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A B S T R A C T   

With development of e-waste related legislation in China, formal recycling activities are designated in some areas 
while informal ones are illegally transferred to emerging areas to avoid supervision. However, the resulting 
environmental impact and ecological risks are not clear. Here, we investigated the discharge of polychlorinated 
biphenyls (PCBs) to soil and aquatic environments by e-waste recycling activities in the Lian River Basin, China. 
The study area included a designated industrial park in the traditional e-waste recycling area (Guiyu, known as 
the world’s largest e-waste center), several emerging informal recycling zones, and their surrounding areas and 
coastal area. A total of 27 PCBs were analyzed, and the highest concentration was found in an emerging site for 
soil (354 ng g− 1) and in a traditional site for sediment (1350 ng g-− 1) respectively. The pollution levels were 
significantly higher in both the traditional and emerging recycling areas than in their respective upstream 
countryside areas (p = 0.0356 and 0.0179, respectively). Source analysis revealed that the traditional and 
emerging areas had similar PCB sources mainly associated with three PCB technical mixtures manufactured in 
Japan (KC600) and the USA (Aroclor 1260 and Aroclor 1262). The PCB pollution in their downstream areas 
including the coastal area was evidently affected by the formal and informal recycling activities through river 
runoff. The ecological risk assessments showed that PCBs in soils and sediments in the Lian River Basin could 
cause adverse ecotoxicological consequences to humans and aquatic organisms.   

1. Introduction 

Before banning electrical and electronic waste (e-waste) import, 
approximately 70 % of the world’s e-waste was shipped to China (Li and 
Achal, 2020). 47 % of the 1.5 million tons of e-waste imported ended up 
in Guiyu, Lian River Basin, China (Purchase et al., 2020). It is estimated 
that by 2030, about 28.4 million tons of e-waste will be domestically 
generated in China (Fu et al., 2018). During e-waste dismantling and 

thermo-recycling activities, many hazardous substances, such as poly-
chlorinated biphenyls (PCBs) are released into the surrounding envi-
ronment (Chakraborty et al., 2021; Liu et al., 2013b; Shi et al., 2020b). 
The presence of PCBs in the environment leads to a public health 
concern and wildlife decline since they are highly persistent, bio-
accumulative, and potentially toxic (Liu et al., 2009, 2013a; Remili 
et al., 2021; Taylor et al., 2019). Although PCB production was banned 
in most countries from 1970 s to 1980 s, their environmental 
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concentrations are still high in many areas across the globe (Helou et al., 
2019; Weitekamp et al., 2021). Previous studies showed that e-waste 
recycling were the major source of PCBs that highly accumulated in 
soils, sediments, local food items, human milk of both residents and 
recycling workers in Guiyu (Xing et al., 2009; Shi et al., 2019). There-
fore, PCBs continue to pose a significant threat to humans and wildlife in 
the e-waste recycling areas, and understanding their sources, fate, and 
transport should remain a research priority (Wang et al., 2020). 

Facilities for e-waste recycling are often located in densely populated 
areas, marked by convenient transportation and highly connected river 
networks (Zhang et al., 2012; Shi et al., 2020a). Hence, e-waste recy-
cling poses a significant threat to the immediate surrounding areas and 
the whole catchment area downstream (Lu et al., 2021). It is estimated 
that 75 % of e-waste recycling activities occurs in unregulated informal 
facilities (Zhang et al., 2012). Since previous studies primarily focused 
on PCB contamination in areas proximal to traditional e-waste recycling 
facilities, the contamination in downstream catchment area was over-
looked as well as the role of emerging informal e-waste recycling in 
emission of PCBs (Yang et al., 2012). We hypothesized that the emerging 
area might be a new emission of PCBs. Therefore, there is a need for 
investigating the role of emerging informal e-waste recycling as a source 
of PCBs in the environment. Previous studies demonstrated that homo-
log distributions were a powerful chemical signature for assessing the 
source of PCBs in the environment (Li et al., 2009; Li et al., 2020). 

The major objective of the present study is to investigate the che-
modynamics of PCBs from an intensive e-waste recycling center and its 
surrounding whole catchment to better understand: i) the role of 
traditional and emerging informal e-waste recycling on the environ-
mental distribution of PCBs in soils and sediments; ii) the transport 
pathways from emission points in the river basin to the marine envi-
ronments; and iii) the potential ecological hazard based on sediment 
quality guidelines. Results from this study will provide critical insights 
on the strategies for mitigating pollution arising from e-waste recycling 
activities. 

