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ABSTRACT 

Background: Green Analytical Chemistry is an extension of the 

broader principles of green chemistry, which emerged in the 1990s. 

Green chemistry aims to design chemical processes and products that 

reduce or eliminate the use of hazardous substances. Similarly, GAC 

applies these principles specifically to analytical methods. Main Body: 

Green Analytical Chemistry (GAC) has emerged as a pivotal discipline 

in the quest for sustainable and environmentally responsible analytical 

practices. The present review article gives a comprehensive 

exploration of GAC, covering its principles, techniques, applications, 

challenges, and future directions. GAC principles, such as the 

reduction of hazardous materials and waste, enhanced energy 

efficiency, minimized environmental, and the promotion of green 

solvents and reagents, underpin its significance. Various green sample 

preparation methods, including solid-phase micro extraction (SPME) 

and liquid-phase micro extraction (LPME), was discussed, showcasing  

their potential in minimizing environmental impact. Green chromatography, spectroscopic, 

electro analytical techniques, and innovations in sustainable instrument design was examined. 

Applications of GAC in environmental monitoring, food safety, pharmaceutical analysis, 

green chemistry, and its promising future in emerging fields was highlighted. Despite its 

substantial progress, GAC faces challenges concerning analytical limitations, regulatory 

acceptance, education, and global collaboration. However, the field's promising future trends, 

such as AI integration and circular economy analysis, demonstrate its potential to further 
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enhance sustainable development. GAC's crucial role in advancing environmental 

stewardship was underscored, as it covers the way for a more eco-conscious and responsible 

future in analytical chemistry. Conclusion: Green Analytical Chemistry (GAC) represents a 

crucial evolution in the field of analytical science, reflecting a growing commitment to 

sustainability and environmental responsibility. By incorporating principles of green 

chemistry into analytical practices, GAC aims to minimize environmental impact, enhance 

safety, and improve efficiency without compromising the accuracy or reliability of analytical 

results. 

 

KEYWORDS: Green Analytical Chemistry, Sustainable analysis, Eco-friendly analysis, 

Sustainable sample preparation, Green chromatography, Eco-conscious spectroscopy, 

Energy-efficient analysis. 

 

1. BACKGROUND 

Green Analytical Chemistry (GAC), as a rapidly growing field, plays a pivotal role in 

addressing the challenges posed by unsustainable and environmentally detrimental analytical 

practices.  The environmental concerns associated with traditional analytical methods have 

spurred the development and application of more sustainable and eco-friendly alternatives. 

The present review article searches through into the realm of Green Analytical Chemistry, 

shedding light on its principles, applications, and recent advancements. As it was navigating 

the pressing issues of environmental conservation, resource optimization, and the 

minimization of analytical waste, GAC emerges as a promising solution that line up with the 

broader objectives of sustainability and eco-consciousness.
[1]

 

 

1.1 Background and Significance of Green Analytical Chemistry 

Analytical chemistry, which encompasses a diverse range of techniques used to identify and 

quantify substances, has been instrumental in various scientific disciplines, industries, and 

everyday life. The conventional practices of analytical chemistry are often associated with 

certain drawbacks, such as the excessive use of hazardous chemicals, energy consumption, 

and generation of harmful waste. These challenges were necessitated a re-evaluation of 

analytical techniques to make them more sustainable and environmentally friendly.
[2]

 

 

The genesis of Green Analytical Chemistry can be traced back to the broader philosophy of 

green chemistry, which aims to reduce the environmental impact of chemical processes. GAC 

applies this philosophy to analytical procedures by striving to minimize the use of hazardous 
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materials, reduce energy consumption, and optimize resource utilization while maintaining or 

even improving the accuracy and precision of analytical results. In essence, GAC seeks to 

harmonize analytical science with environmental stewardship and social responsibility. 

 

The significance of GAC is underscored by its potential to mitigate the negative 

environmental and health consequences of traditional analytical practices. By emphasizing 

the reduction of waste, efficient use of resources, and the replacement of toxic reagents with 

greener alternatives, GAC not only aids in the preservation of the environment but also 

contributes to the safety and well-being of analytical chemists and the general public. 

