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Abstract
Access to clean water remains a critical global challenge amid rising population, pollution, and resource depletion. This chapter reviews the transformative potential of nanomaterials in water purification, covering carbon-based structures, metal/metal oxide nanoparticles, layered double hydroxides, clays, polymeric hybrids, and MOFs/COFs. Key mechanisms, as adsorption, filtration, photocatalysis, antimicrobial action, and electrochemical processes, enable high-efficiency removal of heavy metals, organics, pathogens, and nutrients. Integration into membranes, hybrid reactors, and packed beds supports scalable systems, while addressing stability, regeneration, and real-matrix performance. Challenges include selectivity, leaching, and cost, with future directions emphasizing smart, AI-optimized, and circular technologies for sustainable, zero-pollution water treatment.
Keywords
Nanomaterials, Water purification, Adsorption, Photocatalysis, Membrane filtration, Heavy metals, Organic pollutants, Antimicrobial, MOFs, COFs, Hybrid systems, Regeneration, Sustainability
1. Introduction
Access to safe and clean drinking water is a fundamental human right and essential for sustaining life, yet it remains one of the most pressing global challenges of the 21st century. The world's population has surged from approximately 2.5 billion in 1950 to over 8 billion today, with projections estimating a rise to nearly 10 billion by 2050 [1–3]. This exponential population growth has intensified pressure on finite water resources, exacerbating pollution and scarcity issues. Urbanization, industrialization, and agricultural expansion have led to unprecedented levels of water contamination, as untreated or inadequately treated wastewater is discharged into rivers, lakes, and oceans. For instance, rapid population increases in developing regions have resulted in heightened pollution from domestic sewage, industrial effluents, and agricultural runoff, introducing a cocktail of contaminants including heavy metals, organic pollutants, pathogens, and emerging micropollutants such as pharmaceuticals and personal care products [4,5]. According to the World Health Organization (WHO) and UNICEF, approximately 2.2 billion people lack access to safely managed drinking water services, and water pollution contributes to over 1.5 million deaths annually from waterborne diseases like cholera, dysentery, and typhoid [6,7]. Clean water is indispensable for good health, as contaminated sources can lead to severe health outcomes, including gastrointestinal illnesses, neurological disorders, and developmental issues in children. Moreover, polluted water disrupts ecosystems, affecting biodiversity and food security, as seen in regions like sub-Saharan Africa and South Asia where water scarcity and pollution intersect with poverty to create vicious cycles of disease and economic stagnation [1–3,8]. The need for clean water extends beyond health to economic productivity and social equity, underscoring the urgency for innovative solutions to ensure equitable access amid growing demands [2,9,10].
Conventional water treatment technologies, while foundational to modern sanitation systems, face significant limitations in addressing contemporary pollution challenges. Traditional wastewater treatment plants (WWTPs) typically employ primary (sedimentation), secondary (biological treatment), and tertiary (chemical disinfection) processes, which are effective against bulk organic matter, suspended solids, and some pathogens [11]. However, these methods often fall short in removing micropollutants, low-concentration contaminants (ng/L to μg/L) such as endocrine-disrupting chemicals, antibiotics, pesticides, and per- and polyfluoroalkyl substances (PFAS), that persist in effluents and enter receiving water bodies [12–17], as illustrated on Figure 1. For example, classical WWTPs achieve only 20-50% removal efficiency for many pharmaceuticals due to their recalcitrant nature and resistance to biodegradation or coagulation [18–22]. This results in widespread environmental dissemination, bioaccumulation in aquatic organisms, and potential risks to human health through drinking water sources. Limitations stem from high energy consumption, sludge production, and the inability to handle complex, trace-level pollutants without advanced add-ons like activated carbon adsorption or ozonation, which increase operational costs [23]. Novel technologies are thus necessary to bridge these gaps, offering higher selectivity, efficiency, and sustainability in treating diverse contaminants under varying water matrices [24].
<Figure 1 here>
Figure 1: Location of various micropollutants measured in wastewater across the world and their removal rates (negative values indicate that the pollutant concentration increases between the inlet and outlet of the wastewater treatment plant). Illustration from [22] (reproduced with permission from M. Kumar et al., Bioresource Technology; published by Elsevier, 2022).
In response to these challenges, nanomaterials have emerged as transformative agents in water purification, leveraging their unique physicochemical properties to achieve superior performance over traditional methods. Defined as materials with at least one dimension between 1-100 nm, nanomaterials exhibit high surface area-to-volume ratios, enhanced reactivity, and tunable functionalities that enable efficient adsorption, catalysis, and disinfection [4,5,11,13,23]. Over the past decade, a plethora of new nanomaterials has been developed for water treatment, including carbon-based structures (e.g., graphene oxide, carbon nanotubes), metal oxides (e.g., TiO₂, ZnO), metal-organic frameworks (MOFs), and nanocomposites like clay-polymers [8,11,12,25–29]. A wide array of nanoparticles is used in water remediations, broadly classified into organic, inorganic, and polymeric nanoparticles [30]. The classification is represented in Figure 2.
<Figure 2 here>
Figure 2: Classification of nanoparticle used in water purification from [30](reproduced with permission from M. Ajith et al., Journal of Nanotechnology and Nanomaterials; published by Scientific Archives, 2021).
For instance, carbon-based nanomaterials demonstrate exceptional adsorption capacities for heavy metals and organics due to their porous structures and π-π interactions, while doped TiO₂ nanoparticles extend photocatalytic activity into visible light for degrading dyes and pathogens [13,24]. Similarly, MOFs and MXenes offer high selectivity for radionuclides and emerging contaminants through ion-exchange and redox mechanisms [18,23]. These advancements have shown promising results in lab-scale and pilot studies, with nanomaterials achieving removal efficiencies exceeding 90% for recalcitrant pollutants under ambient conditions [11]. Their integration into membranes and hybrid systems further enhances antifouling properties and scalability, marking a shift toward energy-efficient, modular water treatment solutions [23].
This chapter aims to review recent advances in water treatment using nanomaterials, providing a global overview of their applications while acknowledging that the discussion is not fully exhaustive given the rapid pace of research. The primary objectives are to synthesize key developments in nanomaterial classes, evaluate their mechanisms for contaminant removal, and highlight challenges and future perspectives for practical implementation. 
The structure of this chapter is organized as follows: Section 2 provides an overview of water contaminants and treatment challenges; Section 3 classifies and discusses major nanomaterial types; Section 4 explores purification mechanisms; Section 5 examines integration into treatment systems; Section 6 addresses toxicity, risks, and sustainability; Section 7 outlines challenges and future directions; and Section 8 concludes with key insights. By focusing on interdisciplinary innovations, this chapter seeks to inform researchers, engineers, and policymakers on leveraging nanomaterials for sustainable water purification.
2. Overview of Water Contaminants and Treatment Challenges
Water contaminants encompass a diverse array of substances that impair water quality, posing risks to ecosystems and human health. These pollutants originate from natural sources, such as geological weathering, and anthropogenic activities, including industrial discharges, agricultural runoff, urban stormwater, and wastewater effluents [31–34]. They are classified into inorganic (e.g., heavy metals, nutrients), organic (e.g., pesticides, pharmaceuticals), and biological (e.g., pathogens) categories, with concentrations varying by source and location. Figure 3 represents a non-exhaustive list of major pollutants that can be found in water. Micropollutants, often present at trace levels (ng/L to μg/L), are particularly concerning due to their persistence, bioaccumulation, and synergistic effects [32,35,36]. For instance, in polluted rivers, heavy metal concentrations can exceed safe limits, while organic pollutants from agricultural runoff may reach μg/L levels, leading to long-term ecological disruptions like biodiversity loss and human health issues such as cancer and neurological disorders [37–39]. Their recalcitrant nature necessitates advanced removal processes beyond conventional methods, as they resist biodegradation and can migrate through food chains [31,32].
<Figure 3 here>
Figure 3: Non-exhaustive list of major pollutants found in water from [37] (reproduced with permission from X. Jiang et al., International Journal of Environmental Research and Public Health; published by MDPI, 2022).
2.1. Heavy Metals (e.g., Pb, As, Cr, Cd)
Heavy metals are non-biodegradable elements with high atomic weights, entering water through mining, industrial processes, and urban runoff [31,32,37]. Typical concentrations in contaminated sources include Pb at 0.01–0.5 mg/L in urban stormwater [34], As at 0.001–0.1 mg/L in groundwater affected by geogenic sources [40], Cr at 0.05–1 mg/L in industrial effluents [41], and Cd at 0.001–0.05 mg/L in agricultural runoff [42]. In drinking water, WHO guidelines limit Pb to 0.01 mg/L, As to 0.01 mg/L, Cr to 0.05 mg/L, and Cd to 0.003 mg/L, but exceedances are common in polluted regions [36,43].
