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Abstract 24 

E-waste is often processed informally, particularly in developing countries, resulting in the 25 

release of harmful chemicals into the environment. This study investigated the co-occurrence 26 

of selected persistent organic pollutants (POPs), including legacy and alternative halogenated 27 

flame retardants (10 polybrominated diphenyl ethers (PBDEs), decabromodiphenyl ethane 28 

(DBDPE), syn and anti-dechlorane plus (DP)), 32 polychlorinated biphenyls (PCBs) and 12 29 

organochlorine pesticides (OCPs), in 20 outdoor dust and 49 soil samples from 7 e-waste sites 30 

in Nigeria. This study provides the first report on alternative flame retardants (DBDPE and DP) 31 

in Nigeria. The total concentration range of the selected classes of compounds was in the order: 32 

∑10PBDEs (44 - 12300 ng/g) > DBDPE (4.9 - 3032 ng/g) > ∑2DP (0.7 - 278 ng/g) > ∑32PCBs 33 

(4.9 - 148 ng/g) > ∑12OCPs (1.9 - 25 ng/g) for dust, and DBDPE (4.9 - 9647 ng/g) > ∑10PBDEs 34 

(90.3 - 7548 ng/g) > ∑32PCBs (6.1 - 5025 ng/g) > ∑12OCPs (1.9 - 250 ng/g) > ∑2DP (2.1 - 142 35 

ng/g) for soil. PBDEs were the major contributors to POP pollution at e-waste dismantling 36 

sites, while PCBs were the most significant contributors at e-waste dumpsites. DBDPE was 37 

found to be significantly associated with pollution at both e-waste dismantling and dumpsites. 38 

Estimated daily intake (EDI) via dust and soil ingestion and dermal adsorption routes ranged 39 

from 1.3 to 2.8 ng/kg bw/day and 0.2 to 2.9 ng/kg bw/day, respectively. In the worst-case 40 

scenario, EDI ranged from 2.9 to 10 ng/kg bw/day and 0.8 to 5.8 ng/kg bw/day for dust and 41 

soil, respectively. The obtained intake levels posed no non-carcinogenic risk, but could increase 42 

the incidence of cancer at some of the studied e-waste sites, with values exceeding the USEPA 43 

cancer risk lower limit (1.0 × 10-6). Overall, our results suggest that e-waste sites act as 44 

emission point sources of POPs. 45 

 46 

Keywords: e-waste dismantling sites; e-waste dumpsites; flame retardants; organochlorine 47 

pesticides; polychlorinated biphenyls; Sub-Saharan Africa 48 

  49 

Jo
ur

na
l P

re
-p

ro
of



1. Introduction 50 

Persistent organic pollutants (POPs) are synthetic chemicals that have been heavily produced, 51 

up to millions of tonnes by mass, and extensively used at the time they were not recognized as 52 

harmful (Li et al., 2023). However, due to their environmental persistence and toxicity, their 53 

use was restricted or completely banned under the UNEP Stockholm Convention (UNEP, 54 

2008). POPs are a diverse group of compounds that include organochlorine pesticides (OCPs) 55 

such as hexachlorobenzene (HCB) and dichlorodiphenyltrichloroethane (DDT), and 56 

chlorinated industrial chemicals such as polychlorinated biphenyls (PCBs) (Jayaraj et al., 57 

2016). There is growing concern about the release of HCB into the environment as a by-product 58 

of the manufacture of other chemicals and the incineration of waste (Kumar et al., 2013). 59 

Antifouling paints contain DDT and could be released during the recycling of coated e-waste 60 

devices, especially in less developed countries with lax regulations on the use of DDT (Xin et 61 

al., 2011). Due to their excellent dielectric properties, PCBs were produced commercially and 62 

used primarily in electrical equipment (Mao et al., 2020). These chemicals are subsequently 63 

released into the environment throughout the product life cycle (Folarin et al., 2018). 64 

 65 

In addition, large amounts of brominated and chlorinated flame retardants (FRs), such as 66 

decabromodiphenyl ethane (DBDPE), dechlorane plus (DP) and polybrominated diphenyl 67 

ethers (PBDEs), have been used as additives in interior features of motor vehicles (including 68 

seats and paddings), upholstered furniture, electrical and electronic products, to increase fire 69 

resistance. These flame retardants, especially PBDEs, have been extensively used and then 70 

banned as POPs. DP has recently been added to the list of POPs (UNEP, 2023), while DBDPE 71 

is being evaluated due to its POP-like properties (de Wit et al., 2010). DBDPE is used as an 72 

alternative brominated FR, introduced as a replacement for the banned decabromobiphenyl 73 

ether (Deca-BDE) (Ali et al., 2019; Nakari and Huhtala, 2010; Schuster et al., 2021). It has 74 

now been reported to bio-transform and elicit endocrine-disrupting toxicities (Wang et al., 75 

2019). DP has been reported to be ubiquitous in the environment, biota, and humans (Sverko 76 

et al., 2011). In vivo studies have shown that severe exposure to DP can cause potential health 77 

risks, such as genetic damage and oxidative stress (Li et al., 2020), neurobehavioral deficits 78 

(Chen et al., 2019), inflammatory and hepatocellular toxicity (Wu et al., 2013).  79 

Improper disposal and processing of electronic waste (e-waste) have become significant 80 

environmental and public health issues in less developed and developing countries, where 81 

obsolete electronics and automobiles are disassembled using informal approaches (Nnorom 82 
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and Odeyingbo, 2020; Perkins et al., 2014). When e-waste is inappropriately handled, toxic 83 

pollutants can be released into the environment, posing a risk to both ecological and human 84 

health (Awasthi et al., 2018; Rautela et al., 2021; Shamim et al., 2015).  85 

As known, POPs used as polymer additives in consumer goods dumped in e-waste sites can be 86 

released into the environment and be transported in a gaseous phase or added to particles from 87 

the emission source, as well as re-emitted from environmental sinks, including soil. Thus, 88 

humans can be exposed to such pollutants especially in proximity of e-waste sites through both 89 

dietary routes, including consumption of contaminated food and drinks, and non-dietary 90 

exposure routes such as accidental ingestion, dermal absorption, and or inhalation of vapour 91 

phase emissions. (An et al., 2022; Chandra Yadav et al., 2019). Non-dietary exposure to POPs 92 

is likely to be more significant in an e-waste environment, where exposure to POPs in e-waste 93 

soil can cause both acute and systemic toxicities following short-term and prolonged human 94 

exposures respectively (Szabo and Loccisano, 2012). Soils serve as both a sink for organic 95 

pollutants through wet and dry deposition, and as a secondary source of pollution through the 96 

reemission of previously deposited pollutants (Wang et al., 2012). As such, the concentration 97 

levels of POPs in soils are considered an indicator of the proximity of pollution sources and air 98 

pollution. It is therefore essential to study soil contamination with POPs to understand their 99 

fate and distribution. The relatively high lipophilicity of POPs contributes to their strong 100 

affinity for soil organic matter and the cumulative effect of deposition of air-bound pollutants 101 

