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Herein, we analyzed and explored the spatial–temporal variations, possible sources, and evaluated soil–air

exchange of polychlorinated biphenyls (PCBs) in urban environments in China. For the 11 Chinese cities

that were considered in the study, the Spearman correlations of �0.418 (p ¼ 0.201) for autumn (2004)

and �0.797 (p ¼ 0.003) for spring (2008) between the atmospheric concentrations of PCBs and average

temperature were obtained during the sampling period, suggesting that temperature can affect the

atmospheric concentrations of PCBs in spring, but not in autumn, which may be driven by comprehensive

factors. The Pearson correlation coefficients for the relationship between the concentrations of different

PCB homologues among these cities indicate that in 2004 and 2008, the sources of PCBs in the urban

atmosphere were different. In 2008, PentaCB to HeptaCB in the atmosphere possibly originated from

intentionally produced PCBs (IP-PCBs), whereas DiCB to TetraCB might have been derived from the

unintentionally produced PCBs (UP-PCBs) and e-waste (EW-PCBs). These results indicate a shift in the

emission sources of PCBs in urban atmosphere from IP-PCBs to a combination of IP-PCBs, UP-PCBs, and

EW-PCBs. Moreover, UP-PCBs and EW-PCBs are considered supplementary or major emission sources in

the current environment, and thus the reduction and control of UP-PCBs and EW-PCBs should be paid

more attention. The results of the study on soil–air exchange of PCBs showed that in 2008, the soil still

acted as a sink and the net flux was from air to soil for all the PCB congeners, whereas in 2013–2014, the

direction of the net flux was reversed, from soil to air for PCB28 and PCB52, indicating that in 2013–2014,

secondary emissions could be an important source of these two PCB congeners.
1. Introduction

Polychlorinated biphenyls (PCBs) are one of the main
controlled chemicals by the Stockholm Convention on persis-
tent organic pollutants (POPs),1 which are a well-known class of
ubiquitous chemicals characterized by their extraordinary
stability, extreme toxicity, high ability to undergo long-range
atmospheric transport (LRAT), and potential to bioaccumulate
in the aquatic and terrestrial food chain system, which poses
a threat to both human health and environmental systems.2,3

The cumulative global production of commercial PCBs was
estimated to be approximately 1.3 � 106 t by Breivik (2002).4

PCBs were manufactured in China from 1965 to 1974, and
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subsequently, its production was discontinued. Over this period,
approximately 10 000 t of PCBs were produced (approximately
0.8% of the total global PCB production). Of these, 9000 t were
produced as trichlorobiphenyl, known as Number 1 PCB, and
1000 t as pentachlorobiphenyl, named Number 2 PCB.5 The
proportions of PCBs used in the eastern, central, and western
regions of China were 45.2%, 35.7%, and 19.1%, respectively.5

Trichlorobiphenyl was mainly used in power capacitors and
transformers and pentachlorobiphenyl was primarily used as
a paint additive.6 In general, there are three main types of PCB
emission behaviors to the atmosphere, the rst of which is the
emission due to intentionally produced PCBs (IP-PCBs), the
second is the emission of unintentionally produced PCBs (UP-
PCBs) from industrial thermal processes, and the last is the
emission due to dismantling of e-waste and waste electrical and
electronic equipment (EW-PCBs).7 The production of IP-PCBs in
China has been banned for several decades, and these type of
emissions began to peak in the early 1990s, as products were
disposed of through open burning; later on, the emissions of IP-
PCBs decreased, but a slight increase has been observed since
2000.7 However, Hogarh and coworkers suggested that atmo-
spheric PCB levels might have increased by approximately one
RSC Adv., 2017, 7, 14797–14804 | 14797

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra26864a&domain=pdf&date_stamp=2017-03-07
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26864a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007024


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 9

:5
6:

