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Abstract
Elevated levels of trace elements are thought to pose a serious health risk to workers in e-waste recycling facilities. 
We evaluated the distribution, contamination, and human health risks of trace elements in soil and dust from e-
waste exposed and non-exposed sites in Bangladesh. Thirty-one soil (20 exposed; 11 non-exposed) and 31 dust 
samples (21 exposed; 10 non-exposed) were collected and analyzed for Pb, Cd, Hg, As, Cr, Cu, Mn, Ni, Zn, Be, Co, 
Se, and V using ICP-MS. The mean concentrations of Pb, Hg, Cu, and Zn concentrations were significantly higher in 
soil (587, 25.57, 2,912, 894 mg/kg) and dust (439, 59, 617, 1,201 mg/kg) than in non-exposed soil (15.94, 0.07, 
23.71, 121 mg/kg; all P: ≤ 0.001) and dust (15, 3.56, 19, 213 mg/kg; all P: ≤ 0.001). Children were more vulnerable 
than adults to non-carcinogenic risks from ingestion, while non-carcinogenic risks from dermal and inhalation 
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exposure were negligible. Pb, Hg, and Cu from soil, as well as Pb, Hg, and Cr from dust, showed a hazard index (HI) 
greater than 1, indicating a risk higher than the acceptable level for children and adults at the exposed sites, while 
the risk to a reference child and adults was negligible. Cr and Ni contributed to cancer risk only when their 
concentrations reached their maximum level, exceeding the permissible limit of 1 × 10-4. This study demonstrates a 
significant accumulation of trace elements in e-waste recycling sites, where exposure through soil and dust poses 
environmental and human health risks, particularly for children. This underscores an urgent need for regulatory 
authorities to implement control measures and deploy awareness programs to limit trace element pollution and 
mitigate its impacts on the environment and human health.

Keywords: Hazardous waste, environmental risk, geo-accumulation index, exposure pathway, risk assessment, 
Bangladesh

INTRODUCTION
E-waste is a fast-expanding waste stream that poses serious risks to both the environment and public 
health[1]. The exponential growth of the electronics industry in recent decades has led to a disproportionate 
amount of obsolete waste. In 2019, approximately 53.6 million metric tonnes (MMT) of e-waste were 
generated globally, which is projected to rise to 74.7 MMT by 2030[2]. Informal e-waste recycling processes, 
such as roasting, burning, acid leaching, shredding, and dumping, significantly increase the amount of 
hazardous elements released into the environment[3]. A wide variety of items, including computers, mobile 
phones, circuit boards, fluorescent lights, electric cable wires, and small household parts, are recycled at 
informal facilities using primitive techniques. These methods potentially release toxic chemical elements, 
including toxic metals such as lead, cadmium, chromium, mercury, copper, manganese, nickel, arsenic, 
zinc, iron, and aluminum. In addition, persistent organic pollutants (POPs), including brominated flame 
retardants, polybrominated diphenyls, brominated diphenyl ethers, polychlorinated biphenyls, and others, 
are also found in electronic components[4]. Workers handling e-waste are directly exposed through 
inhalation, ingestion, and dermal absorption, although the contribution of each exposure route may differ 
based on the substances and recycling processes involved[5].

Pollutants from e-waste are resistant to decomposition by biological processes, persistent in the 
environment, and can often spread to adjacent areas[6]. These hazardous chemicals produced from e-waste 
recycling deteriorate air quality, contaminate food, leach into groundwater, and damage ecosystems[7,8]. For 
example, during rainfall, trace metals in the soil can be carried away and end up in water bodies far from the 
recycling facility. They can also contaminate local groundwater through leaching, particularly in acidic 
environments[9,10]. Studies of toxic metal contamination at e-waste recycling sites have shown concentrations 
often exceeding national and international safety limits, with high levels detected in air, dust, soil, and 
plants[11]. Evaluation of soil and dust in various e-waste recycling hotspots have similarly reported elevated 
concentrations of toxic elements, which pose both carcinogenic and non-carcinogenic health risks from 
prolonged exposure[12-14].

In Bangladesh, approximately 3 MMT of e-waste is generated every year, with a growth rate of around 20% 
annually[15,16]. Most e-waste recycling operations occur in informal facilities, where valuable metals are 
quickly recovered using primitive methods without safety gear or appropriate technology[17]. Earlier 
evidence reported elevated concentrations of toxic metals among e-waste recycling workers in similar 
settings[18]. It is essential to evaluate the levels of toxic elements in environmental media where the 
population is directly exposed. To our knowledge, no research has compared the concentrations of various 
trace elements in soil and dust from e-waste exposed to non-exposed environments in Bangladesh. This 
study focuses on Dhaka, Bangladesh, to assess the risk and contamination of surface soils and dust by trace 
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elements resulting from uncontrolled e-waste recycling. The study aims to measure (1) the concentrations 
of lead (Pb), cadmium (Cd), mercury (Hg), arsenic (As), chromium (Cr), copper (Cu), manganese (Mn), 
nickel (Ni), zinc (Zn), beryllium (Be), cobalt (Co), selenium (Se), and vanadium (V) in soil and dust; (2) the 
pollution level at e-waste-exposed sites using a geo-accumulation index (Igeo); and (3) the non-carcinogenic 
and carcinogenic risks in both e-waste exposed and non-exposed sites using the United States 
Environmental Protection Agency (US-EPA) health risk assessment model. The findings of the study will 
address existing knowledge gaps regarding environmental metal exposure, ascertain the most important 
contributors to metal contamination, and provide the foundation for environmental health standards and 
criteria for Bangladesh. Furthermore, the outcomes of this study can also be used to monitor environmental 
contamination of e-waste recycling areas and to facilitate the development of appropriate measures to 
reduce contamination.

