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Abstract 

Groundwater contamination by natural and anthropogenic sources is a serious threat to human health, 

agriculture, and environmental sustainability globally. Conventional remediation technologies frequently 

fail because of the drawbacks of high expense, poor selectivity, and production of secondary wastes. Over 

the past few years, nanotechnology has acted as a revolutionary tool for groundwater treatment offering 

superior performance due to its high surface area, tunable reactivity, and multifunctional capabilities. This 

review presents a comprehensive overview of various groundwater contaminants and their sources, along 

with the classification and analysis of nanomaterials used for remediation, including metal nanoparticles, 

metal oxides, carbon nanomaterials, nanocomposites, and nano-zeolites. The major contaminant removal 

mechanisms like adsorption, photocatalysis, redox conversion, ion exchange, and antimicrobial action are 

also discussed thoroughly. Moreover, the review also covers the environmental and health hazard related to 

nanomaterial deployment and the technical, economic, and regulatory issues limiting the large-scale 

deployment. Finally, it suggests future directions that include green synthesis, material functionalization, 

and integration with conventional treatment systems, a path toward sustainable, safe, and efficient 

groundwater treatment technologies. 
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Introduction 

Over 2 billion individuals globally depends on groundwater as their main source of drinking water. In some 

areas of Asia, Africa, and Latin America, groundwater provides over 80% of drinking water. India is the 

biggest consumer of groundwater in the world, consuming around 230 cubic kilometers per year (World 

Bank, 2012). Nevertheless, heavy metal contamination, fluoride, nitrates, pesticides, and microbial 

pathogens threaten public health and ecosystems seriously [1]. Groundwater is contaminated by both natural 

(geogenic) and human-induced (anthropogenic) sources. Arsenic, fluoride, and iron leach into aquifers from 

rocks that are mineral-rich like granites, sedimentary sequences, or sulfide ores, especially under certain 

geochemical conditions like high pH or reducing environments [2]. Anthropogenic sources are agricultural 

runoff with nitrates, phosphates, and pesticides due to overuse of fertilizers and agrochemicals [3], industrial 

effluent that emits heavy metals (e.g., lead, chromium, cadmium), solvents, and dyes from the tanning, 

electroplating, and chemical industries [4] and domestic sources such as sewage, detergents, and 

pharmaceuticals from septic tanks and sewage discharge [5]. Landfill solid waste and e-waste produce 

leachates that are heavy with mixed inorganic and organic contaminants, and mining results in acid mine 

drainage, heavy metals, and cyanide [6]. Moreover, leaking underground storage tanks of petroleum and 

pipelines release hydrocarbons and MTBE into groundwater [7]. These diverse sources severely degrade the 

quality of groundwater and pose serious risks to human health and the environment. The conventional 

technologies, including reverse osmosis, ion exchange, and activated carbon filtration, have their own 

disadvantage, ranging from high operational costs to ineffectiveness and the generation of toxic sludge.  
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Nanotechnology, characterized as the manipulation of matter at dimensions ranging from about 1 to 100 

nanometers, provides improved performance in water treatment because of higher surface area-to-volume 

ratio, improved reactivity, and the possibility to engineer surface properties [8]. This review explores the 

current state of nanotechnology in groundwater purification nanotechnology applied to groundwater 

purification, with emphasis on nanomaterials, mechanisms, and field applications. 

Sources and Types of Groundwater Contaminants 

Groundwater contaminants can be grouped broadly into inorganic, organic, biological, and emerging 

contaminants with unique sources and associated health impacts. Heavy metals, arsenic (As), lead and 

fluoride (F⁻) are inorganic contaminants sourced from geogenic origins (e.g., rock weathering) or 

anthropogenic processes such as mining, industrial effluent discharges, and agriculture; they may lead to 

severe health problems like cancer, fluorosis, and kidney damage [2, 4]. Organic pollutants include 

pesticides, herbicides, fertilizers, solvents, hydrocarbons, and industrial pollutants that move into 

groundwater in agricultural runoff, leaking storage tanks, and poor waste disposal; several are carcinogens 

or endocrine disruptors [5]. Biological pollutants, such as bacteria (e.g., E. coli), viruses, and protozoa, 

usually enter aquifers from seepage of sewage, septic tanks, and surface infiltration and cause waterborne 

illnesses like diarrhea, cholera, and hepatitis [9]. The emerging contaminants, increasingly on the rise 

include pharmaceuticals, personal care items, microplastics, and per- and polyfluoroalkylated substances 

(PFAS), which are mostly unregulated, environmentally persistent, and of uncertain long-term human health 

impacts [10]. The various contaminants, either singly or in various mixtures, deteriorate groundwater quality 

and present serious threats to public health and ecosystems. 

