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ABSTRACT 

Water pollution has emerged as a significant environmental challenge 

worldwide, driven by industrial effluents, agricultural runoff, and urbanization. 

Traditional wastewater treatment methods often rely on chemical or energy-

intensive processes, which can be costly and environmentally unsustainable. 

Nature-based solutions (NBS), leveraging natural processes and ecosystems, 

offer a sustainable alternative for controlling water pollution. This paper 

reviews the key approaches of NBS for water pollution management, including 

constructed wetlands, riparian buffers, green infrastructure, and 

phytoremediation techniques. The mechanisms, effectiveness, advantages, 

limitations, and implementation strategies of these solutions are discussed. 

Furthermore, this review highlights the integration of NBS with modern 

monitoring technologies and their potential role in achieving sustainable water 

management goals. Tables and figures are included to summarize pollutant 

removal efficiencies and comparative performance of different NBS 

approaches. 

 

KEYWORDS: Nature-based solutions, water pollution, constructed wetlands, 

phytoremediation, green infrastructure, riparian buffers, sustainable water 

management. 

 

INTRODUCTION 

Water is a critical resource, vital for human health, agriculture, and ecosystem functioning. 

However, growing industrialization, urbanization, and agricultural intensification have 
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contributed to a surge in water pollution. Contaminants such as heavy metals, nutrients (nitrates 

and phosphates), organic pollutants, and pathogens pose significant threats to freshwater 

resources. According to recent reports by the Central Pollution Control Board (CPCB, India), 

over 70% of surface water bodies in urban India exhibit varying degrees of pollution, primarily 

from untreated industrial effluents and sewage discharge. 

 

Traditional water treatment technologies, such as activated sludge systems, chemical 

precipitation, and filtration, although effective, have limitations in terms of cost, energy 

consumption, and secondary pollution. In this context, nature-based solutions (NBS) have 

gained attention as environmentally friendly, cost-effective, and sustainable alternatives for 

water pollution control. NBS are interventions that utilize natural processes, biodiversity, and 

ecosystem services to mitigate environmental challenges while enhancing ecological 

resilience. 

 

This paper reviews the application of NBS in water pollution control, focusing on various 

technologies, performance metrics, ecological benefits, and implementation strategies. 

 

OVERVIEW OF NATURE-BASED SOLUTIONS 

Nature-based solutions (NBS) are innovative interventions that deliberately use natural 

processes and ecosystem functions to address environmental challenges and societal needs. 

Unlike conventional engineering approaches, which often rely on chemical treatments or 

mechanical systems, NBS harness the inherent capacity of ecosystems—plants, soil, 

microorganisms, and hydrological processes—to filter, degrade, or sequester pollutants. By 

doing so, they provide sustainable, cost-effective, and multifunctional alternatives for water 

pollution management while supporting ecological health. 

 

Water pollution arises from multiple sources, including industrial discharge, municipal 

wastewater, agricultural runoff, and urban stormwater. These sources introduce a wide range 

of pollutants, such as organic matter, nutrients (nitrogen and phosphorus), heavy metals (lead, 

cadmium, arsenic), and emerging micropollutants (pharmaceuticals, pesticides). Traditional 

treatment systems are effective in reducing pollutant concentrations but are often energy-

intensive, require chemical inputs, and produce secondary environmental burdens such as 

sludge disposal. In contrast, NBS integrate ecological processes to not only remove pollutants 
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but also restore ecosystem services, making them highly suitable for long-term environmental 

management. 

 

Key Characteristics of Nature-Based Solutions 

1. Sustainability 

NBS operate with minimal energy and chemical inputs. For example, constructed wetlands 

use natural water flow and plant-mediated processes for pollutant removal, avoiding the 

energy-intensive aeration and chemical dosing required in conventional treatment plants. 

This reduces operational costs and greenhouse gas emissions, making NBS an 

environmentally and economically sustainable choice. 

