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Abstract

A total of 198 agricultural soil samples were collected from Zhangjiagang and Changshu in Southern Jiangsu for analysis of
13 polychlorinated biphenyls (PCBs) in order to assess the levels of pollution, sources, area distribution, and potential risk for the
environment. All methods were rigorously tested and an adequate quality control was ensured. Only one site had no PCBs residues,
and the highest total PCBs concentration in the surface soils was 32.83 ng/g. The average concentration in all the soil samples was 4.13
ng/g, signaling low-level pollution. Tetra-, penta-, and hexa-chlorinated biphenyls were dominant species in soil samples, accounting
for more than 75% of 3 PCBs in the soil samples. PCB118 was the most abundant congener in all the samples. The PCB118 was about
20% of Y ,PCBs. The soil organic matter content showed only a weak correlation with the levels of all PCB congeners, in which a better
correlation was noted for the more volatile lighter PCB congeners than for the heavier homologues. To a certain extent, the sources and

land use seemed to influence the levels of PCBs.

Key words: agriculture soil; polychlorinated biphenyls (PCBs); congeners; distribution

Introduction

Polychlorinated biphenyls (PCBs) are listed along with
11 other organic compounds by Stockholm Convention
as the persistent organic pollutants that could seriously
threaten the environment and human health. Although their
usage has been banned in a lot of countries, they still
represent an important class of priority pollutants due to
their widespread, long-term persistence, and high toxicity
(Yu et al., 2001). PCBs easily dissolve in lipid tissues, so
they are deleterious to human health via their distribution
and transfer by the food chain (Miao ef al., 1996; Ilene
et al., 1997). Additionally, as a hormone interferon, PCBs
have a great adverse impact on the procreation of both
human beings and animals (Nie, 2003).

In China, approximately 10000 t of PCBs were pro-
duced from 1965 to 1974 (the production of PCBs was
banned in 1974), with 9000 t as trichlorobiphenyl (PCB3,
chlorine content is 42%) used primarily as impregnants
in power capacitors and 1000 t as pentachlorobiphenyl
(PCBs, chlorine content is 54%). PCB; and PCBs are
similar in compositions to Aroclor 1242 and Aroclor 1254,
respectively, used mainly as additives of paint, printing ink,
and as lubricants (Jiang et al., 1997; Qin et al., 2003).
Moreover, during the 1950s to 1980s, China imported
numerous capacitors containing PCBs from Belgium and
France (Meng et al., 2000). After mass production and
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extensive usage, these PCBs entered the soil and adjacent
water via waste emissions, oil leakage, volatilization, dry
and wet deposition or other means, thus resulting in
widespread environmental pollution. Recently, numerous
reports have identified various levels of PCB residues in
the water, soil, sediment, rice, fish, and birds in the Yangtz
Delta industrialized area (Chu et al., 1995; Bi et al., 2001,
Nakata et al., 2005).

Soil is usually the source and receptor of environmental
pollutants. This study quantified the levels of PCBs in
Changshu and Zhangjiagang, which covered certain ur-
ban farmlands and farmlands near the factories. This is
probably the first comprehensive study to present the PCB-
congener levels in the agricultural soils in China, which
provides the essential statistics for risk assessments in the
Yangtz Delta.

1 Materials and methods

1.1 Materials

Based on the reported abundance and toxicity, the
following PCB congeners, identified using the TUPAC
numbering system, were targeted for analysis: 18, 28, 31,
44, 52, 101, 118, 138, 149, 153, 170, 180, and 194. In
this analysis, 2,4,5,6-tetrachloro-m-xylene and decachloro-
biphenyl (PCB209) were used as internal standards and
2,4,5,6-tetrachloro-m-xylene also as a recovery standard.
All standards were purchased from Dr. Ehrenstorfer Labo-
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ratories, Augsburg, Germany.

All solvents used were distilled-in-glass (AR grade) and
were checked for interference prior to use. Granular anhy-
drous sodium sulfate (AR grade) was heated to 400°C for
4 h prior to use. After being heated at 130°C for 16 h, silica
gel (100-200 mesh) was deactivated with 3.3% deionized
water of its weight, and then stored in a closed container
until use. All glassware was scrupulously cleaned accord-
ing to the requirement of USEPA and washed with solvents
before used.

1.2 Sample collection

A total of 198 surface soil samples were collected
from Zhangjiagang and Changshu in Southern Jiangsu in
2004. The locations of the sampling stations are shown in
Fig.1. Throughout the survey, a global positioning system
(GPS) was used to locate the sampling sites. The sampling
sites were those used mainly for agricultural purposes
and certain sites were close to factories, such as chemical
plants, electroplate plants, metalwork plants, printing and
dyeing plants, and so on. All samples were dried at room
temperature, stones and vegetation were removed, sieved
(100 mesh), and stored in closed vessels until further
analysis.
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Fig. 1 Sampling map of soils in Zhangjiagang and Changshu of Jiangsu,
China.