MATERIALS AND METHODS
Sampling location, collection
This study included e-waste recycling sites in Dhaka and a non-exposed control site in Tangail, where no e-
waste sources existed and industrial exposure was limited[19]. E-waste recycling operations typically involve 
manual dismantling with tools such as hammers and screwdrivers, open-air burning, acid leaching, and 
others without the use of protective equipment. Most recycling activities occur within business settlements 
alongside other operations, and residential neighborhoods are located in close proximity [Figure 1]. A 
trained team collected soil samples (n = 20) from different e-waste-exposed sites where activities such as 
combustion, dismantling, storage, and disposal were performed. Ten control samples were collected from 
non-exposed sites. To collect soil samples, fieldworkers cleaned a 1 m2 area with a stainless-steel spade, 
removing visible dust, paper, plastic, and other debris. This cleaned surface was then divided into six equal 
quadrangles using the hand trowel. The team collected six subsamples from the 6 quadrangles using a 
stainless-steel spade. In total, 100 to 150 g of soil was collected from the top surface layer of soil at a depth of 
0 to 6 cm.

In addition, indoor dust samples were collected from 20 e-waste processing shops and 11 non-exposed 
shops. The team instructed workers to collect dust samples at the end of a workday, prior to any cleaning 
activities. Using precleaned paintbrushes, they swept dust from the floor, desks, and shelves and collected it 
in a dustpan. The samples were then mixed thoroughly with a hand trowel, and 100 to 150 g of homogenous 
dust was transferred into an airtight Ziplock plastic bag to protect it from ambient moisture and 
contaminants[19]. All sampled locations were recorded using GPS coordinates, which were then used to 
develop a site map using ArcGIS mapping software [Figure 1]. All samples were labeled, transported, and 
stored at room temperature at the icddr,b facility.

Elemental analysis
Soil and dust samples were analyzed using inductively coupled plasma mass spectrometry (ICP-MS; 
PerkinElmer, Model: NexION 2000; USA) following acid digestion at the Bangladesh Council of Scientific 
and Industrial Research (BCSIR). Samples were first dried to constant weight at 105 °C, disaggregated using 
a mortar and pestle, and then sieved to less than 2 mm. Following the US-EPA Method 3051, samples were 
acid-digested using a microwave oven digester. The detailed extraction technique for trace metals using 
microwave digestion is described elsewhere[20]. Around 0.3 g of soil or dust samples were placed into a 
tetrafluoro methoxyl (TFM) vessel placed on the balanced plate. Under a safety shield, 6 mL of 65% 
ultrapure nitric acid (HNO3) and 2 mL of 98% sulfuric acid (H2SO4) were added to TFM vessels in 
accordance with microwave digestion application note HPR-EN-36. The vessels were sealed, placed in the 
rotor, and microwaved for 30 min at 200 °C. After cooling the rotor to room temperature, the solution in 
the vessel was extracted with deionized water and transferred to a labeled volumetric flask (25 mL). The 
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Figure 1. Soil and dust sample location in exposed and non-exposed sites.

sample was then filtered and preserved for ICP-MS analysis. The nebulized sample entered (~0.90 mL/min) 
the core of ICP-MS system’s argon (Ar) plasma. The mass-to-charge ratio (m/z) of the trace metal ions 
generated in the high-temperature plasma was measured using a quadrupole mass detector. A standard 
calibration curve was prepared using an ICP-multi-element standard solution XIII (Merck, Germany) at 
ppb level.

Quality assurance and quality control
To reduce the chance of contamination during sample preparation and analytical procedures, all the 
glassware used in this experiment was washed and rinsed with ultrapure nitric acid and water. Prior to 
calibration with standards, the performance of ICPMS equipment was checked using the NexION Setup 
solution (PerkinElmer, USA). A five-point calibration variance, R2 > 0.9995, was attained over a dynamic 
range of 1.0-50 ng·mL-1. To ensure instrument stability, at least three replicates were performed, with a 
maximum relative standard deviation (RSD) of 5%-8%. The detection (DL) and quantification (QL) limits of 
the instruments were defined when the response for a certain trace element was three and ten times greater 
than the background noise, respectively. The recovery percentage of the elements in the samples was 
checked using a standard reference material SRM 1648a (for dust) from the National Institute of Standards 
(NIST), which indicated 92%-109.3% recovery for significant elements. As part of the quality control 
technique, procedure blanks, reagent blanks, SRM recoveries, and spike recoveries were carried out to 
reduce errors. The trace element concentrations were adjusted based on the analysis of recovery and blank 
samples.
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Data analysis
Soil and dust trace element concentrations are presented as minimum, maximum, 50th percentile, mean, 
standard deviation (SD), and coefficient of variation (CV). We used the Student t-test (2-tailed) to compare 
normally distributed data, while the Mann-Whitney U test was used for nonnormal or skewed data for two-
group comparison. Differences were considered statistically significant when P ≤ 0.05 (two-tailed). We used 
statistical software STATA 17 (release 21; StataCorp) and MS Excel 2021. Figures were drawn using R 
software (version 3.5.2 for Windows; R Foundation for Statistical Computing).

Igeo
To determine the contamination level of both dust and soil samples, we calculated the Igeo

[21]. This index is 
useful for evaluating anthropogenic contamination, and Igeo was calculated using Equation (1):

where Cn is the total concentration of element “n” in the surface layer of both soil and dust samples, and Bn 
is the concentration of element “n” in the background samples, which is the non-exposed control site 
sample values. A factor of 1.5 is used to account for the possible variations of the background data due to 
lithological variations. Finally, the Igeo is grouped into seven classes[22] [Supplementary Table 1].

Health risk assessment
A health risk assessment was conducted to estimate the impacts on human health and ascertain whether 
these effects might result from non-carcinogenic or carcinogenic chemical exposures[23]. Human health risk 
models have proven effective and are widely adopted to present risk information to the decision-maker[24]. 
Currently, Bangladesh does not have established permissible limits for carcinogenic and non-carcinogenic 
risks. Therefore, in this study, we used the US-EPA model to evaluate the potential human health risks 
posed by trace element pollution.

Chronic daily intake (CDI, mg/kg/day) was used to estimate the extent of exposure to trace elements for 
both children and adults through ingestion, inhalation, and dermal pathways. Separate calculations were 
made for children and adults due to behavioral and physiological differences[25]. All three pathways of soil 
and dust intake were considered, and CDI was estimated using the standardized method and factors 
outlined in Table 1[26].

To calculate the CDI for each exposure pathway, the exposure frequency (EF) and surface area (SA) were 
obtained from country-specific data[13,28,41]. Body weight (BW) values were taken from the Bangladesh Health 
and Demographic Survey (BDHS), with 15 kg for children and 70 kg for adults[31,32]. Other exposure 
parameters were obtained from relevant literature. The following Equations (2-5) were used to determine 
the CDI for each of the three exposure pathways.

