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ABSTRACT: Antimony (Sb), a priority pollutant listed by the U.S.
Environmental Protection Agency (USEPA), can cause adverse effects on
human health, with particular impacts on skin, eyes, gastrointestinal tract,
and respiratory system. In this study, a database of Sb concentrations in the
global atmosphere was developed through a survey of measurements
published in more than 600 articles, which was then used to assess the
health risks of Sb exposure based on a USEPA assessment model. Most
measurements showed Sb concentrations of less than ∼10 ng m−3, but those
at several contaminated sites exhibited Sb concentrations of more than 100
ng m−3. For measurements conducted in urban environments, Sb
concentrations in the total suspended particles (TSP) and particles of less
than 10 (PM10) or 2.5 μm (PM2.5) were the highest in Asia, followed by Europe, South America, and North America. Sb
concentrations were generally higher in winter and fall than during other seasons in TSP and PM10 samples. A significant correlation
was observed between Sb and As in TSP and PM2.5 on a global scale. Sb was mainly derived from anthropogenic sources, especially
traffic emission, industrial emission, and fossil combustion. Hazard quotients (HQ) of Sb in TSP, PM10, and PM2.5 were higher for
children than adults because of their lighter body weight, inferior physical resistance, and higher ingestion probability. The global
database for atmospheric Sb concentrations demonstrates a relatively low noncarcinogenic risk in most regions. Long-term
monitoring is still required to identify the sources and growth potentials of Sb so that effective control policies can be established.

1. INTRODUCTION

Antimony (Sb) is the 51st element in the periodic table.
Similar to other pnictogen atoms, Sb forms a volatile, highly
toxic trihydride Sb3+ species, which is unstable under anaerobic
conditions. The valence states of Sb in biological and
environmental samples, however, are nearly entirely +III and
+V.1 Antimony can be bioaccumulated and harmful to
creatures and is thus listed as a priority pollutant by the U.S.
Environmental Protection Agency (USEPA) and the European
Union.2,3 The atmosphere serves as an important reservoir of
Sb during its biogeochemical cycle. Anthropogenic Sb
emissions have substantially increased the total Sb concen-
trations in the environment,4−6 with current levels that are 50−
100 times higher than the preindustrial era.4 A 50% annual
increase in the atmospheric Sb concentration in the northern
hemisphere has been observed since the mid-1970s.7

Anthropogenic Sb emissions to the atmosphere are particularly
large in China (estimated to be 649 tons in 2010), accounting
for 34% of global emissions.8

Airborne Sb generally exists in trace concentrations of pg
m−3 to ng m−3 and has an atmospheric lifetime of hours to
weeks, depending on its size distribution.9 Most Sb emissions
are from high-temperature combustion processes and are
therefore released as submicron diameter particles, which can

grow rapidly via accumulation in a bulk mode, represented by
PM2.5.

6 Particles in this size range can experience long-distance
transport owing to their low dry and wet removal
processes.10,11 For example, Sb observed in the Canadian
high Arctic almost entirely (99.8%) originates from anthro-
pogenic emissions.12

Human exposure to Sb can be through breath, eat, drink,
and skin contact. The toxicity posed by Sb to a human body
depends on the exposure dose, duration, and routes, as well as
the person’s age, gender, nutritional status, family character-
istics, lifestyle, and physical condition.13 According to the
Agency for Toxic Substances and Disease Registry,14 chronic
exposure to airborne Sb at a concentration of as low as 9 mg
m−3 will exacerbate irritation in eyes, skin, and lungs. The
reported minimal lethal doses for oral ingestion of Sb in the
form of potassium antimony tartrate by children and adults are
300 and 1200 mg, respectively.15 In addition, prolonged
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exposure to atmospheric Sb and Sb compounds can cause
sleeplessness, electrocardiogram changes, stomachache, diar-
rhea, emesis, and gastric ulcers.13,16−20 Chronic exposure to
airborne dust containing a high proportion of antimony
trioxide and antimony pentoxide has also caused pneumo-
coniosis.21,22 However, assessments of the health risks caused
by Sb exposure are still limited. Li et al.23 reported that Sb
exposure through oral ingestion exceeded the hazard quotient
(HQ) safety level in Sb mining areas. Wu et al.24 showed that
dietary exposure to Sb was the dominant health risk to local
residents in the largest Sb mining area in the world
(Xikuangshan, Hunan province, China).
Antimony is a hazardous element closely related to human

