
International Journal of Scientific Research and Engineering Development-– Volume 8 Issue 4, July Year 2025 

        Available at www.ijsred.com                                 

ISSN: 2581-7175                                     ©IJSRED: All Rights are Reserved                                         Page 787 
 

 

Advances in Nanotechnology for Treating Water and Textile Wastewater: A 

Comprehensive Review 

Jayakrishnan R*, Hrithika R** 

*(Assistant Professor, Department of Civil Engineering, Ahalia School of Engineering & Technology, Kerala 
Email: jayan1615@gmail.com) 

** (B.Tech Student, Department of Civil Engineering, Ahalia School of Engineering & Technology, Kerala 
Email: hrithikahrithi10@gmail.com) 

--------------------------------------------************************---------------------------------------- 

Abstract 

The increasing global water crisis demands innovative solutions, particularly for treating industrial 
effluents like textile wastewater containing persistent dyes and toxic chemicals. Nanotechnology has 
emerged as a transformative approach, leveraging unique nanoscale properties to address these challenges 
more effectively than conventional methods. 

Key developments include Nano filtration membranes with molecular precision, photocatalytic TiO₂ 
nanoparticles for sunlight-driven degradation, and advanced adsorbents like graphene and carbon 
nanotubes. These technologies demonstrate exceptional removal efficiencies (>90%) for complex 
pollutants while offering potential energy and cost savings. 

However, practical implementation faces hurdles including nanoparticle toxicity concerns, scalability 
issues, and economic viability. This review critically examines these nanotechnology applications, focusing 
on textile wastewater treatment, to assess their real-world feasibility and environmental implications. By 
addressing both the remarkable potential and existing limitations, we aim to guide future research toward 
sustainable, large-scale water purification solutions. 

The analysis highlights how nanotechnology could revolutionize water treatment paradigms, particularly in 
industries where traditional methods prove inadequate, while emphasizing the need for responsible 
development to ensure environmental safety. 

Keywords:Nanotechnology water treatment, Textile wastewater purification, Nano filtration 

membranes, Photocatalytic degradation (TiO₂), Graphene oxide adsorption 

---------------------------------------------************************-------------------------------------------- 

1. Introduction  

Water pollution, particularly from industrial sources, is a growing environmental concern worldwide. 
Among various industries, the textile sector is one of the largest consumers of water and a major 
contributor to water pollution. The dyeing and finishing processes in textile production release large 
volumes of wastewater that contain toxic dyes, heavy metals, salts, and other hazardous organic 
compounds. These effluents are often resistant to biodegradation and can cause severe damage to aquatic 
ecosystems, soil quality, and human health if left untreated. 

Conventional wastewater treatment methods such as coagulation-flocculation, activated sludge, and 
chemical oxidation have shown limited efficiency in removing complex dye molecules and dissolved 
pollutants. Moreover, these methods often require high energy input, generate sludge, and involve high 
operational costs. As environmental regulations become stricter and sustainable solutions become 
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essential, researchers are exploring advanced technologies for efficient and eco-friendly wastewater 
treatment. 

Nanotechnology has emerged as a powerful tool in this field due to its unique properties at the nanoscale. 
Nanomaterials possess a high surface-area-to-volume ratio, enhanced reactivity, and tunable surface 
chemistry, making them ideal for treating textile effluents. Materials such as titanium dioxide (TiO₂), 
carbon nanotubes, graphene oxide, and Nanozero valent iron (nZVI) have shown excellent results in the 
removal of dyes, heavy metals, and organic contaminants through processes like adsorption, photo 
catalysis, and Nano filtration. 

This paper reviews recent advancements in nanotechnology for textile wastewater treatment, focusing on 
the types of nanomaterials used, their removal mechanisms, advantages, limitations, and environmental 
impacts. It also highlights challenges in scaling up these technologies and suggests future directions for 
safe and effective implementation. In the context of global water scarcity and pollution, nanotechnology 
offers a promising and sustainable alternative to traditional treatment systems. 

2. Textile Dye Effluent: Characteristics and Treatment Challenges 

The textile industry is one of the most water-intensive industries globally, with processes such as sizing, 
desizing, scouring, bleaching, dyeing, printing, and finishing consuming vast quantities of water and 
chemicals. As a consequence, this sector generates large volumes of wastewater, which is complex in 
composition and difficult to treat. Textile dye effluent is often highly coloured, turbid, and toxic, and can 
severely disrupt aquatic life, soil health, and even human well-being if discharged untreated. 

