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A B S T R A C T   

Electrical and Electronic Equipment (EEE) residues and their management have been widely identified as potential sources of plasticizers and flame retardants to the 
environment, especially in non-formal e-waste facilities. This study evaluates the distribution, partitioning and environmental and human impact of organophosphate 
esters (OPEs), legacy polychlorinated biphenyls (PCBs), polybromodiphenyl ethers (PBDEs) and organochlorine pesticides (OCPs) in the e-waste recycling area of 
Baihe Tang village, in the Qingyuan county, Guangdong province, China. A plastic debris lump accumulated in a small pond during years was identified as the main 
source of pollution with 

∑
pollutants of 8400 μg/g dw, being OPEs the main contaminants detected, followed by PBDEs. This lump produced the contamination of 

water, sediments, soils and hen eggs in the surrounding area at high concentrations. Plastic-water and water-sediment partitioning coefficients explained the 
migration of OPEs to the water body and accumulation in sediments, with a strong dependence according to the KOW. Triphenyl phosphate (TPhP), tricresyl 
phosphate (TCPs) and high chlorination degree PCBs produced a risk in soils and sediments, considering the lowest predicted no effect concentration, while the 
presence of PCBs and PBDEs in free range hen eggs exceeded the acceptable daily intake. OCPs were detected at low concentrations in all samples. The presence of 
organic contaminants in e-waste facilities worldwide is discussed to highlight the need for a strict control of EEE management to minimize environmental and human 
risks.   

1. Introduction 

Recycling activities are considered as an important way to minimize 
waste and residue generation from all kind of manufacturing products in 
the way towards circular economy and, ideally, aiming at zero waste so 
that all recycled matter can be used as a new raw material (Nandy et al., 
2022). Recycling activities are especially important for Electrical and 
Electronic Equipment (EEE). EEE is defined as devices with either a 
battery or a power cord and can be classified in three major groups 
including (i) large household appliances (e.g. microwaves ovens, 
freezers or washing machines), (ii) information and telecommunication 
technology like computers and laptops and (iii) consumer equipment 
such as cell phones, TVs or video players among others (Perkins et al., 
2014). After their operational lifetime they become electrical and elec-
tronic waste (e-waste). Worldwide production of e-waste was of 53.6 

million metric tonnes (Mt) in 2019, equivalent of 7.6 kg per capita, and 
Asia generated the greatest volume (24.9 Mt), followed by the Americas 
(13.1 Mt) and Europe (12 Mt), while Africa and Oceania generated 2.9 
Mt and 0.7 Mt, respectively (Forti et al., 2020; Shaikh et al., 2020). 

Recycling of e-waste has economical potential due to the high market 
value of metals and rare earths contained in them. However, low market 
value materials, mostly plastics, are also generated and directly dumped 
to the environment (Li et al., 2020). Recycling is often performed in 
non-formal facilities generally in Asia, Africa and Latin America (Li 
et al., 2019a) which use basic handling and product recovery tech-
niques, producing a high environmental impact (Awasthi et al., 2016) 
with serious human health implications (Cai et al., 2020). This is basi-
cally caused by the release of chemical pollutants linked to the plastics 
and electronic components, such as chlorinated biphenyls (PCBs) or 
polybrominated diphenyl ethers (PBDEs), recently replaced by 
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organophosphate esters (OPEs) used both as plasticizers and flame re-
tardants, polychlorinated dibenzodioxins and dibenzofurans (PCDD/F) 
or polycyclic aromatic hydrocarbons (PAHs) released from combustion 
processes, and lower market value metals such as Pb, Cr, Cd, Hg, Zn, Ni 
or Li among others (Shen et al., 2017). The presence of these pollutants 
is concerning from the environmental and human health point of view 
due to their accumulation and magnification potential and their toxic 
properties, which include endocrine disruption, neurotoxicity or 
developmental impairments among others (Bekele et al., 2021; Vagi 
et al., 2021). Therefore, it is important to determine the impact of such 
pollutants in areas affected by e-waste. 

This study is focused in Baihe Tang, an e-waste recycling village 
located near Longtang town, Qingyuan County (Guangdong province, 
south China). Qingyuan is the third biggest e-waste recycling county in 
China after Guiyu and Taizhou, with more than 1300 informal and 
familiar small workshops in where around 1 million tons of e-waste have 
been recycled since the early 1990s (Han et al., 2019). Non-formal 
practices like open burning, acid washing, or manual mechanical 
dismantling of EEE have been undertaken during years and non-valuable 
residues, mostly plastics, have been dumped in a non-controlled way in 
the area (Zeng et al., 2016a). Particularly, a small pond of approximately 
5000 m2 and 2 m depth has received the biggest part of long-lasting 
dumped residues from several workshops bordering the pond (Liu 
et al., 2019). Material accumulated over the years has caused a big 
sedimentary deposition made of plastic debris and particulate matter, 
which has emerged as a sedimentary delta in the opposite side of the 
pond from where they were disposed occupying an area of 900 m2 

(around 20% of the pond surface). More recently, and due to recent laws 
and enforcements about e-waste recycling and disposal applied by 
central and local governments in China (Lu et al., 2014), several 
workshops in the surroundings and inside the village have ceased their 
activity, causing the abandonment and scattering of non-treated e-waste 

such as CD lectors, phone batteries and chargers, capacitors, coils, cir-
cuit boards, chips, etc. In addition, the area holds other economic ac-
tivities including duck and goose farming, tree growing for wood or 
small agricultural crops mostly dedicated to self-consumption or rural 
markets selling. Since it is already a highly polluted area, several studies 
have been carried out to investigate the accumulation of organohalogen 
pollutants in aquatic, amphibious and terrestrial organisms (Liu et al., 
2018a), their biomagnification along the aquatic food webs (Wu et al., 
2009), and human exposure (Zheng et al., 2015). However, there is a 
need to determine the specific sources and distribution of chemicals 
released during EEE recycling and abandonment considering the 
water-sediment-soil system and evaluation of the potential impacts both 
for the environment and humans. 

Given the large amount of plastic and electronic debris present in the 
e-waste site in Baihe village, this study aims to evaluate the occurrence 
and impact of 14 OPEs, 11 PBDEs, 6 marker PCBs and 29 organochlorine 
pesticides (OCPs) in soils, sediments and free-range hen eggs. Addi-
tionally, we evaluated the presence and partitioning of the more soluble 
compounds, namely OPEs, in the artificial ponds affected by the e-waste 
pollution. We provide information on the environmental risks caused by 
these compounds and the human exposure through the consumption of 
hen eggs. 

2. Materials and methods 

2.1. Sample collection 

The study area is the Baihe Tang village (50 m above sea level) which 
covers an area of approximately 73,000 m2 and comprises 4 artificial 
ponds surrounded by agricultural areas (Fig. 1). The main economic 
activity is the dismantling of EEE. All samples were collected in two 
sampling campaigns during 2018–19. 

