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Abstract: To explore the polychlorinated biphenyl (PCB) pollution characteristics of atmospheric
particles, influential factors, and dry deposition fluxes, 28 PCB congeners were examined over a
2-year period in the environment of an isolated island in Fujian Province. In 2006 and 2007, PCB
concentrations ranged from 1.12 to 87.32 pg m−3 and ND (not detected) to 44.93 pg m−3, respectively,
and were predominantly highly-chlorinated PCBs. The levels were much lower than those from
industrial, urban, and rural areas, but slightly higher than those found in coastal areas of Europe
and in the ocean. Obvious seasonal variations were found in the PCB levels, with high levels
appearing in the winter, whereas low levels appeared in the summer, which indicated a significant
positive correlation with the atmospheric particle mass level. The distribution pattern of the PCB
concentration was largely affected by the meteorological conditions and total organic carbon (TOC)
levels. Moreover, air mass originating from Northern China may be responsible for the higher PCB
levels over Pingtan Island during the winter, and tracing the source of atmospheric particles by the
stable carbon isotope suggested that the PBC levels may be influenced by coal combustion during the
“heating season” of Northern China. The total dry deposition flux of the 28 PCBs on Pingtan Island
was 3.94 ng m−2 d−1 and 2.94 ng m−2 d−1 in 2006 and 2007, respectively, and the average yearly
input to the adjacent waters was 7531.2 g y−1.

Keywords: polychlorinated biphenyls (PCBs); atmospheric particles; dry deposition; stable carbon
isotope; meteorological conditions; back trajectories

1. Introduction

Polychlorinated biphenyls (PCBs) are classified as persistent organic pollutants (POPs) under
the Stockholm Convention, due to their persistence, bioaccumulation, high toxicity, and long-range
atmospheric transport (LRAT). Evidence has demonstrated that LRAT is a major source of these
contaminants in remote areas regarded as clean areas [1,2].

In the past, PCBs were produced and used widely on a global scale, and the global cumulative
production of commercial PCBs reached approximately 1.3 million tons [3]; they generally entered the
environment (e.g., soil, air, water and sediment) during their manufacture and use [4,5]. Although
PCB production has been banned in most countries since the 1980s, primary emissions still continue
from old electrical equipment, inadequate management of waste and electronic equipment, and
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leakage or improper disposal of transformer and capacitor oil [3,6,7]. In addition, the total emissions
from unintentionally produced PCBs (UP-PCBs) in China from 1950 to 2010 was estimated to be
146.1 tons [8]. Despite the fact that the production of PCBs has been banned for many years, high
concentrations of PCBs can still be detected in the environment, and their effects are still a global
environmental problem [9–11].

It is generally true that atmospheric particles are regarded as dominant carriers for POP transfer,
and their atmospheric transport and deposition are important mechanisms determining the fate of
POPs in the environment [12,13]. Once emitted into the environment, semi-volatile PCBs can be
absorbed into atmospheric particles and undergo LRAT to clean remote areas [9,14]. However, during
the transportation process, the occurrence of PCBs in the atmosphere is susceptible to various factors.
Particles coupled with PCBs can be re-suspended into ambient air by wind and human activities [15,16].
Additionally, the PCB levels in atmospheric particles are closely related to meteorological conditions
and the origin of the air mass [7,17,18]. Recently, studies of PCBs in the atmosphere have become
more common, but most have focused on urban, industrial, and e-waste recycling sites [7,15,18–20].
However, systematic research into PCBs in atmospheric particles from background areas of isolated
islands in Southeast China, which is important for evaluating the transportation of PCBs from pollution
sources to offshore aquatic systems, has been scarce until now.

Pingtan Island, isolated on the southeast coast of China (between 25◦15′–25◦45′ N, 119◦32′–120◦10′ E),
is the largest island in Fujian Province. The southeast coast of China is the most highly developed
and populated area in China, and accounts for 40% of China’ population. In addition, with the urban
waste incineration industry, e-waste recycling sites, and coal-burning power plants along the southeast
coast of China, the region has historically reported high levels of PCBs in the environment [4,7,18–20].
However, there is no PCB pollution source on Pingtan Island, making it the ideal area to research PCB
influx to offshore environments through the atmosphere. Ambient PCB levels were recently measured
nearby the coastal area of Pingtan, but mostly focusing on aquatic systems, such as seawater, sediment,
and marine organisms [21–24]. However, little information is available on the atmospheric PCB levels
on the isolated island, or potential inputs to adjacent waters.