Moreover, it aligns with global initiatives for sustainability and the United Nations 

Sustainable Development Goals (SDGs).
[3]

 

 

1.2 Objectives and Scope  

The primary objective of the present review article is to provide a overview of Green 

Analytical Chemistry, covering its fundamental principles, applications, and recent 

advancements. By doing so, this review aims to: 

i. Illuminate the core principles of GAC, including the reduction of hazardous materials and 

waste, enhanced energy efficiency, and the promotion of green solvents and reagents. 

ii. Examine the principles and techniques behind green sample preparation, illustrating 

methods that minimize environmental impact and resource consumption. 

iii. Explore various green analytical techniques, such as chromatography, spectroscopy, 

electroanalytical methods, and mass spectrometry, highlighting their contributions to 

sustainable analysis. 

iv. Investigate innovations in green instrumentation and automation, including microscale 

and Nano scale instruments, lab-on-a-chip technologies, and renewable energy 

integration. 

v. Showcase the wide-ranging applications of GAC, encompassing environmental 

monitoring, food safety, pharmaceutical analysis, and industrial processes. 

vi. Address the challenges and future directions of GAC, offering insights into overcoming 

obstacles, promoting industry acceptance, and nurturing collaborative efforts toward 

global sustainability.
[4,5,6]
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2. PRINCIPLES OF GREEN ANALYTICAL CHEMISTRY 

Green Analytical Chemistry (GAC) is underpinned by a set of guiding principles that 

collectively contribute to its overarching goal of sustainability and environmental 

responsibility. In this section, we delve into the core principles that define GAC: 

 

2.1 Reducing Hazardous Materials and Waste 

A fundamental principle of GAC is the minimization of hazardous materials and waste 

generated during analytical processes. Traditional analytical methods make use of toxic 

reagents, volatile solvents, and chemicals that are hazardous to both human health and the 

environment. GAC seeks to replace or reduce the use of these substances with safer 

alternatives. For instance, the adoption of alternative green solvents, such as supercritical 

fluids or ionic liquids, can replace traditional volatile organic solvents, minimizing 

environmental and health risks. Additionally, the principle of waste reduction emphasizes the 

development of analytical methods that produce fewer by products and waste streams.
[7]

 

 

2.2 Enhancing Energy Efficiency 

Energy efficiency is a pivotal aspect of GAC, addressing the substantial energy demands 

associated with analytical instruments and processes. Traditional laboratory equipment, such 

as high-performance liquid chromatography (HPLC) or gas chromatography (GC) can be 

energy intensive. GAC advocates for the use of energy-efficient technologies and strategies, 

including miniaturization, automation, and the integration of renewable energy sources, to 

reduce the carbon footprint of analytical procedures. By enhancing energy efficiency, GAC 

not only reduces operating costs, but also contributes to the reduction of greenhouse gas 

emissions. 

 

2.3 Minimizing the Environmental Steps 

The environmental footprint of analytical chemistry encompasses a wide range of impacts, 

including water and resource consumption, emissions of greenhouse gases, and the 

degradation of ecosystems. GAC emphasizes practices that minimize these impacts. This 

involve the development of analytical techniques that use less water, produce fewer 

emissions, and have a lower overall environmental impact. For example, the implementation 

of closed-loop systems and recyclable materials can significantly reduce the environmental 

footprint of analytical processes.
[8]
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2.4 Promoting Green Solvents and Reagents 

Solvents and reagents are foundational components of many analytical methods, and their 

selection has a profound influence on the environmental and health aspects of analysis. GAC 

encourages the use of green solvents and reagents that are safer, more sustainable, and less 

harmful to the environment. Green solvents include water, ionic liquids, and supercritical 

fluids, which offer advantages in terms of reduced toxicity and enhanced recyclability. 