(1)

(2)

(3)

(4)

(5)

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
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Table 1. Trace element exposure factors

Value
Factor Unit Definition Children Adults Ref.

IngR mg/day Ingestion rate of soil 200 100 [23,27]

EF days/year Exposure frequency 350 350 [23,28]

ED years Exposure duration 6 24 [29,30]

BW kg Average body weight 15 70 [31,32]

AT days Average time (for non-carcinogens) 365 × ED 365 × ED [28,33,34]

AT days Average time (for carcinogens) 365 × 70 365 × 70 [33,34]

CF kg/mg Conversion factor 1 × 10-6 1 × 10-6 [28,35,36]

InhR m3/day Inhalation rate 7.6 20 [13,37,38]

SA cm2 Surface area of the skin that contacts the dust 2,800 5,700 [13,39-41]

AF mg/cm2/day Skin adherence factor 0.2 0.07 [13,30,39]

ABF - Dermal adsorption factor 0.001 0.001 [41,42]

PEF m3/kg Particle emission factor 1.36 × 109 1.36 × 109 [23,43]

Risk calculation
The hazard quotient (HQ) was used to compute the non-carcinogenic health risk. The HQ for a given 
element was calculated by dividing the CDI values for each exposure pathway by the reference dose (RfD), 
as shown in Equation (6). The RfD (mg/kg/day) is an estimate of the daily exposure to the population 
[Table 2].

The computed HQ values for each exposure pathway were then summed to express the non-carcinogenic 
risk as a hazard index (HI) [Equation (7)]. When HI is ≤ 1, the exposed individual is unlikely to experience 
an apparent detrimental health effect. Conversely, HI value > 1 indicates a potential adverse health effect.

Carcinogenic risks were assessed by estimating the incremental probability of an individual developing 
cancer over their lifetime due to exposure to carcinogens[45]. The cancer risk for each trace element was 
determined by multiplying the CDI values for each exposure route by the cancer slope factor (CSF) for that 
trace element and exposure route. According to the International Agency for Research on Cancer (IARC), 
Cd, Pb, As, Ni, and Cr are classified as carcinogenic elements, and CSF values are available only for these 
elements [Table 2][46]. Therefore, the carcinogenic risk and total carcinogenic risk (TCR) for these elements 
from the three exposure pathways were determined using Equations (8 and 9):

The slope factor (SF) of trace elements (with units of mg/kg/day) was used in this calculation. The USEPA’s 
acceptable threshold for TCR ranges from 1 × 10-6 to 1 × 10-4 for regulatory purposes, with TCR value 
exceeding 1 × 10-4 considered unacceptable and likely harmful to human health.

(6)

(7)

(8)

(9)
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Table 2. RfD and CSFs for trace elements[12,13,23,36,44]

RfD (mg·kg-1·day-1) SF (mg·kg-1·day-1)
Metals Ingestion Inhalation Dermal Ingestion Inhalation Dermal

Pb 3.50 × 10-03 3.52 × 10-03 5.25 × 10-04 0.0085 0.0420 0.4250

Cd 1.00 × 10-03 1.00 × 10-03 1.00 × 10-05 0.38 6.30 -

Hg 3.00 × 10-04 3.00 × 10-04 2.40 × 10-05

As 3.00 × 10-04 1.23 × 10-04 3.00 × 10-04 1.50 15.10 1.50

Cr 3.00 × 10-03 2.86 × 10-05 6.00 × 10-05 0.50 41.00 2.10

Cu 3.70 × 10-02 4.02 × 10-02 1.20 × 10-02

Mn 1.40 × 10-01 1.43 × 10-05 1.84 × 10-03

Ni 2.00 × 10-02 2.06 × 10-02 5.40 × 10-03 0.91 0.84 4.55

RfD: Reference dose; CSFs: cancer slope factors; SF: slope factor.

RESULTS AND DISCUSSION
Trace element concentrations in soil
Table 3 presents the elemental concentrations of soil from both exposed and non-exposed sites and 
compares soil concentrations with other reference values. The exposed soil sites were further categorized 
into combustion, dismantling, disposal, and storage sites, as shown in Supplementary Table 2. Since safe 
trace element levels for soil in Bangladesh have not yet been established, trace metal concentrations in soil 
samples were compared to other guidelines, including average shale values, WHO limits, USEPA limits, 
Dutch soil guidelines, and findings from e-waste studies in India, China, and Ghana [Table 3]. Pb, Cd, Hg, 
Cu, and Zn were the most abundant elements in exposed soil, significantly higher than their respective 
concentrations in the non-exposed control sites (P ≤ 0.001). The average concentrations of Pb, Cd, Hg, Cu, 
and Zn also exceeded the corresponding limits of WHO, USEPA, and Dutch soil guidelines, as well as the 
concentrations observed in studies from other settings[52,53]. Compared to non-exposed soil, the mean 
concentrations of Pb, Cd, Hg, Cu, and Zn were approximately 37, 50, 82, 123, and 7 times higher, 
respectively, in exposed soil. Additionally, the mean concentrations of Cr and Mn were 30.06 and 255 mg/
kg, respectively, both exceeding the USEPA threshold values. Similarly, the mean Ni concentration 
surpassed the Dutch soil guideline value. The order of mean concentrations of the abundant trace elements 
in exposed sites was as follows: Cu > Zn > Pb > Mn > Ni > Cr > Hg > V > Co > As > Cd > Se > Be. 
Coefficients of variation (CV) for Pb, Cd, Hg, and Cu were 1.63, 1.35, 1.20, and 2.33, respectively, reflecting 
the elevated concentrations of trace elements in soil samples. These wide concentration ranges and high CV 
values indicate that the trace elements are strongly related to anthropogenesis[53]. This finding was somewhat 
similar to the concentrations in Ghanaian soils around e-waste recycling facilities[53]. The accumulation of 
trace metals in exposed soils likely persists due to the depletion of natural soil components, such as minerals 
and microbes, caused by intense e-waste processing activities, which can pose risks to both human health 
and the environment[54]. In our earlier analysis of workers exposed to e-waste, we found that soil Pb 
concentrations were associated with increased blood Pb levels, which are correlated to health risks, 
including impaired renal, liver and cardiovascular function[18,55,56]. This suggests an increased risk of adverse 
effects from metal exposure among recycling workers. It is important to note that the e-waste recycling sites 
are not located in a specific location in Dhaka; instead, they are typically small, mobile workshops known as 
“vangari shops” located in residential areas or business establishments where people regularly disassemble 
goods both inside and outside of the workshops[57]. As a consequence, local residents, in addition to 
workers, are frequently exposed to toxic elements. Even though recycling activities are localized, research 
has shown that hazardous substances from e-waste can spread beyond the processing sites into the 
surrounding ecosystems[58]. The mean values of As, Mn, Co, Se, and V were negligible due to their very low 
concentrations at the exposed sites. However, at one recycling site, we observed a significantly higher 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
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Table 3. Trace element concentrations in soil (mg/kg)

