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A B S T R A C T

We investigated the effect of the temporary ban of local industrial activities during the Asia-Pacific Economic
Cooperation (APEC) summit (4th–14th Nov 2014) in Beijing, China on total suspended particulate mercury
(HgTSP) concentrations and isotope compositions. We measured Hg concentrations and isotope ratios in 33 TSP
samples from central Beijing, including 21 samples collected from Jun 2012 to Apr 2014, and 12 samples col-
lected from 14th Oct–19th Nov 2014. Volumetric concentrations of both TSP and HgTSP during the APEC summit
were a factor of 2 lower than during the pre-APEC period, indicating substantial reductions in total particulate
matter and HgTSP as a result of emissions controls. However, mass-normalized concentrations and mercury
isotope ratios of HgTSP did not vary significantly between samples collected before, during, or after the APEC
summit. These results show that local emissions are important sources of particle bound mercury (PBM) in
Beijing and that their control can be used to immediately lower the volumetric concentration of HgTSP. They also
indicate that a similarly complex mixture of sources contributed to PBM in Beijing before and during emissions
controls were put in place and that PBM concentrations in Beijing are primarily controlled by emissions and
secondarily by photoreduction.

1. Introduction

Mercury (Hg) is a global pollutant, highly mobile in the environ-
ment and toxic to humans and wildlife even at low levels (Driscoll et al.,
2013). Hg is emitted to the atmosphere through natural and anthro-
pogenic processes and is present in the atmosphere as three oper-
ationally defined forms including gaseous elemental Hg (GEM), gaseous
oxidized Hg (GOM) and atmospheric particle-bound Hg (PBM) (Selin,
2009). GEM is the predominant form of Hg in ambient air, is chemically
most stable, and can be transported globally. GEM can be oxidized to
soluble and short-lived GOM species that may adsorb to aerosols to
form PBM (Horowitz et al., 2017), and it is a major form of atmospheric
Hg dry deposition in Arctic area (Obrist et al., 2017). GOM and PBM are
readily transferred back to the Earth’s surface via wet (i.e., rain and
snow fall) and dry deposition (Huang et al., 2016a; Siudek et al., 2016),
thereby providing substrate to microbial Hg methylation in aquatic
ecosystems (Amos et al., 2012). By definition, PBM is the Hg bound to
airborne particulate matter (PM) such as dust, soot, and sea salt aero-
sols, and can be transported regionally in the atmosphere (Selin, 2009).
Prior studies showed that PM samples collected from urban or

industrial areas had much higher volumetric PBM concentrations (ng/
m3) than from rural areas, indicating significant anthropogenic con-
tributions to PBM (Schleicher et al., 2015).

Anthropogenic activities in China are regarded as one of the largest
atmospheric mercury emission sources even at the global scale (Zhang
et al., 2015a; Fu et al., 2012; Streets et al., 2005), accounting for three-
quarters of anthropogenic Hg emission from the East and Southeast
Asia, or approximately one third of total global Hg emissions (AMPA,
2013). Fossil fuel combustion (mainly coal), nonferrous metal smelting,
and cement production are the dominant sources of Hg to the atmo-
sphere in China, collectively accounting for over 80% of total Hg
emissions (Zhang et al., 2015a). PBM in urban environments of China is
also emitted by multiple sources. Coal combustion for both heating and
power generation is the largest source of PBM as coal is the dominant
energy source in China. Non-ferrous metal smelting (especially Zn
smelting), cement production, Hg mining, biofuel and biomass com-
bustion as well as solid waste incineration are other important PBM
sources (Zhang et al., 2015a; Fu et al., 2012; Wu et al., 2016). In the
past decade, a few studies investigated spatial and temporal variations
of PBM concentrations and their source apportionments for megacities
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such as Beijing (0.57 ± 0.55 ng/m3) (Schleicher et al., 2015),
Shanghai (1.3 ± 0.15 ng/m3) (Chen et al., 2016) and Nanjing
(1.1 ± 0.57 ng/m3) (Zhu et al., 2014). Their results showed that,
compared to cities outside of China, PBM concentrations in these three
megacities were a factor of 5 to 30 times higher (Schleicher et al., 2015;
Chen et al., 2016; Zhu et al., 2014; Zhang et al., 2015b; Li et al., 2017).