1.3 Sample extraction and clean up

For determination of PCBs in soils, about 15 g of
soil was homogenized with anhydrous sodium sulfate
(NaSOy) in a glass centrifugal tube until a free flow-
ing powder appeared. Approximately 1 g of copper
powder was added to remove the sulfur. Before ex-
traction, surrogates containing tetrachloro-m-xylene and
decachlorobiphenyl were added to the samples. The sam-
ple was then extracted with 3x20 ml hexane/acetone (1/1,
v/v) by ultrasonication (20 min) and separated by centrifu-
gation. The extract was then concentrated to approximately
1 ml for further purification.

Fractionation was done with anhydrous sodium sulfate
modified silica gel chromatography column (3 g of silica
gel, with 2 cm anhydrous sodium sulfate added on the
upper layer). After the sample was transferred onto the
column, PCBs were eluted from the column with hexane

in the first 25 ml fraction. The fraction was concentrated
under a gentle stream of nitrogen to 1 ml.

1.4 Instrumental analysis

The extracts were injected into a Hewlett Packard
6890 GC-ECD equipped with auto-injector. An HP-5
fused silica capillary column (30 m length, 0.32 mm
i.d., 0.25 wm film thickness) coated with 5% phenyl
95% methylpolysiloxane was used for the analysis. The
oven temperature started at 90°C (holding time 1 min),
increased to 140°C at 20°C/min, to 240°C at 3°C/min
(holding time 5 min) and finally to 300°C at 10°C/min
(holding time 10 min). Injector and detector temperatures
were 280°C and 310°C, respectively. Nitrogen was used as
the carrier and make-up-gase. A 1-ul solution was injected
in splitless mode.

1.5 Quality control and quality assurance (QA/QC) and
quantification

The detection limit of PCBs in samples was designed
to be thrice the values of procedural blanks. The PCB
detection limit is 0.01-0.015 ng/g. The average recoveries
for PCBs through the analytical procedures (laboratory
treatment) was 65%—114% as determined by spiking PCBs
mixtures in the soil samples, and the relative standard
deviation (RSD) was 10%. They all meet the requirement
of USEPA (Recovery: 70%—130%, RSD is <30%).

Calibration curves (detector response vs. amount inject-
ed) were performed for every compound to be quantified.
The range of linearity of the detector was evaluated from
the curves generated by plotting the detector signal/amount
injected versus the amount injected. All measurements
were performed in the linear range for each compound.
The quantitative data were corrected for surrogate reco-
veries.

2 Results and discussion

2.1 Pollutant levels of agricultural soil samples

The results are summarized in Table 1. Only one site
showed no PCBs residues. The mean and the highest

Table 1 Concentrations of PCB congeners in soil (ng/g dw)?

PCB Maximum  Minimum  Mean  SD Frequency (%)
18 nd nd 0.00 0.00  0.00
28*+31  6.96 nd 0.10 056  11.60
52% 6.26 nd 0.65 0.69 9340
44 26.37 nd 0.49 200 77.27
101* 5.11 nd 0.58 0.57 87.88
149 1.38 nd 0.02 0.13  0.02
118* 8.46 nd 0.86 093  89.39
153* 5.48 nd 0.45 0.74  82.83
138* 9.24 nd 0.73 1.15 7475
180* 5.58 nd 0.13 044 3737
170 6.43 nd 0.12 0.51 51.01
194 2.25 nd 0.02 0.17  0.03
Total 32.83 nd 4.13 4.32

4Mean, SD, maximum, minimum were calculated assuming not detected
(nd) measurements were equal to zero; *seven indicator PCBs in the
European criteria; frequency: frequency of determination.
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> PCBs (the sum of 13 PCB congeners) were 4.13 ng/g,
and the maximum was 32.83 ng/g, which showed that
the pollutants were at low levels. PCB118 has the highest
concentration of 0.86 ng/g, PCB18 was not detectable, and
concentrations of PCB28, 31, 149 were extremely low.

