
Environmental Science  Archives  

 

 83 

www.envsciarch.com 

 

  

 

 

 

 

Regulatory Governance of 
Nanowaste: Global Developments 
and the Indian Regulatory 
Landscape 
J Umamaheswari1,  C Prabhu2, T Naveen Kumar3, M Abirami4 and V Nadaraj5 
1,2Department of Chemistry, RVS Technical Campus, Coimbatore-641402 
3Department of Mechanical Engineering, RVS Technical Campus, Coimbatore-641402  
4Department of Chemistry, Sri Ramakrishna Engineering College, Coimbatore- 641022 
5Department of Chemistry, Coimbatore Institute of Engineering and Technology, Vellimalaipattinam, Coimbatore -641659  
*Correspondence for materials should be addressed to JU (email: umachemres@gmail.com) 
  

Abstract 
The accelerating commercialization of nanotechnology has resulted in an increasing volume of waste streams 
containing engineered nanomaterials (ENMs). Due to their nanoscale dimensions and enhanced surface reactivity, 
these materials exhibit environmental and toxicological behaviors that differ significantly from conventional bulk 
substances. Despite growing scientific evidence on nano-related risks, regulatory mechanisms addressing 
nanowaste disposal remain fragmented and largely integrated within traditional hazardous waste legislation. This 
study critically evaluates nanowaste governance structures in the United States and the European Union and 
presents a detailed case study of India’s regulatory preparedness. A qualitative policy analysis approach was 
employed to assess legislative definitions, risk assessment integration, monitoring systems, and enforcement 
provisions. The findings indicate that while the European Union incorporates nanoform-specific data requirements 
within REACH, and the United States regulates nanoscale materials under TSCA reporting frameworks, India 
currently lacks explicit legal recognition of nanowaste as a distinct category. Regulatory gaps in India include the 
absence of nano-specific classification standards, limited analytical infrastructure for detection, and inadequate 
institutional coordination. The paper proposes a precaution-oriented regulatory framework emphasizing lifecycle 
monitoring, extended producer responsibility, and international harmonization. Establishing structured nanowaste 
governance is essential to balance technological advancement with environmental protection and public health 
safeguards. 
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Introduction 
Nanotechnology has become a central pillar of modern industrial innovation. Materials engineered at the nanoscale 
are now integrated into sectors such as electronics, pharmaceuticals, energy systems, agriculture, textiles, and 
environmental remediation technologies. Their distinctive properties—enhanced catalytic activity, electrical 
conductivity, mechanical strength, and antimicrobial efficiency—have accelerated commercial adoption 
worldwide. (Auffan et al., 2009; Borm et al., 2006; Boxall et al., 2007). However, alongside these advancements, 
concerns regarding environmental sustainability have intensified. Nano-enabled products eventually enter waste 
streams during manufacturing, consumer use, recycling, or end-of-life disposal. Nanowaste encompasses 
discarded materials containing engineered nanoparticles, nanocomposites, or nano-coated substrates capable of 
releasing nanoscale particles into environmental media. 
 
The environmental implications of such materials are not fully understood. Nanoparticles can exhibit increased 
mobility in soil and aquatic systems, penetrate biological membranes, and undergo transformations that alter 
toxicity profiles. Conventional hazardous waste management systems were developed primarily for bulk chemicals 
and may not adequately account for nanoscale behavior. 
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Globally, regulatory systems are attempting to adapt. However, no universally harmonized nanowaste disposal 
framework exists. Developed regions have initiated incremental regulatory adjustments, while emerging 
economies face significant policy and infrastructural challenges. (Bundschuh et al., 2018; Fadeel et al., 2012; 
Gottschalk and Nowack, 2011; Gottschalk et al., 2013; Grieger et al., 2009; Handy et al., 2008).  
 
This study aims to: 
Examine global regulatory approaches governing nanowaste. 
Compare governance mechanisms in the United States and the European Union. 
Assess India’s regulatory readiness through a focused case study. 
Propose actionable policy recommendations for strengthening nano-governance. 
 