To meet the goals of the national “Atmospheric Pollution Prevention
and Control Action Plan” (Chinese State Council, 2013), the Chinese
government has imposed emission controls to reduce PM levels. Emis-
sion control measures, for example shutting down or halting production
from factories and power plants, or halting all construction activities,
and limiting the number of vehicles on the roads were implemented at a
regional scale to improve air quality for both the 2008 Beijing Olympic
Games and the 2014 Asia-Pacific Economic Cooperation (APEC)
summit. These events provided opportunities to study how emissions
control measures affected air quality in Beijing and its surrounding
areas. A number of previous studies reported much improved air quality
during these emissions control events (Mo et al., 2018; Yu et al., 2018;
Wang et al., 2010; Schleicher et al., 2016; Chen et al., 2015; Sun et al.,
2016a). Wang et al. (2010) analyzed the daily emissions of major air
pollutants during the 2008 Olympic Games in Beijing (8th–24th Aug,
2008) and found that the emissions of SO2, NOx, PM10, and non-me-
thane volatile organic compounds were, respectively, 41, 47, 55 and
57% lower than during the pre-control period of June 2008. Schleicher
et al. (2016) found that volumetric concentrations (ng/m3) of total
suspended particle (TSP) bound mercury (HgTSP) were lower in Beijing
in Aug 2008 (Olympic Games) than during the same month from 2006
to 2011, but no significant difference was found for mass-normalized
Hg concentrations (ng/g) in the same TSP samples. Chen et al. (2015)
found that the volumetric concentrations of aerosol species (organics,
nitrate and sulfate) were 40–80% lower during than prior to the APEC
summit. Similarly, Sun et al. (2016a) reported reductions in the con-
centrations of secondary inorganic aerosols (61–67% and 51–57%) and
secondary organic aerosols (55% and 37%) at 260-m elevation and
ground level, respectively, during the APEC meeting. The results of
these studies show that regional-scale emissions controls substantially
reduced both air pollutants and PM levels and suggest that meteor-
ological conditions may play an important role in the observed varia-
tion of such reductions. They also suggest that further studies are
needed to understand how mandatory emission controls affect the
chemical composition, sources and formation mechanisms of PM under
variable meteorological conditions.

The aim of the present study was to examine the responses of HgTSP
and its mercury isotope composition to the implementation of emissions
controls during the 2014 APEC summit, which was held on 5th–11th
Nov in Beijing. Mercury stable isotopes have been used in recent studies
to trace pollution sources and back-track transformations of Hg in the
atmosphere (Chen et al., 2012; Sherman et al., 2012; Enrico et al.,
2016). In this study, we collected 12 TSP samples from 14th Oct to 19th
Nov 2014, including 3 samples during the emissions control period
(3rd–12th Nov 2014), and 21 TSP samples from Jun 2012 to Apr 2014.
We measured the Hg stable isotope compositions as well as the volu-
metric and mass-based concentrations of Hg of all TSP samples. The
responses of TSP concentrations and both HgTSP concentrations and
mercury isotope ratios to emissions controls were elucidated by quan-
tifying differences in these values for pre-, during- and post-APEC
summit periods, and were then compared to prior results from different
emissions control events.

2. Methodology

2.1. Field site, sampling/method, and pre-concentration of HgTSP

The study site was located at the Institute of Atmospheric Physics,
Chinese Academy of Sciences, between north 3rd and 4th ring road of
Beijing. Detailed site information is available elsewhere (Huang et al.,

2016b). Each atmospheric TSP sample was collected continuously over
71 h on a pre-combusted (450 °C for 4 h) quartz fiber filter (Pallflex
2500 QMT-UP, 20× 25 cm2, Pallflex Product Co., USA) using a high
volume sampler at a steady flow rate of 1.0m3/min. Each sample re-
presented a total volume of approximately 4000m3 of air over three
consecutive days. A total of 33 samples were collected, 28 of which
were collected in the pre-APEC summit period from Jun 2012 to Apr
2014 and 14th Oct to 4th Nov 2014, numbered Pre-1 to Pre-28, and 3 of
which were collected during the APEC period from 4th to 14th Nov
(emissions controls were implemented from 3rd to 12th Nov 2014),
numbered as D-1 to D-3. An additional 2 samples were collected in the
post-APEC period from 14th to 19th Nov, numbered as P-1 and P-2. A
total of six field blanks were collected during two sampling campaigns
and exposed to ambient conditions only for the length of time
(< 15min) required to set up the routine TSP samples. At the com-
pletion of each sampling event, filters were wrapped in aluminum foil,
packed in plastic bags, and stored at −20 °C in the lab prior to analysis.
The mass of TSP on each filter was measured gravimetrically by mass
difference before and after sampling. Hg bound on each TSP sample was
thermally extracted and concentrated for the analysis of Hg con-
centration and Hg stable isotopes following the procedures reported
elsewhere (Huang et al., 2015). In brief, each filter sample was com-
busted stepwise in a dual-stage system and the combustion product was
carried by Hg-free O2 gas into a 5-mL acid-trapping solution (4 N HNO3
and 1.5 N HCl). Acid-trapping solutions were transferred to 40-mL pre-
cleaned (at 500 °C for 4 h) borosilicate glass bottles, diluted with 5-mL
Milli-Q water and stored at 4 °C prior to Hg concentration and isotope
measurements. The accuracy and precision of the sample treatment
protocol were evaluated by the analysis of the certified reference ma-
terial (CRM) GBW07405 following the same procedures. CRM
GBW07405, a Yellow-Red Soil standard (National Center for Standard
Materials, Beijing, China) with certified Hg concentration of
0.29 ± 0.03 μg/g, δ202Hg value of −1.81 ± 0.15‰, and Δ199Hg
value of −0.34 ± 0.02‰, was used in previous studies (Huang et al.,
2016b, 2015; Huang et al., 2019) for method development and eva-
luation. Meteorological data were obtained from China Meteorological
Data Service Center (http://data.cma.cn/en, last access: 23rd June,
2016), arriving air mass directions were calculated using the US Na-
tional Oceanic and Atmospheric Administration's (NOAA) backward
HYSPLIT trajectory analysis (http://ready.arl.noaa.gov, last access: 2nd
June, 2018), and both sets of data are listed in the Supporting In-
formation Table S1.