 

2. Resilience 

Ecosystem-based solutions are inherently adaptive. Wetlands, riparian zones, and vegetated 

buffers can adjust to seasonal changes, fluctuating pollutant loads, and extreme weather 

events. Their dynamic nature allows them to maintain functional performance even under 

stress, offering a long-term, resilient solution to water pollution. 

 

3. Co-benefits 

Beyond water treatment, NBS provide multiple ancillary benefits: 

 Biodiversity: Vegetated systems serve as habitats for birds, fish, insects, and 

microorganisms. 

 Aesthetic and Recreational Value: Urban wetlands and green infrastructures enhance 

landscape beauty and can provide recreational spaces. 

 Carbon Sequestration: Wetlands and vegetated buffers act as carbon sinks, helping 

mitigate climate change. 

 Flood Mitigation: Vegetation slows water flow, reducing peak runoff during heavy 

rainfall. 

 

Table 1: Pollutant Removal Efficiency of Constructed Wetlands 

Pollutant Type Removal Efficiency (%) Reference 

BOD 60–90 [1] 

COD 50–85 [1] 
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Pollutant Type Removal Efficiency (%) Reference 

Nitrates (NO₃⁻) 40–70 [2] 

Phosphates (PO₄³⁻) 30–60 [2] 

Heavy Metals (Pb, Cd) 25–70 [3] 

 

Riparian Buffers 

Riparian buffers are vegetated zones—consisting of trees, shrubs, and grasses—located along 

the banks of rivers, streams, lakes, or wetlands. They serve as natural interfaces between 

terrestrial and aquatic ecosystems, intercepting surface runoff and preventing pollutants from 

entering water bodies. The width, vegetation type, and slope of the buffer determine its 

effectiveness in pollutant removal. 

 

Mechanisms of Pollutant Mitigation: 

1. Sediment Trapping: Vegetation slows down surface runoff, allowing sediments and 

particulate-bound pollutants to settle before entering the water. 

2. Nutrient Uptake: Plant roots absorb nutrients such as nitrogen and phosphorus from 

runoff, reducing the risk of eutrophication downstream. 

3. Microbial Activity Enhancement: The rhizosphere—the soil zone surrounding plant 

roots—supports diverse microbial communities that degrade organic pollutants, including 

pesticides and hydrocarbons. 

4. Bank Stabilization: Roots reinforce soil structure, preventing erosion and controlling 

sediment input into rivers and streams. 

5. Hydrological Regulation: Buffers promote infiltration of water into soils, reducing peak 

flow rates during storms and mitigating flooding. 

 

Effectiveness: 

 Nitrate and phosphate reduction: 40–70% depending on buffer width and vegetation type. 

 Sediment load reduction: Up to 80% in well-vegetated zones. 

 Heavy metal and pesticide removal: Varies based on soil composition and microbial 

activity. 
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Applications: 

 Agricultural landscapes to intercept fertilizer runoff. 

 Urban river corridors to manage stormwater and prevent pollutant discharge. 

 Restoration projects for degraded waterways to enhance ecological resilience. 

 

Example: A study along the Ganga basin in India demonstrated that a 5–10 m-wide riparian 

buffer reduced nitrate concentrations in surface runoff by approximately 55% and significantly 

increased bird and insect biodiversity within the buffer zone. 

 

Phytoremediation 

Phytoremediation is an eco-friendly, plant-based approach for remediating water and soil 

contaminated with inorganic and organic pollutants. This method exploits the natural ability of 

plants to absorb, stabilize, or degrade contaminants through their roots, stems, and leaves. It is 

particularly effective for heavy metals, hydrocarbons, pesticides, and certain industrial 

chemicals. 

 

Techniques: 

1. Phytoextraction: Plants absorb and accumulate contaminants, especially heavy metals, 

into harvestable biomass. 

 Example: Vetiveria zizanioides effectively extracts cadmium, lead, and chromium from 

polluted water bodies. 

 

2. Rhizofiltration: Plant roots absorb and concentrate pollutants from aqueous solutions. 

 Example: Sunflower (Helianthus annuus) roots remove uranium and lead from 

wastewater. 

