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Abstract 

Over 1000 people make a living by processing electronic and electrical waste (E-waste) and 

scrap metals for the recovery of valuable metals and integrated circuits at Dagomba Line, 

Kumasi, Ghana. These processing include activities such as dismantling, open burning and open 

dumping of e-waste which can potentially release toxic metals into the environment and thus 

impact the health of recyclers and nearby residents.  This study investigated the distribution of 

toxic metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Sb, and Zn) in surface soils at the e-waste recycling 

sites and determined the associated human health risk via ingestion incorporating bioaccessibility 

measurements. Metal concentrations in the activity sites were highly elevated, significantly 

higher than those in the surrounding area and exceeded international soil quality guidelines such 

as the Canadian soil quality guidelines for residential use and the Dutch Intervention Value. 

Bioaccessibility was high for Pb (70.8%), Cd (64.1%), Cu (62.3%) and Ni (53.6%) which could 

be credited to the existence of oxidized species as a result of the e-waste burning. Non-

carcinogenic effects were unacceptably high (hazard indices > 1) at 14 out of 31 sites and the 

cancer risk for arsenic for adult workers was greater than 1 × 10−5 at five of the sampling sites. 
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Introduction 

Potentially toxic metals and metalloids such as antimony, arsenic, cadmium, chromium, 

copper, lead, mercury, nickel and zinc occur naturally in the environment in trace amounts 

through natural weathering of rocks and volcanic releases (Tchounwou et al. 2012). However, 

contributions from anthropogenic activities such as mining, the combustion of fossil fuels and 

the release of sewage has been of growing concern (De Pledge et al. 2009). The widespread 

applications of the heavy metals in various areas – medicine, agriculture, domestic, electronic 

and industrial processes – have made their ubiquitous presence unsurprising (Kim et al. 2015). 

For simplicity, metals and metalloids are collectively referred to as metals in this paper. 

Discarded electrical and electronic equipment such as TVs, computers, laptops, phones, 

refrigerators (E-waste) contain trace metals which are used in different components. Worldwide 

44.7 million tonnes of E-waste were generated in 2016 out of which only 20% were 

appropriately recycled (Balde et al. 2017). The remaining amount is largely unaccounted for and 

is either traded as second-hand goods, informally recycled or disposed of in landfills. Informal 

recycling methods involve mechanical disassembly followed by acid leaching or open burning to 

recover valuable metals such as Fe, Cu, Al, Ag, Au and Pd (Balde et al. 2017). The informal 

recycling of E-waste has been shown to introduce various metals (Ag, Cd, Co, Cr, Cu, Hi, Ni, 

Sb, and Zn) into the surrounding soils (Ackah 2019; Adesokan et al. 2016; Cao et al. 2020; Han 

et al. 2019; Li et al. 2011; Moeckel et al. 2020; Ouabo et al. 2019; Singh et al. 2018). 

Exposure of humans to metals in a contaminated soil occurs via ingestion (intended or 

accidental), indirect ingestion, (e.g., consuming foods and drinks with particles of the 

contaminated soils), dermal contact, or inhalation. Unfortunately, metals are non-biodegradable, 

have long biological half-lives and some tend to accumulate in the food chain leading to 

significant environmental and human health impacts. Adverse human health effects induced by 

these metals include developmental abnormalities, diabetes, cardiovascular diseases, neurologic 

and neurobehavioral disorders, hearing loss, hematologic and immunologic disorders, and 

various types of cancer (Tchounwou 2008). 

Fate and transport processes may impact contaminant concentrations in soil or sediment. 

Studies on tropical weathered soils have revealed that their physico-chemical properties vary 

significantly from soils of similar texture developed under temperate climates. This is due to 



their mode of formation (Gidigasu 1971). In tropical soils, concentrations of metals are strongly 

affected by geochemical features of the primary rock, as well as the nature of weathering 

processes. Ferralitic weathering, which is dominant in the moist tropics, results in the oxidation 

and strong leaching of major and trace metals. The leached metals are transported down the soil 

profile by precipitation. Environmental constraints such as organic matter content, Fe-Mn co-

precipitation and formation of insoluble precipitates regulate the extent of trace element re-

distribution (Olade 1987). These processes affect the bioavailability of metals in the soil.  