Materials and Methods 
A qualitative comparative policy analysis was undertaken. Legislative texts, regulatory guidance documents, 
environmental protection frameworks, and international advisory reports were systematically reviewed (Figure.1). 
The evaluation focused on six dimensions: 
 

 
Fig. 1. Evidence for this study 

India was selected as a case study due to its expanding nanotechnology research ecosystem and emerging 
manufacturing capacity, combined with the absence of nano-specific waste disposal regulations. 
 
Results 
Regulatory Framework in the United States 
In the United States, nanoscale substances are regulated primarily under the Toxic Substances Control Act (TSCA), 
administered by the United States Environmental Protection Agency. Amendments to TSCA require manufacturers 
to report certain nanoscale materials and provide relevant safety data. 
 
While reporting requirements enhance transparency, nanowaste disposal itself is governed under the Resource 
Conservation and Recovery Act (RCRA). No separate legal classification exclusively addresses nanowaste. Instead, 
disposal decisions are based on hazardous characteristics such as toxicity, ignitability, or corrosivity. 
This integrated approach provides regulatory oversight but may not fully capture nano-specific risks such as particle 
aggregation, transformation, or bioaccumulation (Kahru and Dubourguier, 2010; Keller et al., 2013; Klaine et al., 
2008; Koelmans et al., 2015). 
 
European Union Regulatory Approach (Maynard et al. 2006; MoEFCC, 2016) 
The European Union has adopted a comparatively structured strategy. Under the REACH Regulation (Registration, 
Evaluation, Authorization and Restriction of Chemicals), nanoforms of substances must be specifically registered 
and characterized. 
 
The European Chemicals Agency requires detailed particle characterization, surface chemistry disclosure, and 
exposure assessment data. Nanoform-specific safety data sheets are mandatory. 
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Although nanowaste disposal remains embedded within general waste legislation, the EU’s precautionary principle 
supports proactive risk management and greater industry accountability. 
 
International Coordination (MoEFCC, 2016; Mueller and Nowack, 2008; National Science and Technology Council, 
2011) 
The Organisation for Economic Co-operation and Development facilitates harmonization through testing 
guidelines and safety dossiers for manufactured nanomaterials. However, implementation across countries 
remains non-binding. 
 
Case Study: India 
Growth of Nanotechnology in India  
India has emerged as one of the leading nanotechnology research hubs among developing nations. Since the launch 
of the Nano Science and Technology Initiative (NSTI) in 2001 and subsequent expansion under the Nano Mission 
(2007–2020), government investment exceeded ₹1,000 crore (≈ USD 150 million) in nanoscience research 
infrastructure, human resource development, and translational research programs (OECD, 2012; OECD, 2018; 
Piccinno et al., 2012). 
 
Currently over 200+ research institutions and universities are actively engaged in nanoscience research. India 
publishes approximately 6–8% of global nanotechnology research output, ranking within the top 5–6 countries in 
academic publications. More than 1,000 nano-related patents have been filed by Indian institutions in the last 
decade.  
 
Commercial sectors using nanomaterials include: 
Pharmaceutical drug delivery systems 
Nano-silver antimicrobial textiles 
Nano-coatings in paints and construction 
Lithium-ion battery electrodes and supercapacitors 
Nanofiltration membranes for water purification 
 
India’s nano-enabled product market is projected to cross USD 10–12 billion by 2030, reflecting rapid industrial 
adoption. 
Despite this technological growth, regulatory systems have not evolved at a comparable pace, particularly in 
relation to nanowaste disposal and lifecycle tracking. 
 
Existing Waste Management Framework 
Nanowaste in India is not explicitly defined under environmental legislation. Instead, it is indirectly regulated under 
broader waste management rules administered by the Ministry of Environment, Forest, and Climate Change. 
 
