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ARTICLE INFO ABSTRACT

Keywords: In the context of the global shift towards sustainable agriculture, innovative technologies
agricultural sustainability, play a pivotal role in enhancing environmental management and productivity. This
nanotechnology, paper explores the integration of nanotechnology and radiometric sensing techniques
precision agriculture, to optimize agricultural practices, reduce environmental impacts, and promote long-

radiometric sensing,

term sustainability. By harnessing the power of nanomaterials and advanced sensors,
sustainable agriculture

we can achieve more precise soil analysis, water management, and crop health
monitoring, addressing key challenges in modern agriculture. Nanotechnology offers
solutions for enhancing soil nutrient delivery, improving crop resistance to climate
stress, and fostering efficient use of water resources. Meanwhile, radiometric sensors,
including those based on gamma-ray and other radiometric techniques, provide real-
time, non-invasive methods to assess soil quality, monitor contaminants, and track
the effectiveness of sustainable practices. These technologies enable farmers to make
data-driven decisions, improving yield while minimizing resource consumption
and ecological footprints. This article will highlight practical applications of these
technologies in the context of green agriculture, offering insights into their potential
for advancing sustainable development goals. By focusing on interdisciplinary
collaboration and embracing innovation, this approach aims to empower stakeholders
and foster a greener, more resilient agricultural future. This title and abstract reflect
your focus on nanotechnology and radiometric sensors while tying them directly to
sustainable agricultural practices, making it relevant to the conference themes.

Introduction environmental factors, traditional approaches to farming

Agriculture has been at the core of human society since ~ 1O longer suffice to meet the never-ending demand for
centuries, yet with the surging popu]ation and increasing food. Sustainable agriculture is required to address these
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problems, focusing on practices that maintain or build
productivity while decreasing ecological deterioration. The
necessity of a transformation of traditional farming methods
is vital, not just to grow food, but also to protect natural
resources and ecosystems for future generations (Muhie,
2022). Emerging technologies are taking a leading role in
enhancing farm productivity and enabling environmental
stewardship. Modern technologies ensure improved use of
resources, save resources, and contribute to reducing the
adverse environmental effects associated with conventional
farming (Hiywotu, 2025). Radiometric sensing and
nanotechnology are some of the most thrilling developments
whose single solutions address many of the biggest problems
of modern agriculture. Nanotechnology involves changing
materials at the nano level to create new products with
more traits (Segarra, et al., 2020). Nanotechnology is being
used already in agriculture to increase soil nutrient transfer,
increase the resistance of crops to environmental stresses,
and optimize the use of water. Radiometric sensors, wherein
radiation is used to measure and detect various physical
characteristics of the soil, plants, and water, are otherwise
proving to be immensely useful for real-time monitoring
of plant health, environmental conditions, and quality of
the soil (Garg, et al., 2024). Techniques such as neutron
and gamma-ray radiometry allow non-destructive, precise
inspection, giving meaningful information on agri-systems
(Garcia-Berna, et al., 2020). This paper discusses how the
integration of nanotechnology and radiometric sensing
has the potential to contribute positively to sustainable
agriculture. Specifically, it examines how these devices
can optimize agriculture by offering higher-quality data,
reducing the utilization of resources, and lessening the
ecological footprint of farming. By the convergence of
these cutting-edge technologies, it is possible to engineer
more productive, resilient, and sustainable agricultural
systems, thus advancing the green growth and sustainable
development agenda.

Materials and methods

Nanotechnology in Sustainable Agriculture

Nanotechnology refers to the manipulation of materials at
the nanoscale. This new field of science and engineering
has numerous applications across many industries, and
in agriculture, it holds the potential to revolutionize
traditional practices and confront challenges of food
production, resources, and environmental sustainability.
Nano materials with structures or properties that develop
at the nanoscale—have gained interest because of their
ability to enhance agricultural systems. Nanomaterials

