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’ INTRODUCTION

Polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofur-
ans (PCDFs) are persistent and toxic organic pollutants that can
be formed inadvertently and released during various industrial
operations such as combustion processes, metalworking opera-
tions, and chemical manufacturing.1 Of the 75 PCDDs and 135
PCDFs, the seventeen 2,3,7,8-substituted congeners are most
toxic and have been assigned toxic equivalent factors (TEFs).2,3

Atmospheric transport is considered as a major pathway for the
transfer of PCDD/Fs to terrestrial and aquatic ecosystems.4 The
atmospheric distribution and fate of PCDD/Fs have been inves-
tigated in urban5�8 and rural sites9,10 around the world, and even
in the polar regions.11,12 Although the air quality in Chinese major
cities has been largely improved in recent years,13 detailed
monitoring of atmospheric PCDD/Fs is still scarce. Several studies
have been conducted on emissions from point sources such as
e-waste recycling activities,14 industrial processes,15 and waste
incineration plants.16 However, measurements of PCDD/Fs in
the ambient air have mostly been limited to several Chinese mega-
cities in the period of 2004�2006, such as Beijing,17 Guangzhou,18

and Shanghai.19 Prior to this study, no long-term monitoring data
of atmospheric PCDD/Fs in mainland China were available.

Rapid economic development in China has led to ongoing
population growth and high traffic density in the nation’s capital,
Beijing (17 million people and 4 million vehicles in 2009). The
increased anthropogenic activities have contributed to the dete-
riorating air quality in Beijing. Before and during the 2008 Beijing
Olympic Games (August 2008, BOG), the local municipal
government made substantial efforts to improve the city’s air
quality. In particular, the government expedited the implementa-
tion of comprehensive emission-control measures, including
relocating or closing heavily polluting industries, modifying
coal-fired facilities to use natural gas, applying new vehicle
emission standards, and implementing temporary restrictions
on vehicle use during the BOG.20�22 In this work, we collected
air samples at several sites in Beijing from summer 2007 to
summer 2010 and before, during, and after the 2008 Beijing
Olympic Games. Our objectives were to investigate current
contamination levels and temporal trends of PCDD/Fs in the
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ABSTRACT: A total of 120 air samples were collected at three urban and one rural location
in Beijing, China in the summers of 2007�2010, and before, during, and after the Beijing
2008 Olympic Games (BOG), in order to assess the effectiveness of long-term and short-
term emission-control measures in reducing polychlorinated dibenzo-p-dioxins and diben-
zofurans (PCDD/Fs) in the atmosphere. During the BOG (August, 2008), the PCDD/Fs
concentrations decreased to an average value of 1150 fg m�3 (63 fg I-TEQ m�3), which was
reduced by approximately 70% from the average in 2007 and by 29% from that in July 2008,
before theOlympic event began. Although 2009�2010 levels of PCDD/Fs were significantly
higher than 2008, the overall temporal trend was decreasing for summer months during the
sampling campaign period. The apparent half-lives of atmospheric PCDD/Fs were estimated
to be 3.2�5.8 years by statistically regressing the logarithm PCDD/Fs concentrations versus the number of years passed since 2006.
The air concentrations of total suspended particulates (TSP) during the BOG ranged between 135 and 183 μg m�3, showing a 52%
reduction from 2007 and 26% decrease from those prior to the Olympic event. No significant relationships were found between
meteorological parameters (temperature, humidity, and wind speed) and PCDD/Fs or TSP during the BOG, whereas the PCDD/
Fs concentrations were significantly dependent on the air quality (p < 0.05, positive against TSP and negative against visibility). This
work is one of few temporal trend studies of atmospheric PCDD/Fs in mainland China, and provides unique insight into the effects
of large-scale control measures in improving air quality and reducing one of the most ubiquitous and toxic organic pollutants in the
environment.
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atmosphere of Beijing, and further to assess the effectiveness of
emission-control measures in reducing atmospheric PCDD/Fs
during the BOG. Influencing factors associated with the PCDD/
Fs variations were also discussed.