Cu Zn Pb Mn Ni Cr Hg V Co As Cd Se Be

Exposed sites (n = 20)

Min 35.70 56.63 15.41 122 12.16 12.37 0.83 8.08 4.49 1.65 0.10 0.27 0.12

Max 29,345 3,178 4,191 474 119.27 72.39 123 17.73 10.18 15.94 19.42 0.93 0.30

50th percentile 432 681 316 224 26.78 27.94 10.70 12.50 5.94 3.33 1.57 0.42 0.23

Average 2,912 894 587 255 39.12 30.06 25.57 12.84 6.37 4.33 3.54 0.46 0.23

SD 6,790 753 954 100 28.48 14.70 30.70 2.42 1.64 3.41 4.79 0.16 0.05

CV 2.33 0.84 1.63 0.39 0.73 0.49 1.20 0.19 0.26 0.79 1.35 0.34 0.20

Non-exposed site (n = 11)

Min 6.71 44.70 8.93 133 4.59 9.06 0.00 12.00 2.75 1.43 0.00 0.21 0.23

Max 111 284 32.55 444 14.30 23.98 1.52 27.41 8.71 2.96 0.21 0.95 0.71

50th percentile 12.65 87.25 14.88 205 8.85 11.96 0.00 16.24 5.15 2.14 0.07 0.52 0.40

Average 23.71 121 15.94 233 8.99 13.14 0.31 17.55 5.65 2.19 0.07 0.55 0.44

SD 29.93 83 7.85 93.64 2.53 4.42 0.47 4.61 2.16 0.54 0.06 0.21 0.16

CV 1.26 0.69 0.49 0.40 0.28 0.34 1.51 0.26 0.38 0.25 0.86 0.39 0.36

P-value ≤ 0.001a ≤ 0.001a ≤ 0.001a 0.45a ≤ 0.001a ≤ 0.001a ≤ 0.001a ≤ 0.001b 0.30b 0.001a ≤ 0.001a 0.19b ≤ 0.001a

Average continental shale[47] 
WHO limits[48] 
USEPA limits[45] 
Dutch soil guidelines[49,50] 
Canadian soil guidelines[51] 
India (max; mg/kg), recycling site[12] 
China (mg/kg) burn site[52] 
Ghana (mean; mg/kg)[53]

45 
100 
16 
36 
91 
1,156 
948 
222

95 
300 
110 
140 
360 
- 
469 
34

20 
100 
400 
85 
260 
577 
514 
207

850 
2,000 
30 
- 
- 
4,675 
- 
46.8

68 
50 
- 
35 
50 
157 
27 
7.6

90 
100 
25 
100 
87 
219 
61 
3.32

0.4 
- 
- 
0.3 
24 
- 
0.4 
-

130 
- 
- 
- 
130 
- 
69 
-

19 
50 
- 
- 
- 
49 
6.5 
2.9

13 
20 
 
0.3 
12 
- 
11.7 
-

0.3 
3 
0.6 
0.8 
22 
179 
2.29 
0.53

0.6 
- 
- 
- 
2.9 
- 
- 
-

3 
- 
- 
- 
- 
- 
- 
-

aAnalysis by Mann-Whitney U test. bAnalysis by Student t-test (2-tailed). SD: Standard deviation; CV: coefficient of variation.

concentration of soil Ni (199 mg/kg), exceeding WHO and USEPA limits.

Among the soil sampling sites, the highest mean concentrations of Pb (1,864 mg/kg), Cd (9.91 mg/kg), Cu (12,547 mg/kg), and Zn (1,444 mg/kg) were 
recorded at the combustion site, followed by disposal, dismantling, and storage site. In contrast, the mean concentrations of Hg were very high at the 
dismantling site (35 mg/kg), followed by disposal (32 mg/kg), storage (16 mg/kg), and combustion site (10 mg/kg) [Supplementary Table 2]. The maximum 
concentrations of Pb and Cu in this study were higher than the maximum concentrations recorded in the recycling site in India[12]. Evidence suggests that open 
burning of e-waste adversely impacts the environment by releasing toxic chemicals into the air, contaminating the soil where the burning occurs[59]. Moreover, 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
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runoff from areas contaminated with toxic metals from e-waste dumping sites can enter surrounding water 
bodies, elevating metal concentrations to levels that can make the water unsafe for aquatic animals[60]. It is 
important to note that many soil sampling sites were located near the river, increasing the likelihood of 
water contamination. These sites may require remedial action; co-contaminated soils can be effectively 
treated using physico-chemical, biochemical, and biological soil remediation approaches[61,62]. Given the 
large amount of e-waste being handled, more toxicological studies are needed; this could include examining 
a broad range of exposures from e-waste across diverse settings, incorporating longitudinal sample 
collection to measure exposure over time, and assessing the cumulative impact of multiple chemicals and 
pollutants. This approach would provide a more comprehensive picture of complex exposure profiles, 
enabling informed actions to reduce the release of harmful chemicals from unregulated e-waste recycling 
activities.