2.2. Mercury content and its isotopic composition measurements

A small fraction (100 μL) of each pre-concentrated Hg solution was
used to measure the total Hg content by cold-vapor atomic fluorescence
spectroscopy (CVAFS, Tekran 2500, Tekran® Instruments Corporation,
CA), with a precision of better than 10%. The analytical procedures
used in this study were the same as reported previously (Huang et al.,
2015). In brief, the 100-μL Hg solution was added to a 1% SnCl2 so-
lution to reduce Hg2+ to the Hg0 form, which was purged from the
solution using a Hg-free N2 stream and collected on a gold-coated bead
trap. Quantification of Hg was accomplished using a CVAFS analyzer.
The amounts of detectable Hg in the field blank samples (< 0.2 ng,
n=6) were negligible (< 2%) compared to the amounts of total Hg
(> 10 ng) in both the TSP samples and CRM GBW07405. The recoveries
of Hg for CRM GBW07405 were in the acceptable range of 95 to 105%.

The Hg isotope compositions were analyzed using a multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS, Nu
Instruments Ltd., UK) equipped with a continuous flow cold vapor
generation system. The detailed protocols for Hg isotope analysis can be
found elsewhere (Huang et al., 2015). Hg has seven stable isotopes
(196Hg, 198Hg, 199Hg, 200Hg, 201Hg, 202Hg and 204Hg), and two (196Hg
and 204Hg) were not measured in this study due to their low natural
abundances (0.15 and 6.82%, respectively). Instrumental mass bias was

Q. Huang, et al. Journal of Hazardous Materials 383 (2020) 121131

2

http://data.cma.cn/en
http://ready.arl.noaa.gov


corrected using an internal standard (NIST SRM 997 Tl) and strict
sample-standard bracketing with NIST SRM 3133 Hg standard. Hg
isotopes can undergo mass-dependent fractionation (MDF) during Hg
transformation and transport processes (Bergquist and Blum, 2007;
Sherman et al., 2010). Delta (δ) notation is used to represent MDF in
units of per mil (‰) as defined in the following equation (Blum and
Bergquist, 2007):

δxHg (‰) = [(xHg/198Hg)sample/(xHg/198Hg)NIST3133 −1]×1000 (1)

where x=199, 200, 201, or 202. Hg isotopes can also undergo mass-
independent fractionation (MIF), which is reported as the deviation of a
measured delta value from the theoretically predicted MDF value ac-
cording to the equation:

ΔxHg (‰) = δxHg − β × δ202Hg (2)

where the mass-dependent scaling factor β is about 0.252, 0.5024 and
0.752 for 199Hg, 200Hg and 201Hg, respectively (Blum and Bergquist,
2007).

For quality assurance and quality control, a NIST SRM 3177 Hg
standard was used as a secondary standard that was calibrated peri-
odically against the NIST SRM 3133, and analyzed repeatedly during
each analysis session. Measurements of the NIST 3177 standard yielded
average δ202Hg, Δ199Hg and Δ201Hg values of −0.53 ± 0.09‰,
−0.01 ± 0.04‰ and −0.01 ± 0.07‰ (2SD, n=17). A well-known
reference material UM-Almaden and the CRM GBW07405 were also
analyzed regularly for quality control, and the results showed average
δ202Hg, Δ199Hg and Δ201Hg values of −0.60 ± 0.09‰,
−0.01 ± 0.04‰ and −0.03 ± 0.07‰ (2SD, n=17) and of
−1.77 ± 0.14‰, −0.29 ± 0.06‰ and −0.32 ± 0.07‰ (2SD,
n=6), respectively, consistent with the results of previously published
studies (Huang et al., 2015; Blum and Bergquist, 2007). Uncertainties
with respect to the measured isotope ratios of the 33 samples listed in
Table 1 were calculated based on duplicate measurements.