Hazardous and Other Wastes (Management and Transboundary Movement) Rules, 2016 
India generates approximately 7.4–8.0 million metric tons of hazardous waste annually. 
Around 3.5 million tons are landfillable. 
Nearly 0.8 million tons are incinerable. 
Over 3 million tons are recyclable. 
 
Nanomaterials used in industrial catalysts, coatings, pigments, and specialty chemicals may enter this hazardous 
waste stream. However, classification is based on chemical toxicity, not particle size or nanoscale reactivity. 
 
Biomedical Waste Management Rules, 2016 
India generates approximately 750–800 tons of biomedical waste per day. 
During the COVID-19 pandemic, this figure exceeded 1,000 tons per day. 
Increasing use of nano-based drug carriers, diagnostic kits, antimicrobial coatings, and nano-sensors contributes 
indirectly to nano-contaminated biomedical waste. 
No nano-specific segregation or treatment protocol currently exists. 
 
E-Waste (Management) Rules, 2022 
India generated 1.01 million metric tons (1,014,961 tons) of e-waste in 2020–21, making it the third-largest e-waste 
generator globally. 
Only 22–25% is formally recycled. 
 
Nano-components are present in: 
Semiconductors 
Nano-coatings 
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Lithium-ion batteries 
Display technologies 
Yet, waste classification does not consider nanoscale materials separately. 
 
Key Regulatory Observation 
Although these frameworks regulate hazardous characteristics, none explicitly define “nanowaste”, specify nano-
threshold limits, or mandate nanoparticle detection during disposal. 
 
Nanowaste is therefore typically: 
Treated as conventional hazardous waste 
Sent to secured landfills 
Incinerated without nano-specific emission monitoring 
 
Identified Regulatory Gaps (Expanded Analysis) 
The detailed analysis reveals structural weaknesses: 
Absence of Nano-Specific Legal Definitions 
Indian waste legislation does not define nanomaterials based on size (1–100 nm), surface area, or quantum 
properties. Without legal recognition, regulatory enforcement remains limited. 
No Particle-Size-Based Classification 
Hazard categorization relies on: 
Chemical composition 
Toxicity levels 
Flammability 
However, nano-specific risks such as increased mobility and membrane penetration are not considered. 
Limited Detection Infrastructure 
Most State Pollution Control Boards lack advanced instrumentation such as: 
Transmission Electron Microscopy (TEM) 
Dynamic Light Scattering (DLS) 
Nanoparticle Tracking Analysis (NTA) 
Environmental nanoparticle concentration monitoring is not routinely conducted. 
Lack of Environmental Monitoring Protocols 
India does not maintain: 
National nanomaterial emission inventories 
Nano-release databases 
Standardized nano-risk assessment frameworks 
Weak Institutional Coordination 
Research institutions advancing nanotechnology operate separately from environmental regulators. There is no 
mandatory nano-production reporting mechanism linking manufacturers to waste management authorities. 
 
Environmental and Public Health Implications 
India’s environmental conditions intensify nanowaste exposure risks due to: 
Population exceeding 1.4 billion 
Heavy dependence on groundwater (over 60% of irrigation and 85% of rural drinking water) 
High informal waste recycling sector participation 
 
Potential Risk Pathways 
Soil Contamination 
Nanoparticles deposited in landfills may leach into agricultural soils, affecting crop uptake. 
Groundwater Contamination 
High surface reactivity enhances mobility through soil strata. 
Aquatic Bioaccumulation 
Nanoparticles may accumulate in fish and plankton, entering food chains. 
Occupational Exposure 
Informal e-waste recycling workers may inhale nano-sized particulates during dismantling and burning. 
 
Long-Term Ecological Concerns 
Persistent nanoparticle accumulation in sediments 
Altered microbial activity in soil ecosystems 
Potential endocrine or cytotoxic effects in exposed populations 
Without nano-specific regulatory intervention, these cumulative exposures may result in long-term environmental 
persistence and bioaccumulation, posing emerging ecological and health challenges. 
 