In this study, atmospheric particle samples were collected for 2 years, and the target contaminants
were 28 PCB congeners, including indicator PCBs and dioxin-like PCBs (DL-PCBs). The objectives of
this work were (1) to illuminate the concentration characteristics and seasonal variations of 28 PCBs in
atmospheric particles from the island, (2) to discuss the influential factors, and (3) to estimate the flux
of PCBs into waters adjacent to this ecosystem through dry deposition.

2. Materials and Methods

2.1. Sampling Location and Air Sampling

The sampler was set up on the top of a coastal mountain, located on the shore of Pingtan Island,
about 15 meters above sea level (see Figure 1). The island has a typical subtropical monsoon climate.
Air sampling was conducted from January 2006 to November 2007 using a high-volume air sampler,
and the average gas flow rate of the sampler was 62.88 m3 h−1. Atmospheric particle samples were
collected in glass fibre filters (GFFs; 200 mm × 250 mm, 0.4 µm diameter, Whatman, Piscataway,
NJ, USA). The GFFs were incinerated in an oven at 450 ◦C for 4 h to remove organic residue before
sampling. After sampling, the samples were wrapped with aluminum foil and placed in a dry-box for
48 h before being weighed. Then, they were stored in a fridge at −20 ◦C until extraction.
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Figure 1. Pingtan Island and sampling site location. 
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was concentrated to 100 μL under nitrogen (99.999%) and transferred into hexane for determination. 
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as the carrier gas with a flow rate of 30 mL min−1. 

2.3. Quality Control and Quality Assurance (QA/QC) 

All instruments (except those for quantitative use) were cleaned by ultrasonic cleaning, flushed 
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through hexane/dichloromethane (1:1) Soxhlet extraction for 24 h, which was repeated three times 
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extraction, all samples were added to the known concentration internal standard (2,4,6-
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2.2. Sample Pretreatment and Analysis

Details about the sample pretreatment and analysis are presented in Text S1 (Supplementary
Material). Briefly, the GFFs were extracted using an accelerated solvent extraction instrument. Before
extraction, the system was spiked with 60 µL of an internal standard, using 1:1 dichloromethane/
hexane as the extraction solvent. The extract was concentrated to 1 mL by a rotary evaporator and
then purified, eluting it with 100 mL hexane/dichloromethane (v/v 1:1). The eluate was concentrated
to 100 µL under nitrogen (99.999%) and transferred into hexane for determination. All samples were
spiked with PCB internal standards (PCB30 and PCB209) to quantify the recovery. Twenty-eight
PCB congeners, including PCB8, 18, 28, 44, 52, 66, 77, 81, 101, 105, 114, 118, 123, 126, 128, 138, 153,
156, 157, 167, 169, 170, 180, 187, 189, 195, 206, and 209, as well as the number of chlorines for the
various congeners, are presented in Table S1. Analysis of the 28 PCB congeners was performed by
gas chromatography/electron capture detection (GC/ECD) (Agilent 7890A (Agilent Technologies,
Shanghai, China) with 63Ni ECD) equipped with a DB-5 MS column (60 m × 0.25 mm × 0.25 µm film
thickness). The temperature of the injector and detector was 270 ◦C and 300 ◦C, respectively. Splitless
injection was used, and 1 µL of the extract was injected. The oven temperature was initially set at
80 ◦C, increased to 210 ◦C at a rate of 10 ◦C min−1, then to 250 ◦C at 0.8 ◦C min−1 and held for 1 min,
and at last reached 290 ◦C at a rate of 10 ◦C min−1 and held for 12 min. High-purity nitrogen (99.999%)
was used as the carrier gas with a flow rate of 30 mL min−1.