 

2.1 Composition of Textile Effluents 

The typical constituents of textile wastewater include: 

Synthetic dyes such as azo dyes, anthraquinone dyes, phthalocyanine dyes, and vat dyes, many of which 
are complex aromatic compounds. Azo dyes, in particular, are the most widely used due to their cost-
effectiveness and color variety, but they are also associated with carcinogenic and mutagenic by-products 
(e.g., aromatic amines) when degraded anaerobically. 

Surfactants and salts used in scouring and dye fixation processes. Common salts such as sodium chloride 
(NaCl) and sodium sulfate (Na₂SO₄) are present in concentrations up to 100 g/L, significantly increasing 
the conductivity and osmotic pressure of the effluent. 

Heavy metals including chromium (Cr), lead (Pb), copper (Cu), and cadmium (Cd) are used in dye 
formulations and mordants. These metals can bio accumulate in aquatic organisms and cause 
neurological, renal, and developmental disorders in humans. 

Biodegradation-resistant compounds such as alkyl phenol ethoxylates, formaldehyde, and chlorinated 
organic substances. These pollutants are not readily decomposed by conventional microbial treatment 
systems, leading to persistent contamination of natural water bodies. 

High chemical oxygen demand (COD) and biochemical oxygen demand (BOD) levels, along with 
extreme pH values, depending on the stage of processing (e.g., highly alkaline effluents from 
mercerization). 
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2.2 Challenges in Conventional Treatment 

Traditional wastewater treatment systems, including: 
Coagulation–flocculation, Activated sludge processes, Adsorption using activated carbon, 
Sedimentation and filtration, Oxidation with ozone or chlorine. Have been widely implemented in the 
textile industry. However, these methods are generally ineffective in completely removing persistent 
organic dyes, heavy metals, and emerging contaminants. 
Key limitations include: Incomplete decolourization: Many dyes are resistant to light, heat, and microbial 
degradation. Sludge generation: Coagulation and biological processes produce large volumes of 
secondary sludge, which is difficult to manage and may contain toxic residues. High energy and chemical 
requirements: Advanced oxidation processes like ozonation or Fenton reactions are costly and not always 
feasible for small to medium-scale industries. Fouling and limited lifespan of membranes: Pressure-driven 
filtration processes like ultrafiltration or reverse osmosis suffer from membrane fouling due to high TDS 
and organics. 
2.3 Role of Nanotechnology in Overcoming These Challenges 

Nanotechnology presents a novel and highly efficient alternative for treating textile effluents. 
Nanomaterials such as TiO₂ nanoparticles, graphene oxide (GO), carbon nanotubes (CNTs), and 
Nanozero valent iron (nZVI) possess unique physicochemical properties, including: 

 
                Fig 1. Environmental and health impacts caused by textile effluent containing dyes. 

3. Nanotechnology-Based Treatment Techniques 

3.1 Nano filtration Membranes 

Nano filtration (NF) uses 1–10 Å pores to reject dyes and multivalent ions. Polyamide NF membranes 
achieve ~90% dye removal and significant COD reductions in textile wastewater Recent studies show 
PVDF/TiO₂ hybrid membranes reduce methylene blue by >95% in hybrid photocatalytic membrane 
reactors  
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Fig 2: How Nano filtration Works 

3.2 Photocatalytic Degradation Using TiO₂ Nanoparticles 

TiO₂ under UV irradiation generates •OH radicals that degrade organic pollutants. Under optimal 
conditions (pH 7, calcination at ~450 °C, catalyst ≈1 g/L), visible-light doped TiO₂ can remove >90% 
organics  

A recent solar-TiO₂ hydrothermal application achieved >99% methylene blue degradation within 40 min, 
sustained over five cycles  

3.3 Carbon‑Based Nanomaterials 

Graphene/GO – With SAs >2600 m²/g and abundant functional groups, GO enables high-capacity 
adsorption through π–π interactions, achieving >95% dye removal. 

CNTs offer rapid adsorption kinetics for organics and metals but suffer from cost issues and 
aggregation—mitigated by surface functionalization. 

 

Fig 3. Nanotechnology Applications in Wastewater Treatment 
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3.4 Nano Zero valent Iron (nZVI) 

nZVI is potent for reductive degradation and heavy-metal precipitation. It degrades azo dyes in 
groundwater and has been deployed at ~70 pilot/full‑scale sites globally  

Recovery remains a challenge due to iron passivation. 

