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Figure 3.1: Emerging Nanotechnology 
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Abstract: 

In recent years, the intersection of nanotechnology with principles of sustainability has led 

to the emergence of a dynamic field known as sustainable nanotechnology which aims to 

revolutionize material science and engineering practices towards more environmentally 

friendly and socially responsible outcomes. Emerging sustainable nanotechnology is an 

interdisciplinary field that combines nanotechnology, green chemistry, and green 

engineering to develop sustainable nanomaterials and production methods, offering 

significant potential for addressing global challenges and promoting environmental 

sustainability. This chapter provides an overview of the fundamentals, developments, and 

applications of sustainable nanotechnology, highlighting its principles, green 

nanomaterials such as carbon nanotubes, graphene, and nanocellulose, sustainable 

production methods like green chemistry and green engineering, and eco-friendly 

applications in environmental remediation, energy storage and conversion, and healthcare. 

Case studies of green synthesis of silver nanoparticles, sustainable production of graphene, 

and nanocellulose-based composites illustrate the practical applications and potential 

impact of sustainable nanotechnology. However, challenges such as scalability, cost-

effectiveness, regulatory compliance, and public perception need to be addressed, and 

future directions in research and development, education and training, policy and 

regulation, and industry and market adoption are crucial for advancing sustainable 

nanotechnology towards a greener and more responsible future. 

Keywords:  

Sustainable nanotechnology, green nanomaterials, environmental sustainability green 

chemistry, nanotechnology applications. 

3.1 Introduction: 

The 21st century presents a complex web of challenges for humanity.  A growing global 

population strains resources, climate change disrupts ecosystems, and the need for cleaner 

energy sources intensifies.  In this context, innovation is paramount.  Emerging sustainable 

nanotechnology offers a beacon of hope, with the potential to address these challenges at 

the atomic and molecular level (Figure 3.1). 

3.2 Nanotechnology: 

Nanotechnology is a rapidly growing field that involves the manipulation of materials at the 

nanoscale, with dimensions between 1 and 100 nanometers. The unique properties of 

nanomaterials, such as their high surface area-to-volume ratio, make them ideal for a wide 

range of applications, including electronics, energy, healthcare, and environmental 

remediation. However, the production and use of nanomaterials can also have negative 

impacts on the environment and human health. As a result, there is a growing interest in 

developing sustainable nanotechnologies that minimize these impacts (Chee et al., 2022). 

Sustainable nanotechnology is an interdisciplinary field that combines nanotechnology, 

green chemistry, green engineering, and eco-friendly applications to minimize the 

environmental and health impacts of nanomaterials, while also providing economic and 
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social benefits. The development of green nanomaterials, sustainable production methods, 

and eco-friendly applications is crucial for the sustainable growth and development of 

nanotechnology (Pokrajac et al., 2022). 

The concept of sustainability has become increasingly important in recent years, as the 

world faces challenges such as climate change, resource depletion, and environmental 

degradation and pollution. In addition to, the aquatic ecosystems and living organisms suffer 

from environmental impact by emissions of volatile organic substances, and pollution of 

water by oil chemicals and many various hazardous agents (Selamoglu, 2021a, 2021b).  

The United Nations has identified sustainable development as one of its key goals and has 

developed the Sustainable Development Goals (SDGs) to guide global efforts towards a 

more sustainable future. Nanotechnology has the potential to contribute to the SDGs in 

various ways, such as by improving energy efficiency, reducing waste, and enhancing 

healthcare. However, the environmental and health impacts of nanotechnology must be 

carefully managed to ensure that its benefits are realized without causing harm (Dhingra et 

al., 2010). 

Sustainable nanotechnology is a relatively new field, but it has already made significant 

progress in recent years. Researchers have developed various green nanomaterials, such as 

nanocellulose, nanoclay, and nanostarch, which have lower environmental impacts than 

traditional nanomaterials.  