2.3. Quality Control and Quality Assurance (QA/QC)

All instruments (except those for quantitative use) were cleaned by ultrasonic cleaning, flushed
again after drying with aluminum foil, and then incinerated at 450 ◦C for 4 h. The instruments
were washed three times by acetone and hexane before use. The blank samples are the GFFs,
which went through hexane/dichloromethane (1:1) Soxhlet extraction for 24 h, which was repeated
three times before drying. When the samples were treated and measured, a blank sample was
added to every 20 unknown samples, and no 28 PCBs target compounds were detected in the blank
samples. Before extraction, all samples were added to the known concentration internal standard
(2,4,6-trichlorobiphenyl), which was used to monitor the recovery rate of the extraction process, and the
recovery rate ranged from 81.4 to 115.3%. The results of all samples were corrected by the recovery rate.

2.4. Meteorological Parameters

All meteorological parameters, including air temperature (T), atmospheric pressure (AP), wind
speed (WS), wind direction (WD), relative humidity (RH), water vapour pressure (WVP), and rainfall,
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were downloaded from the Pingtan meteorological observation station in the China Meteorological
Data Sharing Service System (CMDSS) (http://data.cma.cn/site/index.html), and the distance from
the station to the sampling site was less than 1000 m. Temporal variations of several meteorological
parameters at Pingtan Island during the sampling periods are plotted in Figures S1 and S2.

2.5. Back Trajectories

Three-day (72 h) back trajectories (BTs) were computed utilizing the web version of the HYSPLIT
model. Trajectories were generated from the sampling site at three different heights (100, 500, and
1000 m) above sea level. These heights are frequently used [17,25] and ensure that the BT starts in the
atmospheric boundary layer [26].

2.6. Dry Deposition Fluxes

Dry deposition fluxes were estimated in this work using the estimation model formula given in
Equation (1), which was derived in previous studies [12,27].

Fd = Caerosol × vd (1)

where Fd is the dry deposition flux of PCBs in the atmospheric particles (M m−2 t−1), Caerosol is the
PCB concentration in the atmospheric particles (M m−3), and vd is the dry deposition velocity of the
atmospheric particles (cm t−1). However, due to the lack of field measurement data for the deposition
velocities of particles, we assumed an average deposition velocity of 0.28 cm s−1, in accordance with
previous studies at areas adjacent to Pingtan Island [27–29].

3. Results and Discussion

3.1. Characteristics of Atmospheric Concentrations

A total of 207 samples were collected at Pingtan Island from January 2006 to November 2007
(the lack of data in August 2006 and September 2007 was due to sampler maintenance). The results of
the PCB and total suspended particle (TSP) levels are summarized in Figure 2. The monthly average
PCB concentrations in 2006 and 2007 are presented in Tables S2 and S3, respectively (Supplementary
Material). The concentration of all 28 PCBs was 1.12~87.32 pg m−3 (mean, 16.27 ± 14.90 pg m−3)
and not detected (ND) ~44.93 pg m−3 (mean, 12.16 ± 10.59 pg m−3) in 2006 and 2007, respectively.
The atmospheric concentration of DL-PCBs (PCB-81, 77, 126, 169, 105, 114, 118, 123, 156, 157 and 189)
and indicators (PCB-28, 52, 101, 118, 153, 138 and 189) are also reported in Tables S1 and S2.
The concentration of ∑indicator PCBs varied from ND ~47.68 pg m−3 to ND ~24.44 pg m−3 (mean,
6.22 ± 7.89 pg m−3 and 4.22 ± 5.52 pg m−3) in 2006 and 2007, accounting for 38.2% and 34.7% of
∑28PCBs, respectively. On the other hand, the ∑DL-PCB level ranged from 0.46 to 76.84 pg m−3 and
ND ~22.53 pg m−3 (mean, 7.91 ± 9.76 pg m−3 and 5.23 ± 5.08 pg m−3) in 2006 and 2007, accounting
for 48.6% and 43.0% of ∑28PCBs, respectively. Of the individual congeners, PCB-138 exhibited the
highest concentration, followed by PCB-189 and PCB-77, while PCB-81 and PCB-44 were all below
the detection limit during the sampling period. In general, the PCB concentration in the atmospheric
particles was dominated by highly-chlorinated PCBs (Figure 3). The concentration of hexa-PCBs and
hepta-PCBs accounted for 64.7% and 59.8% of the total PCBs in 2006 and 2007, making them the most
abundant homologues in the samples.

