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Abstract: In order to investigate the pollution characteristics of size-segregated
particles and metal elements (MEs) after the Chinese Air Pollution Prevention Action
Plan was released in 2013, an intensive field campaign was conducted in the suburban
area of Chaoyang District, Beijing in winter 2016. The size distributions of particle
mass concentrations were bimodal, with the first peak in the fine fraction (0.4~2.1 um)
and the second peak in the coarse fraction (3.3~5.8 pm). Moreover, the proportion of
fine particles increased and the proportion of coarse particles decreased as the pollution
level was more elevated. It was found that the composition of coarse particles is as
important as that of fine particles when pollution of aerosol metals in the atmosphere in
2016 were compared to 2013. In addition, according to the size distribution
characteristics, 23 MEs were divided into three groups: (a) Fe, Co, Sr, Al, Ti, Ba, and
U, which concentrated in coarse mode; (b) Zn, As, Cd, Tl, and Pb, which concentrated
in fine mode; and (c) Na, K, Be, V, Cr, Mn, Ni, Cu, Mo, Ag, and Sn, showing bimodal
distribution. Under clean air, slight pollution and moderate pollution conditions, most
elements maintained their original size distributions, while under severe pollution, the
unimodal distributions of most MEs became bimodal distributions. The factors analysis
combined with size distributions indicated that Na, Zn, Mo, Ag, Cd, and TI, showing
the moderate to severe contamination on environment, were significantly influenced by
diffuse regional emissions or anthropogenic source emissions (vehicle exhaust
emissions and combustion process). The environmental risk assessment revealed that

the heavy metal loading in the atmospheric particles collected had a high potential for
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ecological risk to the environment during sampling period because of the high
contribution of Cd, T1, Zn and Pb.
Key words: trace metals; heavy metals; size distribution; aerosol; Enrichment factor;

Ecological risk; particulate matter
1. Introduction

In recent years, pollution of metal elements (MEs) in atmospheric particles has
aroused great attention because of its adverse effect on the environment (Schwartz et
al., 1996; Zhai et al., 2019). Airborne MEs account for a minor proportion of
atmospheric aerosols by mass (Bilos et al., 2001; Karaca et al., 2009; Liu et al., 2013;
Pancras et al., 2013), but contribute significantly to overall air pollution due to the
toxicity of MEs, particularly heavy metal elements, which are also non-degradable and
bio-enriched (Kampa and Castanas, 2008; Pacyna and Pacyna, 2001). These MEs can
break the balance of atmospheric environment to a large extent (Gregory et al., 1996).
ME:s deposited to the Earth’s surface also affect the aquatic and soil ecosystem (Wei et
al., 2019; Woszczyk et al., 2018). In addition, these effects on the ecology and
environment not only strongly depend on the concentrations and physico-chemical
properties of MEs, but also have a close association with their size distributions in
particles (Eleftheriadis et al., 2014; Taner et al., 2013; Yu and Huang, 2008). Some
previous research has shown that PMg exists in the local atmosphere and settles into
soil, plants and water through wet and dry deposition, which has an impact on local
ecosystem, whereas PM,s can exert the influence on regional ecosystem by
transporting far from emission sources (Hao et al., 2018; Kampa and Castanas, 2008).
And MEs are distributed among the wide aerodynamic size range of their constituent
particles (Polidori et al., 2009). Thus, the combination of concentrations and size
distributions of MEs is significant to assess the ecological risk assessment qualitatively
and quantitatively. Moreover, detailed information on the size distribution of MEs is
essential to identify their sources (Gao et al., 2016; Pan et al., 2015).

Many previous studies have investigated the size distribution of MEs in different

function areas (Allen et al., 2001; Silva et al., 1999; Zereini et al., 2005). The elemental
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content of atmospheric particles is closely related to their size distribution, which is
directly influenced by the origin of the emissions from natural and anthropogenic
sources (Acosta et al., 2011; Lee et al., 2013). Li et al. (2012) found that the relatively
high concentrations of heavy metals were generally loaded on fine particles. Duan et al.
(2014) draw the conclusion that the ratios of atmospheric heavy metals such as Pb, Cd,
Zn, As, Cu, Cr, Ni, Mn, and V in fine particles to those in inhalable particles were from
46.8% to 88.5%, in accord with the research of Tan et al. (2017) and Wang et al. (2013).
As a result of rapid urbanization, Beijing has been a hotspot subject to anthropogenic
emissions of MEs (Tian et al., 2012), particularly during the heating period in autumn
and winter. However, the Chinese Air Pollution Prevention Action Plan was released in
2013, resulting in the removal of many sites of heavy-polluting industriesfrom
Beijing.This has already shown to have had positive effects on the atmospheric
pollution situation (Wang et al., 2010). Hence, it is essential to analyze the size
distributions of atmospheric particles and MEs in Beijing under the new pollution
background.