18
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
order of magnitude from 2004 to 2008 across China.8 If both the
decreasing trend in the IP-PCB emissions and the increasing
trend of PCBs concentrations in the air in China were true, what
are the reasons that caused the increasing concentrations of
PCBs in Chinese air? Normally, the degradation reaction with
hydroxyl (OH) radical in the atmosphere plays an important role,
which could cause the decreasing trends of PCBs in the envi-
ronment rather than the increasing trends because the PCBs in
air are major from direct emission through usage or volatiliza-
tion from contaminated soils. Moreover, Totten and coworkers
already found evidence for the degradation of PCBs by radicals
in urban atmospheres.9,10 The evidence indicated that the
magnitude of the depletion for individual PCB congeners has
been decreased by approximately 10–20% for each additional
chlorine substituent, and reaction rates with the OH radical are
lower for higher molecular weight congeners.

In their research work, Breivik and coworkers suggested that
PCB emissions from e-waste recycling sites and main trade
ports, where e-waste was received and dispatched, were
responsible for the high concentrations of PCB in some urban
areas of China and other developing countries of Asia such as
India.11,12 There are some formal and informal e-waste recycling
sectors in China, of which, the informal e-waste dismantling
areas are located in Guiyu (Guangdong Province), Taizhou
(Zhejiang Province), and the formally registered recyclers,
which are now actively present in electrical and electronic (EE)
manufacturer dense regions such as Tianjin, Beijing, Shanghai,
Jiangsu Province and Guangdong Province.13 At the same time,
four national pilot projects about private recycling plants have
been sequentially developed since 2004.

In our previous study, the gridded UP-PCB emission inven-
tory was compiled and compared with PCB air concentrations
measured by our group (IJRC-PTS), and the results successfully
explained the increasing concentration of PCBs in rural areas of
China with respect to that in urban areas, which may be related
to the fact that the number of rural sites monitored across
China was higher (the 31 related grid cells include 22 rural sites
and 9 urban sites).14–16 Moreover, the IP-PCB emission inventory
successfully explained the reason for the increased atmospheric
PCB concentrations in urban areas.7 According to Hogarh's
work,8 atmospheric concentration of PCBs increased about one
order of magnitude across China from 2004 to 2008, which
should raise huge concerns due to the toxicity of PCBs. In fact,
the increasing atmospheric concentration of PCBs, which are
subsequently transported and transferred from the air to the
soil surface via atmospheric particulate deposition or soil–air
exchange, could lead to accumulation in soil for a long time;
this will affect partitioning, degradation, and transport
behavior of individual PCB congener depending on their
physicochemical properties and environmental conditions.17

Therefore, the objectives of this study were to analyze and
explore the spatial–temporal variation and possible sources of
PCBs and to investigate their soil–air exchange behavior by
coupling atmospheric PCB concentration data with soil PCB
concentration data from the same urban areas using the
fugacity approach. This study can also provide valuable
14798 | RSC Adv., 2017, 7, 14797–14804
information for the control of POPs in China and strategies for
their reduction.

2. Methodology
2.1 Data sources and compilation

There have been three national monitoring campaigns for PCBs
across China: in 2004 by Jaward et al. (2005)18, in 2005 by Zhang
(2008, IJRC-PTS),15 and in 2008 by Hogarh (2012).8 In all these
three monitoring programs, the polyurethane foam (PUF) disks-
based passive air samplers were used to collect the air samples,
in which the PUF disks were retrieved, resealed in their original
solvent-cleaned brown glass jars aer nishing the sampling
period and were stored frozen until extraction in labora-
tory.8,15,18 In the present study, we chose 11 urban sites in China
under the rst and the third sampling programs since the
sampling activities in these two sampling programs were con-
ducted by the same group (the Guangzhou Institute of
Geochemistry, the Chinese Academy of Sciences), leading to
a strong comparability of the PCB data under these two
sampling campaigns. The second program, a concurrent air and
soil surface sampling program (SAMP-I) across China was
conducted by a different group (IJRC-PTS),15 which did not have
the same 11 urban sampling sites and thus the data from this
campaign were not used in the present study.