To assess the danger of the DL-PCBs levels found in the atmospheric particulate samples, the toxic
equivalent quantity (TEQ) was calculated by multiplying the contents of every DL-PCB congener
by their related toxic equivalency factor (TEF) [18]. The TEQ levels (DL-PCBs) ranged from 0.02 to
2575 fg m−3 and 0 to 72.56 fg m−3 in 2006 and 2007, respectively, and the average level of TEQs in 2006
(45.56 fg m−3) was much higher than that in 2007 (3.05 fg m−3). The TEQ level was clearly dominated
by PCB-126, whose TEF level (0.1) was much higher than the other congeners (which ranged from

http://data.cma.cn/site/index.html
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0.03 to 0.00003) [18]. The concentration of PCB-126 in 2006 (0.44 pg m−3) was also much higher than
in 2007 (0.02 pg m−3). PCB-126 is one of congeners of penta-PCBs, and penta-PCBs are used mainly
as a paint additive [5]. Paint may have been used nearby the coastal area of Pingtan Island in 2006,
for purposes such as house decoration and fishing boat painting, resulting in the increase of PCB-126
level in the atmosphere.
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Figure 2. Concentrations of total polychlorinated biphenyls (PCBs) and total suspended particles (TSP)
in the air in Pingtan Island from January 2006 to November 2007.
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Figure 3. Compositions of PCBs in atmospheric particles above Pingtan Island.

Tables 1 and 2 show the PCB and TEQ concentrations in atmospheric particles from different areas.
The levels of particle-bound PCBs in the Pingtan Island atmosphere were much lower than those in
industrial, urban, and rural areas, but slightly higher than those from coastal areas of Europe and in the
ocean, generally showing the trend of industrial > urban > rural > coastal areas. The TEQ concentrations
were also lower than Taizhou industrial areas [19] but generally within the range of levels reported
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for urban and coastal areas around the world (Table 2). The slightly higher concentrations observed
in Pingtan than the coastal areas of Europe suggest that the TEQ concentration may be affected by
adjacent pollution sources, such as the e-waste recycling areas in Taizhou [19] and Guiyu [20], which
are located north and southwest of the island, respectively; additionally, PCBs may transported through
LRAT to the atmosphere of the island. Urban areas, especially discarded electronics dismantling areas
and industrial sites, are the main source of PCBs in the atmosphere [19,20]. The further the distance
from the source area, the less the effect the source of the pollution has on PCBs in the atmosphere.
Therefore, the PCB concentrations in the atmosphere of the coastal isolated island were relatively low.
In the ocean area, far away from human activity, PCBs in the atmosphere are mainly derived from
long-distance atmospheric transport.

Table 1. Comparison of the PCB concentrations in atmospheric particles from different regions (pg m−3).

Location Region Time Number of PCB Congeners Concentration Reference

Taizhou, China Industrial 2007 18 287 [19]
Guiyu, China Industrial 2008 36 14800 [20]

Taiwan Industrial 1996 18500 [30]
Izmir, Turkey Industrial Summer, 2004 41 3370 [31]
Izmir, Turkey Industrial Winter, 2005 41 1164 [31]
Beijing, China urban Summer, 2009 32 113.6 [32]

Guangzhou, China urban 2006–2007 33 317.6 [33]
Xiamen, China urban 2008–2009 28 1.28–606.16 [34]

Korea urban 1999–2000 38 130.4 [35]
Korea rural 1999–2000 38 39.7 [35]

Mediterranean Coastal area 2007–2008 18 2.63 [17]
Lake Maggiore Coastal area 2005–2006 7 3–10 [12]
Athens, Greece Coastal area 2000 54 4.00 [36]
Arctic Ocean Ocean 2012 26 4.01 [37]

Pingtan Coastal area 2006–2007 28 5.53 This study

Table 2. TEQ Concentration in different areas around world (fg m−3).

