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Abstract 

The huge production amounts and use of nanomaterials have led to the generation of an emerging type of 

waste stream that contains materials with nanoscale dimensions (1–100 nm) and is known as 

nanowaste. The rapid growth in the production and use of engineered nanomaterials (ENMs) and nano-

enabled products has led to the generation of substantial quantities of nanowaste, raising significant 

concerns regarding its environmental fate, transport, and final disposal. Proper management of nanowaste 

is critically important to prevent potential risks to human health and ecological systems. However, the 

distinctive physicochemical characteristics of ENMs, coupled with limited knowledge of suitable 

treatment and disposal methods for various nanowaste forms, make their management particularly 

challenging. Currently, standardized and well-defined guidelines for the identification, monitoring, and 

safe handling of nanowaste are largely insufficient. This article reviews the definition, sources, 

environmental fate, risks, management challenges, and mitigation strategies for nanowaste. Additionally, 

the review takes into account various kinds of ENMs in waste streams and environmental compartments 

(such as soil, water, and air). In-depth research is still needed to find data gaps and put plans in place to 

eliminate and manage this waste in the future.  
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1. Introduction 

Nanotechnology has revolutionized fields from electronics and medicine to energy and agriculture. As a 

result, engineered nanomaterials (ENMs), such as metal nanoparticles, carbon nanotubes, and quantum 

dots, are increasingly incorporated into products. However, end-of-life disposal and usage lead to the 

release of these ENMs into waste streams, giving rise to a new category of waste referred to as nanowaste. 

Nanowaste is waste that contains or consists of engineered nanomaterials intentionally manufactured at 

the nanoscale, which may exhibit unique environmental behavior due to their small size and high reactivity. 

Nanowaste can originate from both point (single-source) and non-point (diffuse) sources. Following its 

release, nanowaste undergoes environmental partitioning and is transported through various 

environmental compartments. The absence of specific regulatory mandates, standardized characterization 
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techniques, and the continual introduction of novel nano-enabled products significantly complicate the 

quantification of nanowaste generation. These knowledge gaps contribute to heightened uncertainty in 

risk assessment processes, ultimately resulting in ineffective risk management and communication. 

Consequently, there is a pressing need to revise existing nanowaste risk assessment frameworks to enable 

a more systematic, robust, and accurate evaluation of associated risks. But the challenge lies in identifying, 

quantifying, and managing nanowaste because current waste management systems are not fully equipped 

to handle such materials. 

 

2. Sources of Nanowaste 

Due to the rapid increase in nanowaste in nature, which is caused by increased manufacturing and 

utilization. The two main sources of environmental contamination are either natural or man-made 

activities. Anthropogenic activities leading to the generation of nanowaste may be intentional or 

inadvertent. This intended or unintended contamination of the environment is enabled by introducing 

nanowaste into the soil, air, and water. The production of raw materials, nanowaste management, nano-

enabled products, and the use of such products can all lead to environmental contamination from 

nanowaste. Once nanoparticles (NPs) are released into the environment, they can disperse widely through 

air, water, and soil systems. Their extremely small size facilitates rapid transport and widespread 

distribution, increasing their potential environmental and health risks. In addition, the high surface 

reactivity of NPs enables interactions with coexisting pollutants, leading to the formation of secondary 

contaminants that are often more toxic and difficult to remediate. Environmental accumulation of NPs in 

soil and irrigation water further promotes their uptake by crops, ultimately allowing their transfer into the 

food chain. Based on their origin, nanowaste sources are broadly classified into point and non-point 

sources. 

 

i. Point Sources 

Point sources lead to the immediate discharge of nanowaste into the environment. Typical examples 

include manufacturing and storage facilities, research and experimental laboratories, wastewater treatment 

plants, and the disposal of consumer products containing nanomaterials. In recent years, the use of 

nanomaterials in consumer and industrial products has expanded rapidly because of their unique and 

versatile properties. These include UV protection with optical transparency (e.g., titanium dioxide), anti-

aging effects in cosmetics (e.g., gold nanoparticles and nanosomes), antibacterial activity (e.g., nanosilver), 

and strong antioxidant behavior exceeding that of vitamin E (e.g., C60 fullerenes). As a result, the 

widespread incorporation of nanomaterials into household products has significantly increased the 

discharge of nanowaste into sewage systems through routine activities such as bathing and laundering. 