Bioavailability is a dynamic process comprising three steps: environmental availability, 

environmental bioavailability and toxicological bioavailability. According to Kim and colleagues 

(Kim et al. 2015), the available quantity of the total content of a metal in the soil determines the 

environmental availability; the fraction of dissolved metal species which can be taken up by 

plants and other organisms in the soil refers to environmental bioavailability; and toxicological 

bioavailability is the biological effects of heavy metal accumulation within plants and other 

organisms. This last step depends on several factors such as metabolism, detoxification and 

translocation. Heavy metals concentrations and bioavailability are influenced by factors such as 

pH, redox potential, temperature, and salinity (De Pledge et al. 2009; Mohammed et al. 2011). 

The importance of metal speciation associated with changes in redox potential, surface 

complexes, concentrations of major ions, pH, organic ligand concentrations, etc. cannot be 

overemphasized. Human activities resulting in dumping of acidifying substances into the 

environment therefore, not only increase the concentrations of metals, but also increase their 

bioavailability. 

For human health risk assessment, the bioavailability of metals in contaminated soils is 

best estimated using in vivo animal studies, but because of logistical and ethical constraints 

accompanying studies on animals, various in vitro extraction protocols have been developed as a 

surrogate for in vivo bioavailability testing. In these in vitro tests the fraction of the soil bound 

metal that dissolves in simulated gastrointestinal fluid is determined based on the assumption 

that solubilization is an important first step in metal bioavailability. The portion of the metal that 

is released into the simulated fluid is referred to as the bioaccessible fraction (Basta and Juhasz 

2014; Cao et al. 2020). Incorporation of bioaccessibility data in the human health risk assessment 



provides a more realistic estimate of exposure to metals in soils (Basta and Juhasz 2014; Cao et 

al. 2020).  

Dagomba Line is a suburb of Kumasi, the largest city in Ghana. It is well noted for the 

informal recycling of E-waste – an activity which results in the pollution of soil (Kyere 2016), 

dust particles (SM Atiemo et al. 2012), water and sediment (Danquah et al. 2011) with various 

toxic heavy metals. E-waste management is a key problem many African countries are facing 

due to limited financial resources, lack of awareness and environmental legislations. Manual 

dismantling, open burning, dumping, and landfilling are the predominant disposal methods used 

in Africa, which have potential adverse consequences for human health and the environment. 

Due to high import of electronic and electric equipment into Ghana each year and the fact that a 

large percentage are second-hand (Oteng-Ababio 2010), the economic incentive of indulging in 

the informal recycling of e-waste provides high motivation for the poor in the city (Kyere 2016; 

Prakash and Manhart 2010), to the extent that their desire to survive overrides the need to protect 

the environment.  

Based on the potential for the anthropogenic pollution of soil with metals due to informal 

e-waste recycling, this study investigated the distribution of potentially toxic metals (As, Cd, Cr, 

Cu, Hg, Ni, Pb, Sb, and Zn) in surface soils in areas where recycling activities are conducted at 

Dagomba Line, Kumasi, Ghana. Although ingestion, inhalation and dermal contact are all 

potentially important pathways for exposure to soil metal contaminants at the artisanal e-waste 

recycling sites, this study is limited to the human health risk associated with oral ingestion 

incorporating gastric bioaccessibility.  

Methodology 

Study Area: Dagomba Line in the Kumasi Metropolis 

The Kumasi Metropolis lies between latitudes 6.35–6.40o and longitude 1.30–1.37o and 

has a population of 1.73 million inhabitants (Cobbinah and Erdiaw-Kwasie 2016). The climate in 

Kumasi is tropical and temperature is relatively constant all year round. It has an average annual 

rainfall of 1,448 mm (Climate-data.org, 2018). Electronic and electrical equipment (E-waste) 

recycling activities commenced in the Kumasi Metropolis in Akwatia Line, and Aboabo around 

2006 and spread over to Dagomba Line and Oforikrom by 2007.  A study in Ghana (S Atiemo et 

al. 2016) showed that over 1000 people work on e-waste and general scrap processing in 



Dagomba Line. A recent walk across the study area revealed several workshops where groups of 

young men were seen dismantling electronic waste for valuable metals such as copper, aluminum 

and integrated circuits while others came in carrying piles of e-waste on their heads or in trucks. 