activities on a global scale. Large amounts of Sb have been
released into various environment media by widespread human
activities; thus, anthropogenic sources play a vital role in
increasing Sb contents. Most existing studies have focused on
Sb in various environmental media or in specific re-
gions.2,4,25−30 A systematic review of the global Sb distribution,
its exposure assessment, and health risk characterization are
still lacking. This study summarizes the published data of Sb
concentrations in total suspended particles (TSPs) and size-
segregated fractions (e.g., PM10 and PM2.5) and assesses their
potential health risks to humans. Results from the present

study provide the much-needed knowledge for establishing a
comprehensive atmospheric Sb cycle model, providing a
reference for formulating future control policies and identifying
future research needs.

2. RESULTS AND DISCUSSION

2.1. Global Distribution of Sb Concentrations. A total
of 676 measurements of Sb concentrations in surface air were
obtained from the literature; these were used to develop three
data sets for Sb concentrations in TSP, PM10, and PM2.5
(Table S1). The majority of the data points were for urban and
suburban environments, with only a few for background
ambient air. Numerous studies have focused specifically on
street canyons, tunnels, or other urban environments that are
strongly impacted by traffic emissions. We note that not every
study has TSP sampling, instead, only a fraction of the
particulate mass was analyzed (e.g., PM2.5, PM10, and/or
PM10−PM2.5). Only 532 measurements contained Sb concen-
trations in all of the TSP, PM10, and PM2.5, and these data were
suitable for comparison. Data at different locations were used
to generate spatial distribution figures.
Overall, Sb in TSP, PM10, and PM2.5 exhibited abnormal

distributions (Shapiro−Wilk’s test, p < 0.01), with profound
positive skewness (Figure S1). We thus used the median values

Figure 1. Global atmospheric Sb concentrations in TSP (ng m−3).

Figure 2. Distribution of atmospheric Sb concentrations by contamination class: (a) SbTSP (Sb in total suspended particles), (b) SbPM10 (Sb in
particles of less than 10 μm), and (c) SbPM2.5 (Sb in particles of less than 2.5 μm).
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of the concentration for comparison (Table S2). The median
global Sb concentrations in TSP, PM10, and PM2.5 were 6.45,
4.00, and 1.43 ng m−3, respectively. The standard deviations
(SD) were large, indicating substantial data dispersion that
reflects the large differences between sampling sites. The
coefficient of variation decreased as follows: SbTSP > SbPM2.5 >
SbPM10. This indicates that the SbTSP values had the highest
degree of dispersion, followed by SbPM2.5 and then SbPM10.
Detailed features and the spatial distributions of atmospheric
Sb in TSP, PM10, and PM2.5 are discussed below.
2.1.1. Sb in TSP. Sampling sites were unevenly distributed

around the world (Figure 1), with the majority of the sites in
Europe (40%) and Asia (30%), followed by South America
(13%), North America (8%), the Atlantic (8%), and Antarctica
(2%). Antimony data from urban sites on four continents with
evenly distributed data points were compared (Table S3); the
highest Sb concentrations occurred in Asia, followed by
Europe, South America, and North America. In general, Sb in
TSP reflected the characteristics of local to regional
atmospheric particulate Sb matter due to the relatively short
transport distance of TSP.9

In this study, we grouped the measurement data into four
main categories based on site characteristics: urban, suburban,
background, and naturally enriched sites (Figure 2). Most of
the data were obtained from urban sites, where Sb
concentrations ranged from 0.035 to 40 ng m−3. Background
sites accounted for 23% of the data, where Sb concentrations
were typically on the order of 0.1 ng m−3. Only 3 and 2% of the
data were collected at suburban and naturally enriched sites,
respectively, with Sb concentrations ranging from 1 to 16 and
32 to 38 ng m−3, respectively. As shown in Figure 1, the
highest value of atmospheric Sb content in TSP was 583.8 ng
m−3 in Wah Cantt, Pakistan,31 a typical industrial city.
The distribution of the duration of measurements was also

skewed, with 59% of the data points characterized by
multiseason measurements and smaller portions by only
single-season measurements (Figure S2). The sampling time
was generally 24 h or longer.
2.1.2. Sb in PM10. Sampling sites for Sb in PM10 were