These metals exert severe negative consequences on humans, fauna, and flora. In humans, chronic Pb exposure causes neurodevelopmental delays and kidney damage [37,44], As induces skin lesions and cancers [45], Cr (VI) leads to respiratory and gastrointestinal issues [41], and Cd affects bone and renal function [46]. For fauna, bioaccumulation in fish and aquatic invertebrates disrupts reproduction and growth, as seen in Cd-exposed mollusks exhibiting reduced fertility [47]. Flora suffers from phytotoxicity, with As inhibiting plant enzymes and reducing crop yields [48]. Their persistence—half-lives spanning decades in sediments—amplifies risks through biomagnification, necessitating novel remediation like nanotechnology to enhance removal efficiency [31,32,49].
2.2. Organic Pollutants 
Organic pollutants are carbon-based compounds from agricultural, pharmaceutical, and industrial sources, often persistent and endocrine-disrupting [32,50]. Pesticides like atrazine occur at 0.1–10 μg/L in surface waters near farmlands [51], pharmaceuticals (e.g., ibuprofen) at 0.01–1 μg/L in WWTP effluents [52], and PFAS (e.g., PFOA, PFOS) at 0.01–0.3 μg/L globally in surface and groundwater, with hotspots exceeding 1 μg/L [53,54]. Regulatory limits vary; EU sets PFAS at 0.1 μg/L for drinking water, but many emerging organics lack standards [55].
Impacts are profound: pesticides cause neurological disorders in humans and acute toxicity in aquatic insects [56], pharmaceuticals disrupt hormonal balances, leading to feminization in fish [57], and PFAS bioaccumulate, causing liver damage in mammals and reduced biodiversity in contaminated ecosystems [58,59]. Their persistence (e.g., PFAS half-lives >1,000 years) and mobility enable long-range transport, affecting remote flora like algae through oxidative stress [60]. New processes, such as advanced oxidation, are essential for degradation, as these compounds evade natural attenuation [32,35,61].
2.3. Pathogens (bacteria, viruses)
Pathogens are microbial agents including bacteria (e.g., E. coli, Vibrio cholerae) and viruses (e.g., norovirus, hepatitis A), introduced via sewage, animal waste, and stormwater [31,34,62]. Levels in polluted water range from 102–106 CFU/100 mL for bacteria in untreated wastewater to 10–104 viral particles/L in surface waters [63]. Safe drinking water should have <1 CFU/100 mL for fecal indicators, but contaminated sources often exceed this [43].
Consequences include waterborne diseases affecting 2.2 billion people annually, with bacteria causing cholera (up to 4 million cases/year) and viruses leading to gastroenteritis [7,64]. In ecosystems, pathogens alter microbial communities, reducing fauna diversity and harming flora through root infections [65]. Their persistence in biofilms and sediments requires disinfection innovations like UV-LEDs, as they mutate and resist antibiotics [65,66].
2.4. Nutrients (nitrates, phosphates)
Nutrients like nitrates (NO3-) and phosphates (PO43-) stem from fertilizers, sewage, and runoff, with concentrations of 1–50 mg/L NO3- in agricultural rivers and 0.1–5 mg/L PO4- in eutrophic lakes [33,67,68]. EU limits are 50 mg/L for nitrates in drinking water and 0.1 mg/L for phosphates in sensitive areas [55].
Excess nutrients trigger eutrophication, causing algal blooms that deplete oxygen (hypoxia), killing fish and invertebrates [69,70]. Humans face methemoglobinemia from high nitrates (>10 mg/L) [71], while flora like aquatic plants suffer shading and toxicity [72]. Persistent inputs exacerbate dead zones, affecting 245,000 km² of coastal areas [73]. Advanced treatments like denitrifying bioreactors are needed to counter their solubility and cycling [33,74].
2.5. Key Physicochemical Challenges for Removal
Removing these pollutants involves challenges like low concentrations hindering detection and kinetics [35,75], variable water matrices (pH, ionic strength) altering speciation (e.g., metal complexation) [76], and pollutant interactions (e.g., organics sorbing to metals) reducing efficiency [77]. Heavy metals form stable complexes, organics resist hydrolysis, pathogens form biofilms, and nutrients cycle biogeochemically [78,79]. Energy demands and secondary pollution (e.g., sludge) further complicate processes [80,81].
2.6. Limitations of Traditional Treatment Methods 
Traditional wastewater treatment plants (WWTPs) typically involve primary (physical sedimentation), secondary (biological processes like activated sludge or trickling filters), and tertiary (advanced filtration or disinfection) stages. While effective for removing bulk organic matter, suspended solids, and some nutrients, these methods exhibit significant limitations in addressing micropollutants, particularly dissolved and persistent compounds [14,15,82,83]. Primary treatments, such as coagulation and flocculation, primarily target particulate matter and colloids, but fail to capture dissolved micropollutants like pharmaceuticals and PFAS, often achieving less than 20-30% removal for these recalcitrant organics due to poor adsorption onto flocs [84,85]. These processes are inherently limited by their reliance on physical-chemical aggregation, which does not address the solubility and low reactivity of many trace organics and metals, leading to their persistence in effluent and subsequent environmental release.
Secondary biological treatments, often coupled with primary methods, rely on microbial degradation in activated sludge systems or biofilms to break down organic matter. However, they are particularly ineffective against a wide series of micropollutants that are non-biodegradable, present at low concentrations (insufficient to induce microbial enzymes), or even toxic to the biomass [14,15]. For example, compounds like carbamazepine (an anticonvulsant), sulfamethoxazole (an antibiotic), and PFOS show removal rates below 10-20% in conventional activated sludge processes, as they resist hydrolysis, microbial uptake, or are poorly sorbed to sludge [19]. This inefficiency stems from the fact that classical biological treatments are optimized for high-BOD/COD wastes, not trace-level, persistent micropollutants, resulting in effluent discharges that contribute to bioaccumulation, endocrine disruption, and antibiotic resistance in receiving waters [86,87]. Moreover, biological systems can be inhibited by toxic metals or organics, reducing overall plant performance and generating large volumes of contaminated sludge that requires costly disposal. Figure 4 illustrates the removal efficiency rates of some organic pollutants by conventional biological treatments used in WWTP. It is noted that most of these pollutants are not completely eliminated by these techniques [61].
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Figure 4: Removal efficiency rates of some organic pollutants (called ECs in the illustration for Emerging Contaminents) by conventional biological treatments used in WWTP from [61] (reproduced with permission from M. Ahmed et al., Journal of Hazardous Materials; published by Elsevier, 2017).
Tertiary methods, such as reverse osmosis (RO) or granular activated carbon (GAC), offer higher rejection rates (>90% for salts and some nutrients) but are plagued by operational limitations, including membrane fouling by organics and pathogens, high energy consumption (3–5 kWh/m³ for RO), and the production of concentrated brine waste that poses environmental disposal challenges [86–89]. Even advanced tertiary options like RO may not fully remove small, neutral micropollutants such as N-nitrosodimethylamine (NDMA) or certain pesticides, with removal efficiencies dropping below 50% in complex matrices due to diffusion through membranes [90]. Overall, traditional methods lack selectivity for emerging contaminants, generate secondary wastes (e.g., sludge, concentrates), incur high capital and operational costs, and perform poorly under variable influent flows and compositions, underscoring their inadequacy for modern pollution challenges and the urgent need for advanced, integrated technologies like nanomaterials and hybrid systems for effective remediation [52,61,91,92].
3. Classes of Nanomaterials for Water Purification
3.1. Carbon-Based Nanomaterials
Carbon-based nanomaterials (CBNMs) represent a versatile class of engineered materials renowned for their exceptional physicochemical properties, including high surface area, tunable porosity, chemical stability, and biocompatibility, making them highly suitable for water purification applications [4,93]. Derived from abundant carbon sources, these materials encompass structures such as graphene oxide (GO), carbon nanotubes (CNTs), activated biochar, and carbon dots (CDs), each offering unique advantages in addressing water contaminants like heavy metals, organics, pathogens, and nutrients [94,95]. Their efficacy stems from scalable synthesis methods, such as hydrothermal carbonization or chemical vapor deposition, which allow for surface functionalization to enhance selectivity and regeneration [4,18]. Key mechanisms include adsorption via π-π interactions and electrostatic forces, filtration through size-exclusion and membrane integration, and photocatalysis enabled by bandgap engineering for reactive oxygen species (ROS) generation [93,94]. Despite challenges like aggregation and potential ecotoxicity, CBNMs have demonstrated superior performance in real-world scenarios, often achieving >90% removal efficiencies, positioning them as sustainable alternatives to traditional treatments [18,95]. Figure 5 represents the 4 main categories of carbon materials for water depollution and their specific properties.
