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Abstract: The growing demand for environmentally
sustainable methods in analytical chemistry has given
rise to the concept of "green analytical chemistry"
(GAC), which prioritizes the reduction of harmful
reagents and waste generation in scientific analysis.
This paper explores the application of green analytical
chemistry to water quality monitoring, with a
particular focus on the detection of contaminants such
as heavy metals, pesticides, and microplastics. By
emphasizing eco-friendly methods such as solvent-free
extraction, green  solvents, biosensors, and
nanomaterial-based approaches, this study highlights
the potential of these techniques in improving the
sensitivity, accuracy, and  sustainability  of
environmental analysis. The paper also discusses the
challenges, benefits, and future directions for
advancing GAC in the context of water pollution
monitoring.
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1. INTRODUCTION

Water quality monitoring plays a crucial role in
ensuring the health and safety of aquatic ecosystems
and human populations. Traditionally, water quality
testing methods rely on harsh chemicals, complex
procedures, and significant energy consumption,
which often result in the generation of hazardous
waste. In recent years, green analytical chemistry
(GAC) has emerged as a solution to mitigate these
issues by promoting the use of environmentally
benign and sustainable analytical techniques.[1-5]

GAC focuses on minimizing the environmental
impact of analytical procedures by using alternative
reagents, reducing waste, and improving energy
efficiency. The aim is to replace toxic solvents,
reagents, and materials with safer, more sustainable
options. This approach is particularly important in
environmental — monitoring, where  traditional

analytical methods often fail to address the growing
concerns of pollution, toxicity, and sustainability.

In this paper, we focus on the application of GAC in
the detection of three critical water pollutants: heavy
metals, pesticides, and microplastics. These
contaminants are  widespread in  aquatic
environments and pose significant risks to both
human health and biodiversity. We review and
discuss recent advances in green analytical
techniques for detecting these pollutants and assess
their feasibility, effectiveness, and environmental
benefits.

2. GREEN ANALYTICAL METHODS FOR
MICROPLASTIC DETECTION

Green Analytical Chemistry (GAC) aims to
minimize the use of harmful substances, reduce
waste generation, and enhance the sustainability of
analytical methods. When it comes to the detection
of heavy metals, several green analytical chemistry
approaches can be applied to make the process more
eco-friendly. These approaches are focused on
minimizing the environmental impact while
maintaining accuracy and sensitivity. Here are a few
green strategies for the detection of heavy metals:

2.1. Microextraction Techniques:

Microextraction techniques are gaining popularity
due to their low solvent consumption, which reduces
both waste and exposure to hazardous chemicals.

Methods include:

Solid-phase microextraction (SPME): This involves
using a fiber coated with a stationary phase to
extract trace amounts of heavy metals from liquid or
gas samples, reducing the need for large solvent
volumes.

Liquid-phase microextraction (LPME): LPME uses
very small volumes of solvents (often green
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solvents) to extract analytes from aqueous samples,
which is more environmentally friendly compared to
conventional extraction methods.

Cloud point extraction (CPE):This method uses
surfactants that separate into two phases at certain
temperatures, allowing for heavy metal extraction
with minimal use of toxic solvents.

2.2. Green Solvents and Reagents:

Substituting hazardous solvents and reagents with
safer, less toxic alternatives is a cornerstone of green
chemistry. For example:

lonic liquids: These solvents are often used in
electrochemical and spectroscopic techniques. They
are  non-volatile and  reusable, reducing
environmental hazards.

Bio-based solvents: Solvents derived from
renewable sources, such as ethanol, glycerol, or
terpenes, can be used for metal detection without the
environmental impact of traditional organic
solvents.

Chelating agents: Traditional chelating agents can
be toxic, so safer, more sustainable alternatives
(e.g., amino acids or natural polymers) are used for
metal extraction and complexation.

2. 3. Electrochemical Methods:

Electrochemical analysis is particularly attractive in
green chemistry because it typically requires small
sample volumes and can be performed with minimal
use of reagents.

Voltammetry and potentiometry: These methods can
detect heavy metals at trace levels by measuring the
electrical properties of the sample. The energy
requirements are low, and the techniques can be
highly selective and sensitive, reducing the need for
excessive reagents.

