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ABSTRACT 

Background: Sub-Saharan Africa (SSA) faces a deepening wastewater management crisis, with 

less than 10% of generated wastewater treated before environmental discharge. Conventional 

treatment infrastructure is inadequate, underfunded, and energy-intensive, demanding innovative, 

context-adapted solutions. Nanotechnology and bioremediation have independently 

demonstrated high pollutant removal efficiency globally but remain poorly integrated within 

SSA's water sector. 

Objective: This systematic review critically evaluates the current evidence on nanotechnology-

based and bioremediation-based wastewater treatment approaches, assesses their adaptability to 

SSA's socioeconomic and environmental realities, and proposes a hybrid nano-bioremediation 

framework for the region. 

Methods: A structured literature search was conducted across PubMed, Scopus, Web of Science, 

and Google Scholar using PRISMA guidelines. Studies published between 2020 and 2025 

addressing nanotechnology, bioremediation, or integrated hybrid systems for wastewater 

treatment with SSA applicability were eligible for inclusion. Thirty peer-reviewed articles were 

synthesised narratively. 

Results: Engineered nanomaterials including iron oxide nanoparticles, ZnO/TiO2 photocatalysts, 

carbon nanotubes, and nano-zero valent iron (nZVI) achieve >85–99% removal efficiencies for 
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heavy metals, organic dyes, and emerging contaminants. Indigenous microbial bioremediation – 

utilising Bacillus spp., Pseudomonas spp., Aspergillus niger, and algal consortia – offers low-

cost, scalable solutions adapted to local conditions. Hybrid nano-bioremediation systems 

combining green-synthesised nanoparticles with immobilised microbial biofilms outperform 

individual approaches, achieving near-complete pollutant removal while reducing toxicity risks. 

Conclusion: Context-sensitive hybrid nano-bioremediation systems, solar-powered 

photocatalytic reactors, and algae-based treatment represent the most promising pathways for 

SSA. Realising their potential requires harmonised regulatory frameworks, regional capacity 

building, green synthesis innovation, and sustained investment aligned with SDG 6. 

Keywords: Nanotechnology; Bioremediation; Wastewater Treatment; Sub-saharan Africa; 

Nano-bioremediation; Iron Oxide Nanoparticles; Photocatalysis; Sdg 6. 

1. INTRODUCTION 

Access to clean water remains one of the most pressing challenges of the 21st century, 

particularly across Sub-Saharan Africa (SSA). With a population exceeding one billion people, 

SSA is home to some of the world's most water-stressed nations, yet paradoxically generates vast 

volumes of largely untreated wastewater from domestic, industrial, agricultural, and healthcare 

sources [1]. Available evidence consistently demonstrates that less than 10% of wastewater 

generated in SSA receives adequate treatment prior to environmental discharge, contaminating 

surface water bodies and groundwater that serve as primary drinking water sources for millions 

[1,2]. 

The consequences of this failure are profound. Waterborne diseases, including cholera, typhoid 

fever, and hepatitis A, remain leading causes of morbidity and mortality across the continent. 

Beyond public health, untreated wastewater discharge degrades aquatic ecosystems, reduces 

agricultural productivity through soil contamination, and perpetuates cycles of poverty. With 

SSA's population projected to double by 2050, and rapid urbanisation already outpacing 

infrastructure development, the wastewater treatment deficit is set to worsen dramatically unless 

transformative interventions are implemented at scale [3]. 

Conventional wastewater treatment technologies, activated sludge processes, trickling filters, and 

chlorination are effective but resource-intensive, requiring substantial capital investment, skilled 

operators, reliable electricity supply, and expensive chemical inputs. These prerequisites remain 

largely unavailable in most SSA contexts, where treatment facilities are either absent, 

dilapidated, or chronically underfunded [2,3]. Less than 13% of South African wastewater 

treatment plants meet minimum regulatory standards, while the situation is considerably worse in 

lower-income SSA nations [2]. 

