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A B S T R A C T   

With its booming mining, processing industries, agriculture, and increasing urbanization, sub-Saharan Africa 
experiences an alarming rise in accumulation of toxic chemical elements in all environmental matrices threa-
tening entire ecology. Most toxic chemical elements are mercury, lead, cadmium, chromium, and arsenic. These 
toxic chemical elements are known human carcinogens, systemic toxicants and can induce multiple organ da-
mage. The occurrences of toxic chemical elements in Sub-Saharan Africa are amplified by anthropogenic ac-
tivities such as mining, industrial discharges, and agricultural practices. This study examined the extent of 
exposure to toxic chemical elements in surface and underground waters, sediments, soils, effluents, food crops, 
vegetables, aquatic organisms, industrial products, humans, and other animals in Sub-Saharan Africa. Results 
indicate occurrences of toxic chemical elements in surface and underground waters, sediments, soils, effluents, 
food crops, vegetables, aquatic organisms, industrial products, humans, and other animals above the re-
commended threshold. These findings highlight the persistent pollution of water, soil, sediments, food crops, 
aquatic organisms, and even industrial products, emphasizing the potential for bioaccumulation and exposure 
through the food chain. This requires interdisciplinary approaches, including updating and enforcing stricter 
regulations tailored to regional industrial and agricultural practices. Advanced remediation technologies, such as 
phytoremediation, and bioremediation, should be prioritized to remove toxic chemical elements from affected 
environments. Additionally, promoting sustainable practices, such as waste recycling programs, can help reduce 
anthropogenic contributions, strengthen environmental monitoring systems, nurture community awareness, and 
essentially encourage regional and international collaboration to protect ecosystems and safeguard human 
health in Sub-Saharan Africa.   
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1. Introduction 

Toxic chemical element pollution poses a significant environmental 
threat, impacting ecosystems and human health. Toxic chemical ele-
ments such as lead, mercury, and cadmium are toxic even at low con-
centrations and can accumulate in living organisms [1,2], causing 
various health issues, including neurological and developmental dis-
orders. For instance, in industrial regions, fish often show elevated le-
vels of toxic chemical elements, that may impair ecological life. A study 
by Ngure and Geoffrey reported that levels of Pb, Cd, and Ni in soils 
exceeded the maximum allowable concentrations (MAC) for agri-
cultural soil [3]. Similarly, levels in fish species like O. niloticus were 
above the MAC levels, and in food items were highest in maize > 
cabbages > potatoes. Human hair showed elevated levels of Ni above 
MAC values in some analysed samples [3], indicating pollution from 
mine tailings potentiates the exposure levels. This bioaccumulation may 
affect aquatic life and can enter the food chain, impacting ecological 
balance and human health, and may be leading to unsustainability. 
Sub-Saharan Africa (SSA), is characterized by diverse cultures, lan-
guages, and environments [4,5], with rich ecology (Fig. 1). 

Toxic chemical element pollution in SSA is attributed to various 
human activities detailed in Fig. 2, including agricultural practices such 
as soil amendments with sewage sludge [6,7], application of manure 
and mineral fertilizers [8,9], and the use of pesticides and fumigants  
[10,11]. Natural processes, including weathering [12], soil formation  
[13], water-rock interaction [14], lithogenic and pedogenic processes  
[15], as well as chemical mechanisms like oxidation, reduction, hy-
drolysis, hydration, and chelation [16,17], and mining activities which 
include ore extraction, processing, and tailing and waste rock man-
agement have been reported to contribute to chemical element pollu-
tion in the region. Toxic chemical element exposure [18–26], may lead 
to a range of adverse effects, including adverse effects on human health, 
ecosystem disruption, pollution of water resources, and through food 
chain [27,28], requiring intervention. This is due to rapid in-
dustrialization, and urbanization, in most cases does not include up-
grading of wastewater infrastructure, hence partially treated or un-
treated effluents containing pollutants are released and expose soils, 
waters, crops, air [29–31], to toxic chemical elements, evidence is de-
tailed in Tables 1–4. 