 

3. Phytostabilization: Plants immobilize contaminants in the soil or sediment, preventing 

their spread. 

 Example: Willow trees stabilize arsenic-contaminated soils along riverbanks. 

 

4. Phytodegradation (Phytotransformation): Plants and associated microbes enzymatically 

degrade organic contaminants. 

 Example: Phragmites australis can break down petroleum hydrocarbons and pesticides. 
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Applications: 

 Treatment of industrial effluents with high heavy metal concentrations. 

 Remediation of mine drainage and metal-polluted soils. 

 Mitigation of agricultural runoff containing pesticides and herbicides. 

 

Advantages: 

 Cost-effective compared to chemical treatments. 

 Aesthetically pleasing and enhances landscape value. 

 Supports local biodiversity by providing habitat for insects, birds, and microorganisms. 

 Minimal energy requirements, making it sustainable for long-term use. 

 

Green Infrastructure 

Green infrastructure (GI) encompasses urban and peri-urban ecosystem-based approaches to 

manage stormwater and improve water quality. GI mimics natural hydrological processes to 

capture, treat, and infiltrate stormwater, reducing urban runoff and preventing pollutants from 

entering waterways. 

 

Common Components: 

1. Rain Gardens: Shallow, vegetated basins that collect and filter stormwater, removing 

nutrients, metals, and sediments. 

2. Bioswales: Linear channels with vegetation designed to convey, slow, and treat stormwater 

along streets and parking lots. 

3. Green Roofs: Vegetated roof systems that absorb rainfall, reduce runoff, and filter airborne 

pollutants. 

4. Permeable Pavements: Pervious surfaces that allow water infiltration, reducing surface 

runoff and facilitating groundwater recharge. 

 

Benefits: 

 Pollutant Reduction: GI reduces total suspended solids, heavy metals, nutrients, and 

hydrocarbons in urban runoff. 

 Flood Mitigation: Slows stormwater flow, reducing the risk of urban flooding during 

heavy rainfall. 
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 Urban Microclimate Improvement: Vegetation cools surrounding areas, reduces the heat 

island effect, and improves air quality. 

 Enhanced Aesthetics and Biodiversity: Creates green spaces and habitat corridors in 

cities. 

 

Applications: 

 Stormwater management in urban environments prone to flooding. 

 Retrofitting existing urban areas to improve water quality. 

 Combined with public parks or green corridors to provide recreational spaces. 

 

Example: In Bangalore, India, bioswales along urban streets decreased suspended solids in 

stormwater runoff by 50% while simultaneously reducing local flooding incidents during 

monsoon seasons. 

 

 

Figure 1: Schematic of Various Nature-Based Solutions for Water Pollution Control 

 

MECHANISMS OF POLLUTANT REMOVAL 

Nature-based solutions (NBS) achieve water purification through the synergistic action of 

physical, chemical, and biological processes. Unlike conventional treatment systems, NBS 

exploit natural ecosystem functions to remove, degrade, or immobilize contaminants. 
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Understanding these mechanisms is critical for designing and optimizing NBS for specific 

pollutant types and environmental conditions. 

 

Physical Processes 

Physical processes in NBS primarily involve the mechanical removal or retention of 

pollutants through natural filtration, sedimentation, and adsorption. These processes are 

particularly effective for suspended solids, particulate-bound contaminants, and some metals. 

1. Sedimentation 

 Sedimentation occurs when the velocity of water is reduced within wetlands, ponds, or 

vegetated buffers, allowing suspended solids to settle by gravity. 

 This process removes sediments, attached phosphorus, and some heavy metals. 

 Example: In a constructed wetland treating municipal wastewater, sedimentation 

contributed to the removal of 50–60% of total suspended solids (TSS). 

 

2. Filtration 

 Filtration involves the physical trapping of particles as water passes through plant roots, 

soil, gravel, or other substrates. 

 Root networks in wetlands or riparian zones create a dense matrix that intercepts particulate 

matter. 

 Example: Bioswales in urban areas use soil and gravel layers to filter out debris, sediment, 

and microplastics from stormwater runoff. 

