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1. Introduction 

Water scarcity and pollution are global concerns that are compounded by rising urbanization, 

expanding industry, and growing populations. India, as a symbol of this dilemma, is confronted 

with a glaring disparity between its freshwater supplies and the growing water needs of an 

increasingly urban populace. This discordance worsens as industrial activity increases, causing 

increased water contamination from untreated industrial waste and posing major dangers to 

already depleted water resources. 

Nanomaterials have emerged as game changers in the fight against water shortage and 

pollution. Nanotechnology advancements provide novel approaches to addressing these 

complex water treatment concerns. The effectiveness of nanomaterials in large-scale water 

purification operations is demonstrated by nanostructured filters designed to remove pesticides 

and arsenic from drinking water. These remedies, which are beneficial by significantly 

lowering pesticide levels, have been implemented. Water scarcity requires multidisciplinary 

cooperation to be addressed. Environmental engineering, biotechnology, chemistry, materials 

science, and nanotechnology are just a few of the subjects that nanotechnology unites. To 

provide comprehensive and long-lasting solutions that take into consideration the complex 

interdependencies between water, climate, food, and health, these multidisciplinary methods 

are essential. The collaboration of several fields encourages innovation by promoting the 

investigation of new materials, treatment techniques, and monitoring technologies, to 

guarantee that water resources are more accessible and cleaner for everyone. 

In this article, we adhere our discussion first with a short historical perspective, and how it has 

changed over the years. It will then go into great detail on the main theoretical frameworks that 

have shaped the field's present study from a chemistry perspective. Kindly note that throughout 

this article, by nanomaterial, we limit our discussion to nanoparticles. 
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2. Historical Aspects of nanomaterials in water treatment and purification. 

Ancient civilizations such as Egypt and Sumeria pioneered water filtration centuries ago, using 

wood charcoal approximately 3750 BC. This early approach served as the foundation for 

carbon-based filtering systems that have been used for millennia. The advent of activated 

carbon in the 1940s was a water filtration technology watershed event, laying the way for 

following breakthroughs in nanostructures such as carbon nanotubes, carbon nanofibers, and 

graphene-based materials. These nanoparticles excelled in water treatment processes such as 

adsorption, catalytic oxidation, membrane separation, disinfection, sensing, and monitoring. 

Despite decades of development, nanomaterial-based water treatment systems have faced 

hurdles that have hampered their general adoption, including concerns with sensitivity, 

selectivity, increased prices, and operational constraints. Nonetheless, continued research 

efforts have hastened the development of nanomaterial applications, culminating in the 

development of low-cost and user-friendly water filtration equipment. The urgent need for 

water scarcity solutions, particularly with almost 40% of the world's population living near 

coastlines, emphasized desalination as a vital answer. Despite feeding millions of people 

worldwide, current desalination processes are energy-intensive and ecologically dangerous, 

causing researchers to look at nanomaterials to solve these problems. 

 

Carbon nanomaterials, such as carbon nanofiber-ceramic nanoporous composite membranes, 

have rejuvenated many desalination processes, delivering considerable improvements in salt 

rejection and water flow over conventional polymeric membranes. The evolutionary path from 

ancient charcoal-based filtration to current nanomaterial-enhanced technologies exemplifies 

humanity's relentless search for breakthrough water treatment solutions, promising an efficient, 

sustainable, and cost-effective future in water purification. 
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Figure 1a: Ancient Egyptians using water purification system. b) schematic of saline water purification utilizing carbon nanomaterial. 
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3. Nanoparticle in wastewater treatment and purification 

By using the unique features of nanoparticles, nanochemistry acts as a cornerstone in 

modernizing water treatment approaches. Several properties of nanochemistry, such as surface 

area-to-volume ratio, adsorption capacity, catalytic activity, membrane characteristics, and 

photocatalytic efficiency, are important in tackling water pollution issues. Let's look at these 

elements in more detail with some instances that demonstrate their practical applications. 