(Delle Site, 2001; Safder et al., 2018).  102 

To the best of our knowledge, among the few data that exist on the contamination status of 103 

POPs in Nigerian e-waste sites (Eze et al., 2023; Ohajinwa et al., 2019; Sindiku et al., 2015), 104 

none investigated the presence of DBDPE and DP. Environmental management and protection 105 

of human health from exposure to these harmful chemicals may therefore be difficult without 106 

adequate monitoring.  107 

This study aims to investigate the presence of selected POPs in soil and outdoor dust samples 108 

collected from seven e-waste dismantling and dumping sites in Nigeria, to explore their source 109 

apportionment and spatial patterns, and to assess human health risks from exposure to these 110 

compounds. Overall, the study investigated the impact of environmental pollution on human 111 

health, thus contributing to the achievement of the United Nations' Sustainable Development 112 

Goals. 113 

2.1 Materials and Methods 114 
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2.2 Sample collection and site information 115 

A total of 20 outdoor surface dust samples and 49 soil samples were collected from 7 Nigerian 116 

e-waste sites between December 2021 and January 2022 (Fig. S1). Samples were obtained from 117 

two States in Nigeria, viz., Lagos and Ogun State. Lagos is considered the industrial centre of 118 

Nigeria; therefore it is hypothesised to produce more e-waste than other states in Nigeria. On 119 

the other hand, Ogun is a corridor state to Lagos and may suffer from the overburden of Lagos.  120 

Composite samples were obtained using a selective-random sampling approach. Here, we 121 

selected 7 e-waste sites based on activity at the sites with a focus on e-waste areas that have 122 

not been previously researched and reported. The first 5 sites were in Lagos State and the 123 

remaining 2 in Ogun State (Fig. S1). In terms of major e-waste activity conducted at the 124 

sampling locations, four of the seven sampling locations could be regarded as e-waste 125 

dismantling sites, and the remaining three locations as e-waste dumpsites. All e-waste sites 126 

where dust was collected were e-waste dismantling sites (sites 1, 2, 6, and 7). Soil samples 127 

were collected from all the seven sites investigated in this study, three of which were dumpsites 128 

(sites 3, 4, and 5). Sample details are presented in Table S1 and Table S2. Sampling was 129 

performed according to Folarin et al. (2018). Briefly, each surface dust sample was collected 130 

using a pre-cleaned paintbrush, while soil samples were collected in the upper layer at approx. 131 

0 – 5 cm using a hand trowel. The soil samples were air-dried overnight and passed through a 132 

2 mm sieve. The dust and soil samples were individually wrapped in aluminium foil, stored in 133 

aluminium zip-lock bags, and transported to the laboratory at the University of Antwerp. There, 134 

the soil samples were further sieved using a 500 µm mesh sieve to obtain a soil particle size 135 

suitable for exposure assessment, while outdoor dust samples, already characterised by finer 136 

particles, were further sieved using a 180 µm mesh sieve. Additionally, one soil sample per e-137 

waste site was further sieved at 180 µm to test the effect of soil particle size fractionation on 138 

measured POP concentrations. The final samples were stored in closed recipients at room 139 

temperature and stored in the dark before sample preparation. 140 

2.3 Sample preparation 141 

The sample preparation was performed according to Van den Eede et al. (2012) and Ali et al. 142 

(2012) with minor modifications. About 100 mg of dust or 500 mg of soil sample was 143 

accurately weighed in a 15 mL polypropylene vial. For soil samples, approximately 1000 mg 144 

of activated copper powder was added to the tube. Each sample was then spiked with 50 μL of 145 

the mixture of internal standard (IS) (containing CB 143 at 1000 pg/µL, 13C-HCB at 100 pg/µL, 146 
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13C-a-DP, 13C-s-DP and BDE 103 at 200 pg/µL, 13C-BDE 209 at 500 pg/µL) and added with 147 

2.5 mL of n-hexane/acetone mixture (3:1, v/v) and 0.2 mL toluene. The sample was vortexed 148 

for 1 min, sonicated for 5 min, and centrifuged for 3 min at 3000 rpm. The supernatant was 149 

transferred to a clean 15 mL glass vial. The extraction was repeated once more with fresh 150 

solvent. The combined extracts were then evaporated under a gentle nitrogen flow to near 151 

dryness and resolubilized in 1 mL of n-hexane and toluene (1:1, v/v). Extracts were then clean-152 

up using ENVI Florisil® SPE cartridges (500 mg, 3 mL, pre-conditioned with 6 mL of ethyl 153 

acetate and 6 mL n-hexane) and eluted with 12 mL n-hexane/dichloromethane (1:1, v/v). This 154 

eluate was then evaporated under a gentle nitrogen stream to about 0.5 mL before further clean-155 

up on 1 g of acidified silica (44%, w/w) preconditioned with 6 mL of n-hexane. The sample 156 

was then eluted with 10 mL of n-hexane/dichloromethane (1:1, v/v) and subsequently 157 

evaporated to near dryness under a gentle nitrogen stream. The final eluate was reconstituted 158 

in 100 μL of isooctane with 5 ng of CB 207 (50 pg/µL) as recovery standard (RS) and 159 

transferred to an injection vial for further analysis.  160 

2.4 Instrumental analysis 161 

The instrumental analysis for the POPs was performed on an Agilent 6890 – 5973N in electron 162 

capture negative chemical ionization (ECNI) mode using similar analysis and quantification 163 

methods as described by Van den Eede et al. (2012). Briefly, A DB-5 column (30 m × 0.25 164 

mm × 0.10 μm) was used for the gas chromatography and the MS was deployed in single ion 165 

monitoring (SIM) mode. For BDE 209, a separate analysis using a DB-5 column (15 m × 0.25 166 

mm × 0.10 μm) was used for the gas chromatography on an Agilent 7000C triple quad in ECNI 167 

mode. The injector was set in solvent vent injection mode with a temperature program at 92°C, 168 

held for 0.04 min, and ramped at 700°C/min to 295°C. The GC oven program was 90°C, hold 169 

for 1.50 min, ramp at 10°C/min to 300°C, hold for 3 min, ramp at 40°C/min to 310°C, hold for 170 