unevenly distributed among the continents, with 66% in
Europe, 27% in Asia, and only 2, 1, and 4% in Africa, South
America, and North America, respectively (Figure S3). Most
samples were collected in urban (75%) or suburban areas
(19%) and only 7% at background sites. A tendency can be
observed in Table S3, where Sb levels decrease as follows: Asia
> Europe > South America > North America. Besides, SbPM10
concentrations ranged from 0 to 18 ng m−3 at urban sites, 0 to
14 ng m−3 at suburban sites, and 0 to 6 ng m−3 at background
sites (Figure 2). The largest Sb value was 640 ng m−3 in
Dachang, Guangxi Zhuang Autonomous Region, China,32

which is named “the township of the nonferrous metal.”
A heterogeneous temporal distribution was also observed,

according to both the sampling season and collection time of
the data (Figure S2). Nearly half of the studies collected
samples during multiple seasons. More than half of the data
were collected in both the daytime and nighttime. Several of
the abovementioned temporal variabilities in SbPM10 concen-
trations may originate from different sampling durations and
measurement uncertainties (see Section 2.5).
2.1.3. Sb in PM2.5. Sampling sites for SbPM2.5 were unevenly

distributed among the continents (Figure S4), with 42, 29, 24,
4, and 1% in Europe, North America, Asia, South America, and
Africa, respectively. SbPM2.5 decreased as follows: Asia > North

America > Europe > South America (Table S3). This trend
slightly differs from that shown in Mamun et al.,33 who found
higher Sb concentrations in Europe than North America. Such
a difference may reflect the diverse data sources used in these
two studies.
SbPM2.5 samples were predominantly collected from urban

sites (68%), followed by suburban sites (24%) and background
sites (7%). SbPM2.5 contents ranged from 0 to 11, 0 to 10, and 0
to 4 ng m−3 at urban, suburban, and background sites,
respectively (Figure 2). The highest measured SbPM2.5
concentration was 516 ng m−3 in Korangi, Karachi, Pakistan,34

which is one of the largest and most polluted metropolitan
cities in South Asia.
Sampling time and season were also unevenly distributed

(Figure S2). Most samples were collected during both the day
and night. Sixty-one percent of the samples were collected in
multiple seasons, where the most frequent sampling season was
spring (19%), followed by summer (11%), autumn (3%), and
winter (3%).

2.2. Factors Influencing Atmospheric Sb Concen-
trations. Global distributions of atmospheric SbTSP, SbPM10,
and SbPM2.5 show that Sb concentrations are mostly below ∼10
ng m−3 (Table S1), which is significantly less than the
occupational standard level set by the U.S. Occupational Safety
and Health Administration (OSHA), i.e., exposure for 8 h
day−1 and 5 days week−1 at a level of up to 0.5 mg m−3. The
highest Sb levels were associated with mining, industrial
activities, automobile emissions, and coal mining activities (i.e.,
anthropogenic activities).
The impact of anthropogenic activities can influence the

atmospheric Sb concentration. In TSP, PM10, and PM2.5
samples, except for naturally enriched areas, Sb concentrations
varied at the different types of sampling sites (Kruskal−Wallis
test, p < 0.001) in the following order: urban sites > suburban
sites > background sites (Figure S5). This reflected the extent
of the impacts of anthropogenic activities, with higher Sb
concentrations from greater impacts.
Significant temporal variations were observed in the

atmospheric Sb contents in TSP, PM10, and PM2.5 samples.
The Sb data in different seasons were collected from our data
set to analyze the influence of the season on Sb. Due to the
sufficient amount of data, the priority was to analyze the Sb
contents in urban areas. As shown in Figure 3, the Sb
concentration for TSP decreased as follows: fall > winter >
spring >summer. Significant seasonal differences also existed in
SbPM10 contents, e.g., fall > winter > summer > spring. SbPM2.5
levels decreased as follows: fall > summer > spring > winter.
The higher Sb concentrations in winter and fall than in spring
and summer were likely due to more coal consumption and
lower mixing height during colder seasons.35 More studies are
required to verify these findings and identify the causes of
inconsistencies of seasonal trends.
Antimony was typically enriched in small particles. The ratio

