pm,
which implies that they mainly came from soil and
mineral dust (Li et al. 2012), and also possessed the
higher elemental concentrations in the larger size bins
(Fig. 3).

The second group contains elements such as Zn, Cd
and Pb. These elements also have a unimodal
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Fig. 2 Absolute and relative concentrations of elements in 9 size bins (the element X-h: haze samples; the element X-c: non-haze
samples)

distribution, but mainly peaked in the fine mode within including K, V, Cr, Mn, Ni, Cu and As belong to the

the range of 0.67—1.1 um, indicating most of them are third group with a bimodal distribution for one peak at
from anthropogenic sources, while other elements 0.65-1.1 ym and another peak at 4.7-5.8 pm,
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respectively. The distribution pattern indicates that
elements in the third group are from both natural and
anthropogenic emissions-re-suspended dust contain-
ing toxic elements. While K, Mn and Ni have EFs less
and above 10 values, other metals like Cr and Cu are
with EFs above 10 indicating their man-made sources.
Their second peak in the coarse mode signifies their re-
suspending after being deposited on the grounds.
However, the size distribution is very similar in both
periods for most of the elements except Co and Zn,
both elements shift from unimodal distribution in haze
days to bimodal distribution in non-haze days. This
might indicate their sources are different in both
episodes.

It is reported that mass median aerodynamic
diameter (MMAD) of particle mass can display a
larger particle size in the haze period (Behera et al.
2015a, b). It might start with a gas-to-particle conver-
sion to form new particles on haze days when RH is
higher than 70% (Tao et al. 2014). Although we did
not get the size distribution of particle mass as
weighing analysis was not employed in the present
study, the MMAD of elements in both periods was
estimated by the method of O’Shaughnessy and Raabe
(2003). For PM, ;, MMAD of elements ranges from
0.35 (K) to 0.79 pum (Al), and 0.44 (Zn) to 2.03 (Al)

Fig. 3 Size distribution of the trace elements on haze days (the »
light blue line) and non-haze days (the dark blue line) in Ningbo

pm for non-haze and haze periods, respectively. For
PMy g, the related MMAD of elements are between
0.33 um and 3.11 pm, and between 0.49 pm to
392 um for the non-haze and haze periods. It
indicates that MMADs of elements are larger in the
haze period. Since the MMAD was one of the
parameters for calculating deposition fractions of
particles via the MPPD model (Behera et al. 2015a;
Lyu et al. 2017), the change of MMADs may affect
deposition fractions of elements in the human respi-
ratory system.

Source apportionment by PMF

PMF can quantify the contribution of each source.
Eighteen species of 108 samples are formed as the
input dataset. Five factors including traffic emissions,
coal combustion, soil dust, biomass burning and
industry emissions were identified. The source profiles
and normalized concentration of each source are
displayed in Fig. S4 and S5, respectively. Factor 1 was
identified as traffic emissions, as the concentration of

Table 3 Elemental

- - Study site Ningbo Shanghai Beijing Guangzhou
concentrations in the fine
gartinleS du;ing the hazed Particle type PM, -haze  PM, g-haze PM, ;-haze PM, s-winter
o T Nag ey 0
Mg (ug m™) 0.22 0.23
Al (ug m™) 0.40 0.34 0.50
K (ug m™) 1.53 1.67
Ca (ug m™>) 1.03 1.52
Ti (ng m™) 41.15
V (ng m™3) 13.53
Cr (ng m™) 32.52 18.7
Mn (ng m~3)  58.18 43.4 54.8 60
Fe (ug m™) 0.54 0.53 0.88 0.78
Co (ng m™) 0.51
Ni (ng m™) 9.24 24 229
Cu(ngm™) 4553 35.2 66
Zn (uigm=>)  0.83 0.47 0.43 0.59
As (ng m™) 14.37
Cd (ng m™) 4.80 25 32
Pb (ng m ) 154.60 187.7 184.6 420
Reference This study Behera et al. 2015a b Yang et al. 2010 Cao et al. 2012
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this factor to the sum of elements was not changed a lot
from haze to non-haze days (Jeong et al. 2019). High
contributions were both for large and fine particles
(Fig. S5), suggesting both from natural and anthro-
pogenic sources. Factor 2 was coal combustion with
high loadings of As and Pb (Tian et al. 2014). High
concentrations were mainly for fine particles (Fig. S5).
Factor 3 was characterized by high loadings of crustal
elements, and high contributions were observed for
large and coarse particles, indicating their natural
sources. The contribution to the sum of elements was
as high as 45.6%. Therefore, this factor was mainly
from road dust. Factor 4 was with strong loadings of K,
Mn, Zn, Cd and Pb (Fig. S4), and they were
concentrated in fine particles, suggesting elements
from this factor mainly from anthropogenic sources;
besides, we also observed much stronger concentra-
tion in haze days than non-haze days. K is often used
as a marker element of biomass burning (Andreae
et al. 1998). Therefore, this factor was identified as
biomass burning. Factor 5 was associated with Cr, Fe
and Ni, contributions. It was identified as industrial
emissions. Cr is a typical pollutant from power plants
and industries (Cheng et al. 2014; Liu et al. 2018). A
previous study at Ningbo also found Cr as a single
industry emission source (Wang et al. 2018a). This
component could be classified as Cr industry emission.