2. Materials and methods 

2.1. Sample collection 

Fig. 1 shows the locations where soil (n = 17), river sediment (n =
15), and marine sediment (n = 19) samples were collected in 2016. 
Briefly, basin soil (BS) and river sediment (RS) samples were collected 
along the Lian River Basin and marine sediment (M) samples were 
collected in the coastal area. The sediments were collected using a 
stainless-steel Peterson dredger, while soils were collected using a 
stainless shovel. Five subsamples were mixed in situ for each soil/sedi-
ment sample, wrapped with aluminum foil, and then packed into a 
plastic bag. All samples were put in an icebox, transported to the labo-
ratory, and stored in a freezer at − 20 ◦C. 

2.2. Chemicals 

Reagents of pesticide grade such as n-hexane, dichloromethane 
(DCM), and acetone were purchased from local vendors (Anpel Inc., 
China). We selected 27 PCBs as target congeners, and these are (IUPAC 
number) 8, 18, 28, 44, 52, 66, 77, 81, 101, 105, 114, 118, 123, 126, 128, 
138, 153, 156, 157, 167, 169, 170, 180, 187, 189, 195, and 206. Tet-
rachloro-m-xylene (TCMX) and decachlorobiphenyl (DCB) purchased 
from J&K Scientific (AccuStandard, USA) were used as surrogate stan-
dards, while 13 C-PCB208 (Smart E International, Wellington, Canada) 
was used as an internal standard. The purity of the analytical standards 
was > 95 %. The standard reference material (SRM) 1941b was pur-
chased from the National Institute of Standards and Technology, USA. 

2.3. Chemical analyses 

Sample extraction and chemical analyses were performed following 
our previous methods (Shi et al., 2013, 2016a). Briefly, sediment and 
soil samples (>100 g) were freeze-dried (freeze drier, Songyuan, Inc.) 
for 5 – 7 days, ground to powder, and then sieved using a 100-mesh 
sieve. About 10 g of the sample was spiked with the TCMX and DCB 
surrogate standards before Soxhlet extraction for 18 h at 70 ◦C, using a 

Fig. 1. Sampling locations in Lian River Basin, Guangdong Province, China. In detail, locations for river sediments (RS1–18) and the adjacent basin soil samples 
(BS1–18) are designated as LR1–18 on the map (upstream background site, emerging informal e-waste recycling area, midstream traditional recycling area, the other 
urban and countryside areas, etc.); locations for marine sediment are designated as EM1–15 for estuary and Haimen Bay sediments and AM1–4 for adjacent ma-
rine sediments. 
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solvent mixture comprising acetone, hexane, and DCM (150 mL, 1:1:1, 
v/v/v). Sulfur was removed from sediment and soil samples using 
activated copper. The extractant was then concentrated using a rotary 
evaporator and cleaned up using column chromatography (packed with 
2 g of Na2SO4, 8 g of silica gel, 5 g of alumina, and glass wool 
bottom-up). The PCB-containing fractions were eluted using a solvent 
mixture comprising DCM and hexane (20 mL, 1:1, v/v), followed by 
DCM (15 mL). The eluant was concentrated to 250 µL using a nitrogen 
evaporator before quantification using GC-ECD (Agilent 6890, USA), 
and congener identification using GC/MS (QP 2010 ultra, Japan). 

Quantification using gas chromatography was achieved by first 
separating the analytes using a Rtx-5MS capillary column 
(30 m × 0.25 mm × 0.25 µm). The oven temperature for GC/MS and 
GC-ECD was programmed as follows: 110 ◦C (2 min), 110–180 ◦C 
(10 ◦C/min), 180–250 ◦C (5 ◦C/min), 280 ◦C (20 min). The GC/MS was 
operated in electron impact/selected ion monitoring mode. The target 
individual PCBs were quantified using the internal standards calibration 
method. 

