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The Nanwan village, a green ecological village in Taizhou city, is used as a

recycling area (recycling for heavy metal) for electronic circuit boards and as

crushing and stacking sites of waste circuit boards for nearly 20 years from

1980s to 2000s. At present, although the e-waste recycling activities in Taizhou

city have been effectively controlled, and many areas polluted by the

e-dismantling activities have been gradually remediated except Nanwan

village. Nanwan village seems to have been forgotten for its special

geographical location, which has attracted our attention because of its

ecological and food safety issues. Accordingly, the content of

polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers

(PBDEs) in the surface soil around the ruins and four edible agricultural

crops were investigated. The main conclusions are as follows: among the

four dismantling ruins and surrounding soil samples investigated, the content

of Σ20PCBs in vegetable field topsoil of 2(20) is 1,321.3 ± 132.1 μg kg−1; the

content of Σ8PBDEs in the paddy soil of 3(1S) is 7,216.9 ± 232.0 μg kg−1;

biological toxicity events are likely to occur frequently in 2(20) and 3(1S).

PCBs and PBDEs have both horizontal diffusion in distance and vertical

diffusion in depth. The lifetime carcinogenic and non-carcinogenic risks of

PCBs and PBDEs are at a low risk level, except for the non-carcinogenic risk of

PCBs for children in 3(1S). The lifetime carcinogenic and non-carcinogenic risks

of PCBs and PBDEs in the edible parts of garlic, ginger, mung beans, and

oranges were all at acceptable or negligible levels.
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1 Introduction

The disassembly activities of electronic products in Taizhou

City, Zhejiang Province, began in the 1970s. The initial family

workshop until today’s metal recycling industry base spanned for

40 years (Fu et al., 2012). In Taizhou, people once used e-waste to

recycle useful metals for profit, and then threw the garbage to the

land and rivers under their feet. The electronic products in

Taizhou are mainly disassembled in Fengjiang and Jinqing

town in Luqiao District, and in Zeguo and Wenqiao town in

Wenling City. Nanwan village is a small village located south of

Qingyu village in Wenqiao Town near the seaside of Yueqing

Bay. It is surrounded by mountains on three sides and faces the

sea on the other side. Its special geographical location leads to the

inconvenient transportation, and it is used as a recycling area for

electronic circuit boards and as crushing and stacking sites of

waste circuit boards. The disassembly of electronic circuit boards

in Nanwan village began in the early of 1980s. At first, people

directly stacked the waste electronic circuit boards after recycling

useful metals in open air. As the time passed, the stacking of

waste circuit boards occupied a large area of the farmland, and

then the waste electronic circuit boards were crushed and stacked

in open air. The plastic powder of waste electronic circuit boards

once produced in Nanwan village can be stacked into several

“white hills” each year, where the plastic electronic circuit boards

turn white after crushing. With the strict control of local

government in the early 2000s, e-waste dismantling activities

in Nanwan village were banned gradually, only the stacked

electronic circuit boards and powders left, and told people

what happened ever.

Generally, the dismantling of waste electronic circuit boards

causes serious combined pollution problems of polychlorinated

biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs),

heavy metal ions, and so on (Fu et al., 2012; Das et al., 2020;

Liu et al., 2021). The direct stacking of electronic circuit boards

and the powder without any treatment of the stacking sites have

increased PCBs and PBDEs pollution in the groundwater and

soil. According to a survey by Zhejiang Environmental Science

Design and Research Institute, the soils in Fengjiang Town,

Luqiao District, Taizhou City, Wenqiao and Zeguo town in

Wenling City have been jointly polluted by PCBs and PBDEs

to varying degrees, thus affecting the land quality and causing

significant environmental safety problems.

Although the industrial use of PCBs and PBDEs has been

banned (Li et al., 2020), considering that PBDEs and PCBs are

quite stable in the environment and difficult to degrade. At the

same time, these compounds are insoluble in water and soluble in

fat, easy to be absorbed by animals, and gradually enriched in the

food chain, thus endangering human health. In 2006, to chase for

“green ecological village”, local people in Nanwan village

removed the “white hills” to deep pits behind the village or at

the foot of the mountain, directly buried the waste circuit boards

and their plastic powder, and then covered them with sea mud.

The extensive landfill without leakage prevention and anti-

seepage treatment will cause unpredictable pollution to the

groundwater and soil after long-term atmospheric settlement,

surface overflow, underground runoff, and vertical infiltration. In

2011, the plastic powder in Nanwan village had new utilization

value as an adhesive to make sintered bricks. The “white hill” was

dug up and sold to brick kiln factories far away. After 2014, the

sale of waste electronic circuit boards plastic powder was

basically completed, and the ruins were left empty. Some

areas were covered with a layer of sea mud, while some areas

were directly exposed. A few years later, some ruins remained

barren with little plant growth. This phenomenon occurred,

mainly because the waste electronic circuit boards and their

plastic powder had been stacked for a long time (even more than

20 years), and pollutants such as PBDEs, PCBs, and heavy metal

ions have already penetrated the ruins and the surrounding soils

or groundwater, which seriously threatened the food safety of the

ruins, the surrounding farmland, and vineyards, and as well as

threatened the health of the surrounding residents. Today, local

agricultural and sideline products are labeled “green” or

“organic” and sold all over the country, and their ecology and

food safety are worrying.

At present, although the e-waste recycling activities in

Taizhou city have been effectively controlled, and the areas

polluted by the e-dismantling activities in Fengjiang town of

Luqiao District and in Zeguo and Wenqiao town of Wenling

City, have been gradually remediated. So far, many studies have

focused on PCBs and PBDEs in soils, sediments, house dusts,

plants in the well-known e-waste dismantling sites such as Guiyu

and Longtang in Guangdong Province, Wenqiao and Fengjiang

in Taizhou city, Zhejiang Province (Yang Z Z, 2009; Yu, et al.,

2018; Li et al., 2019; Liu et al., 2019; Shi et al., 2019; Mao et al.,

2021; Zhou et al., 2021). Few studies focus on the soil pollution

and food safety issues caused by the dismantling and

accumulation of waste circuit boards and their plastic powder

in Nanwan Village, let alone the remediation of contaminated

soil in Nanwan Village. Accordingly, four stacking ruins of

electronic circuit boards and their plastic powder in Nanwan

village, Wenqiao Town, Wenling City, Taizhou City were

selected as the research areas, and the compound pollution of

PCBs and PBDEs in the ruins, surrounding soils, and around the

four crops were investigated to assess its ecological and food

safety, also provide a theoretical basis for the subsequent

remediation of contaminated soil in Nanwan Village.

2 Study sites

After the investigation, four dismantling ruins, namely, No. 1,

No. 2, No. 3, and No. 4 were selected as the dismantling or stacking

ruins, which were stacked with the electronic circuit board or its

plastic powder for more than 10 years Figures 1, 2 show the

geographical locations and current situation of the sampling points.

Frontiers in Environmental Science frontiersin.org02

Zhang et al. 10.3389/fenvs.2022.1048345

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1048345


The No. 1 sampling point is located on the hillside in the east of

Nanwan village, where the plastic powder of electronic circuit boards

has the longest stacking history and the largest scale. The plastic

circuit board powder was cleaned up and sold in 2011–2012. At

present, it is filled with a thick layer of seamud, exposed, and without

plant growth. The sampling point is located in 5m away from No.

1 ruins [1(5)] at the foot of the hillside (now abandoned). Vineyards,

orange orchards, and paddy fields lie at the foot of No. 1 ruins.

The No. 2 sampling point is on the hillside to the north of No.