Open burning of waste to recover metals was also noted. 

Sample Collection 

Soil sampling was conducted in two phases. Phase I focused on the main areas of e-waste 

recycling. Thirty-one soil samples were collected along a systematic sampling grid set at 100 m 

intervals (Figure 1). In Phase II, a 600 m x 600 m gridded map of an extended area around the 

study site was created with intersections of the fishnet allocated as sampling points. A global 

positioning system application (GPS Essentials) was then used to access sampling points. Fifteen 

(15) samples were collected. In both phases, a pickaxe/shovel was used to loosen soil at the 

designated points up to a depth of 10 cm. A plastic hand trowel was used to scoop the sample, 

homogenized in a tray and placed into a Ziploc bag.  

Sample Preparation and Analysis 

Soil samples were air dried at ambient temperatures and sieved using 250-µm pore sized 

polyethylene sieves.  

Soil pH and electrical conductivity were measured using a multi-parameter probe 

(Oakton PCSTestr35). For this analysis, 40 mL of distilled water were added to 20 g of the 

sieved soil, the suspension was mixed and made to settle down for 30 minutes, after which the 

readings for electrical conductivity and pH of the supernatant were taken. 

An X-ray Fluorescence analyzer (Niton XL3t GOLDD+) was used to analyze the sieved 

for total metals based on US EPA Method 6200. For confirmatory analysis, 8 of the soil were 

analyzed using an inductively coupled plasma-mass spectrometry, (ICP-MS) after some 

modification to the aqua regia digestion process. For the digestion, 1.0 g of the sample was 

added to 10 ml of a 1:1:1 HCl-HNO3 -H2O mixture, which was digested for an hour at 95 °C in a 

heating block. The digestate was centrifuged at 5000 g for 20 min following which an aliquot 

was pipetted and topped up to the volume with 0.5% HCl and analyzed using an Agilent 7800 

ICP-MS based on US EPA Method 6020B (Darko et al. 2017).  



Analysis of total mercury was carried out using the Lumex Mercury Analyzer RA915M 

with the Pyro-915+ attachment for solids. This is a real-time mercury detector that takes 

measurements based on internal calibration. For quality control, every sample was analyzed three 

times and the average concentration recorded. 

Bioaccessibility 

The in vitro bioaccessibility assay (IVBA) was carried out according to USEPA standard 

operating protocols (Darko et al. 2017; U.S. EPA 2007). Aliquots (1g) of the sieved soil samples 

were extracted for an hour through end-to-end rotation in a 100 mL portion of 30 g/L glycine 

adjusted to a pH of 1.5 with concentrated HCl. The extract was filtered and analyzed by ICP-MS 

as per the methodology used for the total metal analysis. To calculate percent elemental 

bioaccessibility, the concentration in the IVBA extract concentration was divided by the 

corresponding total elemental concentration. Samples with extract concentrations less than the 

limits of detection were not assessed for bioaccessibility. Quality control/quality assurances of 

data were ensured using certified reference material (NIST 2711), control and duplicate samples 

as well as procedure and reagent blanks. All laboratory procedures were also carefully followed. 

This would ensure that sample containers, filters and vessels introduce minimal contamination, 

and that the experiment can be reproduced. 

Statistical Analysis and Data Evaluation 

Statistical analyses were performed using R software. Descriptive statistics such as the 

average, median, standard deviation, 25th, 75th and 95th percentiles were obtained. A test for 

normality indicated that metals concentrations were log-normally distributed and hence the 

nonparametric Wilconox Mann–Whitney test was used for comparisons between concentrations 

of different metals. An alpha level of 0.05 was used for all statistical tests.  

There are currently no environmental soil quality guidelines for Ghana and as such, the 

Dutch Target and Intervention Values (VROM 2000) and the Canadian Council of Ministers of 

the Environment (CCME) soil quality guidelines (CCME 2007) were used to assess the level of 

contamination as a first step. Since Dagomba Line is comprised of mixed residential, commercial 

and industrial land uses, the more delicate residential land use guidelines were selected while the 

Dutch Intervention Values which represent serious soil pollution were used. 