3. Results and discussion

3.1. Response to emissions control

Both mass-based and volumetric concentrations are commonly used
in atmospheric sciences as mass-based concentration is more appro-
priate for discussion of reaction processes and isotope fractionation
whereas volumetric concentration is the unit used in the context of air
quality and regulatory standards. In this study, we used both units
where appropriate for discussion of mercury pollution in the context of
processes and standards.

Variation of the volumetric concentrations of TSP and HgTSP, the
mass-based concentrations of HgTSP and Hg isotope ratios (including
δ202Hg and Δ199Hg) for the 33 TSP samples from pre-, during- and post-
APEC periods are shown in Table 1. To clearly illustrate the response to
emissions control, TSP concentrations, volumetric and mass-based
HgTSP concentrations and Hg isotope compositions of 12 samples from
14th Oct to 19th Nov 2014 are also presented in Fig. 1. Average TSP
concentrations were approximately a factor of 2 lower (p < 0.05) in
the during- and post-APEC periods, compared to the pre-APEC period,
which is similar to the trend for PM2.5 during the same event (Sun et al.,
2016a). The volumetric concentrations of HgTSP were significantly
(p < 0.05) lower in the during-APEC than pre-APEC sampling periods
(Table 1 and Fig. 1b), whereas such concentrations in the during- and
post-APEC periods were not significantly different (p > 0.05). Given
the small number of samples (n=2) from the post-APEC period, and
their variability, it is difficult to confirm whether HgTSP concentrations
returned to pre-control levels during the seven days following the ces-
sation of emissions controls. However, a previous study shown that the
concentrations of PM2.5 and PM2.5-bound polycyclic aromatic hydro-
carbons were returned to pre-control levels after the emissions controls

for the 2014 APEC summit in Beijing (Yu et al., 2018).
In contrast to volumetric concentrations, average mass-normalized

concentrations of HgTSP were not statistically different (p > 0.05) in
samples from the pre-, during- and post-APEC periods. As shown in
Table 1 (see also Fig. 1c), the ranges and mean values were similar in
pre- (0.33 to 1.3 μg/g, mean of 0.80 ± 0.30 μg/g, n=28), during-
(0.43 to 1.1 μg/g, mean of 0.65 ± 0.36 μg/g, n=3) and post- (0.61 to
1.2 μg/g, mean of 0.90 ± 0.41 μg/g, n=2) APEC periods. Therefore,
while emissions control measures did lead to a reduction in the average
volumetric concentration of HgTSP, a direct result of lower TSP levels,
the mass-normalized concentration of HgTSP was unchanged.

There was no significant (p > 0.05) difference between δ202Hg and
Δ199Hg values in pre-, during- or post-APEC periods (Table 1 and
Fig. 1d and e). The similarity of the Hg isotope compositions suggests
that HgTSP likely had similar primary sources and/or had undergone
similar processes in the atmosphere regardless of emissions control.

It is interesting to note that one sample, Pre-12 collected during 5th
to 8th Feb, 2013, had a uniquely low Δ199Hg value of −1.39‰, com-
pared to the Δ199Hg values for the other 32 TSP samples (−0.47‰ to
0.46‰). While any explanation of this anomalously low value is
speculative without additional information, we suggest that two pos-
sible causes to consider are fireworks and/or mercury photoreduction
processes at snow surfaces. Xu et al. (2019) suggested that the fireworks
during the Chinese New Year celebration might have caused the most
negative Δ199Hg value (−1.1‰) in PM2.5 from Beijing on 31st Jan,
2014. Alternatively, Sherman et al. (2010) showed that, due to pho-
tochemical reduction of mercury, the Δ199Hg value of Arctic snow was
as low as −5.08‰. Nevertheless, we treat this datum as an outliner in
the following discussion of Hg isotope compositions due to its uniquely
low, odd MIF signature.