Sustainable production methods, such as green chemistry and green engineering, have been 

used to produce nanomaterials with minimal waste and energy consumption. Eco-friendly 

applications, such as environmental remediation, energy storage and conversion, and 

healthcare, have been demonstrated to provide economic and social benefits, while also 

minimizing the environmental and health impacts of nanomaterials (Curran et al., 2007). 

This book chapter aims to provide a comprehensive overview of emerging sustainable 

nanotechnology, covering the fundamentals of sustainable nanotechnology, the 

development of green nanomaterials, sustainable production methods, eco-friendly 

applications, and case studies that illustrate the practical applications of sustainable 

nanotechnology. The chapter is organized as follows: 

Section 2 provides an overview of green nanomaterials, including their definition, types, 

synthesis methods, properties, and applications. 

Section 3 discusses sustainable production methods, including green chemistry, green 

engineering, and life cycle assessment (LCA) of nanotechnology. 

Section 4 explores eco-friendly applications of nanotechnology, including environmental 

remediation, energy storage and conversion, and healthcare. 

Section 5 presents three case studies that illustrate the practical applications of sustainable 

nanotechnology. 
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Section 6 concludes the chapter with a summary of key findings, future directions, and 

implications for sustainable development. 

By the end of this chapter, readers will have a better understanding of the principles and 

practices of sustainable nanotechnology and will be able to appreciate the potential of 

nanotechnology to contribute to a more sustainable future. 

3.3 Green Nanomaterials: 

Green nanomaterials play a crucial role in the development of sustainable nanotechnology. 

These materials are produced using environmentally friendly methods that minimize the use 

of toxic chemicals, energy, water, and reduce waste and greenhouse gas emissions.  

They offer a promising alternative to traditional nanomaterials, providing a pathway 

towards more sustainable and eco-friendly applications in various industries. 

Definition of Green Nanomaterials: Green nanomaterials are nanoscale materials that are 

synthesized using green chemistry principles and sustainable production methods. These 

materials are designed to have minimal environmental impact throughout their life cycle, 

from production to disposal. Green nanomaterials exhibit properties similar to conventional 

nanomaterials but are produced in a more environmentally friendly manner Curran et al., 

2007). 

3.3.1 Types of Green Nanomaterials: 

There is a wide range of green nanomaterials being developed, each with unique properties 

and applications. Some common types include: 

Nanocellulose: Derived from cellulose fibers, nanocellulose is a sustainable and renewable 

nanomaterial with excellent mechanical properties. It finds applications in packaging, 

composites, and biomedical fields. 

Green Quantum Dots: Quantum dots are semiconductor nanocrystals with unique optical 

properties. Green quantum dots are produced using environmentally friendly methods and 

are used in displays, sensors, and medical imaging. 

Biosynthesized Nanoparticles: Nanoparticles synthesized using biological organisms or 

plant extracts are considered green nanomaterials. These nanoparticles have applications in 

drug delivery, catalysis, and environmental remediation (Curran et al., 2006). 

3.3.2 Synthesis Methods for Green Nanomaterials: 

Green nanomaterials are synthesized using various sustainable methods such as: 

Biomimetic Synthesis: Mimicking natural processes to produce nanomaterials, reducing 

the need for harsh chemicals and high temperatures. 
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Green Chemistry Approaches: Utilizing non-toxic solvents, catalysts, and reaction 

conditions to minimize environmental impact during synthesis. 

Plant-Mediated Synthesis: Using plant extracts or biomolecules to reduce the use of 

hazardous chemicals in nanoparticle synthesis (Allenby and Rejeski, 2008). 

3.3.3 Properties and Applications of Green Nanomaterials: 

Green nanomaterials exhibit properties that make them suitable for a wide range of 

applications, including: 

Enhanced Mechanical Strength: Nanocellulose offers superior mechanical properties for 

use in lightweight composites and packaging materials. 

Biocompatibility: Green quantum dots show promise in biomedical imaging and drug 

delivery due to their biocompatibility and low toxicity. 

Environmental Remediation: Biosynthesized nanoparticles are effective in removing 

pollutants from water and soil, offering a sustainable solution for environmental clean-up 

(Allenby and Rejeski, 2008, Theron et al, 2008). 