1 ruins. Initially, waste electronic circuit boards were stacked

after copper recycling (more than 20 years), and then a large

number of circuit boards plastic powder was covered on the

waste circuit board. The electronic circuit board powder was

cleaned and sold in 2011–2014, and the waste electronic circuit

board was removed in 2019. Currently, it is covered with a layer

of soil. At No. 2 ruins, many electronic circuit boards and their

FIGURE 1
Location and sampling sites in the study area.

FIGURE 2
Situation of sampling points.
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plastic powder are directly exposed because of long-term rain

erosion. During sampling, a 30–40 cm-thick circuit board

powder is present on the surface, and the bottom soil

(>40 cm) under the circuit board powder [2(0)] was collected

after removing the surface plastic powder. Then, the vegetable

field topsoil at 20 and 30 m around [2(20) and 2(30)]were

collected. The topsoil at 2(20) contains a large amount of

circuit board powder, circuit boards, and topsoil washed from

No. 2 ruins, and the bottom layer contains circuit boards and

their powder that cannot be sampled. Pumpkin and other

vegetables were planted in this area. The vegetable field at

2(30) is a slightly higher than the vegetable field at 2(20).

The No. 3 ruins are located at the foot of the mountain at the

east of Nanwan village adjacent to No. 2 ruins. The electronic

circuit board powder stacked in there has been cleaned and sold

from 2011 to 2014, and the surface is covered with a layer of sea

mud. At present, a few citrus trees are planted in the sample plot,

but the survival rate is very low, and weeds are rarely grown. The

east and north areas of No. 3 ruins are hillsides. The south of No.

3 ruins is a paddy field, which is approximately 40 cm lower than

the No. 3 ruins. A vegetable field is located at the west of No.

3 ruins, and this field is as high as the No. 3 ruins. The 1 m

vegetable field soil to the west and 1 m paddy soil to the south of

No. 3 ruins [3(1W) and 3(1S)] were sampled.

The No. 4 ruins are located at the foot of the mountain in the

northeast of Nanwan village, where electronic circuit board

powder has been stacked till today. In 2006, to chase for the

“green ecological village”, the “white hill” near the roads were

removed to No. 4 ruins. The villagers dug a deep pit at the foot of

the mountain, filled in the plastic powder, and covered it with a

thick layer of sea mud. The No. 4 ruins is a sloping land with a

slope of approximately 25°. Ginger was planted in No. 4 ruins

during sampling, and the soil samples at 1 and 20 m away (low

terrain direction) fromNo. 4 ruins [4(1) and 4(20)], as well as the

ginger were collected.

No. 1, No. 2, and No. 3 ruins are relatively close and located

on the hillside or foot of the same mountain. To investigate the

attenuation of PCBs and PBDEs with distance, the ruins of the

accumulation area as the center at 100 and 200 m (100 and 200)

paddy soil away from No. 1, No. 2, and No. 3 ruins in the low

terrain direction near the coast around the electronic circuit

board powder stacking ruins were sampled.

Three different soil samples were collected in each location,

wrapped with Aluminum foil and took to the lab, natural air

drying, then grinding and screening, equal mixing of different

samples at the same location, put in the dryer before use (nomore

than 30 days). Oranges from the orchard 100 m away fromNo. 1,

mung beans 2 m away, and garlic 5 m away from the vegetable

field to the west of No. 3, and ginger planted on the coastal mud

of No. 4 ruins were collected to investigate the contents of PCBs

and PBDEs in the edible parts of the 4 crops. No. 4 ruins is

located at the foot of the mountain behind Nanwan village, and

this area is less than 50 m away from the villagers’ gathering area.

In addition, the paddy fields 100 and 200 m away fromNo. 1, No.

2, and No. 3 ruins, the orchard 100 m away from No. 1, and the

3(1S) paddy field are at the same altitude. The vegetable fields

soils at 2 and 5 m to the west of No. 3 ruins (3(2) and 3(5)) and

2(20) are at the same height. The 2(30) vegetable field is slightly

higher than 2(20), and the altitudes of No. 1 and No.2 ruins are

the highest with values that are at least 10 m higher than the

paddy field. Table 1 shows the detail information of the soil

samples.

3 Materials and methods

3.1 Chemicals

Chemical reagents such as dichloromethane (ACS), n-hexane,

neutral silica gel, neutral alumina, and anhydrous sodium sulfate

(superior pure) were used directly without special treatments.

n-Hexane (HPLC), eight-component PBDE mixed standard

(batch No.214061106), and 20-component PCBs mixed standard

(batch No.212071226) were obtained from J&K Scientific Ltd.

(Shanghai). Neutral silica gel was placed on aluminum foil,

baked at 550°C in muffle furnace for at least 12 h, and then

cooled to 180°C for 1 h for activation. After cooling in dryer, the

sample was transferred into a flask. Ultrapure water with mass ratio

of 5% was added dropwise, and the mixture was shaken violently to

prevent the silica gel from caking. The activated silica gel was

inactivated, and then placed in the dryer for standby. Alumina

was packed in the flask (nomore than half of the volume). The bottle

was loosely covered with aluminum foil, baked at 130°C for at least

12 h, plugged and sealed after cooling, and placed in the dryer for

standby. Anhydrous Na2SO4 was calcined in a muffle furnace at

660°C for at least 6 h before use.

3.2 Methods

The sample extraction, cleanup, and chemical analysis of the

PCBs and PBDEs were conducted using established methods (Li

et al., 2018). In total, 10 ± 0.0005 g soil samples were spiked with

10 ng chemical surrogates (PCB209 and 2, 4, 5, 6-tetrachloro-

m-xylene) and extracted via accelerated solvent extraction with

mixed solvent (hexane/dichloromethane (DCM), 1:1, v/v). The

cleaned extracts were passed through a silica gel/Florisil packed

column for cleanup. The column was packed with 5 cm

deactivated Florisil, 15 cm deactivated silica gel, 5 cm neutral

alumina, and 5 cm anhydrous sodium sulfate from bottom to

top. Elution was subsequently conducted using 20 ml of hexane,

followed by 20 ml of DCM. The elute was concentrated to 0.5 ml

by rotary evaporation, and then transferred to a nitrogen blowing

pipe to blow nitrogen to 1 ml. The sample was passed through a

0.22-μm organic filter membrane, bottled, and placed in

refrigerator at −4°C before GC-MS analysis.
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Twenty PCB congeners (PCB 8, PCB 18, PCB 28, PCB 44,

PCB 52, PCB 66, PCB 77, PCB 101, PCB 105, PCB 118, PCB 126,

PCB 128, PCB 138, PCB 153, PCB 170, PCB 180, PCB 187, PCB

195, PCB 206, and PCB 209) and eight PBDE congeners (BDE 28,

BDE 47, BED 99, BDE 100, DBE 153, BDE 154, BDE 181, and

BDE 209) were determined using the Agilent (6890) gas

chromatography/mass spectrometry (5975inert MSD, GC/MS)

instrument. DP-5MS column was used, and the device was

operated in electron impact (EI) ionization mode. The

temperatures of the injector and detector were set to 260°C

and 280°C, respectively. In total, 1 μl of the extracts was

injected in the pulsed splitless mode. The carrier gas was

nitrogen (99.99% purity), and the ion source and quadrupole

temperatures were set at 230°C and 150°C. For PCBs, 30 m ×

250 μm×0.25 μmDP-5MS column was used, the carrier flow rate

was 1 ml min−1, and the oven program was started at 100°C. This

temperature was then increased at a rate of 20°C min−1 to 230°C,

then at 5°C min−1 to 240°C, kept at 3 min, increased at a rate of

20°C min−1 to 300°C, and finally kept for 5 min. For PBDEs,

15 m × 250 μm× 0.25 μmDP-5MS column was used. The carrier

flow rate was 1.8 ml min−1, and the oven program was started at

120°C, which was then increased at a rate of 20°C min−1 to 325°C,

and then kept for 6 min.