5 min. Helium was used as a carrier gas with a flow rate of 1.0 ml/min. The ion source, 171 

quadrupole, and interface temperatures were set at 250, 150, and 300°C, respectively. The 172 

quantifier and qualifier for the targeted compounds and the internal/recovery standards 173 

employed were as reported by Ali et al. (2012). 174 

2.5 QA and QC 175 

The analyte identification was based on relative retention times and ion chromatograms to the 176 

standards and validated by standard spikes. For monitoring potential background 177 

contamination, along with each batch of samples (n = 22), one procedural blank and one quality 178 
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control (spiked with 30 ng of native standard) were processed, using anhydrous sodium 179 

sulphate as a real sample. Multi-level calibrations were prepared in isooctane with good 180 

linearity (r2 > 0.99) and used for quantification. Median recoveries (%) for each IS across the 181 

samples ranged between 79 and 123 %. Method limits of quantification (LOQs) were 182 

calculated using the 3σ approach, where σ represents the standard deviation of the mean value 183 

of the analyte in procedural blanks. A signal-to-noise ratio of 10 was used to estimate LOQs 184 

for analytes that were not detected in procedural blanks. The National Institute of Standards 185 

and Technology (NIST) indoor dust standard reference material (SRM 2585) was examined in 186 

duplicates (n = 4) to ensure method accuracy. Accuracy was within the acceptable % range 187 

(70-125%) except for a few PBDEs (BDE 153 (66 %), BDE 154 (57 %), and BDE 183 (139 188 

%)), PCBs (CB 138 (68 %), CB 153 (57 %), CB 174 (62 %)), and p,p’-DDT (45 %). Due to a 189 

particularly low recovery of p,p’-DDT (< 50%), a correction factor was applied for this 190 

compound during data analysis. All compounds showed good precision, measured in terms of 191 

relative standard deviation (RSD) below 20 %, except anti-DP (38 %) and γ-HCH (32 %) 192 

(Table S3). 193 

2.6 Statistical and Spatial Analysis 194 

Statistical analyses were performed on Microsoft Excel (2016) and R version 4.2.2 for 195 

Windows. For samples with concentrations below the limit of quantification (LOQ), a value of 196 

detection frequency (DF) multiplied by LOQ was used for data analysis. Descriptive statistics 197 

was performed on Excel while t-test, analysis of variance (ANOVA), and principal component 198 

analysis (PCA) were performed using R. Our data were not normally distributed so non-199 

parametric equivalents of the tests for difference were performed. The probability value of p < 200 

0.05 was set as the level for statistical significance. Principal component analysis (PCA) was 201 

used to determine profiles, predict patterns, and identify sources of studied compounds in soil 202 

and dust samples. The first two principal components (PCs) with Eigen values above 1 were 203 

retained as the most significant factors, especially for biplot illustration. However, PC 3, with 204 

an Eigenvalue close to 1 (0.97), was also included in a discussion where needed. Factor 205 

loadings and factor scores were used to explain the patterns and profiles of the compounds.  206 

Spatial distribution analysis was performed on ArcMap 10.3 using the Kriging spatial 207 

interpolation method. Kriging is a geostatistical interpolation technique that takes into account 208 

the degree of variation between known data points in establishing unbiased estimates in 209 

unknown regions (Thompson et al., 2012). 210 

 211 
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2.7 Exposure and risk assessments 212 

Ingestion and dermal uptake of chemical compounds from the upper surface layer of soil and 213 

outdoor dust were the major identified pathways of non-dietary human exposure in the 214 

investigated e-waste sites. These two matrices (i.e., surface soil and outdoor settled dust) are 215 

similar in the context of risk assessment (USEPA, 2017) and, as such, the same exposure and 216 

risk factors were employed for both matrices. The human health risks from ingestion and 217 

dermal uptake were assessed for adult e-waste workers considering both a 100% absorption 218 

fraction (worst-case scenario) and the absorption based on the calculated bio-accessible 219 

fraction of contaminants. The estimation of risk was proceeded by first determining the 220 

estimated daily intake (EDI) from exposure to contaminants in e-waste outdoor dust and soil 221 

samples followed by assessing the associated non-carcinogenic (hazard quotient, HQ) and 222 

carcinogenic (CR) health risks. 223 

The EDI was calculated employing Eq. 1 and Eq. 2, modified from Ge et al. (2020), for dust 224 

and soil ingestion and dermal uptake, respectively.  225 

 226 𝐸𝐷𝐼𝑖𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =  𝐶𝑆 ×𝐼𝑅 ×𝐶𝐹×𝐸𝑇𝐹×𝐸𝐹×𝐸𝐷 𝐵𝑊×𝐴𝑇     Eq.1 227 𝐸𝐷𝐼𝑑𝑒𝑟𝑚𝑎𝑙 =  𝐶𝑆 ×𝐶𝐹×𝑆𝐴 ×𝐴𝐹×𝐴𝐵𝐷×𝐸𝑇𝐹×𝐸𝐹×𝐸𝐷 𝐵𝑊×𝐴𝑇    Eq. 2 228 

 229 

where CS (mg/kg) was the concentration of the chemical in the sample (using median and the 230 

95th percentile concentrations of the chemical to represent a medium and a worst-case scenario 231 

in studied e-waste sites); IR (mg/day) was the daily ingestion rate for soil/dust; EF (day/year) 232 

is the exposure frequency; ED (year) was the exposure duration; BW (kg) was the body weight; 233 

AT (day) was the average exposure time; ETF (hours/day), exposure time fraction, was the 234 

fraction of the day that an e-waste worker was exposed; ABD, as the fraction of contaminant 235 

absorbed dermally from soil; SA (cm2) was the exposed skin surface area; AF (mg/cm2/day) 236 

was the skin adherence factor; CF (dimensionless) was the conversion factor. Specific values 237 

of risk parameters employed are listed in Table S4 and Table S5. 238 

The non-carcinogenic HQ and carcinogenic risk (CR) were estimated employing Eq. 3 and Eq. 239 

4 respectively. 240 𝐻𝑄 =  𝐸𝐷𝐼𝑅𝑓𝐷        Eq. 3 241 𝐶𝑅 =  𝐸𝐷𝐼 × 𝑆𝐹𝑂      Eq. 4 242 

Jo
ur

na
l P

re
-p

ro
of



HQ was determined as the ratio between the calculated EDI and the reference dose factor (RfD) 243 

of selected compounds. HQ values equal to or greater than 1 indicate a potential exposure risk 244 

for the target population (USEPA 2017). CR was determined by multiplying the EDI by the 245 

oral slope factor (SFO), when available. Samples with CR value below 1.0 × 10-6 indicate 246 

negligible cancer risk, whereas a value between 1.0 × 10-6 and 1.0 × 10-4 suggests potential 247 

cancer risk, and a value above 1.0 × 10-4 indicates high-potential risk (EPA, 2000). Details of 248 

the selected compound bioaccessibility and their carcinogenic (SFO) and non-carcinogenic 249 