The Pollution Load Index (PLI) (Gupta 2020; Tomlinson et al. 1980) was used to assess 

the degree of metal pollution. The PLI was computed using concentration factors (CF) of each 

metal in the soil. The CF is the ratio of the concentration of each metal in the soil (Cmeasured) to 

the base line or background value or the concentration in unpolluted soil (Cbackground). 

𝐶𝐹𝑖 =
𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐶𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
     (1) 

In this study, background concentrations were estimated from the average metal total contents in 

unaffected soils from an extended area around the study site (Phase II sampling). For each 

sampling site, PLI was calculated as the nth root of the product of the n CF: 

𝑃𝐿𝐼 = √𝐶𝐹1 ∗ 𝐶𝐹2 ∗ 𝐶𝐹3… ∗ 𝐶𝐹𝑛
𝑛

   (2) 

This index offers a simple, comparative assessment of the level of heavy metal pollution. Values 

of PLI=1 indicate metal loads close to the background level; values above 1 indicate pollution is 

moderate (up to PLI = 3) and extreme levels (PLI>5). 

Human Health Risk Assessment (HHRA) 

Humans usually come into contact with metal contaminants in soils via ingestion, 

inhalation and dermal contact. The Ingestion pathway is usually of utmost importance out of the 

three provided contaminant concentrations are high as compared to the other sources. As such 

only the risk posed via the oral ingestion route was calculated for adult workers. This was 

estimated using the hazard index (HI) and carcinogenic risk (CR) method. The general exposure 

equations used in this study are based on recommendations provided by the U.S. EPA (U.S. EPA 

IRIS 2011) and Cao et al. (Cao et al. 2020). Equation 3 was used to calculate mean daily intake 

of metal from soil ingestion (Cao et al. 2020; US EPA 2015) based on the model parameters in 

Table 1: 

𝐶𝐷𝐼 =  
𝑀𝑠𝑜𝑖𝑙 𝑥 𝐼𝑛𝑔𝑅 𝑥 𝐸𝐹 𝑥 𝐸𝐷 𝑥 𝐶𝐹

𝐵𝑊 𝑥 𝐴𝑇
                                           (3) 

To obtain the hazard quotient (HQ) for non-cancer risk (Equation 4), the ratio of CDI to 

the reference dose (RfD) (mg kg-1 d-1) was adjusted for relative bioavailability (RBA).  

𝐻𝑄 =  
𝐶𝐷𝐼 𝑥 𝑅𝐵𝐴

𝑅𝑓𝐷
                             (4) 



For As and Pb, the RBA was determined from the bioaccessibility values using RBA/IVBA 

regression equations. The relationship for As is expressed by Juhasz et al. (2014) as:  

As RBA (%) = 0.84 As IVBA (%) + 3.56  (4) 

For Pb the relationship based on USEPA (2007) is:   

Pb RBA = 0.878 Pb IVBA (%) – 2.8   (5) 

Due to the lack of corresponding regression equations for the remailing metals, the 

bioaccessibility value was used as a surrogate for the RBA (Cao et al. 2020). 

The RfD values used were As: 0.0003 mg kg-1 d-1; Cd:  0.0003 mg kg-1 d-1; Cr: 0.003 mg kg-1 d-1; 

Cu: 0.01 mg kg-1 d-1; Hg 0.0003 mg kg-1 d-1; Ni; 0.02 mg kg-1 d-1; Pb: 0.0035 mg kg-1 d-1; Sb: 

0.0005 mg kg-1 d-1; and Zn: 0.3 mg kg-1 d-1 (Cao et al. 2020; US EPA 2015). The HQ for the 

individual metals were summed to obtain the overall hazard index (HI). In this study, the HI 

(Equation 7) represents the sum of the hazard quotients for As, Cd, Cr, Cu, Hg, Ni, Pb, Sb and 

Zn. HI > 1 implies elevated probability of non-carcinogenic effects occurring (Cao et al. 2020). 