The increased report of pollution in SSA ecosystems may be attrib-
uted by the use of contaminated waters for irrigation, and inefficient 

waste management systems [32–37]. These pollutants infiltrate eco-
systems where they persist, gather, and eventually enter the food chain, 
posing a serious threat to both human and ecological health [36–41]. 
Data on toxic chemical element pollution in surface and groundwater, 
soils, sediments, and effluents, detailed in Table 1, food crops and ve-
getables detailed in Table 2, aquatic organisms [24,42,43], detailed in  
Table 3, industrial products, human and other organisms detailed in  
Table 4. The report of toxic chemical elements in aquatic plants, in-
cluding algae and seaweeds, are valuable biomarkers for monitoring 
trace elements and assessing environmental pollution [24,42,43]. Their 
ability to accumulate toxic chemical elements reflects the varying 
pollution levels in water and sediments, provides insights into spatial 
distribution patterns. These plants are particularly effective in detecting 
temporal changes in pollution levels due to their rapid response to shifts 
in environmental conditions. Studies have shown variations in metal 
accumulation capacities for aquatic plant species [44,45], making them 
sensitive indicators of specific pollutants such as cadmium, lead, and 
mercury. Their role as primary producers in aquatic ecosystems links 
their health and metal uptake to broader ecosystem stability, high-
lighting their importance in biomonitoring programs. 

Toxic elements like lead, mercury, arsenic, and cadmium are natu-
rally occurring in the lithosphere, primarily as a minor component of 
lead, and copper ores. Its natural concentrations in the Earth's crust 
typically range from 0.1 to 0.5 mg/kg [46], with an average crustal 
abundance of about 0.2 mg/kg [47]. However, higher concentrations 
can occur in specific geological formations, such as sphalerite as an 
impurity. Mining activities release them, leading to pollution and ex-
posure, impairing ecological health. This pollution is linked to various 
health issues, including respiratory and musculoskeletal diseases, par-
ticularly due to metals like nickel [48–55], copper linked with Alzhei-
mer's and Parkinson’s diseases [20,56], zinc causing stomach cramps, 
anemia, and changes in cholesterol levels [57], and manganese linked 
to a parkinsonian-like syndrome called manganism [58–61]. Lead ex-
posure and poisoning from lead-contaminated soil [62], water, and 
food [63,64], in mining areas like in Zamfara State, Nigeria has been 
linked to the release of tailing from gold mining [65], leading to the 
degradation of ecological health. 

Similarly, the Copperbelt region in Zambia has experienced sig-
nificant lead pollution due to mining and smelting activities [66]. A 
study by Muimba-Kankolongo et al., (2021), reported that drinking 
water obtained close to mining had median concentrations (µg/L) of all 
trace elements, and were substantially higher in DRC (n = 20) than in 
Zambia (n = 18), this being most pronounced for Pb (27 vs 0.08), and 
Cd (0.7 vs < 0.015) [67]. Compared to control sites, crops obtained 
near mining exhibited significantly higher concentrations of Pb in 
Zambia, and of As, Cd, Pb, and U in DRC. Levels of Cd and Pb exceeded 
international standards in most DRC crops investigated [67], this may 
impair ecological health. Other scholars reported toxic chemical ele-
ment pollution as a result of mining activities [68,69]. 

Although the ores of the Zambian Copperbelt mining district are 
mined for Cu and Co, several other trace elements (Pb, As, Cd, Hg, Pb,) 
gradually accumulated in soils and stream sediments [68]. This is due 
to ore mining and processing activities that release waste rock tailing 
and dust generated polluting soils, leading to bioaccumulation in crops  
[68]. A recent study reported that mean concentrations of Pb, and Cd, 
were 55.22, and 52.45, mg/kg, respectively [70]. Geoaccumulation 
indices (Igeo) revealed moderate Pb pollution and extreme pollution 
with Cd (Igeo: 5.12) [70]. Hazard index (HI) values for all elements 
were below the non-carcinogenic risk threshold for adults, indicating no 
significant health risk [70]. However, for children, the HI values for Pb 
and Cd were 3.37, and 1.25, respectively, suggesting a higher risk [70]. 

Similarly, the mining activities and widespread use of mercury in 
small-scale gold mining in Ghana, Cameroon, and Tanzania, may lead 
to environmental pollution and health risks for miners and nearby 
communities [71–73]. Cadmium pollution is associated with mining 
activities, particularly in the Limpopo and Mpumalanga provinces in 

Fig. 1. Presents a map of Sub-Saharan Africa, Base map data 
Source: OCHA, https://data.humdata.org/dataset/cod-ab-tza. Map created by 
authors. 
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South Africa [74], and the Copperbelt region in Zambia [75]. Mining 
activities and the use of contaminated water sources contributed to 
arsenic exposure in some areas including South Africa [76], Zimbabwe, 
and Ghana [71,77]. 