of SbPM2.5/SbPM10 substantially exceeded 50% in the reported
data,36−44 suggesting significant Sb enrichment in fine particles.
Furthermore, the mass median aerodynamic diameter
(MMAD) of airborne Sb was 0.6 μm, which also indicates
that Sb tends to concentrate in fine particles.33 For example,
Almeida et al.43 observed a SbPM2.5/SbPM2.5−10 ratio of 1.6
(equivalent to SbPM2.5/SbPM10 of 61.5%) from samples
collected in Bobadela on the western coast of Europe. Fujiwara
et al.28 found enriched Sb in the smallest particle sizes in road
dust samples collected in Buenos Aires. Wang et al.45 reported
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the highest Sb content in the size range from 0.006 to 0.847
μm in Zhengzhou, China. Goḿez et al.46 observed enriched Sb
(by a factor of 6.26) in the smallest size fraction of the
Copahue volcanic ash. Furuta et al.47 claimed that the smallest
airborne particulate matter, with a diameter of less than 2 μm,
has the highest Sb concentration.
Comparing data at a large number of background sites may

reveal dominant variables that affect the total amount of
atmospheric Sb. The data set developed in this study is
inadequate for such analysis due to the limited background
sites. Future research may fill this data gap.

2.3. Source Identification. The enrichment factor (EF)
was initially developed to speculate on the origin of elements
in the atmosphere, precipitation, or seawater,48,49 and is now
commonly used to identify and quantify human interference
with global element cycles.50 The formula to calculate EF can
be generalized as49

EF
El / X

El / X
sample sample

crust crust
=

[ ] [ ]
[ ] [ ]

where “El” is the element under consideration, “X” is the
chosen reference element, and the square brackets indicate the
concentration. The most commonly used reference elements
are Al, Fe, Sc, and Ti for their little variabilities. In this study,
Fe is used as the reference element to calculate EF for it is
widely present in collected research studies. The concen-
trations of Sb and Fe in the crust are 43 200 and 0.3 μg/g,
respectively.51 EF > 5 indicates that the element may have a
significant fraction contributed by noncrustal sources. High EF
values were linked with the anthropogenic source of
elements.50

As shown in Figure S6 and Table S4, the highest EF values
were 56 000, 48 000, and 48 000, and the lowest ones were
33.6, 74.24, and 102.86 for TSP, PM10, and PM2.5, respectively.
Most of EF values in the global atmosphere were higher than
100 and in the range of 100−1000; even the lowest EF values
were still higher than 10, which indicated that Sb was mainly
derived from anthropogenic sources.
Airborne particulate matter was a heterogeneous combina-

tion of diverse pollutants with complex sources, which varied
greatly with different regions in the world. Sb in airborne
particles can be derived from both natural and anthropogenic
sources,28,52 as illustrated in Figure 4.
Figure 4 shows the frequency of different sources that

emerged in the surveyed cities, which was calculated as the
ratio of the number of cities that emerged as a certain source to
the total number of surveyed cities. For all of TSP, PM10, and
PM2.5, less than 3% of the surveyed cities experienced
emissions originated from volcanoes, local soils, and sea salt.
Among human activities, traffic emission, mostly from brake

wear, was the dominant source of Sb in TSP, PM10, and PM2.5,
and 36.1, 53.9, and 52.1% of the surveyed cities reported this
source. Sb was defined as one of the “traffic-related” elements,
and Sb enrichment near the traffic site was confirmed in
previous studies.25,53,54 Sb was widely used in brake pads in the
form of Sb2S3, which can be discharged into the atmosphere
during brake wear.55 Fossil fuel combustion also contributed to
Sb pollution in 16.7, 11.5, and 14.6% of the surveyed cities.
Tian et al. claimed that Sb emissions from coal combustion in
China increased from 133.19 tons in 198056 to 491.92 tons in
2012,57 with an average annual growth rate of 4.2%. Industrial
emissions (e.g., power plants, metal-smelting industry, and
chemical plants) as sources of Sb were reported in 16.7, 9.6,
and 12.5% of the surveyed cities for TSP, PM10, and PM2.5,
respectively. The percentage of Sb(V) of PM10 samples in the
brass industry was 84−88%, confirming the industrial source of
Sb.30 Other anthropogenic sources including mining activities,
waste incineration, and unidentified sources also contributed
Sb to airborne particulates. Besides, e-waste production was
also an important source of Sb in regions with highest Sb
concentrations (e.g., Asia and Europe).58 Effectively recycling
Sb from electronic waste for reducing Sb emissions is required
in future.59