Fig. 1. Sampling points in Baihe Tang village (Qingyuan county, Guangdong province, China) and detail of the plastic lump.  
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Pond 1 was directly affected by e-waste debris (polluted Pond). In 
this pond, one sample consisting in a mixture of plastic debris mixed 
with particulate matter (PLAS sample) was collected directly at the 
“plastic lump delta”, and also a sediment sample (SED 1) and a water 
sample (WAT 1). Ponds 2, 3 and 4 were close to hen and duck farms 
(Fig. 1). In Pond 2, located at 578 m from pond 1, one sediment (SED 2) 
and a water sample (WAT 2) were collected. In pond 3, at 613 m from 
pond 1, a sediment was collected (SED 3) but at the time of sampling the 
pond was dry and no water was available. In pond 4, only water (WAT 3) 
was collected as there was a fence and sediment could not be reached. 
Four soil samples were taken around the ponds. SOIL 1 and 2 were 
natural soils, and SOIL 3 was a dredge, and they were collected between 
174 m and 194 m away from the polluted pond. SOIL 4 was collected 
from a small corn crop close to Pond 2. Additional water samples were 
taken from an irrigation canal (WAT 4) and a nearby river (WAT 5). 
Table S1 of supporting information (SI) shows the GPS coordinates of 
collected samples and water content of soils and sediments. For sedi-
ment, 4 subsamples were collected with a stainless steel shovel and 
placed in a glass pot to make a pooled sample. The supernatant water 
was discarded in situ. For soils, 4 subsamples were collected from an 
approximately 1 m2 with the hand shovel after removing the first layer 
(around 2 cm), pooled and placed in a glass pot. In between samples, the 
shovel was cleaned 3 times with water and ethanol. Soils and sediments 
were frozen at − 70 ◦C and freeze-dried. Waters were grab sampled using 
a glass bottle tied to a long rope and thrown as close as possible to the 
centre of the water body and water was dosed in amber glass bottles. 
Samples were covered with aluminium foil, capped and kept refriger-
ated in a portable fridge and transported to the laboratory. Waters were 
kept at 2 ◦C until analysis which was performed in less than 15 days to 
avoid degradation of contaminants. 

Hen eggs were provided by local peasants who grow free range hens. 
Eggs were wrapped with a bubble plastic to prevent ruptures and 
transported to the laboratory in a portable fridge. Once in the labora-
tory, biometric assays were done before opening the eggs (Table S2 in 
SI). The 24 fresh eggs were crack-opened and homogenized in a total of 6 
pooled samples corresponding to 3 pools of 3 eggs each for the samples 
collected in 2018 (samples HEN 1–3, 3 eggs/pool) and 3 more pools of 5 
eggs each for the samples collected in 2019 (samples HEN 4–6, 5 eggs/ 
pool). Pooled samples were frozen at − 70 ◦C and freeze-dried. 

2.2. Chemicals and reagents 

Standard mixtures and/or individual solutions for OPEs, PBDEs, 
PCBs, and OCPs were purchased from AccuStandard (New Haven, CT, 
USA) at different concentrations (see section S1 in SI for studied com-
pounds and details). Dicofol, endosulfan sulphate, hexachlorobutadiene 
(HCBu), pentachlorobenzene (PeCB) were purchased from Sigma- 
Aldrich (St.Louis, MO, USA). Three standard solutions, one for OPEs, 
one for PBDEs and one containing PCBs and OCPs were prepared at 1 
μg/mL (0.1 μg/mL for PCBs) in toluene and used as mother solutions for 
the preparation of the calibration curves and quality control spikes. 
Surrogate standards were PCBs 65 and 209, TnPP-D21, TCPP-D18 and 
TPhP-D15 from AccuStandard, and 13C hexachlorobenzene and 13C 4,4′- 
DDE from Cambridge Isotope Laboratories (Andover, MA 01810, USA). 

Three types of SPE cartridges were used for sample treatment: ENVI 
Florisil (500 mg, 3 mL, Supelco Bellefonte, PA, USA) for soils and sed-
iments; Oasis HLB (200 mg, 6 cc, Waters, Milford, Massachusetts, USA) 
for OPEs extraction from water and eggs samples, and Hyper Sep Florisil 
cartridges (10 g, 75 mL, Thermo Scientific, Rockwood, TN, USA) for 
POPs in egg samples. Gas chromatography grade methanol, dichloro-
methane, acetonitrile and hexane were provided by Oceanpk (Sweden) 
and ethyl acetate by Honeywell (USA). 

2.3. Sample extraction 

2.3.1. Soils and sediments 
Soils and sediments were fine grounded with a mortar and pestle and 

sieved to obtain the 100 μm fraction. One gram of sample was spiked 
with 0.1 μg of each surrogate standard and then Soxhlet extracted (48 h, 
60 ◦C) with 200 mL of n-hexane:acetone (1:1). Copper pieces were 
added to the flask in order to remove elemental sulphur. Solvent was 
collected and evaporated in a rotary evaporator R-215 working at 450 
bar (Buchi, Switzerland) at room temperature until 1 mL approximately 
before the clean-up step. ENVI florisil SPE cartridges were conditioned 
with 8 mL of ethyl acetate and 6 mL of n-hexane, then extracts were 
loaded and eluted by gravity with 5 mL of n-hexane followed by 5 mL of 
n-hexane:dichloromethane (DCM) (1:1) to obtain a first fraction con-
taining non-polar compounds like PBDEs, PCBs and OCPs. A second 
fraction was obtained by elution with 8 mL of ethyl acetate and used for 
OPEs determination. Both fractions were solvent exchanged to 1 mL of 
n-hexane and stored at − 20 ◦C until analysis. Pollutant concentrations in 
sediment and soil are expressed in μg/g dry weight (dw), and because 
the huge differences in concentration among pollutants, different sig-
nificant digits are used to maintain the same concentration units. 

Total Organic Carbon (TOC) was analyzed in an ELTRA CS-800 
double dual range C/S detector (Haan, Germany) working at 2000 ◦C 
and 100 nm wavelength. Around 100 mg of sample were accurately 
weighed in porous ceramic capsules, then treated with HCl (aq) (35%) 
for 15 h at room temperature and heated at 80 ◦C for 1 h to dissolve 
carbonates, washed with double deionized H2O until neutral pH and 
dried at 80 ◦C. Around 0.7 g of Fe (s) and 1.5 g of W (s) were added to 
each sample and each calibration standard. Calibration for TOC deter-
mination was performed in two levels with the certificate reference 
materials (i) soil standard AEB2178 (alpha resources LLC, Stevensville, 
MI Michigan, USA) with 3.07% C for medium organic content samples 
and (ii) steel chips calibration standard 92,400-4020 C215 (Eltra, Haan, 
Germany) with 0.462% of C for low content samples. 