Location Region Time Concentration Reference

Shanghai, China urban Summer in 2013 1.08–17.0 [18]
Shanghai, China urban Winter in 2013 5.26–55.90 [18]
Yokohama, Japan urban March, 2002 and Feburuary, 2003 2.00–14.00 [38]

South Korea urban 2008 ND–16.00 [39]
Taizhou, China Industrial 2007 50–859 [19]

Etang de Thau, France coastal 2007–2008 2.77–103.30 [17]
Pingtan, China coastal 2006 43.82 This study
Pingtan, China coastal 2007 2.28 This study

3.2. Seasonal Variations

The highest concentrations in Pingtan were measured during the coldest season (January) in 2006
and 2007, while the lowest concentration was measured during the summer (2006). Generally, seasonal
variations exhibited higher concentrations in winter (dry season) and lower concentrations in summer
(rainy season) (Figure 4). In addition, the profiles of the PCB homologues during the sampling period
were also found to exhibit seasonal trends (Figure 3). The proportion of highly-chlorinated PCBs was
higher during the cold season (fall, winter, and spring), and the level of lowly-chlorinated PCBs was
markedly elevated during the summer.

Seasonal variations in the particle-bound PCB levels in the Pingtan atmosphere were similar
to those reported in urban areas, such as Shanghai [18], Jinan [40], and a Mediterranean coastal
site [17]. However, the levels were significantly different from those in an abandoned e-waste recycling
site in South China (Qingyuan, Guangdong Province, China), which exhibited approximately one
order-of-magnitude-higher concentrations during the summer than during the winter [7,41].

The PCB concentrations correlated well with TSP (R2 = 0.755, p < 0.01, Figure 2). Therefore, TSP is
an important factor affecting seasonal variations in the PCB concentrations, which were significantly
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higher during the winter than during the summer. Once these contaminants are released to the
atmosphere, they tend to be absorbed into particles before reaching equilibrium between the gas and
particle phase [42]. Thus, PCBs in the gas phase are continuously absorbed into particulate matter
(PM) until reaching equilibrium, especially in the winter. In particular, more highly-chlorinated PCBs
prefer to attach to particles, due to their lower volatility [43].

The seasonal cycle of the atmospheric mixing layer height is one of the main factors affecting
the diffusion of atmospheric contaminants [17]. Its height was substantially lower during the winter,
and was therefore unfavourable for the dispersal of local contaminants, resulting in the contaminants
gradually accumulating in the local atmospheric environment. However, Pingtan Island is rainy
during the summer (Figure 4), and PCB levels in atmospheric particles are decreased by rain removing
particles from the atmosphere. In addition, the lowest PCB levels appeared in summer 2006, which
may have been affected by typhoon events. During this period, Fujian province experienced typhoons
“Saomai”, “Kaemi”, and “Bilis”, as well as heavy precipitation. The increasing concentration of
lowly-chlorinated PCBs in the summer was mainly due to their high vapour pressure and volatility,
as they can re-volatilize from soil or water at high temperatures (average 28.7 ◦C) in the summer and
gradually be absorbed into particles [5,12]. Moreover, the levels may also have been partly caused
by LRAT from PCB sources. Among PCBs emitted from urban, industrial, or e-waste areas into the
atmosphere, higher molecular weight (HMW) congeners were gradually deposited during LRAT, while
lower molecular weight (LMW) congeners could be transported farther [5,44]. However, the abandoned
e-waste recycling sites in Qingyuan, whose distance to Pingtan sampling site is about 800 kilometers,
still act as important sources of PCBs [7]. Wang et al. (2016) [7] observed significant linear correlations
between In P (gaseous PCBs pressure) and 1/T (temperature) for both winter and summer, but in
this instance, there were no correlations in summer and only weak significant correlations in winter,
indicating that PCBs in the atmosphere were strongly controlled by temperature-driven volatilization
from the abandoned e-waste recycling sites. Therefore, PCB volatilization and re-volatilization in
local surfaces (e.g., e-waste, e-waste burning residues, and contaminant soils) under relatively high
temperature increased in the summer; in addition, e-waste recycling activities in the area may have
been more active during the summer than during the winter, resulting in the higher concentrations of
PCBs in the atmosphere during summer than winter.
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Figure 4. Monthly and seasonal variations in the total concentrations of the 28 PCBs and rainfall from
January 2006 to November 2007.