Prior studies (Zhang et al., 2015a; Schleicher et al., 2016) demon-
strated that fossil fuel combustion, non-ferrous metal, steel, and cement
production, and waste incineration are the main contributors of PBM in
Beijing, and that local meteorological conditions (i.e. precipitation) as
well as seasonal factors (i.e. increased coal combustion for heating in
winter) may have caused large variation in PBM concentrations. It is
likely that these same factors may have caused the large variations in
TSP concentrations and Hg concentrations and isotope compositions we
report here. As shown in Table S1, no wet precipitation was observed in
the during-APEC period, nor was there a significant difference
(p >0.05) in relative humidity between the pre- and during-APEC
periods. As a result, it is unlikely that the observed decrease in the
volumetric concentrations of both TSP and Hg resulted from wet pre-
cipitation. However, it is possible that the decreased concentrations
may have been influenced by the direction of the arriving air masses
from northwest in the during-APEC period as the areas northwest of
Beijing are much less polluted compared to areas to the southwest
(Huang et al., 2019). The lack of a change in mass-based concentrations
of HgTSP and Hg isotope signatures during the implementation of
emissions controls, which resulted in lower levels of atmospheric oxi-
dants (Chen et al., 2015; Sun et al., 2016a), may indicate that photo-
oxidation of Hg(0) is less important to PBM concentrations in Beijing
than primary emissions and photoreduction. Regardless of meteor-
ological or chemical conditions, this result suggests that regardless of
the meteorological conditions, the sources of Hg emissions contributing
to PBM in Beijing air included a similarly complex mixture of sources as
was dominant before emissions controls were put in place.

To further examine the sources and transformations of HgTSP, a
Pearson Correlation analysis of studied parameters was performed
(Table S2). Excluding sample Pre-12, volumetric Hg concentrations
were significantly (p < 0.05) correlated with TSP concentrations
(r=0.635), but the mass-normalized concentrations of HgTSP were not
significantly (p= 0.146) correlated with TSP. The difference between
volumetric and mass-normalized concentrations of HgTSP supports the
conclusion that the reduction of volumetric HgTSP concentrations
during the implementation of emissions control was likely attributable
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to the substantial reduction of overall TSP levels, mass-based HgTSP
concentrations remained at relatively constant levels, regardless of
whether Hg was supplied by local or regional sources.

Meanwhile, δ202Hg values of HgTSP were not significantly
(p > 0.05) correlated with TSP concentration or either volumetric or
mass-based Hg concentrations, and had poor correlations with both
Δ199Hg, and Δ201Hg values. This lack of correlations indicates that the
δ202Hg values of specific sources or processes were obscured by the
mixing of Hg from multiple sources and a variety of biogeochemical
reactions which are known to produce MDF of different sign and with a
wide range and often overlapping degrees of isotopic fractionation
(Bergquist and Blum, 2007; Sherman et al., 2010; Yang and Sturgeon,
2009; Kritee et al., 2007; Estrade et al., 2009; Ghosh et al., 2013; Smith
et al., 2015; Wiederhold et al., 2010; Janssen et al., 2016). The Δ199Hg
values were linearly correlated (p < 0.01) with the Δ201Hg ratio,
yielding a slope of 0.98 ± 0.05 (r2= 0.938, n=32). This is consistent
with prior findings showing that the slope of Δ199Hg versus Δ201Hg was
approximately 1.1 for HgPM2.5 (Huang et al., 2016b), HgTSP (Xu et al.,
2017) and HgPM10 (Das et al., 2016). Prior studies have also shown that
greater degrees of odd-MIF mainly occurred during photochemical re-
actions including photoreduction (Bergquist and Blum, 2007; Sherman
et al., 2010; Zheng and Hintelmann, 2009, 2010a; Rose et al., 2015),
photo-demethylation (Bergquist and Blum, 2007; Rose et al., 2015),
and photo-oxidation (Sun et al., 2016b). Smaller, but measurable

degrees of odd-MIF were also reported for nonphoto-chemical, abiotic
reduction of Hg(II) (Zheng and Hintelmann, 2010b) and evaporation of
Hg0 (Estrade et al., 2009; Ghosh et al., 2013). The odd-MIF of Hg iso-
topes was observed during the photoreduction of inorganic Hg2+ with a
Δ199Hg/Δ201Hg ratio of about 1.0 (Bergquist and Blum, 2007; Sherman
et al., 2010; Zheng and Hintelmann, 2009, 2010a; Rose et al., 2015),
while in other processes (photo-demethylation, photo-oxidation, non-
photo-chemical abiotic reduction and evaporation) the Δ199Hg/Δ201Hg
ratio was above 1.3 (Bergquist and Blum, 2007; Estrade et al., 2009;
Ghosh et al., 2013; Rose et al., 2015; Zheng and Hintelmann, 2010b).
Thus, with a Δ199Hg/Δ201Hg ratio of 0.98 ± 0.05 the HgTSP we col-
lected in Beijing likely included the residual of prior photoreduction
reactions. This is further supported by a statistically significant
(p < 0.01) positive correlation between Δ199Hg and average daily solar
radiation. Such correlations were reported in previous studies (Huang
et al., 2016b, 2019) and are consistent with the photoreduction of at-
mospheric particulate Hg2+. In addition, the statistically significantly
(p < 0.05) negative correlation between Δ199Hg and mass-based con-
centrations of HgTSP shows that elevated positive values of Δ199Hg were
associated with low mass-based concentrations of HgTSP, as would be
expected if HgTSP had undergone photoreduction. However, the odd-
MIF results from this study may not be used to further quantify Hg
photoreduction during the transport of TSP in the atmosphere or to
trace the sources of TSP emissions.