Against this backdrop, nanotechnology and bioremediation have emerged as scientifically 

compelling alternatives. Nanomaterials, engineered particles with at least one dimension in the 

1–100 nm range, exhibit exceptional surface-area-to-volume ratios, high reactivity, and tunable 

surface chemistries that enable superior pollutant adsorption, photocatalytic degradation, and 

membrane-based separation [4]. Concurrently, microbial and Phyto bioremediation harnesses the 

metabolic capacities of bacteria, fungi, and plants to degrade, transform, and immobilise 

pollutants in an eco-friendly and cost-effective manner [5,6]. The convergence of these two 

paradigms into hybrid nano-bioremediation systems represents a frontier with enormous 

potential for resource-constrained settings. 
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This systematic review consolidates evidence published between 2020 and 2025 to critically 

evaluate the applicability of nanotechnology-based and bioremediation-based wastewater 

treatment innovations in SSA, identify barriers to adoption, and propose context-adapted 

roadmaps that align with the United Nations Sustainable Development Goal 6 (SDG 6) on clean 

water and sanitation. Figure 1 presents the Conceptual framework for integrated nano-

bioremediation of wastewater in Sub-Saharan Africa. 

 
 

Figure 1. Conceptual framework for integrated nano-bioremediation of wastewater in Sub-

Saharan Africa.  

 

Caption: The figure illustrates dual pathways (nanomaterial-based and biological) converging 

into a hybrid treatment system with solar-powered photocatalytic reactors, constructed wetlands, 

and IoT-based water quality monitoring modules. 

Sources: Adapted from references [1,3,5,7,10]. 

 

2. METHODS 

2.1 Search Strategy and Eligibility Criteria 

This systematic review was conducted in accordance with the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) guidelines. A comprehensive database 

search was performed in PubMed/MEDLINE, Scopus, Web of Science, and Google Scholar. The 

search combined the following MeSH terms and free-text keywords: ("nanotechnology" OR 

"nanomaterials" OR "nanoparticles") AND ("bioremediation" OR "microbial remediation" OR 

"phytoremediation") AND ("wastewater treatment" OR "water purification") AND ("Sub-

Saharan Africa" OR "Africa" OR "developing countries"). Publication dates were restricted to 

January 2020 – December 2025. 
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Inclusion criteria: (i) original research articles, systematic reviews, or narrative reviews 

published in peer-reviewed journals; (ii) addressing nanotechnology and/or bioremediation for 

wastewater treatment; (iii) reporting on relevant applications in SSA or contexts directly 

transferable to SSA (low-income, tropical, resource-constrained settings); (iv) published in 

English. Exclusion criteria included opinion pieces without empirical data, editorials, studies 

with non-wastewater applications, and studies lacking DOI-verifiable citations. Following 

screening, 30 articles were included in the final synthesis. 

 

2.2 Data Extraction and Synthesis 

Data were extracted by two independent reviewers using a structured extraction template 

capturing: study design, geographic context, pollutant types, treatment technology, removal 

efficiency, energy requirements, cost data, and scalability assessment. Discordances were 

resolved by consensus. A narrative synthesis approach was adopted, given the heterogeneity of 

study designs and outcome metrics. Quality assessment was performed using the GRADE 

framework for reviews. 

 

 

 
 

 

Figure 2. PRISMA flow diagram showing the systematic literature search and study selection 

process. Records identified (n = 847); after duplicate removal (n = 621); screened by 

title/abstract (n = 285); full-text assessed (n = 68); included in final synthesis (n = 30). 

Sources: Adapted from PRISMA 2020 guidelines 
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Table 1. Wastewater generation and treatment coverage in selected Sub-Saharan African 

countries  

Country/Region 
WW Generated 

(m³/day) 
% Treated Key Challenge 

Nigeria ~7.5 million <5% 
Infrastructure deficit, 

power outages 

South Africa ~6.4 million ~13%* 

Ageing plants, non-

compliance (87% below 

standard) 

Kenya ~1.8 million <10% 
Urban sprawl, limited 

investment 

Ethiopia ~2.2 million <8% 

Rapid population 

growth, no national 

WW policy 

SSA (Overall) >50 million <10% 

Regulatory gaps, 

political will, and 

funding shortfalls 

*South Africa data from Green Drop Report (2024); WW = wastewater. 

Sources: Compiled from references [1,2,3] 

 

3. RESULTS 

3.1 The Wastewater Crisis in Sub-Saharan Africa 

SSA comprises approximately one billion people, of whom only 25% have access to safely 

managed drinking water and fewer than 30% to basic sanitation services [1]. Population growth, 

rapid urbanisation, and industrial expansion have driven exponential increases in wastewater 

generation, with estimates exceeding 50 million m³/day across the region. The proportion of this 

volume receiving any form of treatment remains below 10%, starkly below the global average 

and the SDG 6 target of halving the proportion of untreated wastewater by 2030 [1,2]. Table 1 

summarises current wastewater statistics across selected SSA countries. 