3.3. Influential Factors

3.3.1. Meteorological Conditions

In addition to the influence of local sources, the level of PCBs, as semi-volatile organic compounds,
in atmospheric particles from Pingtan is likely driven by meteorological conditions [7,25,45,46].
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The results of a correlation analysis between the PCB concentrations and meteorological parameters
are presented in Table 3. Negative correlations were observed between most of the individual PCB
concentrations and temperature, suggesting that higher temperatures assist in the re-volatilization
of PCBs from the particle phase to the gas phase. Among the meteorological parameters, the PCB
levels showed a positive correlation with atmospheric pressure, but negative correlations with relative
humidity and water vapour pressure. In Pingtan Island, the relative humidity and water vapour
pressure were relatively high (especially during the summer) and uniform throughout the year, due to
frequent rain and the surrounding marine environment; in addition, the scavenging effects of PCBs in
atmospheric particles can be caused by water drop adsorption and precipitation [25]. Atmospheric
pressure mainly affects the atmospheric mixing layer height. The higher the atmospheric pressure,
the lower the atmospheric mixing layer height. Therefore, PCBs absorbed into particles gradually
accumulate in the local atmosphere during the winter. For wind speed, previous studies suggested
that higher wind speeds had a dilution effect on the local contaminant levels [15,17]. In contrast,
positive correlations with wind speed were observed among PCB-105, 138, 187, and 170, as well as
the indicator PCBs. In addition, when we considered only those 110 samples for which the wind
speed was <4.0 m s−1, the average PCB concentration was 6.14 pg m−3, far below the concentration
(15.64 pg m−3) at high wind speed (>4.0 m s−1). This observation suggests that wind could also play
an important role in increasing the PCB concentration via re-suspension of particulate matter from
soil or the ground under higher wind speeds in isolated island areas, or by transmission of PCBs from
the mainland to the isolated island. In general, the meteorological conditions are important factors
influencing the seasonal distribution pattern, fate, and behaviour of PCBs in atmospheric particles
from Pingtan Island.

Table 3. Correlation analysis between the PCB concentrations and meteorological parameters and total
organic carbon (TOC) for all samples (n = 205).

PCB WS AP T WVP RH TOC

8 - - - 0.297 b - −0.291 a

18 - - - - −0.170 a -
28 - - - - - 0.497 b

52 - - - - - -
44 - - - - - -
66 - - - - 0.142 a -

101 - - - - - -
81 - - - - - -
77 - 0.236 b - −0.143 a −0.154 -

123 - - - - - -
118 - −0.152 a 0.156 a 0.167 a - -
114 - 0.181 b −0.197 b −0.212 b - -
153 - - - - - 0.324 a

105 0.162 a 0.195 b - −0.147 a −0.233 b -
138 0.165 a 0.56 b −0.544 b −0.555 b −0.342 b -
126 - - - - - -
187 0.160 a 0.215 b −0.290 b −0.278 b - 0.304 a

128 + 167 - - - - - -
156 - 0.36 b −0.305 b −0.313 b −0.299 b -
157 - - - - - -
180 - −0.146 a - - - 0.272 a

169 - - - - −0.235 b -
170 0.246 b 0.156 a −0.152 a −0.156 a −0.180 b -
189 - 0.168 a −0.223 b −0.211 b 0.260 a

195 - 0.432 b −0.432 b −0.448 b −0.150 a 0.304 a

206 - - −0.186 b −0.159 a - 0.265 a

209 - - - - - -
∑DL-PCBs - 0.256 b −0.224 b −0.241 b - -

∑indicator PCBs 0.144 b 0.486 b −0.479 b −0.485 b −0.289 b -
∑28PCBs - 0.398 b −0.361 b −0.371 b −0.230 b -

WS: wind speed; AP: atmospheric pressure; T: temperature; WVP: water vapour pressure; RH: relative humidity;
- indicates no significant correlation; a Correlation is significant at the 0.05 level; b Correlation is significant at the
0.01 level.
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3.3.2. Influence of Total Organic Carbon and Possible Sources

Total organic carbon (TOC) is another significant variable that affects behaviour of POPs in
particles. POPs in the atmosphere have a tendency to be absorbed by organic particulate matter, owing
to their hydrophobicity. As shown in Table 3, the concentrations of PCB-28, 153, 187, 180, 189, 195, and
206 exhibited a significant positive correlation with TOC, and were dominated by highly-chlorinated
PCBs, suggesting that TOC is also a significant variable affecting the distribution of these contaminants
in atmospheric particles. The viscosity of PCBs increases with increasing number of chlorine atoms,
and their hydrophobicity is also enhanced. However, no correlations were observed between other
PCB congeners and TOC (p > 0.05). In general, the concentration of POPs was in proportion to the
content of organic particulate matter for a particle-air system in equilibrium [47]. The results therefore
indicate that the geographical distribution of PCB congeners does not reach equilibrium with organic
matter in the atmospheric particles, due to interference from other factors. Certain artificial conditions
may contribute to the disequilibrium [48], such as the constant fluctuations of TOC content resulting
from waste incineration.