3.3 Risk assessment

3.3.1 Ecological risk assessment
At present, no clear method has been established for the

ecological risk assessment of PCBs in farmland soil at home or

abroad. The ecological risk analysis of PCBs in farmland soil in

Nanwan village was carried out by using the Environmental

Quality Standard for sediments proposed by Long et al. (Long

et al., 1995; Yao, 2019), and this guide is used as the national

standard of the United States by the USEPA, as well as in related

research (Yao, 2019). The standard proposed that organic matter

in sediments can be divided into two boundaries, namely, low toxic

effects (ERL) and toxic effects in value (ERM), and the thresholds

of ERL and ERM were 22.7 and 180 μg kg−1, respectively. When

the target pollutant concentration is less than ERL, it represents a

minimal-effects range, in which effects are rarely observed. When

the targe contaminant concentration is greater than ERM, the

probability of biological effects is greater than 50% (Long et al.,

1995; Wang et al., 2018).

3.3.2 Health risk assessment
For PCBs and PBDEs in soils and crops, USEPA exposure

calculation model was used to calculate the human health risk

assessment. The exposure to non-carcinogenic and carcinogenic

risks of human population to PCBs and PBDEs in soils was

estimated with the reference to the Regional Screening Levels

(RSL) (Wu et al., 2019; Chen et al., 2021; Sun et al., 2021). Three

routes that cover soil ingestion, soil dermal contact, and soil

inhalation were considered to count the average daily dose

(ADD, mg kg−1 day−1) of soil. ADD of PCBs and PBDEs

congeners through soil were calculated as follows:

ADDing � Cs × EF × ED × IRs

AT × BW
(1)

ADDder � Cs × EF × ED × SA × AF × ABS

AT × BW
(2)

ADDinh � Cs × EF × ED × HRs

PEF × AT × BW
(3)

ADD � ∑ADDi (4)

where ADDing, ADDder and ADDinh were cancer risk via

ingestion, dermal contact, and inhalation of soil; Cs represents

concentration of pollutant in soil.

Only intake was considered to count the ADD of the crops

(ADDp). ADDp of PCBs and PBDEs congeners through food

intake were calculated as follows:

TABLE 1 Soil samples number detail information.

Label Sampling point Sampling depth, cm

1(5) 5 m away from No. 1 ruins (low terrain direction) 0–20

2(0) No. 2 ruins (wastelands) >40

2(20) 20 m away from No.2 ruins (low terrain direction) 0–10

2(30) 30 m away from No.2 ruins (low terrain direction) 0–20

3(1S) 1 m away to the south of No.3 ruins 0–20

3(1W) 1 m away to the west of No.3 ruins 0–20

4(1) 1 m away from No.4 ruins (low terrain direction) 0–20

4(20) 20 m away from No.4 ruins (low terrain direction) 0–20

100 100 m away from No.1, No.2 and No.3 ruins (low terrain direction) 0–20

200 200 m away from No.1, No.2 and No.3 ruins (low terrain direction) 0–20
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ADDp � Cp × IRp × EF × ED

BW × AT
(5)

Cp represents concentration of pollutant in the edible parts of

the crops. The meaning and value of associated parameters used

for the risk assessment are shown in Table 2, which are obtained

from the USEPA and the corresponding literature, and listed in

Table 2 (USEPA, 2008, USEPA, 2015, USEPA, 2018; Yu et al.,

2011; Wu et al., 2018; Wu et al., 2019; Xu et al., 2014; Xu et al.,

2019; Yu et al., 2020; Chen et al., 2021; Sun et al., 2021; Chinese

Nutrition Society, 2022.).

PCBs and PBDEs are non-carcinogenic to adults and children

(USEPA, 2018). PCBs and BDE 209 have carcinogenic risks to

human health. The carcinogenic and non-carcinogenic risks

associated with exposure to PCBs and PBDEs were evaluated

based on the Risk Assessment Guidance for Superfund

methodology from the USEPA (USEPA, 2008). As described in

the USEPA screening level equations for preliminary remediation

goals, the non-carcinogenic child, non-carcinogenic adult, and

carcinogenic risk (age adjusted) were counted for soil, while the

non-carcinogenic and carcinogenic risks were counted for crops

(USEPA, 2018). The risks were calculated based on the estimated

daily intake concentrations. For the non-carcinogenic risk (TQ),

ADD is divided by the reference dose (RfD) (mg kg−1 day−1)

(USEPA, 1992), while a TQ < 1 suggests acceptable hazard,

while a TQ > 1 indicates potential risk meriting further

investigation/remediation (Lim et al., 2014; Yu et al., 2020). For

the lifetime carcinogenic risk (TR), ADD is multiplied by the slope

factor (SF) (per mg kg−1 d−1) (Wu et al., 2019; Chen et al., 2021;

Alfaro et al., 2022). According to USEPA, the individual lifetime

carcinogenic risk value is 10–6, and the individual lifetime acceptable

risk value is limited to 10–4 (USEPA, 2015; Yu et al., 2020).

4 Results and discussion

4.1 Distribution characteristics and
ecological risk assessment of∑20PCBs and
∑8PBDEs in dismantling ruins and
surrounding soils

4.1.1 Concentration of ∑20PCBs in the
dismantling ruins and surrounding soils

The distribution of∑20PCBs in the dismantling ruins and the

surrounding soil are shown in Figure 3. The content of ∑20PCBs

TABLE 2 Associated parameters used for the risk assessment.

Parameters Implications
Parameter values

Adults Children

EF Exposure frequency, d a−1 350

ED Exposure duration time, a Non-carcinogenic risks 26 6

Carcinogenic risks 70

BW Average bodyweight, kg 70 15

AT Average exposure time, d Non-carcinogenic risks 9,490 2,190

Carcinogenic risks 25550

IRs Ingestion rate, mg d−1 100 200

SA Exposed skin area, cm2 6032 2,373

AF Skin adherence factor, mg cm−2 0.07 0.2

ABS Dermal absorption factor 0.13

HRs Inhalation rate, m3 d−1 20

PEF Particle emission factor, m3 kg−1 1.36 × 109

IRp Ingestion rate for crops, g d−1 Garlic 5

Gingerr 5

Mung bean 30

Orange 200

SF Cancer slope factor Chemical-specific

RfD Reference dose Chemical-specific
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in 2(20) topsoil was 1,321.3 ± 132.1 μg kg−1, which was the

highest value, followed by 471.8 ± 32.8 μg kg−1 at the paddy

soil of 3(1S). This value reached 72.2 ± 24.2 μg kg−1 at the

paddy soil of 1(5) and is lower than that at 3(1S). The

concentration of ∑20PCBs at the farmland soil in 4(1) was

6.4 ± 1.1 μg kg−1, which was the lowest value.

Different content of ∑20PCBs in different dismantling ruins

and surrounding soils due to the different stacking time of

electronic circuit board plastic powder. The pollutant content

around the ruins with long stacking time is high, and the

pollutant content around the ruins with short stacking time is

relatively low. The geographical site of the No. 3 ruins is the most

convenient. Thus, the accumulation time of plastic powder in No.

3 dismantling ruins is the longest. Therefore, the concentration of

∑20PCBs at the paddy soil in 3(1S) is the highest. The No.4 ruins

had the shortest time for the stacking of plastic powder, resulting

in the lowest ∑20PCB concentration.