Figure 3. Boxplots of seasonal variations in airborne Sb contam-
ination (the data derived from the literature listed in the Supporting
Information1,3,5−15,17−35,38−48,50,51,53). The boxes represent the
interquartile range (IQR) while the horizontal lines represent the
maximum, median, and minimum values. The dots inside the boxes
are average values, and the circles above the box are outliers.
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The concentration ratio of Sb to some other trace elements
can be used to determine the pollution sources of Sb. For
example, a range of Sb/Se ratio was used to determine Sb
sources from pyrometallurgical nonferrous metal production,
refuse incineration, coal combustion, and marine biota.60 A
Cu/Sb ratio of 6.8 was referred to roadside sources, and a Cd/
Sb ratio of 0.094 and Pb/Sb ratio of 6.8 were used as an
indication of waste fly ash sources.52 However, ratios generated
from one city may not work properly in a different city due to
the large heterogeneities of the sources between the different
cities. A more accurate method for source identification, such
as using isotope signatures, is urgently needed.
Overall, anthropogenic activities, particularly traffic emis-

sions, fossil combustion, and industrial activities, were the
dominant sources of Sb in TSP, PM10, and PM2.5. Reducing Sb
emissions from these sources is crucial for lowering the Sb level

in the global atmosphere and other related environmental
media.

2.4. Human Health Risk Assessment of Global
Atmospheric Sb. Numerous studies have confirmed the
toxicity and bioavailability of Sb.13,15−17 Antimony in the air
affects human skin, eyes, gastrointestinal tract, and respiratory
system.61 There is, however, insufficient evidence to prove that
Sb is carcinogenic in humans, despite the fact that studies have
shown that antimony trioxide and antimony trisulfide cause
lung tumors in rats.62 Human carcinogenicity data for Sb are
difficult to assess because of a subject’s frequent and
concurrent exposure to arsenic.63 Hence, noncarcinogenicity
was preferentially considered when assessing the health risks of
Sb in the global atmosphere.
The average noncarcinogenic risk indices for adults and

children from exposure to atmospheric Sb in the TSP, PM10,

Figure 4. Major sources of airborne Sb contamination in surveyed cities.
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and PM2.5 fractions were calculated using eqs 1 and 2 (Figure
5). Based on the correlation between Sb and As, certain data

derived from As contents were included in areas where
atmospheric Sb studies were lacking. As listed in Table S5, the
noncarcinogenic Sb risks for adults and children are
significantly lower than 1 in most samples, despite the fact
that children have higher HQ values than adults in the TSP,
PM10, and PM2.5 samples. Children are more susceptible to
noncarcinogenic effects than adults owing to their lower body
weight, inferior physical resistance, and higher ingestion
probability.64 Besides, the differences in the HQ values
between adults and children for the TSP, PM10, and PM2.5
samples were significant (Kruskal−Wallis test, p = 0.005, 0.006,
0.0014 < 0.05).
Figure S7 shows the distribution of children’s HQ values for

the TSP fraction. The area with the highest HQ value was Wah
Cantt, which is a typical industrial city in Pakistan,31 but the
HQ value did not exceed 1. For the PM10 fraction (Figure S7),
the only region with an HQ value greater than 1 was Dachang,
Guangxi Zhuang Autonomous Region, China (the township of
the nonferrous metal and “the tin capital of China in the
future”).32 For the PM2.5 fraction (Figure S7), Karachi,
Pakistan, one of the largest and most polluted metropolitan
cities in South Asia,34 had the highest HQ values, but these
were still below 1. More detailed studies should be conducted
at these sites to further investigate the adverse impact that Sb
has on local residents.
According to the US-EPA guidelines, large HQ values above

unity yield greater health concerns.65 As shown in Figure 5, the
majority of HQ values were less than 1, which indicates that
atmospheric Sb has a relatively small noncarcinogenic effect in
most areas. We note that the HQ value is only a simple
measure of the possible impacts of Sb. The actual non-
carcinogenic effects of Sb should be investigated via biological
experiments.
To investigate the potential noncarcinogenic health risks of