Screen-printed electrodes (SPEs): SPEs are low-
cost, portable, and can be used with minimal sample
preparation, making them suitable for on-site
detection of heavy metals.

2.4. Green Synthesis of Nanomaterials for
Detection:

Nanomaterials, such as nanoparticles and
nanocomposites, have gained attention for their use
in detecting heavy metals due to their high surface

area and reactivity. Green synthesis methods for
nanomaterials can reduce toxic chemicals in the
preparation process:

Biomass-mediated synthesis: Using plant extracts,
fungi, or bacteria to synthesize nanoparticles
reduces the need for hazardous chemicals and
energy-intensive processes.

Green nanomaterials for sensors: These materials
can be used to develop biosensors or chemical
sensors for heavy metals, combining low
environmental impact with high sensitivity.

2.5. Biological Sensors (Biosensors):

Biosensors are analytical devices that use biological
components (such as enzymes, antibodies, or
microorganisms) to detect specific substances. In the
context of heavy metal detection:

Enzyme-based biosensors: These biosensors use
enzymes that are sensitive to specific metal ions,
providing rapid and cost-effective detection with
minimal environmental impact.

Microbial ~ biosensors:  These  sensors  use
microorganisms (e.g., bacteria or algae) that respond
to heavy metals in the environment. They offer low-
cost, eco-friendly detection methods, especially
useful for monitoring environmental contamination.

2.6. Laser Induced Breakdown Spectroscopy
(LIBS):

LIBS is a rapid and non-destructive analytical
technique used for detecting heavy metals,
particularly in complex matrices. It uses a laser to
ablate a small amount of the sample and analyzes
the emitted light to identify the metal composition.
The benefits of LIBS include:

Minimal sample preparation: The technique requires
no chemicals or solvents for sample preparation.

Speed and efficiency: LIBS provides fast results,
reducing the time and energy needed for traditional
laboratory methods.

2.7. Near-infrared Spectroscopy (NIRS):

NIRS is a non-destructive, solvent-free technique
used for detecting and quantifying heavy metals in
complex samples. It works by measuring the
absorption of near-infrared light, which is affected
by the sample’s composition. The technique has the
advantage of:
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No sample pre-treatment or hazardous reagents
required.

Fast and non-invasive measurements, which can be
performed on-site.

2.8. Green Sample Pre-treatment Techniques:
Reducing the use of hazardous reagents in sample
preparation is crucial for green analytical chemistry.
Some approaches include:

Microwave-assisted digestion: This method uses
less solvent and energy than traditional heating
methods for breaking down samples, and it is faster.
Ultrasound-assisted extraction (UAE): UAE uses
ultrasonic waves to facilitate the extraction of heavy
metals from samples, requiring less solvent and
reducing the risk of chemical waste.

3. ECO-FRIENDLY METHODS FOR PESTICIDE
DETECTION

Pesticides, widely used in agriculture to control
pests and diseases, are a significant source of
contamination in water bodies. Conventional
pesticide detection methods, such as gas
chromatography (GC) and high-performance liquid
chromatography (HPLC), often require the use of
organic solvents and produce large amounts of
chemical waste. As a result, there is a growing
interest in adopting green chemistry principles to
reduce the environmental impact of pesticide
monitoring.

3. 1. Biological Indicators (Bioassays):

Using Organisms to Detect Pesticides: Bioassays
involve the use of living organisms (like bacteria,
algae, or fish) to detect the presence of pesticides.
These organisms can show sensitivity to certain
pesticide types. For example:

Algal Bioassays: Certain algae species can be
sensitive to toxic substances like pesticides. If the
pesticide is present, it may inhibit algal growth.

Fish Bioassays: Freshwater fish can be used to test
water samples for pesticide contamination, with
changes in behavior or survival rates indicating
contamination.

3.2.  Enzyme-Linked
(ELISA):

ELISA is a method that uses antibodies to detect
pesticides. This technique is eco-friendly because it
is highly sensitive, uses small sample sizes, and
does not require harmful chemicals. It is often used
to detect pesticide residues in food or water.

Immunosorbent  Assay

This method works by using antibodies that are
specifically designed to bind with the pesticide
molecules. The reaction produces a measurable
signal, indicating the presence and concentration of
pesticides.