3.1 Catalytic properties aiding breakdown, and oxidation of pollutants. 

Nanoparticle catalytic qualities entail reaction kinetics, which is characterized by rate equations 

such as the Langmuir-Hinshelwood model and regulates adsorption and surface reactions 

during catalysis. Because of their high surface areas and active sites, nanoparticles operate as 

catalysts in water, speeding oxidation, disinfection, and pollutant breakdown while also 

allowing electron transport and encouraging certain chemical transformations. Titanium 

dioxide (TiO2) nanoparticles, for example, successfully accelerate the breakdown of organic 

contaminants like methyl orange in water via photocatalysis when triggered by UV light, 

demonstrating its promise in environmental remediation. Furthermore, silver nanoparticles 

(AgNPs) have significant catalytic characteristics toward heavy metal pollutants like lead ions 

(Pb2+), allowing them to be reduced into non-toxic forms and contributing to the removal of 

dangerous contaminants from water sources. These catalytic techniques exhibit nanoparticle 

efficiency in tackling various pollutant types and emphasize their involvement in effective 

water purification methodologies. 

3.2 Adsorption properties in removing heavy metals 

Because nanoparticles have excellent adsorption characteristics, they can efficiently target 

heavy metal pollutants in water. Iron oxide nanoparticles (Fe3O4 NPs), for example, have a 

strong affinity for heavy metal ions like lead (Pb) ions in contaminated water sources. The 

surface functionalization of these nanoparticles boosts their binding sites and surface reactivity, 

which improves their adsorption efficacy. When lead ions are present in water, Fe3O4 

nanoparticles bind and trap them onto their surfaces via electrostatic interactions or chemical 

affinity, removing them from the aqueous phase. Similarly, silica nanoparticles functionalized 

with certain ligands or coatings exhibit considerable cadmium (Cd) ion adsorption in water.  

When these modified silica nanoparticles are put in Cd-contaminated water, the tailored surface 

chemistry adsorbs the heavy metal ions preferentially. Furthermore, carbon-based 
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nanoparticles such as graphene oxide (GO) nanosheets have excellent adsorption 

characteristics for heavy metal removal from water systems. The two-dimensional structure 

and large surface area of GO nanosheets enable excellent binding and adsorption of heavy 

metal ions such as mercury (Hg). GO nanosheets improve their adsorption ability by surface 

functionalization or modification with certain functional groups, attracting and collecting Hg 

ions in water effectively. Furthermore, gold nanoparticles (AuNPs) functionalized with 

different agents, such as thiol-based ligands, show good adsorption capacities for removing 

chromium (Cr) ions from aqueous solutions. Due to strong ligand-metal interactions, these 

functionalized AuNPs efficiently adsorb and immobilize Cr ions, providing a viable strategy 

for addressing chromium contamination in water. Overall, these exemplary instances 

demonstrate nanoparticles' broad and powerful adsorption capabilities. 

3.3 Nanoparticle-incorporated membrane filter systems 

Nanoparticle-enhanced membrane filtration is a potential method for improving separation 

efficiency in water treatment. One example is the incorporation of carbon nanotubes (CNTs) 

into polymeric membranes to improve their filtering capacities. Because of their high aspect 

ratio and customizable surface qualities, CNTs strengthen the membrane structure, resulting in 

greater mechanical strength and decreased pore size. This alteration improves the membrane's 

permeability and selectivity, allowing for more effective removal of contaminants and smaller 

particles from water. Another use is the use of graphene oxide (GO) nanosheets in thin-film 

composite membranes. The incorporation of GO nanosheets onto the membrane surface 

improves water permeability while retaining selectivity due to the nanosheets' two-dimensional 

shape and hydrophilic nature. This alteration improves the membrane's pollutant rejection 

characteristics, allowing for increased water flow and improved separation efficiency in water 

treatment procedures. 

Additionally, silver nanoparticles (AgNPs) embedded into membranes provide another 

example of improving separation efficiency in water treatment. The inclusion of AgNPs into 

membranes confers antibacterial characteristics while enhancing filtering performance. 

Because of their inherent antibacterial action, AgNPs immobilized inside the membrane matrix 

efficiently inhibit bacterial growth, reducing biofouling and preserving filtering effectiveness 

over extended operational durations. Another notable use is the use of titanium dioxide 

nanoparticles (TiO2 NPs) in ceramic membranes. TiO2 NPs facilitate self-cleaning processes 

inside membranes when exposed to UV irradiation due to their photocatalytic characteristics. 
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This photocatalytic activity accelerates the breakdown of organic fouling agents and improves 

membrane lifetime and performance by minimizing fouling, guaranteeing sustained separation 

efficiency in water treatment systems. These examples demonstrate the wide range of 

applications for nanoparticles. 