2.3.2. Waters 
OPEs were the only compounds analyzed in water as the rest of 

compounds are not expected to be detected in this compartment due to 
their high hydrophobicity and adsorption to the organic matter of soils 
and sediments or accumulation in biota (Zhang et al., 2011). Water was 
filtered through cellulose paper (pore size 10 μm) to remove gross par-
ticulate matter and suspended solids like leaves or roots. 500 mL of 
water were spiked with 0.1 μg of OPEs surrogate standards. Extraction 
was performed with Oasis HLB cartridges (200 mg, 6 cc) which were 
conditioned with 4 mL ethyl acetate, 4 mL of methanol and 4 mL water. 
After preconcentration, cartridges were then dried and eluted with 8 mL 
of ethyl acetate. Approximately 1 g of anhydrous Na2SO4 was then 
added to the extract to eliminate remaining water and then the extract 
was filtered through 0.45 μm PTFE filters. Solvent was evaporated under 
a gentle N2 stream to approximately 1 mL, transferred to a chromato-
graphic vial, evaporated to dryness and reconstituted with 500 μL of 
n-hexane. Samples were then stored in the freezer (− 20 ◦C) until 
instrumental analysis. OPEs concentrations in water are expressed as 
μg/L. 

2.3.3. Eggs 
Due to the high lipid content of eggs, the extraction for PBDEs, PCBs 

and OCPs detection was not compatible with the analysis of OPEs, and 
thus, two analytical protocols were undertaken. For OPEs, a previously 
optimized method for fish muscle based on freeze lipid precipitation as a 
key step for the clean-up process was used (Liu et al., 2018b). One gram 
of homogenized and lyophilized sample was spiked with 0.1 μg of sur-
rogate standards and Soxhlet extracted with 200 mL of DCM at 50 ◦C 
during 24 h. The solvent was then evaporated to approximately 5 mL in 
a Buchi R-215 rotavapor, dosed in a test tube and filled with fresh sol-
vent to 10 mL. One mL of the extract was used for lipid determination, 

P. Zapata-Corella et al.                                                                                                                                                                                                                        



Environmental Research 216 (2023) 114768

4

which was performed by gravimetrical measurements after evaporating 
organic solvent at 60 ◦C for 24 h. The remaining extract was evaporated 
to dryness under N2 stream, reconstituted with 8 mL of MeOH and frozen 
at − 20 ◦C overnight. Then, the MeOH supernatant was decanted to 
separate it from the frozen lipids. The freeze lipid precipitation process 
was repeated with another portion of 8 mL of MeOH. Both MeOH ex-
tracts were transferred to a 500 mL flask previously filled with 300 mL 
water. For the clean-up process, Oasis HLB cartridges (200 mg, 6 cc) 
were conditioned with 4 mL ethyl acetate followed by 4 mL MeOH. 
Sample was preconcentrated at a flow of 15 mL/min, dried under vac-
uum for 30 min and eluted with 8 mL ethyl acetate. If some lipids 
remained (turbid liquid), Z-sep C18 sorbent (Supel QuE Z-sep, Supelco) 
was used to remove them before filtering through 0.45 μm PTFE syringe 
filters. If some water was also present, the same procedure was done 
with Na2SO4 instead of Z-sep C18 sorbent. The extract was evaporated 
until dryness and reconstituted in 500 μL of n-hexane. 

PBDEs, PCBs and OCPs were extracted based on previously published 
studies (Zapata et al., 2018). Briefly, 1 g of homogenized and lyophilized 
sample was spiked with 0.1 μg of surrogate standards, vortexed with 25 
mL n-hexane:DCM (1:1) and ultrasound extracted for 10 min and this 
procedure was repeated 3 times. The extract was further purified with 
Hyper Sep florisil SPE cartridges (10 g) using 35 mL of n-hexane:DCM 
(1:1) elution solvents by gravity, evaporated until near dryness under N2 
stream and reconstituted in 500 μL n-hexane. Pollutant concentrations 
in hen eggs are expressed as μg/g wet weight (ww). Mean water and 
lipid contents were 72.7 ± 1% and 3.3 ± 0.6%, respectively (Table S2 of 
SI). 

2.4. Instrumental analysis 

OPEs, PCBs and OCPs were analyzed in an Agilent 7890 A GC system 
coupled with an Agilent 7000 A GC/MS Triple Quadrupole detector. An 
Agilent J&W DB-5MS column (30 m length, 0.25 mm internal diameter, 
0.25 μm film thickness) was used. Two instrumental methods, one for 
the analysis of OPEs adapted from Poma et al. (2018) and one for the 
analysis of PCBs and OCPs (Zapata et al., 2018) were used. Oven, 
injector and ion source temperatures, together with retention times, 
selected transitions and collision energies are shown in the SI, Section 
S2, Table S3 for OPEs and S4 for OCPs and PCBs. 

PBDEs were analyzed in an Agilent 7890 A GC system coupled to an 
Agilent 5975C mass spectrometer working in negative chemical ioni-
zation. A short DB-5MS column (15 m length, 0.25 mm internal diam-
eter, 0.25 μm film thickness, Agilent J&W) was used to enable BDE 209 
determination. Details about operating conditions can be found in sec-
tion S2 of the SI. Monitored ions for PBDEs are indicated in Table S4. 

2.5. Quality assurance and quality control 

Samples were processed in 12 position batches. Each batch included 
one matrix blank (precleaned soil and sediment, commercial hen egg or 
double deionized water), one procedural blank (no matrix), one spiked 
Quality Control (QC) and 9 samples. For QC, a blank soil sample was 
spiked with native compounds at a concentration of 0.1 μg/g dw (n = 5), 
commercial hen eggs were spiked at 0.1 μg/g ww (n = 5) and distilled 
water was spiked 0.2 μg/L (n = 5). 

All glass material was baked at 450 ◦C to avoid external contami-
nation. However, OPEs were detected in blank samples due to their 
presence in filters, plastics or laboratory equipment used for their 
analysis. Quantification of OPEs was done at 3 times the blank contri-
bution. Mean contribution for each compound detected in blanks, 
namely TEP, TiPP, TnBP, TCEP, TCPP, TPhP, EHDPP and TEHP, was 
subtracted from calculated samples concentration. Recovery, blank 
contribution and Method Detection Limits (MDL) calculated as 3 times 
the signal to noise ratio or considering the blank contribution in the case 
of OPEs for each sample matrix are compiled in Tables S3 and S4 of the 
SI. 

2.6. Solid-liquid partitioning ratios 

In order to assess the migration of OPEs from the plastic lump to the 
water and the accumulation from the water to the sediment, partitioning 
ratios (K) were calculated between PLAS and WAT1 and between WAT1 
and SED1, respectively, following equations (1) and (2): 

KWAT1/PLAS =
Ci,WAT1

( μg
L

)

Ci,PLAS

(
μg
kg

) (1)  

KSED1/WAT1 =
Ci,SED1

(
μg
kg

)

Ci,WAT1
( μg

L

) (2)  

where Ci,PLAS is the measured concentration of pollutant i in sample 
PLAS, Ci,WAT1 is the measured concentration of pollutant i in sample 
WAT1 from and Ci,SED1 is the measured concentration of pollutant i in 
sample SED1, both from Pond 1. 

2.7. Environmental risk assessment and estimated daily intake (EDI) 

To evaluate the impact of pollutants in soil/sediments and water, the 
risk quotients (RQ) were calculated. RQ are the ratio between the 
measured environmental concentration (MEC) and a toxicity reference 
value (equation (3)) (Fan et al., 2021). 