This ultimately contributes to water pollution and broader environmental contamination. Additionally, the 

high reactivity of nanomaterials promotes the formation of new compounds, complicating their detection 

and safe disposal, as many of these forms can pass through conventional treatment processes without being 

identified or removed. 

ii. Non-point Sources 
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Non-point sources refer to nanowaste that is unintentionally released through the wear, degradation, or 

damage of products containing nanoparticles, such as paints, cosmetics, and cleaning agents. Although 

nanomaterials are employed across a wide range of applications, paints and pigments are among the major 

contributors to nanowaste generation because nanoparticles embedded in coatings can readily migrate into 

soil and aquatic systems. For instance, titanium dioxide (TiO2) nanoparticles are extensively incorporated 

into paints owing to their photocatalytic activity, antimicrobial behavior, and self-cleaning properties. 

Over prolonged exposure to environmental factors such as sunlight, moisture, and mechanical abrasion, 

these coatings gradually deteriorate, leading to the release of TiO2 nanoparticles into the surrounding 

environment. In addition, the growing use of nanomaterials in electronic and optical devices has further 

intensified nanowaste generation. Discarded or obsolete electronic products often end up in landfills or 

open dumping sites, from where nanoparticles can leach into soil and groundwater. Such diffuse and 

uncontrolled release pathways make non-point sources a significant and persistent contributor to 

environmental nanocontamination. 

3. Environmental Fate and Behavior 

Nanomaterials in waste behave differently from bulk materials; they may aggregate or transform 

chemically, affecting mobility and reactivity in ecosystems. Due to their size and surface properties, they 

can cross biological barriers, enter water bodies, and accumulate in sediments. Nanoparticles can 

bioaccumulate in aquatic organisms, influencing trophic transfer and toxicity. Its persistence and reactivity 

pose risks across air, water, and soil compartments, necessitating specialized management beyond 

conventional waste protocols (Figure 1). 

 

Figure 1: Impacts of nanowaste on air, water, and soil. 

4. Ecological and Human Health Risks 
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Nanowaste derived from engineered nanomaterials presents serious ecological and human health concerns 

owing to its high reactivity, environmental persistence, and strong tendency to bioaccumulate across 

different ecosystems. These hazards arise from the distinctive physicochemical characteristics of 

nanowaste, particularly its nanoscale size and large surface area, which often result in greater toxicity than 

that of corresponding bulk materials. 

In the environment, nanowaste can severely disturb microbial communities that are vital for nutrient 

cycling and ecosystem stability. For example, nanosilver suppresses nitrifying bacteria in wastewater 

treatment systems and inhibits heterotrophic microorganisms responsible for organic matter degradation, 

ultimately leading to ecological imbalance. Titanium dioxide nanoparticles adversely affect beneficial soil 

bacteria and fungi, disrupt earthworm populations, and catalyze harmful reactions with environmental 

toxins, thereby increasing the risk of groundwater pollution and food-chain bioaccumulation. Effects of 

nanowaste on environment and human health are elaborated in Table 1. 

Table 1: Potential impacts of nanowaste on environment and human health 

S.N. Nanoparticle Source of  

Naowaste 

Impact on Human Health Environmental 

Impact 

1. Carbon 

Nanotubes 

(CNTs) 

Composites, 

electronics 

manufacturi

ng, R&D 

labs 

Pulmonary inflammation, 

fibrosis, granulomas, 

genotoxicity, 

mesothelioma-like effects 

due to asbestos 

resemblance 

Bioaccumulation in 

food chains; persistence 

post-incineration 

2. TiO2 

Nanoparticles 

 

Sunscreens/

cosmetics, 

paints/coati

ngs, food 

additives 

Neuro-inflammation via 

the intranasal route; skin 

penetration to the 

bloodstream 

Kills soil 

bacteria/fungi, alters 

earthworm populations; 

inhibits algal growth, 

reduces chlorophyll 

3. Silver 

Nanoparticles 

(AgNPs) 

Cosmetics, 

textiles, 

medical 

devices, 

household 

cleaners 

Oxidative stress, 

cytotoxicity in lung cells; 

dermal penetration  

Inhibits nitrifying 

bacteria in wastewater; 

disrupts heterotrophic 

microbes for nutrient 

removal  

4. ZnO/CuO 

Nanoparticles 

Sunscreens, 

anti-

corrosion 

coatings, 

catalysts 

Nephrotoxicity (kidney 

damage), ROS production 

Additive toxicity to 

Daphnia, fish; algal 

inhibition, lipid 

peroxidation  

5. Cerium Oxide 

(CeO2) 

