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India has quickly urbanized for the last 30 years, increasing from 1990 to 2021 by 260 million. The
growth in the world population enhances energy and materials used in consumption, thereby
deteriorating the environment. This paper discusses potentiality of Indian MSW for sustainable
energy generation in enabling literature and experiments. Scientific treatment of Indian MSW s
part of schemes of the Ministry of Urban Development, particularly the Swachh Bharat Mission.
Most of the effective waste-to-energy technologies, such as gasification and pyrolysis, anaerobic
digestion, and land-gas recovery, are developed in developed countries for handling segregated
wastes that also include the biodegradable and hazardous options. Nanotechnology is emerging to
be versatile, profitable, and eco-friendly for energy from waste. Nanotechnology can improve the
environment as it directly detects and avoids pollution and removes pollutants, and indirectly
through the designs of industries and products made for environmental safety. The small size and
high surface area of nanoparticles have many beneficial qualities for applications, but it may also
be concerning to individuals and the environment over its long-term suspension in air,
environmental accumulation, easy absorption, and organ damage. This review encompassed the
practice of nanotechnology in the areas of waste management, air-pollution control, water
treatment, and safety aspects of nanomaterials.
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1. Introduction

Management of solid wastes is one such all-time pressing global challenge, with rising
generations of wastes posing grave environmental and economic and social problems.
Traditional techniques through land disposal and burning are no longer viable due to an already
saturated space, legislated environmental concerns, and the desire to become more
environmentally conscious. As the world keeps finding innovative ways to handle and control
the waste, nanotechnology has proved to be one of the technologies that can revolutionize the
processes associated with waste management.
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1.1. Nanotechnology

Nanotechnology is defined as the manipulation and application of materials on a nanoscale
where unique physicochemical properties enable novel functionalities, namely ranging
between 1-100 nanometers. These properties such as high surface area, reactivity, and tunable
characteristics give nanomaterials a highly enhanced effectiveness in various environmental
applications including solid waste management. Integration of nanotechnology into the
management of waste offers several advantages including the enhancement of efficiency at the
detention, degradation, and recycling of wastes. The different applications of nanotechnology
in solid waste management, focusing on how nanomaterials can improve the efficiency and
sustainability of the waste treatment processes. We study nanomaterials' applications on
adsorption, catalysis, and sensing with an eye towards the improvement of waste segregation,
pollutant removal, and resource recovery. By using particular case studies, we demonstrate
practical advantages and challenges arising from the use of nanotechnology within municipal,
industrial, and hazardous waste management activities. Finally, a critical review of the
environmental impact and safety concerns of nanomaterials applied to waste management will
be provided so that responsible and sustainable practices would take hold. There's always the
tendency of going a step further with nanotechnology when it comes to solid waste handling,
yet more efforts are required to achieve a balance between technology and concerns over
environment and public health [1].

Environment is an area where one can make use of nanotechnology. The best strategies for the
health of environment like human health involves three forms of prevention, care, and
treatment so that before a big risk we should take care of the environment carefully and
deliberate measures to deal with it. Nanosensors will allow us to detect and to follow the effects
of human activities on the environment accurately and quickly. Finally, when a risk occurred
more than its usual level, the solutions of nanotechnology can be used in minimizing
environmental damage. Nanotechnology helps us refine existing pollutions and proper usage
of available resources [2].

1.2. India's Waste Generation

As Figure 1 shows relevant change in India with respect to waste generation, population
growth etc. The figure represents three critical indicators of population change over the years
from 1911 to 2011. The metrics are plotted against the relevant years. Population (Blue Line)
refers to the total population in millions each decade from 1911 to 2011. From 252 million in
1911, the population seemed to be nearly steady till 1921, when it was 251.3 million but
increased more sharply from 1931 onwards. The steady and accelerating rise to 1210.2 million
by 2011 is observed. The population roughly quadrupled over the 100-year period. Decadal
Growth (Orange Line) indicates the increase in population every decade, in millions. There
was a slight decline of 0.8 million between 1911 and 1921. From 1931, growth reflected steady
decadal increase, which peaked around 2001 with 182.3 million, and then followed a slight
decline to 181.4 million by 2011. Significant leaps are noticeable especially after 1951, which
indicates that the last few decades witnessed an upward trend in population. Progressive
Growth Rate (Green Line) line shows the compound growth rate over the base year of 1911.
Starting off as zero in 1911, this figure goes up in an escalation curve representing the
compound effect of population growth every decade. The compound growth rate continued
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going up to a value of 407.64 in 2011, therefore more than 400% increase compared with the
population size in the base year of 1911. The overall figure gives a complete picture of
population dynamics of the last hundred years. Of population growth in totals, an essentially
non-declining trend starting from mid-20th century. In ten-yearly growth First oscillating with
a slight decline in earlier decades and then consistent and pronounced increases in latter half
of the century. Using the progressive growth rate, stable increase shows compounded
population growth over 100 years with considerable additive growth from a starting point in
1911. Overall, there seems to be a developing trend in which population growth is rather fast,
but its increasing growth spurt significantly accelerates in the latter half of the 20th century,
reflecting changes in demographics and growth over a century [3].

