
 31

Agriculture in a Changing Climate: Challenges, Technologies, and Sustainable Solutions

Detection of Heavy Metals in Soil Using Sensors: A 
Review

Animesh Ghosh Baga, Nitin Chatterjeeb

a. Department of Agriculture, School of Agriculture, Swami 
Vivekananda University, Barrackpore, West Bengal, 700121
b. Department of Agricultural Chemistry and soil science

BCKV, Mohanpur
Corresponding author: ghoshbaganimesh610@gmail.com

Abstract:
Heavy metal contamination in soil poses significant risks 
to environmental health, agriculture, and human well-
being. Traditional laboratory methods for detecting heavy 
metals are accurate but often time-consuming, expensive, 
and require specialized equipment. In recent years, sensor-
based technologies have emerged as efficient alternatives 
for rapid, on-site detection and monitoring of heavy metal 
concentrations in soil. This review provides a comprehensive 
analysis of advancements in sensor technologies for detecting 
heavy metals in soil, focusing on their principles, performance, 
and practical applications. We examine various types of 
sensors, including electrochemical, optical, biosensors, and 
nanosensors, highlighting their sensitivity, specificity, and 
ability to detect multiple heavy metals simultaneously. 
Challenges such as interference from complex soil matrices, 
calibration, and long-term stability are discussed, along with 
potential solutions. The paper also explores emerging trends, 
such as the integration of sensors with the Internet of Things 
(IoT) and machine learning algorithms for real-time monitoring 
and data analysis. Case studies demonstrating the successful 
application of sensor technologies in detecting heavy metals 
like lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (As) 
are presented. Finally, the review identifies research gaps 
and outlines future directions for the development of cost-
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effective, portable, and user-friendly sensors for soil health 
monitoring. Sensor-based detection systems represent a 
promising approach to addressing the global challenge of 
soil contamination and ensuring sustainable agricultural 
practices.
Key Words:  Heavy Metal Contamination, Sensor Technologies, 
Soil Monitoring, Internet of Things (IoT), Sustainable Agriculture
1. Introduction
Heavy metal contamination in soil has become a pressing 
global environmental issue, primarily due to its profound 
and far-reaching impacts on soil quality, agricultural 
productivity, ecosystem balance, and human health. Heavy 
metals such as lead (Pb), cadmium (Cd), mercury (Hg), and 
arsenic (As) are of particular concern owing to their high 
toxicity, non-biodegradable nature, and strong tendency 
to accumulate in soil and living organisms over time. Once 
introduced into the soil, either through industrial activities, 
mining operations, excessive use of chemical fertilizers and 
pesticides, or improper waste disposal, these toxic elements 
persist for extended periods and gradually enter the food 
chain, ultimately threatening food safety and public health 
(Alloway, 2013). Prolonged exposure to heavy metals through 
contaminated soil can lead to reduced soil fertility, impaired 
microbial activity, and disruption of essential soil functions, 
ultimately diminishing crop yields and compromising the 
sustainability of agricultural systems. Furthermore, the 
bioaccumulation of heavy metals in edible plants poses severe 
health risks to humans and animals, including neurological 
damage, organ dysfunction, and increased risk of cancer.
To monitor and assess heavy metal contamination in soil, 
conventional laboratory-based analytical techniques such as 
atomic absorption spectroscopy (AAS), inductively coupled 
plasma mass spectrometry (ICP-MS), and X-ray fluorescence 
(XRF) have been widely employed. These methods are 
known for their high precision, sensitivity, and reliability in 
detecting trace concentrations of heavy metals. However, they 
require sophisticated instrumentation, trained personnel, 
and controlled laboratory environments. Additionally, these 
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techniques are often costly, time-consuming, and impractical 
for large-scale, real-time, or on-site soil monitoring, 
particularly in remote areas or resource-limited settings 
(Zhou et al., 2022).
In light of these limitations, the development of sensor-
based technologies for heavy metal detection in soil has 
attracted significant research attention in recent years. 