Based on the ∑20PCBs in the subsoil of 2(0), vegetable field

topsoil of 2(20) and 2(30), the ∑20PCBs in the topsoil of 2(20)

was the highest with the value of 1,321.3 ± 132.1 μg kg−1, followed

by 23.1 ± 1.3 μg kg−1 in the subsoil in 2(0). The∑20PCBs in 2(30)

was the lowest with the value of 7.1 ± 0.9 μg kg−1. Considering

that the No. 2 dismantling ruins are on the hillside, the plastic

powder and the pollutants have been washed by rain for a long

time and gathered at the foot of the mountain under the action of

gravity. Consequently, the ∑20PCBs of the topsoil in 2(20) is

remarkably higher than that in the subsoil in 2(0). The content of

∑20PCBs of farmland topsoil in 2(30) is lower than that of the

subsoil (>40 cm) in 2(0) and the topsoil in 2(20). The main

reason is that the altitude of 2(30) is slightly higher than that of

2(20), it is further away from the No. 2 ruins, and the waste

plastic powder and its pollutants were washed from the No.

2 ruins and gathered at 2(20) but not at 2(30).

The content of ∑20PCBs of paddy soil in 3(1S) and 3(1W)

remarkably differed, and the content of ∑20PCBs in 3(1S)

reached 471.8 ± 32.8 μg kg−1. Meanwhile, the content in

3(1W) was only 7.7 ± 1.5 μg kg−1, mainly because 3(1W) has

the same altitude as the No. 3 ruins, while the paddy field in 3(1S)

is approximately 40 cm lower than the No. 3 ruins, and the

pollutants preferentially gather and diffuse to a low-lying

direction.

The content of∑20PCBs in paddy soil of 100 and 200 m away

from No. 1, No. 2, and No. 3 dismantling “ruins” decreased with

the increase in radial distance, and it reached 14.2 ± 0.8 μg kg−1 at

a distance of 100 m away and 9.2 ± 1.4 μg kg−1 at a distance of

200 m. The content of ∑20PCBs at the 100 m paddy soil is lower

than that in 1(5) and 3(1S), and the content of ∑20PCBs at the

200 m paddy soil is lower than that at the 100 m paddy soil. With

the increase in the distance from the ruins of plastic powder

stacking, the content of ∑20PCBs in soil gradually decreased as a

result of the horizontal diffusion of pollutants. Therefore, the

main sources of PCBs in the soil of Nanwan village are the

dismantling of electronic circuit boards and the accumulation of

waste plastic circuit board powders.

The content of ∑20PCBs in paddy soil at 100 m away from

No. 1, No. 2, and No. 3 dismantling ruins is slightly higher than

that of 2(30), mainly because the 100 and 200 m paddy fields have

the same altitude as that of 3(1S) and are lower than the vegetable

FIGURE 3
Distribution of Σ20PCBs and Σ8PBDEs in the dismantling ruins and surrounding soils. 1(5): 5 m away from No. 1 ruins; 2(0): No. 2 ruins; 2(20):
20 m away from No.2 ruins; 2(30):30 m away from No.2 ruins; 3(1S):1 m away to the south of No.3 ruins; 3(1W): 1 m away to the west of No.3 ruins;
4(1): 1 m away from No.4 ruins; 4(20): 20 m away from No.4 ruins; 100: 100 m away from No.1, No.2 and No.3 ruins; 200: 200 m away from No.1,
No.2 and No.3 ruins.
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field of 2(20). However, the vegetable field of 2(30) is slightly

higher than that of 2(20). Pollutant diffusion preferentially

spreads from No. 2 ruins to the vegetable field of 2(20), and

then to the paddy soil of 100 m. The diffusion of PCBs includes

the horizontal diffusion of pollutants and the vertical diffusion

caused by groundwater and surface runoff. The diffusion of PCBs

from 2(20) to 2(30) mainly involves horizontal diffusion caused

by soil and atmosphere.

In addition, the content of∑20PCBs in the vegetable field soil

of 4(1) is 6.4 ± 1.1 μg kg−1, which is lower than 11.3 ±

3.5 μg kg−1 at 4(20). Considering that the No. 4 ruins is

inclined, the content of ∑20PCBs in farmland soil of 4(20) is

significantly lower than that in 4(1). Considering the downward

accumulation of pollutants caused by rainwater scouring, the

content of∑20PCBs in the vegetable field soil of 4(1) is lower than

that of 4(20).

4.1.2 Characteristics and ecological risk
assessment of ∑20PCBs in dismantling ruins and
surrounding soils

China’s Soil Environmental Quality—Risk control Standard

for Contamination of Agricultural Land (Trial, GB15618-2018)

does not provide corresponding guidance values for PCBs in

farmland soil. Different countries and regions abroad provide

different regulatory guidance values of ΣPCBs for farmland soil.

The Canadian soil quality guide stipulates that ΣPCBs in

farmland soil is limited to 0.5 mg kg−1, and the preventive

values of ΣPCBs by German soil protection regulations for

sensitive use are 0.1 mg kg−1 (humus content <8%) and

0.05 mg kg−1 (humus content >8%). The soil quality standards

of the Netherlands and Czech Republic stipulate that ΣPCBs in
farmland soil is limited to 0.02 mg kg−1, while that of the

United States stipulates that the screening value of ΣPCBs in

soil based on groundwater protection is 0.026 mg kg−1. The

content of Σ20PCBs in the topsoil of 2(20) exceeded the

screening value or the abovementioned limiting values for

farmland soil. The content of Σ20PCBs in the paddy soil of

3(1S) is only lower than the limit of ΣPCBs in the farmland soil

specified by the Canadian soil quality guide, indicating the

presence of ecological risks in the No. 2 and No. 3 ruins and

the surrounding farmland soils, and this area is not suitable for

agricultural use any more.

Other studies on PCBs in farmland soil carried out in the

adjacent areas of this study pointed out that the average

concentration of ΣPCBs was 0.509 mg kg−1, the maximum

concentration was 7.914 mg kg−1, and the minimum

concentration was 0.027 mg kg−1 in Wenqiao Town, Wenling

City in 2007. According to the detailed investigation of soil

pollution in 2013, the Wenqiao town has 42 sites, the average

concentration of ΣPCBs was 0.206 mg kg−1, the maximum and

minimum concentrations were 2.994 and 0.023 mg kg−1, and the

over standard rate of ΣPCBs was 40.48%. In the present study, the

average content of Σ20PCBs in all soil samples was 0.142 mg kg−1,

the maximum concentration was 1.321 mg kg−1, and the

minimum concentration was 0.006 mg kg−1. Evidently, the

pollution degree of PCBs in the study area has improved with

the passage of time, because the dismantling activities of

electronic products had stopped as early as around 2006, the

input of large number of exogenous PCBs has stopped, and the

original PCBs in the soil gradually migrated and transformed,

resulting in a decreasing trend of PCBs content in the study area.