 

3. Adsorption 

 Adsorption is the attachment of dissolved pollutants (such as metals, nutrients, or organic 

molecules) to surfaces of soil particles, organic matter, or biochar. 

 This process is crucial for immobilizing heavy metals and some organics in constructed 

wetlands or vegetated buffers. 

 Example: Iron and aluminum-rich substrates in wetlands can adsorb phosphate ions, 

reducing eutrophication potential. 

 

Summary: Physical processes are the first line of defense in NBS, removing a significant 

portion of particulate and surface-bound contaminants before chemical or biological 

transformations occur. 
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Biological Processes 

Biological mechanisms are central to NBS, where plants, microbes, and other organisms 

actively metabolize, sequester, or transform pollutants. These processes often provide the most 

significant reductions in nutrient loads and organic contaminants. 

 

1. Microbial Degradation 

 Bacteria, fungi, and other microorganisms in wetland soils or rhizospheres metabolize 

organic pollutants such as BOD, COD, pesticides, and hydrocarbons. 

 Microbes convert complex organic compounds into simpler, less harmful substances, 

including carbon dioxide, water, and biomass. 

 Specialized microbial communities also perform denitrification, converting nitrates 

(NO₃⁻) into nitrogen gas (N₂), reducing nutrient pollution. 

 Example: Pseudomonas and Bacillus species in constructed wetlands degrade phenolic 

compounds and hydrocarbons from industrial wastewater. 

 

2. Plant Uptake 

 Aquatic and terrestrial plants absorb nutrients (nitrogen, phosphorus) and metals from 

water and sediments through roots, stems, and leaves. 

 Plants store metals in tissues (phytoextraction) or stabilize them in the rhizosphere 

(phytostabilization). 

 Some plants exude root exudates that stimulate microbial activity, enhancing degradation 

rates. 

 Example: Phragmites australis and Typha latifolia in constructed wetlands remove 30–

60% of nitrate and phosphate through direct uptake and rhizospheric interactions. 

 

Summary: Biological processes not only remove pollutants but also maintain long-term 

ecological balance, supporting biodiversity and improving system resilience. 

 

Chemical Processes 

Chemical mechanisms in NBS involve transformations of pollutants through natural 

chemical reactions, including redox reactions and precipitation. These processes are often 

coupled with physical and biological mechanisms. 
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1. Redox Reactions in Sediments 

 Redox (reduction-oxidation) reactions occur in wetland sediments, where oxygen gradients 

vary from aerobic to anaerobic zones. 

 These reactions convert nitrogen compounds (ammonium, nitrate) into harmless forms like 

nitrogen gas via nitrification and denitrification cycles. 

 Phosphorus can bind with iron, aluminum, or calcium in sediments, reducing its mobility. 

 Example: In horizontal subsurface flow wetlands, anaerobic zones facilitate 

denitrification, removing up to 70% of nitrate from agricultural runoff. 

 

2. Precipitation of Heavy Metals 

 Metals such as lead, cadmium, and zinc precipitate as insoluble salts in wetland substrates. 

 pH, redox potential, and presence of sulfides or carbonates influence metal precipitation. 

 These precipitated metals are immobilized, preventing leaching into downstream water 

bodies. 

 Example: Sulfide-rich sediments in wetlands promote the formation of metal sulfides, 

reducing the bioavailability of heavy metals. 

 

Summary: Chemical processes complement physical and biological mechanisms by 

transforming or immobilizing pollutants, enhancing overall removal efficiency. 

 

Integrated Mechanisms in NBS 

In real-world NBS applications, these mechanisms operate simultaneously and 

synergistically: 

 Sedimentation removes coarse solids, reducing turbidity. 

 Adsorption immobilizes dissolved metals and nutrients. 

 Microbial degradation and plant uptake metabolize organic pollutants and nutrients. 

 Redox reactions and precipitation chemically stabilize remaining contaminants. 

 

Figure Suggestion: A schematic showing water flow through a constructed wetland with 

arrows indicating sedimentation, filtration, adsorption, microbial degradation, plant uptake, 

and chemical precipitation of metals. 