2.4. Quality control 

Procedural blanks, matrix-spiked blanks, duplicate samples, and a 
standard reference material for marine sediments (SRM 1941b) were 
analyzed with every 20 field-sample batches. The recoveries of surrogate 
standards (TCMX and DCB) were within the 70–130 % range, while the 
measured spiked concentration ranged 75–125 % in SRM 1941b. Details 
on method detection limits and recoveries are provided in Table S1 and 
S2. The standard deviations were less than 15 % among duplicate 
samples. All the quality control results met the acceptable range for the 
performance of pollutant analysis in soils and sediments established by 
USEPA. The hierarchal cluster analysis (HCA) and principal component 
analysis (PCA) were conducted and visualized via R packages (pheatmap 
and ggplot2). 

3. Results and discussion 

3.1. PCBs distribution in basin soils, river and marine sediments 

The Σ27PCB concentrations in soils from the Lian River Basin were 

3.72 – 354 ng g− 1 (Fig. 2). The average PCB concentration was 
39.4 ng g− 1, which was comparable to an e-waste recycling site 
(26.2 ng g− 1) in north China; higher than river bank soils from Pakistan, 
urban soils in Turkey and Rwanda, an industrial park in Northwest 
China, and heavily higher than Tibetan Plateau, the highest altitude area 
on earth (0.025 ng g− 1) as shown in Tables S6 (Dumanoglu et al., 2017; 
Hong et al., 2018; Ren et al., 2019; Ullah et al., 2020; Xu et al., 2020). 
However, the mean concentration was lower than the concentrations 
detected in soils proximal to a PCB factory in Italy (250 ng g− 1) (Bagnati 
et al., 2019). Evidently, high PCB pollution in some areas of the world 
directly resulted from the PCB related industry. Hence, the relatively 
high-level PCB pollution in the Lian River Basin may relate to the 
e-waste recycling activities. 

As shown in Fig. 2, the high concentrations were found in soils from 
the traditional e-waste recycling area (122 ng g− 1) and the emerging 
informal recycling area (354 ng g− 1), while the low concentrations were 
found in the upstream background area (4.5 ng g− 1) and a countryside 
area (3.72 ng g− 1). Statistical analysis showed that the PCB levels were 
significantly higher in the traditional emerging recycling area than in its 
surrounding area (88.4 vs 15.2 ng g− 1, p = 0.0462). Especially the levels 
were significantly higher in the traditional area than in its upstream and 
downstream areas (p = 0.0398 and 0.0190, respectively). The PCB 
spatial variations in soils suggested that e-waste recycling might be a 
major source of PCBs in the Lian River Basin (Shi et al., 2019). 

River sediment acts as a sink for PCB contaminants (Lu et al., 2021). 
Generally, the concentrations were higher than those found in adjacent 
soils along the Lian River (Fig. 2 and Table S4), ranging from 18.7 to 
1350 ng g− 1. The average concentration (521 ng g− 1) was comparable 
to the Ase River polluted by e-waste in Nigeria (Irerhievwie et al., 2020); 
higher than those polluted by industrial and urban emission (Table S7), 
such as the Lerma River in Mexico, the Delaware River in the USA, the 
River Clyde in the UK, Scarp River in France, the Brisbane River in 
Australia, and rivers in Shanghai (Brito et al., 2015; Net et al., 2015; 
Anim et al., 2017; Vane et al., 2017; Kim et al., 2018; Qadeer et al., 
2019; Yang et al., 2019), heavily higher than the Chaobai River 
(drinking water) and Jiulong River (wetland) in China (Zhang et al., 
2019; Yang et al., 2020); but lower than the Escravos River in Nigeria 
and the Hudson River (2500 ng g− 1) in the USA (Chitsaz et al., 2020; 
Iwegbue et al., 2020). Surficial sediments from the Escravos River were 

Fig. 2. The PCBs distribution in river sediments, basin soils, and marine sediments in Lian River Basin, Estuary and Haimen Bay, respectively.  
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exposed to fresh discharges from a crude oil production plant, while 
sediments from the Hudson River were exposed to historical contami-
nation from capacitor production plants, indicating that the anthropo-
genic PCB evidence seemed to be sealed in sediments for both emerging 
(fresh) and traditional (historical) emissions (Butcher and Garvey, 2004; 
Rodenburg and Ralston, 2017). 