3.3. Green Chemistry-based Methods:

Surface Enhanced Raman Spectroscopy (SERS):
This is a non-destructive technique that uses a green
chemistry approach for pesticide detection. It
involves the enhancement of Raman scattering using
nanomaterials, which are eco-friendly and reduce
chemical waste compared to traditional methods.
Molecular Imprinting: This involves creating
synthetic receptors that can specifically bind to
pesticide molecules. These receptors can be
incorporated into sensors that detect pesticide
contamination. This approach reduces the need for
toxic reagents and generates minimal waste.

3.4. Plant-Based Methods

Phytoremediation and Phytosensing: Some plants
can absorb or interact with pesticides, making them
useful for detecting pesticide contamination in soil
or water. By analyzing the uptake of specific
pollutants by plants, it’s possible to gauge the
presence of harmful pesticides.

Biomarkers in Plants: Plants can express specific
biomarkers when exposed to pesticides. These
biomarkers can be detected using eco-friendly
methods like PCR (Polymerase Chain Reaction) to
determine contamination levels.

3.5. Surface Plasmon Resonance (SPR):

SPR is an optical technique that can detect pesticide
residues without the need for labels or secondary
reagents. It’s eco-friendly because it doesn't require
hazardous chemicals and is highly sensitive. This
method relies on measuring the changes in refractive
index at the surface of a sensor chip when pesticides
bind to a specific receptor.

3.6. Nanotechnology:

Nanomaterials for Detection: Nanomaterials such as
carbon nanotubes and gold nanoparticles can be
used for detecting pesticides in water and soil. These
materials are highly sensitive and can be engineered
to interact with specific pesticide molecules. The
reaction can lead to a color change or electrical
signal, providing an eco-friendly, non-toxic way to
detect contaminants.
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3. 7. Electrochemical Sensors

These sensors are used to detect pesticide residues
based on changes in electrical properties when the
pesticide binds to a specific receptor.
Electrochemical sensors are often made using eco-
friendly materials and can provide quick, on-site
detection with minimal environmental impact.

3. 8. High-Performance Liquid Chromatography
(HPLC) with Green Solvents:

While HPLC traditionally uses organic solvents,
advancements have made it possible to use green
solvents for pesticide detection, significantly
reducing the environmental footprint. The technique
separates and identifies pesticide compounds in food
or water samples.

3. 9. Biodegradable Paper-Based Sensors:

A relatively new and eco-friendly innovation, paper-
based sensors can be developed for pesticide
detection. These sensors are cheap, biodegradable,
and made from eco-friendly materials. They are
sensitive and can be used for quick on-site testing.

4. GREEN ANALYTICAL METHODS FOR
MICROPLASTIC DETECTION

Microplastics, small plastic particles less than 5 mm
in size, have become a significant environmental
concern due to their persistence in aquatic
ecosystems and their potential to cause harm to
marine organisms and human health. Detecting
microplastics in water requires advanced analytical
techniques that can provide accurate, reliable results
while minimizing environmental impact.

4.1. Spectroscopic Techniques:

a)Raman Spectroscopy:

Raman spectroscopy detects molecular vibrations
by scattering light, allowing for the identification of
microplastics based on their characteristic spectra. It
is non-destructive, requires minimal sample
preparation, and does not rely on harmful solvents
or reagents. It also provides direct identification of
microplastic types in water samples.

b) Fourier Transform Infrared (FTIR) Spectroscopy:
FTIR uses infrared light to detect the vibrational
modes of molecules, helping to identify
microplastics by their polymer type. FTIR is non-
invasive and doesn’t require toxic chemicals for

sample preparation. Additionally, it can identify a
wide range of polymer types, reducing the need for
extensive sample pre-treatment.

4.2. Micro-Fourier Transform Infrared Spectroscopy
(U-FTIR):

This is a miniaturized version of FTIR, which uses a
microscope coupled with FTIR to analyze very
small microplastic particles in water. It uses less
material and requires less sample preparation
compared to traditional FTIR methods. The non-
destructive nature of p-FTIR allows for repeated
analysis, thus minimizing the use of reagents.