Sb, the HQ values of Sb in the TSP, PM10, and PM2.5 fractions
were divided into several categories using exponential
multiples. Values closer to 1 correspond to higher health
risks and greater concerns. The distribution of the HQ values
was different for children and adults so that we displayed the
frequency distributions of the HQ values for SbTSP, SbPM10, and
SbPM2.5 (Figure 5). The HQ values for atmospheric Sb in TSP

(p < 0.01) and PM10 (p = 0.04) were not normally distributed,
whereas the HQ values in the PM2.5 fraction were normally
distributed (p = 0.07) according to the Shapiro−Wilk’s test.
The main HQ values in the three size fractions, however, were
predominantly distributed from 0.001 to 0.1, which indicates
that most areas have a relatively low HQ level and health risk
level.

2.5. Limitations and Uncertainties. The Sb database
collected in this study was derived from available published
data, which are not evenly distributed spatially or temporally.
The focuses and measurement methods are not consistent
among these studies, which may cause uncertainties in the
generated global distribution of Sb and associated health
concern analysis. For example, certain studies focused on spots
with heavy Sb pollution, which may overestimate the Sb
concentrations and exaggerate the human health risk if the data
are used for regional-scale investigations. Removing abnormal
values improved, to a certain extent, the accuracy of the spatial
interpolation. In addition, the sources of Sb varied at different
sites, such that the Sb speciation may be diverse. Currently, the
correlation analysis approach is inadequate for evaluating the
impact that different atmospheric Sb species have on human
health.
Figure S8 summarizes information regarding the types of

sampling devices, filters, and analytical techniques used in the
publications analyzed in this study. For TSP measurements,
high-volume cascade impactor samplers, cellulose membrane
filters, and instrumental neutron activation analysis (INAA)
were the most commonly used sampler, filter, and analytical
instrument, respectively. For PM10 measurements, high-volume
samplers, quartz filters, and inductively coupled plasma mass
spectroscopy (ICP-MS) were most frequently used. For PM2.5
measurements, poly(tetrafluoroethylene) (PTFE) and ICP-MS
were the most popular filter and analytical technology,
respectively, but sampling preferences were not consistent.
Tanaka et al.66 found higher Sb concentrations in TSP

obtained via INAA than LA-ICP-MS (Figure S9). Different
filter materials also caused variations in Sb concentrations, as
well as contributed substantially to blank values, especially the
glass fiber filters.67 Rizzio et al.68 found that cellulose filters
produced higher blank values than polycarbonate filters.
The reference values used in the exposure and health risk

assessments may represent general trends but may not be
suitable for certain situations in some areas. The selected
reference values, i.e., ET, EF, ED, AT, IR, and RfD, can also
produce uncertainties in the assessment results.

3. CONCLUSIONS AND RECOMMENDATIONS
This study developed a global database of atmospheric Sb
concentrations and assessed its potential adverse impacts on
humans. Antimony concentrations were predominantly less
than ∼10 ng m−3, with the highest observed SbTSP, SbPM10, and
SbPM2.5 concentrations at 583.8, 640, and 516 ng m−3,
respectively. Overall, field studies on TSP, PM10, and PM2.5
at Asian sites showed higher Sb concentrations than sites in
Europe, South America, and North America. The sampling
sites were unevenly distributed globally, with more than half of
the SbTSP and SbPM10 data collected in Europe and Asia,
whereas most of the PM2.5 data were collected in Europe,
North America, and Asia. Higher Sb concentrations in TSP,
PM10, and PM2.5 were observed in Asia than in Europe, South
America, and North America. Higher Sb concentrations were
also observed at urban and suburban sites than at background

Figure 5. Frequency distributions of the hazard quotient values:
SbTSP, SbPM10, and SbPM2.5.
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sites. Seasonal variation was obvious in TSP and PM10 samples
since Sb contents were higher in fall and winter than spring
and summer. Mass fractions of Sb were higher in PM2.5 than
TSP and PM10. A significant correlation was observed between
Sb and As in the TSP and PM2.5 fractions, but the governing
mechanism of this result requires further investigation. Source
identification showed that Sb was mainly derived from
anthropogenic sources, especially traffic emission (brake
wear), industrial emission, and fossil combustion.
Global atmospheric Sb emissions from anthropogenic

activities will increase to about 4000 t year−1 by 2050 in the
current legislation scenario,66 with waste incineration and
nonferrous metals production as major sources because of the
population growth and expanding economics. More efficient