The principal barriers to effective treatment include crumbling and absent infrastructure, chronic 

electricity deficits, shortage of qualified operators, weak regulatory enforcement, corruption in 

plant management, and political reluctance to fund the sector [2,3]. Climate change exacerbates 

the situation by increasing drought frequency and flooding events that overwhelm existing 

treatment systems. The net result is a cycle of environmental degradation and public health 

burden from waterborne diseases that disproportionately affect women, children, and low-

income urban dwellers. 

 

3.2 Nanotechnology-Based Wastewater Treatment: Mechanisms and Evidence 

Nanotechnology-based wastewater treatment exploits the extraordinary physicochemical 

properties of nanoscale materials, including high surface area-to-volume ratios, quantum 

confinement effects, and functionalisable surface chemistries, to achieve superior pollutant 
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removal efficiencies compared to conventional adsorbents and disinfectants [4,7]. Several classes 

of nanomaterials have demonstrated particular promise. 

Iron oxide nanoparticles (IONPs), especially magnetite (Fe3O4), represent among the most 

studied nano-adsorbents. Functionalized Fe3O4 nanoparticles achieve near-complete (>95–

100%) removal of divalent heavy metal ions (Cd2+, Ni2+, Pb2+, Cr6+) from synthetic and real 

wastewater through adsorption mechanisms following Langmuir isotherm kinetics [8,9]. Their 

superparamagnetic properties enable simple magnetic separation and regeneration, offering 

reusability advantages critical for resource-constrained settings. Recent innovations in green 

synthesis of IONPs from plant or fungal extracts further reduce production costs and 

environmental footprint [9]. 

Photocatalytic nanomaterials, principally TiO2 and ZnO nanoparticles, degrade organic 

pollutants, pharmaceutical residues, and pathogenic microorganisms via reactive oxygen species 

(ROS) generation under ultraviolet or visible light irradiation [7,10]. In SSA, where solar 

irradiance is among the highest globally, solar-driven nano-photocatalytic reactors represent a 

particularly energy-appropriate innovation, requiring no grid electricity while achieving 85–99% 

degradation of emerging organic contaminants [10]. Carbon-based nanomaterials, including 

multi-walled carbon nanotubes (MWCNTs) and graphene oxide (GO), exhibit exceptional 

adsorption capacities for both inorganic (Cr6+, fluoride) and organic pollutants through surface 

electrostatic interactions and pi-pi stacking mechanisms [10,11]. Table 2 summarises key 

nanomaterials, their target pollutants, and reported removal efficiencies. 

 

Table 2. Summary of engineered nanomaterials for wastewater pollutant removal: 

mechanisms and efficiencies. Adapted from references [5,6,13–18] 

 

Nanomaterial Target Pollutant 
Removal 

Efficiency 
Mechanism Reference 

Fe3O4 (Magnetite) 

NPs 

Cd2+, Ni2+, 

Pb2+, Cr6+ 
>95% (100 mg/L) 

Adsorption, 

magnetic 

separation 

[7,8,9] 

ZnO Nanoparticles 
Organic dyes, 

pharmaceuticals 
88–97% 

Photocatalytic 

oxidation 
[10] 

TiO2 

Nanoparticles 

Emerging 

contaminants, 

pathogens 

85–99% 
Photocatalysis 

(UV/Vis) 
[10] 

Carbon Nanotubes 

(MWCNTs) 

Cr6+, fluoride, 

organics 
>90% 

Adsorption, 

electrostatic 

attraction 

[10,11] 

Zero-Valent Iron 

(nZVI) 

Chlorinated 

solvents, heavy 

metals 

~86% (field) 
Reductive 

dechlorination 
[11] 
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Chitosan 

Nanocomposites 

Mercury, heavy 

metals 
80–95% 

Chelation, ion 

exchange 
[12] 

Graphene Oxide 

(GO) 

Heavy metals, 

antibiotics 
>94% 

Electrostatic, 

ion exchange 
[10,11] 

Sources: Adapted from [7–12] 

 

 

3.3 Bioremediation Strategies: Microbial, Fungal, Algal, and Phytological Approaches 

Bioremediation leverages the metabolic diversity of microorganisms and plants to transform, 

immobilise, or mineralise wastewater contaminants through enzymatic reactions, biosorption, 

bioaccumulation, and phytoextraction [5,6,13]. Unlike nanomaterials, bioremediation agents are 

inherently available in SSA environments, culturally familiar, and operable without specialised 

infrastructure. 