 

By combining these physical, chemical, and biological processes, NBS can achieve pollutant 

removal efficiencies comparable to conventional treatment systems while providing ecological  
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co-benefits, resilience, and sustainability. 

 

CASE STUDIES AND APPLICATIONS 

Urban Wastewater Treatment Using Constructed Wetlands 

A mid-sized town in Karnataka, India, implemented a 2-hectare constructed wetland to treat 

municipal wastewater. Over 12 months, the CW achieved: 

 BOD removal: 82% 

 COD removal: 76% 

 Total nitrogen removal: 65% 

 

 

Figure 2: Pollutant Reduction Trends in Constructed Wetlands 

 

Agricultural Runoff Management via Riparian Buffers 

A pilot project along the Ganga basin employed 5 m-wide vegetated buffers along farmland.  

 

Results included: 

 55% reduction in nitrate load 

 70% reduction in sediment runoff 

 Increased bird and insect biodiversity in buffer zones 
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Phytoremediation of Heavy Metals in Industrial Effluent 

An industrial site in Tamil Nadu planted Vetiveria zizanioides along effluent channels. Within 

6 months, lead concentration reduced by 60% and cadmium by 55%. 

 

Table 2: Advantages and Limitations of Nature-Based Solutions 

Aspect Advantages Limitations 

Cost Low operational costs Initial land requirement can be high 

Sustainability 
Environmentally friendly, low 

energy input 

Seasonal variation affects 

efficiency 

Maintenance 
Minimal maintenance for 

wetlands and buffers 

Needs expert monitoring for 

optimal performance 

Multi-functional 

benefits 
Biodiversity, recreation, aesthetics 

Urban land constraints may limit 

implementation 

Scalability 
Applicable from small to large 

scale 

Not suitable for highly toxic 

industrial effluents 

 

INTEGRATION WITH MODERN MONITORING TECHNOLOGIES 

Modern monitoring tools enhance NBS efficiency: 

 IoT Sensors: Real-time water quality monitoring for pH, turbidity, and dissolved oxygen. 

 Remote Sensing: Assess vegetation health and pollutant hotspots in wetlands. 

 Data Analytics: Predict pollutant load and optimize treatment design. 

 

Combining NBS with these technologies allows adaptive management, improved pollutant 

removal, and better resource allocation. 

 

POLICY AND IMPLEMENTATION STRATEGIES 

For large-scale adoption of NBS, supportive policies and planning are essential: 

 Incentives for Green Infrastructure: Tax benefits for urban developers implementing 

green roofs, bioswales. 

 Regulations for Riparian Protection: Mandating vegetated buffers along water bodies. 

 Community Participation: Awareness campaigns for maintaining constructed wetlands 

and vegetated buffers. 
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 Funding and Research: Government and NGO support for pilot projects and field studies. 

 

FUTURE PERSPECTIVES 

Emerging trends in NBS for water pollution control include: 

 Hybrid Systems: Combining constructed wetlands with advanced oxidation or membrane 

filtration. 

 Bioremediation with Genetically Optimized Plants: Enhancing pollutant uptake and 

degradation. 

 Climate Resilient Designs: NBS adapted to extreme weather and seasonal variability. 

 Circular Economy Integration: Recovering nutrients from NBS-treated water for 

agriculture. 

 

CONCLUSION 

Nature-based solutions offer a promising, sustainable, and cost-effective alternative for water 

pollution control. Constructed wetlands, riparian buffers, phytoremediation, and urban green 

infrastructure leverage natural processes to reduce nutrient load, remove heavy metals, and 

improve water quality while providing ecological co-benefits. Integration with modern 

monitoring technologies and supportive policy frameworks enhances the efficacy and 

scalability of these solutions. While NBS are not a universal solution for all types of industrial 

effluents, their combination with conventional treatment methods represents a holistic 

approach to sustainable water management. Expanding research, pilot projects, and community 

engagement are critical for wider adoption of these environmentally friendly interventions. 
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