In addition, PCB level in Beijing soil measured by Wu et al.
(2011)19 was used to study the air–soil exchange in 2008 along
with the data obtained by Hogarh (2012)8, PCB level in Beijing
soil in 2014 obtained by Zhang et al. (2014)20, and in air in 2013–
2014 obtained by Hong et al. (2015)21 were used to calculate the
air–soil exchange in 2013–2014, and PCB concentrations in
Tianjin air in 2015 obtained by Li et al. (2015)22 were used for
comparison with the data obtained in 2004 (ref. 18) and 2008
(ref. 8) in Tianjin. Soil organic carbon (SOC) data in Beijing were
measured by Guo et al. (2017),23 which was 4.63% in the
industrial areas and 4.08% in the areas surrounding the
industrial zone.

China is one of the major global industrial centers, with one
of the fastest economic growth rates in the world, and is the
world's largest recycler and producer of many electrical appli-
ances containing PCBs. Therefore, the environmental pollution
issues accompany with economic development and anthropo-
genic activities, which have been attracted signicant attention
from the government and public. To better compare and
analyze the differences and characteristics of atmospheric
pollution based on the existing datasets, the same sampling
sites were selected across China in different periods (in 2004
by Jaward and in 2008 by Hogarh), including the 11 urban sites
selected for this study (Fig. 1). These sites were selected to study
atmospheric PCB pollution in urban areas and can be associ-
ated with the spatial distribution characteristics of PCB use in
China. According to China SEPA, 45.2% of all PCBs in China
were used in the east (including Changchun, Shenyang,
and Shanghai); 35.7% were used in the middle region of
China (including Beijing, Tianjin, Wuhan, and Nanning); and
19.1% were used in the west part (including Xi'an, Guiyang, and
Kunming). In addition, Hong Kong constitutes a special case
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Spatial distributions of the same sampling sites across China in
2004 and 2008 (ref. 5, 8 and 18) (percentage of PCB use is East-
: Middle : West ¼ 45.2% : 35.7% : 19.1%, respectively).
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and is not included in the spatial distribution of PCB use
in China.
Fig. 2 Air concentration of PCBs in the same 11 cities in 2004 and
2008.
2.2 Soil–air exchange

Generally, the soil–air partition coefficient (KSA) represents the
equilibrium partitioning of a chemical between soil and air.
There is a linear relationship between the KSA and KOA (octanol–
air partition coefficient) and to the organic carbon fraction of
the soil, which is expressed as follows:

KSA ¼ 4SOMKOA (1)

where 4SOM is the mass fraction of SOM (soil organic matter,
4SOM ¼ 4OC/0.56, where 4OC is the mass fraction of SOC (soil
organic carbon)) and the values of KOA as a function of
temperature were obtained from Li's study (2003)24, which
spans generally several orders of magnitude in the range of
environmentally relevant temperatures.25

Fugacity (f, Pa) usually describes a chemical's escaping
tendency from an environmental medium to another. The
fugacity approach was used to investigate the soil–air equilib-
rium status of organic pollutants.26 The fugacity of the PCBs in
soil (fs) and air (fa) were calculated using the equations
proposed by some research groups:27–31

fa ¼ CART (2)

fs ¼ CSRT/4SOMKOA ¼ CSRT/KSA (3)

where R is the gas constant, T is the temperature in K, and CA

and CS are the chemical concentrations in air and soil in mol
m�3, respectively.

The fugacity fraction (ff) is used to assess equilibrium status
of a chemical between soil and air:

ff ¼ fs/(fs + fa) ¼ CS/(CS + KSACA) (4)
This journal is © The Royal Society of Chemistry 2017
By adjusting the units, pg g�1 (dw, dry weight) for CS and pg
m�3 for CA, using the density of dry soil (rS in g m�3) to convert
to volume units, according to empirical studies,28,32 we obtained
the following modied formula:

ff ¼ CSrS/(CSrS + 0.41KSACA) (5)

Values of ff equal to 0.5 indicate soil–air equilibrium and no
net gas exchange; ff > 0.5 indicates net volatilization from soil to
air; and ff < 0.5 indicates net deposition from air to soil.
However, an uncertainty analysis indicated that the value of ff
was between 0.3 and 0.7 as an equilibrium condition.27,28,33
2.3 Coefficient of variation