Bacterial bioaugmentation using Pseudomonas spp. and Bacillus spp.- Organisms indigenous to 

African soils and effluents have demonstrated robust heavy metal removal from abattoir effluents 

and industrial wastewater, with iron, copper, and zinc concentrations reduced below FEPA/WHO 

permissible limits within 72 hours [5,14]. Biostimulation, which involves nutrient addition to 

activate native microbial consortia, is particularly suited to petroleum-contaminated industrial 

effluents common in the Niger Delta and Albertine Rift regions of SSA [15]. 

Myco-remediation using Aspergillus niger and white-rot fungi offers additional versatility, with 

demonstrated capacity for dye decolourisation, organochlorine degradation, and mercury 

chelation [16,17]. Constructed wetlands exploiting indigenous macrophytes such as Phragmites 

australis represent low-energy, socially acceptable systems for secondary and tertiary treatment 

of municipal wastewater, with successful deployments reported in Senegal and South Africa 

[3,18]. Algal bioremediation, using Chlorella vulgaris and Spirulina platensis, integrates nutrient 

recovery with heavy metal removal and generates biomass for bioenergy production – a circular 

economy approach aligned with SSA's agricultural and energy development needs [5]. Table 3 

presents the comparative landscape of bioremediation strategies for SSA application. 

 

Table 3. Comparative analysis of bioremediation strategies and their applicability in Sub-

Saharan Africa  

 

Strategy 
Microbial 

Agent 

Pollutant 

Removed 

SSA 

Applicability 
Limitation 

Bioaugmentation 

Pseudomonas 

spp., Bacillus 

spp. 

Heavy metals, 

hydrocarbons 

High – 

indigenous 

isolates 

available 

Competition 

with native 

flora 

Biostimulation 

Native 

microbial 

consortia 

Petroleum, 

organochlorines 

Moderate – 

nutrient cost 

Potential 

eutrophication 
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Phytoremediation 
Constructed 

wetland flora 

Nutrients, heavy 

metals 

High – low-

cost, low-tech 

Slow, large 

land area 

required 

Mycoremediation 

Aspergillus 

niger, white-rot 

fungi 

Dyes, heavy 

metals 

Moderate – 

fungal biomass 

available 

pH sensitivity, 

scaling 

challenges 

Algal 

bioremediation 

Chlorella spp., 

Spirulina 

Nutrients, CO2, 

heavy metals 

High – 

abundant 

sunlight, 

biomass 

Requires 

nutrient 

balance 

Bioelectrochemical 

(MFC) 

Shewanella 

oneidensis, 

Geobacter 

Organics + 

energy 

generation 

Low – high 

capital cost 

Limited scale-

up in SSA    

 

 

 

 
 

Figure 3. Comparative bar chart showing pollutant removal efficiencies (%) of nanotechnology-

based versus bioremediation-based versus hybrid nano-bioremediation systems across six 

pollutant categories: heavy metals, pharmaceutical compounds, organic dyes, pathogens, 

nutrients (N/P), and emerging contaminants (microplastics, endocrine disruptors).  

Sources: Data compiled from included studies [7,10,13,14,16,18].  
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3.4 Hybrid Nano-Bioremediation Systems: The Synergistic Frontier 

The convergence of nanotechnology and bioremediation into integrated hybrid systems 

represents the most scientifically advanced and operationally promising frontier for SSA 

wastewater treatment [13,19]. These hybrid approaches exploit complementary mechanisms: 

nanomaterials provide rapid, high-capacity pollutant concentration and photocatalytic pre-

treatment, while biological agents achieve mineralisation, selective biodegradation, and effluent 

polishing at low operational cost. 

Nano-bioaugmentation systems combining ZnO nanoparticles with Pseudomonas consortia 

demonstrate 15–30% higher removal efficiency than nanomaterials alone, attributed to nano-

enabled membrane permeabilisation that enhances microbial pollutant uptake [13]. Magnetic 

nano-biofilms – where Fe3O4 nanoparticles are incorporated into microbial biofilm matrices – 

achieve >98% heavy metal removal while enabling simple magnetic regeneration and multi-

cycle reuse [14,15]. Perhaps most promising for SSA is the green synthesis of IONPs from 

Aspergillus niger biomass ('myco-IONPs'), which combines fungal bioremediation with 

nanoparticle formation in a single bioprocess using locally available fungal strains [16]. Table 4 

summarises hybrid nano-bioremediation systems with SSA-specific advantages. 