4.3. Fluorescence Spectroscopy:

This technique utilizes the ability of certain
polymers to fluoresce when exposed to UV light. By
monitoring the fluorescence emission spectra,
microplastics can be identified. Fluorescence
spectroscopy is a highly sensitive and non-
destructive technique, requiring little to no chemical
reagents or solvents. It is especially useful in
detecting low concentrations of microplastics in
water.

4. 4. Electrochemical Sensors:

These sensors measure the electrochemical
properties of microplastics in water by detecting
their interaction with specific electrodes. The
analysis of charge transfer or impedance can provide
information about microplastic presence.
Electrochemical sensors are often low-cost, require
minimal sample preparation, and can be used for in-
situ  monitoring, which reduces the need for
extensive sampling and transportation of samples.

4. 5. Laser Induced Breakdown Spectroscopy
(LIBS):

LIBS uses laser pulses to excite microplastic
particles, creating plasma that emits light
characteristic of the elements present in the sample.
This allows for rapid identification of microplastics.
LIBS is a non-destructive, rapid technique that does
not require chemical reagents or solvents. It is also
capable of direct, in-situ analysis of water samples,
reducing the need for complex sample preparation.

4.6. Biosensors:

Biosensors can be designed to detect microplastic
particles by using biological elements (such as
antibodies or enzymes) that specifically bind to the
microplastic surfaces. These sensors often generate
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a measurable output (e.g., electrochemical, optical).
Biosensors are often portable, low-cost, and provide
rapid analysis with minimal environmental impact.
They do not require harmful chemicals and can be
reused multiple times.

4. 7. Green Solvent-Based Extraction Techniques:
Techniques like supercritical CO2 extraction or the
use of bio-based solvents (e.g., ethanol, vegetable
oils) allow for the extraction of microplastics from
water without relying on toxic chemicals. These
methods are sustainable, reducing the need for
hazardous organic solvents and minimizing waste
generation during the sample extraction process.

4.8. Microscopy Coupled with Digital Imaging:
Microscopic methods (e.g., Scanning Electron
Microscopy (SEM), Optical Microscopy) combined
with digital image analysis can be used to count and
classify microplastic particles. These methods are
highly efficient for particle detection, with minimal
sample preparation required. By using automated
image analysis, they reduce the labor and chemical
inputs required for manual analysis.

4.9. Sonic and Acoustic Techniques:

Acoustic waves or sonic vibrations can be used to
separate microplastic particles from water. These
techniques often use sound waves to differentiate
particles based on size, density, and other physical
properties. These methods are non-invasive and do
not require chemical reagents, making them highly
sustainable for microplastic detection in aquatic
environments.

4. 10. Magnetic Separation and Spectroscopy:
Magnetic nanoparticles or magnetic fields can be
used to separate microplastics from water. Once
isolated, the microplastics can be analyzed using
techniques like FTIR or Raman spectroscopy.
Magnetic separation is a non-toxic and non-
destructive process that can be coupled with green
spectroscopic techniques for efficient detection.

5. CHALLENGES AND FUTURE DIRECTIONS

Despite the promising advances in green analytical
chemistry for water quality monitoring, several
challenges remain. One of the key obstacles is the
need for the development of standardized protocols
and validation of green techniques to ensure their
reliability and accuracy. Furthermore, many green

methods still require optimization to achieve
sensitivity levels comparable to traditional methods,
especially for detecting trace amounts of
contaminants.

Future research should focus on the development of
more efficient and cost-effective green analytical
methods, as well as the integration of advanced
technologies such as miniaturized sensors, real-time
monitoring, and automated analysis. Additionally,
expanding the use of green chemistry in the field of
water quality monitoring could foster greater
adoption of sustainable practices across industries
and regulatory bodies.

6. CONCLUSION

Green analytical chemistry offers a promising
approach to water quality monitoring, providing
eco-friendly alternatives to conventional methods
for detecting heavy metals, pesticides, and
microplastics. By adopting sustainable techniques
such as biosensors, green solvents, and solvent-free
extraction, we can improve the efficiency and
environmental impact of water pollution analysis.
As the field progresses, further research into
standardizing green methods and overcoming
technical challenges will be essential to ensuring
their widespread application and effectiveness in
safeguarding water resources.
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