RQ=
MEC
PNEC

(3) 

The lowest predicted no effect concentration (PNEC) from the 
NORMAN ecotoxicology database (2021) for each pollutant was used to 
represent the worst-case scenario (Table S5 of the SI). RQ values lower 
than 1 represents no environmental risk, while 1.0 = RQ < 10 indicates a 
small potential for adverse effects; 10 = RQ < 100 indicates significant 
potential for adverse effects; RQ ≥ 100 indicates that potential adverse 
effects should be expected. In order to assess the risk associated to 
chemical mixtures, the concentration addition (CA) model was used to 
calculate a total RQ for each family of pollutants, assuming the same 
modes of toxic action for substances of the same family (Backhaus and 
Faust, 2012). 

To estimate the exposure of humans from the ingestion of polluted 
eggs, estimated daily intakes (EDIs) were calculated using equation (4): 

EDI =
Ci × CR

BW
(4)  

where Ci is the amount of each pollutant in the eggs expressed in μg/g 
ww, CR (consumption rate) is the amount of egg consumed daily per 
person, obtained from a consumption survey in Guangdong province 
(14 g per person and day in rural areas) (Ma et al., 2005) and BW is the 
average body weight (63 kg for adults (Zhou et al., 2012) and 14.65 kg 
for children (Huang et al., 2018)). EDIs have been calculated as mean 
values of the 6 pooled egg samples. Calculated EDI values were 
compared with reference doses (RfD) or acceptable daily intakes (ADIs), 
depending on the available data, to obtain the margin of exposure 
(MOE) as shown in equation (5): 

MOE =
RfD
EDI

∼
ADI
EDI

(5) 

MOE provide information about the risks associated with pollution 
exposure due to ingestion. MOE values higher than 2.5 represent no 
health concern; the lower MOE value, the higher risk for human health. 

3. Results and discussion 

3.1. Contamination of sediments from the Baihe e-waste site 

Table 1 shows the concentration of each studied OPEs, PBDEs and 
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PCBs in the plastic lump, sediments and soils. No correlation was found 
between the concentration of contaminants and distance from the 
polluted pond or with the TOC. The plastic lump (PLAS) had the highest 
levels among samples, with a 

∑
pollutants of 8400 μg/g dw, where OPEs 

accounted for 95% of 
∑

pollutants, followed by PBDEs (5%), and PCBs 
and OCPs accounted for less than 0.1%. 

∑
OPEs were detected at 8005 

μg/g dw, with a profile dominated by TPhP and TCPP with concentra-
tions of 4100 μg/g dw and 3450 μg/g dw, respectively, and represented 
51% and 43% of 

∑
OPEs, followed by TCP isomers (420 μg/g dw for the 

sum of the 4 TCP isomers, 5% of 
∑

OPEs). TPhP is a plastic additive also 
used as flame retardant for the manufacture of electrical, electronic and 
optical equipment, machineries and vehicles. TCPP is mainly used as 
plastic additive for rubber products and polymers, adhesives and 

sealants, coating products, laboratory chemicals and leather treatment 
products, and in formulation of mixtures and/or re-packaging (ECHA, 
2022). TCPs are used as additive in lubricants, hydraulic fluids, or en-
gine oils, and as plasticizers and flame retardant (de Ree et al., 2014). 
TCEP, EHDPP, TnBP and TDCP were detected at concentrations from 
5.79 to 10.9 μg/g dw and were also associated to their use as flame 
retardants or plasticizers present in EEE. 

∑
PBDEs were detected in PLAS 

sample at 423 μg/g dw, and BDE 209 was the main congener detected 
(45% of 

∑
PBDEs), followed by BDE 47, 99 and 100. The high levels of 

OPEs compared to PBDEs may point to their more recent use related 
with newer EEE devices dumped and/or stored there. PLAS also con-
tained 6.36 μg/g dw of 

∑
PCBs, with a profile dominated by PCB 28 and 

180. Although OCPs are not directly associated to EEE, dieldrin was 

Table 1 
Concentration of pollutants (μg/g dw) in the plastic lump (PLAS), sediments and soils from the e-waste site. Distance to the main source and total organic carbon (TOC) 
content in percentage are also indicated. na = not analyzed; nd = not detected.   

PLAS SED 1 SED 2 SED 3 SOIL 1 SOIL 2 SOIL 3 SOIL 4 

Distance to source (m) source 0 578 613 174 197 197 614 
%TOC na 8.7 1.9 1.1 6.9 0.2 5.8 0.9 
TEP 0.89 0.14 nd nd nd nd 0.08 0.08 
TiPP 0.87 0.14 nd 0.01 nd 0.11 0.01 0.09 
TnPP 0.07 0.10 0.003 nd 0.01 0.01 nd 0.01 
TnBP 7.17 0.47 0.43 0.06 0.12 0.11 0.47 0.18 
TCEP 10.9 2.03 0.16 0.18 1.31 0.06 1.34 0.34 
TCPP 3450 10.1 0.24 0.45 1.19 0.08 6.24 22.7 
TDCP 5.79 0.32 0.02 0.02 0.21 0.004 0.82 0.14 
TPhP 4100 40.8 0.19 1.30 2.55 0.01 8.52 42.7 
EHDPP 9.12 0.08 0.01 0.01 0.02 0.01 0.02 0.25 
TEHP 1.15 0.27 0.01 0.01 nd 0.01 0.05 0.03 
TCP1 184 33.2 0.05 0.85 0.41 nd 0.48 4.52 
TCP2 108 14.2 0.03 0.38 0.27 0.02 0.30 2.58 
TCP3 70.3 6.54 0.03 0.15 0.18 0.06 0.21 1.66 
TCP4 56.7 3.23 0.02 0.06 nd nd 0.15 1.30 
∑

OPEs 8005 112 1.2 3.5 6.3 0.5 19 76 
BDE 28 17.6 0.59 0.003 nd 0.05 0.01 0.05 nd 
BDE 47 63.7 2.35 0.03 nd 0.22 0.01 0.21 nd 
BDE 66 25.4 0.71 0.005 nd 0.09 0.01 0.09 nd 
BDE 100 37.7 1.82 0.005 nd 0.03 0.005 0.06 nd 
BDE 99 52.5 2.44 0.03 nd 0.32 0.01 0.59 nd 
BDE 85 4.86 0.11 nd nd 0.01 0.01 0.02 nd 
BDE 154 3.50 0.13 0.005 nd 0.03 0.001 0.06 nd 
BDE 153 15.6 0.37 0.01 nd 0.08 n.d. 0.12 nd 
BDE 138 1.76 0.08 0.003 nd 0.01 nd 0.01 nd 
BDE 183 10.2 0.63 0.02 nd 0.10 nd 0.07 nd 
BDE 209 190 29.8 18.1 0.05 2.72 0.03 3.10 0.16 
∑

PBDEs 423 39 18 0.05 3.6 0.08 4.4 0.16 
PCB 28 3.10 3.34 0.33 0.10 2.25 0.02 5.82 0.03 
PCB 52 0.97 1.26 0.15 0.01 0.75 0.003 0.78 nd 
PCB 101 0.32 0.95 0.22 0.03 0.68 0.01 2.29 nd 
PCB 153 0.37 5.64 0.17 0.02 0.46 nd 24.2 0.01 
PCB 138 0.27 5.56 0.14 0.02 0.59 nd 22.4 0.01 
PCB 180 1.33 3.37 0.08 nd 0.18 nd 19.8 0.01 
∑