𝐻𝐼 = ∑𝐻𝑄𝑖                                   (7) 

Carcinogenic risk (CR) was determined for arsenic only using the Equation 8: 

𝐶𝑅 = 𝐶𝐷𝐼 𝑥 𝑆𝐹 𝑥 𝑅𝐵𝐴                  (8) 

where is the cancer slope factor (1.5 mg kg-1 d-1 for arsenic) (US EPA 2015).  

Results and Discussion   

Comparison between FP-XRF and ICP-MS data 

Analysis of soil samples for total metals was conducted by XRF based on US EPA 

Method 6200. For comparability analysis 15% of the samples were analyzed by ICP-MS and the 

data obtained was evaluated using linear regression analysis and correlation analysis. The y-

intercept, the coefficient of determination (r)2 and the slope of the line for As, Cr, Cu, Ni, Pb, Sb, 

Zn are given in Table 2. Cadmium was not included in the analyses since the concentrations in 

most of the samples were below detection. There was a strong linear correlation between the 

XRF and ICP-MS data with r2 values between 0.834 to 0.999 (p<0.001) indicating good 



comparability of the XRF to the confirmatory ICP-MS data. The gradients of the regression lines 

for As, Cu, Ni, Pb and Sb also suggested that not much data modification would be required to 

match the ICP-MS data to the XRF data, whereas Cr and Zn would require some adjustments.  

 

Statistical Summary of pH and Metals Data 

The statistical summary for pH, electrical conductivity and the metals concentrations are 

given in Table 3. Out of the 31 samples from the E-waste recycling area, 87% were within the 

pH range of 7.0 -8.5, with a mean value of 7.73. Only one sample was slightly acidic (pH = 

6.65). The solubility and retention properties of metals in soil is highly dependent on soil pH; the 

higher the pH, the greater the retention and the lower the solubility of most metals (Bołzan and 

Cyraniak 2017). Electrical conductivity was variable and was found to be relatively higher at 

sampling locations where recycling and scrap metal activities dominated.  

Metal concentrations showed a high degree of dispersion with standard deviations that 

were larger than the interquartile ranges. This was attributed to extreme values (outliers) that 

were not excluded from the data sets since they could represent hotspots. Metal concentrations in 

samples collected from the E-waste sites were highly elevated with the mean and median 

concentrations of As, Cr, Cu, Ni, Pb, Sb and Zn exceeding the Canadian soil quality guidelines 

for residential/parkland use (CCME R/P). Although the mean concentrations of these elements 

exceeded the Dutch Intervention Value (Dutch IV), the median concentrations were lower than 

the Dutch IV. The maximum concentrations for all the elements, except for Hg, exceeded both 

guidelines; Hg exceeded only the CCME R/P. This suggested “serious soil contamination” 

(VROM 2000). 

Except for chromium, metal concentrations in the samples from the surrounding area 

(Phase 2) were substantially lower compared to the Dagomba Line E-waste sites. Figure 2 shows 

boxplots of As, Cd, Cu, Hg Ni, Pb, Sb and Zn from both the Dagomba Line E-waste recycling 

area and the surrounding. Concentrations of Cu, Zn, Sb, Ni and Pb in the recycling area exceeded 

the levels in the surrounding area by one order of magnitude while Hg was two orders of 

magnitude higher.  A Mann-Whitney U test indicated that the differences in As, Cu, Hg, Pb, Ni, 

Sn and Zn concentrations between the E-waste sites and the surroundings were statistically 

significant (As, p = 0.039; Cu p 0.001; Hg p<0.001; Ni p = 0.011; Pb p <0.001; Sb p< 0.001 and 



Zn p< 0.001) whereas there were no differences between Cd and Cr concentrations for the two 

area (p = 0.169 and 0.788, respectively). 

Metal concentrations in the Dagomba Line samples were within the range detected in 

other E-waste processing sites (Table 4).   

Principal Component Analysis and Correlation between Metals 

The relationship between the metals were explored using correlation analysis and 

principal component analysis. The correlation analyses showed strong associations between Cd, 

Ni, Pb, Sb and Zn with r2 between 0.578 and 940 (Table 5) suggesting these metals were 

probably from the same origin (recycling of electronic and electrical waste).    