This study presented the characteristics of 23 MEs in size-resolved aerosols
collected from an intensive field campaign in Beijing in winter 2016, during which the
air quality was highly variable. The objectives of the research were (1) to investigate
the size distributions of atmospheric particles and selected 23 MEs under different air
quality levels, (2) to identify the sources of MEs, and (3) to evaluate the environmental

risks of heavy metals.

2. Materials and methods

2.1 Sampling

The sampling campaign of atmospheric particle collection was carried out at the
Chinese Research Academy of Environment Science (CRAES, 40.03°N. 116.39°E)
(Fig. 1). The site is located outside the 5™ ring road in a suburban area of Chaoyang
District, Beijing with a height of 10 m. It is a mixed commercial and residential area
and is influenced by traffic emission, to the west is an arterial road, with a west-east

secondary trunk road of 100m in the south and residential buildings on both sides.



89  Otherwise, there are no other obvious nearby sources of pollution.

90 The size-resolved atmospheric particles were collected using an ambient 8-stage
91  cascade impactor sampler (Anderson Series 20-800, BGI-TISCH Inc., USA) with cut-
92  offs0f9.0,5.8,4.7,3.3,2.1, 1.1, 0.7, and 0.4 um, operating at a flow rate of 28.3 L-min

93  ~!in this experiment. The particle size ranges corresponding to the level of the sampler

94  and human organ in the respiratory system where the different size particles can be
95  deposited was summarized in Table 1. The sampling period was from January to March
96  2016. Each sampling lasted 48h and conducted every three times per month (the first,
97  middle and late ten days of every month). Finally, a total of 8 groups of samples were

98  obtained.
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100 Fig. 1. The location of sampling site
101 Table 1 The particle size ranges (Dp) and human organ invaded by atmospheric particles
102 corresponding to the level of the sampler
Level Dp (um) Human organ
0 >9.0 nasal cavity
1 5.8-9.0 nasal cavity
2 4.7-5.8 throat
3 3.34.7 bronchi
4 2.1-33 bronchi
5 11-21 bronchi
6 0.7-11 alveoli

7 0.4-0.7 alveoli
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2.2 Elemental analysis

All the collected particle samples were dried for 48h and half of each filter paper
were put into a polytetrafluoroethylene (PTFE) digestion vial where 65% HNOs (3.75
mL), 40% H>0O; (1.25 mL) and 30% HF (0.20 mL) were added successively. Then the
solutions were heated by the oven (Yamato), with the temperature and duration of
185 Cand 8h, respectively. After the heating process, the digested particles samples
were dilutedwith distilled water constant volume to 15 mL. Finally, 6 mL of the sample
solution was taken out and the concentrations of MEs were measured by ICP-OES
(1CAP™ 7000 Series, Thermo Scientific™, MA, USA) and ICP-MS (Agilent
Technologies, Tokyo, Japan), simultaneously. In addition, internal standards (*’Y, '*°Ir,

5Tn and '“Rh) were added online during MEs analysis (Pan and Wang, 2015).

2.3 Quality assurance (QA) and quality control (QC)

The pre-treatment and analytical procedure of samples followed a strict QA/QC
process. The replicate field blanks and filter samples were handled identically to assess
the error during both sampling and data processing (Pekney and Davidson, 2005). In
order to assess the validity of data and select a group of reliable data obtained by two
instruments, the limits of detection (LODs) were calculated as three times the standard
deviation (SD) for the blank samples. All results are listed in Table 2. which also
shows the calculated mean and SD of ME concentration in the filter samples.For the
two analytic techniques of ICP-OES and ICP-MS, the average concentrations and SD
of MEs in the size-resolved particles were calculated separately then summarized in the
supplement table and to prevent misuse of the data below the LODs of these instruments,
they were listed as <b.d.l. and omitted in the data processing. The average
concentrations of blanks samples were well below that of filter samples and MEs’
concentrations in the filter samples were above LODs so that blank samples did not
exert an important influence on the observed concentrations. However, the average
concentrations of As, Se and Pb of filter samples were below that of blank samples and