Like spatial variations in basin soils, the highest Σ27PCB concen-
tration was found in sediments from the traditional e-waste recycling 
area (1350 ng g− 1), followed by an emerging recycling site 
(761 ng g− 1); while the lowest concentration was found in upstream 
background area (18.7 ng g− 1). The pollution levels were significantly 
higher in both the traditional and emerging recycling areas than in their 
respective upstream countryside areas (p = 0.0356 and 0.0179, 
respectively). The results suggest that e-waste activities were probably a 
major contributor to the PCBs pollution in the Lian River sediments. 

The Σ27PCBs concentrations ranged from 7.96 to 426 ng g− 1 in 
sediments collected from Haimen Bay (Fig. 2 and Table S5). The average 
concentration was 61.6 ng g− 1, which was similar to the Ross Sea near 
Antarctica (Deng et al., 2020); higher than those from Persian Gulf, 
Bangladesh, Kingdom of Bahrain, Santos Estuary in Brazil, Adriatic Sea, 
and Delmarva ins USA, Bohai Sea and Jiulong River Estuary in China 
(Table S8) (Wu et al., 2016; de Souza et al., 2018; Kim et al., 2018; 
Habibullah-Al-Mamun et al., 2019; Jafarabadi et al., 2019; Bersuder 
et al., 2020; Combi et al., 2020). The comparisons indicated that the 
extent of PCB pollution in Haimen Bay was probably more severe, 

compared to the rest of the world. 
In the fan-shaped marine area (Fig. 2), high concentration 

(426 ng g− 1) was found in the estuary of Lian River, which is the mixing 
zone of the river water and seawater, while the low concentrations were 
found in the outer area. These results suggest that riverine discharge was 
probably the main source of PCBs in marine sediments (Dinc et al., 2021; 
Johansen et al., 2021; Olisah et al., 2021). Statistical analysis results 
show that the mixing zone (estuary) showed significantly high pollution 
level than the outer area and adjacent marine area (p = 0.0005 and 
0.0078, respectively). The results suggest that e-waste activities were 
probably a major contributor to the local marine PCBs pollution and the 
Lian River might a transport pathway. 

3.2. Sources identification based on HCA 

Under government intervention, dozens of recycling enterprises 
concentrated in the designated industrial park of the traditional area 
with 30-year recycling history, while more facilities were illegally 
transferred to wider emerging inform areas (Shi et al., 2016b, 2019). 
Cluster analysis of PCB concentration in soils showed that samples from 
the emerging and traditional recycling sites formed the same cluster 
(Fig. 3A, BS3 and 10). The results suggest that PCBs in emerging sites 
might share a similar source with that in the traditional recycling sites. 
Previous estimates reported that only 25 % of e-waste recycling occurs at 
designated centers (Li and Achal, 2020). Evidently, the e-waste 

Fig. 3. HCA heatmap of field samples based on their PCB homolog distribution to identify potential pollution sources of basin soils (A), river sediments (B), and 
marine sediments (C), respectively. 
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recycling took place in emerging undesignated places illegally as well 
(Zhang et al., 2012). 

The homolog distribution of PCBs among different sites might give 
more information about the sources and environmental transportation 
routes (Jin et al., 2020; Lu et al., 2021). The hexa- and hepta-CBs 
dominated all the soil samples in the Lian River basin. Previous 
studies found that the tri- and penta-CBs were the dominant congeners 
in historically contaminated soils in China, since they were the major 
PCB products prior to the 1980s (Wang et al., 2019). However, a recent 
study also about Guiyu found that hexa- and hepta-CBs were enriched in 
soils compared to tri- and tetra-CBs, and this was attributed to unregu-
lated e-waste recycling and disposal (Luo et al., 2020). 

Like soil (Fig. 3B), the hexa-CBs were the most dominant homologs in 
the river sediment. Overall, the median concentration of the PCB ho-
mologs in the Lian River sediments were in the order: hexa-CBs > tetra- 
CBs > hepta-CBs > penta-CBs > octa-CBs > nona-CBs ≈ tri-CBs > di- 
CBs. The homolog distribution differed significantly from the one ob-
tained in the Yangtze River Estuary, which was impacted by e-waste 
recycling activities where the median concentrations were in the order: 
penta-CBs > tri-CBs > hexa-CBs > hepta-CBs > octa-CBs > nona-CBs 
(Zhao et al., 2019). Before they were banned, PCBs with high pro-
portions of penta- and tri-CBs were manufactured in China. The com-
parison suggests that the recycling products here might be different from 
the Yangtze River Estuary. 