Table 1
Averaged TSP concentrations, HgTSP volumetric concentrations, HgTSP mass-based contents and Hg isotope ratios are given below.

No. TSP (μg/m3) Hg (ng/m3) Hg (μg/g) δ202Hg (‰)±2SD Δ199Hg (‰)±2SD Δ201Hg (‰)±2SD

Pre-APEC period, n=28
Pre-1 283 0.26 0.91 −1.27 ± 0.14 −0.06 ± 0.06 −0.10 ± 0.07
Pre-2 201 0.13 0.63 −0.86 ± 0.14 0.20 ± 0.06 0.13 ± 0.07
Pre-3 95 0.07 0.74 −1.06 ± 0.14 0.06 ± 0.06 0.00 ± 0.07
Pre-4 515 0.21 0.40 −1.01 ± 0.14 0.22 ± 0.06 0.11 ± 0.07
Pre-5 170 0.15 0.86 −1.14 ± 0.14 −0.10 ± 0.06 −0.12 ± 0.07
Pre-6 116 0.07 0.57 −1.11 ± 0.14 0.19 ± 0.06 0.18 ± 0.07
Pre-7 241 0.16 0.68 −0.97 ± 0.14 −0.16 ± 0.06 −0.24 ± 0.07
Pre-8 379 0.57 1.5 −1.06 ± 0.14 −0.05 ± 0.06 −0.05 ± 0.07
Pre-9 113 0.15 1.3 −1.04 ± 0.14 0.05 ± 0.06 −0.01 ± 0.07
Pre-10 214 0.18 0.85 −1.23 ± 0.14 −0.05 ± 0.06 −0.07 ± 0.07
Pre-11 262 0.34 1.3 −1.16 ± 0.14 −0.04 ± 0.06 −0.11 ± 0.07
Pre-12* 137 0.15 1.1 −0.88 ± 0.14 −1.39 ± 0.06 −1.41 ± 0.07
Pre-13 169 0.11 0.67 −1.39 ± 0.14 −0.15 ± 0.06 −0.15 ± 0.07
Pre-14 588 0.37 0.63 −1.09 ± 0.14 0.20 ± 0.06 0.11 ± 0.07
Pre-15 405 0.17 0.43 −1.24 ± 0.14 0.09 ± 0.06 0.07 ± 0.07
Pre-16 278 0.24 0.85 −0.89 ± 0.14 0.03 ± 0.06 0.08 ± 0.07
Pre-17 579 0.47 0.80 −0.89 ± 0.14 −0.04 ± 0.06 −0.16 ± 0.07
Pre-18 632 0.24 0.38 −0.77 ± 0.14 0.09 ± 0.06 −0.04 ± 0.07
Pre-19 513 0.37 0.73 −0.98 ± 0.14 −0.29 ± 0.06 −0.39 ± 0.07
Pre-20 368 0.23 0.62 −0.69 ± 0.14 −0.16 ± 0.06 −0.17 ± 0.07
Pre-21 147 0.10 0.68 −0.61 ± 0.14 0.03 ± 0.06 −0.01 ± 0.07
Pre-22 227 0.13 0.56 −1.11 ± 0.14 0.21 ± 0.06 0.14 ± 0.07
Pre-23 710 0.23 0.33 −0.85 ± 0.14 0.26 ± 0.06 0.15 ± 0.07
Pre-24 304 0.34 1.1 −0.99 ± 0.14 −0.14 ± 0.06 −0.14 ± 0.07
Pre-25 437 0.49 1.1 −0.73 ± 0.14 −0.47 ± 0.06 −0.61 ± 0.07
Pre-26 207 0.14 0.65 −1.11 ± 0.14 −0.03 ± 0.06 −0.01 ± 0.07
Pre-27 404 0.46 1.1 −0.92 ± 0.14 −0.41 ± 0.06 −0.42 ± 0.07
Pre-28 130 0.12 0.93 −0.89 ± 0.14 0.46 ± 0.06 0.41 ± 0.07