Figures 4 and 5 present absolute and relative
concentration of each source to the sum of elements
in size bins, fine, coarse and large particles during haze
and non-haze days. As shown in Fig. 4, soil dust was
mainly distributed in the first 5 stages, coal combus-
tion and biomass burning were kept to the last four
stages. Industry emissions were equally distributed in
all size bins, but traffic emissions were more concen-
trated in the first three and last four stages. It is
displayed in Fig. 5 that large and coarse particles are
mainly formed with a large amount of soil dust (55.5%
and 61.5%), traffic emissions (38.3% and 21.9%) and
moderate fraction of industry emissions (5.53% and
11.8%), respectively. The sources of fine particles are
rich in all sources, especially traffic emissions
(21.7%), coal combustion (23.6%) and biomass burn-
ing (32.1%). Compared with non-haze days, the
source composition of fine particles in haze days was
characteristic with stronger emission of coal combus-
tion (1.45 vs. 0.750 ug m™>), biomass burning (2.35
vs. 0.49 pg m—>) and industry emissions (1.02 vs.
0.110 pg m~), but weaker for soil dust (0.320 vs.

@ Springer

0.700 ug m~?) and traffic emissions (0.730 vs.
1.54 pg m ). The enhanced source emissions during
the haze period provided evidence for the results of air
mass backward trajectory in the previous section,
which suggested that stronger emissions in the haze
period may be a combination of local emissions and
regional transboundary transport.

Health risk assessment
Airway fraction deposition

The deposition fraction of particles for both periods
along with results of ICRP model is shown in Fig. S6.
There are similar distribution of deposition fractions in
different regions for both MPPD and ICRP models.
However, less total deposition fractions by ICRP
model were observed for stage 8 (0.43-0.65) and stage
9 (< 0.43). The difference may be explained that
MPPD is a physiologically more realistic model
(Kastury et al. 2017; Lyu et al. 2017).

As can be seen from Fig. S6, for large particles in
stage 9, the deposition fraction for P is 0.130% in haze
days and 0.090% in non-haze days. This is not
significant for the health risk assessment of toxic
elements in large particles. For fine particles in stage
6-9 and coarse particles in stage 2-5, the deposition
fractions in H, T and P region are in the range of
4.89%-91.9%, 3.70%-8.90% and 0.980%-18.3%,
respectively. Lower deposition fractions in H for haze
days were observed in all stages. Moreover, in the P
region, lower deposition fractions were observed in
fine particles while those in coarse particles were
higher for haze days. As shown in the previous section,
the percentage of soil dust in PM;q was 28.2% in haze
days, which increased to 50.8% in non-haze days. A
previous study found that the chemical composition
shift affects the material density of PM,; it increased
from 1.66 g cm ™ in polluted episodes to 1.78 g cm™>
in clean episodes (Hu et al. 2012). Therefore, the
change of chemical composition between haze and
non-haze period is the main driver for having the
different deposition fractions in three regions of the
respiratory system.