 

Table 4. Hybrid nano-bioremediation systems: components, performance, and Sub-

Saharan Africa contextual advantages  

 

Hybrid System Components Efficiency Gain 
SSA 

Advantage 
Reference 

Nano-

bioaugmentation 

ZnO NPs + 

Pseudomonas 

consortium 

15–30% over NP 

alone 

Low-cost NP 

synthesis from 

local plants 

[13] 

Magnetic nano-

biofilm 

Fe3O4 NPs + 

immobilized 

biofilm 

>98% heavy 

metal removal 

Reusable, 

magnetically 

separable 

[14,15] 

Green-synthesized 

IONPs + fungi 

Myco-IONPs 

(Aspergillus 

niger) 

Cd, Pb, Cr >95% 

removed 

Fungal isolates 

common in 

SSA soil 

[16] 

Nano-constructed 

wetlands 

Nano-biochar + 

Phragmites spp. 

Improved N/P 

removal by 40% 

Leverages 

existing 

wetland 

practice 

[17] 

Photocatalytic-

biofilm reactor 

TiO2 + activated 

sludge 

Disinfection + 

organics removal 

Solar-driven in 

high-irradiance 

zones 

[10,18] 
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Sources: Data compiled from references [13–19] 

 

4. DISCUSSION 

4.1 SSA-Contextual Adaptation of Nanomaterials 

While nanotechnology promises transformative advances in wastewater treatment, several 

challenges constrain its deployment in SSA. The cost of high-purity nanomaterial synthesis using 

conventional physico-chemical methods (sol-gel, co-precipitation, chemical vapour deposition) 

remains prohibitive for most African municipalities and research institutions [4,7]. However, a 

paradigm shift towards green synthesis, exploiting abundant African botanical resources such as 

Moringa oleifera leaf extract, Neem (Azadirachta indica), and Aloe vera gel as bio-reducing 

agents, offers a pathway to low-cost, eco-compatible nanomaterial production with demonstrated 

pollutant removal efficacy [20,21]. Sub-Saharan Africa's extraordinary biodiversity of medicinal 

and agricultural plants constitutes an untapped biorefinery for nanotechnology feedstocks. 

Solar-powered photocatalytic reactors using ZnO or TiO2 nanoparticles are particularly 

appropriate for SSA, which receives 5–7 kWh/m² of solar irradiation daily, far exceeding the 

requirements for catalytic activation [10]. Pilot-scale solar photocatalytic systems have 

demonstrated effective disinfection and pharmaceutical degradation in South Africa and Kenya, 

offering a proof-of-concept for scale-up. Regulatory gaps around nanomaterial environmental 

release, ecotoxicity, and worker exposure remain a critical concern; SSA lacks dedicated 

nanotechnology governance frameworks, creating both a risk and an opportunity for prospective, 

evidence-based policy development [22,23]. 

 

4.2 Scaling Bioremediation within SSA Realities 

Bioremediation's greatest strength in SSA is its alignment with existing ecological and human 

capital. Indigenous microbial consortia, cultured from local wastewater effluents, are already 

adapted to the specific pollutant matrices and climatic conditions of their geographic contexts 

[5,14]. Constructed wetlands leveraging native macrophytes require minimal capital investment, 

create ecological co-benefits (habitat, carbon sequestration), and have been successfully 

deployed at the community scale in francophone West Africa and southern Africa [3,18]. The 

integration of bioremediation into informal settlements and peri-urban communities, where 

small-scale, decentralised treatment is the only feasible option, represents a critical but under-

researched application domain. 

The deployment of microbial fuel cells (MFCs) for simultaneous wastewater treatment and 

bioelectricity generation offers a compelling dual-benefit proposition for energy-deficient SSA 

communities, though high capital costs and complexity currently limit scale-up [6]. Algal 

photobioreactors, capitalising on SSA's abundant sunlight and freshwater algal biodiversity, 

simultaneously address nutrient removal (eutrophication prevention), heavy metal recovery, and 

biomass production for biofuel and animal feed, a circular economy model with multi-sectoral 

development impact [5,13]. 