’EXPERIMENTAL SECTION

Sample Collection. Air samples were collected using high-
volume air samplers (GPS-1, Thermo Environmental Instru-
ments, Inc., Franklin, MA) at an interval of 24 or 48 h. A total of
120 air samples were collected from July to October of
2007�2010. The prevailing wind direction was southeast
throughout most of the sampling campaigns. Data on meteoro-
logical conditions (temperature, humidity, and wind speed) were
collected from online sources (http://www.wunderground.
com), and the averages during the 24 or 48 h sampling period
were used (Tables S1�S5 of the Supporting Information,SI).
The air volumes sampled are listed in Tables S1�S5 of the SI.
Three urban sites (HD, CY, and FT) are located in northern
(Haidian district, HD), eastern (Chaoyang district, CY), and
southwestern (Fengtai district, FT) Beijing. The rural site CP is
situated in the Changping district, about 40 km from the urban
center of Beijing (see Figure S1 of the SI). The sampling was
performed in accordance with the revised EPAMethod TO 9A.23

Glass fiber filters (GFF) and polyurethane foam (PUF) plugs
were used for collecting particle-bound and gaseous PCDD/Fs,
respectively. The GFFs were weighed before and after sampling
to obtain the total suspended particulates (TSP) concentrations.
The detailed sampling procedure is described in the SI.
Sample Analysis.Analysis of the seventeen 2,3,7,8-subsituted

PCDD/Fs followed the US EPAMethod 1613B. Each glass fiber
filter and PUF plug was combined and then spiked with 1 ng each
of 13C12-labeled surrogate standards of 15 PCDD/Fs before an
accelerated solvent extraction (ASE) with organic solvents
(hexane: dichloromethane: 1:1). The extracts were concentrated
by a rotary evaporator and subjected to cleanup procedure with
multilayer silica gel columns, followed by basic alumina and
Florisil columns. The final extract was concentrated to 20 μL and
then spiked with 10 μL nonane and 1 ng 13C12-labeled injection
standards (13C12-1,2,3,4-TCDD and 13C12-1,2,3,7,8,9-HxCDD)
for recovery quantification. Detailed analytical procedure can be
found in our previous studies.24

An Agilent 6890 gas chromatograph (GC) coupled with a
Micromass Autospec Ultima high-resolution mass spectrometer
(HRMS) was used for instrumental analysis. The HRMS was
operated in the electron impact ionization mode at resolution of
R g 10 000. A volume of 1 μL extract was injected into the GC
equipped with a 60 m DB-5MS column by using a CTC PAL
autosampler. The electron emission energy was set at 35 eV, and
the source temperature was 270 �C. The GC oven temperature
was set as follows: 160 �C, 2min, 7.5 �Cmin�1 to 220 �C, 16min,
5 �C min�1 to 235 �C, 7 min, 5 �C min�1 to 330 �C, 1 min.
Quality Assurance and Quality Control. Five pairs of

duplicate air samples were collected and the relative standard
deviations (RSD) of PCDD/Fs concentrations were <25%. Field
and laboratory blank samples were routinely analyzed in this
work for the purpose of quality control. Blank values were very
low or below the detection limits (LOD) in most cases, which
were defined as three times the signal/noise ratio. The LOD for
the air samples was 3�24 fgm�3 for TCDD/Fs, 4�39 fgm�3 for
PeCDD/Fs, 3�19 fg m�3 for HxCDD/Fs, 2�16 fg m�3 for
HpCDD/Fs, and 2�14 fg m�3 for OCDD/Fs, respectively.

Surrogate recoveries ranged 40�114% for TCDD/Fs, 48�131%
for PeCDD/Fs, 36�86% for HxCDD/Fs, 38�90% for
HpCDD/Fs, and 40�86% for OCDD. In the cases when
concentrations were below the detection limits, their concentra-
tions were taken as zero. We have participated in the interna-
tional intercalibration study of PCDD/Fs,25 and the results
further validated the analytical method used in this work.

’RESULTS AND DISCUSSION

Air Concentrations of PCDD/Fs.The TSP concentrations are
given in Tables S1�S5 of the SI. The results for PCDD/Fs at
different sampling sites during the summers of 2007�2010 are
summarized in Table S6 of the SI. The ∑PCDD/F concentra-
tions ranged between 220 and 27 000 fg m�3. No significant
difference was observed among the three urban sites (ANOVA,
Tukey’s post hoc test, p > 0.7), although the FT site is located
along the Fourth Ring Road and may receive more emissions
from traffic vehicles. However, the PCDD/Fs at the rural site
were significantly lower than the three urban sites (Tukey’s post
hoc test, p < 0.05), which could be attributed to lower population
density, sparse traffic, and fewer industrial activities in the rural
area. This urban�rural concentration gradient in the atmosphere
has previously been reported for other POPs26,27 and the results
from this work provide further confirmation of urban areas as
emission sources of PCDD/Fs to the ambient air.
The TEQ values, calculated using International Toxicity Equiv-