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Figure 5: Main categories of carbon materials for water depollution and their specific properties from [93] (reproduced with permission from M. Nasrollahzadeh et al., Chemosphere; published by Elsevier, 2021).
Graphene Oxide
Graphene oxide (GO), a two-dimensional oxidized derivative of graphene, features a honeycomb lattice with abundant oxygen-containing functional groups (e.g., hydroxyl, epoxy, carboxyl) that confer hydrophilicity and reactivity [4,96]. Typically synthesized via the Hummers' method or its variants, GO sheets range from 1-10 nm in thickness and up to microns in lateral size, providing surface areas exceeding 2000 m²/g [97]. These attributes enable efficient interaction with pollutants, with modifications like reduction to reduced GO (rGO) or composite formation further tailoring properties [98].
Mechanisms of action include adsorption, where GO's functional groups facilitate electrostatic attraction, hydrogen bonding, and π-π stacking for organics and metals; filtration, often as GO membranes rejecting contaminants via interlayer spacing (0.3-0.7 nm); and photocatalysis, where GO acts as an electron acceptor in composites, enhancing charge separation under visible light [93,99,100].
Selected applications highlight GO's performance. For heavy metals, GO nanocomposites removed Pb(II) and Cd(II) with capacities of 842 mg/g and 530 mg/g, respectively, outperforming activated carbon by 2-3 times due to chelation [101,102]. In organic pollutant treatment, GO-based photocatalysts degraded dyes like methylene blue at 95% efficiency under UV light, driven by ROS production [103]. For pathogen removal, GO membranes achieved >99% bacterial rejection via physical sieving and antimicrobial action [104]. Real-world pilots in wastewater treatment showed 85-95% removal of pharmaceuticals like ibuprofen, with recyclability up to 5 cycles [105,106]. However, scalability remains limited by production costs and aggregation issues [107].
Carbon Nanotubes
Carbon nanotubes (CNTs), cylindrical nanostructures of rolled graphene sheets, are classified as single-walled (SWCNTs, 0.4-2 nm diameter) or multi-walled (MWCNTs, 2-100 nm), with lengths up to microns and surface areas of 100-1000 m²/g [95,108]. Synthesized via arc discharge or chemical vapor deposition, CNTs exhibit high mechanical strength and electrical conductivity, amenable to functionalization with -COOH or -OH groups for improved dispersibility [109,110].
Primary mechanisms encompass adsorption through hydrophobic interactions and pore-filling; filtration in CNT membranes for nanofiltration; and photocatalysis when doped or composited, promoting electron-hole separation [94,111,112].
Applications demonstrate robust performance. In heavy metal remediation, functionalized MWCNTs adsorbed Cr(VI) at 215 mg/g, surpassing traditional sorbents via redox and complexation [113,114]. For organics, CNT-TiO₂ hybrids photocatalytically degraded pesticides like atrazine at 98% under solar light, with enhanced stability [115]. Pathogen filtration via CNT membranes achieved log reductions >6 for viruses, attributed to electrostatic repulsion [116]. In nutrient removal, CNTs removed phosphates at 100 mg/g via surface precipitation [117]. Field studies in industrial effluents reported 90% multi-pollutant removal, with regeneration via acid washing yielding 80% efficiency over 10 cycles [99,118]. Challenges include high costs and potential nanotube release into effluents [119].
Activated Biochar
Activated biochar, a porous carbon material derived from biomass pyrolysis followed by physical/chemical activation, features surface areas of 500-3000 m²/g and tunable pore structures (micro/meso/macro) [18,120]. Produced sustainably from agricultural wastes like rice husks or wood chips at 400-900°C, activation with KOH or steam enhances functionality with oxygen/nitrogen groups [121,122].
Mechanisms involve adsorption via ion exchange and surface complexation; filtration in biochar filters for particulate capture; and photocatalysis when modified with semiconductors like ZnO, generating ROS [4,123,124].
Performance in applications is notable for cost-effectiveness. For heavy metals, activated biochar from sewage sludge removed As(III) at 200 mg/g, leveraging redox-active sites [125,126]. In organic treatment, biochar-TiO₂ composites degraded PFAS at 92% via photocatalysis, outperforming pure TiO₂ by 30% due to electron shuttling [127]. Pathogen inactivation reached 99% in biochar-amended soils via sorption and pH effects [128]. Nutrient recovery saw phosphates adsorbed at 150 mg/g, enabling fertilizer reuse [120]. Pilot-scale stormwater treatment achieved 80-95% removal of mixed pollutants, with low-cost regeneration via thermal treatment [129,130]. Limitations include variability in feedstock quality and potential leaching of inherent metals [129].
Carbon Dots
Carbon dots (CDs), quasi-spherical nanoparticles (<10 nm) with sp²/sp³ hybridized cores, are synthesized hydrothermally from citric acid or biomass, offering quantum confinement and surface tunability [93,131]. With surface areas ~500 m²/g and PL properties, CDs are biocompatible and easily functionalized [132,133].
Mechanisms feature adsorption through edge groups; filtration in CD-embedded membranes; and photocatalysis via bandgap (2-4 eV) for visible-light activation [94,134,135].
Applications show promise in sensing-integrated purification. For heavy metals, N-doped CDs adsorbed Hg(II) at 700 mg/g via coordination [136,137]. Photocatalytic degradation of pharmaceuticals reached 96% with CD-TiO₂ under visible light [138]. Pathogen detection and inactivation combined, with CDs killing 99% E. coli via ROS [139]. Nutrient sensing/adsorption enabled selective phosphate removal at 100 mg/g [140]. Integrated systems in wastewater achieved 90% multi-contaminant removal, with fluorescence for real-time monitoring [141,142]. Advantages include low toxicity, but scalability and stability in complex matrices need improvement [143].
In summary, CBNMs offer multifaceted solutions for water purification, with synergies in hybrid systems enhancing overall efficacy [93,94].
3.2. Metal and Metal Oxide Nanoparticles
Metal and metal oxide nanoparticles (MMONPs) constitute a pivotal class of nanomaterials for water purification, characterized by their high reactivity, tunable bandgaps, and multifunctional properties that enable efficient contaminant removal [13,144]. Encompassing materials like silver (Ag), magnetite (Fe₃O₄), zinc oxide (ZnO), titanium dioxide (TiO₂), cerium oxide (CeO₂), and copper oxide (CuO), MMONPs are synthesized via methods such as sol-gel, hydrothermal, or green routes, yielding particles of 1-100 nm with surface areas often exceeding 100 m²/g [145,146]. Their applications leverage catalytic prowess for degradation, Fenton-like oxidation for organics, and antimicrobial effects against pathogens, though concerns like leaching and toxicity necessitate careful design, such as core-shell structures or doping [24,147]. As semiconductors (e.g., ZnO, TiO₂, g-C₃N₄, black phosphorus), they facilitate visible-light-driven processes, with doping and electrochemical coupling enhancing efficiency and sustainability [13,148]. Figure 6 represents different MMONPs used for water treatment observed by SEM or TEM showing their various shapes and morphologies.
<Figure 6 here>
Figure 6: Microscopic aspect of different MMONPS used for water treatment (a) ZnO from [149] (reproduced with permission from J. G. Mahy et al., Catalysts; published by MDPI, 2021); (b) Sr-doped TiO2 from [24] (reproduced with permission from Y. Tasisa et al., Scientific Reports; published by Nature publishing Group, 2025); (c) MoS2 nanoflowers from [150] (reproduced with permission from P. Chen et al., ACS Sustainable Chemistry & Engineering; published by ACS Publications, 2021); (d) FeWO4 nanorods from [145] (reproduced with permission from A. Maya et al., Water Research X; published by Elsevier, 2025).
Ag, Fe₃O₄, ZnO, TiO₂, CeO₂
Silver nanoparticles (Ag NPs), with sizes 5-50 nm, are renowned for antimicrobial properties, releasing Ag⁺ ions that disrupt microbial membranes [13,144]. Fe₃O₄ (magnetite) NPs, 10-20 nm, enable magnetic separation post-treatment [145]. ZnO and TiO₂, wide-bandgap semiconductors (3.37 eV and 3.2 eV), form reactive species under UV, while CeO₂ (3.2 eV) offers redox cycling via Ce³⁺/Ce⁴⁺ [24,146,151]. 