Average ± SD 315 ± 176 0.24 ± 0.14 0.80 ± 0.30 −1.01 ± 0.17 −0.05 ± 0.33 −0.10 ± 0.33
During-APEC period, n=3
D-1 175 0.08 0.45 −1.09 ± 0.14 −0.05 ± 0.06 −0.01 ± 0.07
D-2 157 0.17 1.1 −0.91 ± 0.14 0.09 ± 0.06 0.01 ± 0.07
D-3 189 0.08 0.43 −1.15 ± 0.14 0.26 ± 0.06 0.15 ± 0.07

Average ± SD 173 ± 16 0.11 ± 0.05 0.65 ± 0.36 −1.05 ± 0.12 0.10 ± 0.16 0.05 ± 0.09
Post-APEC period, n=2
P-1 197 0.23 1.2 −1.07 ± 0.14 −0.18 ± 0.06 −0.20 ± 0.07
P-2 153 0.09 0.61 −0.51 ± 0.14 0.07 ± 0.06 0.06 ± 0.07

Average ± SD 175 ± 31 0.16 ± 0.10 0.90 ± 0.41 −0.79 ± 0.40 −0.05 ± 0.17 −0.07 ± 0.18
Total, n=33
Range 95 to 710 0.07 to 0.57 0.33 to 1.5 −1.39 to −0.51 −1.39 to 0.46 −1.41 to 0.41
Average ± SD 294 ± 170 0.22 ± 0.13 0.80 ± 0.30 −1.00 ± 0.18 −0.04 ± 0.31 −0.09 ± 0.31

* Sample Pre-12 had visible snow on the filter.
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3.2. Comparisons of the concentrations and Hg isotope compositions of
PBM from major cities around the world

Mercury volumetric concentrations associated with aerosol particles
of different size classes (PM2.5, PM10 and TSP, respectively) from urban
areas of different cities are listed in Table 2. The volumetric con-
centrations of HgTSP (mean of 0.22 ± 0.13 ng/m3) in this study were

comparable to those measured in Guiyang (0.25 ng/m3) (Liu et al.,
2011) and Qingdao (0.29 ng/m3 during dust days and 0.19 ng/m3

during non-dust days) (Zhang et al., 2015b), and were lower than in
Xi’an (0.64 ± 0.54 ng/m3) (Xu et al., 2017), Jinan (with HgPM2.5 mean
of 0.51 ± 0.40 ng/m3) (Li et al., 2017), Shanghai (0.56 ± 0.22 ng/
m3) (Xiu et al., 2009) and Nanjing (with HgPM10 mean of
1.10 ± 0.57 ng/m3) (Zhu et al., 2014). However, HgTSP concentrations
observed in urban Beijing were still much higher than those measured
in urban sites in developed countries, such as Poznan, Poland
(0.02 ± 0.05 ng/m3) (Siudek et al., 2016), Tokyo, Japan (with HgPM10
mean of 0.10 ± 0.05 ng/m3) (Sakata and Marumoto, 2002), and Bir-
mingham, AL, USA (with average HgPM2.5 0.04 ng/m3) (Agnan et al.,
2016).

As shown in Table 2, our data indicates that the volumetric con-
centrations of HgTSP in Beijing have been trending lower over the
period of 2003 to 2014 (Schleicher et al., 2015, 2016; Wang et al.,
2006). Previously reported average volumetric HgTSP concentrations
form 2003 to 2006 were more than a factor of two higher than that
from our study (0.22 ± 0.13 ng/m3, n=33). This dramatic decrease
in HgTSP concentrations over a decade suggests that the control of
particulate Hg emissions in Beijing and the surrounding regions of
northeastern China has been very effective. Although the concentra-
tions of HgTSP in the urban center of Beijing are still much higher
compared to cities of many developed countries, the emissions control
measures implemented during the APEC summit caused an immediate
reduction of HgTSP by more than half.