Trace element concentrations in dust
Similar to soil, exposed dust showed elevated Pb, Hg, Cu, and Zn levels, with mean concentrations of 439, 
59, 617, and 1,202 mg/kg, respectively [Table 4]. Dust pollution was significantly higher at exposed sites 
compared to non-exposed sites (P ≤ 0.001), with concentrations approximately 30, 16, 32, and 6 times 
higher for Pb, Hg, Cu, and Zn, respectively. Additionally, Cr and Ni concentrations were significantly 
higher in exposed dust compared to non-exposed dust samples. This difference in toxic element 
concentrations between exposed and non-exposed control sites demonstrates the extent of contamination; 
however, including additional nearby contaminated sites would provide a clearer perspective on the full 
extent and spread of contamination. The trend of trace elements based on mean concentrations in exposed 
dust was Zn > Cu > Pb > Mn > Cr > Ni > Hg > V > Co > As > Cd > Se > Be. The concentrations of trace 
elements found in dust from this study align with findings from other e-waste sites in Bangladesh, China, 
and Egypt [Table 4]. For example, a similar study conducted in Dhaka, Bangladesh, which analyzed dust 
from three recycling shops, identified Pb and Cu as the most abundant elements, which is consistent with 
the current findings[57]. This highlights the distinct pollution patterns and contaminant profile associated 
with e-waste recycling. Notably, the dust Pb concentrations in this study were higher than those reported at 
other e-waste recycling sites[14,63,64], highlighting the high exposure risk for individuals. Multiple studies have 
demonstrated that dust exposure can significantly impact children living in e-waste recycling regions, as 
trace elements from e-waste are found in small particle sizes, which more easily affect child health[14,65]. 
Children exposed to dust at e-waste sites are at increased risk for health issues, including airway 
inflammation[14]. Although Cd levels were relatively modest in our study, earlier analyses have shown that 
increased dust Cd concentrations were associated with increased blood Cd levels among e-waste recycling 
workers[18]. We presume that uncontrolled e-waste recycling contributes to the widespread pollution of trace 
elements in surface dust, exposing workers to considerable health risks. Our findings highlight the role of 
dust as a vector for spreading trace elements in e-waste sites, creating potential exposure risks even beyond 
recycling facilities. Without appropriate controls, dust laden with trace elements may disperse into nearby 
communities, compounding environmental exposure for residents.

Igeo of soil and dust trace elements
We calculated the Igeo, which is useful for evaluating anthropogenic contamination of soils, sediment, and 
dust. Evidence suggests that the discharge of trace elements can impact the natural biological systems and 
disrupt the nutrient cycle in the environment[66,67]. The Igeo indicates that both soil and dust sampling sites 
were “uncontaminated” with Mn, Se, Be, and V in the e-waste exposed area [Figure 2]. However, soil from 
the e-waste sites was classified as “heavily to extremely contaminated” with Cd and Hg, with mean Igeo values 
of 4.01 and 4.88, respectively. Pb and Cu in exposed soil samples had mean Igeo values of 3.37 and 3.88, 
respectively, indicating “heavily contaminated”. Studies of e-waste processing sites in Nigeria have reported 
significant pollution with potentially toxic metals such as Cd, Pb, As, and Cu, with findings that are 
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Table 4. Trace element concentrations in dust (mg/kg)

Zn Cu Pb Mn Cr Ni Hg V Co As Cd Se Be

Exposed sites (n = 21)

Min 199 81.88 58.63 145 14.47 13.50 3.64 8.33 0.00 1.95 0.47 0.11 0.18

Max 4,495 1,886 923 1,436 849 185 562 21.69 32.28 7.06 9.18 0.54 0.51

50th percentile 1,003 363 365 305 36.28 43.99 29.12 12.34 7.78 3.62 1.24 0.32 0.25

Average 1,201 617 439 367 80.35 63.29 58.59 12.75 10.31 4.03 1.86 0.31 0.28

SD 922 506 288 263 179 46.45 118 2.93 7.29 1.61 1.82 0.12 0.10

CV 0.77 0.82 0.66 0.72 2.23 0.73 2.02 0.23 0.71 0.40 0.98 0.39 0.36

Non exposed sites (n = 10)

Min 100 9.42 8.51 131 7.81 7.46 0.28 9.37 3.10 1.49 0.10 0.23 0.20

Max 338 53.09 22.14 427 18.32 16.39 12.11 27.29 13.68 3.77 0.57 1.18 1.08

50th percentile 220 13.00 14.97 226 13.18 11.18 2.14 14.54 4.68 2.23 0.13 0.42 0.33

Average 213 19.11 14.60 243 12.47 11.76 3.56 15.97 5.60 2.28 0.18 0.47 0.40

SD 82.11 13.96 3.54 86.61 3.33 3.67 3.36 5.23 3.24 0.73 0.14 0.27 0.25

CV 0.39 0.73 0.24 0.36 0.27 0.31 0.95 0.33 0.58 0.32 0.81 0.59 0.62

P-value ≤ 0.001a ≤ 0.001a ≤ 0.001a 0.02a ≤ 0.001a ≤ 0.001a ≤ 0.001a 0.03b 0.01a 0.002b ≤ 0.001a 0.06a 0.05a

Bangladesh (max; mg/kg)[57] 
China (median; mg/kg)[14] 
China (mean; mg/kg)[63] 
Egypt (mean; mg/kg)[64]

-
1,072
-
-

9,585
402
-
-

10,105 
145 
399 
311

1,998 
493 
- 
-

122 
147 
151 
-

170 
90.6 
- 
-

- 
- 
- 
-

- 
17.9 
- 
-

- 
7.34 
- 
-

- 
10.2 
48.13 
-

- 
1.61 
5.85 
38.50

- 
4.48 
- 
-

- 
- 
- 
-

aAnalysis by Mann-Whitney U test. bAnalysis by Student t-test (2-tailed). SD: Standard deviation; CV: coefficient of variation.

somewhat comparable to ours[68]. Dust samples were “heavily contaminated” with Pb and Cu, with mean Igeo values of 3.91 and 3.93, while “moderately to 
heavily contaminated” with Cd and Hg, with mean Igeo values of 2.45 and 2.37, respectively. Furthermore, the Igeo classified mean concentrations of Zn and Ni in 
soil and Cr and Ni in dust as “moderately contaminated”. Mowla et al. investigated three e-waste recycling shops in Dhaka, Bangladesh, and reported 
contamination levels based on individual shops. They found that Pb, Cu, and Ni posed a significantly higher contamination load compared to other measured 
metals, such as Mn and Cr[57]. The observed pollution index may not be entirely representative due to the lack of established regional background values in 
Bangladesh. However, we used reference values from non-exposed control sites, which could provide a somewhat reasonable estimate. The index suggests 
significant contamination of soils and dust with Pb, Cd, Hg, and Cu in the e-waste-exposed areas. We presume that the intensive, unregulated processing of e-
waste has likely led to substantial metal releases into the environment, resulting in elevated trace element concentrations in soil and dust. Hence, it ought to be 
concerned about the trace element pollution at the e-waste site.
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Figure 2. Igeo of elemental soil and dust from exposed sites. Igeo: Geo-accumulation index.