3.4 Nanoparticle for sensing the ions  

Sensing and monitoring contaminants using nanoparticle-based sensors is an innovative 

technique for environmental monitoring. One example is the use of quantum dots (QDs) in 

sensor devices to detect heavy metal pollutants such as mercury (Hg) ions in water. Quantum 

dots, which are semiconductor nanoparticles with unique optical characteristics, allow for the 

sensitive and selective detection of Hg ions. When functionalized with appropriate receptors, 

these QDs display fluorescence changes upon contact with Hg ions, enabling precise and quick 

detection even at trace levels in water samples. Another example is the use of magnetic 

nanoparticles (MNPs) in sensor systems for organic pollution monitoring. MNPs that have been 

functionalized with target-specific receptors or antibodies allow for the collection and detection 

of chemical molecules in water such as polycyclic aromatic hydrocarbons (PAHs). When 

exposed to PAHs, the magnetic properties of the functionalized MNPs change, allowing for the 

measurement and real-time monitoring of organic contaminants in water systems. 

 AuNPs are an exemplary example of nanoparticle-based sensors for detecting different 

pollutants such as heavy metals and organic chemicals. Functionalized AuNPs with DNA- or 

aptamer-based probes show excellent selectivity in detecting heavy metal ions in water samples 

such as lead (Pb) or cadmium (Cd). The binding of the target ions to the modified AuNPs causes 

changes in their optical or electrical characteristics, enabling accurate and ultrasensitive 

contamination detection. Furthermore, graphene-based nanomaterials like graphene oxide 

(GO) or reduced graphene oxide (rGO) provide novel sensing platforms for monitoring volatile 

organic compounds (VOCs) in water. When exposed to VOCs, GO or rGO-based sensors alter 

electrical conductivity or optical characteristics, allowing for the quick and sensitive detection 

of these contaminants. 

4. Challenges and Advancements in Nanoparticle-Based Water Treatment 

Initially, challenges relating to sensitivity, selectivity, cost, and operational limits hampered 

nanoparticle-based water treatment. Sensitivity issues occurred as a result of the necessity for 

higher detection levels for pollutants, particularly at trace quantities, necessitating further 
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advancement of sensor technology. Selectivity issues entailed distinguishing between target 

pollutants and interfering compounds present in complicated water matrices, necessitating 

developments in nanoparticle-specific binding capabilities towards intended contaminants. 

Furthermore, the high initial cost of synthesizing and deploying nanoparticle-based systems 

has hampered their wider acceptance in water treatment infrastructure. Furthermore, 

operational limits regarding the scalability and practicability of incorporating nanoparticles 

into current water treatment processes surfaced, necessitating significant adjustments for 

smooth integration and successful large-scale application. 

Recent research efforts have accelerated breakthroughs in nanoparticle-based water treatment, 

solving previous hurdles and pushing the development of cost-effective and user-friendly 

purification equipment. Nanomaterial synthesis procedures and surface functionalization 

techniques have decreased manufacturing costs dramatically, making nanoparticle-based 

therapy more economically viable. Furthermore, advancements in nanoparticle design have 

increased sensitivity and selectivity, allowing for more exact targeting and removal of 

pollutants while limiting interference from other compounds. Furthermore, researchers have 

concentrated on developing user-friendly purifying equipment, as well as simplifying operation 

and maintenance routines, to offer greater accessibility and usage in a variety of situations. 

These developments demonstrate how nanoparticle-based water treatment has progressed from 

initial obstacles to achievable solutions, opening the path for more accessible and effective 

purification methods. 

5. Future Prospects of Nanoparticles for water treatment 

Nanoparticles have a bright future in the advancement of water treatment technologies, with 

the possibility for personalized solutions in pollution removal. Their distinct qualities, such as 

large surface area and multifunctionality, allow for the targeted removal of various 

contaminants from water sources, integrating into membrane filtration, adsorption processes, 

and sensor technologies for increased efficiency and cost-effectiveness. These nanoparticles 

also promise environmentally beneficial solutions, to reduce energy consumption, trash 

creation, and environmental effects in water treatment procedures. The current study focuses 

on enhancing nanoparticle functions to enable universal access to safe drinking water in the 

long term. Using nanoparticles' revolutionary powers promises a fundamental move toward 

more sustainable, efficient, and adaptive water treatment technologies to tackle the world's 

mounting water concerns. 
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