In comparison with the ΣPCBs in the soils of other regions,

which are also the dismantling places of e-waste in this study, the

average content of Σ39PCBs in the soil of an electronic waste

recycling plant in Guanzhong area of China was 18.95 μg kg−1,

which reached 20.31 μg kg−1 in the soil of Jiangcungou landfill,

and then reached 33.89 μg kg−1 in the soil of waste compression

station and waste recovery point (Liu et al., 2021). The content of

ΣPCBs in an electronic waste recycling town soil of northern

Vietnam is in the range of 2.0–7,200 μg kg−1 (Fujimori et al.,

2018). The highest content of Σ26PCBs in the topsoil of e-waste

recycling sites and nearby open-air waste sites near New Delhi

(North), Kolkata (East), Mumbai (West), and Chennai (South)

was 437 μg kg−1 in Chennai, followed by 102 μg kg−1 in Mumbai

(Chakraborty et al., 2018). The average content of Σ19PCBs in the

soil of Fengjiang Town (another town for e-waste disassembly

and recycling), Luqiao District, Taizhou city, is 431 (11.7–2.61 ×

103) μg kg−1, while that in Luqiao coastal metal resources

regeneration industrial base was 15.5 (0.350–50.8) μg kg−1 (Liu

et al., 2019). The contents of ΣPCBs in the soil of Guanzhong

electronic waste resource recycling plant, Jiangcungou landfill,

Luqiao waste compression station, and Luqiao Binhai waste

recycling metal resource regeneration industrial base were

considerably lower than that in the study area, and while

those in the soil of Fengjiang Town, Luqiao District, northern

Vietnam, and southern India (Chennai) were much higher than

that in the study area. This finding was obtained, because the

types and concentrations of pollutants differ because of the

different types of electronic products disassembled in different

electronic product disassembly sites and different service times.

The content of ΣPCBs was 3.25 (2.92–3.38) μg kg−1 in the

organic farmland soil in Hong Kong, China and 5.96 (2.67–16.5)

μg kg−1 in the ordinary farmland soil (Yu et al., 2011). The

average concentration of Σ7PCBs in the farmland topsoil in

the Yellow River irrigation area is 11.18 μg kg−1 (Yao, 2019).

The concentration of Σ209PCBs in soils across China was in the

range of 64.3–4,358 pg g−1 (Mao et al., 2021). The concentrations

of Σ26PCBs is 0.256–2.140 μg kg
−1 on dry weight basis in surface

soils (Wang et al., 2010). The content of Σ7PCBs in farmland soil

in the southwest of Buenos Aires Province, Argentina is

0.04–1.67 μg kg−1 (Tombesi et al., 2017). The levels of PCBs

ranged from 10.46 ng g−1 for PCB 105 to 89.46 ng g−1 for

PCB180, with an average PCB value of 25.47 ± 1.26 ng g−1, in

the banks of the Umgeni River soil, KwaZulu-Natal, South Africa

(Gakuba et al., 2019). The content of ∑PCBs
was <0.003–0.807 ng g−1, and congener Nos. 114, 138, and
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187 were the most abundant in Victoria Land, East Antarctica

(Corsolini et al., 2019). The content of Σ18PCBs in 25 soil

sampling sites within a radius of 6 km around an e-waste

treatment site in Hangzhou was 0.051–1.835 μg kg−1(Zhou

et al., 2020). In comparison with the content of ΣPCBs in

farmland soil, the content of ∑20PCBs in the study area is

significantly higher, except for the riverbank soil in South

Africa, which is obviously affected by the disassembly of

electronic circuit boards and the accumulation of plastic

powder of waste circuit boards.

By comparing the detection results of Σ20PCBs in the soils of

different electronic circuit board plastic powder dismantling

ruins with the Environmental Quality Standard for sediments

proposed by Long et al., the content of Σ20PCBs in the topsoil of

2(20) and the paddy soil of 3(1S) exceeds the ERM value,

indicating that the probability of biological toxicity events

would frequently occur, and PCBs could be toxic to the

organisms in the study area. The contents of Σ20PCBs in the

subsoil (>40 cm) of 2(0) and the topsoil of 1(5) are between the

ERL and ERM value, indicating that the probability of biological

toxicity events may occur, and PCBs may have toxic effects on

organisms in the study area. However, the content of Σ20PCBs in

other soil samples is lower than ERL value, indicating that the

probability of biological toxicity effect would be rarely observed.

Based on the distribution characteristics of PCBs, among the

20 PCBs investigated, the contents of PCB 101, PCB 138, and

PCB 153 in the topsoil of 2(20) are higher than the ERM value,

and the contents of PCB 44, PCB 66, PCB 105, PCB 118, PCB

128, PCB 170, PCB 180, and PCB 187 in the topsoil of 2(20) and

those of PCB 101, PCB 118, PCB 126, PCB 138, PCB 153, and

PCB 209 in the paddy soil of 3(1S) are between the ERL and ERM

value. Whether from the total amount of PCBs or the content of

individual PCBs, certain ecological risks are present in the ruins

of waste electronic circuit board plastic powder accumulation in

Nanwan village and the surrounding farmland soil, and some

areas are not suitable for use as farmland. The composition of

PCBs in the topsoil of 2(20) and the paddy soil of 3(1S) is similar,

indicating that the content of PCBs containing four chlorine

atoms (4Cl), five chlorine atoms (5CL), six chlorine atoms (6Cl),

seven chlorine atoms (7Cl), and 10 chlorine protons (10Cl) are

higher, while the content of PCBs containing two chlorine atoms

(2Cl), three chlorine atoms (3Cl), eight chlorine atoms (8Cl), and

nine chlorine atoms (9Cl) are low.

4.1.3 Concentration of ∑8PBDEs in the
dismantling ruins and surrounding soils

The distribution of Σ8PBDEs content in the waste electronic

circuit board plastic powder stacking ruins and surrounding soil

is shown in Figure 3. The content of Σ8PBDEs in the dismantling

ruins and surrounding soils is similar to that of ∑20PCBs. The

contents of Σ8PBDEs in the vegetable field soil of 2(20) and

paddy soil of 3(1S) are significantly higher than that in other

points. The highest value of Σ8PBDEs in the dismantling ruins

and surrounding soils was recorded in the paddy soil of 3(1S)

with a value of 7,216.9 ± 232.0 μg kg−1, followed by 6,094.3 ±

389.2 μg kg−1 in the vegetable field soil of 2(20), and these values

slightly differ from the content of ∑20PCBs. The content of

Σ8PBDEs was 1,010.8 ± 36.2 μg kg−1 in the paddy soil of 1(5) and

40.3 ± 1.4 μg kg−1 in the vegetable field of 4(1).

Considering the combined action of horizontal and vertical

diffusion of pollutants, the content of Σ8PBDEs in the topsoil (0-

10 cm) of 2(20) is higher than that in the subsoil (>40 cm) of 2(0)

(677.8 ± 35.7 μg kg−1), and the lowest value of 276.1 ±

22.2 μg kg−1 was obtained in the vegetable field soil of 2(30).

The content of Σ8PBDEs in the paddy soil of 3(1S) and vegetable

field soil of 3(1W) remarkably differ with the value of 7,216.9 ±

232.0 μg kg−1 in the paddy soil of 3(1S), which is far higher than

177.6 ± 2.3 μg kg−1 in the vegetable field soil of 3(1W). In

addition, the content of Σ8PBDEs in the vegetable field soil of

4(1) is 40.3 ± 1.4 μg kg−1, which is also lower than 135.3 ±

6.4 μg kg−1 in 4(20), mainly because the ruins of No. 4 is

sloped with a certain inclination, and the combined action of

horizontal and vertical diffusion increased the content of

Σ8PBDEs in the vegetable field soil of 4(20).

In the paddy soils 100 and 200 m away from the ruins of No.