Similarly, the replacement of hazardous reagents with greener alternatives, such as enzymes 

or biodegradable catalysts, aligns with the principles of GAC.
[9,10]

 

 

3. GREEN SAMPLE PREPARATION  

Sample preparation is a critical step in analytical chemistry, and the principles of Green 

Analytical Chemistry (GAC) extend to this phase as well. In this section, we focus on a 

specific green sample preparation technique:  

3.1 Solid-Phase Microextraction (SPME) 

Solid phase microextraction (SPME) is a powerful and environmentally friendly sample 

preparation technique that has gained prominence in the branch of analytical chemistry. 

SPME offers several advantages that align with the principles of GAC: 

Minimal Solvent Usage: One of the key green aspects of SPME is the significant reduction 

in solvent usage. Traditional sample preparation methods often require large volumes of 

volatile organic solvents contributing to hazardous waste and environmental pollution. 

Reduction of Hazardous Waste: SPME minimizes the generation of hazardous waste 

associated with solvent disposal. As a result, it reduces the environmental impact and lowers 

disposal costs, which is consistent with the GAC principle of reducing hazardous materials 

and waste. 

Energy Efficiency: SPME is an energy-efficient technique. The GAC principle of enhancing 

energy efficiency. 

Broad Applicability: SPME is a versatile sample preparation technique that can be applied 

to a wide range of analyte and sample matrices, from volatile organic compounds in 

environmental samples to pharmaceuticals in biological fluids. Its versatility aligns with the 

GAC principle of promoting green solvents and reagents, as it often eliminates the need for 

harsh solvents. 

High Extraction Efficiency: Despite its green credentials, SPME does not compromise on 

analytical performance. It offers high extraction efficiency and sensitivity, making it a 

reliable choice for various analytical applications. 
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SPME is particularly well-suited for the extraction and pre-concentration of analyte from 

complex samples, and it has found applications in fields such as environmental monitoring, 

food analysis, and pharmaceutical research. Its green attributes, in terms of reduced solvent 

usage and waste generation, make it a valuable tool in the arsenal of sustainable analytical 

techniques.
[11]

 

 

3.2 Liquid-phase microextraction (LPME)  

Liquid-Phase Microextraction (LPME) is another environmentally friendly sample 

preparation technique that aligns with the principles of Green Analytical Chemistry (GAC). 

LPME is known for its efficiency in extracting analyte from a wide range of sample matrices 

while minimizing solvent usage and waste generation. 

 

Key Features of Liquid-Phase Microextraction 

Minimal Solvent Usage: LPME significantly reduces the amount of organic solvents needed 

for sample preparation. The reduction is in line with the GAC principle of minimizing the use 

of hazardous materials and reducing waste. By employing only a small volume of extraction 

solvent, LPME minimizes the environmental and health risks associated with solvent use. 

 

High Extraction Efficiency: Despite its minimal solvent usage It utilizes the principles of 

partitioning and concentration, which allows for effective analyte extraction from the sample 

matrix, thereby ensuring reliable analytical results. 

 

Reduced Environmental Footprint: LPME's reduced solvent consumption, lower energy 

requirements, and efficient analyte extraction contribute to a reduced environmental footprint. 

It is a sustainable alternative to traditional liquid-liquid extraction methods that consume 

larger quantities of solvents and generate more waste.
[9]

 

 

3.2.1 Applications of LPME 

LPME has been applied in a variety of analytical applications, including: 

Environmental Analysis: LPME is used to extract and concentrate pollutants from water, 

soil, and air samples, contributing to the monitoring and assessment of environmental 

contamination. 

 

Pharmaceutical Analysis: In pharmaceutical research, LPME is employed for the extraction 

and analysis of drug compounds from complex matrices, aiding in drug development and 

quality control. 
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Food Analysis: LPME is valuable for the extraction of flavour compounds, additives, and 

contaminants in food samples, ensuring food safety and quality. 

 

Clinical Chemistry: In clinical analysis, LPME can be applied to extract and concentrate 

drugs, metabolites, and biomarkers from biological fluids, facilitating medical diagnostics 

and research. 