(RfD) risk factors are presented in Table S5. 250 

 251 

3. Results and discussion 252 

3.1 Concentrations and patterns of compounds in e-waste soil and settled outdoor dust 253 

samples 254 

Five classes of persistent organic compounds were measured, viz., PBDEs, DBDPE, DP, PCBs 255 

and OCPs. The flame retardants (PBDEs, DBDPE, and DP) were detected in almost all 256 

samples, with average DFs of 98%, 99%, and 99%, respectively, while the chlorinated POPs 257 

(PCBs and OCPs) had average DFs of 75% for PCBs and 38% for OCPs. The total 258 

concentration range of targeted classes of compounds was in the order: ∑10PBDEs (44 - 12,300 259 

ng/g) > DBDPE (4.9 - 3032 ng/g) > ∑2DP (0.7 - 278 ng/g) > ∑32PCBs (4.9 - 148 ng/g) > 260 

∑12OCPs (1.9 - 25 ng/g) for outdoor dust and DBDPE (4.9 - 9647 ng/g) > ∑10PBDEs (90.3 - 261 

7548 ng/g) > ∑32PCBs (6.1 - 5025 ng/g) > ∑12OCPs (1.9 - 250 ng/g) > ∑2DP (2.1 - 142 ng/g) 262 

for soil. The percentage median contributions in dust samples were PBDEs (87%) > DBDPE 263 

(11%) > DP (0.8%) > PCBs (0.3%) > OCPs (0.1%). For soil, contributions were in the order: 264 

PBDEs (50%) > DBDPE (39%) > PCBs (8%) > DP (2%) > OCPs (1%). The median 265 

contribution of PBDEs exceeded those of other compounds for both dust and soil samples.  266 

In the e-waste dismantling sites (sites 1, 2, 6, and 7), PBDEs exceeded other classes of 267 

compounds (Fig. 1a and 1b), whereas one of the other compounds predominated at the e-waste 268 

dumpsites (sites 3, 4 and 5). This indicates that samples from the e-waste dismantling and 269 

dumpsites significantly varied in terms of chemical compositions. A t-test was conducted to 270 

compare the concentrations of targeted compounds based on sampling location (Lagos versus 271 

Ogun), site activity (dismantling versus dumpsite), and sample type (soil versus dust). For the 272 

first descriptor (sampling location), it was observed that the concentrations of all studied 273 

compounds (except PBDEs) were significantly different, while the concentrations of PBDEs 274 

did not differ statistically between Lagos and Ogun (p = 0.552). As expected, e-waste samples 275 

from Lagos State, which is more densely populated and urbanized, were significantly more 276 
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polluted by studied compounds compared to samples from Ogun. For the second descriptor 277 

(site activity), all compounds but DP (p = 0.504) had significantly differnet in the 278 

concentrations between dismantling and dumpsite, confirming the variation in chemical 279 

composition in e-waste dismantling and dumpsites. Regarding sample type, the concentrations 280 

of DP and DBDPE were not statistically different between dust and soil samples, while PBDEs 281 

exhibited higher levels in dust (p < 0.001), and PCBs and OCPs showed higher concentrations 282 

in soil. Since the sampled outdoor dust might have been a lighter fraction of the soil redeposited 283 

on surfaces, compounds with higher volatility, like the lighter brominated flame retardants, 284 

might have volatilized and redeposited on outdoor surfaces. Furthermore, non-parametric one-285 

way ANOVA performed to test the statistical difference in concentrations of targeted 286 

compounds in samples from all e-waste sites revealed significant concentration differences (p 287 

< 0.05) for DBDPE, PCBs, OCPs, PBDEs, and DP.  288 

 289 

3.1.1 PBDEs  290 

All analysed PBDE congeners, except for BDE 28, were found in e-waste outdoor dust 291 

samples, while five congeners (BDE 47, BDE 99, BDE 153 and 154, and BDE 209) were 292 

present in all soil samples. The median ∑10PBDE level in dust samples (n = 20) was 3680 ng/g. 293 

A median concentration of 3050 ng/g and a range of 31 to 11450 ng/g for BDE 209 (Fig. 2a) 294 

made it the most abundant congener among the 10 PBDEs that were analysed. The median 295 

BDE 209 concentration, which was more than 10 times the concentration of the second-highest 296 

BDE (BDE 99), corresponded to 84% of the total median PBDE concentration in all dust 297 

samples. The median BDE 209 concentration obtained equates to 72% of the total median 298 

PBDE concentration in the soil samples and was more than 5 times greater than the second 299 

highest congener (BDE 99). When comparing PBDE concentrations in dust and soil samples, 300 

it appears that the higher levels found in outdoor dust may be due to the redeposition of PBDEs 301 

from soil onto surfaces, as well as pre-existing PBDEs in certain stacked e-waste products. 302 

Samples were collected from settled dust on stacked car headlights, brake lights, hoods, doors, 303 

and dashboards. Considering site-specific concentrations, PBDEs contributed approx. 90% of 304 

the overall chemical concentrations at dust e-waste dismantling sites 2, 6, and 7 compared to 305 

72% in dismantling site 1. Whereas, for sites 1 through 7, the percentage contributions of 306 

PBDEs in soil samples were 79%, 83%, 14%, 15%, 29%, 81%, and 79%, respectively (Fig. 1a 307 

and 1b). This showed the overall dominance of PBDEs in both dust and soil samples from e-308 

waste dismantling sites (Table S6 and S7). Whereas in dumpsites (sites 3, 4, and 5), the 309 

percentage contributions of PBDEs were below 30%. The total median concentration of all 310 
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PBDEs measured in dust samples was 3880, 4460, 3720, and 1790 ng/g for e-waste dismantling 311 

sites 1, 2, 6 and 7, respectively. Site 2 had the highest median value and sample D8 (JK_03), 312 

which was a settled dust sample on stacked car inner doors and linings, venders, and dashboard 313 

components, contributed the highest total PBDE value of 11,300 ng/g in site 2. For site-specific 314 

soil concentrations, the total median values of all PBDEs were 4280, 1420, 580, 480, 1360, 315 