However, the correlations between TOC and TSP were significant during the sampling periods
(Figure 5), indicating that they have similar sources. To further investigate the factors influencing the
higher PCB concentrations in atmospheric particles in the winter, the stable carbon isotope (13C) of
the TOC in particulate matter was measured to trace the sources of the particulate matter. As shown
in Figure 6, the δ13C values in our study ranged from −27.8h to 24.6h during the sampling events,
and were closer to the values from motor vehicle emissions and coal combustion than those from
marine sources and biomass burning. A clear seasonal distribution pattern of the δ13C values was
observed during the sampling period. Larger δ13C values were found during the cold season (winter
and spring), whereas lower values were found during the summer (Figure 7), which is consistent with
the seasonal variations in PCB concentrations (Figure 2). According to the δ13C values, the sources
of atmospheric particulates in Pingtan are mainly influenced by motor vehicle emissions and coal
combustion (Figure 6). Thus, the contribution rate of motor vehicle exhaust and coal combustion was
calculated during the sampling period by a dyadic formula. The results showed that the contribution
of atmospheric particulates was, on average, 67% from motor vehicle exhaust emissions and 33%
from coal combustion. However, the contribution rate of coal combustion increased significantly from
summer (18% and 17% in 2006 and 2007) to spring (38% and 37%) to winter (47% and 44%) (Figure 8).
The results demonstrate that higher PCB and TSP concentrations appearing during the winter may be
influenced by coal burning during the heating season.
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Figure 6. Comparison of the δ13C values of major emission sources in this study with δ13C values
of major emission sources, including coal combustion [49,50], marine organic carbon sources [51,52],
biomass burning from C3 and C4 plants [52,53], and motor vehicle exhaust [49].
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Figure 7. Monthly average δ13C values from January 2006 to November 2007 in Pingtan Island.
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Figure 8. Seasonal variations in the contribution of motor vehicle exhaust and coal combustion.

3.3.3. Influence of Air Mass Origin

As shown in Figure 9, the air mass sources had distinct seasonal variations. The highest PCB
concentrations (January 2006 and January 2007, Figure 4) were associated with influences from
Northern Continental China air mass, whereas lower concentrations were observed in the months of
May, June, and July 2006, and the trajectories exhibited a predominantly marine influence. Therefore,
the higher PCB concentrations observed in the winter may be due to Northern Continental China
air masses, whereas lower concentrations in the summer may be due to the “cleaner” marine air
masses. In addition, the high wind speed at Pingtan Island mainly occurred in the winter; therefore,
the higher PCB concentrations in atmospheric particles from Northern Continental China would have
been transported to Pingtan Island during this period. However, upon further analysis, as mentioned
above, the higher δ13C values appearing during the cold season may be influenced by coal combustion
or marine sources, but the air mass origin was mainly Northern Continental China during this period.
Therefore, slightly enriched δ13C values during the winter can be interpreted as being derived from
coal combustion in the Northern Continental China during the heating season, and marine organic
carbon sources were unlikely during this period. This provides further evidence that higher PCB
concentrations in atmospheric particles appearing during the winter may be strongly influenced by
coal burning during the heating season of Northern China.