alency Factors,2 were in the range of 5�470 fg I-TEQ m�3.
As expected, the rural site presented significantly lower TEQs
(p < 0.05) in comparison with those urban areas. These results
are considerably lower than the ambient air standard of 600 fg
TEQ m�3 for dioxins proposed by the government of Japan and
generally within the global urban PCDD/Fs range of 100�400
fg TEQ m�3, reported by Lohmann and Jones.28 Yu et al. found
that the PCDD/Fs concentrations in Guangzhou air were in the
range of 57�1279 fg I-TEQm�3 during a short sampling period
in August 2004. 18 Li et al. reported PCDD/Fs levels in Shanghai
air at the range of 2.2�20760 fg I-TEQ m�3 during one week
sampling in March 2006.19 By comparison, the atmospheric
PCDD/Fs concentrations in this work were lower than those
in Guangzhou and Shanghai. We also compared the results of
this work with those reported for other Asian cities, European
countries, and the United States. For example, the PCDD/Fs
concentrations in Asia were reported in the range of 49�53 fg
I-TEQm�3 for Hong Kong in 2009,29 and 4.2�580 fg TEQm�3

for Japan in 2007.30 In European countries, PCDD/Fs levels were
a few 100 fg TEQm�3 in the early 1990s and <50 fg TEQm�3 in
themid-2000s for urban air in theU.K.5 and 10�357 fg I-TEQm�3

for Spain during 1994�2004.7 In the United States, PCDD/Fs
were reported at 6.4�15.4 fgTEQm�3 for rural areas in theUnited
States between 1999 and 2002,31 40�55 fg I-TEQ m�3 for
Houston in 2002�2003,32 and 7�35 fg WHO-TEQ m�3 for
the Great Lakes area in 2004�2007.8 Considering that the
PCDD/Fs concentrations during the winter months were on
average about 2�3 times higher than during the summer in
Beijing air,17 the expected annual PCDD/Fs levels in the Beijing
air would be comparable to or slightly higher than those in other
urban areas.
Temporal Trend (2006�2010). To better investigate tem-

poral trends of PCDD/Fs and assess whether the current
emission-control measures are effective in reducing atmospheric
PCDD/Fs, we compared the ∑PCDD/F concentrations in the
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atmosphere of Beijing between 2006 and 2010 (Figure 1). The
monitoring time was from July to August in each year to allow
consistent comparison.
With the exclusion of the data for July�August 2008 (the

Olympic event), the overall temporal trend of ∑PCDD/Fs is
clearly decreasing for summer months during the five year study
period. High PCDD/Fs concentrations were found in 2006, with
an average of 4719 fg m�3 (309 fg I-TEQ m�3). The average
level has been decreasing since then, to 3828 fg m�3 (230 fg
I-TEQ m�3) in 2007, 2525 fg m�3 (169 fg I-TEQ m�3) in 2008
with the exclusion of data between July�August, 2705 fg m�3

(189 fg I-TEQm�3) in 2009, and 2421 fgm�3 (137 fg I-TEQm�3)
in 2010. Such trend was best described by a log�linear regres-
sion, which corresponds to a first order attenuation pattern. The
rate constant of the concentration decrease, which is the slope
of natural logarithm PCDD/Fs concentrations versus the
number of years after 2006, was 0.22�0.12/year, corresponding
to an apparent “half-life” of 3.2�5.8 years, in the 95% con-
fidence interval (R2 = 0.99, p = 0.004, excluding 2008 data). A
few other studies have also reported declining temporal trends
of PCDD/Fs in the atmosphere. For example, Abad et al.
observed a 70% PCDD/Fs decrease in Catalonia air from
1997 to 1998 and 2003�2004 in a ten years monitoring
study.7 Katsoyiannis et al. conducted a long-term monitoring
of PCDD/Fs in U.K. air in 1991�2008, and calculated the
apparent half-lives of PCDD/Fs in London and Manchester to

be 3.2�5.9 and 4.1�5.9 years, respectively.5 However, addi-
tional monitoring data are needed to confirm that such a
declining trend is a global occurrence.
The declining temporal trend of PCDD/Fs in Beijing appears

to be associated with the improved air quality, evidenced by a
significant correlation between ∑PCDD/Fs and TSP concentra-
tions (p < 0.01). In the National Eleventh Five-Year Plan
(2006�2010), the Chinese government has made increasing
efforts in environmental protection, phased out a range of
obsolete industrial processes with high consumption of resources
and heavy pollution, mandated the installation of catalyst con-
verters on traffic vehicles, and implemented other long-term
emission control measures. As a result, the air quality of Beijing
has been improving, with a ratio of 14% for the days meeting
the National grade I Air Quality Standard in 2010 compared to
7% in 2006.13