1000

407.64

5.75

)= N
1911 1921 1931 1941 1951 1961 1971 1981 1991 2001 2011
13.7 0.8 275 42.4

Population = 10 *(5) —— [ecadal growth = 10"(8) Progressive growth rate (comp ared with 15811)

Fig 1. Population growth waste generation with respect to decade growth

Figure 2 graphically presents the population of major Indian cities in 2011 wherein Mumbai
has the highest population estimated to be about 18.5 million, followed by Delhi at 16.8
million, and Kolkata at 14.1 million. Among them, Chennai stands at about 10.9 million,
Bangalore at 8.4 million, Hyderabad at about 7.7 million, and Ahmedabad has the smallest
population at about 6.3 million. This data shows a tremendous population concentration in the
states of Mumbai, Delhi, and Kolkata, having the largest populations and thus necessitating
specific planning and resource optimization in these heavily populated areas.
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Figure 3 The figure shows waste management metrics of few Indian cities, where in Mumbai
was accounted as the city that produces the maximum quantity of total waste of about 6,500
tonnes/day and Delhi with 5,000 tonnes/day, Hyderabad with 4,200 tonnes/day and the cities
of Chennai and Ahmedabad produce the minimum [4]. Hyderabad along with Kolkata stand
at the top for per capita waste approximately 0.5g/capita/day while Chennai holds the lowest
position with about 0.3 g/capita /day. The data reflects significant differences both in the
aggregate quantity of waste produced and per capita waste generation, thus requiring city-
specific management strategies in municipalities [5].

0.6 7000
0.5 6000
04 5000
4000
0.3
3000
0.2
2000
0.1 1000
0 0
> > 2 > > Q> >
Q> > N\ & X NS P
A O SN P P
& ¢ N X © 4
& & 3 © N
& N ©

I Total waste generated (tonnes/day) e====\\aste generation (g/capita/day)

Fig 3. Waste generation among major cities
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2. Literature Review

Nanotechnology has gained many interest areas as shown in Figure 4. This can be seen in
medicine, electronics, and environmental science. Its application to manage and treat solid
waste is slowly becoming an important issue mainly due to its inherent benefits. This review
will explore the state of current knowledge regarding nanotechnology use in the management
of solid waste through a critical look at research studies, methods, and results of published
works related to different aspects of waste treatment and management.
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Fig 4. Application of nano technology in different areas
2.1. Nanomaterials for Waste Sensing and Separation

Sorting and identification will be part of an important process that impacts effective waste
management. Studies reveal that through the implementation of high-end sensing
technologies, it is possible to enhance these activities related to nanomaterials. Nanosensors
are recognized for exceptional sensitivity and specificity while detecting the different types of
wastes at the molecular level. This paper by Ali al. 2018 has demonstrated how gold
nanoparticles can be utilized to detect heavy metals in industrial wastes [6]. The experiment
shows that the modified gold nanoparticles with ligands can even carry out the detection with
substantial accuracy of trace heavy metals. This will lead to timely intervention and
remediation. In 2023, Huang developed a nanosensor array based on carbon nanotubes for
organic pollutants in municipal solid wastes. By this method, segregation and monitoring of
the garbage were conducted on-site for separation into biodegradable and non-biodegradable
materials [7].