 

4.3 Barriers, Enablers, and the Road Ahead 

This review identifies seven cross-cutting barriers to scaling nanotechnology and bioremediation 

in SSA: high synthesis costs; absent nanomaterial regulation; limited trained workforce; power 

intermittency; overdependence on external donor financing; nanomaterial ecotoxicity data gaps; 
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and sparse water quality monitoring infrastructure [1,2,22,23]. Corresponding strategies for each 

barrier are outlined in Table 5. 

Critically, the transition from laboratory promise to field deployment requires a fundamentally 

different innovation philosophy: solutions must be co-designed with communities, built from 

locally available materials, operated sustainably in off-grid conditions, and governed by African 

regulatory systems tailored to African realities. The role of African universities, including 

emerging research hubs pioneering nano-environmental science in Nigeria, South Africa, and 

Ethiopia, is indispensable for generating context-specific evidence and training the next 

generation of water scientists. Table 5. Presents the Barriers to the adoption of nanotechnology 

and bioremediation in Sub-Saharan Africa and recommended strategies, while Figure 4 shows 

the proposed roadmap for the scaled deployment of hybrid nano-bioremediation systems in Sub-

Saharan Africa.   

 

Table 5. Barriers to the adoption of nanotechnology and bioremediation in Sub-Saharan 

Africa and recommended strategies. Sources: Compiled from references [1–3,22,23] 

 

Domain Current Barrier 
Recommended 

Strategy 
Priority Level 

Technology 

High cost of 

nanomaterial 

synthesis 

Green synthesis from 

local plant extracts (e.g., 

Neem, Moringa) 

High 

Regulation 

Absent/weak 

nanomaterial 

governance 

Harmonised regional 

nanotechnology policy 

framework (AU) 

High 

Capacity 

Limited trained 

nano/biotechnology 

workforce 

University–industry 

partnerships; research 

hubs 

High 

Infrastructure 

Power intermittency 

limiting reactor 

operation 

Solar-powered nano-

photocatalytic systems; 

low-tech constructed 

wetlands 

Medium 

Funding 
Overdependence on 

donor financing 

Green bonds, blended 

finance, public-private 

partnerships 

High 

Environmental 

Safety 

Nanomaterial 

ecotoxicity data gaps 

Long-term 

ecotoxicological 

monitoring programs; 

life cycle assessment 

Medium 

Data Systems 
Sparse WW quality 

monitoring 

AI-enabled IoT sensor 

networks for real-time 
Medium 
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WW surveillance 

 
 

Figure 4. Proposed roadmap for the scaled deployment of hybrid nano-bioremediation 

systems in Sub-Saharan Africa (2025–2035), organised by three implementation phases: 

(Phase 1, 2025–2027) capacity building, green synthesis research, and pilot deployment; (Phase 

2, 2028–2031) regulatory framework development, scale-up in priority urban centres; (Phase 3, 

2032–2035) continental harmonisation, AI-IoT integration, and SDG 6 review milestones. Key 

stakeholders and funding mechanisms are identified per phase. 

 

5. CONCLUSION 

Sub-Saharan Africa's wastewater treatment deficit is both a humanitarian crisis and a scientific 

opportunity. This systematic review demonstrates that nanotechnology and bioremediation, 

individually and synergistically, offer technically viable, environmentally appropriate, and 

potentially cost-effective pathways to address the continent's treatment gap. Iron oxide 

nanoparticles, solar-driven photocatalytic systems, microbial bioaugmentation, algal 

bioremediation, and hybrid nano-bioremediation systems each offer compelling attributes for 

contextually relevant deployment. 

However, the transition from laboratory proof-of-concept to community-scale implementation 

demands more than scientific innovation. It requires political will to fund and regulate the water 

sector, institutional investment in African research and educational capacity, community co-

design of appropriate technologies, and the development of harmonised continental regulatory 

frameworks for nanomaterials and biotechnologies. The African continent's extraordinary natural 

assets – solar energy, botanical biodiversity, microbiological richness – position it uniquely to 

become a global leader in sustainable, nature-inspired water treatment innovation. 
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Future research should prioritise: life cycle assessment of hybrid nano-bioremediation systems 

under SSA field conditions; long-term ecotoxicological monitoring of nanomaterial discharge 

into African aquatic environments; techno-economic analyses of decentralised solar-nano-bio 

treatment modules; and multi-country clinical/epidemiological studies on health outcomes from 

treated versus untreated wastewater exposure. Meeting SDG 6 in SSA is not optional – it is the 

foundation upon which human development, economic growth, and ecological sustainability 

depend. 
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