Catalysts 

(diesel 

additives), 

Oxidative stress, 

inflammation  

Biocidal to soil 

microbes; groundwater 

leaching 
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polishing 

agents, 

R&D 

Human health is also at considerable risk from nanowaste exposure. Inhalation of carbon nanotubes, which 

structurally resemble asbestos fibers, has been linked to pulmonary inflammation, fibrosis, granuloma 

formation, and a potential risk of mesothelioma, with structural defects further enhancing their genotoxic 

effects. Dermal contact with titanium dioxide nanowaste can allow penetration through compromised skin, 

enabling entry into the bloodstream and potentially causing central nervous system damage and 

neuroinflammation through intranasal pathways. In addition, nanosilver and various metal oxide 

nanoparticles promote oxidative stress, excessive reactive oxygen species generation, and cytotoxic effects 

in lung epithelial cells, while quantum dots and cadmium-based nanomaterials pose significant 

carcinogenic risks due to their tendency to bioaccumulate within the body. 

5. Nanowaste Management Strategies 

a) Disposal Approaches 

Traditional landfilling remains common but may allow ENM leaching into groundwater. Incineration can 

reduce volume but may release nanoparticles into the air if not properly controlled. Nanowaste can also 

be entrapped in a solid matrix binder so that it can be separated easily, or it should be entrapped in an 

impenetrable vessel to avoid leakage in a soil environment. The detoxification of solid nanowaste is an 

area of study with no adequate information available. There is a need for extended research to be conducted 

in this area so that appropriate environment-friendly techniques can be employed for the removal and 

decontamination of such nanowaste from the environment. 

b) Recycling and Recovery 

Recycling high-value nanowaste (e.g., gold nanoparticles) can minimize environmental impact while 

conserving resources. Life cycle assessments show environmental benefits compared with traditional 

synthesis without recycling. 

c)  Regulatory and Policy Needs 

Clear classification, labeling, and specific regulations for nanowaste are widely recommended. Scientists 

have called for harmonized international guidelines to prevent misclassification and improper disposal. 

Another potential management approach involves modifying the incineration process used for handling 

large volumes of solid nanowaste. Incineration is widely practiced in many waste treatment facilities; 

however, it must be coupled with effective exhaust-gas scrubbing systems to prevent the emission of 

nanoparticles into the environment. In addition to incineration, several alternative strategies are available 

for managing solid nanowaste in ways that minimize contamination of soil and water resources. One such 

method is vitrification, which has been successfully applied to immobilize various wastewater streams, 

including urban, industrial, and nuclear wastes. The effectiveness of these management techniques largely 
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depends on the specific type, composition, and physicochemical properties of the nanoparticles targeted 

for disposal or recovery. 

 

6. Future Directions and Research Needs 

While research on nanowaste is growing, several gaps remain: 

 Standardization: Development of standardized methods for detection and quantification of 

nanowaste. 

 Regulatory Frameworks: Policies that specifically address nanowaste characteristics. 

 Lifecycle Analysis: Comprehensive lifecycle assessments and monitoring networks. 

 Removal Technologies: Advanced treatment strategies for water and soil remediation. For 

instance, Landfilling and incineration are widely used for solid nanowaste management, but can 

cause soil and groundwater contamination if improperly handled, making recycling a more 

sustainable alternative. Recent studies show that incorporating nanowaste into ultra-high-

performance concrete improves the durability and corrosion resistance of embedded high-strength 

steel. 

There is insufficient knowledge and understanding of the nanoparticles' behavior during the treatment and 

after being released to the environment. This is mainly due to variability in size, chemical status, and 

coatings of the nanomaterials. Research and funds should be invested to assess current methods and devise 

new methods to discard and recycle nanomaterials, as well as identify the dangers of using such materials. 

Most funds are utilized for advancements in new nanomaterials, with less attention focusing on their 

disposal methods.  

7. Conclusion 

Nanotechnology can be employed to cope with various problems, but there is a need for more recognition 

and consciousness in its application and use. Campaigns that increase knowledge and people’s awareness 

can result in a greater understanding and ultimately fewer dangerous situations in the case of interaction 

with nanomaterials. Discarding products containing nanomaterials should be handled with caution. 

Hazardous, toxic, or highly reactive nanowaste should be treated or converted to a nontoxic form before 

disposal. Research should be directed to investigate new disposal and recycling approaches for nanowaste 

and to develop a well-established paradigm of waste management. Such a paradigm should be based on a 

better understanding of the sources, release, and fate within the environment and the development of 

reliable modelling tools to support regulatory risk assessment and management with a minimal level of 

uncertainty. Sustainable nanowaste management will be critical for ensuring that the benefits of 

nanotechnology do not come at the expense of environmental and human health. 
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