The coefficient of variation is dened as the ratio of the stan-
dard deviation s to the mean m:34

Cv ¼ s

m
(6)

The coefficient of variation is a useful statistical parameter
for comparing the variation degree of one data series with
another, even if the means are drastically different from each
other. In general, a Cv # 0.1 corresponds to weak variability; 0.1
< Cv < 1 corresponds to a moderate variability; and Cv $ 1
corresponds to strong variability.
3. Results and discussion
3.1 Spatial and temporal variation

Air concentration data of PCBs obtained in 2004 and 2008 from
the same 11 cities are presented in Fig. 2. The monitoring data
indicate that the concentrations of the total PCBs in these areas
had increased during the period from 2004 to 2008, especially in
Tianjin.8,18 The increased levels of total PCBs are in accordance
with the spatial distribution of PCB use in China. There were
signicant variations of relative growth rate among these cities
RSC Adv., 2017, 7, 14797–14804 | 14799

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26864a


Fig. 3 Coefficient of variation for PCBs in the atmosphere in 2004 and
2008.

Table 1 Pearson correlation coefficients for the relationship between
PCB homologues in 2004

TriCB TetraCB PentaCB HexaCB HeptaCB

TriCB 1
TetraCB 0.928a 1
PentaCB 0.859a 0.953a 1
HexaCB 0.308 0.408 0.564 1

a
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compared with the growth rate of atmospheric concentration of
the total PCBs, and the rate was in the following order: Chang-
chun (6558.96%) > Shanghai (3099.76%) > Tianjin (2588.72%) >
Beijing (2285.64%) > Shenyang (1712.91%) > Nanning
(1476.38%) > Hong Kong (1475.20%) > Wuhan (1419.81%) >
Kunming (1010.79%) > Guiyang (889.90%) > Xi'an (270.91%).
The existence of point source emissions, atmospheric transport
or combined pollution, including IP-PCBs, UP-PCBs and e-waste,
could lead to a high growth rate of the total PCBs in these cities.
In addition, the meteorological and topographical conditions
may have led to a higher growth rate of PCBs in northern and
eastern China, including Changchun, Shanghai, Tianjin, Beijing
and Shenyang, as the westerlies, East Asian monsoon and local
topographical features can affect the atmospheric transport and
redistribution patterns of POPs, especially in spring and
winter.35 The seasonal variations of PCB levels could also be
affected by the atmospheric source of the monsoon system.36

There are relatively lower growth rates in southern China than in
northern China, and this phenomenon may be subjected to the
inuence of emission sources, degradation reaction with OH
radical, physic-chemical properties of PCBs, meteorological
conditions, and urban heat island effect. Generally, the behavior
of semivolatile PCBs in the environment strongly depends on the
temperature, and temperature can not only affect their volatili-
zation and global distillation effect, but also control their pres-
ence in the atmosphere through reactions with OH radical. This
is because increasing the temperature can enhance the reaction
rate of PCBs, especially for low-molecular-weight PCBs.
Furthermore, dominant gas-phase PCB emissions are also
a temperature-controlled process including volatilization of
PCBs from local sources at higher temperatures and condensa-
tion and deposition of emissions at low temperatures.37

Moreover, the sampling period may also affect the atmo-
spheric concentrations of PCBs to some extent because the
seasonal or temporal variations can alter the spatial distribu-
tion patterns and levels of PCBs in the atmosphere. In fact, the
seasonal variations of PCB concentrations in the atmosphere
were mainly controlled by the temperature. The sampling times
in 2004 (autumn) and 2008 (spring) were different, which could
also cause some differences among atmospheric PCB levels in
these 11 cities. The seasonal variations of PCBs in the industrial
sites showed the highest concentrations of PCBs in spring
time.38 However, another study showed that the concentrations
of PCBs were mainly inuenced by the combined effects of
reciprocal temperature, wind direction, and wind speed.39 To
explore the effect of temperature on the occurrence and
seasonal variations of PCBs, a Spearman correlation analysis
was conducted between the atmospheric concentrations of
PCBs and the average temperature during the sampling period
in these cities. The analysis provided the following results:
�0.418 (p ¼ 0.201) in autumn (2004) and �0.797 (p ¼ 0.003) in
spring (2008), which suggests that temperature can affect the
atmospheric concentrations of PCBs in spring (signicant
negative correlation), but not in autumn, which may be driven
by some factors other than temperature.
14800 | RSC Adv., 2017, 7, 14797–14804
3.2 Possible sources