Table 1. Major Sources of Water Contaminants 

Sources Contaminants Typical Locations 

Natural/Geogenic As, F, Fe, Mn Sedimentary and granitic terrains 

Agriculture NO₃⁻, PO₄³⁻, pesticides Farmlands, rural aquifers 

Industry Cr⁶⁺, Pb, VOCs 
Industrial zones, waste discharge 

areas 

Domestic Pathogens, surfactants Urban slums, septic tank zones 

Mining Acid mine drainage, heavy metals Coal/gold mining belts 

Seawater Intrusion Na⁺, Cl⁻ Coastal aquifers 

Landfills Mixed leachate Urban outskirts 

Nanomaterials in Water Treatment 

Nanomaterials have become very effective agents for water treatment based on their specific properties like 

high surface area, increased reactivity, and tunable surface functionalities that make them suitable for the 

removal of a broad spectrum of groundwater contaminants. They are categorized into several types such as 

metal nanoparticles (e.g., zero-valent iron, silver), metal oxide nanoparticles (e.g., TiO₂, ZnO, Fe₃O₄), 

carbon-based nanomaterials (e.g., carbon nanotubes, graphene oxide), nanocomposites (e.g., Fe₃O₄-GO), 

and nano-zeolites and clays (Table 2).  
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Table 2. Different nanomaterials used for groundwater purification 

Type of 

Nanomaterial 
Examples Applications References 

Metal 

nanoparticles 

Zero-valent iron (nZVI), silver 

(Ag), gold (Au) 

Reductive dechlorination, 

microbial disinfection, 

nitrate/Cr⁶⁺ reduction 

[11] 

Metal oxide 

nanoparticles 

Titanium dioxide (TiO₂), zinc 

oxide (ZnO), iron oxides (Fe₃O₄, 

Fe₂O₃), aluminum oxide (Al₂O₃) 

Photocatalysis, fluoride and 

arsenic adsorption, pathogen 

removal 

         [12] 

Carbon-based 

nanomaterials 

Carbon nanotubes (CNTs), 

graphene oxide (GO), fullerenes 

Heavy metal adsorption, 

organic pollutant removal, 

membrane filtration 

[13] 

Nanocomposites Fe₃O₄-GO, Ag-TiO₂, CNT-Fe 

Synergistic removal of 

multiple contaminants 

(adsorption + disinfection + 

catalysis) 

[14] 

Nano-zeolites and 

clays 

Nano-montmorillonite, nano-

bentonite 

Ion exchange, adsorption of 

ammonium, fluoride, and 

heavy metals 

[15] 

 

Mechanisms of Contaminant Removal by Nanomaterials 

Nanomaterials play a crucial role in the remediation of groundwater contaminants,  utilizing a variety of 

physical, chemical, and biological processes that are controlled by their structural attributes, 

compositional composition, surface chemistry, and type of pollutants. 

The main mechanisms are adsorption, photocatalysis, redox process, ion exchange, and 

antimicrobial activity. Each is specific to removing various pollutants and tend to often 

act synergistically, especially when nanomaterials are prepared in composite or hybrid systems. 

Adsorption 

Adsorption is the most common and efficient mechanism to eliminate inorganic ions, such as, fluoride, 

arsenic, lead, cadmium and organic contaminants such as, dyes, phenols from ground water. Graphene 

oxide, carbon nanotubes (CNTs), nano-alumina, metal oxides (e.g., Fe₃O₄, TiO₂) are some of the 

nanomaterials that possess high surface area, tailorable pore structure, and manipulable surface chemistry, 

which enable increased adsorption capacity. Contaminants tend to adsorb through electrostatic attraction, 

van der Waals attraction, surface complexation, hydrogen bonding, and π–π interaction. The nanocomposite 

like, GO/Fe₃O₄ composites adsorb As(III) and As(V) via surface hydroxyl groups to produce inner-sphere 

complexes [16]. 