 

3.3 Accelerated solvent extraction (ASE)  

Accelerated Solvent Extraction (ASE), also known as pressurized liquid extraction (PLE), is 

a powerful and eco-friendly sample preparation technique that aligns with the principles of 

Green Analytical Chemistry (GAC). ASE is designed to efficiently extract analyte from solid 

or semi-solid samples while minimizing solvent usage and the environmental impact of 

sample preparation.
[12,13]

 

 

Key Features of Accelerated Solvent Extraction 

Efficient Extraction: ASE uses elevated temperatures and pressure to increase the efficiency 

of analyte extraction. This allows for shorter extraction times and the use of smaller solvent 

volumes compared to traditional techniques. These features contribute to the GAC principle 

of reducing hazardous materials and waste by minimizing solvent usage.
[13] 

 

Versatility: ASE is a versatile technique suitable for a wide range of sample types, including 

environmental, food, pharmaceutical, and biological samples. Its adaptability makes it a 

sustainable option for diverse applications. 

 

Enhanced Safety: The use of elevated temperatures and pressure in ASE can aid in the 

breakdown of complex matrices and minimize the risk of analyte loss. This can lead to more 

accurate and reliable results, promoting safety and quality in analytical chemistry. 

 

3.3.1 Applications of ASE 

ASE has found applications in various analytical fields, including: 

Environmental Analysis: ASE is employed for the extraction of environmental 

contaminants from soil, sediment, and plant samples, aiding in environmental monitoring and 

research. 

 

Food Analysis: In the food industry, ASE is used to extract flavours, additives, and 

contaminants from food samples, ensuring food safety and quality control. 
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Pharmaceutical Analysis: ASE is valuable for the extraction of drug compounds from solid 

pharmaceutical formulations and biological samples, supporting pharmaceutical research and 

quality assurance. 

 

Biological and Clinical Analysis: ASE can be applied to extract analyte from biological 

tissues and fluids, making it a valuable tool in medical diagnostics and research.
[14,15]

 

 

3.4 Supercritical fluid extraction (SFE)  

Supercritical Fluid Extraction (SFE) is an innovative and environmentally friendly sample 

preparation technique that aligns closely with the principles of Green Analytical Chemistry 

(GAC). SFE is a versatile and efficient approach used to extract analyte from diverse sample 

matrices, having significant environmental advantages.
[16]

 

 

Key Features of Supercritical Fluid Extraction 

Green Solvents: SFE employs supercritical fluids, typically carbon dioxide (CO2), as the 

extraction solvent. Supercritical fluids combine the properties of both gases and liquids, 

making them ideal solvents for extraction. Carbon dioxide is non-toxic, non-flammable, 

readily available, and can be easily removed after extraction, aligning with the GAC principle 

of promoting green solvents and reagents. 

 

Reduced Solvent Usage: Unlike traditional liquid-liquid extraction methods that may require 

large volumes of organic solvents, SFE typically uses only a moderate amount of 

supercritical fluid, which can be easily recycled or vented after extraction. This results in a 

substantial reduction in solvent usage, in line with the GAC principle of minimizing the use 

of hazardous materials and waste. 

 

Selective Extraction: SFE allows for precise tuning of the extraction conditions, enabling 

selective extraction of target analyte while leaving unwanted matrix components behind. This 

selectivity is achieved through adjustments in temperature and pressure, contributing to 

reduced sample complexity and minimized environmental impact. 

 

Fast and Efficient: Supercritical fluids can penetrate solid samples more effectively than 

liquid solvents, resulting in faster extraction times. This efficiency is consistent with the GAC 

principle of enhancing energy efficiency and minimizing the environmental footprint. 
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No Residue or Contamination: Unlike traditional extraction methods that may leave behind 

solvent residues or contaminants, SFE leaves no trace of the extraction solvent, ensuring the 

purity of the extracted analyte.
[17,18]

 

 

3.4.1 Applications of SFE 

SFE has found applications in various analytical fields, including: 

Environmental Analysis: SFE is used for the extraction of persistent organic pollutants and 

contaminants from soil, sediments, and plant materials, contributing to environmental 

monitoring and research. 