Fig. 3 shows that the PCB homologues corresponded to
moderate variability with the exception of HeptaCB and TriCB,
which had strong variability in 2004. Especially, HeptaCB pre-
sented a large degree of dispersion compared with other PCB
homologues, which could originate from point source emis-
sions or spillage. In contrast, there is a lower degree of disper-
sion for other PCB homologues, which may indicate similar
PCB sources. However, the DiCB to TetraCB and PentaCB to
OctaCB corresponded to strong variability and moderate vari-
ability in 2008, respectively. DiCB to TetraCB had a large degree
of dispersion, which might be caused by the disproportion of
socioeconomic development and human activities among these
11 cities because the occurrence and levels of PCBs are generally
correlated with these factors. On the other hand, the spatial
variation patterns of PCB homologues could also reect the
change of emission sources because DiCB to TetraCB are
generally regarded as major proles of UP-PCBs and EW-PCBs
in the current environment.40–42 This may explain the contra-
diction posed by the increased atmospheric concentrations of
low-molecular-weight PCBs from IP-PCBs sources despite the
fact that low-molecular weight PCBs exhibit a higher degrada-
tion rate by OH radicals.

To explore and elucidate the possible sources of PCBs in the
atmosphere, the relationship between the PCB homologues
were investigated by examining the Pearson correlation coeffi-
cients for the concentrations of the different PCB homologues
HeptaCB 0.089 0.145 0.271 0.916 1

a Correlation is signicant at the 0.01 level (2-tailed).

This journal is © The Royal Society of Chemistry 2017
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Table 2 Pearson correlation coefficients for the relationship between PCB homologues in 2008

DiCB TriCB TetraCB PentaCB HexaCB HeptaCB OctaCB

DiCB 1
TriCB 0.994b 1
TetraCB 0.991b 0.996b 1
PentaCB 0.349 0.328 0.349 1
HexaCB 0.496 0.451 0.472 0.858b 1
HeptaCB 0.810b 0.787b 0.796b 0.692a 0.832b 1
OctaPCB �0.030 �0.013 0.029 0.131 0.141 0.278 1

a Correlation is signicant at the 0.05 level (2-tailed). b Correlation is signicant at the 0.01 level (2-tailed).
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among these cities. In 2004, the concentrations of TriCB, Tet-
raCB, and PentaCB were well correlated among them, and that
of HexaCB was correlated with that of HeptaCB (Table 1).
However, in 2008, the concentrations of DiCB to TetraCB,
PentaCB to HeptaCB, and HeptaCB with DiCB to HexaCB were
well correlated (Table 2). These results further reveal that there
were different sources of PCBs in the urban atmosphere in 2004
and 2008. In 2008, PentaCB to HeptaCB in the atmosphere may
originate from the IP-PCBs compared with DiCB to TetraCB,
which could be derived from the UP-PCBs and EW-PCBs. This
indicates a shi in the emission sources of PCBs in urban
atmosphere from IP-PCBs to a combination of IP-PCBs, UP-
PCBs, and EW-PCBs.