Figure 6 shows deposition fractions of trace ele-
ments in the H, T and P region for fine and coarse
particles in both periods. For elements in fine particles,
it illustrates that the sum of deposition fractions in
three regions is approximately 33.9% (Cu) — 49.8%



Environ Geochem Health (2021) 43:2945-2963

2957

Fig. 4 Absolute (a) and

relative concentration (b) of
each source to the sum of 3500 -
elements in each size bin
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(Al) in the haze period and 34.6% (Cu) —44.8% (Al) in
the non-haze period. This result is close to that of
Betha et al. (2014), who reported the total deposition
efficiency in the range of 40.0% (Mg)-56.0% (Ca) in
the haze period and 33.0% (Mg)-51.0% (Ca) in the
non-haze period. As for elements in coarse particles
(PM5 1_90), the sum value is 90.5% (Cd)-94.3% (As)
on haze days and 91.6% (Pb)-94.7% (Cd) on non-haze
days. The results are very close to the results of
Zwozdziak et al.(2017). It was reported that 45.2%
(As)-91.1% (Ca) on winter days and 43.9% (As)-
88.9% (Ca) on summer days were found for the PM;
particles in the hotspot of an urban area. As shown in
Fig. 12, H and T are the highest and lowest deposition
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region among the three regions in both fine and coarse
particles.

Regarding trace elements on PM, ; that deposit in
the respiratory system, noted for the haze and non-
haze period, 12.3% (Cu)-15.5% (Al) and 12.5% (Ni)—
14.4% (Mg) remain in the P region. It was observed
that most elements show higher deposition fractions in
haze period except Na, Mg, K, Ca, V, Cu, As, Cd and
Pb; but no significant difference (one-factor ANVOA,
p > 0.05) between haze and non-haze periods except
Al V and As. As for coarse particles (PM; 1—9 ), the
related deposited fractions are 6.76% (Ca)-13.1%
(Cd) in the haze period and 6.09% (Na)-11.5% (Pb) in
the non-haze period; higher deposition fractions in the
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Fig. 5 Absolute (a) and 14000 -
relative concentration (b) of
each source to the sum of 12000 -
elements in fine, coarse and
large particles during the % 10000 A
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haze period are also observed except for Mg, Al, Co,
Ni, Cu and Pb. However, only the deposition fraction
of Na, Mg, V, Mn and Cd shows a significant
difference between the haze and non-haze period
(one-factor ANVOA, p < 0.05). Therefore, the depo-
sition fractions of elements at the P region were higher
in the haze period for most elements. Similar conclu-
sions were reported by previous studies. For example,
both studies of Betha et al. (2014) and Behera et al.
(2015a) reported that all elements except Al, Fe and
Cu had higher deposition efficiencies in the haze days.
Besides Ham et al.(2011), also found V, Zn and Se had
greater deposition efficiencies in summer than winter
events. Therefore, other factors should be considered
besides the chemical composition of elements.

@ Springer
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Health risk assessment (HRA)

HRA of trace elements from the inhalation of ambient
fine and coarse particles has been employed for both
periods to evaluate the impact of haze on adults living
in Ningbo. For the haze and non-haze periods, it was
assumed that all days are haze and non-haze in a year
of 365 days, respectively. Also, it was hypothesized
that the toxic Cr (VI) was only 1/7 of the total Cr
concentration for the health risk assessment in this
study as the total Cr not Cr (VI) was measured by ICP-
MS (Taner et al. 2013).

Figure 7 shows the non-carcinogenic and carcino-
genic risks for adults through the inhalation exposure
pathway to fine and coarse particles in both non-haze
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Fig. 6 Deposition fractions of elements in H, T and P for fine and coarse particles in haze and non-haze days

and haze periods. HI was 1.29-3.25 and ELCR was
4.67 x 107°-1.64 x 10~* when deposition fractions
of toxic elements were not considered. The results
were in agreement with previous studies in Ningbo
(Wang et al. 2018b; Wu et al. 2019). However, health
risks were reduced to 7.87%-13.1% for HI and
6.68%—-13.3% for ELCR when deposition fractions
of elements were applied to the HRA assessment.
For the results of applying deposition fractions,
Fig. 7 shows that the non-carcinogenic health risk was
ranging from 0.100 for coarse particles in the non-haze
period to 0.430 for fine particles in the haze period,
which were not evident because the total HQ was
lower than the acceptable limit (1.00). However,
regarding the exposure to fine particles, the cancer risk
exceeded the acceptable limit (1.00 x 10~%) for both
periods. The ELCR of the non-haze period was