the concentrations of Mg, Al and Ca in the field blanks were below the LODs of
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instrument, which were analyzed by ICP-OES. In addition, Fe and Zn, abundant in the
environment, could be measured more accurately by ICP-OES (Cruz et al., 2015). So
the concentrations of Na, K, Fe and Zn used the data of ICP-OES, while that of other
MEs chose from ICP-MS.

Additionally, reference materials of fly ash (GBW08401) and soil (GBW07401)
were acid digested and measured in parallel with the filters samples to measure the
recoveries (Pan et al., 2015). The recoveries of MEs are within the target recoveries
(100 £15%), with the exception of Se. Thus, this study only presents 23 MEs (As, Fe,
Pb, Cd, Ni, Cu, Zn, Cr, Ti, Al, K, Na, Mn, V, Ba, Tl, Be, Co, Sr, Mo, Ag, Sn, U).

Table 2. Field blanks and limit of detection of the MEs subject to microwave digestion with

HNO3/H,O»/HF.
ICP-OES ICP-MS
Elements
Air Limit of detection Air Limit of detection
(ng'm?) ® (ng'm?) ¢ (ng'm?)® (ng'm?) ¢

Na 85.04 56.32
Mg -1.40 1.95

Al -0.87 3.36 0.815 0.919
K 16.53 23.88

Ca -2.85 1.19

A% -0.20 6.24 0.003 0.008
Cr 0.38 8.73 0.027 0.100
Mn 0.07 1.60 0.012 0.013
Fe 0.75 4.27 0.175 0.299
Ni -2.87 10.46 0.010 0.008
Cu -1.94 2.69 0.048 0.082
Zn 1.04 3.18 0.131 0.142
As 83.51 84.05 0.004 0.006
Se 60.44 76.98 0.005 0.010
Mo 0.015 0.034
Cd 1.47 4.61 0.002 0.001
Ba 0.09 0.21 0.009 0.032
Pb 38.11 66.65 0.044 0.172
Ti -1.90 3.75 0.037 0.144
Tl -58.57 63.69 0.001 0.001
Be -0.63 0.71 0.000 0.000
Co 0.002 0.004
Sr 0.049 0.011

Ag 0.031 0.019
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Sn 0.039 0.109
Sb 0.023 0.070
U 0.001 0.002

Note: * and ®: Field blanks in air were respectively calculated to be equal to mean values of element
mass concentrations in six filter blanks used by the ICP-OES and ICP-MS;
¢ and ¢: Limit of detection (LOD) corresponding to three times the standard deviation of the six

blank signals obtained by using the ICP-OES and ICP-MS respectively.

2.4 Data analysis

2.4.1 Enrichment factor
To evaluate the contamination level of metal elements, the crustal enrichment

factors (EFs) were calculated as follows (Luo et al., 2015):

__ (cy/Cgr)sample
EF = (Ci/Cr)background (1)

where, Ci and Cr are the concentrations of selected MEs and reference element in
sample and background crust (Cheng et al., 2014), respectively. Aluminum served as
the reference element in this study. This method facilitates the determination of the
source contribution of MEs originated from natural and anthropogenic emissions (Wang
etal., 2018). In general, EF<1 indicates that MEs are mainly from natural sources such
as road dust, while EF>1 is deemed to be from anthropogenic sources. The larger the
value of EF, the higher the degree of enrichment of MEs.

2.4.2 The geo-accumulation index

The geo-accumulation index (Igeo) 1s introduced to draw a comparison between the
background levels and concentrations of MEs in particles to analysis local pollution

levels of MEs (Censi et al., 2017; Li et al., 2015), calculated by Eq. (2) (Miiller, 1969):

(Ci)sample
logz 1.5x(Cy)background (2)

Igeo -

where, the meanings of C; are equal to that of EF and same data are used to calculate it.
The factor 1.5 is applied as the background matrix correction value. The pollution levels
of MEs at sampling site are divided into seven categories according to the values of Igeo:
uncontaminated (Igeo<<0), slightly contaminated (0< Igco << 1), moderately contaminated

(1<Igeo=<2), moderately to strongly contaminated (2< Igo<:3), strongly contaminated
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(3<Igeo=4), strongly to severely contaminated (4< Iz, <15), and severely contaminated
(Igeo> 5) (Wei et al., 2015).