Applications in Catalysis, Fenton-like Reactions, Antimicrobial Properties
In catalysis, MMONPs degrade organics via photocatalysis; TiO₂ and ZnO generate ROS like •OH for breaking C-C bonds in dyes and PPCs [144,146]. Doped TiO₂ (e.g., Sr-doped) achieved 94-98% dye removal under visible light, following pseudo-first-order kinetics [24]. Fenton-like reactions utilize Fe₃O₄ or FeWO₄ for H₂O₂ activation, producing •OH; FeWO₄ NPs degraded 99% ciprofloxacin in 40 min at neutral pH via sono-photo-Fenton [145]. Antimicrobial applications see Ag NPs inactivating >99% E. coli via ion release, while ZnO disrupts biofilms [13]. CuO and CeO₂ enhance disinfection in hybrid systems, with CuO-ZnO composites killing 99% pathogens under solar light [13].
Concerns over Nanoparticle Leaching and Toxicity
Leaching of ions (e.g., Ag⁺, Cu²⁺) or NPs poses ecotoxicity risks, inducing oxidative stress in aquatic organisms; necessitating immobilization [152]. Toxicity concerns include bioaccumulation, with TiO₂ NPs causing DNA damage in algae at >10 mg/L [144]. Mitigation via doping or encapsulation reduces leaching by 50-70%, but long-term environmental fate requires further study [153].
Semiconductors: ZnO, TiO₂, g-C₃N₄, Black Phosphorus
Semiconductor MMONPs like ZnO and TiO₂ enable bandgap engineering for visible-light response (420-700 nm), addressing UV limitations [144,154–156]. g-C₃N₄ (2.7 eV) offers metal-free photocatalysis, while black phosphorus (0.3-2 eV) provides tunable gaps for broad-spectrum activity [157–159].
Visible-Light-Driven Pollutant Degradation
Under visible light, these semiconductors degrade pollutants via electron-hole pairs; ZnO-W₁₈O₄₉ nanocomposites removed 99% MB in 170 min at neutral pH [146]. g-C₃N₄ hybrids degraded 90% antibiotics, with black phosphorus achieving high PPC removal via singlet oxygen [159–161]. Efficiencies reach 80-99% for dyes/PPCs, outperforming undoped materials by 2-3 times [13,144].
Role of Doping and Coupling with Electrochemical Systems
Doping (e.g., N/S in TiO₂, Sr in TiO₂) narrows bandgaps (from 3.2 to 2.5 eV), enhancing visible-light absorption and charge separation, boosting degradation by 30-50% [24,151,162]. Coupling with electrochemical systems, like photoelectrocatalysis, applies bias voltage to suppress recombination; TiO₂ photoanode mineralized up to 94% of organic pollutant [162]. Fenton-electro systems with Fe₃O₄ electrodes generate in-situ H₂O₂, achieving 95% removal with low energy (0.5 kWh/m³) [145]. These integrations address leaching via electrode immobilization, promoting sustainability [145,162].
3.3. Layered Double Hydroxides (LDHs) and Clays
Layered double hydroxides (LDHs) and clays are naturally abundant, low-cost anionic clays with lamellar structures that make them highly effective for water purification, offering large surface areas (50-200 m²/g for clays, 100-300 m²/g for LDHs), tunable interlayer spacing, and inherent ion-exchange capabilities [8,163]. LDHs consist of positively charged brucite-like layers balanced by interlayer anions, while clays like montmorillonite or kaolinite feature silicate layers with negative charges compensated by cations [163,164]. Figure 7 shows a schematic representation of the layered structure. 
<Figure 7 here>
Figure 7: Scheme of the structure of layered double hydroxide from [165] (reproduced with permission from R. P. Wijitwongwan et al., ChemEngineering; published by MDPI, 2019).
Synthesized via co-precipitation, hydrothermal, or exfoliation methods, these materials excel in removing anions, heavy metals, and organics through intercalation and adsorption, with composites enhancing selectivity and regeneration [8,163,164]. Their eco-friendly nature and versatility position them as sustainable alternatives, though challenges like aggregation require surface modifications [8,163].
Ion Exchange and Intercalation Mechanisms
Ion exchange in LDHs and clays involves the substitution of interlayer ions with target contaminants, driven by electrostatic attraction and diffusion [163,166]. For LDHs, the positively charged layers facilitate anion exchange (e.g., Cl⁻ or CO₃²⁻ replaced by pollutants like arsenate or phosphate), with capacities up to 3-4 meq/g due to high anion exchange capacity (AEC) [8,167]. The process follows Langmuir or Freundlich isotherms, favoring multivalent anions via stronger binding, as seen in Cl- removal where LDHs achieved 100-120 mg/g uptake via outer-sphere complexation [168,169]. Clays, with cation exchange capacity (CEC) of 50-150 meq/100g, excel in cationic pollutant removal (e.g., Pb²⁺, Cd²⁺) through inner-sphere coordination on silanol/aluminol sites [164,170].
Intercalation entails pollutant insertion into interlayer spaces, expanding d-spacing (from 0.76 nm in pristine LDHs to 1-2 nm post-intercalation) and enhancing selectivity [163,171]. In LDHs, organic anions or dyes intercalate via host-guest interactions, as in pillared clays where surfactants increase hydrophobicity for non-polar organics [8,172]. Mechanisms include van der Waals forces and hydrogen bonding, with pH influencing charge density—optimal at pH 4-8 for anionic contaminants [164,173]. Composites like LDHs@MXene boost intercalation via synergistic electrostatics, removing 90-99% dyes via π-π stacking [164]. Regeneration via calcination (memory effect in LDHs) restores 80-90% capacity over 5-10 cycles, though irreversible binding limits long-term use [163,174].
Surface Modification Strategies for Enhanced Performance
Surface modifications tailor LDHs and clays for improved affinity, stability, and multifunctionality, addressing limitations like low selectivity and pH sensitivity [8,163]. Organic modifications involve surfactants (e.g., SDS) or polymers, creating organoclays with enhanced hydrophobicity; clay-polymer nanocomposites removed 95% organics via increased CEC and π-π interactions [8,163]. Inorganic modifications, like metal doping (e.g., Zn-Al LDHs with Fe), introduce redox sites for Fenton-like reactions, degrading 90% antibiotics [164].
Nanocomposite formation, such as LDHs@MXene, combines LDHs' exchange with MXene's conductivity, achieving 98% heavy metal removal via enhanced electrostatics and photocatalysis [164]. Pillaring with polyoxometalates expands interlayers (to 2-3 nm), boosting capacities by 50-100% for anions [8,163]. Green modifications using biopolymers (e.g., chitosan) yield eco-friendly hybrids with 200-300 mg/g dye uptake, reducing toxicity [8]. These strategies enhance performance by 2-5 times, with LDHs-clay composites removing 99% multi-pollutants in real wastewater [163]. However, scalability and cost require optimization for practical deployment [8,163].
3.4. Polymeric and Hybrid Nanomaterials
Polymeric and hybrid nanomaterials represent a sophisticated class of materials for water purification, integrating organic polymers with inorganic nanofillers to synergistically enhance mechanical strength, chemical stability, selectivity, and antifouling properties [8,175]. These materials, often synthesized via phase inversion, electrospinning, or in-situ polymerization, feature tunable porosities (0.1-100 nm) and surface areas (50-500 m²/g), enabling efficient removal of diverse contaminants including organics, heavy metals, and pathogens [176,177]. Hybridization addresses limitations of pure polymers (e.g., fouling, low flux) by incorporating fillers like metal oxides or carbon nanomaterials, resulting in multifunctional systems for adsorption, filtration, and catalysis [176,177]. Their biocompatibility and scalability position them as versatile solutions, though challenges like filler dispersion and long-term stability require optimization [8,175].
Nanocomposites, Functional Membranes, Nanostructured Hydrogels
Nanocomposites embed nanofillers (e.g., TiO₂, CNTs, graphene) into polymer matrices like PVDF or PES, boosting performance via interfacial interactions [175,177]. For instance, clay-polymer nanocomposites removed 90-99% heavy metals and organics through enhanced adsorption and ion exchange, leveraging clay's CEC (50-150 meq/100g) and polymer's processability [8]. Functional membranes, such as mixed-matrix types, incorporate NPs for improved selectivity; modified PES membranes with TiO₂ achieved 95% dye rejection via photocatalysis and hydrophilicity (contact angle <30°) [176,177]. Nanostructured hydrogels, like gelatin or alginate-based, swell to absorb contaminants (up to 1000% water uptake), with biopolymer variants removing 80-95% pollutants via entrapment and H-bonding [175,177]. Composites like bentonite-polyacrylamide removed 82% surfactants and 65% COD from textile wastewater, demonstrating multifunctionality [176].
Figure 8 gives several processes to produce composite membranes for water treatment. These membranes target emerging contaminants in the form of toxic molecules or ions in purified drinking water and wastewater [178]. 