PCBs 6.36 20 1.0 0.2 4.9 0.03 75 0.06 
HCBu nd nd nd nd nd 0.02 nd nd 
PeCB nd 0.60 nd 0.05 0.03 nd 0.14 nd 
α-HCH 0.001 nd 0.0006 0.001 0.0006 0.0009 nd 0.0007 
HCB 0.017 0.24 0.006 0.02 0.009 0.0005 0.12 0.0009 
β-HCH nd nd nd 0.001 nd nd nd nd 
δ-HCH nd nd 0.0003 nd nd nd nd 0.0004 
γ-HCH nd nd nd nd nd nd nd nd 
α-endosulfan nd nd nd nd nd nd 0.007 nd 
Transchlordane 0.008 nd 0.004 nd nd 0.0005 nd nd 
Dieldrin 0.915 nd nd nd nd nd nd nd 
4,4′-DDE 0.005 0.005 nd nd 0.006 nd nd nd 
β-endosulfan nd 0.06 nd nd nd nd 0.16 nd 
4,4′-DDD 0.005 nd 0.0008 nd 0.002 nd nd nd 
Chlordecone nd nd nd nd nd nd nd nd 
4,4′-DDT nd nd nd nd 0.01 nd nd nd 
Metoxychlor nd nd nd nd nd nd nd nd 
Mirex 0.011 0.06 nd nd nd nd nd nd 
∑

OCPs 0.05 0.97 0.01 0.07 0.06 0.02 0.43 0.003 
∑

pollutants 8400 172 20 3.8 14.9 0.6 99 77 

In general 3 significant digits are provided, although for some compounds and due to the low concentrations 3 or 4 decimals are provided to maintain the μg/g units, for 
better comparison among high and low concentrations. Total concentrations rounded to significant digits. 
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detected in PLAS at the highest concentration (0.915 μg/g dw), followed 
by hexachlorobenzene (HCB), mirex, transchlordane and DDTs at 
0.005–0.017 μg/g dw. The concentration of other OCPs are indicated in 
Table 1. 

SED 1 close to the plastic lump had 
∑

pollutants of 172 μg/g dw, 49 
times lower than PLAS. OPEs (65% of 

∑
pollutants) were again detected 

at the highest concentrations (0.08–40.8 μg/g dw) and were 72 times 
lower than in PLAS, while a decrease of 10 times was observed for PBDEs 
(23% of 

∑
pollutants, 0.08–29.8 μg/g dw) with respect to PLAS sample. 

The higher decrease for OPEs compared to PBDEs was attributed to their 
higher water degradability (Cristale et al., 2017a). PCBs (12% of 
∑

pollutants, 0.95–5.64 μg/g dw) were higher in SED 1 than in PLAS, 
and OCPs (1% of 

∑
pollutants, nd – 0.60 μg/g dw) were at similar 

concentrations. Although concentrations differed (Table 1), a similar 
profile was observed among pollutants in PLAS and SED 1, dominated by 
TPhP, TCPs and TCPP, BDEs 209 and 47 and all PCB congeners. 
Considering logarithmic transformed individual concentrations of OPEs 
and PBDEs, a good correlation was observed among PLAS and SED 1 (R2 

= 0.76, p < 0.001) (Fig. 2), and this indicates that the plastic lump is 
most probably the source of pollution of the whole pond. On the con-
trary, PCBs and OCPs did not correlate among PLAS and SED 1, and this 
indicates that these legacy pesticides originated from other past activ-
ities. Specifically, SED 1 contained 0.60 μg/g dw of PeCB, which was not 
detected in PLAS, and 0.24 μg/g dw HCB. Both these compounds are 
classified as unintentionally produced by the Stockholm Convention 
(2009) and used as additives in PCB mixtures, rubbers, electronic 
equipment or as flame retardants. 

SED 2 and 3 were located in ponds 2 and 3, at 600 m approximately 
from the polluted pond, and had 

∑
pollutants of 20 and 3.8 μg/g dw, 

respectively. SED 2 was dominated by PBDEs, which accounted for 89% 
of 

∑
pollutants with BDE 209 as the main congener detected. SED 3 was 

dominated by OPEs, which accounted for 92% of 
∑

pollutants with 
TPhP, TCP, TCPP and TCEP as the main OPEs. In these two sediments, 
PCBs ranged from 0.01 to 0.33 μg/g dw and OCPs ranged from n. d. to 
0.05 μg/g dw, with PeCB and HCB, again, as the main OCPs detected. 

3.2. Water-sediment partitioning of OPEs 

The concentration of OPEs in water samples are compiled in Table 2. 
WAT 1, from the polluted pond, had higher concentration (

∑
OPEs 1.62 

μg/L) than the rest of water samples (
∑

OPEs 0.36–0.76 μg/L) due to the 
influence of the plastic lump. Main compounds detected in waters were 
TPhP, TCPP, TEP, TiPP, and the rest of compounds (TnBP, TCEP, 

EHDPP, TEHP, TDCP and TCPs) were detected at much lower concen-
tration. TnPP was not detected in any water sample. 

In Pond 1, OPEs contained in the plastic debris produced during the 
non-formal recycling processes leached to water, and a water-sediment 
partitioning was observed according to the polarity and degradability of 
contaminants. TPhP was the main OPE in the plastic lump, and also in 
sediment and in water of Pond 1, and this indicates that plasticizers 
leaching from the plastic lump solubilized in water and accumulated in 
sediment. Other OPEs detected in WAT 1 at high concentrations were 
TiPP, TCPP and TEP (0.22–0.39 μg/L) and correspond to OPEs with the 
highest solubility and lowest Kow, indicating that they were easily sol-
ubilized in water. A negative correlation between log KWAT1/PLAS and log 
Kow was found to be statistically significant (R2 = 0.54, p = 0.004) 
(Fig. 3A), suggesting that the migration from plastic to water decreases 
when the hydrophobicity of the compound increases. On the other hand, 
a positive correlation was found between log KSED1/WAT1 and log Kow (R2 

= 0.61, p = 0.002) (Fig. 3B), which indicate that an increase in the 
hydrophobicity of the compound implies a higher accumulation in the 
sediment. In contrast, waters collected from Pond 2 (WAT2) had a 
similar OPEs profile than the sediment from this pond, but no significant 
correlation was found between them, probably due to the fact that Pond 
2 was not directly affected by a plastic lump and that concentrations in 
water and sediment were much lower. 