3720, and 1720 ng/g for sites 1 to 7 respectively (Table S8 and S9). The trend in abundance of 316 

measured PBDE congeners was similar in all dust and soil samples from e-waste dismantling 317 

sites and BDE 28 consistently had the least value. Median congener concentrations across 318 

dumpsites exhibited a slightly different trend, consistently BDE 183 which was among the least 319 

dominant congeners in the dismantling sites was found to be one of the first four congeners in 320 

the dumpsites.  321 

In a study conducted in South China (Zheng et al., 2015) BDE 209 was found to dominate e-322 

waste indoor dust, contributing 84% to 90% of the sum of PBDEs, with reported concentrations 323 

that ranged from 146 to 232,000 ng/g. These levels were more than an order of magnitude 324 

greater than concentrations obtained in both outdoor dust and soil samples from this study. 325 

Another study in China on PBDEs in soil samples from e-waste sites reported levels of BDE 326 

209 that ranged from 10 to 234,000 ng/g (Ge et al., 2020). Tue et al. (2013) reported that levels 327 

of PBDEs ranged from 30 to 7900 ng/g in indoor dust samples from Vietnamese informal e-328 

waste recycling sites. These levels were about two times lower than the PBDE concentration 329 

range reported in this study. A study by Wang et al. (2011) measured the levels of PBDEs in 330 

soil samples collected near an e-waste recycling site in South China. BDE 209 concentration 331 

range (3.2 to 284 ng/g) lower than those reported in this study was obtained (Wang et al., 2011). 332 

A study in Ghana investigated the levels of PBDEs in soil samples from a major e-waste site 333 

in Agbogbloshie and reported BDE 209 concentrations that ranged from <LOQ to 8800 ng/g 334 

(Moeckel et al., 2020). These levels were within range compared to those in soil samples from 335 

the present study.  336 

 337 

3.1.2 DBDPE and DP 338 

Concentrations of DBDPE in dust samples ranged from 4.9 to 3030 ng/g, with a median value 339 

of 490 ng/g. This range is lower than that of e-waste soil samples, which had DBDPE that 340 

ranged from 4.9 to 9650 ng/g and a median value of 590 ng/g. The median concentrations of 341 

DBDPE in samples from e-waste dumpsites (sites 3, 4 and 5) were 3090, 495, and 3121 ng/g, 342 

respectively (Table S8). These values exceeded the median ∑10PBDEs obtained in these 343 

dumpsites. Median DBDPE levels of all compounds measured in sites 3 and 5 were the highest 344 
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at both sites (Table S8, and Fig. 1b). The dominance of DBDPE in sites 3 and 5 could be 345 

because these dumpsites harbour e-wastes that could contain more novel FRs like TVs, TV 346 

motherboards, refrigerators, microwave, kettle heater and other kitchen electronic devices 347 

unlike dumpsite 4, which is dominated by old generators and motorcycles. The median DBDPE 348 

values in the dismantling sites (sites 1,2,6, and 7) were second to PBDEs in abundance both 349 

for dust samples and soil samples (Table S6 and S7, Fig. 1a and 1b). From the results obtained 350 

for DBDPE in this study, it is possible to speculate that DBDPE contamination at e-waste 351 

facilities will continue to rise in the future, as modern e-waste is being generated, dismantled, 352 

and dumped.  353 

Also, DP has been produced and used as a replacement for PBDEs. The sum of these two major 354 

DP isomers (syn- and anti-DP) ranged from 0.7 to 278 ng/g, with a median value of 34 ng/g in 355 

all dust. For soil, a range of 2.1 to 142 ng/g and a median of 24.1 ng/g were obtained. Higher 356 

levels of the syn-DP isomer were observed in dust samples, while both isomers had about the 357 

same concentrations in soil samples. The highest concentration of DP in dust and soil samples 358 

from dismantling sites was recorded in samples from dismantling site 1, while a sample from 359 

site 5 had the highest concentration of DP in e-waste dumpsite soils.  360 

Generally, the concentrations of DP were significantly lower than those of DBDPE in both dust 361 

and soil samples. Median DP concentrations in e-waste sites ranged from 18 ng/g (site 7) to 53 362 

ng/g (site 1) for dust samples and 5.4 ng/g (site 1) to 43 ng/g (site 7) for soil samples. 363 

Comparison of results from this study with previous related works for dust and soil samples 364 

from e-waste sites revealed a similar concentration difference, where concentrations of DBDPE 365 

are about 5 to 10 times higher than those of DP (He et al., 2017; Hoang et al., 2022; Zheng et 366 

al., 2015).  367 

 368 

3.1.3 PCBs  369 

The levels of PCBs in settled surface dust samples from e-waste sites were generally low, with 370 

% composition of less than 1% of the total classes of compounds measured in this study (Fig. 371 

1a). The range of ∑32PCB in all dust samples was 4.9 to 148 ng/g. The maximum concentration 372 

of dust was found in site 1. Total median concentrations of PCBs in dust were 62 ng/g, 31 ng/g, 373 

11 ng/g, and 10 ng/g for sites 1, 2, 6 and 7, respectively (Table S9). Interestingly, levels of 374 

PCBs in soil were significantly greater than in dust (p < 0.001). A range of ∑32PCB in all soil 375 

samples was 6.1 to 5025 ng/g. It could therefore be deduced that soil samples were more 376 

impacted by PCBs compared to outdoor dust in the Nigerian outdoor e-waste environment, 377 

implying that PCBs adhere more to soil compared to finer dust particles. 378 
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The maximum level of ∑32PCB in soil in this study is about six times higher than 830 ng/g for 379 

∑32PCB reported in soil samples collected from an e-waste recycling site in Agbogbloshie, 380 

Ghana (Moeckel et al., 2020) and two and half times higher than 1960 ng/g for ∑38PCB in soils 381 

from e-waste region in South China (Liu et al., 2013). The total median concentration of PCBs 382 

in soil samples from sites 1 through 7 were 209, 33, 405, 790, 270, 20, and 15 ng/g respectively 383 

(Table S10), while the median concentrations of ∑32PCB in soil from the seven sites were 216, 384 

52, 416, 2060, 361, 37, and 16 ng/g for sites 1 to 7, respectively. These concentrations 385 

correspond to a range of 3% (site 2) to 66% (site 4) of the total compound composition in the 386 

seven sites (Fig. 1). A soil sample from site 4 had the maximum ∑32PCB concentration (5025 387 

ng/g). Site 4 is a dumpsite that predominantly harbours old generators and motorcycles, which 388 

is likely the reason for the dominance of PCBs in this site.  389 

Overall, hexa-CBs (CB 138 and CB 153) and hepta-CB 180 were the most abundant congeners 390 

in outdoor dust, while penta-CB 110 and tetra-CB 66 were the most predominant in soil 391 

samples from all seven sites. The predominance of hexa-CBs in the outdoor dust samples is in 392 

accordance with PCB studies in outdoor dust from urban areas in China (Wang et al., 2013). 393 