2.4.3 The potential ecological risk index

This study used the potential ecological risk index proposed by Hakanson (1980)
to evaluate the environmental influence of heavy metal elements in particles. The
method builds up a bond between the environmental ecological effect and toxicological
characteristics of heavy metals, comprehensively assessing the potential risk of heavy
metals in environment. The potential ecological risk index of a single element (E';) and
comprehensive potential ecological risk index (RI) can be calculated by using the

following equations:

Cfi = (C))sample /(C;)background 3)
EL=T! % C} 4)
Rl = Y EL ©)

where, the meanings of C; are equal to that of EF and Igeo, C f‘ is the contamination factor

of the metal i and T} is the toxic-response factor of the metal i, which is determined
for Ti=Mn=Zn=1, V=Cr=2, Cu=Ni=Co=Pb=5, Tl=As=10 and Cd=30 according to
previous studies (Douay et al., 2013; Egbueri, 2020; Liu et al., 2018). Due to little
toxicological effects for mineral elements and absence of T} of some elements, the
potential ecological risks of only 12 elements (Zn, Co, V, Cr, Mn, Ti, Ni, Cu, As, Cd,
Tl and Pb) were analyzed in this study. On the basis of its severity, the ecological risks
were divided into five levels: slight risk (E',<<40); moderate risk (40<<E',<80); strong
risk (80<<E';<<160); very strong risk (160<<E';<(320); extremely strong risk (E';>>320).
Similarly, the scopes of RI were ~150, 150~300, 300~600 and 600~ for low ecological
risk, moderate ecological risk, high ecological risk and very high ecological risk (Gujre

et al., 2021; Williams and Antoine, 2020).

3. Results and discussion

3.1 Particle mass concentration

The air quality is classified into four levels: clear (PM21<<50 pg-m?), slight
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pollution (50<PM <100 pg-m~), moderate pollution (100<PM>1< 150 pg-m), and
severe pollution (PM21>150 ng-m™). The average mass concentrations of PM in
Beijing were 24.16 ug-m, 94.34 pg-m=, 127.88 pg-m=, 200.89 ug-m= in four levels,
respectively. Fig. 2 showed that the size distributions of particle mass concentrations
were all bimodal in four levels. The first peak was in the fine fraction (0.4~2.1 pm) and
the second peak occurred in the coarse fraction (3.3~5.8 um). Atmospheric particles in
the coarse fraction were accumulated in all aerosol conditions including clear and slight
pollution, accounting for 30.98% and 25.36% of total mass concentration, respectively.
However, the atmospheric particles in fine fraction had relatively larger contributions
under moderate pollution and severe pollution (22.08% and 20.55%) compared to that
in coarse fraction (19.46% and 18.01%). These observations revealed that as the
pollution level intensified, the concentrations of fine particles, especially at the size
range of 0.4-2.1 pum, increased, which was the main cause of the deterioration of air
quality in Beijing. In comparison, the average mass concentration of fine particles in
2013 prior to air quality legislation ranged from 148.69 to 180.00 ug-m™, which was
higher than that of our result (111.80 pg-m™). Moreover the size distribution of particle
mass concentrations was centered at Dp < 1.0 um, accounting for approximately
63.50~72.70% of total concentration (Wang et al., 2014; Zhu et al., 2016). It is showed
that the main constituents of atmospheric particles were fine particles in Beijing in 2013.
In addition, Shao et al. (2018) also observed the downward trend of annual fine
particles concentration from 2013 to 2016 in Beijing. These phenomena revealed the
important effect of the Chinese Air Pollution Prevention Action Plan released in 2013,
alleviating the atmospheric pollution situation in Beijing obviously and manifesting the
size distribution as the coarse fraction was as important as the fine fraction in particles

in Beijing.
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Fig. 2. Size distributions of particle mass concentration in different air quality levels