In China, PCB concentrations and distribution in soils
have been reported more frequently in recent years, but
most environmental monitoring provided total concen-
trations of PCB mixtures (Dong et al., 2002). Average
> PCBs in agricultural soils in Wentai area was 788 ng/g
(Chu et al., 1995). The residue levels in Shanghai paddy
field soil, Nanjing paddy field soil, Kunshan farmland soil,
Lanzhou pesticide plant soil, and Shanghai farmland soil
were 2.5, 5.0, 7.6, 79.9, 0.62 ng/g, respectively (Nakata
et al., 2005). Since the determination methods for PCBs
varied with the published reports and only 13 congeners
were determined in this study, there is a low comparability
between the data from different area. Relative to the wider
> PCBs range of null to 32.83 ng/g in Zhangjiagang, the
> PCBs in Changshu ranged from 0.24 ng/g to 13.63 ng/g.
There was no significant difference between the residue
levels in these two areas through statistic analysis. This
research indicated that the pollution level of PCBs in this
region of North Jiangsu was comparatively low.

2.2 Distribution character and toxicity assessment of
PCB congeners

The survey on PCB contamination was conducted ear-
lier in foreign countries than in China, and the PCB
assessment criteria varied in different countries. For exam-
ple, in the health risk assessment, Belgium and Holland
used 7-congener indicators of PCB28, 52, 101, 118, 138,
153, 180 to identify the composition of PCBs, while
PCB28, 52, 101, 138, 153, 180 were selected in Germany
(Kim et al., 2004). Rein and Bittens (2001) pointed out that
51-77 PCB congeners were of environmental concern for
their potential toxicity, environment occurrence, mobility,
and transport potential.

According to the toxicity and behavioral character of
PCB congeners, this study selected 13 PCB congeners
as references for assessment (Table 2), in which PCB28,
52, 101, 118, 138, 153, 180 were chosen as indicators in
Europe and were present in most PCB-mixtures and in the

environmental samples (Chu et al., 1995; Bi et al., 2001;
Huang, et al., 2000; Kim et al., 2004; Atuma et al., 1996;
Meijer et al., 2003). Besides, these 13 PCB congeners
comprise tri-chlorinated to hepta-chlorinated biphenyls,
including lighter and heavier homologues. So the research
of these 13 PCB congeners can generally represent the
contamination condition and congener difference. Five of
the above-mentioned seven reference PCBs, that is, except
PCB28 and PCB180, were found in more than 75% of
the soil samples. As noted previously, PCB153 is the
most abundant congener in the sediment, especially in the
human blood and organism medium (Atuma et al., 1996;
Frignani et al., 2001; Chou et al., 2004; Kim et al., 2005);
the statistical data of the global background soils also show
PCB138 to have the highest concentration in all congeners
(Meijer et al., 2003). However, this study showed that
PCB118 comprises about 20% of all congeners, which is
followed by PCB138, 52, and 101.

The PCB-congener distribution is governed mainly by
the congener properties and the industrial usage. Common-
ly, the vapor pressure, water solubility, and biodegradation
probability of PCBs decrease with increasing degree of
chlorination, while the lipid-water partition coefficient and
particle appetency are opposite to it. After entering the
environment, PCB compositions will change significant-
ly under various environmental processes and reactions,
including volatilization, solubilization, leaching, biocon-
centration, biodegradation, and other physical transports
(e.g., runoff and soil erosion). In short, the heavier homo-
logues have larger tendency to be retained by the soil than
the lighter ones. Fig.2 shows the PCB-congener profile in
the soil samples. This result indicates that tetra-, penta-,
and hexa-chlorinated biphenyls were dominant species,
followed by tri-, hepta-chlorinated biphenyls, which may
result from the use of highly chlorinated PCB products,
such as PCB5, in this area (Nakata ef al., 2005).

PCBs are strongly retained in soils and sediments
despite being subjected to a lot of loss processes and
reactions. Doick et al. (2005) determined the half-lives
of PCB28 and PCB52 in soil to be 10.9 and 11.2 years,
respectively. Anders er al. (2003) suggested the mean
residence times of PCB153 and PCB 180 were on the order
of 110 and 70 years, respectively, by estimating the global

Table 2 Toxicity and present ratios of the 13 indicator PCB congeners

PCB Structure Abduction type® Potential toxicityb TEFs® Frequencyb
PCB18 Trichloro-bipheny] 22’3 Null - > 5%
PCB28 2,2°,5 Null - >5%
PCB31 24°.5 Null - >5%
PCB52 Tetrachloro-biphenl 22’55 Wk PB Low - >0.5%
PCB44 2,2°,3,5 Null - >5%
PCB101 Pentachloro-biphenyl 2,2’,45,5 PB mh - >0.5%
PCB118 2,3°44°5 Mixed eh 0.0001 >0.5%
PCB149 Hexachloro-biphenyl 2,2°,34.,5,6 Null - >5%
PCB153 2,2°,44°55 PB mh - > 0.5%
PCB138 2,2°,3445 Mixed eh - > 0.5%
PCB180 Heptachloro-biphenyl 2,2°,3,4,4° 5,5 PB mh - >0.5%
PCB170 2,2°,3,3°.445 Mixed eh - > 0.5%
PCB194 Octachloro-biphenyl 2,2°,3,3°,44 5,5 PB mh - > 0.5%