 

Food and Beverage Industry: In the food industry, SFE is employed for the extraction of 

essential oils, flavours, and natural compounds from plant materials. It also plays a role in 

decaffeination processes for beverages. 

 

Pharmaceutical Analysis: SFE is valuable for the extraction of active pharmaceutical 

ingredients (APIs) from solid dosage forms, contributing to drug development and quality 

control. 

 

Natural Products Research: SFE is used to extract bioactive compounds from plant 

materials, herbs, and spices, facilitating studies in natural product chemistry and nutraceutical 

research. 

 

Supercritical Fluid Extraction is an excellent example of how green principles can be 

integrated into sample preparation techniques, offering the benefits of reduced solvent usage, 

enhanced efficiency, and environmentally friendly solvents. As analytical chemistry 

continues to evolve, the application of sustainable practices like SFE is increasingly vital in 

addressing both analytical challenges and environmental concerns.
[19]

 

 

4. GREEN ANALYTICAL TECHNIQUES  

4.1. Green chromatography methods  

Chromatography is a cornerstone of analytical chemistry, and it has been a focal point for the 

development of greener, more sustainable techniques. Green chromatography methods aim to 

reduce the environmental impact associated with traditional chromatographic practices, 

emphasizing efficiency, waste reduction, and the use of eco-friendly solvents and reagents. 

Here, we delve into recent innovations and applications in green chromatography methods.
[19]
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Ultra-High-Performance Liquid Chromatography (UHPLC) 

UHPLC is a green advancement in liquid chromatography, characterized by its use of smaller 

particle sizes and higher pressure. It offers faster separations, reduced solvent consumption, 

and minimized waste generation. UHPLC is widely applied in pharmaceuticals, 

environmental analysis, and food testing. 

 

Supercritical Fluid Chromatography (SFC) 

SFC combines the principles of supercritical fluid technology with chromatography. It 

employs supercritical CO2 as a mobile phase, which is readily recyclable and 

environmentally friendly. SFC is used in various fields, including pharmaceuticals, natural 

products analysis, and environmental monitoring. 

 

Green HPLC Columns and Phases 

Innovations in stationary phase technology have led to the development of more eco-friendly 

HPLC columns. These phases can reduce the use of hazardous organic solvents and provide 

high efficiency separations. They are widely used in pharmaceutical and environmental 

analysis. 

 

4.2 Green Detection Methods 

The use of more energy-efficient and eco-friendly detectors, such as photodiode array 

detectors (PDA), evaporative light scattering detectors (ELSD), and charged aerosol detectors 

(CAD), reduces the environmental footprint of chromatographic analysis. These detectors 

find applications in pharmaceuticals, environmental monitoring, and food safety analysis.
[18]

 

 

Green Sample Preparation in Chromatography 

Integrating green sample preparation techniques with chromatography, such as solid-phase 

microextraction (SPME) or dispersive liquid-liquid microextraction (DLLME), minimizes the 

use of hazardous solvents and reduces waste. It streamlines the overall sample preparation 

process and contributes to sustainable analytical practices. 

 

Automation and High-Throughput Green Chromatography 

The integration of automation and robotics in green chromatography systems enhances 

precision and reproducibility while minimizing human intervention. These automated 

systems are applied in high-throughput screening in pharmaceuticals and clinical diagnostics 
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Education and Training 

Green chromatography methods are increasingly integrated into analytical chemistry 

education and training programs. This ensures that the next generation of analytical chemists 

is well-versed in sustainable practices and environmentally friendly techniques. 

 

Multidimensional Chromatography 

The use of multidimensional chromatography, which combines different separation 

techniques, minimizes the need for extensive sample cleanup and reduces the consumption of 

solvents. It is valuable in environmental and pharmaceutical analysis. 