Environmental challenges including pollution as a result of mining 
activities has been reported elsewhere [66,74,78]. These elements can 
have serious health and environmental impacts, including poisoning, 
cancer, and damage to ecosystems. The vulnerability of these countries 
is often exacerbated by inadequate regulatory frameworks, limited 
public awareness, and infrastructure to manage and mitigate pollution. 
Therefore, this review article aims to highlight the presence of toxic 
chemical elements in surface, groundwaters, sediments, soils, effluents, 
food crops, vegetables, aquatic organisms, industrial products, humans, 
and other animals in sub-Saharan Africa, its sources, fate and ways to 
combat for ecological health and sustainability of entire ecology. 

1.1. Sources, and distribution mapping of toxic chemical elements 

In Sub-Saharan Africa, toxic chemical elements [79–84], impact 
ecological balance, and identifying the pollution sources is essential for 
developing effective mitigation strategies to promote ecological safety 
and sustainability. Reports indicate that toxic chemical element pollu-
tion in SSA originates from the weathering of rocks and ores in the 
natural environment [85], tailing from mining and mineral processing 
activities [82], and waste including effluents and sludge [86]. Previous 
scholars reported that the weathering of rocks and ores releases toxic 
chemical elements resulting in pollution [87,88]. Similarly, emissions 
from industries such as metal smelting, battery manufacturing, and 
chemical production contribute to toxic chemical elements pollution 
such as Cr, Cd, Hg, and Pb [89], through emissions of pollutants into 
the air, soil, waters [90,91], and vegetables and other crops. This may 
lead to the accumulation of toxic chemical elements especially in areas 
close to mining or industrial activities and hence pollution. The use of 
agrochemicals, including fertilizers and pesticides, can introduce toxic 
chemical elements into the soil and water systems, resulting in 

groundwater pollution [92]. This may reduce the quality and avail-
ability of clean water for ecological uses [93], and hygiene [94,95]. 

Further, improper application or excessive use of fertilizers and 
pesticides can lead to metal accumulation, especially in agricultural 
areas [96], resulting in pollution and related risks to humans and the 
entire ecology. Similarly, improper waste management aggravates 
pollution, and waste disposal practices, such as open dumping and 
uncontrolled incineration, can result in the release of toxic chemical 
elements from various waste streams [97], including municipal solid 
waste, electronic waste (e-waste) [98], and industrial waste  
[79,96,99–101], often contain metals like lead, mercury, and cadmium. 
The use of contaminated water for drinking, irrigation, production, and 
livestock rearing can contribute to toxic chemical elements pollution  
[102,103], and related health effects. 

Environmental toxic chemical pollution [90,91,103,160–163], also 
may be through atmospheric deposition, where emissions from in-
dustrial activities and vehicular exhaust can result in the deposition 
onto soil, water, and vegetation [164,165]. Therefore, understanding 
the sources of toxic chemical element pollution in SSA is crucial for 
applying targeted sustainable mitigation techniques such as planting 
genetically engineered cultivars, remediation by adsorption using ad-
sorbents made from agricultural waste, and phytoremediation, to 
minimize further pollution. It is possible to address these sources and 
implement suitable waste management practices, and regulatory mea-
sures, to limit the risks brought on by toxic chemical element pollution 
and protect both human and ecological health. 

1.2. Status of toxic chemical element pollution 

Toxic chemical element pollution is a significant environmental 
concern in SSA, posing risks to both human and ecological health. 
Industrial activities, mining operations, and improper waste manage-
ment have contributed to the release of toxic chemical elements, and 
other contaminants of emerging concern in the environment  
[166–183], resulting in widespread pollution [166–168,180,182,184]. 

Fig. 2. Brief description of sources of toxic chemical pollution.  
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Detailed reports of toxic chemical element pollution in surface waters, 
sediments, soils, underground water, sewerages, and effluents in se-
lected SSA countries are presented in Table 1. Details of toxic chemical 
elements pollution of food crops, and vegetables in selected SSA 
countries are presented in Table 2. Reports of toxic chemical exposure 
of aquatic organisms in selected SSA countries are presented in Table 3. 