Photocatalysis 

 

Photocatalysis is a highly effective advanced oxidation technology employed in the treatment of 

groundwater, wherein semiconductor nanomaterials such as titanium dioxide (TiO₂), zinc oxide (ZnO), or 

doped variants (e.g., Ag–TiO₂) serve as catalysts for the degradation of organic and microbial 

contaminants under light irradiation. When exposed to UV or visible light,these materials produce 

electron-hole pairs that chemically react with water and oxygen to form reactive oxygen species (ROS), 

such as hydroxyl radicals (•OH) and superoxide anions (O₂•⁻). These are extremely reactive species that 

non-selectively oxidize and degrade complex organic molecules like dyes, pesticides, pharmaceuticals as 

well as destroy microbial cell membranes, leading to pathogen inactivation. New developments such as 

doping (for example, by Ag or N), coupling with carbonaceous materials, and immobilization on supports 

have greatly increased the efficacy and recyclability of photocatalysts in actual water treatment 

applications [17, 18]. 
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Reductive Transformation (Redox Reactions) 

 

Reductive transformation, or redox-based remediation, is one of the major processes through which some 

nanomaterials especially, zero-valent iron nanoparticles (nZVI) and bimetallic particles (e.g., Fe/Pd, Fe/Ni) 

remove pollutants from groundwater by electron transfer reactions. Here, the nanomaterial works as a 

reducing agent and transfers electrons to pollutants and reduces them from a more toxic to a less toxic or 

insoluble state. For instance, hexavalent chromium (Cr⁶⁺), an extremely mobile and carcinogenic ion, can be 

reduced to trivalent chromium (Cr³⁺), which is much less toxic and precipitates out of solution. Such a 

mechanism is very effective for remediation of long-lived and toxic pollutants in situ. Surface treatment 

(e.g., polymer coating) and doping with noble metals have been promising in enhancing dispersion, 

stability, and reactivity [19, 20].  

Ion Exchange 

 

Ion exchange is a widely used mechanism in groundwater treatment wherein nanomaterials like, nano-

zeolites, nano-clays (like montmorillonite, bentonite), and functionalized metal oxides extract ionic 

pollutants by exchanging surface-bound with those present in water. This reversible reaction consists of the 

replacement of exchangeable ions (such as Na⁺, H⁺, or Ca²⁺) on the surface of the nanomaterials by target 

contaminants such as fluoride (F⁻), nitrate (NO₃⁻), ammonium (NH₄⁺), and some heavy metals (such as Pb²⁺, 

Cd²⁺). Nano-scale ion exchangers provide superior performance compared to traditional materials because 

they have a higher surface area, more active sites, and improved kinetics [21]. Functionalization of 

nanomaterials with appropriate functional groups (e.g., amines, carboxylates) enhances their ion-exchange 

capacity and contaminant selectivity even further. 

Antimicrobial Activity 

 

Antimicrobial action is one of the most important mechanisms through which some nanomaterials, 

especially metal and metal oxide nanoparticles such as silver (Ag), copper oxide (CuO), and zinc oxide 

(ZnO), inactivate pathogenic microorganisms in groundwater. These nanomaterials have strong bactericidal 

and antiviral activities via several mechanisms such as, release of metal ions (such as Ag⁺, Zn²⁺), which 

destroy microbial cell membranes and hinder DNA replication; production of reactive oxygen species 

(ROS), which trigger oxidative stress and harm essential biomolecules such as proteins, lipids, and nucleic 

acids and  direct contact with microbial cells, resulting in membrane disruption and cell death. For instance, 

silver nanoparticles have marked antibacterial activity against E. coli, Salmonella, and Pseudomonas genera 

even at low concentrations because they can easily penetrate biofilms and bacterial membranes [22]. ZnO 

and CuO nanoparticles not only inhibit the growth of microbes but also possess photocatalytic activity when 

exposed to light, which enhances their antibacterial capability. Such nanomaterials are being incorporated 

into water membranes and filters for enhancing microbial safety of groundwater. 