Non-carcinogenic risks
Table 5 illustrates the HI results from three pathways for soil and dust. Since trace element concentrations 
are not normally distributed, the median, maximum, and minimum HQ for ingestion, inhalation, and 
dermal exposures, as well as the absolute HI values, are presented in Supplementary Tables 3 and 4 (soil) 
and Supplementary Tables 5 and 6 (dust). The results indicate that ingestion appears to be the primary 
pathway for Pb, Hg, and Cu exposure from soil and Pb, Hg, and Cr exposure from dust. Previous studies 
have also highlighted non-dietary ingestion as the most significant exposure pathway in terms of health 
risks. In contrast, dermal contact and inhalation routes through soil and dust were almost negligible, 
consistent with findings from studies conducted elsewhere[69,70]. For most trace elements, the HQ values for 
soil exposure were slightly higher than those for dust exposure, primarily due to higher rates of soil 
ingestion compared to dust ingestion.

Exposed soil Pb presented non-carcinogenic ingestion risks to children, with a median HQ of 1.15 and an 
overall HI value of 1.18 from all three pathways [Table 5 and Supplementary Table 3]. The HQ values for 
maximum Pb and Cu concentrations in exposed soil indicated a non-carcinogenic ingestion risk for both 
children and adults [Supplementary Table 3]. Notably, the calculated HI values for children were 
significantly higher (Pb: 15.60, Cu: 10.23) than for adults (Pb: 2.08, Cu: 1.22), consistent with other studies 
showing higher non-carcinogenic risks during childhood than adulthood[71,72]. Maximum soil Hg posed a 
non-carcinogenic ingestion risk (HQ 5.25) for children only (HI: 5.44); the median concentration did not 
pose a risk to either children or adults (< 1). For both children and adults, the HQ and HI values for the 
dermal and inhalation pathways were below 1, indicating no significant risk from these routes of exposure. 
In contrast, Cd, As, Ni, Zn, and Mn did not present any non-carcinogenic risks for either children or adults 
from exposed soil exposure [Supplementary Table 3]. No elements in the non-exposed control sites posed 
non-carcinogenic risks to children or adults, as the minimum, maximum, and median HQ values for all 
three pathways remained below 1 for these trace elements [Supplementary Table 4].

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
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Table 5. Median values of HQ of toxic metals through ingestion, inhalation and dermal contact and HI values of soil and dust to an 
exposed child and adult in Bangladesh

HQingestion HQinhalation HQdermal HI
Child Adult Child Adult Child Adult Child Adult

E-waste-exposed soil

Pb 1.15 × 10+00 1.24 × 10-01 3.20 × 10-05 1.81 × 10-05 2.15 × 10-02 3.29 × 10-02 1.18 0.16

Cd 2.01 × 10-02 2.15 × 10-03 5.61 × 10-07 3.16 × 10-07 5.62 × 10-03 8.59 × 10-03 0.03 0.01

Hg 4.56 × 10-01 4.89 × 10-02 1.27 × 10-05 7.18 × 10-06 1.60 × 10-02 2.44 × 10-02 0.47 0.07

As 1.42 × 10-01 1.52 × 10-02 9.67 × 10-06 5.45 × 10-06 3.97 × 10-04 6.07 × 10-04 0.14 0.02

Cr 1.19 × 10-01 1.28 × 10-02 3.49 × 10-04 1.97 × 10-04 1.67 × 10-02 2.55 × 10-02 0.14 0.04

Cu 1.49 × 10-01 1.60 × 10-02 3.84 × 10-06 2.16 × 10-06 1.29 × 10-03 1.97 × 10-03 0.15 0.02

Mn 2.05 × 10-02 2.19E-03 5.60 × 10-03 3.16 × 10-03 4.36 × 10-03 6.65 × 10-03 0.03 0.01

Ni 1.71 × 10-02 1.83 × 10-03 6.69 × 10-04 3.77 × 10-04 1.78 × 10-04 2.71 × 10-04 0.02 0.00

Zn 2.90 × 10-02 3.11 × 10-03 8.11 × 10-07 4.57 × 10-07 4.06 × 10-04 6.20 × 10-04 0.03 0.00

E-waste-exposed dust

Pb 1.33 × 10+00 1.43 × 10-01 3.70 × 10-05 2.09 × 10-05 2.49 × 10-02 3.79 × 10-02 1.36 0.18

Cd 1.59 × 10-02 1.70 × 10-03 4.44 × 10-07 2.50 × 10-07 4.45 × 10-03 6.79 × 10-03 0.02 0.01

Hg 1.24 × 10+00 1.33 × 10-01 3.47 × 10-05 1.96 × 10-05 4.34 × 10-02 6.63 × 10-02 1.28 0.20

As 1.54 × 10-01 1.65 × 10-02 1.05 × 10-05 5.92 × 10-06 4.31 × 10-04 6.59 × 10-04 0.15 0.02

Cr 1.55 × 10-01 1.66 × 10-02 4.53 × 10-04 2.56 × 10-04 2.16 × 10-02 3.30 × 10-02 0.18 0.05

Cu 1.26E-01 1.35 × 10-02 3.23E-06 1.82 × 10-06 1.08 × 10-03 1.66 × 10-03 0.13 0.02

Mn 2.79 × 10-02 2.98 × 10-03 7.62 × 10-03 4.30 × 10-03 5.93 × 10-03 9.06 × 10-03 0.04 0.02

Ni 2.81 × 10-02 3.01 × 10-03 1.10 × 10-03 6.20 × 10-04 2.92 × 10-04 4.45 × 10-04 0.03 0.00

Zn 4.27 × 10-02 4.58 × 10-03 1.19 × 10-06 6.73 × 10-07 5.98 × 10-04 9.14 × 10-04 0.04 0.01

HQ: Hazard quotient; HI: hazard index.