are used in agriculture to support various processes like
nutrient delivery, water retention, and pest control (Zaman,
et al., 2025, Saritha, et al., 2022). The nano properties of
material, such as high surface area, high activity, and ability
to interact with biological systems on the molecular scale,
enable better, more effective, and efficient agriculture. To
improve soil well-being and the delivery of nutrients is
one of the most common applications of nanotechnology
in agriculture (Alam, et al., 2024). Nanomaterials can
enhance the delivery and transport of nutrients to the
soil, thus making the nutrients accessible to plants for
growth. Traditional fertilizers are sometimes ineffective,
leading to wastage of nutrients and environmental
pollution. Nanotechnology holds the potential for creating
slow-release or controlled-release fertilizers, in which
nutrients are delivered more efficiently over time and with
reduced frequency of application (Shukla, et al., 2024).
Additionally, nanomaterials will be improving water and
nutrient efficiency in farming. With the modification of
soil properties using nanomaterials, improving water
retention as well as the uptake of nutrients is simple even
in water scarcity regions. By the use of nanotechnology,
the plant’s uptake can be altered to fit into nutrients as
well as curb water wastage, hence contributing to the
sustainability of agricultural activity in general (Rana, et
al., 2024). Crop resistance to environmental stress, such as
drought, pests, and climate change, is another area where
nanotechnology can make a major impact (Wahab, et al.,
2024). It is possible to increase plant resistance to various
stressors by adding nanomaterials to agriculture. For
example, nanomaterials can be used to develop coatings
that protect plants from lethal ultraviolet (UV) light or
nanoparticles to enhance the plant’s ability to hold water in
times of drought. Moreover, nanotechnology can be used
to enhance crop resistance to pests and diseases, hence
reducing the use of chemical pesticides (Singh, et al.,
2024, Zhou, et al., 2025). Nanoparticles can be designed
to target active agents directly towards the targeted pests
or pathogens, with less application of toxic chemicals
and environmental impact of agriculture )Batista, et al.,
2025). As climate change threatens new challenges to
agriculture, the ability to increase plant resilience through
nanotechnology offers a hopeful solution to food security
under changing environmental conditions.

Results and discussions

Radiometric Sensors and their Applications in Sustainable
Agriculture

Radiometric sensors are advanced measuring instruments
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used to measure levels of radiation and inspect other
materials based on how each respond to various types of
radiation, such as gamma rays, neutrons, or other radiation
(Queiroz, et al., 2020). Radiometric sensors find significant
uses in providing accurate, real-time data for agricultural
monitoring, supplying critical information regarding
soil fertility, pollution levels, pest control, and water
management (Moran, et al., 2003, Saleem, et al., 2024).
Their accuracy and non-invasive nature make them very
useful for sustainable agriculture. Radiometric sensors
operate by measuring radiation given out by or passing
through various materials. Various different techniques
and approaches are employed according to the specific
application (Ammar, et al., 2024). For instance, gamma-
ray detection quantifies soil content using gamma rays,
and neutron activation measures the number of various
elements in plants, water, and soil (Shoshany, et al., 2013).
Other technologies, such as alpha-particle spectroscopy
and X-ray fluorescence, also provide means for
investigation of soil characteristics and determination of
pollutants. These technologies allow for adequate and real-
time investigation of the agricultural environment without
recourse to traditional labor-intensive sampling methods.
By providing accurate and live information, radiometric
sensors assist farmers and researchers in making
informed decisions, maximizing efficiency, and reducing
environmental stresses in agriculture. Radiometric sensors
are highly beneficial in tracking and assessing soil health,
the cornerstone of sustainable agriculture (Sishodia, et al.,
2020). Soil health directly influences crop yield, water-
holding capacity, and nutrient provision, so tracking soil
health on a continuous basis is necessary. Radiometric
methods, such as gamma-ray spectrometry and neutron
scattering, can be employed to measure notable soil
parameters such as moisture, mineralogy, and heavy
metals or other contamination. Farmers have the ability
with the assistance of radiometric sensors to obtain exact,
real-time data on the status of soils and make differential
adjustments to make the soil health better accordingly
(Faqir, et al., 2024). For example, these sensors can
detect areas of nutrient deficit or contaminant content,
which are used in fertilization, irrigation, and remediation
techniques. This process enhances soil management
practices, and the result is better crop yield and reduced
environmental degradation. Radiometric sensors are also
crucial for monitoring pollution and pest control, two of
the most important applications of sustainable agriculture
(Sharma, et al., 2024). Such sensors can also be used for
detecting and quantifying contaminants in soil, water, and
vegetation for the identification of sources of pollution
and their quantification on the agricultural system. For