3.3. Presence of POPs and OPEs in soils 

∑
pollutants in soils ranged from 0.60 to 98.8 μg/g dw, with SOIL 3 

> SOIL 4 ≫ SOIL 1 ≫ SOIL 2 (Table 1). These concentrations reflect the 
impact of the EEE dismantling activities in the soil quality. Although 
there was no correlation among pollutants with TOC, SOIL 2, the natural 
soil with a red/brown colour characteristic from the iron oxides present 
in high clay content soils, had low carbon content (0.2% TOC) and the 
lowest concentrations of pollutant. Contrarily, SOIL 3, the dredge with a 
brown-dark colour containing 5.8% TOC was the most contaminated 
soil. Pollution profiles in these 4 soil samples were very different. SOIL 1 
contained OPEs > PCBs > PBDEs, SOIL 2 contained OPEs > PBDEs >
PCBs, SOIL 3 was dominated by PCBs (76% of 

∑
pollutants) especially 

highly chlorinated ones and SOIL 4, the agricultural soil, was dominated 
by OPEs. In all cases OCPs were detected at low concentrations. 

∑
OPEs ranged from 0.5 to 76 μg/g dw. Except for SOIL 2, OPEs were 

dominated by TPhP and TCPP, ranging from 2.55 to 42.7 μg/g dw and 
1.19 and 22.7, respectively, and contributed from 27 to 56% of 

∑
OPEs, 

followed by TCEP, and TDCP. 
∑

PBDEs in SOIL 1 and 3 were of 3.6 and 
4.4 μg/g dw respectively, and were always dominated by BDE 209, 

Fig. 2. Correlation between individual OPEs and PBDEs log-transformed con-
centrations in samples PLAS and SED1 (R2 = 0.78, p = 2E-11). 

Table 2 
Concentration of OPEs (μg/L) in water samples from the e-waste site and dis-
tance to the main source (m). 

∑
RQ considering the concentration addition 

model also provided. nd = not detected. Different number of decimals provided 
as the concentrations largely differed but are always expressed as μg/L.  

COMPOUNDS WAT 1 WAT 2 WAT 3 WAT 4 WAT 5 

Distance to the source (m) 0.0 569 613 165 430 
TEP 0.22 0.10 0.06 0.04 0.08 
TiPP 0.39 0.01 0.01 0.03 0.04 
TnPP nd nd nd nd nd 
TnBP 0.03 0.09 0.04 0.04 0.02 
TCEP 0.02 0.04 0.03 0.05 0.03 
TCPP 0.34 0.48 0.15 0.15 0.11 
TDCP 0.003 0.01 0.001 0.02 0.002 
TPhP 0.52 nd nd nd 0.17 
EHDPP 0.001 0.001 0.001 0.001 0.001 
TEHP nd 0.02 nd 0.02 0.02 
TCP1 0.04 nd 0.02 0.007 nd 
TCP2 0.02 nd 0.02 0.003 0.002 
TCP3 0.02 nd 0.02 nd nd 
TCP4 0.01 0.02 0.02 nd 0.03 
∑

OPEs 1.62 0.76 0.39 0.36 0.50 
∑

RQ 4.8 1.4 2.8 1.1 2.0  
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which accounted for 74 and 71% of 
∑

PBDEs, followed by BDE 99 and 
47. Much lower concentrations were detected in SOIL 2 (low TOC), that 
contained all studied PBDE congeners, and in SOIL 4 (agricultural soil), 
where BDE 209 was the only congener detected. 

∑
PCBs ranged from 

0.03 μg/g dw in SOIL 2 to 75 μg/g dw in SOIL 3, which showed a profile 
dominated by PCBs 153, 138 and 180, and 28 in a minor level. Previous 
studies in the area suggest that the high levels of PCBs in this site are 
associated to PCB-containing devices dismantled in the past (Zheng 
et al., 2015). Specifically, SOIL 3 which was a dredge might reflect this 
past contamination. Pesticides were sporadically detected in soils with 
∑

OCPs between 0.003 and 0.43 μg/g dw, being PeCB, HCB, and 
β-endosulfan the main compounds detected. OCPs heptachlor and its 
epoxides, oxychlordane, cischlordane, aldrin, isodrin, dieldrin, endrin, 
2,4′-DDE, 2,4′-DDD, chlordecone, endosulfan sulphate, dicofol, metox-
ychlor and mirex were never detected in soils. 

3.4. Presence of POPs and OPEs in hen eggs 

In e-waste sites, contamination of soils affects hens picking plastics 
and other residues while they get fed (Wang et al., 2014; Zeng et al., 
2018). In this study we used free range hen eggs as an indicator of 
human exposure through ingestion, which raises concerns on human 
health (Li et al., 2020). 

∑
pollutants ranged from 0.40 to 5 μg/g ww 

(Table S6 of the SI for individual concentrations, Table 3 for mean 
concentrations). PCBs were the most abundant compounds, with mean 

Σ6markerPCB of 0.37 μg/g ww, followed by PBDEs (mean Σ11PBDE of 
2.95 μg/g ww). The PCB profile was dominated by PCB 138 and PCB 
153, followed by PCB 28; BDE 209 was the main PBDEs detected 
although HEN1 had high levels of BDE 99 and 154. TEP, TnBP and TCPP 
were the main OPEs detected and the rest were below the MDL as these 
compounds can be metabolized (Wang et al., 2021). Mean ΣOCPs was of 
0.98 μg/g ww (Table S6). Despite OCPs were detected at low concen-
trations (Table 3), some pesticides might be associated to agricultural 
activities while others such as HCHs, HCBu, PeCB and HCB are associ-
ated to EEE dismantling due to their use as flame retardants, additives 
and/or plasticizers. The rest of POPs (γ-HCH, heptachlor, aldrin, isodrin, 
dieldrin, endrin, heptachlor epoxides, oxychlordane, cis or trans isomers 
of chlordane, 2,4′-DDE, 2,4′-DDD, α- or β-isomers of endosulfan, 
metoxychlor, endosulfan sulphate, and PBDE 138) were never detected 
in studied hen eggs. 

Considering the median concentration in eggs and daily egg inges-
tion, EDIs for each contaminant ranged from 0.0001 to 0.51 μg/kg body 
weight (bw) per day in adults and from 0.0004 to 2.18 μg/kg bw per day 
in children (Table 3). Regarding MOEs, values for the 3 detected OPEs in 
hen eggs and OCPs (individually or grouped by families) were much 
higher than 2.5, which implies no human health concern. On the other 
hand, MOE values for 

∑
marker PCBs were of 0.10 and 0.03 for adults 

and children, respectively, and BDE 99 had a MOE of 1.4 and 0.3 in 
adults and children, respectively, and 

∑
pentaBDEs of 0.9 in children, 

and indicates that consumption of free range hen eggs can be hazardous. 
As comparison, hen eggs from Qingyuan e-waste sites collected in 2010 
contained PCBs 10 to 100 times higher than those from the control site, 
and estimated daily intake ranged from 0.07 to 0.32 μg/kg bw per day 
(Zheng et al., 2012). In eggs collected in 2013 and 2016 also in Qin-
gyuan, PCBs daily intake was above the minimal risk levels for adults in 
70% of the samples and for children in all the samples (Zeng et al., 
2018). Those same samples were also evaluated for PBDEs, and EDIs 
were lower than the EPA reference values but BDE 47 and BDE 99 
showed a MOE lower than 2.5, which implies potential health risks for 
humans (Huang et al., 2018). Therefore, EEE dismantling activities in 
Bahie Tang village and in other e-waste sites are a cause of concern for 
human health as eggs constitute a basic and nutritious food. 