1, No. 2, and No. 3, the content of Σ8PBDEs decreased with the

increase in radial distance with values of 667.3 ± 26.2 μg kg−1 at

100 m and 191.5 ± 12.5 μg kg−1 at 200 m. The content of

Σ8PBDEs in paddy soil of 100 m is lower than those in the

paddy soil of 1(5), vegetable field soil of 2(20), and paddy soil of

3(1S), but it is higher than that in the vegetable field soil 2(30)

(276.1 ± 22.2 μg kg−1) and that in the vegetable field soil of 3(1W)

(177.6 ± 2.3 μg kg−1). This phenomenon is also the result of the

joint action of horizontal diffusion and vertical diffusion.

4.1.4 Characteristics of ∑8PBDEs in dismantling
ruins and surrounding soils

Eight PBDEs were all detected in the dismantling ruins and

all surrounding soil samples, and the content of BDE 209 was

notably high. Among all the PBDEs investigated, the percentage

content of BDE 209 exceeded 20% in most soil samples, except

that in the vegetable field soil of 2(20) and the paddy soil of 3(1S).

The percentage content of BDE 209 was 53.2% in the paddy soil

100 m away from No. 1, No. 2, and No. 3 ruins, 55.9% in paddy

soil of 3(1W), and 65.7% in the paddy soil 200 m away from No.

1, No. 2, and No. 3 ruins. The highest percentage content of BDE

209 was 88.3% in the vegetable field soil of 4(20).

Zhongzhi Yang inspected the contents of ∑39PBDEs in soil

samples of Nanwan village in 2006 and found that the content of

BDE 209 accounted for 72.4% of the detected Σ39PBDEs.

Moreover, PBDEs in soil samples in Nanwan village had a

degradation trend (Yang, 2009). This result was consistent

with the findings of Zhongzhi Yang’s research, except for the

high percentage content of BDE 209 in the vegetable field soil of

4(20), in which the percentage content of BDE 209 in other

samples is significantly lower than Zhongzhi Yang’s research
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results. This finding was obtained, because the dismantling

activities of electronic circuit boards in Nanwan village had

stopped around 2006, and the accumulated plastic circuit

board powder was gradually cleaned up after that. Without

the input of exogenous PBDEs, the highly brominated PBDEs

existing in the environment were gradually degraded to low

brominated PBDEs, thus decreasing the percentage content of

BDE 209. The percentage content of BDE 209 in the vegetable

field soil of 4(20) is high, mainly because the stacking time of

PBDEs is short, and the accumulated plastic powder of electronic

circuit board has not been cleaned up because of inconvenient

transportation. In addition, the percentage contents of BDE 47,

BDE 99, and BDE 209 in the study area were high, which is

consistent with the research results of Zhongzhi Yang. Therefore,

the PBDEs in the study area were obtained from the dismantling

activities of electronic products and the accumulation of

dismantling waste.

Although the human intake of PBDEs through food would

lead to liver enlargement, affect the development of brain,

reproductive organs, neurobehavior, and interfere with the

level of thyroxine, a soil environmental quality standard for

farmland soil on PBDEs has not been formulated at home or

abroad. Moreover, neither farmland soil nor construction land in

China has not been provided with guidance or control value to

PBDEs. The general soil screening value of USEPA sets the soil

screening value based on groundwater protection as follows:

97 μg kg−1 for BDE 47, 160 μg kg−1 for BDE 99, and 53 mg kg−1

for BDE 209. In comparison with the results for the soil screening

value based on groundwater protection provided by the USEPA,

the values for BDE 47 in the paddy soil of 1(5), the subsoil of 2(0),

the vegetable field soil of 2(20), and the paddy soil of 3(1S) were

all exceeded, and the exceeding rate was 40%. The BDE

47 content in the vegetable field soil of 2(20) and paddy soil

of 3(1S) are 15 and 20 times higher than the screening value

based on groundwater protection. The BDE 99 content in the

paddy soil of 1(5), the subsoil of 2(0), the vegetable field soil of

2(20), the paddy soil of 3(1S), and the 100 m paddy soil all

exceeded the screening value based on groundwater protection,

and the exceeding rate was 50%. The BDE 99 contents of the

vegetable field soil of 2(20) and the paddy soil of 3(1S) were

11 and 12 times higher than the screening value based on

groundwater protection. The content of PBDEs in some soil

samples at or around the stacking ruins of waste electronic circuit

board plastic powder in Nanwan village are higher than the

screening value based on groundwater protection in the

United States, indicating that the soil in the village may have

a certain risk to groundwater caused by the pollution of PBDEs.

The concentrations of BDE 209 were in the range of

0.496–2.040 μg kg−1 on dry weight basis in the surface soils of

the Tongzhou district, Beijing City, and it accounts for more than

96% of the total PBDEs (Wang et al., 2010). The average

concentration of ∑PBDEs in the farmland soil of Longtang-

Shijiao town, Guangdong Province, was 19.0 ± 20.1 μg kg−1,

which was much lower than that in the roadside soil and in

topsoil near the e-waste dismantling sites (Jiao et al., 2016). The

concentrations of Σ8PBDEs were in the range of 29–240 ng kg−1

in Jinsha, which is one of the regional background sites in Central

China (Zhan et al., 2019). The average ∑8PBDEs in the farmland

soil of Baotou city, China, ranged from 1.25 μg kg−1–13.3 μg kg−1,

with an average of 3.62 μg kg−1, and a median of 2.91 μg kg−1

(Chen et al., 2020). In comparison with this study, the content of

∑PBDEs in farmland soil in the study area was remarkably

higher than that in other areas of China, indicating that the

farmland soil in Nanwan village was obviously affected by the

disassembly activities of electronic circuit board and the stacking

of waste plastic powder.

The content of Σ25PBDEs in 66 farmland soil samples

collected from an e-waste dismantling area in Taizhou city

was 0.13–11.80 μg kg−1, in which the mass concentration of

BDE 209 accounted for 50.9%–98.3% (Zhang et al., 2018).

The content of PBDEs was 182.5 ± 38.72 μg kg−1 in farmland

soil near an e-waste dismantling area in Wenling city, China

(Zhang et al., 2015). The concentrations of Σ12PBDEs in the

farmland soil of e-waste dismantling site in Fengjiang Town and

Binhai Town were 21.8–1,310 and 6.19–220 μg kg−1, respectively

(Wei et al., 2020). The content of Σ13PBDEs around an e-waste

dismantling site in Guiyu, Guangdong Province was

62–76 μg kg−1 in rice field soil and 46-58 μg kg−1 in vegetable

field soil (Li et al., 2018). The total concentration of ΣPBDEs in
the surrounding area of an e-waste dismantling park was

11.6–3.60 × 104 μg kg−1 in Guiyu (Ge et al., 2020). PBDEs

were the most abundant at 0.343–69.306 μg kg−1 in soils from

an e-waste disposal site in Hangzhou (Zhou et al., 2020). The

Σ13PBDE concentrations in soils around an open-burning sites in

northern Vietnam were 7.6 (1.6 ± 62.0) μg kg−1 in 2012, 12.0

(0.1 ± 48.0) μg kg−1 in 2013, and 16.0 (2.1 ± 39.0) μg kg−1 in 2014.

The concentrations were 1,200 (67-9,200) μg kg−1 in 2012, 480

(37-3,900) μg kg−1 in 2013, and 490 (39-2,900) μg kg−1 in 2014 in

soils around the electronic waste-processing workshops

(Matsukami et al., 2017). Generally, the measured

concentrations of PBDEs in the soils analyzed in the present

study were higher than or close to those in other areas at home or

abroad, which are also the areas of electronic product

disassembly.