Similarly, the abundance of tetra- and penta-CBs as observed in our soil samples was reported 394 

in soils from suburban cities in Kenya (Sun et al., 2016) and urban cities in India (Chakraborty 395 

et al., 2016). This trend differs from that observed in the e-waste recycling site in 396 

Agbogbloshie, Ghana (Moeckel et al., 2020) and electrical power station in Nigeria (Folarin, 397 

Abdallah, et al., 2018), where hexa-CBs dominated. Generally, the concentrations of PCBs in 398 

samples from the present study were up to 1 to 3 orders of magnitude greater than in other 399 

studies where e-waste activities were not conducted (Jiang et al., 2011; Melnyk et al., 2015). 400 

This reveals the pollution effects that may be associated with e-waste processes and their 401 

possible implications on environmental and human health. 402 

 403 

3.1.4 OCPs  404 

The levels of OCPs in all soil and outdoor dust samples were generally low, with concentrations 405 

that ranged from 1.9 to 25 ng/g and 1.9 to 250 ng/g for dust and soil respectively. Results for 406 

site-specific concentrations of OCPs are presented in Tables S11 and S12. As observed for 407 

PCBs, levels of OCPs were significantly higher in soil samples (p < 0.0001) than in outdoor 408 

dust. PCBs and OCPs are among the earliest POPs and the availability of chemicals in soil has 409 

been reported to decrease over time (Wong et al., 2012). This may have resulted in the reduced 410 

volatility of PCBs and OCPs in this study, for soil-air exchange, and subsequently decreasing 411 

the levels of deposition of these compounds in settled outdoor dust. 412 
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The OCP concentrations in this study correspond to an average of approx. 0.1% and 1% of all 413 

compounds measured for dust and soil samples, respectively. The highest total median 414 

concentration of all studied OCPs per e-waste site was 113 ng/g, at site 5. Similarly, the 415 

maximum concentration of ∑12OCP (250 ng/g) was found in a sample from site 5. DDT, 416 

followed by its transformation products (DDD > DDE), and HCB, were the OCPs that 417 

contributed the most to the ∑12OCP in dust and soil samples. The dominance of DDT among 418 

the measured OCPs in e-waste samples could be due to its release from coated e-waste 419 

materials since the use of DDT as an antifouling agent in paints continued years after its ban 420 

(Lv et al., 2022). However, our results could not fully support this hypothesis, further studies 421 

to trace the source using isomer/congener ratios as identifiers may be warranted (Qiu and Zhu, 422 

2010). The samples with the highest concentrations of HCB were soil samples from site 3, a 423 

dumpsite in Lagos State. The levels of HCB obtained in soil samples from this site could be 424 

associated with burning activities observed in some sessions of the dumpsite considering that 425 

HCB could be released as a by-product from combustion of e-waste materials (Weber et al., 426 

2008).  427 

 428 

3.2 Spatial distribution of investigated compounds in soil and settled dust  429 

The measured concentrations of targeted compounds in outdoor dust and soil at each sampling 430 

site were analysed concerning geographic information obtained from the sampling points, 431 

including longitudes and latitudes. The interpolation method used in the spatial analysis 432 

predicted the spread of chemical concentrations in the areas adjacent to the sample sites in the 433 

two states where samples were collected, relative to known concentrations, given that these 434 

sites were representative of the region and similar sites exist throughout the region. (Fig. 3 and 435 

Fig. S2).  436 

Significant spatial variations in compound concentrations were observed across longitudes and 437 

latitudes. This was depicted by the difference in the intensity of colours observed in the spatial 438 

maps. Overall, the concentration of targeted compounds in the north and northeast regions of 439 

Site 6 and Site 7 in Ogun State was lower than in other areas. The PBDE concentrations were 440 

predicted to be between moderately low to high concentrations in Ogun State, even though our 441 

sampling points were dominated by moderately high concentrations. In Lagos State, there were 442 

areas predicted to have very high, high, moderately high, and low concentrations of PBDEs 443 

(Fig. 3a). For DBDPE (Fig. 3b), a large part of Ogun State was predicted to have moderately 444 

low concentrations of DBDPE. In contrast, Lagos was predicted to have moderately high to 445 

very high concentrations of DBDPE. For PCBs (Fig. S2b), the spatial interpolation predictive 446 
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model revealed that, even though the highest concentration of PCBs was found in a dumpsite 447 

in the area surrounding Site 4, this did not translate to a significant spread of PCBs across 448 

neighbouring areas. Only a small portion of Lagos was predicted to have moderately low to 449 

moderately high concentrations of PCBs while other areas were typically predicted to be low. 450 

Concentrations of DP and OCPs were generally low in this study. However, relative to this 451 

low-concentration data, it was predicted that areas in Lagos State were dominated by higher 452 

concentrations of DP and OCPs compared to Ogun State (Fig. S2a and S2c). Similar spatial 453 

variations in the concentration of chemicals across investigated areas have been reported in 454 

previous studies (Hong et al., 2018; Liu et al., 2016; Vane et al., 2021; Zhu et al., 2018). 455 

Among district areas, the highest concentration densities and spread of target compounds were 456 

found in Kosofe (sites 1 and 4), Ojo (site 3), and Surulere (site 5), which are urbanised and or 457 

industrialized regions in Lagos, Nigeria. POP contamination in dust tends to correlate with the 458 

level of urbanization in the sampling area (Akinrinade et al., 2020). Given the current and 459 

increasing demand for consumer goods, digital devices and consumables in African countries, 460 

it is foreseeable that these concentrations will increase shortly. Although based only on a 461 

limited number of sampling sites, the spatial results in this study could indicate that Nigeria's 462 

e-waste sites are point sources of POP emissions. 463 

 464 

3.3 Source Apportionment 465 

Four principal components (PCs) of the PCA could explain 100% of variations observed in the 466 

five classes of studied compounds (PBDEs, DBDPE, DP, PCBs, and OCPs), with the first two 467 

components explaining almost 70% of the total variations. Principal component 1 (PC 1) 468 

explained 48.2% while 20.4% was explained by principal component 2 (PC 2). In addition, the 469 

Eigenvalues obtained (Table S13) confirm the worth of the variability explained, with values 470 

of 2.4 for PC 1 and 1.02 for PC 2. This implies that PC 1 was able to explain close to half of 471 

the total variable worth. PBDEs accounted for the highest variability in PC 1, followed by 472 