Like soil, cluster analysis also showed that river sediment samples 
from the emerging and traditional recycling sites formed the same 
cluster (Fig. 3A, RS2, 3 and 9, 10). Apart from the upstream background 
and countryside sites (RS1 and 7), the homologue distribution showed a 
spatial consistency and continuity. Moreover, spatial variations in PCB 
concentration and homolog distribution in river sediments can be 
caused by changes in river flow rate, depth, direction, breadth, and other 
morphodynamical factors (Li et al., 2020). Overall, the results suggest 
sediments acted as a sink and surface runoff was a possible migration 
route of PCBs in aquatic environments. 

In the marine sediment, hexa-CBs tetra- and penta-CBs dominated 
the homologue distribution, which was similar to the river sediment. 
The Haimen Bay can be classified as estuary area, left half area (mainly 
affected by the river runoff) and right half area (co-affected by the river 
runoff and the adjacent coastal current). The cluster analysis also 
showed that the estuary sites (EM1–3) formed in a same or a slightly 
bigger group, apart from EM4 (Fig. 3C), while the adjacent marine sites 
(AM1–4) formed in another different big group. More interestingly, the 
sites on the left half of the Haimen Bay formed in the same biggest group 
with estuary sites, while the right half sites of the bay formed in the same 
with adjacent marine sediment sites, indicating that the PCB pollution in 
this bay might be co-affected by the Lian River runoff and the adjacent 
coastal currents. 

Fig. 4. PCA of commercial PCB products (red) and field samples (blue) based on their homolog distribution to identify the product sources of basin soils (A), river 
sediments (B), and marine sediments (C), respectively. 

J. Shi et al.                                                                                                                                                                                                                                       



Ecotoxicology and Environmental Safety 243 (2022) 114010

6

3.3. Sources identification based on PCA 

The distribution of PCB homologs was further tested using PCA based 
on homologue distribution of each site, as well as the most used com-
mercial PCB mixtures; namely, Aroclor (1016, 1221, 1232, 1242, 1248, 
1254, 1260, and 1262) from USA, Kanechlor (KC300, 400, 500 and 600) 
from Japan, and capacitor mixtures (tri-PCBs) from China (Li et al., 
2021). The first (PC1) and second (PC2) components explained 58.7 % 
and 19 % in basin soil variance (Fig. 4A), 61.2 % and 18.6 % in the river 
sediment (Fig. 4B), 53.7 % and 20.6 % in the marine sediment (Fig. 4C), 
respectively. Interestingly, the soil samples were closely concentrated in 
a small circle that included Aroclor 1260, 1262, and KC600; the river 
sediment samples were arranged like a river line, in which the emerging 
and traditional e-waste recycling sites were also close to the above 
commercial PCB mixtures; while the marine sediment samples were 
dispersed but slightly close to more other commercial mixtures, such as 
Aroclor 1254 and KC500. The PCA results indicated that the emerging 
and traditional e-waste recycling activities may have contributed to the 
discharge of PCBs into the terrestrial and aquatic environments in the 
Lian River Basin, and the influences decreased with distance. 

The results demonstrated and supported that Lian River Basin was a 
global e-waste recycling region and the PCB containing products were 
mainly manufactured outside China. For example, KC600 was manu-
factured in Japan, while Aroclor 1260 and 1262 were manufactured in 
USA, which were mainly used in synthetic resins as plasticizers, and as a 
de-dusting agent (Faroon and Olson, 2000; Hidayati et al., 2021). 
However, this was different form another notorious e-waste center, 
Taizhou in China, featuring transformer and capacitor recycling (Xing 
et al., 2009). For example, Aroclor 1221 and 1248 were mainly used in 
capacitors, hydraulic fluids, gas-transmission turbines, vacuum pumps, 
and adhesives (Faroon and Olson, 2000). Their clusters were far from 
Lian River samples in PCA results (Fig. 4), further supporting the dif-
ferences with Taizhou. 