The potential risks of trace element exposure from dust ingestion were relatively higher for children, with a 
median HQ of 1.33 for Pb and 1.24 for Hg. The calculated HI values for Pb and Hg were 1.36 and 1.28, 
respectively [Table 5 and Supplementary Table 5]. These findings are consistent with studies indicating 
significant non-carcinogenic risks from dust ingestion in e-waste recycling regions, highlighting a 
substantial risk for children exposed to dust trace elements through ingestion[9,14]. Maintaining adequate 
ventilation and routinely cleaning surfaces could possibly reduce the amount of dust consumption by 
children. In contrast, dust inhalation and dermal contact posed no significant risk for children or adults. 
The median HI values for Cd, As, Cr, Cu, Mn, Ni, and Zn in dust were 0.02, 0.15, 0.18, 0.13, 0.04, 0.01, and 
0.04 for children and 0.01, 0.02, 0.05, 0.01, 0.02. 0.00, and 0.01 for adults, considering all three pathways 
[Supplementary Table 5]. Similarly, dust from non-exposed shops did not present any risk for either 
children or adults [Supplementary Table 6]. Although the inhalation risk was relatively low in this study, it 
remains a concern because increasing emissions of trace metals from e-waste recycling operations could 
pose serious long-term risks to the population[65]. Overall, children are likely to encounter a higher potential 
non-cancer risk than adults from both soil and dust exposure due to their higher HQ values for ingestion 
and higher total HI values for all analyzed trace metals.

Carcinogenic risks
We calculated the cancer risk for children and adults from each element in the soil and dust considering 
ingestion, inhalation, and dermal pathways; a detailed analysis is presented in Supplementary Tables 7-10. 
Some trace elements were excluded from this analysis due to the lack of CSF values. For both exposed 
children and adults, the median values of carcinogenic agents from soil and dust samples were lower than 
the permissible limit of 1 × 10-6 to 1 × 10-4. For adults, the calculated TCR from the three pathways for Pb, 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202412/jeea3039-SupplementaryMaterials.pdf
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Cd, As, Cr, and Ni in exposed soils were 1.51 × 10-6, 2.81 × 10-7, 2.36 × 10-6, 6.75 × 10-6, and 1.17 × 10-5, 
respectively. For children, the corresponding values were 3.35 × 10-6, 6.54 × 10-7, 5.49 × 10-6, 1.55 × 10-5, and 
2.71 × 10-5 for Pb, Cd, As, Cr, and Ni, respectively [Table 6 and Supplementary Table 7]. However, the TCR 
value for the maximum concentration of soil Ni was 1.21 × 10-4, indicating a potential cancer risk for 
exposed children [Supplementary Table 7]. Evidence suggests that humans are highly susceptible to 
carcinogen nickel, which can enter the body through the skin, digestive system, and respiratory passages, 
with nasal and lung cancers closely correlated with Ni exposure[73,74].

For dust exposure, the carcinogenic risk calculated for median concentrations of Pb, Cd, As, Cr, and Ni for 
adults were 1.75 × 10-6, 2.22 × 10-7, 2.56 × 10-6, 8.76 × 10-6 and 1.92 × 10-5, respectively. Comparable risks for 
children were 3.87 × 10-6, 5.18 × 10-7, 5.96 × 10-6, 2.02 × 10-5 and 4.45 × 10-5, respectively [Table 6 and 
Supplementary Table 8]. In contrast, the TCR values for the maximum concentration of Cr in dust were 
significantly higher than the target value, with TCR of 4.72 × 10-4 for children and 2.05 × 10-4 for adults. Cr 
has been identified as a major contributor to the carcinogenic effects of dust pollution in several studies[75,76]. 
Given that Cr is prevalent in the environment, exposure to this metal can lead to carcinogenic consequences 
including lung cancer, nose and nasal sinus cancer, and suspected laryngeal and stomach cancers[77]. 
Similarly, the TCR for the maximum Ni concentration in dust for children exceeded the target value of 1 × 
10-4, indicating that children may develop cancer from ingesting Ni-contaminated dust, while the TCR for 
adults was below the target value [Supplementary Table 8]. Similar to non-carcinogenic risks, ingestion is 
the main route of exposure for carcinogenicity, particularly in children due to their lower BW and higher 
rates of dust ingestion[78]. The CR in our study was primarily attributed to exposure to Cr and Ni, making 
these high-priority metals that require control measures to mitigate their carcinogenic effects. It is 
important to note that the TCR is likely elevated at contaminated sites with high concentrations of Ni in soil 
and elevated levels of Cr and Ni in dust. In contrast, non-exposed soil and dust did not show any 
carcinogenic effects for either children or adults [Supplementary Tables 9 and 10]. Given the increasing e-
waste recycling activities and rapid urbanization, there is a possibility that carcinogenic risks from other 
elements will exceed safe levels in the future. This highlights the need for increased attention to the potential 
carcinogenic risks to children caused by e-waste recycling and other industrial activities. We assume that 
the cancer risk assessed using trace element concentrations from soil and dust may have either exaggerated 
or underestimated the actual health risk compared to using bioavailable trace metal concentrations[79]. 
Nevertheless, the findings from this study provide valuable data that can aid authorities in assessing trace 
element pollution levels in the exposed area.