These technologies offer rapid, cost-effective, and portable 
alternatives for in-situ monitoring, enabling timely detection 
of soil contamination without the need for complex 
sample preparation or laboratory infrastructure. Sensor 
systems, including electrochemical, optical, biosensors, 
and nanosensors, are capable of providing real-time data 
with reasonable sensitivity and specificity, making them 
suitable for both agricultural and environmental monitoring 
applications. This review aims to provide a comprehensive 
overview of recent advancements in sensor technologies for 
detecting heavy metals in soil, discussing their underlying 
principles, operational performance, advantages, limitations, 
and potential applications. Furthermore, the paper highlights 
the current challenges and future research directions 
needed to advance the practical deployment of sensor-based 
detection systems as reliable tools for soil health assessment 
and environmental protection.
2. Sensor Technologies for Heavy Metal Detection in Soil
The development of sensor technologies for detecting 
heavy metals in soil represents a significant advancement in 
environmental monitoring, providing rapid, cost-effective, 
and in-situ detection capabilities. Several types of sensors 
have been explored, each with unique operational principles, 
strengths, and limitations. Among these, electrochemical, 
optical, biosensors, and nanosensors have shown considerable 
promise for soil applications.
(i)  Electrochemical Sensors
Electrochemical sensors are among the most widely 
researched and applied tools for the detection of heavy 
metals in soil due to their inherent advantages of high 
sensitivity, portability, and the ability to provide real-time, 
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quantitative measurements. These sensors function based 
on the electrochemical interactions between heavy metal 
ions present in soil samples and the surface of a working 
electrode. When heavy metals such as lead (Pb), cadmium 
(Cd), or mercury (Hg) interact with the electrode, they 
induce detectable changes in electrical properties, including 
current, voltage, or impedance (Gupta et al., 2020). Anodic 
stripping voltammetry (ASV) is one of the most popular 
techniques within this category, known for its exceptional 
sensitivity and low detection limits for trace levels of heavy 
metals. ASV operates by pre-concentrating metal ions onto 
the electrode surface through electro-deposition, followed by 
their subsequent stripping, which generates a characteristic 
electrical signal proportional to the metal concentration. 
Potentiometric sensors, which measure potential changes, and 
impedimetric sensors, which monitor changes in electrical 
impedance, are also widely used for heavy metal detection. 
The continuous advancements in miniaturization and 
microfabrication have enabled the development of compact, 
portable electrochemical sensors, making them highly 
suitable for on-site soil monitoring, especially in agricultural 
fields, contaminated sites, and mining areas.
(ii) Optical Sensors
Optical sensors are another prominent category for heavy 
metal detection, utilizing the interaction between light and 
matter to identify and quantify contaminants. These sensors 
operate based on detecting changes in optical properties such 
as absorbance, fluorescence, luminescence, or reflectance 
when heavy metals are present in the soil. Common types 
of optical sensors include colorimetric sensors, where 
color changes in a reagent indicate the presence of specific 
heavy metals; fluorescence-based sensors, which exploit the 
quenching or enhancement of fluorescence signals upon 
metal ion binding; and surface plasmon resonance (SPR) 
sensors, which detect changes in refractive index at the sensor 
surface. One of the significant advantages of optical sensors 
is their high specificity, enabling the selective detection 
of individual heavy metals even in the presence of other 
contaminants. Additionally, they offer rapid response times 
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and, in many cases, allow for visual or spectrophotometric 
detection, making them accessible for both laboratory and 
field use. Recent advancements in nanotechnology have led 
to the development of nanomaterial-based optical sensors, 
which incorporate nanoparticles, quantum dots, or other 
nanostructures to enhance sensitivity, selectivity, and the 
ability to detect multiple heavy metals simultaneously 
(Zhang et al., 2021). These innovations have significantly 
improved detection limits, making optical sensors viable for 
detecting trace heavy metal concentrations in complex soil 
environments.
(iii) Biosensors
Biosensors represent an emerging class of detection devices 
that utilize biological recognition elements to detect the 
presence of heavy metals with high selectivity and sensitivity. 
The core principle of biosensors lies in the specific interaction 
between a biological component such as enzymes, antibodies, 
nucleic acids, or even whole microbial cells and the target 
heavy metal ions in the soil. This interaction produces a 
measurable physicochemical signal, which may be electrical, 
optical, or thermal in nature (Kumar et al., 2022). Biosensors 
are particularly valued for their environmental friendliness 
and their ability to offer highly selective detection, even 
amidst complex soil matrices. Enzyme-based biosensors, for 
instance, can be designed to catalyze reactions that produce 
a detectable signal upon exposure to specific heavy metals. 