instance, radiometric sensors can sense radioactive
isotopes, heavy metals, and other poisonous pollutants in
irrigation water and soil (Rajak, et al., 2023). In addition
to pollution monitoring, radiometric sensors can be
employed for pest control to identify poisonous pests in
plants or in the soil. By detecting infestations earlier, these
sensors enable farmers to implement pest control that is
purpose-specific against the issue without relying heavily
on chemical pesticides (Dean, et al., 2023). This reduces
the environmental impact of pest control while promoting
healthier ecosystems and safer foods. Proper irrigation
and water management are important in sustainable
agriculture, particularly in regions with water limitations.
Radiometric sensors such as neutron probes and gamma-
ray attenuation sensors are used to determine the content
of soil moisture, providing real-time data on water
content and soil hydration. By accurately determining
soil moisture levels, such sensors enable farmers to
deliver optimized irrigation regimes, saving water by
avoiding loss and supplying crops with exactly the right
amount of water at the exact time (Wang, et al., 2023).
Such sensors can even be integrated into smart irrigation
systems to modulate water delivery automatically based
on soil moisture content. This not only conserves water
but also increases crop yield and reduces energy and cost
of irrigation (Kaplan, et al., 2024). Through radiometric
sensors incorporated into irrigation management, farmers
are able to ensure that water resources are optimally used,
promoting overall agricultural sustainability.

Integrating Nanotechnology and Radiometric Sensors for
Green Agriculture

The intersection of nanotechnology and radiometric
sensors offers a unique window of opportunity to transform
agriculture, creating a more efficient, sustainable,
and environmentally friendly farming system. By the
intersection of the precision and functionality of both
technologies, farmers can have more control over most
areas of agricultural management, from soil quality and
nutrient distribution to pest control and water optimization.
The integration of nanotechnology and radiometric
sensors in agriculture provides new possibilities for the
optimization of agricultural processes (Parameswari, et
al., 2024). Nanotechnology can be applied to enhance
the effectiveness of soil amendments, fertilizers, and
pesticides, while radiometric sensors provide real-time,
precise information on soil condition, water content, and
environmental stressors. Farmers can create amore adaptive
agricultural system that adjusts to changing conditions
and minimizes environmental impact by integrating these
technologies (Yadav, et al., 2023). Nanomaterials may
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be designed to release nutrients or pesticides to a specific
area of the soil, and radiometric sensors monitor uptake
and distribution. Similarly, nanotechnology may increase
water holding capacity in the soil, and radiometric sensors
can help monitor moisture levels, making irrigation more
efficient. This interface allows for having more precise
and targeted interventions that improve the productivity
and sustainability of agricultural systems. Combining
nanotechnology with radiometric sensors allows farmers
to make precise, targeted interventions rather than blanket,
mass treatments (Tovar-Lopez, 2023). Radiometric
sensors, for example, can pinpoint the areas in the field
where the nutrients are lacking, and the nanomaterials will
apply the nutrients to those points directly, eliminating
waste and conserving efficiency. Reducing Resource
Consumption ensures that the minimum possible use of
resources such as water, fertilizers, and pesticides (Miguel-
Rojas and Perez-de-Luque, 2023). Nanotechnology
facilitates the fertilizers and water to be absorbed more
effectively, while radiometric sensors accurately determine
soil moisture and nutrient levels and thus assist in applying
optimized irrigation and fertilization schedules. Reducing
wastage and optimizing resource use, the application of
these technologies can lead to improved crop yields and
healthier crops. Nanotechnology helps in cultivating crops
better, and radiometric sensors monitor their development
so that any issues such as nutrient deficiencies or pest
infestation can be identified early.