3.2 Element concentration and size distribution

3.2.1 Elemental concentrations in size-resolved particles

Atmospheric particles with high loading of MEs will cause adverse effects on the
environment and human health. Based on the cut points of the sampler, the atmospheric
particles were further divided into fine mode (<2.1 pm), coarse mode (2.1-9.0 um), and
large mode (>9.0 um). As shown in Fig. 3, the atmospheric MEs generally accumulated
more in the fine and coarse mode particles than that in large mode particles, with the

3, respectively, which was

average concentrations of 19.22, 19.31, and 5.36 ug-m-
consisted with previous research (Pan et al., 2013; Zhang et al., 2019). This suggests
that smaller particles with higher specific surface areas have more active sites around
the surfaces and stronger adsorption in the fine and coarse mode, compared with large
mode particles.

MEs can be divided into mineral elements (Na, Fe, Al, K) and heavy metal
elements (other 19 elements). The average concentrations of mineral elements were 2~5
orders of magnitude higher than heavy metals in samples. The contents of Na were all
the highest among the mineral elements in three mode particles, followed by Fe, Al, K.
Moreover, the mineral elements tended to be enriched in the particles with size range
lower than 9.0 pm. For heavy metals, Zn was the most abundant element, followed by

Ti, Mn, Cr, Ba, and Pb, while other heavy metals accounted for a relatively small

proportion by mass in particles.
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Fig. 3. Mass concentrations of metal elements in size-resolved particles

3.2.2 Size distribution

According to the similarities of the size distributions, 23 MEs were clarified into
three groups.

The first group included Fe, Co, Sr, Al, Ti, Ba, and U, which were abundant in
coarse mode with the majority of the mass centered at 4.7 pym and 5.8 pum (Fig. 4(a)),
indicating that they mainly originated from natural sources, e.g., coarse particles
produced by mechanical processes (Kandler et al., 2009). These elements in the coarse
fraction (3.3~5.8 pum) accounted for 52.31% (U)~71.37% (Ti), in contract, these
elements in large model particles were ultra-low with the percentage of only 5.01% of
the total concentration. Considering the location of the sampling site, it can be inferred
that the main source of these elements was the road dust caused by soil suspension and
accumulated wind-blown dust, not anthropogenic emission (Gao et al., 2014; Ji et al.,
2016). In addition, the size distributions of Co, Sr, Al, Ti, Ba, U varied from unimodal
to bimodal distribution from clear to severe pollution (Supplement figure), which is

most likely caused by the vehicle exhaust emission and regional transmission in Beijing
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(Pan et al., 2013; Tong et al., 2020).

The second group consisted of Zn, As, Cd, T1, and Pb, and these elements only had
a peak in the fine mode (Fig. 4(b)), which suggested the effect of anthropogenic sources.
Among these five elements, As, Cd, T, and Pb had a peak in the fine fraction (0.4~2.1
um), and their percentages ranged from 53.22% (Cd) to 75.79% (Tl) of the total
concentrations. In addition, these four elements all turned into bimodal distribution
under moderate and severe pollution and showed an additional minor peak at 4.7~5.8
um (Supplement figure). Linak et al. (2000) showed that As, Pb and Cd from
incineration chambers had similar bimodal particle size distribution. Hence, these MEs
were mainly caused by coal combustion during the heating period in winter. As for Zn,
its concentration wasconcentrated in a wide particle size range from 0.7 to 5.8 um, and
the contribution concentration at 0.7~2.1 pm occupied about 52.54% of the total
concentration, mainly causing by vehicle emissions and road dust (Chen et al., 2010).
Moreover, the average concentration of Zn in our clear pollution level (0.41 pg-m™)
was higher than that of slight pollution (0.31 ug-m™), and the average concentration in
moderate pollution (0.59 pg-m) was similar to that of severe pollution (0.56 pug-m™),
indicating that the content of Zn had no positive correlation with air pollution level and
the effect of natural sources was as significant as that of anthropogenic activities.