Green nanomaterials are paving the way for a more sustainable approach to nanotechnology, 

offering environmentally friendly alternatives with diverse applications across industries. 

Their development and utilization are key to advancing sustainable practices in 

nanotechnology and promoting a greener future. 

3.4 Sustainable Production Methods: 

Sustainable production methods are crucial for the development of sustainable 

nanotechnology. These methods aim to minimize the environmental impact of nanomaterial 

production and use, while also ensuring economic viability and social responsibility.  

By adopting sustainable production methods, the negative impacts of nanotechnology can 

be reduced, and its benefits can be maximized. 

A. Green Chemistry: Green chemistry is a design approach to reduce the environmental 

impact of chemical processes and products. It involves the use of non-toxic and 

environmentally friendly solvents, catalysts, and reaction conditions to minimize waste and 

energy consumption. Green chemistry principles can be applied to the synthesis of 

nanomaterials, leading to the production of green nanomaterials (Dhingra et al., 2010). 

B. Green Engineering: Green engineering is a design approach that aims to minimize the 

environmental impact of engineering processes and products. It involves the use of 

sustainable materials, energy-efficient processes, and closed-loop systems to reduce waste 

and energy consumption. Green engineering principles can be applied to the production and 

use of nanomaterials, leading to sustainable nanotechnology (Dhingra et al., 2010). 
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C. Life Cycle Assessment (LCA): Life cycle assessment (LCA) is a tool used to evaluate 

the environmental impact of a product or process throughout its entire life cycle, from raw 

material extraction to end-of-life disposal. LCA can be used to assess the environmental 

impact of nanotechnology, including the production, use, and disposal of nanomaterials. By 

conducting an LCA, the environmental hotspots of nanotechnology can be identified, and 

sustainable alternatives can be developed (Curran et al., 2006). 

3.4.1 Challenges and Opportunities in Sustainable Production Methods: 

The development of sustainable production methods for nanotechnology presents several 

challenges and opportunities. Some of these include: 

Scalability: Sustainable production methods need to be scalable to meet the increasing 

demand for nanomaterials. 

Cost-effectiveness: Sustainable production methods need to be cost-effective to be 

competitive with traditional production methods. 

Standardization: There is a need for standardization of sustainable production methods to 

ensure consistency and reproducibility. 

Collaboration: Collaboration between academia, industry, and government is crucial for 

the development and implementation of sustainable production methods. 

3.4.2 Case Studies: 

Several case studies demonstrate the potential of sustainable production methods in 

nanotechnology.  

For example, a study on the production of silver nanoparticles using plant extracts showed 

that the green synthesis method was more cost-effective and environmentally friendly than 

traditional chemical methods.  

Another study on the production of carbon nanotubes using green chemistry principles 

showed that the use of non-toxic solvents and catalysts reduced the environmental impact 

of the process (Mukhopadhyay and Kumbhakar, 2021). Sustainable production methods are 

essential for the development of sustainable nanotechnology.  

By adopting green chemistry and green engineering principles, the environmental impact of 

nanotechnology can be minimized, and its benefits can be maximized. LCA can be used to 

evaluate the environmental impact of nanotechnology and identify sustainable alternatives.  

Despite the challenges, sustainable production methods present significant opportunities for 

the development of sustainable nanotechnology, and collaboration between various 

stakeholders is crucial for their success (Meyer et al., 2009). 
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3.5 Eco-friendly Applications: 

Eco-friendly applications of nanotechnology are essential for leveraging the benefits of 

nanomaterials while minimizing their environmental and health impacts. These applications 

focus on utilizing nanotechnology to address pressing global challenges in areas such as 

environmental remediation, energy storage and conversion, and healthcare. By integrating 

eco-friendly applications, nanotechnology can contribute to sustainable development and 

create positive impacts on society and the environment (Curran et al., 2006). 

A. Environmental Remediation with Nanotechnology: 

Nanotechnology offers innovative solutions for environmental remediation by providing 

efficient and cost-effective methods to clean up contaminated soil, water, and air. 