The compositions of atmospheric PCB homologues among
these 11 cities, Aroclor 1242, Aroclor 1254, Chinese products,
and UP-PCBs are presented in Fig. 4, which were used to explore
the sources characteristics of PCBs in these 11 cities. Fig. 4
shows a high percentage of TriCB in these cities, which could
mainly originate from the emissions of IP-PCBs, UP-PCBs and
EW-PCBs. This percentage has exceeded as compared to that of
PCBs from Chinese products, in which the percentage of TriCB,
TetraCB, and DiCB is 41.58%, 28.98%, and 12.61%, respec-
tively.43 In fact, TriCB is primarily used in electrical appliances
and emitted from unintentional production of PCBs. There is
a study showing that atmospheric PCBs were dominated by
TriCB and TetraCB, and PCB28 was the most abundant
congener in electronic waste recycling sites.41 Other than that,
the percentage of TriCB is more than 60% of the total PCBs from
UP-PCBs.42 Therefore, this study can further conrm the
complexity of PCB sources in the urban atmosphere through
hypothesis between occurrence and degradation of PCBs when
only one emission source is considered (IP-PCBs). The degra-
dation processes of PCBs in the atmosphere should be
adequately considered due to the existence of OH-radical reac-
tion in the gas phase, which generally appears to be the major
removal pathway for atmospheric PCBs.44 The study indicated
a total loss of up to 8300 t per year through this degradation
process.45 If the abovementioned hypothesis is true, the
composition of PCB homologues will reverse and will not be
dominated by low chlorinated PCBs because they are more
volatile and degrade in the atmosphere. However, TriCB
represents far more than 50% of the total PCB levels in most
cities, as shown in Fig. 4. Hence, UP-PCBs and EW-PCBs are
considered as supplementary or major emission sources in the
This journal is © The Royal Society of Chemistry 2017
current environment, and this should attract more attention to
reduce and control PCBs in the atmosphere.

In addition, the gas-particle partitioning of PCBs can also
affect their occurrence and composition in the atmosphere
because the gaseous concentrations of PCBs in all the cities
were measured through passive air sampling survey. However,
this effect may be excluded for the following reasons: rst,
the sampling period was in spring and autumn when the
average temperatures (above 10 �C) are higher than those in
winter; second, the relatively high proportion of PentaCB with
respect to HeptaCB decreased from 2004 to 2008; third, gas-
particle partitioning could not prevent high atmospheric
levels of high-molecular-weight PCBs, which was veried by
monitoring in Hong Kong (Fig. 4). Li and co-author showed
that the PCBs had dominant distribution in the gas phase via
monitoring ambient air concentrations of an e-waste
dismantling area.40

3.3 Soil–air exchange

Soil–air exchange plays an important role in the regional and
global transport and redistribution and determines the current
levels and origin of PCBs in soil and air.46–48 The concentrations
of PCBs in the corresponding environmental medium and their
physicochemical properties, soil properties, and gas-particle
partitioning in air are generally regarded as signicant factors
that affect their exchange process between the air and soil.49–51

Particularly, the temperature-controlled air–surface exchange
was explored,52 and the fugacity fractions (ff) of the soil–air
exchange were calculated by the fugacity approach to investi-
gate the major sources of atmospheric PCBs and the status of
PCBs in air and soil in the current environment. There was very
little information available on PCB distribution in urban soil in
the 11 cities for 2004 and 2008 and the current year. Therefore,
Beijing, which is the largest city in northern China, was selected
as a representative city to study the soil–air exchange behavior
in 2008 along with the soil concentrations measured by Wu
et al. in Beijing.19 In addition, soil–air exchange was also studied
for the years 2013–2014 via the air concentration obtained in
2014 (ref. 20) and the soil concentrations obtained in 2013–
2014.21 Although this may lead to some comparability issues, we
expected the data sets to be comparable within a certain range.
For 2008, only data for PCB28 was available; thus, this congener
was selected to calculate its fugacity fractions (ff) in the same
year and the exchange direction for other congeners were
RSC Adv., 2017, 7, 14797–14804 | 14801
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Fig. 4 Composition of PCB homologues in the atmosphere of each of
the 11 cities; and in Aroclor 1242, Aroclor 1254, Chinese products, and
UP-PCBs.

Fig. 5 Fugacity fraction (ff) values for PCB28 in 2008 and indicator
PCBs in 2013–2014 in Beijing.