Environmental and Health Concerns 

Despite the potential benefits of nanomaterial applications in groundwater filtration, there are also growing 

problem with their application such as environmental and health concerns, particularly linked to their 

toxicity, persistence, and bioaccumulation ability. When nontoxic free nanoparticles released into the 

environment through application, production, or disposal can negativelyaffect aquatic life and soil 

microorganisms, potentially disrupting ecosystems by changing microbial communities, enzymatic activity, 

or causing oxidative stress. Non-target organisms can be affected  by reactive oxygen species (ROS), and 

release of toxic ions due to metal nanoparticles like silver (AgNPs), zinc oxide (ZnO), and copper oxide 

(CuO) inducing cytotoxicity, genotoxicity [23].  

Challenges and Limitations 

Nanotechnology has significant potential in groundwater purification, but is challenged by limiting 

hindrances to broad-scale use. The primary of these challenges is nanoparticle agglomeration, through 

which particles come together in liquid settings to decrease their reactivity and efficiency in removing 
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pollutants. Mobility and stability in subsurface systems are constrained, particularly in natural 

groundwater systems with fluctuating pH, ionic strength, and native organic matter, impacting 

nanomaterial function and mobility. Recovery and recycling of dispersed nanoparticles, particularly 

those that are non-immobilized or non-magnetically separable, are problematic and can result in 

secondary contamination and added expense. Toxicity and environmental hazard of free or residual 

nanoparticles, in particular metal-based ones such as Ag, ZnO, and CuO, are of concern regarding 

bioaccumulation, ecotoxicity, and human health effects and demand careful risk assessments and 

regulation [23]. High production expenses, non-scalability, and limited access to affordable, green 

synthesis pathways are economic hurdles to extensive application, particularly in low-resource 

environments. The regulatory environment is also devoid of consistent guidelines for nanoparticle use, 

disposal, or risk abatement in water treatment, which is another challenge. Other challenges are short 

functional periods, interference from existing ions and other interfering pollutants, and the need to 

couple nanomaterials with existing treatment systems. Recent research seeks to overcome these 

weaknesses through the creation of surface-modified, composite, and immobilized nanomaterials, 

enhanced recovery techniques, as well as full life cycle and techno-economic assessments for 

environmental security and economic viability.  

 Future Directions 

The prospect of nanotechnology for groundwater purification is the creation of sustainable, economical, and 

harmless nanomaterials with increased selectivity and multifunctionality. The research is shifting toward 

green synthesis via plant extracts or biopolymers to minimize environmental footprint, and toward 

composite or hybrid nanomaterials possessing adsorption, catalysis, and antimicrobial properties. 

Immobilization methods, including entrapping nanoparticles within membranes or magnetic supports, are 

focused on achieving better recovery and reuse with reduced release of nanoparticles. Moreover, real-time 

monitoring and intelligent delivery systems are under investigation for in-situ use. Systematic life-cycle 

evaluations, techno-economic analyses, and normalized regulatory schemes will be essential for safe, large-

scale deployment. Interfacing with current treatment systems, especially in rural areas and regions with 

limited resources, will also inform future deployment. In the end, interdisciplinary research and public-

private collaborations are necessary to bring laboratory-scale innovations to scalable, field-deployable 

technologies that provide clean and safe groundwater worldwide. 

Conclusion 

Nanotechnology offers huge potential to transform groundwater treatment, offering advanced solutions to 

address persistent contamination from inorganic, organic, biological, and emerging contaminants. The 

extremely broad range of nanomaterials such as metal and metal oxide nanoparticles, carbon materials, and 

nanocomposites exhibits exceptional characteristics in processes like adsorption, catalysis, ion exchange, 

and microbial inactivation. Certain of these compounds act through established and synergistic mechanisms, 

which enhance the effective and selective elimination of contaminants. However, large-scale application of 

these technologies is presently hindered by critical bottlenecks, such as nanoparticle aggregation, related 

environmental and health concerns, high production costs, and the lack of comprehensive regulatory 

frameworks. These bottlenecks can be addressed through cross-disciplinary research aimed at material 

innovation, risk assessment, green synthesis protocols, and the integration of these technologies with 

conventional water infrastructure. Future progress must also be directed towards the achievement of cost-

effectiveness, environmental sustainability, and social acceptability, especially in rural and resource-poor 

areas. With continued technological innovation and supportive policies, nanotechnology can emerge as a 

leading solution for providing global access to clean and safe groundwater. 
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