Principal component analysis was performed on the soil concentration data to uncover 

underlying patterns in the datasets which are otherwise not apparent. The different categories 

included in the study are the soil concentrations from the main recycling area (DL_soil) and the 

soil concentrations from the vicinity (DL_surr). Results from the analysis are shown in Figures 3 

and 4. Figure 3 shows that the two categories are significantly different from each other. The 

95% ellipses drawn around each category indicate that with the addition of new points to each 

category, the mean of the resulting dataset would fall anywhere within the ellipses. Thus, this can 

be used to predict the outcomes of several scenarios without additional sampling campaigns.  

The graph of variables, on the other hand, shows the main components (or dimensions) 

that are relevant in the analysis, i.e. Component 1 and Component 2, which have eigenvalues 

greater than 1, together explain 79.72% of the total variation in the datasets. Figure 4 also tells us 

the contribution of each variable to the formation of the axis according to the colour palette ‘Ctr’. 

Hence, variables colored red contribute more to the formation of the axis than those coloured 

blue, and so on. Moreover, it shows which metals are clustered together, e.g., Pb, Cu, Zn, belong 

to the same cluster, as do Cd, Ni, Cr and Hg. Most importantly, however, Figure 4 tells us that all 

variables (metals) are strongly loaded positively unto the first component, meaning that they 

have the same source. While the recycling activity releases all the metals into the soil, Cu, Pb, 

Zn, As and Hg may also have alternate sources as indicated by their negative loadings to the 

second dimension. 



Pollution Load Index 

The Pollution Load Index (PLI) was calculated for the Dagomba Line soils using the 

concentrations for samples from the KNUST Botanical Gardens as background, which is located 

about 6 km away from Dagomba Line. The resulting data depicted in Figure 5 indicated that 

there is extreme pollution at almost all points sampled within the main recycling area.  

Bioaccessibility and Human Health Risk Assessment 

The statistical summary of metal bioaccessibility is presented in Table 7. Bioaccessibility 

was variable among the metals with mean values in the order Pb > Cd > Cu > Ni > Sb > As > Cr. 

The relatively higher bioaccessibility of Pb, Cd, Cu and Ni may be due to the presence of 

oxidized species as a result of the E-waste burning; metal oxides have been shown to be more 

bioaccessible (Ruby 2004). Pb bioaccessibility ranged from 49.0 to 90.2% which are higher than 

the range of 6.7 to 56% reported for the gastric phase bioaccessibility for E-waste burning sites 

in Agbogbloshie, Accra, Ghana (Cao et al. 2020). However, they were within the range of values 

(22.8 to 95.9%) for surface soil samples collected from commercial areas of Kumasi (Darko et 

al. 2017). Bioaccessibility of As varied from 4.5 to 21% and within the range of 2.1 to 39.8% 

reported for Agbogbloshie (Cao et al. 2020) whereas Sb bioaccessibility was lower for this study. 

Incorporation of bioaccessibility data into the risk calculation resulted in decreases in the 

individual metal hazard quotients as shown by the mean values in Figure 6.   

The hazard indices which represents the sum of the hazard quotients for As, Cd, Cr, Cu, 

Hg, Ni, Pb, Sb and Zn, incorporating bioaccessibility data for each sampling location is 

summarized in Figure 7. Unacceptable levels of non-carcinogenic effects (HI > 1) were recorded 

for 14 out of the 31 sites with Pb contributing the most to the HI followed by Cu. The clusters of 

high HI values are stretches/lanes consisting of a series of dismantling/ open burning workshops. 

This observation is consistent with data from human health risk assessment at other E-waste 

recycling sites which showed Pb and Cu as the leading contributors to human health risk to the 

adult workers (Cao et al. 2020).    

The cancer risk for As for adult workers at Dagomba was greater than 1 × 10−5 at five of 

the sampling sites which was considered unacceptable based on Canadian guidelines (Health 

Canada 2012) that the level of risk for cancer that was considered acceptable was one excess 

cancer death per 100,000 people exposed.  