The third group including Na, K, Be, V, Cr, Mn, Ni, Cu, Mo, Ag and Sn, presented
a bimodal distribution, with the first peak at fine mode (0.4~2.1 um) and the second
peak at coarse mode (3.3~5.8 um) (Fig. 4(c)), in line with multiple sources, i.e., natural
and anthropogenic emissions. These elements in the fine mode accounted for 19.29%
(Be) to 41.21% (K) of the total concentration and 44.44% (K) to 61.98% (V) in coarse
mode. The elemental concentrations were all relatively high in two fractions, but more
centralized in the coarse mode, indicating that these elements mainly caused by road
dust. In addition, the size distributions of V, Cr and Mn were unimodal structure with a
peak at coarse mode under clear and slight pollution (Supplement figure). Be and Ni
showed various distribution forms under four levels, but more accumulated in the
coarse mode particles, particularly in moderate and severe pollution, manifesting that

these elements were rarely affected by the anthropogenic sources. As the pollution



290 levels aggravated, the loading concentration of K within submicron particles smaller
291  than 0.7 um was increased, which may be attributable to biomass burning (Li et al.,

292  2014; Silva et al., 1999).
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Fig. 4. The size distributions of selected 23 metal elements in particles during the Beijing winter

(unimodal in coarse mode (a), unimodal in fine mode (b), and bimodal (c)). The data point is the

average concentration of metal elements during eight sampling periods and the error bar is SD.

3.3 Source determined by enrichment factor

Enrichment factor (EF) was employed to evaluate the contamination level and

differentiate the source contribution of MEs originated from natural and anthropogenic

emissions. Fig. 5 showed the average enrichment of MEs in different mode particles.

For TSP, the EF value of Ti was less than 1, which was from natural sources. Other MEs

in TSP could be divided into three groups according to their EFs values. The values of

EFs for K, Fe, Be, Co, Sr, V, Mn, Ba and U were relatively low (<<10), particularly in

the large mode particles, suggesting that these elements, slight degree of enrichment,

mainly originated from re-suspended soil (Polidori et al., 2009). Cr, Ni, Cu, As, Sn, Pb

showed the intermediately enriched group with EFs between 10 and 100. And other six

elements (Na, Zn, Mo, Ag, Cd, and Tl) were dominated by anthropogenic sources

(vehicle exhaust emissions and combustion process) (Huang et al., 1994), and the

dM/dlogDp of K (pg'm™)
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highly enriched group with the EFs higher than 100. Moreover, Zn, Mo and Cd had the
highest EFs in each size fraction (EF exceed or was approximately equal to 100),
indicating that the worst-affected elements were Zn, Mo and Cd of selected 23 MEs by
anthropogenic sources. The elements of Cr, Ag, Tl, Sn and Pb also became high
enrichment degree in fine mode particles, moreover, the EF of Zn even exceeded 1000.
So these heavy metals were mainly influenced by anthropogenic emissions. In addition,
Na was a mineral element, while its EF values in large, coarse and fine particles were
relatively high (36.49, 86.39 and 374.61). Oetari et al. (2019) and Meij and te Winkel
(2007) have confirmed that the content of Na in atmospheric particles had strong
relationship with coal combustion. Hence, in this study, the high enrichment of Na was
likely derived from combustion sources during the heating period in winter combined
with the sampling site, locating on the rural-urban fringe zone. The comparison of the
EFs for each element among 3 different size fraction showed that the enrichment levels
of elements increased as particle size decreased, which was consisted with previous
researches (Pan et al., 2013; Pancras et al., 2013), revealing the significant environment

effect of fine particles.
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Fig. 5. Enrichment factors (EFs) of metal elements in TSP, fine mode, coarse mode, and large
mode particles in Beijing. EF=1 in TSP and different size-resolved particles was marked by the

dash line, colored by corresponding color.

3.4 Environmental risk assessment

To evaluate the overall environmental pollution degree and ecological risk in
Beijing, the concentrations of MEs in TSP, obtained by adding the average
concentrations of 9 size ranges, were used to calculate I4, and the potential ecological
risk index. As shown in Fig. 6, the g, values of K, Fe, Be, Co, Sr, Al, V, Mn, Ti, Ba
and U were less than 0, indicating that these MEs can not cause environment
contamination. Moreover, these elements of I, <<0 displayed no or low degree of
enrichment combined with the values of EFs. It was confirmed that the effect of MEs
originated from anthropogenic emissions was more significant than that from natural
sources on the environment. The average Igeo values of Ni and As were smaller than 1,
and that of Na, Cr, Cu, Ag, Cd, Sn, Tl and Pb were between 1 and 4, which revealed
slight contamination by Ni and As, and moderate to strong contamination by Na, Cr,
Cu, Ag, Cd, Sn, Tl and Pb. However, 25.00% of the sampling periods belonged to
strongly to severely contaminated categories for Na, Ag and Cd (4<<Igeo<x5). The Igeo
values of Zn and Mo were the highest of all MEs with main ranges of Igeo (Zn)>5 and
4 < Igeo (Mo) =< 5; thus these two elements could cause serious pollution for the
environment.