DBDPE. For PC 2, DP, PCBs and DBDPE, in this order, accounted for over 95% of the total 473 

variation explained by PC 2. Consistently, DBDPE was among the first three contributing 474 

variables in PCs 1, 2 and 3. The high loadings of the BFRs in the PCs signify their incorporation 475 

into many e-waste products. 476 

The PCA biplot for both observations (samples) and variables (compounds studied) are 477 

presented in Fig. 4a. The results revealed PBDEs as the most negatively correlated variable 478 

with PC 1 and DBDPE as the most positively correlated variable with PC 1. This implies that 479 

the loadings of flame retardants in the investigated e-waste environment could be associated 480 
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with the dismantling and dumping of materials containing PBDEs, followed by DBDPE and 481 

DP. In addition, PCBs were the most significant legacy chlorinated POPs contributor at studied 482 

e-waste sites. 483 

To further explain the variations observed, a biplot of PC scores for both variables and samples 484 

were grouped. It was observed from grouping based on sample type (dust vs. soil, Fig. S3) that 485 

all dust samples formed a virtual cluster with PC2 values below 0, primarily driven by the 486 

dominant influence of PBDE concentrations on the observed variance. In addition, about 13 of 487 

the 20 dust samples were positively correlated with PC 2, just as PBDEs. Dust samples in this 488 

study, which were all from dismantling sites, could be said to be influenced more by PBDEs. 489 

For soil, there were no significant clusters. However, a large influence from DBDPE and 490 

partially PBDEs was observed. 491 

There was a significant difference in the source of compounds when the samples were grouped 492 

based on activity conducted at dismantling or dumping sites (Fig. 4b). Most samples from e-493 

waste dismantling sites were negatively correlated with PC 1, just as PBDEs, reflecting the 494 

influence of PBDEs in dismantling sites. Almost all samples from e-waste dumpsites were 495 

positively correlated with PC 1 just as PCBs, OCPs, and DBDPE, suggesting the contribution 496 

of these compounds in e-waste dumpsites. It is noteworthy that DBDPE showed a strong 497 

negative correlation with PC2 just as ca. 40% of samples from dismantling sites and 60% of 498 

samples from dumpsites, inferring a significant contribution to the sources of POPs by this 499 

compound at both e-waste dismantling and dumpsites.  500 

For site-specific grouping (Fig. S4), it could be seen that only samples from site 4 were found 501 

to be significantly positively correlated with both PC 1 and 2, just as PCBs. The remaining two 502 

dumpsites (sites 3 and 5) showed some similarities in the source. Samples from these two sites 503 

formed a cluster with PC1 values above 0 (Fig. S5), just as PCBs, OCPs, and DBDPE. In 504 

addition, samples from both sites were negatively correlated with PC 2 (like DBDPE). This 505 

revealed that, in addition to PCBs, investigated dumpsites are majorly influenced by sources 506 

that emit DBDPE in the e-waste environment. Sites 1, 2, 6 and 7 (the dismantling sites) were 507 

found to be mostly negatively correlated with PC 1 like PBDEs, reflecting significant 508 

contributions of PBDEs in studied dismantling sites. 509 

 510 

3.4 Effect of particle size fractionation 511 

Previous studies indicated that concentrations may vary between different particle sizes of dust 512 

and soil samples which consequently may influence the extent of human exposure (Cao et al., 513 

2012; Christia et al., 2021). This could be attributed to the larger surface area of the finer 514 
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particles compared to bigger ones. In this study, the concentrations of studied compounds were 515 

compared in seven soil samples, one sample per e-waste site, which were further sieved from 516 

500 to 180 µm (Table S14). The results revealed significant differences between the 517 

concentrations in the two fractions for all classes of compounds, with the 180 µm fraction 518 

having a higher concentration in all seven samples. The 180 µm soil fraction was 82%, 80%, 519 

72%, 69% and 87% of the total median concentrations of both fractions for PBDEs, DBDPE, 520 

DP, PCBs, and OCPs respectively. The results showed the significance of particle size 521 

fractionation on levels of pollutants and presumed toxic implications from exposure to 522 

contaminants in soils. Exposure and risk assessment associated with the intake of soil, 523 

presented in this study, were based on concentrations obtained using a 500 µm sieve. Therefore, 524 

there is a greater likelihood of higher risks if exposure were assessed using soil fractions with 525 

smaller particle sizes. 526 

 527 

3.5 Human exposure and health risk assessment via oral ingestion and dermal uptake 528 

Non-dietary exposure is important in explaining the body burden of POPs in an e-waste 529 

environment where soil and outdoor dust may have a significant impact on human exposure. 530 

The results of compound-specific daily intakes obtained in this present study are presented in 531 

Table S15 and S16 and site-specific EDIs are in Fig. 5a and b. Fig. 5c and d show the HQ levels 532 

at median concentrations and 95th percentile concentrations of studied contaminants at e-waste 533 

sites for dust and soil. A similar illustration is presented in Fig. 5d and e for CR.  534 

Comparing results obtained for the two exposure routes assessed, ingestion was found to be 535 

statistically significant, with intake values about 8 to 10 times higher than dermal exposure. 536 

The difference obtained in our study was in accordance with previous reports (An et al., 2022; 537 

Ge et al., 2020; Sohail et al., 2018). Total median EDI (summation of ingestion and dermal 538 

exposures) of selected contaminants in outdoor dust and soil ranged from 0.00018 to 2.69 ng/kg 539 

bw/day and 0.00018 to 2.25 ng/kg bw/day respectively for 100% absorption of contaminant. 540 

Considering that not all contaminants present in the samples are bioavailable for absorption by 541 

humans, exposure was also assessed based on the bio-accessible fractions. The bio-accessible 542 

median EDI obtained for outdoor dust and soil ranged from 0.00009 to 0.13 ng/kg bw/day and 543 

0.00009 to 1.15 ng/kg bw/day respectively. At the 95th percentile, the highest values obtained 544 

for outdoor dust were 6.7 and 1.0 ng/kg bw/day for absolute and bio-accessible exposures, 545 

respectively. The corresponding values for soil were 4.2 and 1.2 ng/kg bw/day, respectively. 546 

Overall, the absolute and bio-accessible EDI values of outdoor dust were comparable with soil.  547 
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For compound-specific EDI values, it was observed that the PBDEs, with BDE 209 being the 548 

highest, exceeded all other compounds. A similar trend of EDI values was observed in both 549 

dismantling and dumpsites, except dumpsite 4, where ∑24PCBs had the highest EDI value. The 550 

OCPs consistently had the least EDI values. The corresponding bio-accessible EDI values 551 

followed a similar pattern in all dismantling sites. However, the three dumpsites (sites 3, 4, and 552 

5) all had EDI values for ∑24PCBs exceeding other studied compounds, including BDE 209. 553 