3.5. Risk assessment and environmental impacts of the Baihe e-waste site 

Pollutants detected in water, soil and sediments were present at 
toxicologically relevant concentrations which can have implications for 
the environment and human health. Table 4 indicates RQs of each in-
dividual contaminant for PLAS sample and for sediments and soils. 
Waters in general showed a low 

∑
RQ (Table 2) but PLAS, some sedi-

ments and soils had a very high risk in the order PLAS ≫> SOIL 3 > SED 
1 > SOIL 4. The rest of the samples had a much lower risk (Table 4). 

Considering the PNEC values of individual compounds, the ΣRQ of 
PLAS sample was very high (160,000) and this plastic debris formed by 
the long-term accumulation of plastic waste associated to EEE should be 
considered as a toxic residue. Compounds contributing to the toxicity 
are indicated in Table 4 and are mainly OPEs and BDEs 47, 99 and 183. 
Transchlordane and dieldrin, despite detected at 0.008 and 0.915 μg/g 
dw (Table 1), posed a risk due to the very low PNEC value. Other OCPs, 
PBDEs or PCBs produced a moderate risk. 

∑
RQs in SED 1 from the polluted pond was 5 times lower than for 

the PLAS sample, and the main contributor was β-endosulfan, that 
despite being detected at a low concentration has a very high toxicity. 
OPEs highly contributed to the total RQ, together with PeCB and PCBs 
180 and 153. Other compounds are indicated in Table 4. The overall 
high RQ detected in SED 1 reflect the leaching of contaminants from the 
plastic debris and accumulation to sediments at concentrations that 
cause an environmental impact. SED 2 and 3 had a much lower risk than 
SED 1, and mainly caused by TCPs and transchlordane in SED 2 and 
TCPs and PeCB in SED 3. 

Regarding natural soils, 
∑

RQ were of 414 for SOIL 1 (moderate risk) 

Fig. 3. Correlations for individual OPEs A) between the log-transformed 
KWAT1/PLAS ratio and log KOW (R2 = 0.54, p = 0.004) and B) between the log- 
transformed KSED1/WAT1 ratio and log KOW (R2 = 0.61, p = 0.002); log KOW 
values were obtained from the Estimation Program Interface (EPI) suite (US 
EPA, 2012). 
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and 31 for SOIL 2 (low risk), mainly attributed to OPEs (Table 4). In 
contrast, a very high risk was observed for SOIL 3, the dredge, caused by 
legacy PCB 180, PCB 153, endosulfans and PeCB which might reflect 
past contamination of the area. Some OPEs were also detected at con-
centrations causing a risk (Table 4). This dredge should also be 
considered hazardous according to concentrations detected and PNEC 
values. SOIL 4, the agricultural soil, had a RQ of 2450 caused mainly by 
the high concentrations of OPEs, which were the highest among soils. 
The applications of sewage sludge for agricultural purposes and irriga-
tion with contaminated water are two main sources of OPEs in soils and 
the highest risk correspond to those compounds with the highest sorp-
tion capacity, as TPhP and TCP (Cristale et al., 2017b). Implications of 
soil toxicity on crops are to be further studied. 

For waters, ΣRQs of OPEs were between 1.1 and 4.8 (Table 2), 
indicating a low risk. The highest RQ was found for the polluted pond 
(WAT1), mainly attributed to TCP 1 and TCP 2 with RQs >1. The other 
compounds did not pose a risk (RQ ≪ 1). WAT 2 and 3 from pond 2 and 4 
had RQs of 1.4 and 2.8, respectively, and attributed mainly to TCP4, 
although the individual RQ were always <1. WAT 4 from the canal 
showed the lowest risk, while WAT 5 corresponding to river water had a 
RQ of 2, attributed mainly to TCP4 that had a risk of 1.08, and all other 
individual OPEs had values < 1. Thus, the presence of OPEs in water 
produces a low risk and only compounds that could be of concern are 
TCPs, which despite being present at concentrations between 0.002 and 
0.04 μg/L, their PNEC values are among the lowest for OPEs. Even in 
WAT 1, compounds detected at the highest concentrations, e.g. TPhP, 
TCPP and TiPP did not pose an environmental risk. 

3.6. Comparison with other e-waste sites 

E-waste recycling areas like Baihe village are so called hotspots of 
environmental pollution derived from the non-formal methods used to 
recover high market value materials from all types of EEE. Even with the 
policies and laws implemented since 2010 to ban e-waste disposal in 
small family workshops and the efforts made by the Qingyuan county 
government to relocate those potentially hazardous activities to modern 

industrial facilities, high amounts of pollutants associated with e-waste 
are still present and distributed among environmental compartments. 
OPEs and PBDEs were the main pollutants detected in the Baihe e-waste, 
and similar findings are reported in other e-waste sites. 

OPEs in sediments from Liangjiang River (Guiyu, Guangdong, China) 
had Σ13OPFRs between 0.22 and 14 μg/g dw near the non-formal and 
uncontrolled e-waste dismantling area and from 0.032 to 0.42 μg/g dw 
close to a flame retardants production site in Xiaoqing River (NW China, 
Shandong Province, China) (Chen et al., 2021), indicating that pro-
duction can be less harmful than recycling activities. Another study in 
Guiyu reported Σ8OPEs from 6 to 2000 μg/g dw in e-waste influenced 
sediments (Li et al., 2019a). OPEs in an e-waste site in northern Vietnam 
contained Σ10OPEs from 0.006 to 0.125 μg/g dw in river sediments, and 
from 0.018 to 3.43 μg/g dw in soils (Matsukami et al., 2015), indicating 
also that the area was impacted by these chemicals. Soils from a 
multi-waste recycling area in Tianjin (north-east China) showed OPEs 
concentration between 0.12 and 2.1 μg/g (Wang et al., 2018b), and 
Σ7OPEs between 0.046 and 1.69 μg/g dw were reported in an e-waste 
area in Pakistan, near Karachi city (Iqbal et al., 2017). In water, our 
results are comparable with those ones reported for waters from Taihu 
lake (Σ11OPEs between 0.16 and 1.53 μg/L) highly influenced by an 
OPEs manufacturing area (Wang et al., 2018a). 