Conclusion 

Gastric bioaccessibility and human health risk associated with ingestion of potentially 

toxic metals including antimony, arsenic, cadmium, chromium, copper, lead, mercury, nickel and 

zinc found in soils at an e-waste recycling site in Kumasi, Ghana were determined. The soil at 

the e-waste recycling site is mostly neutral and was found to be highly polluted with toxic metals 

at concentrations that exceeded international environmental soil quality guidelines. Metal 

concentration in the surroundings were significantly lower and less polluted than the sites where 

the e-waste recycling activities occur. Bioaccessibility – the fraction of the metal likely to 

dissolve in the gastric juice and become available for uptake into the blood stream upon 

ingestion – was very high for Cd, Cu, Ni and Pb. Even though the inclusion of bioaccessibility 

data into the risk calculation resulted in decreases in the individual metal hazards, unacceptable 

levels of non-carcinogenic effects were noted at 14 out of the 31 sites investigated. The cancer 

risk for arsenic for adult workers was also high at five of the sampling sites. This study is limited 

to the human health risk associated with oral ingestion incorporating gastric bioaccessibility. It is 

recognized that inhalation and dermal contact are all potentially important pathways for exposure 

as such follow up investigations are being conducted including air sampling to determine the risk 

associated with inhalation.  
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Tables 

Table 1: Parameters used for determining the chemical daily intake 

Parameter Description Unit Value  Reference 

CDI Chemical daily intake mg kg-1 day-1   

Msoil Metal concentration in soil mg kg−1   

IngR Ingestion rate of soil mg day−1  100 (U.S. EPA IRIS 
2011) 

EF Exposure frequency day year−1  350  (Cao et al. 2020) 

ED Exposure duration years  30  (Cao et al. 2020) 

BW Body weight kg  62  (Cao et al. 2020) 

ATnc Averaging time non-carcinogenic risks day 30 * 365 (Cao et al. 2020) 

ATc Averaging time carcinogenic day 70 * 365  

CF Conversion factor kg mg−1 10-6  

   

 

  



Table 2: Regression parameters for X-Ray fluorescence and ICP-MS comparability 

Metal Coefficient of 
determination (r2) 

y-intercept Slope of the 
line 

p-value 

As 0.868 +3.13 0.663 0.007 

Cr 0.978 - 4.69 0.345 0.001 

Cu 0.999 + 87.6 1.021 <0.001 

Pb 0.996 - 24.7 1.023 <0.001 

Ni 0.903 - 10.0 0.753 <0.001 

Sb 0.999 0.070 1.253 <0.001 

Zn 0.834 - 155 1.609 0.002 

 

 

  



Table 3: Descriptive statistics for pH, electrical conductivity (µS) and metal concentrations 

(mg/kg) for Soil Samples Collected from the Dagomba Line E-Waste Recycling Sites and the 

Surrounding Areas 

Surrounding pH As Cd Cr Cu Hg Ni Pb Sb Zn 

Mean 7.07 11.2 2.99 122 41 0.041 26.8 287 4.62 188 

St Dev 0.45 15.6 0.15 78 29 0.049 15.6 686 3.61 159 

Median 6.92 6.05 2.95 83 31 0.026 25.2 22.5 3.36 158 

25 Quartile 6.79 3.35 2.89 74 27 0.015 11.8 10.0 3.26 111 

75 Quartile 7.43 8.35 3.08 172 39 0.035 35.9 118 3.57 185 

95%tile 7.74 40.6 3.22 247 103 0.129 53.0 2159 14.2 372 

Min 6.25 <1.72 2.79 36 16 0.008 8.50 1.72 3.15 57.2 

Max 7.82 62.0 3.32 294 104 0.175 53.6 2166 14.9 770 

Dagomba Line           

Mean 7.73 79.8 7.21 116 2608 1.09 79 1273 151 1714 

St Dev 0.56 146 7.98 42.1 3893 1.81 65 1634 290 1598 

Median 7.70 32.9 3.20 119 643 0.47 59 364 28.9 758 

25 Quartile 7.37 9.70 2.96 95.3 245 0.21 29 212 12.2 501 

75 Quartile 7.89 54.5 7.61 139 3806 0.84 106 1909 157 2878 

95%tile 8.94 387 26.3 186 9010 5.68 200 5073 559 4832 

Min 6.65 <3.65 2.84 29.3 84.3 0.11 9 51 3.16 233 

Max 9.13 634 30.2 205 18618 7.57 276 6141 1514 5232 

Guidelines           
CCME R/P 
(CCME 2007) 6 - 8 12 10 64 63 6.6 45 140 20 250 

Dutch IV 
(VROM 2000)  55 12 380 190 10 210 210 15 720 

 