Fig. 7 indicated the potential ecological risk index of 12 heavy metals, and the
comprehensive potential ecological risk index (RI) was calculated during the sampling
period. The values of RI ranged from 363.97 to 2054.02 with a mean value of 926.87,
demonstrating that the atmospheric particles showed the high potential ecological risk
during winter time in Beijing. To be specific, Cd, Tl, Zn, and Pb were the most
important pollution elements for the environment, with the E', values of 759.97, 105.91,
67.95, and 41.20, respectively. Hence, it is significant to identify the sources of these
four elements and decrease their emission amounts, especially Cd. The comparatively

higher ecological risks posed by Cd and Cu in the road dust of industrial areas have
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been attributed to smelting and ironworks, and electronic wastes from factories, but not
existed in Beijing (Shahab et al., 2020). Therefore, we can infer that atmospheric
particles contained Cd may come from regional transmissions of peripheral steel
smelting plants, be deposited onto road, thereby exerting adverse potential ecological

risk on environment.
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Fig. 6. The geo-accumulation index (Ige0) of elements from January to March 2016 in Beijing
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Fig. 7. The potential ecological risk of heavy metals in atmospheric particles
The ecological risks of 12 heavy metals were divided into five levels according to the values of E';

as described above and the corresponding level limits were marked by red dash line in the figure.

4. Conclusions

The size-resolved atmospheric particulate samples in Beijing were collected to
analyze the size distributions of particle mass concentrations and selected 23 MEs
during January to March 2016. Combined with the EF analysis and other model
parameters, the intensive data analysis campaigns investigated the source of MEs in
particles and evaluated their environmental risks. The results lead to the following
conclusions.

(1). The size distributions of particle mass concentrations all were bimodal in four
air quality levels, i.e., the first at fine fraction (0.4~2.1 um) and the second at
coarse fraction (3.3~5.8 um). The atmospheric particles were accumulated
easily in coarse fraction in clear and slight pollution. But under moderate and
severe pollution, the proportion of particles in the fine fraction increased and

in the coarse mode decreased, showing the significant emissions of fine
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particles in Beijing, in accord with the comparison of the EFs among 3
different size fractions.

According to the similarities of the size distributions, 23 MEs are divided into
three groups: (a) elements (Fe, Co, Sr, Al, Ti, Ba, U) showing the unimodal
distribution, which were abundant in coarse mode; (b) elements (Zn, As, Cd,
Tl, Pb) showing unimodal structure with a peak in fine mode particles; (c)
elements (Na, K, Be, V, Cr, Mn, Ni, Cu, Mo, Ag, Sn) with a bimodal
distribution throughout the size range (centered at approximately 0.55~1.60
pum and 4.00~7.40 um). The size distributions of MEs in four air quality levels
varied greatly. For the MEs of unimodal distribution, most elements
maintained their original size distributions under clear and slight pollution,
while in the case of severe pollution, showing the bimodal distribution, except
for Fe and Zn. These findings suggest that the composition of coarse particles
is as important as that of fine particles to alleviate heavy metal pollution in the
modern urban atmosphere.

The source emission and environmental risk varied with the elemental
composition of atmospheric particles and were identified by the factor analysis
applied on the elemental data combined with the size distributions. Na, Zn, Mo,
Ag, Cd, and Tl showed high enrichment degrees and moderate to severe
contamination on the environment, signifying influences from regional
transmissions or anthropogenic emissions, e.g., vehicle exhaust emissions and
coal combustion. Other elements may originate from multiple sources, i.e.,
anthropogenic emissions and road dust, except for Ti. In addition, Beijing’s
atmospheric particles showed the high potential ecological risk in winter
according to the values of RI. To be specific, Cd, T1, Zn, and Pb were the most
important pollution elements for the environment, with the E'; values of 759.97,
105.91, 67.95, and 41.20, respectively. Hence, the pollution of metal elements

should cause concern for people, especially Cd.
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