Impact of the Beijing Olympic Games. Between August 8
and August 24 in 2008 during the BOG, Beijing Municipal
Government implemented strict vehicle restriction measures.
Seventy percent of government cars as well as 50% of the private
cars were banned from the road, reducing ∼2 million on-road
automobiles each day during the BOG.21,22 Since PCDD/Fs can
be emitted from vehicle exhaust,33 the decreased vehicle use was
expected to result in the reduction of PCDD/Fs emissions to the

Figure 1. Temporal trends of PCDD/Fs and TSP concentrations at site
HD(n= 3 for 2006,17 n= 18 for 2007, n= 14 for 2008, n = 10 for 2009, n=
11 for 2010). The horizontal line, box, and whisker represent the
median, 25th, and 75th percentiles, and the 5th and 95th percentiles,
respectively.

Figure 2. Variations of PCDD/Fs before, during, and after the Beijing
Olympic Games in 2008.
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atmosphere. In addition, a number of coal burning factories were
temporarily shut down during the BOG.
The ∑PCDD/F levels in the air responded promptly to these

emission control measures, decreasing to an average value of
1146 fg m�3 (63 fg I-TEQm�3), showing∼70% reduction from
the 2007 level (230 fg I-TEQ m�3). Figure 2 shows the variation
of atmospheric PCDD/Fs at the three urban sites before, during,
and after the Olympic Games, which fitted with parabolic
regressions (p < 0.05) as a function of time. For all of the three
urban sites, ∑PCDD/Fs during the BOG showed significantly
lower concentrations compared to July 2008, before the Olympic
event began (Tukey’s post hoc test, p < 0.05), with an average
reduction of 29%. It appears that the reduction of PCDD/Fs
concentrations becamemost apparent ten days after the emission
controlmeasures were initiated in July 20, 2008. This observation
suggests that the emission control measures had a delaying
period to take effect. Table S7 of the SI summarizes the average
air concentration of each PCDD/F congeners before, during and
after the BOG. For the most commonly detected PCDF con-
geners, the air concentrations were reduced by 40�58%,
17�33%, 49�67% in comparison with those before the BOG
at the urban sites HD, CY, and FT, respectively. From these
results, we conclude that the PCDD/Fs in the ambient air of
Beijing have been significantly reduced during the Olympic
Games. A reduction trend of PAH emissions during the BOG
was also observed.34

The TSP concentrations during the BOG were in the range of
135�183 μg m�3, marking an average reduction of 26%
compared to July 2008, before the Olympic Games began
(Figure 2), and a decrease of 52% compared to 2007
(Figure 1). There is a significant difference of the TSP concen-
trations in different years (ANOVA, Tukey’s post hoc test, p <
0.01). As a result, it can be perceived that the air quality
concerning TSP concentrations has been greatly improved
during the 2008 Olympic Games. Similar results were also
reported by Wang et al.21 and Wang et al.35

FromSeptember tomid-October 2008 after theOlympicGames,
PCDD/Fs concentrations increased from those during the BOG
(Figure 2). No significant correlations can be found between the
available meteorological parameters with the individual PCDD/F
concentrations in the period shortly after the BOG (Table S8 of the
SI), indicating that meteorology did not account for the elevation of
PCDD/Fs. However, open burning of crop residues in the field
during autumn season could be an important contributor. In China,
opening burning is often used as a rapid disposal method of crop
residues, which can produce and release a large amount of PCDD/
Fs to the ambient environment.36,37 Annual PCDD/Fs emissions
from open burning of crop residues contributed appropriately
10�20% of the total emissions in mainland China between 1997
and 2004. With regard to Beijing and its neighboring city Tianjin
and the surrounding province Hebei, PCDD/Fs emissions from
open burning of crop residues in 2004 were 6.3, 9.1, and 118 g
I-TEQ, respectively.36 More importantly, with the lifting of on-road
vehicle restrictions and the resumption of some coal burning
industries, increased emissions from these sources and anthropo-
genic activities could be dominant factors for the elevated PCDD/F
concentrations in urban sites after the Olympic Games.
Homologue and Congener Patterns. The congener profiles

at the four sampling sites are shown in Figure 3, which is
expressed as the relative contribution of individual PCDD/F
congeners to the total concentrations and to the total TEQs
(TEQ profiles).