Fig. 6 Temporal trend of the PCBs concentration in air in Beijing8,18,50
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derived from the results for PCB28. The values of ff were
calculated for indicator PCBs including PCB28, 52, 101, 118,
138, 153, and 180 for Beijing in 2013–2014 and the results are
shown in Fig. 5. The concentrations of PCB28 in soil in 2008,
and the atmospheric and soil concentrations of PCBs in 2013–
2014 are presented in Fig. A1–A3 (ESI†).
14802 | RSC Adv., 2017, 7, 14797–14804
Fig. 5 indicates that the fugacity fractions (ff) are approxi-
mately 0.3, suggesting that the soil acted as a sink and the net
ux for PCB28 was from air to soil; thus, secondary emission of
PCB28 was not an important source in 2008. The trend of air–
soil net ux was most likely the same for other congeners in the
same year since PCB28 is the most active chemical among all
the congeners discussed in the present study.

In 2013–2014, however, things changed. As shown in Fig. 5,
among all the indicator PCBs, the values of ff for PCB28 and
PCB52 exceeded 0.5, indicating that the net uxes for low
chlorine-substituted PCB28 and PCB52 was either zero (PCB28
and PCB52 in the air and soil reached equilibrium) or was from
soil to air. Thus, the secondary emissions for these 2
compounds started to play an important role as the sources of
atmospheric PCBs in urban areas in 2013–2014. For high
chlorine-substituted PCBs, the soil still acted as a sink because
these congeners have a stronger stability in soil compared with
low chlorine-substituted PCB28 and PCB52 and thus have
a higher tendency to stay in soil.

In our previous study, the effects of policies on the elimi-
nation of PCBs were evaluated.53 The results showed that the
distinct decrease of PCB levels in the sediment appeared aer
and Tianjin.8,18,55

This journal is © The Royal Society of Chemistry 2017
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the establishment of the China National Coordination Group
for the implementation of the Stockholm Convention. Subse-
quently, a conceptual reverse management framework for PCBs
was established.53 Atmospheric PCB levels have distinctly
decreased from 2008 in the current environment in Beijing and
Tianjin, especially in Tianjin, with a signicant decrease from
7766.2 pg m�3 to 307.2 pg m�3 (Fig. 6). Moreover, the increasing
PCB11 in the current environment, which is unintentionally
produced during the manufacture of pigments and chemical
products, should be addressed by the government and
researchers54,55 (Anezaki and Nakano 2014; Anezaki et al., 2015).

4. Conclusions

In summary, 11 cities were selected to investigate and explore the
spatial–temporal heterogeneity, possible sources, and soil–air
exchange behavior of PCBs in 2004 and 2008. Results show that
temperature can affect the atmospheric concentrations of PCBs
in spring (signicant negative correlation, R ¼ �0.797, P ¼
0.003), but not in autumn, which may be driven by compre-
hensive factors, including reciprocal temperature, wind direc-
tion, and wind speed. The relationship between the
concentrations of different PCB homologues among these cities
indicated that PCB sources were different in urban areas in 2004
and 2008. In 2008, PentaCB to HeptaCB in the atmosphere may
have originated from the IP-PCBs, whereas DiCB to TetraCB may
have been derived from the UP-PCBs and EW-PCBs. These
results indicate a shi in terms of atmospheric PCB emission
sources in urban areas from IP-PCBs to a combination of IP-
PCBs, UP-PCBs, and EW-PCBs. In addition, UP-PCBs and EW-
PCBs are considered as supplementary or major emission sour-
ces in the current environment, and this should attract more
attention for reducing and controlling PCBs in the atmosphere.
The results of the study on soil–air exchange shows that the soil
acted as a sink for all PCB congeners in 2008, but changed to
a source of PSB28 and PCB-53 in 2013–2014. This study consti-
tutes a comprehensive analysis and exploration of PCBs sources
in air in the urban areas, which is expected to improve the quality
of the environment and avoid the risks for human health.
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