Wk PB: weak PB inducers; mixed: mixed-type MFO inducers; PB: PB inducers; TEFs: toxic equivalency factors for risk assessment of human and
mammal health; mh: mid-high; eh: extremely high; * McFarland and Clarke, 1989; Chu et al., 1995; b Rein and Bittens, 2001; € Van et al., 1998.
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Fig. 2 PCB-congener profile in soil.

inventory and burial fluxes of PCBs in continental shelf
sediments. As shown in Tables 1 and 2, PCB118, a mono-
ortho congener and the most abundant congener in this
study, has the highest potential toxicity among the 13
congeners, with its toxic equivalency factors as 0.0001
recommended by the WHO. Although the residual levels
of PCBs in soil are low, their health risks warrant consider-
ation, due to their high bioaccumulation and environmental
persistence. To determine the risk level thoroughly in this
area, it is necessary to investigate the exposure of foodstuff
and human body to existing PCBs.

2.3 Spatial distribution of PCBs and influencing factors

Soil PCB concentrations were strongly influenced by
proximity to the source and the soil organic matter (SOM)
content. Most (>80%) of the estimated soil PCB burden
remains in the “global source region” of the Northern
Hemisphere (NH) temperate latitudes (30—-60°N) or in the
OM-rich soils (Meijer et al., 2003). The SOM content
has been shown to influence soil PCB concentrations
at the local, regional, and global scale (Meijer et al.,
2002, 2003), but it seems too simplistic to consider it as
the most important factor (Meijer et al., 2003; Edgar et
al., 2003). The transportation and spatial distribution of
PCBs is a complex process. The land use/vegetative cover
presumably influences the rate and processes of air-surface
exchange and the dynamics of PCBs within the soil in
different ecosystems.

Total PCB concentrations are here regressed against
the SOM content. All data are natural log transformed to
reduce the data scatter and to allow for linear fits. The R?
is only 0.0737, implying low correlation. Furthermore, the
levels of lighter PCB congeners having a higher volatility
show a better correlation with the OM content than do the
heavier congeners, which are consistent with the earlier
reports (Frignani et al., 2001; Meijer et al., 2003). This
implies that the atmospheric transport and air-surface
exchange are important factors influencing the soil PCB
levels.

In the sampling area, there were two types of sampling
sites, the common farmlands (101 sampling sites) and
farmlands near factories (97 sampling sites). Through the
nonparametric test of };PCBs and OM content between the
two kinds of sampling sites, small differences were noted
in respective low significant levels of 0.184 and 0.283, with
P>0.05. However, when the relation between >, PCBs and
OM% was analyzed, soil samples near factories exhibited

a higher correlation, reflecting probably the more intimate
impact of the pollution source on the concentration distri-
bution.

Three types of land use (vegetable field, paddy field, dry
field) were selected for analysis with the nonparametric
Kruskal-Wallis H test method. The significance of differ-
ences between paddy field and dry field was 0.005, with
P<0.05. On the whole, }PCBs in the paddy field was
higher than that in the dry field. That }PCBs varied with
different land use and is probably related to the difference
in planting patterns and soil conditions.

3 Conclusions

After determination of 198 samples of surface soil from
Changshu and Zhangjiagang, the highest PCB concen-
tration in the surface soils was 32.83 ng/g. The average
concentrations in Changshu and Zhangjiagang were 4.957
ng/g and 3.307 ng/g, respectively, indicating low pollution
levels. There was a significant variation among the levels
of PCB congeners, with null residue of dichlorobiphenyl,
wide distribution and high levels of tetra-, penta-, and
hexa-chlorinated biphenyls, which account for 75% of the
total PCB congeners; the tri-, hepta-chlorinated biphenyls
were found at low levels. This pattern may result from the
use of highly chlorinated PCB product, such as PCBs, in or
near this area. PCB118 has the highest level of about 20%
in all PCBs congeners. The organic matter content showed
a weak correlation with the levels of all PCB congeners,
and the strength of this relationship was more evident
for the more volatile PCB congeners than for the heavier
homologues. This finding suggests a potential impact of air
transportation and air-soil deposition on the soil pollution.
Correlation between ),PCBs in soils and soil OM contents
is higher for farmlands near factories than for common
farmlands, suggesting that the proximity to the PCB source
is the main factor on the PCB distribution. Further, the land
use is also noted to influence the pollution level, in which
the paddy fields showed higher }'PCBs than the dry fields.
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