Similarly, microbial biosensors employ living microorganisms 
whose metabolic responses indicate the presence of toxic 
metals. The potential for on-site and real-time monitoring 
makes biosensors highly attractive for agricultural and 
environmental applications. However, practical challenges 
remain regarding their operational stability, sensitivity, and 
reproducibility, especially when deployed under diverse 
and variable soil conditions. Ongoing research is focused on 
enhancing the robustness of biosensors and improving their 
performance for long-term field applications.
(iv) Nanosensors
Nanosensors leverage the remarkable physicochemical 
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properties of nanomaterials to achieve ultra-sensitive and 
highly selective detection of heavy metals in soil. The 
integration of nanoparticles, carbon nanotubes, graphene, 
and other nanoscale materials into sensor platforms has 
opened new possibilities for environmental monitoring. 
Due to their high surface area-to-volume ratio, enhanced 
catalytic activity, and unique optical and electrical properties, 
nanomaterials enable nanosensors to achieve extremely low 
detection limits—often at parts-per-billion (ppb) levels or 
lower—for heavy metals such as arsenic (As), lead (Pb), and 
cadmium (Cd) (Ravikumar et al., 2023).
Nanosensors can operate through various mechanisms, 
including electrochemical, optical, or biosensing principles, 
with nanomaterials serving as the transducing or recognition 
elements. For example, gold nanoparticles are widely used in 
colorimetric sensors for their distinct optical properties, while 
carbon nanotubes and graphene enhance the conductivity 
and sensitivity of electrochemical sensors.
The miniaturization, portability, and high performance of 
nanosensors make them highly suited for rapid, on-site soil 
assessments. Furthermore, the integration of nanosensors 
with wireless communication technologies and smart devices 
is facilitating the development of advanced sensor networks 
for real-time soil health monitoring.
3. Challenges and Limitations
Despite remarkable progress in sensor technologies for 
the detection of heavy metals in soil, several technical, 
environmental, and socioeconomic factors continue to limit 
their widespread, practical deployment. These challenges 
must be critically addressed to enhance the reliability, 
usability, and affordability of sensor-based systems for 
routine soil monitoring.
(i) Interference from Soil Matrices: One of the most 
significant challenges faced by sensor technologies is the 
complex and heterogeneous nature of soil itself. Soils vary 
widely in texture, organic matter content, moisture levels, 
and mineral composition, all of which can interfere with 
sensor performance. For instance, organic matter and 
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dissolved ions present in soil may interact with sensor 
components, leading to false signals or reduced sensitivity. 
Additionally, soil heterogeneity can create spatial variability 
in contaminant distribution, making it difficult to obtain 
accurate and representative measurements. Overcoming 
matrix interference requires the development of sensors with 
enhanced selectivity, robust signal processing, and efficient 
sample preparation protocols.
(ii) Calibration and Standardization: Accurate and reliable 
sensor performance depends heavily on regular calibration. 
Environmental conditions such as temperature, humidity, 
and soil composition can affect sensor responses, necessitating 
frequent recalibration to ensure consistent results. However, 
the absence of universally accepted, standardized calibration 
procedures poses a significant barrier to the broader adoption 
of sensor technologies. Without standardization, comparing 
results across different sensor platforms, studies, or 
geographic regions becomes challenging. Establishing global 
or regional calibration protocols and quality control standards 
is essential to enhance the reliability and interoperability of 
sensor data.
(iii) Long-Term Stability and Durability: The long-term 
stability and operational durability of sensors remain 
critical concerns, especially for field applications in harsh 
environments. Exposure to moisture, dust, temperature 
fluctuations, and mechanical stress can degrade sensor 
components over time, leading to signal drift, reduced 
sensitivity, or complete sensor failure. This is particularly 
problematic for biosensors and nanosensors, which often 
rely on delicate biological or nanomaterial components. To 
address these limitations, research efforts must focus on 
developing robust, weather-resistant sensor designs with 
protective coatings, self-cleaning mechanisms, and longer 
operational lifespans.