PM control devices are needed to control Sb released into the
atmosphere, for example, combining a electrostatic precipitator
(ESP) or fabric filters (FFs) and recycling Sb from waste
nonferrous metals products. Eventually, adjusting the existing
energy structure and adopting clean energy are inevitable to
reduce atmospheric Sb emissions.
In most areas, HQ values of Sb in the TSP, PM10, and PM2.5

fractions for both adults and children were less than 1,
predominantly ranging from 0.001 to 0.1 in a non-normal
distribution. HQ values were larger for children than adults
with respect to Sb in the three size fractions, indicating higher
noncarcinogenic risks for children than adults. The area with
the highest Sb concentration had an HQ value greater than 1.
Future field measurements should examine areas with sparse

Figure 6. Sites of atmospheric SbTSP (a), SbPM10 (b), and SbPM2.5 (c) monitoring data published in previous studies.
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data and reduce measurement uncertainties caused by different
measurement techniques. More research is required to identify
the dominant source factors of Sb and more reliably quantify
its human health impacts.

4. MATERIALS AND METHODS
4.1. Data Collection and Processing. The literature

published between 1970 and 2019 were surveyed to develop a
database of Sb air concentrations. Data were acquired from
published articles either by directly reading their data tables or
digitization of their images using the Get data Graph Digitizer.
Locations/areas with published atmospheric Sb data are shown
in Figure 6 and listed in Table S1 (the sources of all data are
given in references in SI). Most of the collected data comprise
partially averaged and summarized values owing to limited
research on atmospheric Sb and the fact that raw data for
individual Sb concentrations were generally unreported in
published studies.
To ensure the accuracy of large-scale spatial distributions,

abnormal values outside the range of (X/4, 4X) in the
sampling data collected at the same location were removed,
with X being the average Sb concentration of this location,
because these values generally resulted from mining activities
or artificial factors.69 In addition, the data set included certain
abnormally high values due to proximity to a pollution source.
For this reason, we removed outliers that were more than 1.5
times the interquartile range (IQR) above the third quartile or
below the first quartile. This procedure removed 19% of all
data from the data set.
4.2. Risk Assessment Method. Risk exposure assessment

procedures, according to US-EPA guidance,70 consist of data
collection, hazard identification, exposure parameter selection,
and exposure estimation (see the detailed exposure model
description below71). Atmospheric Sb mainly enters the
human body via inhalation.14 The natural defense mechanisms
of the respiratory system excrete particles deposited in the
tracheobronchial tree. Elements are divided into carcinogenic
and noncarcinogenic ones based on the integrated risk
information system (IRIS). Antimony has not undergone a
complete evaluation regarding its human carcinogenic
potential; therefore, HQ is preferred for assessing the health
risks of Sb.
In accordance with the US-EPA exposure assessment

model,70 the chemical daily intake (CDI) was used to estimate
the potential risks caused by Sb in airborne particulate matter
via inhalation; the HQ was then calculated to assess
noncarcinogenic risks from the above variables. The equations
for these variables are as follows

C
CDI

IR ET EF ED
BW AT

= × × × ×
× (1)

HQ
CDI

RfD 1000 g
mg

=
× μ

(2)

where C (μg m−3) is the Sb concentration in air, IR (m3 day−1)
is the inhalation rate, ET (h day−1) is the exposure time, EF
(days year−1) is the exposure frequency, ED (years) is the
exposure duration, BW (kg) is the average body weight, AT
(lifetime in years × 365 days year−1 × 24 h day−1) is the
average time, and RfD (mg kg−1 day−1) is the reference dose.
The exposure parameters used in eqs 1 and 2 are listed in
Table S6.

Antimony and As both belong to group 15 in the periodic
table, and they exhibit similar physical and chemical properties
and geochemical behaviors. They often coexist in various
environments.72,73 In this study, a correlation between Sb and
As was observed in airborne particulate matter, e.g., with a
correlation coefficient of 0.51 (p < 0.01) in TSP and 0.64 (p <
0.01) in PM2.5 (Figure S10). Considering that there are more
studies available on As than Sb, certain preliminary
information regarding Sb was inferred from As data in areas
where atmospheric Sb data are absent or lacking to increase
the amount of the atmospheric Sb concentration data used for
health assessment analysis.
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