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Nanoparticles Production and Release
Nanoparticles are predominantly synthesized via two principal approaches: the top-down

method, which involves the mechanical or physical breakdown of bulk materials into nanoscale

particles, and the bottom-up method, which assembles nanoparticles from atomic or molecular

precursors through chemical or biological routes. These methods give rise to diverse categories

of nanoparticles, including metallic, metal oxide, polymeric, and carbon-based types, each with

unique physicochemical properties and applications. However, beyond intentional synthesis,

nanoparticles are also unintentionally introduced into the environment through various

anthropogenic activities. They may originate from industrial processes, solid waste disposal,

combustion by-products, and other non-agricultural sources.

Nanomaterials have become increasingly integrated into modern industries, agriculture, and

environmental technologies due to their unique physicochemical properties, like surface

reactivity, size-selectable, as well as unique catalytic and mechanical characteristics have

progressed the purification of water, stabilization, and pollution control of the soil. However,

along with the increase in production and use of these materials, there are ever-growing facts that

uncontrollable discharges to natural ecosystems can contribute to the emergence of severe

environmental problems. In aquatic and terrestrial environments, the nanoparticles, including

ZnO, Ag, TiO2, and cadmium-based quantum dots, are transforming in their way diversity of

dissolution, aggregation, oxidation, and adsorption, which adjust their bioavailability and

toxicity. These processes can destabilize microbial activity, plants, and change nutrient cycling

and hence affecting the health of the ecosystem. In addition, the chronic accretion of metal and

metal-oxide nanoparticles could become sources of tenacious contamination, and trophic passage

with the help of food webs. These hazards notwithstanding, nanotechnology is an important

source of sustainability. They are also looking into nanomaterials engineered to be used in the

treatment of wastewater, eliminating contaminants and strengthening soils and examples of

innovative engineered nanomaterials in geotechnical applications include nano-bentonite and

colloidal silica. Therefore, it is vital to have a thorough insight into the negative and positive

effects of nanomaterials to come up with non-toxic applications and suitable regulatory policies.

The current poster offers an understanding of the interactions and possible threats of

nanomaterials in the water and soil systems, their sustainable use. It aims at highlighting the

balance between innovation and environmental responsibility and thus helping in the responsible

development of nanotechnology to a cleaner and more sustainable future.

Impact on the Water System

This figure overviews the successive conditions that favor nanoparticles to remain chemically

stable and dispersed as discrete units in aqueous systems. Water bodies act as key carriers of

manufactured nanoparticles (MNPs) once released into the environment, where their behavior

determines potential ecological and human health impacts. MNPs are governed by two main

factors: toxicity and exposure, which depend on their dispersion, mobility, and surface chemistry.

In aqueous environments, nanoparticles undergo aggregation, dissolution, oxidation–reduction,

and surface adsorption at the solid–liquid interface. These reactions control both dispersion

stability, influencing their spread, and chemical stability, affecting toxicity through surface

transformations and biological interactions. Different types of nanoparticles behave differently:

metal oxides may release toxic ions upon dissolution, metallic nanoparticles tend to oxidize and

generate reactive species, while carbon-based nanomaterials aggregate and adsorb organic

pollutants, modifying contaminant transport.

Soils act as major sinks for MNPs due to their widespread use in fertilizers, pesticides, and other

nanotechnology-based products. While research has focused largely on plant uptake and

phytotoxicity, the broader impacts of MNPs on soil health are now gaining attention. Once

introduced into soil, MNPs undergo various transformations, including aggregation, dissolution,

oxidation, and complexation with organic matter, which determine their persistence and reactivity.

These transformations influence soil texture, nutrient availability, microbial diversity, and enzyme

activity, thereby affecting nutrient cycling and carbon dynamics. Biological indicators of soil

health are generally more sensitive to nanoparticle exposure than physical or chemical parameters.

Certain MNPs, such as ZnO and CuO nanoparticles, can act as slow-release fertilizers, providing

essential micronutrients like zinc and copper while improving nutrient use efficiency. Others, like

SiO₂ nanoparticles, serve as carriers of macronutrients (N, P, K) and help mitigate abiotic stress

such as salinity. Additionally, due to their antimicrobial properties, Ag, Cu, TiO₂, and ZnO

nanoparticles have been explored as potential nano-pesticides effective against bacterial and fungal

pathogens without significant harm to plant growth. The above figure illustrates MNPs undergoing

physical and chemical changes in soil, forming mixtures of pristine and transformed particles

influenced by soil organic matter (SOM).

Nanomaterials enhance water purification, soil stabilization, and sustainable agriculture through

their unique properties. In water, they influence contaminant transport and microbial interactions,

while in soil, they affect nutrient cycling, microbial diversity, and plant growth. Certain

nanoparticles act as slow-release fertilizers or nano-pesticides, offering functional benefits.

However, uncontrolled release can lead to bioaccumulation, toxicity, and long-term ecosystem

impacts. Understanding their behavior and promoting safe, non-toxic applications is essential to

balance innovation with environmental sustainability.
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