Review of Applying Nanotechnology and Radiometric
Sensors in Agriculture

Implementation of nanotechnology and radiometric sensors
in agriculture has been the subject of many successful case
studies, which establish the capability of these technologies
in improving sustainable farming practices. These case
studies reveal how these innovations have been applied
in real contexts to enhance agricultural output, reduce
environmental impact, and promote green growth (El-
Chaghaby and Rashad, 2024). In this section, we refer to
some of the most exciting research and initiatives that have
successfully applied these technologies. Nanotechnology
for Precision Fertilization could demonstrate the use
of nanomaterials to deliver nutrients to crops in a more
efficient way. Researchers developed nano-based
fertilizers that would release the nutrients in a mannered
fashion, improving plant nutrient absorption (Atanda, et
al., 2025). By applying radiometric sensors to monitor
soil nutrient levels, the yield of the nano fertilizers was
monitored in real-time, allowing farmers to make the most
of the fertilizers. This action not only reduced fertilizer
runoff into water bodies but also enhanced crop yield,

leading to better resource optimization and sustainable
farming. Radiometric Sensors for Soil Health Monitoring:
A Canadian project used radiometric sensors to monitor
soil quality and health in big-scale agriculture farms
(Fischer, et al., 2025). Gamma-ray spectroscopy was
used for soil composition measurement and detection of
early-stage pollutants such as heavy metals. Data provided
by such sensors made it possible for farmers to identify
zones in the land with low-quality or polluted soil and
implement corrective actions such as soil amendment or
crop rotation regime. This case study had demonstrated
how radiometric sensors could be integrated into routine
soil health care practices to facilitate more sustainable
agriculture (Reinhardt and Herrmann, 2018, Singh, et
al., 2023). Researchers used nanotechnology to improve
water holding in arid farming regions. Hydrogels at the
nano-scale were created to capture and retain water within
soil, reducing the need for irrigation. Radiometric sensors,
particularly neutron probes, were used to monitor soil
moisture content in real-time (Abd El-Aziz, etal., 2025, Ali,
et al., 2024). This combination of radiometric sensing and
nanotechnology enabled farmers to coordinate irrigation
hours, conserve water, and enhance crop survival in water-
scarce areas. A pilot scheme was started in India to utilize
radiometric sensors for monitoring early symptoms of pest
infestation and plant disease. Neutron activation analysis
was used to detect changes in plant tissues caused by pests
or pathogenic organisms. The data given by the sensors
allowed farmers to use targeted pest control, reducing
chemical pesticides. Not only was this practice reducing
the environmental burden of pest control, but crop health
and production also increased (Esen, et al., 2016, Sharma
and Kumar, 2024).

Conclusion

In conclusion, the paper has discussed the pivotal role
of nanotechnology and radiometric sensors in driving
sustainable agriculture. Both of these technologies offer
new solutions to the challenges of modern agriculture,
including the need to grow more food with a reduced
environmental impact. Nanotechnology offers targeted
nutrient delivery, water efficiency, and enhanced crop
tolerance to environmental stress, while radiometric
sensors provide real-time, non-destructive methods for
monitoring soil quality, pollution detection, and water
resource optimization. The integration of these two
technologies with agricultural practice is a hopeful means
to achieve green agriculture. Through the integration of
the precision and efficiency of nanotechnology with the
robust surveillance capability of radiometric sensors,
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farmers are able to make decisions based on knowledge to
increase productivity, decrease resource consumption, and
mitigate environmental effects. This convergent approach
can support the creation of Sustainable Development
Goals (SDGs), particularly those related to food security,
climate action, and sustainable consumption. While
these technologies are very promising, their use at scale
is constrained by high initial costs, technical complexity,
and regulatory barriers. But through additional research,
innovation, and collaboration both among industries and
across regions, these challenges can be addressed. The
future of agriculture is in these innovations, and it is
imperative that one keeps exploring their potentialities
and finding ways of overcoming obstacles so that they
can be integrated into global agriculture functions
effectively. Projecting into the future, additional research
must be conducted to further harness the full potential of
nanomaterials and radiometric sensors for agricultural
purposes. This entails making innovations affordable,
enhancing their performance, and expanding their use
to other areas and agricultural environments. Through
continuous innovation and interdisciplinarity, we can
come up with a more resilient, sustainable, and efficient
farming system that caters to an ever-increasing number of
the globe’s population while safeguarding the environment
for future generations.
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