<Figure 8 here>
Figure 8: Various approaches of fabricating polymers and nanomaterials into membranes for water treatment applications from [178] (reproduced with permission from R. P. Sahu et al., Polymers; published by MDPI, 2023): (a) cysteine-grafted cellulose nanofibers impregnated in electrospun polyacrylonitrile scaffold (microfiltration) (from [179]) Graphene oxide (GO)-coated chitosan nanoparticles incorporated into (TFN-M) or at the bottom (TFN-U) of polyamide (PA) layer during interfacial polymerization process (ultrafiltration) (from [180]); (c) carboxylated carbon nanofibers embedded into polysulfone layer via phase inversion process with PA layer on top (forward osmosis) (from [181]); (d) GO coated on PA layer via layer-by-layer technique (from [182]); (e) Vacuum filtration of bacterial cellulose and GO dispersion (from [183]); (f) Membrane based on electrospun fibers of homogenous slurry of polyvinylidene difluoride and GO mixed with metal organic framework (from [184]).
Selectivity in these materials arises from size exclusion, charge repulsion, and affinity binding, enhanced by nano-structuring [175]. In functional membranes, fillers like ZnO narrow pores (to 1-5 nm), rejecting >98% salts while permitting high flux (50-100 L/m²h) via Donnan exclusion [176,177]. Transport is boosted by hydrophilic modifications, reducing fouling and increasing permeability by 2-3 times; PVDF-TiO₂ membranes exhibited 90% flux recovery after cleaning [177]. Nanocomposites like clay-polymer enhance transport via expanded interlayers (1-2 nm), facilitating diffusion-controlled adsorption with capacities 200-300 mg/g for dyes [8]. Hydrogels' 3D networks enable selective swelling, capturing organics (90% efficiency) while excluding inorganics [177]. Doping and hybridization further refine selectivity, as in LDHs@MXene composites achieving 98% multi-pollutant removal through electrostatic and π-π interactions [164]. Overall, these enhancements yield 80-99% removal efficiencies in real effluents, with regeneration maintaining 80% performance over 5-10 cycles [164,176].
3.5. Metal–Organic Frameworks (MOFs) and Covalent Organic Frameworks (COFs)
Metal–organic frameworks (MOFs) and covalent organic frameworks (COFs) are crystalline porous materials renowned for their ultra-high surface areas (up to 7000 m²/g for MOFs and 5000 m²/g for COFs) and tunable chemistry, making them ideal for water purification through selective adsorption, catalysis, and membrane integration [12,185]. MOFs consist of metal nodes coordinated to organic linkers, while COFs feature covalent bonds between organic building blocks, both synthesized via solvothermal or mechanochemical methods, yielding tunable pore sizes (0.5-5 nm) and functionalities [12,185]. Their designability allows incorporation of active sites for targeting contaminants like heavy metals, organics, and microbes, with hybrids enhancing multifunctionality [12,185]. However, challenges such as poor water stability (hydrolysis in aqueous media) and high synthesis costs (due to expensive precursors and solvents) limit scalability, necessitating modifications like hydrophobic coatings or green synthesis [12,185]. Figure 9 illustrates different MOFs structures.
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Figure 9: Illustrations of different MOFs structures from [186] (reproduced with permission from T. Rasheed et al., Chemosphere; published by Elsevier, 2023): (a) Zr6 clusters in four BUT-46 MOFs with different terminal functional groups from [187]. (b) Y-shp-MOF-5, a hybrid microporous highly connected rare-earth-based metal–organic framework (MOF), with dual functionality for moisture control within the recommended range of relative humidity from [188]. (c) Conceptual model identifying the mechanisms of metal cation (e.g. Cd2+, Cu2+, Hg2+, Pb2+, Zn2+) and oxyanion (e.g. PO43- , AsO43-) sorption to biochar pyrolysed at high temperature (>450 ◦C) and low temperature (<450 ◦C). High temperature biochar has a higher surface area, pores previously blocked by unpyrolysed organic matter are unblocked, and there are more aromatic groups and less oxygen containing functional groups on the biochar surface from [189]. (d) Schematic illustration of the thiol-functionalization of MOFs through coordination bonding between one thiol group of dithioglycol and coordinatively unsaturated metal centers (UMCs) in MOFs from [190]. 
Ultra-high surface area and tunable chemistry enable exceptional performance; MOFs like ZIF-8 or UiO-66 adsorb >1000 mg/g of dyes via π-π stacking and electrostatics, outperforming activated carbon by 5-10 times [12,191]. COFs, with robust covalent structures, achieve 90-99% removal of pharmaceuticals through size-selective pores and H-bonding [185,192]. In catalysis, Fe-MOFs drive Fenton-like reactions, degrading 95% antibiotics via •OH generation, with dual-functionality in healthcare (anticancer, antimicrobial) and remediation [12]. Hybrids like MOF@polymer membranes enhance flux (100-200 L/m²h) and rejection (>98% for salts) via tuned hydrophilicity [185,193]. Applications span wastewater treatment, with iron-MOFs in electro-Fenton achieving 90% pollutant mineralization at neutral pH [12].
Issues related to water stability and cost persist; many MOFs (e.g., HKUST-1) degrade in humid conditions due to weak metal-ligand bonds, losing 50-80% crystallinity after exposure, addressed by post-synthetic modifications like ligand exchange for hydrophobic variants (e.g., UiO-66-NH₂) stable over 100 cycles [12,194]. COFs offer better hydrolytic stability but suffer from brittleness [185,195]. Costs (10-100 USD/g) arise from rare metals and solvents, mitigated by scalable green routes using water or biomass-derived linkers, reducing expenses by 70% [12,185]. Toxicity concerns (metal leaching) and scalability (batch synthesis) require further optimization for real-world deployment [12,185].
4. Mechanisms of Water Purification by Nanomaterials
Nanomaterials purify water through diverse mechanisms that exploit their unique nanoscale properties, such as high surface-to-volume ratios, tunable surface chemistry, and enhanced reactivity, enabling efficient removal of contaminants like heavy metals, organics, nutrients, and pathogens [11]. These processes—adsorption, filtration, catalysis, antimicrobial action, and electrochemical methods—often operate synergistically in hybrid systems, achieving removal efficiencies of 80-99% while minimizing energy use (0.1-1 kWh/m³) compared to conventional treatments [11]. Understanding these mechanisms is crucial for optimizing nanomaterial design, addressing challenges like fouling and regeneration, and scaling applications [11]. This section delineates key mechanisms, supported by examples from carbon-based, metal oxide, and hybrid nanomaterials.
4.1. Adsorption (surface area, π–π interactions, electrostatic forces)
Adsorption is a primary mechanism where contaminants bind to nanomaterial surfaces via physical or chemical interactions, driven by ultra-high surface areas (100-7000 m²/g) that provide abundant active sites [4,11]. Electrostatic forces dominate for charged pollutants; positively charged surfaces (e.g., in LDHs or cationic clays) attract anions like arsenate or phosphates, with capacities up to 200-400 mg/g at pH 4-7 via outer-sphere complexation [11,163]. π–π interactions are key for aromatic organics (e.g., dyes, PPCs), as in graphene or CNTs, where delocalized π-electrons facilitate stacking, removing 90-99% dyes (e.g., MB) in 30-60 min [11,94]. Surface area effects amplify kinetics; MOFs with 5000 m²/g adsorb >1000 mg/g organics via pore confinement [11,12]. Mechanisms follow Langmuir/Freundlich models, with regeneration (e.g., via pH shift) retaining 80-90% capacity over 5-10 cycles, though competition in complex matrices reduces selectivity [8,11]. Examples include FeWO₄ NPs adsorbing antibiotics via H-bonding and electrostatics, achieving 95% removal [145].
Figure 10 represents the adsorption of different molecules and heavy metals on a carbon nanotube. The adsorption occurs due to several interactions that can be π-π interactions, electrostatic attraction, hydrophobic effects, hydrogen bonding, and surface complexation, all of which contribute to the effective removal of contaminants [11].
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Figure 10: Adsorption mechanisms of organic pollutants and heavy metals by CNTs from [11] (reproduced with permission from O. Zakir et al., Journal of Water Process Engineering; published by Elsevier, 2025).
4.2. Filtration (nanostructured membranes, pore size effects)
Filtration leverages nanostructured membranes for size exclusion and selective permeation, with pore sizes (0.1-100 nm) controlling rejection [11,177]. Nanocomposite membranes (e.g., PVDF-STiO₂) enhance flux (50-200 L/m²h) and antifouling via hydrophilicity (contact angle <30°), rejecting >98% salts and organics through steric hindrance and charge repulsion [177]. Pore size effects are critical; UF membranes (10-100 nm) remove particulates and bacteria (>99% log reduction), while NF (1-10 nm) targets divalent ions via Donnan exclusion [177]. Functionalization (e.g., with CNTs or graphene) reduces fouling by 50-70%, as in clay-polymer hybrids filtering surfactants with 88% COD removal [8]. Transport models (e.g., Hagen-Poiseuille) predict enhanced permeability, but biofouling requires antimicrobial coatings [177]. Scalable examples include MoS₂/WS₂ membranes separating oils (>99% efficiency) via tunable wettability [147]. Figure 11 illustrates an example of a thin-film nanocomposite membrane for reverse osmosis desalination.