3.5 Hybrid Nanocomposite Membranes 

Combining nanomaterials (e.g., TiO₂, ZnO, Fe₃O₄) with polymeric membranes boosts permeability, 
anti‑fouling, and multi‑pollutant removal. Examples include PVDF/TiO₂ and GO/CNT blended 
membranes. 

4. Nanomaterials in Water Treatment 

4.1 Carbon-Based Nanomaterials 

Graphene and carbon nanotubes (CNTs) offer high surface area, chemical stability, and excellent 
adsorption capabilities. They are effective in removing dyes, heavy metals, and pharmaceuticals 

Functionalized graphene oxide (GO) and reduced graphene oxide (rGO) enhance contaminant adsorption 
by improving hydrophilicity and dispersibility. 

4.2 Metal and Metal-Oxide Nanoparticles 

Zinc oxide, titanium dioxide, and Nanozero valent iron (nZVI) are extensively studied for their 
antimicrobial properties and redox behaviour. These particles exhibit high reactivity and can degrade or 
immobilize pollutants in water 

4.3 Nanocomposite Membranes 

Embedding nanoparticles in polymeric membranes enhances mechanical strength, anti-fouling properties, 
and pollutant selectivity. These membranes can achieve multifunctionality—adsorption, separation, and 
catalytic degradation in a single system

Nanomaterial Main Features 
Pollutants 

Removed 
How It Works Efficiency 

Graphene Oxide 

(GO) 

High surface 
area, water-
friendly 

Dyes, heavy 
metals, 
medicines 

Adsorbs pollutants 
on its surface 

95–99% dye 
removal 

Reduced 

Graphene Oxide 

(rGO) 

Strong chemical 
bonding, good 
for organics 

Organic 
pollutants, dyes 

Adsorption via 
strong interactions 

90–98% 

Carbon 

Nanotubes 

(CNTs) 

Tube-shaped, 
large surface area 

Heavy metals, 
dyes 

Traps pollutants in 
tubes or on surface 

92–98% 

Titanium Dioxide 

(TiO₂) 

Works with UV 
light, safe and 
stable 

Dyes, microbes, 
chemicals 

Breaks down 
pollutants using 
sunlight 

90–99% 

Zinc Oxide (ZnO) 
Works with 
sunlight, kills 
bacteria 

Bacteria, 
phenols, dyes 

Sunlight-based 
breakdown and 
disinfection 

>90%, full 
germ removal 
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Nano Iron (nZVI) 
Strong reducer, 
magnetic 

Dyes, heavy 
metals, toxic 
chemicals 

Transfers 
electrons to break 
down toxins 

>90% metal & 
dye removal 

GO + TiO₂ 

Composite 

Combines 
strength of GO 
and TiO₂ 

Dyes, medicines 
Adsorption + 
light-based 
degradation 

>98% 

ZnO + CNT 

Composite 
Works faster with 
better light use 

Dyes, metals 
Better photo 
catalysis and reuse 

~97% 

Membranes with 

Nanoparticles 

Strong, reusable, 
filters small 
particles 

Dyes, germs, 
salts 

Filters + reacts + 
adsorbs in one 
step 

>95% for 
colour & 
chemicals 

 

Table 1. Common Nanomaterials Used in Water Treatment 

5. Environmental and Health Implications 

While nanomaterials offer significant advantages in water treatment, their potential environmental 
and health impacts must be carefully considered. A major concern is the uncontrolled release of 
nanoparticles into aquatic ecosystems during or after the treatment process. Once in the environment, 
free nanoparticles can interact with living organisms, potentially causing acute ecotoxicity. Studies 
have shown that certain nanomaterials, such as silver nanoparticles and Nanozero valent iron (nZVI), 
can be toxic to aquatic species like Daphnia magna and algae, affecting reproduction, growth, and 
photosynthesis. Furthermore, persistent nanoparticles may undergo bioaccumulation and bio 
magnification, entering the food chain and posing long-term risks to animal and human health. 

To mitigate these risks, several strategies are being explored. One effective approach is the use of 
magnetic nanocomposites (e.g., Fe₃O₄/GO or Fe₃O₄/nZVI), which can be easily separated from 
treated water using external magnetic fields, reducing the chance of environmental leakage. Another 
strategy is the immobilization of nanoparticles onto granular or polymeric supports, which enhances 
their stability and reusability while minimizing direct contact with biological systems. In addition, 
conducting life cycle assessments (LCA) and eco-toxicity evaluations is critical to understand the 
long-term impacts of nanomaterials, from production to disposal. These assessments help ensure that 
the benefits of nanotechnology in water treatment are not outweighed by unintended harm to the 
environment or public health. 