2.2. Nano Catalysts for Waste Degradation

Nano catalysts have extensively been studied because they catalyse chemical reactions at faster
rates. Therefore, they are especially more possible for decomposition in wastes of complex
materials. Such organic pollutants the catalysers break up into less harmful chemicals make
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procedures in waste treatment much efficient. Kanmani et al. (2023) discussed the possibility
of using TiO2 nanoparticles as a photocatalyst for the degradation of organic waste in landfill
leachate [8]. It concluded that the dispersion of TiO2 nanoparticles highly affected the
degradation of organic pollutants by UV radiation. So, it improved the quality of leachate and
decreased the hazardous environmental impacts. Rathi et al. (2023) studied the catalytic
decomposition of plastic wastes through iron oxide nanoparticles. The nanoscale particles
promised that significant polyethylene and polypropylene could be broken down into smaller
reusable monomers - a hope to resolve the plastic pollution menace[9].

2.3. Nanomaterials for Contaminant Adsorption

Another area of much interest in nanomaterials is the adsorption capacity. The surface areas
of nanomaterials are rather massive and have engineered surfaces to collect almost any type
of contaminants from waste streams. Pabel et al. (2014) also explored the adsorption process
of heavy metals from electronic waste using grapheme oxide [10]. The experiment showed
that graphene oxide is capable of absorbing large amounts of lead, cadmium, and mercury.
Properties have ensured that it is utilized correctly when working with electronic waste
leachates. Nascimento et al. (2023), explored the mechanism of color adsorption from
effluents in the textile industry through magnetic nanoparticles. The authors demonstrated the
possibility of using magnetic nanoparticles for water treatment in wastewater [11]. This was
through the removal of dye molecules from water. The particles could easily be separated and
recovered using their magnetic nature.

2.4. Environmental Impact and Safety of Nanomaterials

While nanoparticles carry numerous advantages, the potential for environmental impacts
needs to be evaluated with care in terms of safety. Without proper control, small nanoparticles
can pose a risk to human health and the environment because the diameter is very small and
chemically active. Singh et al. (2023) reviewed toxicological nanomaterial effects in aquatic
as well as terrestrial systems [12]. It made clear the point that the bioaccumulation level and
toxicity differed among various species. Bassey et al. in (2024) has done the life cycle analysis
of the nanomaterials used in the waste management systems [13]. In their study, they have
covered all the possible environmental impacts that occur during its entire life cycle from its
manufacture to its disposal. They have indicated critical areas that require improvement in
terms of upgrading safety and sustainability measures. Several researches have shown the
practical application of nanotechnology to real cases in waste management. In it, possible
benefits and challenges are also presented with it. Sharma et al. (2013) showed how
nanotechnology could be applied in the management of solid waste in Delhi [14], India. The
study documented the use of nanocatalysts in composting processes that accelerated the rate
of decomposition with better quality compost [15]. Freitas et al. (2024) has given specific
details about a pilot study done in Brazil, in which nanosensors were implemented at waste
classification plants. This improved the classification accuracy of waste. As a result, the
recycling rate increased while landfill pressures were reduced [16].

2.5. Comparative Analysis of Different Nanotechnologies Used in Solid Waste Management
There are several nanomaterials with unique mechanisms, advantages, and challenges of using
them in nanotechnology applications for solid waste treatment. Here, we compare important

Nanotechnology Perceptions Vol. 20 No. S15 (2024)



Transforming India's Urban Waste: Sustainable... Rajesh Singh Gurjar et al. 1572

nanotechnologies applicable for waste detection, degradation, and adsorption.

Table 1: different nano material and their application

S.no Nano Material Functions References
1 Gold Nanoparticles | o Mechanism: Uses the combination of plasmon resonance and | [17]
(AuNPs) ligand binding for the detection of specific heavy metals.
. Applications: Mainly in trace heavy metal identification in
industrial wastes.
. Advantages: Highly sensitive and specific because of tenable
surface properties.
. Concerns: High cost of production and potential environmental
hazard due to persistence and bio-accumulation.
2 Carbon Nanotubes | o Mechanism: Utilize electrochemical sensing as well as a high | [18]
(CNTs) surface area for the adsorption process.
. Applications: Likely to use in the detection and adsorption of
organic pollutants in municipal waste.
. Benefits: It has superior electrical properties and a big surface
area, enabling it to detect very accurately.
. Problems: Dispersion problem, inhalation problem, and long-
term health problems.
3 Titanium Dioxide | e Mechanism: Offers photocatalytic activity under UV light to | [19]
(Tio2) degrade organic pollutants.
. Applications: It is applied majorly in the treatment of landfill
leachate and wastewater.
. Advantage-Very abundant, nontoxic, and highly efficient under
ultraviolet light.
. Challenges: Has poor efficiency under visible light and relies on
the use of UV sources.
4 Iron Oxide | o Mechanism: Facilitate catalytic degradation through redox | [20]
Nanoparticles reactions.
. Applications: Degradation of plastic waste and organic
contaminants.
. Advantages: Magnetic properties enable easy recovery and reuse.
. Challenges: Potential for environmental impact due to iron

leaching and the need for stable formulations.