<Figure 11 here>
[bookmark: _Hlk212540291]Figure 11: Schematic illustration of a thin-film nanocomposite membrane for reverse osmosis desalination from [196] (reproduced with permission from X. Song et al., Journal of Membrane Science; published by Elsevier, 2020).
4.3. Catalysis (photocatalysis, Fenton/Fenton-like reactions)
Catalysis degrades organics via reactive species generation, with photocatalysis using semiconductors (e.g., TiO₂, ZnO) to produce electron-hole pairs under light, yielding ROS like •OH for mineralization (80-99% in 60-120 min) [11,144]. Bandgap tuning (e.g., Sr-doped TiO₂ at 2.5 eV) enables visible-light activity, degrading 95% dyes via pseudo-first-order kinetics [24,154]. Fenton/Fenton-like reactions involve Fe-based catalysts (e.g., Fe₃O₄, Fe-MOFs) activating H₂O₂ to •OH [197]; heterogeneous systems like FeWO₄ in sono-photo-Fenton remove 99% antibiotics at neutral pH [145]. Synergies in hybrids (e.g., MOF@MXene) boost efficiency by 2-3 times via charge separation[164]. Challenges include recombination (reduced by doping) and H₂O₂ consumption [11,144]. Figure 12 illustrates the principle of photocatalysis and Fenton process. Both processes allow the formation of radical species able to degrade organic pollutants [144].
<Figure 12 here>
Figure 12: Principles of (a) photocatalysis from [198] (reproduced with permission from N. Bashir et al., Materials Today Sustainability; published by Elsevier, 2024); and (b) Fenton process from [199] (reproduced with permission from M. I. Litter et al., Journal of Advanced Oxidation Technologies; published by De Gruyter, 2017).
4.4. Antimicrobial effects (ROS generation, membrane disruption)
Antimicrobial mechanisms disrupt pathogens via ROS (e.g., •OH from Ag or ZnO NPs) inducing oxidative stress, or physical membrane disruption by sharp nanostructures (e.g., CNTs puncturing cells) [11,13]. Ag NPs release Ag⁺ for >99% bacterial inactivation, while TiO₂ photocatalysis kills 99% E. coli under UV [13]. Synergistic effects in composites (e.g., clay-Ag) achieve log reductions >6 [8]. Biofilm prevention via hydrophilicity reduces attachment by 70-90% [13]. Concerns include resistance development, mitigated by multifunctional designs [185]. An example of antimicrobial mechanism is represented on Figure 13.
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Figure 13: Schematic depicting the mechanisms of antibacterial activity of iron oxide nanoparticles prepared using Clove and g-Coffee extracts from [200] (reproduced with permission from A. Mohamed et al., Scientific Reports; published by Nature Publishing, 2023).
4.5. Electrochemical removal and regeneration
Electrochemical methods use applied potentials for contaminant oxidation/reduction and nanomaterial regeneration [201]; MOF electrodes in electro-Fenton mineralize 90% organics at 0.5-1 V [12]. Capacitive deionization with COFs removes ions (95% efficiency) via electrosorption [185]. Regeneration restores 80-95% capacity via polarity reversal [12]. Hybrids like LDHs@MXene enhance conductivity for 98% removal [164]. 
5. Integration into Water Treatment Systems
The integration of nanomaterials into water treatment systems represents a transformative approach to addressing the limitations of conventional technologies, such as high energy consumption (typically 1-5 kWh/m³ in traditional systems) and incomplete contaminant removal (often <80% for recalcitrant pollutants like pharmaceuticals and personal care products, PPCs) [23,33]. By embedding nanomaterials into membranes, reactors, and columns, these systems achieve enhanced modularity, selectivity, and sustainability, with removal efficiencies reaching 90-99% and reduced operational costs (0.1-1 kWh/m³) in optimized configurations [13,202]. This section explores key integration strategies, including membrane processes like ultrafiltration (UF), nanofiltration (NF), and forward osmosis (FO), hybrid reactors such as photoelectrochemical cells (PECs) and bio-nano systems, packed-bed columns with in-situ regeneration, and the challenges in scaling from laboratory (typically mL-min scale) to pilot and industrial levels (m³/d scale). Real-world applications, such as nanomaterial-enhanced UF plants treating 10,000 m³/d of industrial wastewater with 90% efficiency, underscore their potential, though issues like fouling and regulatory hurdles persist [203].
5.1. Incorporation into Membrane Processes (UF, NF, FO…)
Membrane processes are cornerstone technologies in water treatment, separating contaminants based on size, charge, or solubility, but traditional membranes suffer from fouling (reducing flux by 50-70% over time) and low selectivity for emerging contaminants [23]. Incorporating nanomaterials mitigates these issues by enhancing hydrophilicity, porosity, and functionality. Ultrafiltration (UF), with pore sizes of 10-100 nm, targets macromolecules, colloids, and pathogens; nanomaterial integration, such as TiO₂ or ZnO nanoparticles (NPs, 1-5 wt%) in polyvinylidene fluoride (PVDF) matrices, increases hydrophilicity (water contact angle reduced from 70° to <30°), boosting flux from 50 to 150 L/m²h and achieving >95% rejection of organics and microbes through photocatalytic self-cleaning under UV light [24]. For instance, Sr-doped TiO₂ in UF membranes degraded 94% dyes via visible-light photocatalysis, maintaining 90% flux recovery after 5 cycles [24].
Nanofiltration (NF), featuring 1-10 nm pores, excels in removing divalent ions and small organics; hybrids like graphene oxide (GO) or metal-organic frameworks (MOFs) in polyethersulfone (PES) membranes enhance selectivity via Donnan exclusion and π-π interactions, rejecting >98% heavy metals and PPCs at fluxes of 100-200 L/m²h [177,204]. Clay-polymer nanocomposites in NF remove 88% chemical oxygen demand (COD) from textile wastewater, leveraging ion exchange and electrostatic repulsion [8,176]. Forward osmosis (FO), driven by osmotic gradients rather than pressure, benefits from carbon nanotubes (CNTs) or MXenes as thin-film composites, improving water flux (20-50 L/m²h) and minimizing reverse salt flux (<1 g/m²h) through tuned hydrophilicity and charge repulsion [177]. MoS₂/WS₂ 2D nanomaterials in FO achieve >99% oil-water separation via superhydrophobicity [147]. Challenges include nanoparticle leaching (<5% with surface grafting) and biofouling, addressed by antimicrobial coatings like Ag NPs, extending membrane life to 1000-2000 h [13]. Pilots demonstrate 85-95% efficiency in treating 500-1000 L/d municipal wastewater, with energy savings of 30-50% compared to reverse osmosis (RO) [23,203].
5.2. Hybrid Reactors (photoelectrochemical cells, bio-nano systems)
Hybrid reactors combine nanomaterials with other processes to synergize mechanisms, achieving >95% mineralization of recalcitrant contaminants under mild conditions [205]. Photoelectrochemical cells (PECs) integrate photocatalysis with electrochemistry; TiO₂ or carbon electrodes generate reactive oxygen species (ROS) like hydroxyl radicals (•OH), degrading PPCs [162,201], as in Sr-TiO₂ PECs removing 95% dyes with low energy (0.2 kWh/m³) [24]. LDHs@MXene hybrids in PECs enhance charge separation, achieving 98% multi-pollutant removal via photocatalysis-electrolysis synergy [164]. Bio-nano systems couple nanomaterials with biological processes; Ag or ZnO NPs in activated sludge reactors inactivate >99% pathogens and boost organic degradation by 20-30% through ROS, as in nano-iron amended anaerobic digesters removing 90% heavy metals and increasing biogas yield [11,204]. Clay-Ag nanocomposites in biofilters remove 88% COD and surfactants via adsorption-antimicrobial action [8,176]. Advantages include reduced sludge production (by 40-60%) and energy use (0.1-0.5 kWh/m³), with pilots (100-500 L/d) treating pharmaceutical wastewater at 90% efficiency over 200 h [23,177]. Challenges like NP toxicity to microbes (mitigated by controlled dosing <10 mg/L) and scale-up require further optimization [23,205].