The data on toxic chemical elements in industrial products, and 
exposure to humans in selected SSA countries are presented in Table 4. 
These results indicate the potential for occupational, environmental 
exposure and through food chains, requiring intervention for ecological 
safety. Similarly, the reported total elemental contents of some trace 
elements in uncontaminated mineral soils range from 1–100 ug/l and 
methods used for obtaining these data differ widely and thus it is dif-
ficult to determine adequate mean contents of elements in soil matrices, 
see variations in reported values detailed in Table 1, and for other 
matrices Tables 2–4. Contents of trace elements in soils from natural as 
well as from polluted sites often show great variability, the hetero-
geneity of soils, especially at the microscales, also creates real problems 
in representative sampling that have serious impacts on the reprodu-
cibility and comparability of the analytical data. 

1.3. Anthropogenic loading and fate 

Mining activities is vital for the region's economy [185,186]. But 
improper mining practices, such as the use of mercury in artisanal gold 
mining, can lead to the release of toxic substances into water bodies, 
soil, and even air [39,187,188], creating harm to the entire ecology  
[39,186–190]. Roy and colleagues, reported higher quantities of che-
mical elements including Cd, and Pb, than background levels [191]. 
The levels of chemical elements vary greatly between towns, nations, 
continents, and eras. The main sources of soil metal content such as Pb 
and Cd pollution are anthropogenic with ore-like mixtures from mine 
tailing waste, smelter emissions, fertilizers, and other products manu-
facturing [191,192]. 

In the SSA, reports of pollution of surface waters [113,125,132], 
groundwater [109–111,115–118,193], effluents [156], sediments  
[120,126–131,194], soils [154,155,195], including agricultural lands  
[153,196], vegetations [197], aquatic organism [112,198–200], irri-
gated water [141–143,157,158,201], and other matrices  
[134–140,202–205], are available. To protect the environment, the 
United Nations Environmental Program (UNEP) and the United States 
Environmental Protection Agency (USEPA) have implemented a few 
laws and regulations. In SSA, toxic chemical element pollution has a 
wide-ranging impact. Communities living close to polluted sites are 
more likely to be exposed, especially those engaged in small-scale 
mining or residing in industrial zones [36,206]. Furthermore, as metals 
build up in fish and other species, contaminated water bodies can lead 
to a decline in aquatic biodiversity [39,207–210]. Along with upsetting 
ecosystems' natural balance, this has an impact on communities that 
depend on agriculture and fishing for their livelihoods. 

2. Toxic chemical elements pollution and ecological health 

Toxic chemical element pollution has profound effects on ecosys-
tems [190,208,228,229], disrupting ecological balance, posing threats 
to biodiversity, ecosystem functioning, and overall environmental 
health resulting to a non-resilient environment. The SSA environment, 
with its diverse and delicate ecosystems, is particularly vulnerable to 
the ecological impacts [230–234]. This is due to detrimental effects on 
plant and animal species, leading to reduced biodiversity. Some metals 
such as lead inhibit seed germination, impair plant growth, and disrupt 
photosynthesis [210], affecting the composition and structure of plant 
communities. Polluted soils can experience reduced microbial activity, 
altered nutrient cycling, and decreased plant productivity [235]. In 
aquatic ecosystems, toxic chemical elements can accumulate in organ-
isms, leading to population declines and alterations in species Ta
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distribution [209]. The persistence of toxic chemical elements in soil 
can lead to long-term pollution and hinder ecological restoration ef-
forts. Reports indicate that lead, mercury, and arsenic are neurotoxic 
and can impair neurological development, especially in children 
leading to cognitive deficits, decreased IQ, learning disabilities, and 
behavioral disorders [233,236,237]. Similarly, metals like cadmium 
and lead, when inhaled, can damage the lungs and compromise re-
spiratory function [238]. Further the inhalation of airborne toxic che-
mical elements particles or gases can cause respiratory problems such 
as asthma, bronchitis, and other respiratory infections [238]. 

Cabral et al. reported glomerular dysfunction in exposed subjects, 
and supported evidence of necrosis of proximal and distal tubule epi-
thelial cells as specific biomarkers in the urine for renal dysfunction and 
damages [239]. These metals can cross the placenta and disrupt normal 
growth, potentially leading to birth defects, developmental delays, and 
lifelong disabilities [240]. Toxic chemical elements, including arsenic, 
cadmium, and chromium, have carcinogenic properties and are asso-
ciated with increased cancer risks, requiring intervention to ensure 
ecological health. These elements are linked to cardiovascular diseases  
[241,242], and metals like mercury and lead can particularly affect the 
gastrointestinal system [238], indicating the need for proper manage-
ment of these toxic chemical elements to ensure ecological health. 