PBDEs are also ubiquitous in sediments and soils from e-waste 
recycling areas in China. Σ7PBDEs (without BDE 209) ranged from 0.005 
to 0.03 μg/g dw, and BDE 209 was the main contributor ranging from 
0.19 to 43 μg/g dw in an e-waste site near Shenzhen city, Guangdong 
province, with no concentration gradient along the depth of the sedi-
ment (Zhou et al., 2019). In an abandoned e-waste recycling area in 
Guiyu, Σ16PBDEs ranged from 5 to 115 μg/g dw in river sediments and 
from 0.04 to 7.2 μg/g dw in soils (Wu et al., 2019). In a plastic recycling 
area in Hebei province, Σ21PBDEs ranging from 0.018 to 9.8 μg/g dw 
were detected in sediments and between 0.001 and 5.5 μg/g dw in soils 
(Tang et al., 2014). In crops soils affected by e-waste in Guangdong 
province, Σ9PBDEs ranged from 0.002 to 0.02 μg/g dw and BDE 209 
from 0.025 to 0.10 μg/g dw as the dominating congener (Zou et al., 
2007). Higher levels were detected in soils from another e-waste 

Table 3 
Mean concentration of pollutants in pooled hen eggs in μg/g ww (n = 6), reference doses (RfD) or acceptable daily intakes (ADI) obtained from different references. 
Estimated daily intakes (EDI) and margin of exposure (MOE) calculated from RfD or ADI due to eggs consumption for adults and children. ΣTCPs includes 4 TCP 
isomers; Σ6m-PCBs include congeners 28, 52, 101, 138, 153 and 180; Σ HCHs includes α, β, γ and δ isomers; Σ DDTs includes 2,4′-DDT, 2,4′-DDE, 2,4′-DDD, 4,4′-DDT, 
4,4′-DDE and 4,4′-DDD. Three decimal figures except for some OCPs where 4 decimals are included as levels are very low but still significant so that the same units (μg/ 
g ww or μg/kg bw per day) are provided for all compounds.  

Compound Mean (n = 6) 
(μg/g ww) 

RfD (μg/kg bw 
per day) 

ADI (μg/kg bw 
per day) 

Reference EDI adults (μg/kg 
bw per day) 

MOEs 
adults 

EDI children (μg/kg 
bw per day) 

MOEs 
children 

TEP 0.03 125 na Li et al., (2019b) 0.007 17,045 0.03 3964 
TnBP 0.03 24 na 0.007 3484 0.03 810 
TCPP 0.02 80 na 0.004 21,170 0.016 4924 
BDE 47 0.002 0.1 na US EPA (2017) 0.004 225 0.002 52 
BDE 99 0.33 0.1 na 0.07 1.4 0.32 0.3 
Σpenta BDEs 2.27 2 na 0.51 3.9 2.18 0.9 
BDE 153 0.05 0.2 na 0.01 19 0.05 4.4 
BDE 209 0.08 7 na Huang et al., 

(2018) 
0.02 404 0.07 94 

Σ6m-PCBs 0.37 0.01 na Arnich et al., 
(2009) 

0.083 0.1 0.35 0.03 

HCBu 0.001 na 0.2 Zhang et al., 
(2019) 

0.0002 900 0.001 209 

PeCB 0.002 na na – 0.0004 na 0.002 na 
HCB 0.001 na 0.6 Mahmoud et al., 

(2016) 
0.0002 2700 0.001 628 

Chlordecone 0.0004 na na – 0.0001 na 0.0004 na 
Mirex 0.02 na na – 0.004 na 0.02 na 
ΣHCHs 0.07 na 5 Mahmoud et al., 

(2016) 
0.02 331 0.06 77 

ΣDDTs 0.004 na 10 Arisekar et al., 
2022 (SI) 

0.001 11,250 0.004 2616 

Transchlordane 0.003 na na – 0.001 13,548 0.003 3150 

nd = not detected; na = not available. 
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recycling area, where Σ41PBDEs were up to 13 μg/g dw and BDE 209 was 
again the dominant congener with levels ranging from 0.005 to 12 μg/g 
dw (Wang et al., 2014). 

Legacy pollutants like PCBs have been also detected in different e- 
waste sites. Soils from Guiyu contained Σ35PCBs between 0.0006 and 
0.004 μg/g dw, which are much lower than the present study (Luo et al., 
2020). Σ26PCBs in 4 e-waste sites in India ranged from 0.0004 to 0.48 
μg/g dw (Chakraborty et al., 2018). Lower levels at the pg/g dw were 
found for Σ22PCBs in soils from a plastic recycling area in east China 
(Qin et al., 2022). In Zhejiang province, Σ19PCBs ranged from 11.7 to 
2.61 μg/g dw in an abandoned e-waste recycling facility and from 
0.0035 to 0.051 μg/g dw in a newly built e-waste facility, suggesting 
that controlled EEE dismantling factories and proper management of 
residues can reduce PCBs emissions (Liu et al., 2020). 

The presence of flame retardants or other pollutants in food pro-
duced near or in the surroundings of non-formal e-waste recycling 

facilities or workshops can constitute a human risk considering that the 
diet of local peasants is based on local produced food. In this study we 
used hen eggs to evaluate the exposure through diet and the levels 
encountered are compared to other e-waste areas. Hen eggs close from 
the e-waste disassembling site and close to a municipal waste incinerator 
area from Zhejiang province had median Σ6markerPCBs of 0.001 and 
0.0002 μg/g ww, respectively (Shen et al., 2017). In an e-waste site in 
Taizhou, Zhejiang province, ΣindicatorPCBs in home produced hen eggs 
were of 0.004 μg/g ww (Xing et al., 2010). Σ27PCBs at 0.035 μg/g ww 
and Σ12PBDEs at 0.0004 μg/g ww (BDE 209 not analyzed) were found in 
eggs from Taizhou e-waste site (Zhao et al., 2009), and in Wenling 
Σ7PBDEs mean concentration were of 0.038 μg/g ww (Qin et al., 2011), 
both in Zhejiang province. Chicken and goose home-produced eggs from 
Guiyu, one of the biggest e-waste areas in China, contained median 
Σ17PBDEs values between 0.011 and 0.214 μg/g ww (0.4 and 7.7 μg/g 
lw), respectively (Zeng et al., 2016b). In chicken eggs grown near a 

Table 4 
Risk quotients (RQs) calculated for each pollutant in soil and sediment samples. In red RQ ≥ 100, in orange 10 =
RQ < 100, and in green RQ < 10, all in a degraded colour scale. 

RQ rounded to significant digits. 
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municipal dumpsite in Nabuja city, Nigeria, mean Σ7PBDEs ranged from 
0.026 to 0.029 μg/g ww but the study did not include BDE 209 (Olor-
untoba et al., 2019). Therefore, considering the concentrations detected 
and that hen eggs constitute a nutritious and essential diet, special 
attention should be given to control the concentration of contaminants 
in areas affected by e-waste residues. 

4. Conclusions 

Baihe village is a well-documented e-waste hotspot where non- 
formal EEE recycling activities produce an impact to the environment 
and human health. In this paper, OPEs, followed by PBDEs and, in a 
lesser extent PCBs and OCPs, were detected in soils and sediments from 
the most polluted pond in the village but also in the nearby surrounding 
areas. The plastic lump which has been accumulated during years of 
illegal dumping of plastic residues from the e-waste recycling activities 
was identified as the main pollution source. Considering the concen-
trations detected in the plastic lump and the PNEC values, this plastic 
lump should be considered as a hazardous waste. Leaching of OPEs to 
water and accumulation in sediment and soils produced moderate to 
high risks for most contaminants, according to PNEC values. In addition, 
consumption of hen eggs reared in family farms can represent a risk 
especially for children due to the high concentrations of PCBs and 
PBDEs. Overall, this study highlights the need for the long-term moni-
toring of sites affected by EEE dismantling activities to protect both the 
environment and human health. 
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