5.3. Packed-Bed Columns with In-Situ Regeneration
Packed-bed columns enable continuous flow treatment (10-100 L/h) with nanomaterials, facilitating adsorption/catalysis and in-situ regeneration to minimize downtime [206]. Columns with granular activated carbon (GAC)-Fe NPs or MOFs adsorb >95% heavy metals and organics, with capacities 200-500 mg/g; in-situ Fenton regeneration via H₂O₂ injection restores 85-95% capacity, as in FeWO₄-packed beds degrading 99% antibiotics [145]. Electrochemical regeneration (1-2 V) in NiFe-sand columns desorbs 90% contaminants over 10 cycles, treating 500 L/d effluent at 82% COD removal [207]. Bio-nano packed beds with clay-polymer composites remove 88% surfactants via ion exchange and biodegradation, with UV in-situ cleaning reducing fouling by 60% [8]. Advantages include high throughput, and low pressure drops (0.5-1 bar) with optimized packing, but channeling requires uniform particle sizes (0.5-2 mm) [176,206]. Pilots demonstrate scalability for 1-10 m³/d industrial wastewater, with costs reduced by 40% through green regeneration [23,177].
5.4. Transition from Lab-Scale to Pilot/Industrial Implementation
Scaling nanomaterials from lab (batch, mL-min) to pilot (continuous, 100-1000 L/d) and industrial (m³/d) involves addressing reproducibility, cost, and environmental impact [208]. Lab successes like TiO₂ photocatalysis translate to pilots via modular reactors, achieving 80-90% efficiency in real wastewater, as in Mahy et al. AOP pilot treating 4 m3/h [202]. Challenges include aggregation (mitigated by stabilizers) and leaching (reduced to <1 mg/L via coatings), with toxicity assessments ensuring compliance [13]. Costs are offset by green synthesis (e.g., biomass-derived), while life-cycle analyses confirm sustainability [33]. Future focuses on regulatory frameworks and hybrid pilots for global deployment with AI integration [23].
6. Toxicity, Environmental Risks and Sustainability Aspects
While nanomaterials offer transformative potential for water purification, achieving removal efficiencies of 80-99% for diverse contaminants, their widespread adoption raises concerns about toxicity, environmental risks, and long-term sustainability [209,210]. These materials, often engineered with high reactivity and mobility, can leach into ecosystems during use or disposal, potentially causing unintended harm to aquatic life and human health through bioaccumulation and oxidative stress [152,211]. Life cycle assessments (LCAs) are essential to evaluate their environmental footprint, emphasizing recyclability and biodegradability to minimize waste [212,213]. Regulatory frameworks, such as the U.S. Environmental Protection Agency (EPA) guidelines, the European Union's Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) regulation, and World Health Organization (WHO) standards, provide oversight but often lag behind rapid innovations, necessitating adaptive policies [214,215]. This section examines these aspects, highlighting the need for balanced risk-benefit analyses to ensure safe deployment.
6.1. Nanomaterial Leaching and Ecotoxicity
Nanomaterial leaching occurs when particles or ions detach from matrices during water treatment, influenced by pH, ionic strength, and operational conditions, potentially releasing 1-20% of embedded NPs into effluents [209]. For instance, silver nanoparticles (Ag NPs) in antimicrobial membranes leach Ag⁺ ions, inducing ecotoxicity through reactive oxygen species (ROS) generation and DNA damage in microorganisms [152,211]. Metal oxides like TiO₂ and ZnO, common in photocatalytic systems, leach <5% in acidic conditions, but chronic exposure at 1-10 mg/L causes oxidative stress in algae and daphnia, reducing reproduction by 20-50% [211]. Carbon-based nanomaterials (e.g., CNTs, graphene) exhibit lower leaching (<1%) but aggregate in water, forming toxic clusters that impair gill function in fish at 0.5-5 mg/L [152,211] . Ecotoxicity varies by size and coating; smaller particles (<10 nm) penetrate cells more readily, with LD50 values of 1-10 mg/L for aquatic invertebrates [152,211,216]. Mitigation strategies, like polymer encapsulation, reduce leaching by 70-90%, but long-term studies show persistent effects in sediments [209,211]. Overall, while acute toxicity is low at operational doses (<1 mg/L), chronic risks necessitate monitoring and design improvements [152].
6.2. Risk to Aquatic Ecosystems and Human Health
Nanomaterials pose risks to aquatic ecosystems through bioaccumulation and trophic transfer, disrupting biodiversity and food chains [152,209]. In ecosystems, TiO₂ NPs at μg/L alter microbial communities, reducing nitrogen fixation and affecting primary productivity [152,211]. Ag NPs bioaccumulate in fish, causing liver damage and behavioral changes at 0.01-1 mg/L [211,216]. CNTs induce inflammation in invertebrates, transferring up the food chain to predators with magnified effects [152]. Human health risks arise from ingestion via contaminated water or seafood; chronic exposure to leached metals (e.g., Zn from ZnO NPs) at >10 μg/L links to oxidative stress and potential carcinogenicity, as per WHO thresholds [43,152]. Epidemiological studies indicate respiratory and cardiovascular issues from airborne NPs, while dermal exposure during handling causes skin irritation [152,217]. Vulnerable populations (e.g., children) face higher risks, with models predicting 1-10% increased disease incidence in polluted areas [152,217,218]. Risk assessments recommend exposure limits (<0.1 mg/L) and emphasize green synthesis to minimize hazards [152,219].
6.3. Life Cycle Considerations, Recyclability, Biodegradability
Life cycle assessments (LCAs) evaluate nanomaterials from cradle-to-grave, revealing energy-intensive synthesis (10-100 MJ/kg) and potential end-of-life pollution [212,213]. For MOFs and metal oxides, production emissions (5-50 kg CO₂ eq/kg) exceed benefits if not recycled, but recyclability via magnetic separation (e.g., Fe₃O₄) retains 80-95% efficiency over 10-20 cycles, reducing impacts by 50-70%. Biodegradability is limited; carbon-based materials like graphene persist (>90% stable after 1 year in soil), while biopolymer hybrids (e.g., chitosan-TiO₂) degrade 50-80% in 6-12 months via microbial action [213,220]. Recyclability strategies, like thermal regeneration for activated carbon-NPs (recovering 85% capacity), minimize waste, but challenges include filler loss (5-20%) [206,213]. Sustainable designs using biomass precursors cut LCA impacts by 40-60%, promoting circular economy models [212,213]. Future LCAs should integrate toxicity metrics for holistic sustainability [213,220].
6.4. Regulatory Frameworks (EPA, EU REACH, WHO)
Regulatory frameworks govern nanomaterial safety in water treatment, balancing innovation with risk mitigation [43,221]. The EPA classifies nanomaterials under the Toxic Substances Control Act (TSCA), requiring pre-manufacture notices for new NPs and setting exposure limits (e.g., <1 mg/L for Ag in effluents) based on ecotoxicity data [215]. EU REACH mandates registration for substances >1 ton/year, with nano-specific amendments (since 2020) requiring characterization of particle size and toxicity, as in ECHA guidelines for aquatic tests [214,222]. WHO emphasizes risk assessment in drinking water guidelines, recommending <0.1 mg/L for persistent NPs and integrating nanosafety into global standards [43]. Gaps include nano-specific thresholds (e.g., REACH lacks size-based criteria pre-2020) and harmonization, with studies calling for adaptive regulations [214,222]. Compliance ensures safe deployment, as in EPA-approved nano-membranes for pilots[215].
In summary, while nanomaterials advance water treatment, rigorous risk management and sustainable practices are essential for environmental and health protection [209,213].
7. Challenges and Future Perspectives
While nanomaterials have demonstrated remarkable efficacy in water purification, achieving removal rates of 80-99% for a wide array of contaminants under controlled conditions, their transition to real-world applications faces significant hurdles that must be addressed to realize their full potential [212,213]. These challenges encompass technical, environmental, and economic dimensions, including balancing selectivity with broad-spectrum capabilities, ensuring stability in complex matrices, developing efficient regeneration methods, integrating smart technologies, and advancing toward zero-pollution paradigms. Future perspectives emphasize interdisciplinary innovations, such as AI-driven optimization and circular economy principles, to overcome these barriers and enable scalable, sustainable deployment [152,211]. This section explores these aspects, drawing on recent advancements to outline pathways for overcoming limitations and fostering next-generation water treatment technologies.
7.1. Selectivity vs. Broad-Spectrum Performance
A key challenge in nanomaterial-based water treatment is reconciling high selectivity for specific contaminants with broad-spectrum performance against diverse pollutants, as nanomaterials often excel in one at the expense of the other [213,218]. Selectivity relies on tailored surface chemistry; for instance, metal-organic frameworks (MOFs) like UiO-66 achieve >95% selective adsorption of arsenate via Zr-OH coordination, but struggle with co-existing organics due to pore blockage [194]. Conversely, broad-spectrum materials like carbon nanotubes (CNTs) remove 80-95% of mixed contaminants (e.g., dyes, metals, PPCs) via π-π stacking and electrostatics, yet lack specificity, leading to competitive adsorption and reduced efficiency (by 20-40%) in multi-pollutant streams [4,152,211]. This trade-off is evident in photocatalytic systems, where TiO₂ degrades 90% organics under UV but shows limited selectivity for heavy metals without doping [144].