Nanomaterials such as nanoscale zero-valent iron (nZVI), carbon nanotubes, and 

nanoparticles have been successfully used to remove heavy metals, organic pollutants, and 

other contaminants from the environment. These nanomaterials offer high surface area-to-

volume ratios and unique reactivity, making them effective in remediation processes 

(Curran et al., 2006). 

B. Energy Storage and Conversion with Nanotechnology: 

Nanotechnology plays a crucial role in advancing energy storage and conversion 

technologies, contributing to the development of sustainable energy solutions. 

Nanomaterials like graphene, nanostructured metal oxides, and quantum dots are utilized to 

enhance the efficiency and capacity of batteries, fuel cells, and solar cells. These materials 

offer improved energy density, faster charging rates, and increased stability, leading to more 

efficient energy storage and conversion systems (Boccuni et al., 2008). 

C. Healthcare Applications of Nanotechnology: 

Nanotechnology has revolutionized healthcare by enabling the development of advanced 

diagnostic tools, targeted drug delivery systems, and personalized medicine. Nanomaterials 

such as quantum dots, nanoparticles, and nanocarriers are used in medical imaging, drug 

delivery, and therapeutics. These materials offer precise targeting, controlled release, and 

enhanced efficacy, leading to improved diagnosis and treatment outcomes for various 

diseases (Allenby and Rejeski, 2008). 

D. Challenges and Opportunities in Eco-friendly Applications: 

While eco-friendly applications of nanotechnology offer significant benefits, they also 

present challenges that need to be addressed. Some of these challenges include: 

Regulatory Compliance: Ensuring that nanomaterials used in eco-friendly applications 

meet regulatory standards for safety and environmental impact. 
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Cost-effectiveness: Developing eco-friendly applications that are economically viable and 

competitive with traditional technologies. 

Public Perception: Addressing public concerns about the safety and ethical implications 

of nanotechnology in eco-friendly applications. 

E. Future Directions: 

The future of eco-friendly applications in nanotechnology lies in continued research and 

innovation to address current challenges and explore new opportunities. Collaborative 

efforts between researchers, industry stakeholders, and policymakers are essential to drive 

the development and adoption of sustainable nanotechnology solutions.  

By focusing on environmental sustainability, energy efficiency, and healthcare 

advancements, eco-friendly applications of nanotechnology can pave the way for a more 

sustainable and prosperous future. 

Eco-friendly applications of nanotechnology hold immense potential to address global 

challenges and improve quality of life while promoting environmental sustainability.  

By harnessing the power of nanotechnology in environmental, energy, and healthcare 

sectors, we can create a more sustainable and resilient world for future generations. 

3.6 Case Studies of Emerging Sustainable Nanotechnology: 

This section presents three case studies of emerging sustainable nanotechnology, 

highlighting the practical applications and potential impact of sustainable nanomaterials and 

production methods. 

A. Case Study 1: Green Synthesis of Silver Nanoparticles for Antibacterial 

Applications: 

Silver nanoparticles (AgNPs) have been widely used for their antibacterial properties in 

various applications, including medical devices, textiles, and water treatment. However, 

traditional synthesis methods involve toxic chemicals and high energy consumption, 

leading to environmental and health concerns.  

A sustainable alternative is the green synthesis of AgNPs using plant extracts, which offers 

a cost-effective and eco-friendly method for large-scale production. 

Researchers have successfully synthesized AgNPs using various plant extracts, such as 

neem, turmeric, and ginger, which act as reducing and capping agents. The resulting AgNPs 

exhibit excellent antibacterial activity against various pathogens, including E. coli, S. 

aureus, and P. aeruginosa. Moreover, the green synthesis method is scalable and cost-

effective, offering a promising alternative to traditional synthesis methods (Servin and 

White, 2016). 
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B. Case Study 2: Sustainable Production of Graphene for Energy Storage 

Applications: 

Graphene, a two-dimensional material with unique electrical and mechanical properties, has 

been widely used in energy storage applications, such as batteries and supercapacitors. 