Uncertainty of risk analysis, limitations and strengths
Human health risk assessment is inherently uncertain; thus, the possibility of uncertainties in this work 
exists and could be considered a limitation on the applicability of the risk estimation. First, the probability 
factors derived from the US-EPA guidelines for estimation may exhibit significant regional or individual 
differences, leading to uncertainty in the risk analysis. However, to reduce the uncertainty, we used a few 
country-specific parameters that could mitigate some variation. Second, the EPA’s health risk model 
evaluates the toxicity of individual trace elements without considering the potential cumulative effects of 
multiple exposures. Soil and dust samples may also contain other chemicals, such as POPs, flame retardants, 
and plasticizers from recycling activities, which were not evaluated in the studied samples. This can result in 
an underestimation of risk, particularly in situations where individuals are exposed to multiple chemicals or 
pollutants at the same time. Thus, we assume that the actual risk of exposure to soil and dust may be greater 
than the predicted estimates in this study. Future studies should investigate the health risks posed by other 
substances released during e-waste recycling activities.
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Table 6. Median values of CR of toxic metals through ingestion, inhalation and dermal contact and TCR values of soil and dust to an 
exposed child and adult in Bangladesh

CRingestion CRinhalation CRdermal TCR
Child Adult Child Adult Child Adult Child Adult

E-waste-exposed soil

Pb 2.94 × 10-06 1.26 × 10-06 4.06 × 10-10 9.16 × 10-10 4.12 × 10-07 2.52 × 10-07 3.35 × 10-06 1.51 × 10-06

Cd 6.54 × 10-07 2.80 × 10-07 3.03 × 10-10 6.83 × 10-10 0.00 × 10+00 0.00 × 10+00 6.54 × 10-07 2.81 × 10-07

As 5.47 × 10-06 2.35 × 10-06 1.54 × 10-09 3.47 × 10-09 1.53 × 10-08 9.36 × 10-09 5.49 × 10-06 2.36 × 10-06

Cr 1.53 × 10-05 6.56 × 10-06 3.51 × 10-08 7.91 × 10-08 1.80 × 10-07 1.10 × 10-07 1.55 × 10-05 6.75 × 10-06

Ni 2.67 × 10-05 1.14 × 10-05 6.89 × 10-10 1.55 × 10-09 3.74 × 10-07 2.28 × 10-07 2.71 × 10-05 1.17 × 10-05

E-waste-exposed dust

Pb 3.40 × 10-06 1.46 × 10-06 4.69 × 10-10 1.06 × 10-09 4.75 × 10-07 2.90 × 10-07 3.87 × 10-06 1.75 × 10-06

Cd 5.18 × 10-07 2.22 × 10-07 2.40 × 10-10 5.41 × 10-10 0.00 × 10+00 0.00 × 10+00 5.18 × 10-07 2.22 × 10-07

As 5.94 × 10-06 2.55 × 10-06 1.67 × 10-09 3.77 × 10-09 1.66 × 10-08 1.02 × 10-08 5.96 × 10-06 2.56 × 10-06

Cr 1.99 × 10-05 8.52 × 10-06 4.55 × 10-08 1.03 × 10-07 2.34 × 10-07 1.43 × 10-07 2.02 × 10-06 8.76 × 10-06

Ni 4.39 × 10-05 1.88 × 10-05 1.13 × 10-09 2.55 × 10-09 6.14 × 10-07 3.75 × 10-07 4.45 × 10-06 1.92 × 10-06

CR: Carcinogenic risk; TCR: total carcinogenic risk.

Third, the ingestion of trace metals through the dietary route was not considered when interpreting the 
findings. If dietary intake had been included, the CDI of trace elements would have been higher, likely 
resulting in greater estimated risk. Failing to account for dietary intake likely leads to bias and risk 
underestimation. Fourth, cancer risk estimates in this study are also thought to be lower than the true risk. 
The US-EPA usually determines SFs to potential carcinogens categorized as class A, B1, and B2, which refer 
to human carcinogen, probable human carcinogen with limited human data, and probable human 
carcinogen with adequate evidence from animal studies but insufficient or no human data[45]. This could 
potentially bias the estimation. Finally, EPA models might not fully account for the possible health impacts 
on vulnerable populations, such as children, pregnant women, or those with pre-existing diseases. These 
populations may require additional attention in health risk assessment. We collected the samples during the 
COVID-19 pandemic when the supply chain for e-waste was disrupted, the scope of the job was limited, 
and there was less recycled e-waste. These factors might have limited exposure to the environment, which 
could reduce the observed risk.

However, despite these constraints and uncertainties, the use of a standardized and transparent approach 
allowed us to draw reasonable conclusions by comparing the data from exposed sites to non-exposed sites, 
where contamination levels remained below the threshold. Although this risk assessment might not provide 
a completely accurate estimation of the amount of risk, it provides an overall evaluation of the health risk 
associated with toxic metal exposure resulting from soil and dust in e-waste exposed and non-exposed areas 
of Bangladesh. This scientifically rigorous and reliable model is designed to facilitate risk communication 
and help stakeholders understand the potential health risks associated with environmental exposures.

CONCLUSIONS
We evaluated the concentrations of 13 trace elements, pollution levels, and consequent health risk 
assessment in soil and dust from e-waste exposed and non-exposed sites. Our findings unequivocally 
showed increased concentrations of Pb, Hg, Cu, and Zn in the vicinity of e-waste-exposed soil and dust 
compared to non-exposed soil and dust, which could lead to a myriad of health and environmental 
problems. The concentrations of these metals in contaminated soil and dust exceeded the permissible limit 
set by WHO and USEPA standards. The health risk assessment model indicated that ingestion is the 
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dominant exposure pathway, particularly for children, who are more vulnerable to exposed trace elements 
from soil and dust. Evidence suggests that children are more vulnerable to a particular dosage of the 
harmful substances due to their immature developing metabolic systems, pica behavior, and the tendency 
for finger-licking[80]. We identified a notable non-carcinogenic risk, primarily from exposure to Pb and Cu 
in soil and Pb and Hg in dust. The carcinogenic risks of Cr and Ni were found to be intolerable at very high 
concentrations.

This study highlights significant areas of vulnerability and pollution associated with trace metal exposure. 
To combat the negative consequences of primitive e-waste recycling activities in Bangladesh, the 
“Hazardous Waste (e-waste) Management Rules” were recently introduced[81]. These regulations aim to 
protect both the environment and human health; however, effective implementation will require a strategic 
approach to ensure environmental protection and compliance. Substantial efforts are required to restrict the 
release of toxic elements and deploy cost-effective interventions to reduce soil and dust-related trace metal 
exposure in e-waste environments. Moreover, there is an urgent need to set environmental contamination 
standards in Bangladesh. Employers in the e-waste recycling sector should be positive in educating workers 
about these risks and ensuring the availability of appropriate protective equipment during recycling. 
Additionally, implementing effective control measures is essential to protect workers from direct exposure 
and mitigate indirect exposure to nearby populations, thereby reducing the health risks associated with 
environmental pollution.
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