Future perspectives involve multifunctional designs; hybrid nanomaterials, such as LDHs@MXene composites, combine ion exchange (for metals) with photocatalysis (for organics), achieving 95-98% removal in mixed effluents [164]. Challenges include scalability, as lab-tuned selectivity often diminishes (by 20-30%) in real matrices due to interferents [223]. Advancing hierarchical structures (e.g., core-shell NPs) could enable switchable selectivity via external stimuli like pH or light, paving the way for adaptive systems [224].
7.2. Stability in Real Water Matrices (pH, Ionic Strength, Fouling)
Nanomaterial stability in real water matrices, characterized by variable pH (4-10), high ionic strength (0.01-1 M), and organic fouling, remains a critical barrier, often leading to 30-70% performance loss over time due to aggregation, leaching, or deactivation [202,223,225]. At extreme pH, metal oxides like ZnO dissolve (leaching >10% Zn²⁺ at pH <5), reducing photocatalytic efficiency by 40-60%, while high ionic strength compresses electrostatic double layers, promoting aggregation and halving adsorption capacities [146,226]. 
Future strategies include surface modifications [211,227–229]; Core-shell designs [224,230,231]; Bio-inspired antifouling [185]. Challenges persist in heterogeneous matrices, where scaling pilots show reduced stability compared to lab conditions [202]. Advanced modeling, including molecular dynamics, can predict matrix interactions, guiding robust designs for industrial use [232].
7.3. In-Situ Regeneration and Energy-Autonomous Systems
In-situ regeneration is essential to extend nanomaterial lifespan and reduce operational costs, but current methods like chemical desorption often generate secondary waste and consume energy [233,234]. Electrochemical regeneration applies bias to desorb contaminants, restoring adsorption capacity over several cycles [201,235,236]. 
Future perspectives emphasize hybrid solar-driven setups; LDHs@MXene in solar-PECs remove pollutants while regenerating in-situ via photo-induced charge separation, with efficiencies sustained over 200 h [164]; Piezoelectric nanomaterials enable mechanical-energy harvesting for regeneration [237,238]. 
7.4. Smart Nanomaterials and AI-Optimized Treatment Systems
Smart nanomaterials, responsive to stimuli like pH or light, enable adaptive treatment, but integration with AI for optimization is nascent, potentially reducing energy use through real-time control [239,240]. pH-responsive hydrogels (e.g., chitosan-TiO₂) swell/deswell for selective capture/release, achieving regeneration without chemicals [241]. AI algorithms predict fouling via machine learning on sensor data (e.g., flux, pressure), optimizing backwashing to extend membrane life [242,243].
Challenges like costs, data privacy and algorithm bias require standardized protocols [244,245]. Hybrid AI-nano systems could enable zero-operator plants, treating volumes with minimal intervention [239].
7.5. The Path Toward Zero-Pollution and Circular Water Technologies
Achieving zero-pollution requires nanomaterials enabling closed-loop systems, recycling water while valorizing contaminants, aligning with circular economy principles [246,247]. Circular aspects include biodegradable hybrids (e.g., biopolymer-NPs degrading in months) and waste-derived synthesis (e.g., biomass for CNTs), reducing impacts [248].
Future pathways involve regenerative designs; solar-autonomous nano-reactors mineralize organics to CO₂ while generating H₂ as byproduct, achieving energy-positive treatment [249]. Challenges like high upfront costs are offset by LCAs showing long-term payoffs [246,247]. Policy incentives for circular tech could accelerate adoption, targeting zero-pollution by 2050 [250,251].
In conclusion, overcoming these challenges through innovative designs and regulations will unlock nanomaterials' potential for sustainable water management [246,247].
8. Conclusions
This chapter has explored the transformative role of nanomaterials in addressing the escalating global crisis of water contamination and scarcity. Key insights reveal that nanomaterials, through their unique properties such as high surface area, tunable chemistry, and multifunctional mechanisms, offer superior solutions to the limitations of conventional water treatment technologies. From carbon-based structures like graphene oxide and carbon nanotubes that excel in adsorption and filtration, to metal oxides such as TiO₂ and ZnO enabling photocatalysis and antimicrobial action, and advanced frameworks like MOFs and COFs providing ultra-selective removal, these materials demonstrate remarkable versatility across contaminant classes, including heavy metals, organic pollutants, pathogens, and nutrients. The discussed purification mechanisms, including electrostatic interactions, ROS generation, and electrochemical processes, underscore how nanomaterials achieve high efficiencies in diverse applications, while integration strategies in membranes, hybrid reactors, and packed beds facilitate scalable systems with enhanced performance in real-world matrices.
The strategic potential of nanomaterials lies in their ability to foster sustainable water purification, bridging the gap between efficiency and environmental stewardship. By enabling modular, energy-efficient designs, such as solar-autonomous systems and in-situ regeneration, they pave the way for zero-pollution and circular water technologies, where resources are recycled and waste minimized. However, challenges like stability under varying pH and ionic strength, balancing selectivity with broad-spectrum capabilities, and mitigating risks of leaching and ecotoxicity highlight the need for careful implementation to ensure long-term viability.
Ultimately, realizing this potential demands interdisciplinary collaboration among chemists, engineers, environmental scientists, and policymakers, coupled with responsible innovation that prioritizes life cycle assessments, regulatory compliance, and ethical considerations. Through such concerted efforts, nanomaterials can evolve from promising tools to cornerstone technologies in securing clean water for future generations.
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1     Nanomaterials for Water Purification   Julien G. Mahy   Department of Chemical Engineering  –   Nanomaterials, Catalysis & Electrochemistry, University of  Liège, B6a, Quartier Agora, Allée du six Août 11, 4000 Liège, Belgium   Abstract   Access to clean water remains a critical global challenge amid rising population, pollution, and resource  depletion. This chapter reviews the transformative potential of nanomaterials in water purification,  covering carbon - based structures, metal/metal oxi de nanoparticles, layered double hydroxides, clays,  polymeric hybrids, and MOFs/COFs. Key mechanisms , as  adsorption, filtration, photocatalysis,  antimicrobial action, and electrochemical processes ,  enable high - efficiency removal of heavy metals,  organics,  pathogens, and nutrients. Integration into membranes, hybrid reactors, and packed beds  supports scalable systems, while addressing stability, regeneration, and real - matrix performance.  Challenges include selectivity, leaching, and cost, with future directi ons emphasizing smart, AI - optimized, and circular technologies for sustainable, zero - pollution water treatment.   Keywords   N anomaterials,  W ater purification,  A dsorption,  P hotocatalysis,  M embrane filtration,  H eavy metals,  O rganic pollutants,  A ntimicrobial, MOFs, COFs,  H ybrid systems,  R egeneration,  S ustainability   1.   Introduction   Access to safe and clean drinking water is a fundamental human right and essential for sustaining  life, yet it remains one of the most pressing global challenges of the 21 st   century. The world's  population has surged from approximately 2.5 billion in 1950 to over 8 billion today, with  projections estimating a rise to nearly 10 billion by 2050  [1 – 3] . This exponential population growth  has intensified pressure on finite water resources, exacerbating pollution and scarcity issues.  Urbanization, industrialization, and agricultural expansion have led to unprecedented levels of  water contamination, as unt reated or inadequately treated wastewater is discharged into rivers,  lakes, and oceans. For instance, rapid population increases in developing regions have resulted  in heightened pollution from domestic sewage, industrial effluents, and agricultural runoff ,  introducing a cocktail of contaminants including heavy metals, organic pollutants, pathogens,  and emerging micropollutants such as pharmaceuticals and personal care products  [4,5] .  According to the World Health Organization (WHO) and UNICEF, approximately 2.2 billion people  lack access to safely managed drinking water services, and water pollution contributes to over  1.5 million deaths annually from waterborne diseases like cholera , dysentery, and typhoid  [6,7] .  Clean water is indispensable for good health, as contaminated sources can lead to severe health  outcomes, including gastrointestinal illnesses, neurological disorders, and developmental issues  in children. Moreover, polluted water disrupts ecosystems, aff ecting biodiversity and food  security, as seen in regions like sub - Saharan Africa and South Asia where water scarcity and  pollution intersect with poverty to create vicious cycles of disease and economic stagnation  [1 – 3,8] . The need for clean water extends beyond health to economic productivity and social equity,  underscoring the urgency for innovative solutions to ensure equitable access amid growing  demands   [2,9,10] .   Conventional water treatment technologies, while foundational to modern sanitation systems,  face significant limitations in addressing contemporary pollution challenges. Traditional 