Remarkably, the PCB levels observed in April 2006 were more than 2.5 times higher than the
levels observed in April 2007 (Figure 3). The precipitation in April 2006 (206.2 mm) was similar to
that in 2007 (205.7 mm), but the air mass origin differed greatly (Figure 9). Trajectories in April 2006
came from continental China, potentially importing a higher load of contaminants from the e-waste
recycling area [19], whereas air mass trajectories in 2007 had a Western Pacific influence. This provides
further evidence that different air mass sources have a great influence on the PCB levels in atmospheric
particles from the coastal area.
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3.4. Dry Deposition

The dry deposition flux of the 28 PCBs was 3.94 ng m−2 d−1 and 2.94 ng m−2 d−1 in 2006 and 2007,
respectively. The monthly variations in the dry deposition fluxes of DL-PCBs, indicator PCBs, and
∑28 PCBs were strongly correlated with the TSP concentration, which exhibited an obvious seasonal
pattern, generally with higher fluxes during the winter and lower fluxes in the summer (Figure 10).
The deposition flux of DL-PCBs was higher than that of the indicator PCBs (Table 4).

The dry deposition of PCBs in Pingtan Island was much higher than that reported in the literature
for coastal areas in Europe, but lower than that in urban and industrial areas of Europe (Table S4).
Due to the combined effects of the particulate matter level, meteorological conditions, and northern
continental air mass sources, the dry deposition fluxes of PCBs were significantly higher in the winter
and lower in the summer. However, the dry deposition fluxes of DL-PCBs were much higher than those
of indicator PCBs, partly because indicator PCBs include fewer PCB congeners and more volatile PCBs
(28, 52 and 101), which easily volatilize into the gas phase [17]. It has been reported that dry particle
deposition is the predominant route for the atmospheric deposition of POPs in coastal and inland
surface waters [17,28,54]. According to the sea coverage area of Pingtan Island (6000 km2 surface),
the total dry mass input of the 28 PCBs to Pingtan Island waters was 8620.2 g y−1 and 6442.2 g y−1

in 2006 and 2007, respectively, giving a yearly average of 7531.2 g y−1. But, it is worth noting that
although the dry deposition fluxes of PCBs were relatively low in the summer, PCBs are likely to be
input to the marine environment through wet deposition, due to frequent heavy rainfall during this
period. This may increase the flux of PCBs into the adjacent waters.

Table 4. Annual atmospheric inputs of PCBs to Pingtan Island (dry deposition, ng m−2 y−1).

∑∑∑DL-PCBs ∑∑∑indicator PCBs ∑∑∑28PCBs

2006 698.5 546.6 1436.7
2007 461.8 362.0 1073.7
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Figure 10. Dry deposition fluxes of DL-PCBs, indicator PCBs and total 28 PCBs to Pingtan Island and
adjacent surface waters from January 2006 to November 2007.

4. Conclusions

A two-year dataset of PCB concentrations in atmospheric particles from Pingtan Island was
generated. This study focused on potential factors influencing the concentration of particulate PCBs,
seasonal variation, sources, and deposition at an isolated island in the coastal area of Southeast China.
The PCB levels in atmospheric particles from Pingtan Island were dominated by highly-chlorinated
PCBs, and the levels were lower than those in industrial, urban, and rural areas, but slightly higher than
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those in coastal areas in Europe and in the ocean. Clear seasonal variations in the PCB concentrations
correlated significantly with the levels of particulates. Elevated PCB levels were found during the
winter, whereas lower levels were observed in the summer. The seasonality of the atmospheric particle
levels, meteorological conditions, and air mass origin were responsible for the distribution pattern.
Moreover, TOC was also an important factor affecting the occurrence of some PCB congeners in
atmospheric particles. Utilizing the stable carbon isotope (13C) to trace the source of the particulate
matter, the results indicated that the higher PCB concentrations in atmospheric particles appearing in
the winter may be strongly influenced by coal burning during the heating season in Northern China.
According to the sea coverage area of Pingtan Island (6000 km2 surface), the total dry mass input of
the 28 PCBs to Pingtan Island waters was, on average, 7531.2 g y−1.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4433/9/2/59/s1,
Figure S1: Frequency of wind direction at Pingtan Island from January 2006 to November 2007, Figure S2:
Temporal variations of wind speed and ambient air temperature at Pingtan Island during the sampling periods,
Text S1: Details on the sample pretreatment and analysis, Table S1: The number of chlorines for the various
congeners, Table S2: Monthly average concentrations of PCBs in the atmospheric particulates of Pingtan Island in
2006, Table S3: Monthly average concentrations of PCBs in the atmospheric particulates of Pingtan Island in 2007,
Table S4: PCB deposition fluxes reported in literature from different sites.
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