8.50 x 107°, implying that nearly nine adults in a
million are possible to suffer from cancer because of
the inhalation of the fine particles in the non-haze
period. However, the ELCR increased by 2.42-fold to
2.06 x 1077 in the haze period, indicating the haze
has a harmful impact on the health of residents. Cancer
risks of the toxic metals are ranked as Cr (VI) >
As > Co > Cd > Ni > Pb in the non-haze period
and Cr(VI) > As > Cd > Co > Ni > Pb in the haze
period. Besides, it should be noted that only the cancer
risks of Cr (VI) and As were above the acceptable level
(1.00 x 107°), indicating that the cancer risks of Co,
Ni, Cd and Pb in fine particles are not significant in
Ningbo. However, as shown in Fig. 13, the related
ELCR values in coarse particles were 36.7% and
62.8% of that in the fine particles for the non-haze
period and haze period, respectively, when the
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Fig. 7 Non-carcinogenic
(HI) and carcinogenic
(ELCR) health risks for
adult via inhalation
exposure to fine (PM, ;) and
coarse (PM, 1 9) particles
during the non-haze and 2.50E+00 +
haze days in Ningbo = 2.00E+00
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ELCR

elemental concentrations from PM, ;_o( deposited in
the pulmonary region were used for the health risk
assessment. It should be noted that the cancer risks of
Cr (VD) and As were still above the safety limit for
coarse particles in both non-haze and haze periods. It
might suggest that toxic elements from the coarse
particles could also impose serious health risks and
should not be ignored in such an assessment.
Comparatively, the ELCR value of Cr in the PM, ;
in this study is of a 1 — 2 magnitude lower than those
reported in other cities of the YRD region (Behera
et al. 2015b; Niu et al. 2015). Behera et al. (2015b)
reported ELCR of 15.8 x 10~ in the non-haze period
and 32.9 x 107° in the haze period for Cr in winter at
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Shanghai. It seems that the total concentration of Cr
and total deposition of 0.46 was used for the ELCR
calculation. Niu et al. (2015) also found the ELCR of
Cr in PM, 5 from Hangzhou was 201 x 107°. The
exposure duration (ED) was assumed as 70 years
when calculating the exposure concentration but
actually, it was 24 years for adults. Moreover, they
also used total concentration and total deposition of Cr
in the calculation of ELCR.

To improve the validity and reliability of the health
risk assessment, more factors need to be taken into
account. Firstly, the bio-accessibility of the toxic
elements in the lung fluid would provide a realistic
condition (Kastury et al. 2017). Secondly, more toxic
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components in inhalable particles, such as arsenic,
mercury and organic compounds, could be considered
for the quantitative estimation health risks. Finally,
ingestion and dermal absorption of fine particles
should also be included as main exposure routes for
such evaluation.

Conclusion

Size-segregated particle samples were taken from
Ningbo in both haze and non-haze periods. Total
concentrations of seventeen trace elements were
measured with ICP-MS. Conclusions are listed as
following:

(1) Trace elements were much more concentrated in
both fine and coarse particles as compared to
large particles. The elemental concentrations in
the haze period were significantly higher than
the non-haze period. The concentrations of Cr
(VI) and As in fine particles were above the
national air quality standards in both haze and
non-haze periods, while the levels of Mn, Ni, Cd
and Pb were below the allowable thresholds
during both periods.

(2) The estimated EFs confirmed that Na, Mg, Al,
Ca, Ti, Fe and Co were mainly from crustal
sources, and Cr, Cu, Zn, Cd and Pb were mainly
from non-crustal sources, while K, Mn and Ni
come from both sources. The size distribution of
elements showed that crustal elements were
enriched in the coarse particles, some non-
crustal elements (i.e. Zn, Cd and Pb) were
concentrated in the fine particles, while other
elements (K, Cr, Mn, Ni and Cu) showed
bimodal distributions.

(3) Five sources including traffic emissions, coal
combustion, soil dust, biomass burning and
industry emissions were identified for trace
elements. Large and coarse particles are mainly
formed with a large amount of soil dust, traffic
emissions and moderate industry emissions. The
sources of fine particles are characterized by
large amounts of traffic emissions, coal com-
bustion and biomass burning. Compare with the
non-haze period, coal combustion, industry
emissions and biomass burning during the haze
period increased twofold—-tenfold, which was in

agreement with the results of cluster analysis of
air mass backward trajectories.

(4) The results from MPPD show particles in the H
region had the highest deposition fraction,
followed by the P and T region. The deposition
fraction of trace elements in the P region had no
significant difference between the two periods
for most elements. The health risk assessment
for adults exposed to the toxic elements sug-
gested that non-carcinogenic risk was below the
safety limit, but the cancer risks were above the
safety limit. Moreover, the related ELCR values
in coarse particles were 36.71% and 62.76% of
those in the fine particles for the non-haze period
and haze period, respectively. This suggests that
toxic elements from the coarse particles should
not be ignored in the health risk assessment.
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