4.2 Vertical distribution of Σ20PCBs and
Σ8PBDEs in farmland soils around the ruins

The vertical distribution of Σ20PCBs and Σ8PBDEs in

farmland soil around the ruins is shown in Figure 4. When

the depth away from the surface soil increased from 0-10, 10-20,

20-30, and 30-40 cm to >40 cm, the content of Σ20PCBs in

farmland soils of 1(5) changed from 48.075 ± 5.133, 96.376 ±

43.293, 25.879 ± 2.199, and 7.49 ± 0.737 μg kg−1 to 8.625 ±

0.363 μg kg−1, respectively. The disassembly activities of
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electronic circuit boards in Nanwan village stopped around 2006,

and the stacking electronic circuit board powder had been

removed from 2011 to 2014 (except No. 4 ruins). Although

the paddy field was deserted at the time of sampling, nearly

10 years had passed, and it is impossible to be barren at that place

all the time. With the progress of farming activities, the 0-20 cm

topsoil turned up and down coupled with the migration and

diffusion of pollutants. As a result, the content of Σ20PCBs in
paddy soil with the depth of 10–20 cm is higher than that at 0-

10 cm. As shown in Figure 4, with the continuous increase in

depth from the surface, the content of Σ20PCBs remarkably

decreased because of the vertical diffusion of pollutants.

Therefore, the PCBs in the soil were obtained from the

disassembly activities and the stacking of electronic circuit

boards, and the PCBs in the soil gradually dispersed from the

surface to the deep soil until a certain number of PCBs remained

detected at the soil depth of >40 cm. The content of Σ20PCBs

increased slightly as the depth exceeded 40 cm because of the

dual action of surface subsidence and groundwater migration.

The percentage contents of 5Cl, 6Cl, and 7Cl are

relatively high, and their total contents accounted for 73%,

77%, 76%, 57%, and 36% of the total amount of Σ20PCBs at

the depth of 0–10, 10–20, 20–30, 30–40, and >40 cm soil

layer, respectively. Similarly, except for the topsoil, with the

increase in soil vertical depth, the percentage contents of

PCBs containing 5Cl, 6Cl, and 7Cl decreased gradually, and

the percentage contents of PCBs containing 2Cl, 3Cl, and 4Cl

increased gradually, indicating that PCBs in the soil tended

to degrade gradually from high chlorination to low

chlorination.

When the depth away from the surface soil increased from

0–10, 10–20, 20–30, and 30–40 cm to >40 cm, the contents of

Σ8PBDEs in paddy soil at 1(5) changed from 1,501.239 ±

52.965, 520.315 ± 19.425, 279.794 ± 14.974, and 117.457 ±

8.695 μg kg−1 to 119.336 ± 10.673 μg kg−1, respectively. The

content of Σ8PBDEs in paddy soil of 1(5) decreased

vertically with the increase in depth, indicating that the

content of Σ8PBDEs in soil gradually diffuses vertically from

the surface to the deep layer, and a few PBDEs were detected in

the soil at a depth higher than 40 cm. The content of Σ8PBDEs

increased slightly at a depth >40 cm as a result of the dual action

of surface subsidence and groundwater migration. Zhongzhi

Yang (Yang, 2009) sampled in the same study area around

2006 and found that the concentration of PBDEs decreased

rapidly with the increase in soil depth, which is consistent with

the results of the present study. By contrast, when Zhongzhi

Yang obtained the samples, the disassembly activities of

electronic circuit board were still in progress, and the

vertical change of PBDEs observed was only within the

range of 0–20 cm from the surface, while the soil depth

investigated in the present study was deeper, and the soil

depth range >40 cm from the surface was investigated.

Among the eight PBDEs investigated, BDE 47, BDE 99, and

BDE 209 have relatively high percentage contents in the paddy

soil of 1(5) because of the large commercial consumption of BDE

47, BDE 99, and BDE 209. The highest percentage content of

PBDEs was observed in BDE 209; among all soil samples at the

depth of 0 to >40 cm, the lowest percentage content of BDE

209 was 23% at the depth of 0–10cm, while the highest

percentage of 53% was observed at the depth of 20–30 cm,

and it arrange 42%–47% in other depth’s soil. The contents of

BDE 99 at the soil depths of 0–10, 10–20, 20–30, 30–40,

and >40 cm were 27%, 22%, 18%, 7%, and 9% respectively,

showing an obvious downward trend. The percentage contents

of BDE 47 at the soil depths of 0–10, 10–20, 20–30, 30–40,

and >40 cm were 20%, 15%, 7%, 11%, and 14%, respectively.

Among all the eight PBDEs investigated, the lowest percentage

contents were obtained for BDE 28 and BDE 154, the values at all

soil depths did not exceed 8%.

4.3 Distribution of Σ20PCBs and Σ8PBDEs
in the crops around the ruins

To further investigate the effect of soil organic pollutants on

the crops around the ruins, we investigated the contents of

Σ20PCBs and Σ8PBDEs in the directly edible parts of four

crops, such as oranges planted in the 100 m orchard away

from No. 1 ruins, mung beans and garlic planted in the 2 m

and 5 m vegetable field to the west of No. 3 ruins, and ginger in

the No. 4 stacking ruins. The results are shown in Figure 5. The

contents of Σ20PCBs in the edible parts of garlic, ginger, mung

bean, and orange were 8.269 ± 2.735, 30.448 ± 2.287, 6.429 ±

2.065, and 7.458 ± 1.250 μg kg−1, respectively. The percentage

contents of PCBs containing 5Cl, 6CL, and 7Cl in the edible part

of garlic all exceeded 10%, and the total amount of these three

kinds of chlorinated PCBs to Σ20PCBs reached 64%. The

percentage contents of PCBs containing 3Cl, 4Cl, 5Cl, and 6Cl

FIGURE 4
Vertical distribution of Σ20PCBs and Σ8PBDEs in paddy soil
around the dismantling ruins.
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in edible parts of ginger all exceeded 10%, and the total

percentage content of these four kinds of chlorinated PCBs to

Σ20PCBs reached 73%. The percentage contents of PCBs

containing 3Cl, 4Cl, 5Cl, 6Cl, and 7Cl in the edible parts of

mung bean all exceeded 10%, and the total percentage content of

these kinds of chlorinated PCBs to Σ20PCBs reached 92%. The

percentage content of PCBs containing 5Cl in the edible part of

oranges was particularly high, reaching 68%, and the percentage

contents of other chlorinated PCBs were all less than 10%. In

addition, among the four crops investigated, the content of

Σ20PCBs in the edible part of ginger reached 30.448 ±

2.287 μg kg−1, which exceeded the first-class limitation value of

construction land set in the National Soil Environmental Quality

Standard GB 36620–2018 (Trial, GB 36600-2018). This high

content of PCBs in construction land might pose risks to human

health, and possible food safety problems should be looked into.

The contents of Σ8PBDEs in the edible parts of garlic, ginger,

mung bean, and orange were 1,923.132 ± 39.545, 197.197 ± 7.050,

35.621 ± 1.461, and 178.77 ± 3.577 μg kg−1, respectively. Among

the four crops investigated, the content of Σ8PBDEs in garlic

reached 1,923.123 ± 39.545 μg kg−1. Although no relevant

standard data are available, this content is significantly higher

than the content of PBDEs in farmland soil at home or abroad,

FIGURE 5
Concentration of Σ20PCBs and Σ8PBDEs in the edible parts of
crops.

TABLE 4 Carcinogenic risks and non-carcinogenic risks of PCBs and PBDEs in crops.