No significant difference was observed between the contribu-
tion of each congener to the total concentration at the rural site
and those at the urban areas (Tukey’s post hoc test, p > 0.05),
indicating a common source or similar transformation process
occurring at the rural and urban sites in this work. This result
contradicts the findings by Venier et al.,8 who based their findings
on different geographical and industrial activities around the
Great Lakes and compared to an unimpacted rural location.
A clear trend of elevated homologue concentrations with

increasing levels of chlorination is observed when concentrations
of all congeners in each homologue were summarized. Similar
observations have been reported in Europe, the United States,
Japan, and Australia.28Most PCDF congeners were detected at the
four sampling sites, whereas for PCDDs only OCDD and
1,2,3,4,6,7,8-HpCDD were observed in most air samples. The
PCDD/PCDF ratio has two extreme values of 0.07 (HD- summer
2009) and 5.4 (HD- Autumn 2008). This could be associated with
different emission sources. However, with the exclusion of the two
extreme ratios, the PCDD/PCDF ratio showed normal values,
which ranged between 0.11 and 1.0. This means that in most cases,
combustion-related sources contributed dominantly to the atmo-
spheric PCDD/Fs with PCDD/PCDF ratio lower than 1. The
OCDD, OCDF, and 1,2,3,4,6,7,8-HpCDF congeners domi-
nated the concentration profiles, accounting for 21.9 ( 11.6%,
17.4( 6.2%, and 19.3( 4.1% of the total PCDD/Fs, respectively.
Other abundant congeners were as follows: 1,2,3,4,6,7,8-HpCDD

Figure 3. PCDD/F profiles (fg m�3 in percentile of concentrations and
TEQs) at the four sampling sites.
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(7.8( 2.1%), 1,2,3,6,7,8-HxCDF (5.6( 1.3%), 2,3,4,6,7,8-HxCDF
(5.4 ( 1.5%), 1,2,3,4,7,8-HxCDF (5.0 ( 1.0%), 2,3,4,7,8-PeCDF
(5.2 ( 2.2%), and 1,2,3,7,8-PeCDF (4.9 ( 2.2%).
With regards to the TEQ profiles, the most abundant con-

geners (OCDD, OCDF, and 1,2,3,4,6,7,8-HpCDF) did not
significantly contribute to the total TEQ values due to their
relatively low toxic equivalent factors. However, 2,3,4,7,8-
PeCDF was the single dominant contributor to the total TEQs
(46.8 ( 14.1%). Other minor contributors were 1,2,3,6,7,8-
HxCDF, 1,2,3,4,7,8-HxCDF, and 2,3,4,6,7,8-HxCDF, account-
ing for 11.4 ( 5.1%, 10.2 ( 4.4%, and 10.8 ( 4.6% of the total
TEQs, respectively. Similar profile results were reported in air
samples in Guangzhou,18 Shanghai,19 the U.K.,5 Spain,7 the
Great Lakes region,8 and Houston, Texas.32

Figure S2 of the SI shows the temporal trends of each PCDD/
F homologues at site HD. No substantial variations could be
observed in this analysis. Even for the period with the lowest
PCDD/Fs levels during the 2008 Olympic Games, the homo-
logue composition in concentrations and TEQs did not show
obvious variations, indicating similar PCDD/Fs sources and fate
in their transport or transformation processes in the atmosphere.
Influence ofMeteorology on Individual PCDD/Fs and TSP.

Meteorological parameters can influence ambient PCDD/Fs
concentrations in certain circumstances. For example, atmo-
spheric PCDD/Fs were reported to show significant inverse
relationship with ambient temperature, suggesting domestic
heating as an important source during cold periods.38 Rainfall
has been shown to scavenge PCDD/Fs, but their influence is
generally short within 2�3 days. However, Lohmann et al. did
not observe significant correlation against rainfalls.39 They also
found higher PCDD/Fs in the U.K. air during less turbulent air
masses with lower wind speed conditions.
In this work, the logarithm concentrations of individual PCDD/

F congeners and TSP were regressed with meteorological para-
meters (temperature, humidity, and wind speed). The correlation
coefficients for the sampling period of 2007, 2009, 2010, and
before, during and after the BOG in 2008 are shown in Table S8 of
the SI. No significant relationships were found between meteoro-
logical parameters and PCDD/Fs or TSP except for a positive
correlation against temperature in July 2008 before theBOGbegan.
This result suggests that the ambient temperature, humidity, and
wind speed are not responsible for the reductions of PCDD/Fs and
TSP during the BOG. It should be noted that the influence of wind
direction and precipitation on PCDD/Fs emissions should be
further investigated due to the lack of data on these two parameters
in this study. However, the PCDD/Fs concentrations before,
during and after the BOG in 2008 were significantly correlated
with the visibility and TSP concentrations (p < 0.05, positive
against TSP and negative against visibility), reflecting the strong
dependence of atmospheric PCDD/Fs on the air quality.
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