Mercury isotope ratios for all TSP samples we collected except those
for sample Pre-12 are comparable to the isotope compositions of
HgPM2.5 measured in prior studies of PM2.5 samples collected from the
same site (Huang et al., 2016b, 2019). Specifically, the Hg isotope ra-
tios of TSP samples (δ202Hg from −1.39‰ to −0.51‰, mean of
−1.00 ± 0.18‰, and Δ199Hg from −0.47‰ to 0.46‰, mean of
0.00 ± 0.20‰, n=32) overlapped those of the PM2.5 samples (δ202Hg
from −2.18‰ to 0.55‰, mean of −0.58 ± 0.46‰, and Δ199Hg from
−0.53‰ to 1.04‰, means of 0.12 ± 0.32‰, n=79) (Huang et al.,
2016b, 2019). In addition, the isotope ratios of the HgTSP measured in
this study were comparable to those of HgTSP from Xi’an (δ202Hg from
−1.45‰ to 0.08‰, mean of −0.80 ± 0.30‰, and Δ199Hg from
−0.34‰ to 0.25‰, mean of −0.02 ± 0.10‰, n=67) (Xu et al.,
2017) and Xiamen (δ202Hg from −3.05‰ to 0.01‰, mean of
−1.01 ± 0.79‰, and Δ199Hg from −0.77‰ to 0.20‰, mean of
−0.27 ± 0.20‰, n=38) (Huang et al., 2018), China, but were higher
than the δ202Hg values reported for PM10 from urban areas of Kolkata,
Eastern India (δ202Hg from −3.48‰ to −0.12‰, mean of
−1.64 ± 1.02‰, and Δ199Hg values from −0.31‰ to 0.33‰, mean
of −0.04 ± 0.17‰, n=52) (Das et al., 2016), and were lower than
Δ199Hg values reported for TSP from the Grand Bay, MS, USA (with
δ202Hg from −1.61‰ to −0.12‰, mean of −0.87 ± 0.48‰, and
with highly positive Δ199Hg values from 0.36‰ to 1.36‰, mean of

Fig. 1. Variation of TSP (a) and bound Hg (b and c) contents and Hg isotope
ratios (d and e) for the TSP samples collected from 14th Oct to 19th Nov 2014.
The shaded area shows the period of emission control during the APEC in
Beijing.

Table 2
Comparison of PBM contents (in ng/m3) in different cities.

City, Country Time period Size Hg Concentration (ng/m3) Reference

Beijing, China 2003–2004 TSP 1.2 ± 0.8 (Wang et al., 2006)
2006 TSP 0.57 ± 0.55 (Schleicher et al., 2015)
08/2008 and 12/2008 TSP 0.23 ± 0.02 and 0.54 ± 0.24 (Schleicher et al., 2016)
06/2012–11/2014 TSP 0.22 ± 0.13 This study

Guiyang, China 2009 TSP 0.25 (Liu et al., 2011)
Qingdao, China 2008–2011 TSP dust day: 0.29, non-dust day: 0.19 (Zhang et al., 2015b)
Xi’an, China 11/2009–10/2012 TSP 0.64 ± 0.54 (Xu et al., 2017)
Jinan, China 2014–2015 PM2.5 0.51 ± 0.40 (Li et al., 2017)
Shanghai, China 2004–2006 TSP 0.56 ± 0.22 (Xiu et al., 2009)
Nanjing, China 2011–2012 PM10 1.10 ± 0.57 (Zhu et al., 2014)
Poznan, Poland 04/2013–10/2014 TSP 0.04 ± 0.05 (Siudek et al., 2016)
Tokyo, Japan 04/2000–03/2001 PM10 0.10 ± 0.05 (Sakata and Marumoto, 2002)
Birmingham, AL, USA 2005–2008 PM2.5 0.04 (Agnan et al., 2016)
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0.83 ± 0.35‰, n=10) (Rolison et al., 2013).
A prior study (Huang et al., 2016b) reported the Hg contents and

isotope compositions of soil samples collected from parks and dust
samples collected from road surfaces and rooftops near our sampling
site in Beijing. While the mass-based concentration of Hg in TSP
(0.81 ± 0.31 μg/g, n=28) was significantly (p < 0.05) higher than
that in the soil and dust samples (from 0.02 to 0.41 μg/g, mean of 0.15
μg/g, n=8), δ202Hg values in TSP (−1.39‰ to −0.51‰,
−1.03 ± 0.18‰ 1SD, n=28) were similar to those of the soil and
dust samples (−1.14‰ to 0.35‰, mean of −0.74 ± 0.44‰), and the
Δ199Hg values of TSP samples (−0.47‰ to 0.46‰) overlapped with
those of soil and dust samples (0.03‰ to 0.18‰, mean of
0.09 ± 0.04‰). This suggests that HgTSP may have contributed to the
Hg in topsoil and dust of the urban area through direct dry deposition,
and vice versa, but that the mercury isotope compositions remained
unchanged after dry deposition or resuspension.

Novelty statement

This is the first report investigating the variations of TSP bound Hg
(HgTSP) concentration as well as Hg stable isotope compositions during
a strict temporary ban on local industrial activities. Our results show
that such a temporary ban could immediately reduce the volumetric
concentration of HgTSP resulting from reduced particulate emissions,
but it may have limited impact on the mass-normalized concentration
of HgTSP and its isotope compositions in urban air.
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