Crops TQ TR (×10–6)

BDE 47 BDE 99 BDE 100 BDE 153 BDE 154 BDE 209 ∑PBDEs ∑PCBs BDE 209 ∑PCBs

Garlic 0 0.005 0 0 0 0.019 0.024 0.028 0.733 1.133

Ginger 0.005 0.078 0 0.015 0.004 0 0.102 0.104 0 4.171

Mung bean 0.009 0.054 0.002 0.010 0.002 0 0.077 0.132 0 5.284

Orange 0 0.215 0.013 0.032 0.017 0.007 0.338 0.112 0.263 4.495

TABLE 3 Carcinogenic risks and non-carcinogenic risks of PCBs and PBDEs in soils.

Sampling cites and depth

TQ TR (×10–6)

∑PBDEs ∑PCBs
BDE 209 ∑PCBs

Children Adult Children Adult

1(5) 0.0861 0.0110 0.0604 0.0077 0.0011 0.79

2(0) >40 cm 0.0678 0.0086 0.0193 0.0025 0.0005 0.25

2(20) <10 cm 0.6205 0.0787 1.1053 0.1402 0.0010 14.49

2(30) 0.0245 0.0030 0.0059 0.0008 0.0003 0.08

3(1)S 0.6948 0.0881 0.3964 0.0501 0.0020 5.18

3(1)W 0.0092 0.0011 0.0064 0.0008 0.0004 0.08

4(1) 0.0022 0.0002 0.0054 0.0007 0.0001 0.07

4(20) 0.0016 0.0001 0.0094 0.0012 0.0005 0.12

100 0.0399 0.0051 0.0118 0.0015 0.0014 0.16

200 0.0071 0.0008 0.0077 0.0010 0.0005 0.10
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whichmay cause food safety problems that need to be solved. The

percentage content of BDE 209 to Σ8PBDEs in the edible parts of

garlic and orange accounted for 99% and 87% respectively,

indicating that garlic and orange easily absorb BDE 209. In

comparison with other PBDEs, the percentage content of BDE

99 in the edible part of ginger and mung bean was the highest,

reaching 58% and 37%, respectively.

Among the four crops investigated, whether Σ20PCBs or

Σ8PBDEs, the content in the edible parts of ginger and garlic

are higher than that in the edible parts of oranges and mung

beans. The edible parts of ginger and garlic grow in the soil, while

the edible parts of mung beans and oranges hang on the branches

of plants, indicating that the PCBs and PBDEs in crops were

mainly derived from contaminated soil. The contents of 20 PCBs

and 8 PBDEs in different crops differed mainly because of the

different types of dismantling and stacking waste electronic

circuit boards in different dismantling ruins, as well as the

different types of pollutants. In addition, the absorption and

accumulation of different kinds of PCBs and PBDEs by different

crops differed.

4.4 Human health risk assessment of PCBs
and PBDEs

Table 3 shows the lifetime carcinogenic risk level and non-

carcinogenic level of PCBs and PBDEs in the dismantling ruins

and surrounding soils. Among all the soil samples, only

Σ20PCBs in the topsoil of 2(20) and the paddy soil of 3(1S)

had a TR value that is higher than the individual lifetime

carcinogenic risk value (10–6), and both values were lower

than the individual lifetime carcinogenic acceptable risk level

(10–4), indicating that the lifetime carcinogenic risk level of

PCBs and PBDEs in the dismantling ruins and surrounding

farmland soil are at acceptable or negligible levels. Among all

the soil samples, only the TQ value of PCBs for children in the

topsoil of 2(20) is higher than 1, suggesting that the non-

carcinogenic risk of PCBs is high among children. All the

TQ values of PBDEs for children and adults are lower than

1, indicating that the PBDE level is safe for non-

carcinogenic risk.

The crop samples collected in the present study are directly

edible parts. Therefore, the food chain is themain exposure route for

health risk assessment. According to the average intake of each crop

in lifetime, the carcinogenic risk level and non-carcinogenic level of

the corresponding crops in lifetime can be calculated. The results are

shown in Table 4. As shown in Table 4, the TQ values of PBDEs for

the four crops are far less than 1, indicating that the non-

carcinogenic risks of PBDEs and PCBs levels are at a safe level.

The TR values of BDE 209 in the edible parts of garlic, ginger, mung

bean, and orange are all lower than 10–6, indicating the carcinogenic

levels caused by BDE 209 in the four crops are at negligible levels.

However, the TR values of PCBs in the edible parts of garlic, ginger,

mung bean, and orange are all between 10–6 and 10–4, indicating that

the carcinogenic levels caused by PCBs in the crops are at acceptable

levels.

5 Conclusion

Among the four dismantling ruins and surrounding soil

samples investigated, the most polluted soil was the vegetable

field topsoil of 2(20) and the paddy soil of 3(1S), the content of

Σ20PCBs in the vegetable field topsoil of 2(20) was 1,321.3 ±

132.1 μg kg−1, and the content of Σ8PBDEs in the paddy soil of

3(1S) reached 7,216.9 ± 232.0 μg kg−1. With the increase in soil

depth, the content of Σ20PCBs and Σ8PBDEs remarkably decreased

because of the vertical diffusion of pollutants. Therefore, the

pollutants in the soil came from the disassembly activities and

accumulation of electronic circuit boards, and the pollutants in the

soil gradually dispersed from the surface soil to the deep soil, until a

certain number of pollutants were still detected at the soil depth

above 40 cm. The content of Σ20PCBs and Σ8PBDEs increased

slightly when the depth exceeded 40 cm because of the dual

action of surface subsidence and groundwater migration. In

comparison with the content of ∑20PCBs and ∑8PBDEs in other

farmland in this study, the content of∑20PCBs and∑8PBDEs of the

study area was remarkably higher than that at home or abroad as a

result of the dismantling activities of electronic circuit boards and the

accumulation of plastic powder of waste circuit boards.

Ecological risk assessment showed that the content of Σ20PCBs
in the vegetable field topsoil of 2(20) and the paddy soil of 3(1S)

exceed the ERM value, indicating that biological toxicity events are

likely to occur frequently, and PCBs could be toxic to the

organisms in the study area. The contents of Σ20PCBs in the

subsoil of 2(0) and topsoil of 1(5) are between ERL and ERM

values, indicating that biological toxicity eventsmay occur. Among

all the soil samples, the lifetime carcinogenic and non-carcinogenic

risks of PBDEs were at a safe level, and only the TQ value of PCBs

for children in 2(20) topsoil is higher than 1, suggesting that the

non-carcinogenic risk of PCBs is high among children. PCBs and

PBDEs in the edible parts of garlic, ginger, mung bean, and orange

are at a safe level for non-carcinogenic risk. The carcinogenic risks

caused by BDE 209 and ∑20PCBs of the crops are at negligible

levels or acceptable levels.

Although this study can help in the decision-making

process for monitoring soil pollution and food safety in

Nanwan village, it also has some limitations. The risk

assessment did not consider the synergistic or antagonistic

effects between PCBs and PBDEs in soils or crops, or both.

Moreover, the risk assessment did not consider the cumulative

exposure to other environmental pollutants with a toxicity

mechanism, such as Cu2+, Cd2+, and Pd2+. The co-existence

of such pollutants will affect the risk assessment of daily

exposure. Therefore, systematic studies with larger scale

sampling are necessary to expand the database.
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Although the human intake of PBDEs through food would

lead to some diseases, no soil environmental quality standard has

been established for farmland soil on PBDEs has been formulated

at home or abroad. Accordingly, appropriate and protective soil

standards need to be urgently established to minimize human

exposure from food producing animals housed outdoors.

Moreover, pollution sources of POPs (e.g., PCBs and PBDEs)

in soils need to be eliminated, and contaminated sites and

reservoirs need to be controlled, secured, and remediated to

reduce exposure and guarantee food safety.
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