In most cases, environmental exposure involves multiple toxic 
chemical elements, rather than individual toxicants. Shezi and 
Coallegues reported toxic chemical elements pollution along Kuils 
River, where soil sample was found with quantifiable amounts of As 
16 mg/kg, Pb 30 mg/kg [260], with health index (HI) for non-carci-
nogenicity showing oral route is the main contributor [260], with the 
accumulative risk of carcinogenicity exceeding the maximum accep-
table level of 0.01 mg/L, according to USEPA. A similar study from Lake 
Victoria, Uganda by Baguma and Coallegues reported the presence of 
Pb from 40 to 44 mg/kg, and Cd from 3 to 3.5 mg/kg [261], indicating 
potential for pollution. This may lead to the biomagnification of these 
toxic elements to the next trophic level [262], indicating potential 
dangers through the food chain. Further studies indicate elevated levels 
of Pb in blood samples [263–265], and these results potential for oc-
cupational and environmental exposure, to Pb in particular. 

A study by Kapatwa et al. [76], reported statistically significant dif-
ferences in the distribution of arsenic in water, soil, and blood among 
investigated sites [76]. The median drinking water arsenic levels in the 
high-exposure village were 1.75 µg/L (range = 0.02 to 81.30 µg/L), 
0.45 µg/L (range = 0.100 to 6.00 µg/L) in the medium- / low-exposure 
village and 0.15 µg/L (range = <  limit of detection (LOD) to 29.30 µg/L) 
in the control site [76]. The median soil arsenic levels in the high-exposure 
village were 23.91 mg/kg, the median blood arsenic concentration was 
1.6 µg/L (range = 0.7 to 4.2 µg/L); 0.90 µg/L (range = <  LOD to 2.5 µg/ 
L) in the medium-/low-exposure village and 0.6 µg/L (range = <  LOD to 
3.3 µg/L) in the control village [76]. Most of the investigated samples of 
drinking water, soil, and blood samples from the exposed sites were above 
the internationally recommended guidelines (namely, 10 µg/L, 20 mg/kg, 
and 1 µg/L, respectively) [76]. In this area majority of participants (86%) 
relied on borehole water for drinking and there was a significant positive 
correlation between arsenic in blood and borehole water (p-value =  
0.031) [76], this indicate potential for exposure through contaminated 
water. Children with immature immune systems and pregnant women 
who experience changes in physiological response that increase their 
sensitivity to specific adverse reactions are vulnerable populations [266], 
measures are required to ensure ecological health and safety. Among the 
well-known case of toxic chemical elements pollution in SSA is lead poi-
soning crisis in Nigeria [63,267,268]. The case of 2010 involved, death of 
over 400 children, and thousands were affected due to lead pollution in 
Zamfara state resulting from gold mining activities, the incident high-
lighted the devastating impact of toxic chemical elements and the need for 
proper management to ensure ecological health and safety. 

Report of Pb poisoning to crocodiles was recorded by Humphries 
and Coallegues, with blood Pb values ranging from 86 to 13,100 ng/mL  Ta
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[300], with female crocodiles Pb values of 266 ng/mL, and male cro-
codiles had a greater prevalence of Pb poisoning [300]. The amounts of 
Pb in blood and tail fat tissue ranged from undetectable to 4175 ng/g 
wet weight, though most of the crocodiles sampled appeared to be in 
good physical condition [300], significantly higher blood Pb con-
centrations (> 6000 ng/mL) were linked to significantly reduced 
packed cell volumes (4.6–10.8%) and severe degradation in tooth 
condition. These results suggest that anemia and teeth loss may be 
clinical signs of long-term environmental exposure to Pb [300]. Cro-
codile Pb toxicity has not been documented, but these symptoms are 
similar to Pb poisoning seen in birds and mammals indicating that 
crocodiles may be more vulnerable to the long-term toxic effects of Pb  
[300]. According to Moruf et al. [301], T. Fuscatus var. radula had 
higher levels of Hg, Pb, and Cd than water, despite sediments acting as 
a significant storehouse for these trace elements. The capacity of metal 
concentrated in the water to affect this snail was greater than that of 
sediment, further, it was established that there is a favorable associa-
tion between tissue and sediment contents of Pb and Cd, indicating 
potential exposure to aquatic organisms. Therefore, there is a need to 
mitigate the impacts of toxic chemical elements for ecological health 
and safety. 