This could be explained by the higher concentrations of PCBs observed in dumpsites compared 554 

to levels in dismantling sites coupled with the higher bio-accessibility values of PCBs 555 

compared to PBDEs.  556 

The HQ of BDEs 47, 99 and 153 were considered in addition to BDE 209, since these PBDE 557 

congeners have RfD values. The overall median hazard quotient values were all below 1 and 558 

ranged from 0.002 (site 6) to 0.008 (site 2) for dust and 0.002 (site 7) to 0.05 (site 4) for soil. 559 

The HQ levels at the 95th percentile were 0.01 (site 7) to 0.04 (site 2) and 0.006 (site 6) to 0.13 560 

(site 4) for dust and soil respectively. The corresponding bio-accessible values were about 2 to 561 

4 times lower. As shown in Fig. 5c and d, the measured concentrations of micropollutants do 562 

not pose significant non-carcinogenic risks to humans. The HQs for exposure to contaminated 563 

outdoor dust and soil samples at e-waste dismantling sites were typically in the order: ∑24PCBs 564 

> BDE 99 > BDE 47 > BDE 209 > BDE 153 > HCB > p,p’-DDT > p,p’-DDD > p,p’-DDE, 565 

while a trend of ∑24PCBs > HCB > BDE 99 > BDE 47 > BDE 209 > BDE 153 > p,p’-DDT > 566 

p,p’-DDD > p,p’-DDE was observed at e-waste dumpsites. Consistently, PCBs had the highest 567 

HQ values in soil samples from all sites. However, while the PBDEs followed the PCBs at e-568 

waste dismantling sites, HCB was in second place at e-waste dumpsites. This agrees with 569 

HCB's low RfD coupled with its higher concentration in dumpsites compared to dismantling 570 

sites. 571 

The CR at median concentrations from exposure to contaminated outdoor dust ranged from 2.6 572 

× 10-8 (for site 7) to 1.6 × 10-7 (for site 1) while at the 95th percentile values obtained ranged 573 

from 4.2 × 10-8 (for site 7) to 3.1 × 10-7 for site 1). The corresponding bio-accessible CR values 574 

were 2 to 4 times lower than the absolute CR values, with all bio-accessible CR values between 575 

10-8 to 10-7. The CR values obtained for exposure to contaminated dust were all below the 576 

lower USEPA limit (1.0 × 10-6), implying that exposure to investigated contaminants in dust 577 

only, at the e-waste sites, is not likely to cause cancer. For soil, the overall cancer risk at median 578 

levels ranged from 4.7 × 10-8 (for site 7) to 1.1 × 10-6 (for site 4). The bio-accessible levels at 579 

median concentration ranged from 2.1 × 10-8 (for site 7) to 1.8 × 10-6 (for site 4). Noteworthy 580 

is the fact that a dismantling site (site 4) had CR, at both absolute and bio-accessible levels, 581 
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within the USEPA CR area of concern (1.0 × 10-6 - 1.0 × 10-4), implying the possibility of 582 

cancer from exposure to studied contaminants in this e-waste site. At 95th percentile 583 

concentration CR levels were as high as 10-5.  584 

The results revealed that three dumpsites (sites 3, 4 and 5) and one dismantling site (site 1) had 585 

CR above the lower USEPA limit (Fig. 5 d and e). Even for bio-accessible CR at 95th percentile 586 

concentrations, CR values were as high as 10-6, with two sites exceeding the lower USEPA CR 587 

limit. The cancer risks associated with exposure to contaminated samples at e-waste sites were 588 

typically in the order: PCBs > BDE 209 > HCB > p,p’-DDT > p,p’-DDD > p,p’-DDE. 589 

Generally, PCBs had the highest carcinogenic risk levels at all sites which conformed with 590 

PCBs' highest SFO amongst studied compounds. Overall, no site had CR levels above the 591 

USEPA upper limit (1.0 × 10-4), thus with no indication of high-potential risk. 592 

 593 

4. Conclusions 594 

In this study, several persistent organic pollutants were found in outdoor dust and soil samples 595 

from seven e-waste sites in two Southwestern States in Nigeria. This study also provides the 596 

first report on DBDPE and DP in Nigeria. Spatial analysis conducted revealed e-waste sites as 597 

points of diffusion of POPs, with the prediction of low to high levels of organic compounds in 598 

areas not investigated previously. Pollution at dumpsites was found to be significantly 599 

associated with the legacy chlorinated POPs, PCBs and OCPs, while the greatest contribution 600 

from PBDEs was observed at dismantling sites, implying that pollutants associated with 601 

activities at dismantling and dumpsites are likely to be different. DBDPE was found to be a 602 

significant contributor to the contamination at both e-waste dismantling and dumpsites. The 603 

effect of particle size fractionation showed that finer particles might contain higher 604 

concentrations of compounds than the rougher ones, signifying the possibility of higher health 605 

risks from exposure to contaminants in finer particles. Daily intake of contaminants at 606 

investigated e-waste environments posed no non-carcinogenic adverse effects. However, the 607 

carcinogenic risk raises concern as more than half of the investigated e-waste sites had cancer 608 

risk levels that exceeded the USEPA lower threshold.  609 
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Fig. 1. Percentage composition of the investigated compounds in dust (a) and soil (b) collected from e-waste sites in Nigeria. In this figure, 

proportional contributions > 5% are labelled. In this figure, BDE 209 is considered to be a single component contributor to the total concentration 

in the samples.

Jo
ur

na
l P

re
-p

ro
of



2 

 

 

Fig. 2. Box plots of the investigated compounds in outdoor dust versus soil (a) and in dismantling sites versus 

dumpsites (b). In this figure, the boxplots represent the 25th to 75th percentiles of the concentrations, the 

triangle represents the mean of the data set, while the line in the box represents the median. The upper and 

lower whiskers represent the 5th and 95th percentiles of the concentrations in the data set, respectively. 
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3 

 

Fig. 3. Spatial maps of PBDEs (a) and DBDPE (b) in dust and soil samples
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4 

 

 

Fig. 4. PCA Biplot (a) e-waste samples and variables (b) e-waste sample grouped based on activity. 
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5 

 

 

Fig. 5. Estimated daily intake (EDI) (ng/kg bw/day) (a) dust (b) soil; HQs in (c) dust (d) soil; 

CR in (e) dust (f) soil at absolute and bio-accessible median & 95th percentile concentrations 

for studied contaminants in investigated e-waste sites. 
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Highlights 

• First report on DBDPE and DPs in dust and soil from Nigeria. 
• POPs composition varies at dismantling and dumpsites. 
• Results indicated that e-waste sites are points for diffusion of POPs. 
• Particle size fractionation of soil affects POPs concentration. 
• Cancer risk levels exceeded the lower USEPA threshold at some e-waste sites. 
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