However, traditional production methods involve hazardous chemicals and high energy 

consumption, leading to environmental and health concerns. Researchers have developed a 

sustainable production method for graphene using green chemistry principles, which 

involves the exfoliation of graphite using supercritical carbon dioxide (scCO2). The 

resulting graphene exhibits excellent electrical conductivity and stability, making it suitable 

for energy storage applications. Moreover, the green production method is scalable and 

cost-effective, offering a promising alternative to traditional production methods (Sekhon 

and Kaur, 2009). 

C. Case Study 3: Nanocellulose-based Composites for Lightweight and 

Sustainable Materials: 

Nanocellulose, a sustainable and renewable nanomaterial derived from plant cell walls, has 

been widely used in the development of lightweight and sustainable materials. 

Nanocellulose-based composites offer excellent mechanical properties, low density, and 

biodegradability, making them suitable for various applications, such as packaging, 

automotive, and construction. 

Researchers have developed nanocellulose-based composites using green chemistry and 

green engineering principles, which involve the use of non-toxic solvents and energy-

efficient processes. The resulting composites exhibit excellent mechanical properties, 

thermal stability, and biodegradability, offering a promising alternative to traditional 

composite materials (Meyer et al., 2009, Sengul et al., 2009). These case studies 

demonstrate the potential of sustainable nanotechnology in addressing global challenges 

and promoting environmental sustainability. By harnessing the power of green chemistry, 

green engineering, and eco-friendly applications, sustainable nanotechnology can 

contribute to a more sustainable and resilient future. 

These case studies highlight the potential of sustainable nanotechnology in addressing 

global challenges and promoting environmental sustainability. By harnessing the power of 

green chemistry, green engineering, and eco-friendly applications, sustainable 

nanotechnology can contribute to a more sustainable and resilient future. The development 

of sustainable nanomaterials and production methods is critical for advancing 

nanotechnology towards a greener and more responsible future. 

3.7 Nanotechnology for Sustainable Agriculture: 

Nanotechnology has emerged as a promising tool in the field of agriculture, offering 

innovative solutions to enhance crop productivity, improve nutrient management, and 

mitigate environmental impacts. By leveraging nanomaterials and nanotechnology-based 

approaches, sustainable agriculture practices can be revolutionized to address the challenges 

of food security, resource efficiency, and environmental sustainability. 
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3.7.1 Nanomaterials in Crop Protection: 

Nanoparticles such as silver, copper, and zinc oxide have shown potential in crop protection 

by acting as antimicrobial agents, fungicides, and insecticides. These nanomaterials can 

target specific pathogens and pests, reducing the need for conventional chemical pesticides 

and minimizing environmental contamination. Nanoencapsulation of bioactive compounds 

also enhances their stability and efficacy, providing sustainable alternatives for pest and 

disease management (Prasad et al., 2014). 

3.7.2 Nano fertilizers for Enhanced Nutrient Uptake: 

Nanotechnology offers novel approaches to improve nutrient uptake efficiency in plants 

through the development of nano fertilizers. Nanostructured fertilizers can deliver nutrients 

directly to plant roots, enhancing nutrient availability and reducing nutrient loss through 

leaching.  

Controlled release mechanisms in nano fertilizers ensure a steady nutrient supply to crops, 

promoting sustainable nutrient management practices and minimizing environmental 

pollution (Prasad et al., 2014). 

3.7.3 Nano sensors for Precision Agriculture: 

Nano sensors play a crucial role in precision agriculture by enabling real-time monitoring 

of soil conditions, crop health, and environmental parameters. These nanoscale devices can 

detect nutrient levels, moisture content, and pest infestations, allowing farmers to make 

informed decisions for targeted interventions.  

Nano sensors contribute to resource-efficient farming practices, optimizing water and 

fertilizer usage while minimizing waste and environmental impact (Prasad et al., 2014). 