5 Graphene  Oxide | o Mechanism: Adsorbs contaminants via functionalized surface | [16]
(GO) groups.
. Applications: It is very effective in removing heavy metals from
electronic waste leachates.
. Advantages: High capacity for adsorption, and the possibility of
large-scale production in industry.
. Problems: The possibility of instability and other hazards related
to environmental and health problems due to toxicity.
6 Magnetic . Mechanism: Adsorb contaminants and separate by magnet. [21]
Nanoparticles . Applications: The removal of dyes and heavy metals from
industrial effluent.
. Advantages: Noncorrosive and easily separable using magnetic
fields.
. Challenge: Potential leaching of magnetic materials and difficulty
in handling.
7 Silver . Mechanism: Utilize antibacterial and catalytic properties for | [22]
Nanoparticles waste treatment.
(AgNPs) o Applications: Removal of pathogens in organic waste treatment
- and water purification.
. Advantages: Broad-spectrum antimicrobial activity and catalytic
efficiency.
. Challenges: Environmental and health concerns due to

nanoparticle release and toxicity.
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8 Zinc Oxide (ZnO) | e Mechanism: Photocatalytic degradation under UV and visible | [23]
Nanoparticles light.

. Applications: Degradation of dyes and organic pollutants in
wastewater.
. Advantages: Effective under visible light, cost-effective, and
widely available.
. Challenges: Photocatalytic efficiency can vary depending on
particle size and surface modifications.

Which of the above nanotechnologies is the "best" way to treat solid waste will depend upon
the application, type of waste and desired result. But, to find the best methods based on their
general balance of usefulness, adaptability, cost, and impact on the environment, think about
the things below:

2.6. Titanium Dioxide (TiO2) Nanoparticles

Best suited for degradation of organic pollutants in landfill leachate and wastewater. It Highly
efficient photocatalyst under UV light, nontoxic, easily found, cheap but not very active under
visible light; if the efficiency of visible light-responsive TiO2 is enhanced, dependence on UV
light sources may be decreased. Nanoparticles of TiO2 have been more studied compared to
most other photocatalysts, have been applied in many applications in environmental science,
and are good as a combination between performance and safety [19].

2.7. Iron Oxide Nanoparticles

Best suited for plastic waste and organic contaminant degradation This catalyst has high
efficiency, magnetism, which is easy to separate and recycle, and low cost, but potential iron
leaching; needs stable formulas to keep the environment safe. It easy to recover, that can break
complex waste, and practical for large-scale application [24].

2.8. Graphene Oxide (GO)

Best suited for heavy metal removal in electronic waste. It high adsorption capacity, scalable
production, effective for various contaminants. But stability and potential toxicity issues;
ongoing research is focused on improving safety profiles. It is excellent for leachate treatment
from electronic waste due to its versatility and excellent adsorption capability of heavy metals.

2.9. Magnetic Nanoparticles

Best applied to Dye removal from textile wastewater. It high adsorption capacity, economical,
easy to recover and reuse through magnetic separation. The potential agglomeration issues and
magnetite leaching. It is useful in continuous treatment processes as it is recyclable and
separable, especially in an industrial setting [25].

Titanium Dioxide nanoparticles are generally applied for the degradation of various classes of
organic contaminants because it has been shown that it is a potent, nontoxic, and inexpensive
compound. However, all nanomaterials have their unique benefits. Iron oxide nanoparticles
are very useful, aside from being catalytic and magnetic. These also include applications
related to plastic waste. Graphene oxide can be used for electronic waste remediation because
it is very effective in adsorbing heavy metals. Because magnetic nanoparticles are easy to
collect and repurpose, they can be useful benefits in the treatment of industrial water.
Nanoparticles of Titanium Dioxide are often considered the best of all options overall for
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applications with high criteria of cost, efficacy, and safety. In this case, selection of the most
appropriate nanotechnology should depend on the nature of waste and set goals in treatment.

2.10. Ameliorate for scenario

The exploration of nanotechnology in the management of solid wastes offers a viable avenue
to address the increasing environmental, financial, and societal problems related to waste
management. Nanoparticles have full potential to revolutionize current approaches toward
waste management through various ways in which it can identify, degrade, and adsorb
contaminants.