Environmental Science  Archives  

 

 87 

www.envsciarch.com 

 
Fig. 2. Existing Waste Management in India 

 
Quantitative Risk Estimation Model for Nanowaste in India 
To evaluate potential environmental and human health risks arising from nanowaste mismanagement, a simplified 
quantitative risk estimation framework is proposed. The model integrates nanomaterial production volume, 
release probability, environmental persistence, exposure pathways, and toxicity weighting. 
 
Risk Estimation Formula 
The Environmental Risk Index (ERI) for nanowaste is expressed as: 
ERI=(P×R×E×T)/M 
Where: 
P = Annual production volume of nano-enabled products (tons/year) 
R = Release coefficient during disposal (dimensionless, 0–1) 
E = Exposure factor (population or ecological exposure probability) 
T = Toxicity weighting factor (based on material hazard classification) 
M = Mitigation efficiency factor (effectiveness of waste treatment systems) 
 
Sample Estimation (Hypothetical Indian Scenario) 
Assume: 
Nano-enabled product waste entering disposal streams: 50,000 tons/year 
Release coefficient (estimated 5% nanoparticle leakage): 0.05 
Exposure factor (urban-industrial regions): 0.6 
Toxicity weighting (moderate hazard nanomaterials): 2 
Mitigation efficiency (current system ~40% effective): 0.4 
Substituting: 
ERI=(50,000×0.05×0.6×2)/0.4 
ERI=(3,000)/0.4 
ERI=7,500 
 
This simplified ERI value indicates a moderate-to-high environmental risk, particularly in densely populated 
industrial corridors. 
 
Interpretation 
ERI < 1,000 → Low risk 
1,000–5,000 → Moderate risk 
5,000–10,000 → High risk 
10,000 → Critical risk 
India’s projected ERI suggests that current mitigation systems may be insufficient if nanowaste volumes increase 
(Figure 3). 
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Fig. 3. Nano Rosk Estimation Framework 

 
Policy Reform Roadmap for India 
To address regulatory gaps, a phased reform framework is proposed.  
 
Phase I (Short-Term: 1–3 Years) 
Introduce a legal definition of nanomaterials under national environmental legislation. 
Mandate nano-content disclosure for manufacturers. 
Establish a national nanomaterial inventory database. 
Develop interim handling guidelines for research laboratories and industries. 
 
Phase II (Medium-Term: 3–7 Years) 
Develop particle-size-based waste classification standards. 
Upgrade state pollution control laboratory infrastructure with nanoparticle detection capability (e.g., SEM, TEM, 
DLS systems). 
Introduce occupational exposure limits for engineered nanomaterials. 
Initiate pilot nanowaste segregation programs in major industrial clusters. 
 
Phase III (Long-Term: 7–15 Years) 
Establish nano-specific waste treatment facilities. 
Integrate nanowaste monitoring into national environmental surveillance programs. 
Implement Extended Producer Responsibility (EPR) for nano-enabled products. 
Promote international regulatory harmonization with global best practices. 
 
Policy Recommendations 
Introduce explicit nanowaste definitions within national legislation. 
Develop size-based and reactivity-based classification systems. 
Establish national nanowaste inventory and tracking mechanisms. 
Promote Extended Producer Responsibility (EPR) for nano-enabled products. 
Enhance laboratory capacity for environmental nanoparticle detection. 
Align national standards with OECD testing protocols. 
 
Conclusion 
Nanotechnology innovation must be accompanied by proportionate environmental safeguards. While developed 
regions have initiated nano-specific regulatory adaptations, governance remains fragmented globally. India, 
despite rapid technological growth, lacks dedicated nanowaste disposal provisions. 
A precaution-driven, lifecycle-based regulatory framework is essential to ensure sustainable technological 
development. Proactive policy intervention today will mitigate long-term environmental and public health risks 
associated with nanowaste accumulation. 
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