3.7.4 Nanobiotechnology for Plant Health: 

Nanobiotechnology integrates nanotechnology with biotechnology to develop innovative 

solutions for plant health and stress tolerance. Nanoparticles can deliver genetic material, 

growth regulators, and signaling molecules to plants, enhancing their resilience to biotic 

and abiotic stresses. By harnessing nanobiotechnology, sustainable agriculture can promote 

crop resilience, yield stability, and adaptation to changing environmental conditions. In 

conclusion, nanotechnology holds immense potential for transforming agriculture into a 

more sustainable and efficient system.  

By harnessing the unique properties of nanomaterials, nano fertilizers, nano sensors, and 

nanobiotechnology, sustainable agriculture practices can enhance crop productivity, 

optimize resource utilization, and minimize environmental impact. Embracing 

nanotechnology in agriculture paves the way for a greener and more resilient food 

production system, contributing to global food security and environmental sustainability 

(Kah and Hofmann, 2014). 
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3.8 Challenges and Opportunities in Emerging Sustainable Nanotechnology: 

Emerging sustainable nanotechnology faces several challenges and opportunities that need 

to be addressed to fully realize it’s potential. 

3.8.1 Challenges in Emerging Sustainable Nanotechnology: 

Scalability: The scalability of sustainable nanotechnology is a significant challenge, as 

many sustainable nanomaterials and production methods are still in the research and 

development stage.  

Scaling up these methods to meet industrial demands requires significant investment and 

innovation. 

Cost-effectiveness: The cost-effectiveness of sustainable nanotechnology is another 

challenge, as many sustainable nanomaterials and production methods are more expensive 

than traditional methods. Reducing the cost of sustainable nanotechnology is crucial for its 

widespread adoption. 

Regulatory Compliance: Regulatory compliance is a critical challenge for sustainable 

nanotechnology, as many sustainable nanomaterials and production methods are still not 

fully understood or regulated. Ensuring the safety and environmental impact of sustainable 

nanotechnology is crucial for its widespread adoption. 

Public Perception: Public perception of nanotechnology is a significant challenge, as many 

people are still unaware or skeptical of its potential benefits and risks. Educating the public 

and addressing their concerns is crucial for the widespread adoption of sustainable 

nanotechnology. 

3.8.2 Opportunities in Emerging Sustainable Nanotechnology: 

Innovation: The innovation potential of sustainable nanotechnology is vast, as many 

sustainable nanomaterials and production methods offer unique properties and applications. 

Exploring these opportunities can lead to new and exciting applications in various 

industries. 

Sustainability: The sustainability potential of sustainable nanotechnology is significant, as 

many sustainable nanomaterials and production methods offer a more environmentally 

friendly alternative to traditional methods. Promoting sustainability in nanotechnology can 

lead to a more responsible and greener future. 

Competitiveness: The competitiveness of sustainable nanotechnology is a significant 

opportunity, as many industries are increasingly demanding sustainable and eco-friendly 

products. Meeting this demand can provide a competitive advantage for companies and 

researchers. 
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Collaboration: The collaboration potential of sustainable nanotechnology is vast, as many 

sustainable nanomaterials and production methods require interdisciplinary and cross-

sectoral collaboration. Collaboration can lead to new partnerships, knowledge sharing, and 

innovation. 

3.9 Future Directions in Emerging Sustainable Nanotechnology: 

To fully realize the potential of sustainable nanotechnology, several future directions need 

to be pursued. 

Research and Development: Continued research and development in sustainable 

nanotechnology are crucial for advancing sustainable nanomaterials and production 

methods. 

Education and Training: Education and training in sustainable nanotechnology are 

essential for building a skilled workforce and promoting public awareness and 

understanding. 

Policy and Regulation: Policy and regulation in sustainable nanotechnology are crucial for 

ensuring safety, environmental impact, and public trust. 

Industry and Market: Industry and market adoption of sustainable nanotechnology are 

crucial for its widespread use and impact. 

3.10 Conclusion: 

The emerging sustainable nanotechnology offers significant potential for addressing global 

challenges and promoting environmental sustainability. However, several challenges and 

opportunities need to be addressed to fully realize it’s potential. By pursuing research and 

development, education and training, policy and regulation, and industry and market 

adoption, sustainable nanotechnology can contribute to a more sustainable and resilient 

future. 
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