2.1. Combatting toxic chemical element pollution 

Some techniques employed for soil remediation include leaching  
[197,198], solidification, biodegradation, vitrification, isolation, en-
capsulation, and removal in addition to phytoremediation [302,303]. 
However, plant uptake (phytoremediation) of e.g., Pb and Cd, are af-
fected by soil properties, plant species, cultivars, fertilizers, agronomic 
management and properties of the source metals. Therefore, these 
factors need to be considered while choosing the remediation techni-
ques, for resource-limited settings like Africa similarly, studies are 
needed. These plants, known as hyperaccumulators, can uptake and 
accumulate toxic chemical elements, thereby reducing their levels in 
the soil. Furthermore, implementing wastewater treatment systems in 
industries helps toxic chemical elements from effluents before their 
discharge, preventing water pollution and protecting aquatic ecosys-
tems. The provision of education and awareness programs are crucial 
components of remediation strategies [304–306]. This includes edu-
cating individuals about proper waste disposal methods, the dangers of 
illegal mining activities, and the importance of adopting sustainable 
production processes that reduce toxic chemical elements usage. 
Equally important, international collaboration and support are instru-
mental [307,308], in addressing toxic chemical elements pollution. 
Collaboration allows for the sharing of knowledge, expertise, and re-
sources, enabling the region to develop and implement effective reg-
ulatory frameworks and remediation strategies [309,310]. Potential 
strategies for combatting toxic chemical pollution are presented in  
Fig. 3. 

Funding, and technology transfer from international partners can 
support capacity building, promote sustainable practices, and aid in the 
implementation and monitoring of remediation projects. 

2.2. Regulatory framework 

In Sub-Saharan Africa, the regulatory framework and remediation 
strategies for addressing toxic chemical elements pollution are of 
paramount importance [12,193–195], to safeguard the environment 
and protect ecosystem health. Governments and regulatory authorities 
have a crucial role in formulating and implementing robust laws, reg-
ulations, and standards to control [196], the release of toxic chemical 
elements into the environment. Similarly, the need to ban direct release 
and or set emission limits for industries, establishing mining regula-
tions, and implementing proper waste management practices. Most 
countries established organizations to oversee the regulations to ensure 
environmental safety, these organizations include National Ta
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Environment Management Council (NEMC) for Tanzania, National 
Environment Management Authority (NEMA) for Kenya, and National 
Environment Management Policy (NEMP) for Uganda. 

Sub-Saharan Africa faces significant gaps in regulatory frameworks 
for managing toxic chemical element pollution, impeding effective 
mitigation [311–315]. Many countries lack comprehensive, targeted 
legislation for toxic chemical elements, and enforcement of existing 
laws is weak due to limited institutional capacity and funding  
[316–318]. The monitoring systems are underdeveloped, resulting in 
insufficient data to guide policy and identify toxic chemical element 
pollution hotspots. The delays in updating standards often fail to ad-
dress SSA unique challenges like limited funding to purchase state of art 
equipment for analysis of trace levels or full speciation of toxic che-
mical element, while weak cross-sectoral coordination may reduce ac-
countability and results in regulatory incompetence. Public awareness 
about the risks of toxic chemical element remains low, and commu-
nities are rarely involved in policymaking or monitoring, further 
weakening governance. Legacy pollution from past industrial and 
mining activities remains unaddressed in many areas [319–321], posing 
ongoing health risks. The regulatory frameworks rarely incentivize the 
adoption of green technologies like bioremediation, other ecofriendly 
technologies, and limited regional cooperation weakens responses to 
transboundary pollution. These gaps require stronger legislation, better 
monitoring, community engagement, and regional collaboration, this 
will protect public health and nurture sustainable development. 