3.4. Potential health and ecotoxicological risks 

Since PCBs are persistent, highly bioaccumulative, and toxic organic 
contaminants, evaluating the health and ecological risks of PCBs in soils 
and sediments is imperative (Brázová et al., 2021; Castro-Jiménez et al., 
2021; Teunen et al., 2021; Valizadeh et al., 2021). However, there are 
currently no harmonized standards in China. For soils, we preliminarily 
assessed the health risks by comprising the maximum limit (60 ng g− 1) 
enacted by the former Union of Soviet Socialist Republics Ministry of 
Health (Bobovnikova et al., 1993; Aganbi et al., 2019). Here, 17.6 % of 
sites, all from the emerging and traditional e-waste areas, exceeded the 
limit, which may pose high health risks to residents. 

We further used the Hakanson’s potential ecological risk index (Er
i) to 

estimate the ecological risk posed by PCBs, which is often used 
(Hakanson, 1980; Cui et al., 2016; Baqar et al., 2017). Er

i is calculated 
using a toxicity factor of 40, and normalized concentration using PCB 
background concentration (usually 10 ng g− 1). Soils and sediments with 
Er

i < 40 are considered to have low potential ecological risk, 40 ≤ Er
i 

< 80 have moderate potential, 80 ≤ Er
i < 160 have considerable po-

tential; 160 ≤ Er
i < 320 have high potential, while Er

i ≥ 320 have very 
high risk. Here, soils from the emerging and traditional areas had a 
moderate potential to very high ecological risk. In river sediments, all 
sites posed very high ecological risk except the sites which didn’t form in 
the same cluster with e-waste recycling sites (Fig. 3B). 

Ecological risk of PCBs in sediments was further evaluated using 
sediment quality guidelines [SQG: threshold effect level (TEL), effect 
range low (ERL), effect range median (ERM), probable effect level 
(PEL)](Table 1) (MacDonald et al., 2000; Gómez-Gutiérrez et al., 2007; 
Mehdinia et al., 2021). The results demonstrate that a concerning 
number of sites had concentrations in the range where a frequent 
occurrence of adverse effects is expected in river and marine sediments 
(93.3 % and 70.6 %, respectively). None of the sites exceeded the PEL 

value for marine sediments. However, SQG have several limitations in 
assessing the magnitude of anthropogenic chemical pollution and the 
potential for eliciting adverse biological effects in aquatic organisms 
(McCauley et al., 2000; Birch, 2018). SQG are based on acute toxicity in 
invertebrates, which might not be adequate for protecting higher tro-
phic level organisms such as fish, seabirds, and marine mammals (San-
ganyado et al., 2021). Using a habitat-based food web model, a previous 
study found PCB concentrations in marine sediments that could protect 
killer whales against adverse effects were 0.004 – 0.39 ng g− 1 (Alava 
et al., 2012). Based on this criterion, all the marine sediments contained 
PCB concentrations that could result in bioaccumulation of PCBs above 
the toxic effect threshold in marine mammals. 

4. Conclusion 

The highest PCB concentrations were detected in sediment and soil 
samples from e-waste recycling areas in the Lian River Basin, Guang-
dong Province, China. Moreover, source identification using HCA and 
PCA revealed that equipment containing commercial PCBs, such as 
KC600, Aroclor 1260, and Aroclor 1262, were imported into the recy-
cling areas and the pollution in the other areas of the basin were affected 
by the recycling activities to varying degrees. Considering that only 25 
% of e-waste recycling occurs in designated centers of the traditional 
area, the results of this study suggest that emerging informal e-waste 
recycling might be contributing to PCB contamination in the Lian River 
Basin. The results suggest surface runoff was a major route PCBs entered 
Lian River and that the physicochemical characteristics of the PCB ho-
mologs influenced their environmental fate and transport. An ecological 
risk assessment of the environmental samples revealed that there was a 
need for controlling PCB pollution in the Lian River Basin. 

Overall, the whole basin PCB investigations revealed that curbing 
informal or unregulated e-waste recycling in emerging areas was 
imperative to reduce PCB pollution. Soil and sediment clean-up and 
remediation, upgrading of e-waste recycling procedures could help 
minimizing the discharge of contaminants into the environment. There 
are numerous micropollutants and their transformation products asso-
ciated with e-waste (e.g., halogenated flame retardants, rare earth ele-
ments, and phthalates) that can threaten aquatic and terrestrial life in 
river basins impacted by e-waste. There is a need for comprehensive 
studies on the distribution, transport, fate, and trophic transfer of e- 
waste associated contaminants, as well as water and atmosphere pro-
cesses to better understand the impact of e-waste recycling on envi-
ronmental and human health. 
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