(iv) Cost and Accessibility: While sensor technologies are 
becoming increasingly compact and portable, high-end, 
high-performance sensor systems often remain prohibitively 
expensive for smallholder farmers, local environmental 
agencies, and resource-limited regions. The cost of advanced 
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materials, specialized components, and maintenance further 
restricts accessibility. Moreover, the lack of technical expertise 
in rural areas hampers the effective use and interpretation of 
sensor data. Reducing production costs, simplifying operation, 
and providing affordable, user-friendly sensor options are 
essential for promoting equitable access to soil monitoring 
technologies. In summary, while sensor-based approaches 
hold great promise for transforming soil contamination 
monitoring, addressing these technical, environmental, and 
socioeconomic challenges is critical for ensuring their reliable, 
scalable, and cost-effective implementation in real-world 
settings.
4. Emerging Trends and Future Prospects
The way we monitor heavy metals in soil is undergoing a 
remarkable transformation, driven by rapid advancements in 
sensor technologies, the Internet of Things (IoT), and machine 
learning (ML). These technologies are no longer confined to 
laboratories or specialized research environments—they are 
increasingly becoming accessible tools that can make a real 
difference in how we protect soil health.
The integration of sensors with IoT networks is a game-changer 
for environmental monitoring. These smart sensor networks 
enable real-time, continuous collection of soil data across 
large areas, providing a level of insight and responsiveness 
that was unimaginable just a few years ago (Li et al., 2023). 
Instead of relying on time-consuming, manual sampling and 
laboratory analysis, farmers, researchers, and environmental 
agencies can now access up-to-date information about soil 
quality at the touch of a button.
Machine learning adds another layer of sophistication to this 
process. By applying advanced algorithms, ML helps make 
sense of the vast amounts of data generated by these sensors. It 
can detect patterns, identify potential contamination hotspots, 
and even predict future trends, significantly enhancing the 
accuracy and reliability of heavy metal detection systems.
Equally promising is the ongoing development of portable, 
affordable, and easy-to-use sensor devices designed for non-
experts. These innovations are making it possible for farmers, 
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landowners, and community groups to play an active role in 
soil monitoring without needing specialized training. Recent 
real-world examples have shown how these sensor-based 
technologies can effectively detect hazardous metals such as 
lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (As) in 
contaminated soils.
Together, these advancements are not just technical milestones 
they represent practical, scalable solutions for addressing soil 
contamination. As these tools become more accessible and 
refined, they hold immense potential to support sustainable 
agriculture, safeguard public health, and inform evidence-
based environmental policies for years to come.
5. Conclusion
Sensor-based technologies are emerging as a powerful and 
practical alternative to conventional laboratory methods for 
detecting heavy metals in soil. Unlike traditional approaches, 
which are often time-consuming, expensive, and require 
specialized equipment and expertise, modern sensors 
offer a faster, more portable, and cost-effective solution 
for on-site soil monitoring.Technological advancements in 
electrochemical, optical, biosensors, and nanosensors have 
significantly improved the sensitivity and reliability of 
detecting hazardous metals directly in the field. These tools 
empower farmers, researchers, and environmental agencies 
to assess soil quality quickly, enabling more informed and 
timely decision-making. However, despite their potential, 
some technical hurdles remain. Issues such as accurate 
sensor calibration, potential interference from complex soil 
compositions, and ensuring long-term stability and durability 
of sensors continue to limit their widespread adoption.
The integration of these sensor systems with Internet of 
Things (IoT) platforms and advanced data analytics—
particularly machine learning—holds immense promise for 
the future. Together, they can create intelligent, automated 
monitoring networks capable of providing real-time, large-
scale soil contamination data. Such systems not only improve 
detection accuracy but also support predictive modeling, 
helping to anticipate and mitigate contamination risks 
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before they escalate. Looking ahead, there is a clear need for 
continued research and innovation focused on developing 
affordable, robust, and user-friendly sensor technologies that 
can perform reliably across diverse soil environments. By 
overcoming existing challenges, these tools have the potential 
to transform how we monitor and manage soil health, 
contributing to safer food production, sustainable agriculture, 
and a cleaner, healthier environment.
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