2.3. Future research directions 

Toxic chemical element pollution is a complex issue which requires 
deeply interconnected solutions across science, technology, policy, and 
socio-economic factors. Future research needs to prioritize inter-
disciplinary solutions emphasizing new paradigm creation, integration, 
and shifts. Emerging areas may include the development of bioengi-
neered plants and or microorganisms with controlled metal-accumu-
lating or degrading. A study by Yao et al. (2022) [322], reported that 
mutation of the AtCUP1 gene in Arabidopsis thaliana reduced cadmium 
(Cd) accumulation in roots and shoots, with CRISPR/Cas9-mediated 
disruption of the gene achieving significant alterations [322]. Similarly, 
editing the orthologous BnCUP1 gene in Brassica napus (canola) 
through CRISPR/Cas9, decreased Cd accumulation in hydroponic as-
says. Field experiments showed a reduction in in Cd accumulation of 
52% in roots and 77% in shoots of BnCUP1-edited lines compared to 

wild-type [322]. The edited lines exhibited a 42% increase in biomass 
and a 47% increase in yield without noticeable impacts on agronomic 
traits [322], indicating polluted soils can be used for crop production 
and maintain productivity while ensuring public safety. This was re-
ported by other scholars [323–326], needs research considering our 
local environments. 

Similarly, designing and use of eco-friendly, recyclable nano-
particles for targeted metal removal, holds promise for reducing en-
vironmental footprints resulting from toxic chemical elements. Studies 
indicate the use of nanoparticles for targeted remediation of lead  
[327–329], which may be used for the remediation of contaminated 
water and wastewater effluents ensuring the availability of clean, safe, 
and affordable water for all, with environmental safety. 

The use of circular economy models, including efficient recovery 
and recycling of toxic chemical elements from industrial [330–332], 
agricultural, and electronic wastes, can create sustainable resource 
circles while mitigating toxic chemical element pollution. Integrating 
real-time monitoring systems [332–334], such as IoT-enabled sensors 
and drones equipped with spectroscopic technology [335–337], can 
provide high-resolution data on toxic chemical element hotspots, en-
abling proactive management. Additionally, research on low-cost, 
readily available Indigenous materials for remediation, like jamun seed 
for biochar preparation [338,339], and other biowaste from agri-
cultural residues, will offer scalable solutions for resource-constrained 
settings like Africa. Equally important research should focus on eco- 
toxicological impacts of mixed toxic chemical pollutants and their in-
teractions with emerging contaminants, such as microplastics and an-
tibiotics, this will deepen understanding of synergistic effects on eco-
systems and health. Finally, focusing on policy-oriented research that 
evaluates the socio-economic impacts of toxic chemical elements pol-
lution and develops evidence-based regulatory frameworks will bridge 
the gap between science and implementation, nurturing international 
collaboration and sustainable development. 

3. Conclusions 

Results indicate presence of quantifiable levels of toxic chemical 
elements in water, soils, aquatic organisms, vegetables, other crops, and 
wastewater effluents, and even in humans, which may be through en-
vironmental, occupational exposure, or and through the food chain. In 
some countries, levels are higher than the limit set by regulatory au-
thorities including WHO. These results indicate the potential for 

Fig. 3. Brief description of potential strategies for combatting toxic chemical element pollution.  
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exposure to humans and other organisms through the food chain. As 
effluents are used as a source of water for irrigation, may lead to the 
pollution of soils, waters, and crops, potentially harming the entire 
ecology. The widespread pollution with high levels of toxic chemical 
elements may lead to reduced biodiversity and a non-resilient en-
vironment. 

Mitigating toxic chemical element pollution in Africa needs to take in 
green and sustainable technologies custom-made to local conditions. 
Phytoremediation and bioremediation leverage plants and microorgan-
isms like Brassica juncea and Pseudomonas putida to extract or degrade 
toxic chemical element, while green adsorbents such as Jamun seed 
biochar and other agricultural waste may effectively trap toxic chemical 
elements. The use of constructed wetlands and solar-powered remedia-
tion, including solar distillation and photocatalytic degradation, offer 
eco-friendly water treatment options. Similarly, advanced technologies 
like membrane filtration, including reverse osmosis, and green nano-
technology using nano-adsorbents may provide precise and efficient so-
lutions ensuring ecological safety. Electrokinetic remediation and soil 
stabilization with geopolymers made using aluminosilicates with an al-
kaline solution, help manage contaminated soils. Further, recycling and 
circular economy practices, such as urban mining and metal recovery 
from industrial waste, may reduce environmental burdens while creating 
economic value for improved livelihood. The inclusion of policy tools 
like Geographic Information Systems (GIS) and IoT-based sensors may 
enhance monitoring and regulation of toxic chemical element pollution. 
The utilization of these approaches, with international collaboration and 
community engagement, will foster sustainable development and en-
vironmental restoration. 
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