Table 4: Comparison of mean metal concentrations (mg/kg) in soil from different E-waste sites   

Location As Cd Cr Cu Hg Ni Pb Sb Zn Reference 

Dagomba Line 80 7.2 116 2608 1.1 79 1273 151 1714 This study 

Agbogbloshie, Ghana  6.2 110 1500 0.47 70 1100 9.4 2300 (Moeckel et al. 2020) 

Agbogbloshie, Ghana 12 11  6590   4540 687  (Cao et al. 2020)  

Ashaiman, Ghana 6 4 59 6060   1690  2010 (Ackah 2019)  

Ibadan, Nigeria  2.5 42 3483  24 5650   

(Adesokan et al. 
2016)  

Makea, Duola, 
Cameroon  20 130 130  56 290  160 (Ouabo et al. 2019)  

Ngodi, Duola, Cameroon  30 70 80  50 310  150 (Ouabo et al. 2019)  

New Bell, Duola, 
Cameroon  20 70 80  53 280  155 (Ouabo et al. 2019)  

Qingyuan, China* 15 3.1 97 1177 0.54 47 260 56.7  (Han et al. 2019)  

Qingyuan, China* 8.9 2.1 143 1030 0.24 24 508 116  (Han et al. 2019)  

Guiyu, China 52 10 320 12700 0.19 1100 480 3900 3500 (Li et al. 2011)  

Moradabad, India   96 269 4797   793   (Singh et al. 2018)  

Moradabad, India    82 163 915   693   (Singh et al. 2018) 

* Median 

  



Table 5: Correlation analysis for metal concentrations in E-waste recycling soil samples 

  As Cd Cr Cu Hg Ni Pb Sb Zn 

As 1         
Cd 0.249* 1        
Cr 0.307* 0.222** 1       
Cu 0.301* 0.836** 0.285* 1      
Hg -0.145 -0.159 0.197 -0.039 1     
Ni 0.452** 0.685** 0.456** 0.731** 0.044 1    
Pb 0.337* 0.670** 0.307* 0.854** -0.108 0.702** 1   
Sb 0.237 0.836** 0.244 0.718** -0.098 0.796** 0.578** 1  
Zn 0.437* 0.683** 0.476** 0.807** 0.054 0.940** 0.725** 0.703** 1 

* P<0.05, ** P <0.01 

 

  



Table 6: Summary statistics for metal bioaccessibility (%) in Dagomba Line soil samples 

Metal As Cd Cr Cu Ni Pb Sb 

Minimum 4.5 51.4 NC* 38.0 27.6 49.0 12.3 

Maximum 21.1 81.3 11.8 104 102 90.2 25.9 

Median 10.4 62.6 11.8 51.6 43.9 71.8 14.2 

Mean 11.4 64.1 10.2 62.3 53.6 70.8 16.8 

St Dev 7.4 11.2 2.6 26.6 29.2 16.7 5.6 

*NC: Not calculated since concentration in extract was below detection 

St Dev: Standard deviation. 
  



 

Figures 

 

Figure 1: Map of Dagomba Line, Kumasi, Ghana indicating all soil sampling locations 

  



 

 

Figure 2: Boxplots of metal concentrations in soil samples from Dagomba Line and the 

Surrounding area. 

  



 

Figure 3: PCA plot of individuals 
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Figure 4: PCA plot of variables 
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Figure 5: Pollution Load Index of soil concentrations of metals from Dagomba Line 

  



 

 

Figure 6: Comparison of hazard quotients for the metals with and without bioaccessibility 

adjustment  
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Figure 7: Hazard indices for the metals in Dagomba Line soil samples 
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