3. Improved detection and separation:

Due to their sensitivity and specificity, nanosensors-the carbon nanotubes and gold
nanoparticles-based nanosensors among them, enable the accurate determination and
separation of different kinds of waste. Such an attribute reduces contamination as well as
enhances recycling processes.

3.1. Higher Degradation Rates

Nano-catalysts like titanium dioxide (TiO2) and iron oxide nanoparticles can catalyze the
degradation process of organic polluting materials and plastics. They make for faster and more
thorough degradation processes that limit detrimental effects on the environment and improve
the effectiveness of waste management.

3.2. High Adsorption

Magnetic nanoparticles, graphene oxide, and so forth are a few materials that show attractive
ability to a high degree of heavies metals, dyes, and other metals. They have been efficient in
cleaning waste streams and even at recovering precious resources by virtue of their high
surface area as well as functionalizable surfaces.

3.3. Environmental and Safety Considerations

While nanomaterials safety holds many advantages, their application should be strictly
controlled so that no dangers are posed to health and the environment. Complete risk analyses
and development of safe production, use, and waste disposal protocols will ensure responsible
and sustainable use.

4. Comparative Comparison

Titanium dioxide (TiO2) nanoparticles are unique in the evaluated nanotechnologies since
their stated effectiveness, non-toxicity, and relatively economical nature concerning the
degradation of a wide variety of organic contaminants. Iron oxide nanoparticles possess some
advantages over others for degrading plastic waste due to their inherent magnetic properties
and ease of recovery. Graphene oxide was found to be a very good adsorbent for heavy metals
in the treatment of electronic waste, while magnetic nanoparticles bring useful advantages to
the treatment of industrial wastewater because of their facile separation and reuse.
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4.1. Future Prospects

The future of nanotechnology is a scientific research and innovation tool that will greatly be
needed in solid waste management. It should be advanced further into the treatment methods,
thereby improving the stability and safety profiles of graphene oxide, bringing in more
effective, visible light-responsive TiO2, and making optimal use of magnetic nanoparticles.
What will be mandatory is interdisciplinary cooperation and strong regulatory frameworks to
ensure a balance between the safety of the environment and public health with maximum
utilization of nanotechnology. Nanotechnology is capable of revolutionizing the management
of solid wastes through creative solutions that raise affordability, sustainability, and efficiency.
We will, therefore solve important waste management issues leveraging the special qualities
of nanomaterials and hence advance the development of a more sustainable and circular
economy. Technological advancements, therefore, have to be had with great sensitivity on
environmental impact as well as public safety features. Nanotechnology can be a significant
element in sustainable solid waste management once research and practices are kept
interdisciplinary and responsible.

5. Conclusion

Nanotechnology is promisingly applied to deal with the emerging problems in solid waste
management as nanoparticles are potential in detecting, degrading, and adsorbing
contaminants. Nano sensors, carbon nanotubes, and gold nanoparticles identify different types
of wastes accurately for separation and thus enhance recycling and decrease contamination.
Nano-catalysts like titanium dioxide (TiO2) and iron oxide nanoparticles increase the speed
of degradation of organic pollutants and plastics for efficient management of waste. Moreover,
magnetic nanoparticles and graphene oxide have high capacities of adsorption for heavy
metals and dyes, thus thoroughly cleaning waste streams and recovering valuable resources
due to large surface areas and functionalize properties. However, nanomaterials have many
advantages but their application needs to be strictly controlled for environmental and health
safety. Thus, risk analyses along with the development of safe protocols for production, use,
and disposal are vital to responsible implementation. Titanium dioxide is especially prized for
its non-toxicity, effectiveness, and cost-efficiency in degrading organic contaminants. Iron
oxide nanoparticles have magnetic properties that are good for plastic waste, graphene oxide
excels at adsorbing heavy metals from electronic waste, and magnetic nanoparticles are useful
in industrial wastewater treatment due to the ease of separation and reusability. The future of
nanotechnology in solid waste management will rest on further research, interdisciplinary
cooperation, and strong regulatory frameworks. Advances in the safe and effective use of
nanomaterials such as TiO2, graphene oxide, and magnetic nanoparticles will lead to more
environmentally friendly solutions for waste management. Nanotechnology has the prospect
of revolutionizing waste management systems and significantly improving systems toward
sustainability, efficiency, and a circular economy while ensuring environmental safety and
public health.
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