6. Future Directions 

Advancements in nanotechnology for water and textile effluent treatment are steadily moving toward 
sustainable, multifunctional, and scalable solutions. One of the most promising areas of ongoing 
research is the green synthesis of nanomaterials, which employs biological sources such as plant 
extracts, agricultural waste (e.g., rice husk), and marine biomass (e.g., algae) as reducing and 
stabilizing agents. These eco-friendly synthesis routes eliminate the need for hazardous chemicals 
and high-energy processes, thereby reducing environmental footprint and improving the 
biocompatibility of the resulting nanoparticles. 

The development of magnetic hybrid nanocomposites, such as Fe₃O₄–graphene oxide–nZVI 
(Nanozero valent iron) systems, represents another significant direction. These materials exhibit 
synergistic properties—combining high reactivity and adsorption capacity with magnetic 
recoverability—thus enabling enhanced pollutant removal and easy post-treatment separation. Their 
multifunctionality allows for the simultaneous removal of dyes, heavy metals, and pathogens via 
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adsorption, reduction, and disinfection processes, making them suitable for complex effluent 
matrices. 

To improve the photocatalytic performance under natural sunlight, the focus has shifted to visible-
light-responsive photo catalysts, particularly graphene/TiO₂ hybrids integrated with 2D layered 
semiconductors (e.g., g-C₃N₄, MoS₂). These advanced composites address the inherent limitations of 
pure TiO₂ by reducing electron–hole recombination and extending light absorption into the visible 
spectrum. Such materials hold potential for energy-efficient water purification systems that function 
effectively under ambient conditions. 

Moreover, the integration of smart technologies, including real-time sensors, Internet of Things (IoT) 
devices, and artificial intelligence (AI)-driven optimization algorithms, is expected to revolutionize 
water treatment operations. These systems can dynamically monitor water quality parameters and 
optimize treatment conditions, enhancing overall efficiency and adaptability. Finally, increasing 
emphasis on pilot-scale validation and life cycle assessments (LCA) will be essential to ensure the 
practical scalability, cost-effectiveness, and environmental safety of nanotechnology-based treatment 
systems. 

7. Conclusion  

Nanotechnology has demonstrated substantial potential in advancing the treatment of textile and 
industrial wastewater. The application of various nanomaterials—including titanium dioxide (TiO₂)-
based photo catalysts, carbon-based adsorbents (e.g., graphene oxide, carbon nanotubes), 
nanocomposite membranes, and Nanozero valent iron (nZVI)—has resulted in high pollutant 
removal efficiencies, often exceeding 99% for synthetic dyes and other recalcitrant organics. These 
nanomaterials offer multifunctional capabilities such as adsorption, catalytic degradation, 
disinfection, and separation, making them highly effective for complex effluent systems where 
conventional methods fall short. 

Despite these advancements, several challenges must be addressed to facilitate large-scale 
implementation. Key concerns include the environmental and toxicological safety of free 
nanoparticles, their economic feasibility, and the sustainability of their synthesis and recovery. The 
unintentional release of nanoparticles into aquatic environments may pose ecological and health risks 
due to bioaccumulation and toxicity to non-target organisms. Therefore, eco-friendly synthesis 
routes, such as plant- or biomass-mediated green synthesis, are essential for minimizing 
environmental impact. 

Additionally, there is a growing need for hybrid systems that combine multiple functions—such as 
magnetic separation, visible-light photo catalysis, and selective adsorption—into a single, 
recoverable platform. The integration of AI-based monitoring, real-time sensors, and automated 
controls can further optimize operational performance and energy usage in future treatment plants. 
Furthermore, life cycle assessments (LCA) and techno-economic analyses (TEA) should be 
conducted to evaluate the long-term viability, scalability, and safety of these technologies. 

In conclusion, while nanotechnology has already transformed laboratory-scale water treatment 
strategies, its transition to real-world applications will depend on achieving a balanced integration of 
efficacy, environmental responsibility, and economic sustainability. Future research must continue to 
address these interdisciplinary challenges to enable cleaner, safer, and more efficient wastewater 
treatment systems. 
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