 

These green chromatography methods represent the forefront of sustainable analytical 

practices, aiming to reduce the environmental impact of chromatographic analyses while 

maintaining the high quality and accuracy expected in modern analytical chemistry. Their 

applications span a wide range of fields, from pharmaceuticals to environmental monitoring, 

food safety, and beyond. As the adoption of green principles in analytical chemistry 

continues to grow, innovations in green chromatography will play a vital role in addressing 

environmental concerns and promoting sustainability.
[18]

 

 

5. GREEN SPECTROSCOPIC TECHNIQUES  

Spectroscopy is a fundamental analytical tool that has seen significant advancements in 

recent years with a focus on greener and more sustainable practices. Green spectroscopic 

techniques aim to reduce environmental impact, improve energy efficiency, and minimize 

waste generation. Here, we explore some of the recent innovations and applications in green 

spectroscopic methods.
[20]

 

 

5.1 Fourier Transform Infrared Spectroscopy (FTIR) 

Green Innovations: FTIR is a widely used technique in analytical chemistry that has seen 

innovations in the form of portable and miniaturized FTIR instruments. These smaller, more 

energy-efficient devices reduce energy consumption and waste while still providing accurate 

and rapid chemical analysis. 

 

Applications: Portable FTIR spectrometers find applications in various fields, including 

environmental analysis for on-site pollution monitoring, food quality assessment, and in-the-

field pharmaceutical analysis. 
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5.2 Near-Infrared Spectroscopy (NIRS) 

Green Innovations: NIRS has seen advancements in the development of greener, non-toxic, 

and non-hazardous solvents for sample preparation. This minimizes the environmental impact 

of sample handling. 

 

Applications: NIRS is applied in the pharmaceutical industry for real-time process 

monitoring and in agriculture for the non-destructive assessment of crops, minimizing the 

need for destructive sampling. 

 

5.3 Green Fluorescence Spectroscopy 

Green Innovations: Fluorescence spectroscopy, especially in the field of environmental 

analysis, has seen innovations in the development of green fluorophores and probes that are 

non-toxic and biodegradable. These innovations reduce the environmental impact of 

fluorescence-based analytical methods. 

 

Applications: Green fluorescent probes are used in environmental monitoring, such as the 

detection of heavy metals and pollutants in water sources, where environmental impact is a 

critical concern. 

 

5.4 Energy-Efficient UV-Visible Spectroscopy 

Green Innovations: UV-Visible spectrophotometers have evolved to become more energy-

efficient, consuming less power and reducing the carbon footprint associated with energy 

consumption. LED-based light sources are employed for improved energy efficiency. 

 

Applications: Energy-efficient UV-Visible spectrophotometers are used in various 

applications, including the analysis of organic compounds in water, drug formulation, and 

quality control in the pharmaceutical and food industries. 

 

5.5 Raman Spectroscopy 

Green Innovations: Advances in Raman spectroscopy include the development of miniature 

and portable Raman spectrometers, which reduce the need for large, energy-intensive 

instruments. 

 

Applications: Portable Raman spectrometers are utilized in forensic science, pharmaceutical 

quality control, and on-site analysis in environmental monitoring, reducing the need for 

sample transportation and laboratory analysis. 
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5.6 Multidimensional Spectroscopy 

Green Innovations: Multidimensional spectroscopy techniques are employed to reduce the 

need for extensive sample preparation, as they can provide additional spectral information 

from complex mixtures in a single measurement. 

 

Applications: Multidimensional spectroscopy is applied in pharmaceutical, food, and 

environmental analysis, where rapid analysis of complex mixtures without extensive sample 

preparation is essential.
[20]

 

 

6. GREEN ELECTROANALYTICAL METHODS  

Electroanalytical methods are instrumental in analytical chemistry, and they have evolved to 

incorporate green principles, focusing on sustainability, reduced energy consumption, and the 

use of eco-friendly materials. Here, we delve into recent innovations and applications in 

green electroanalytical methods.
[20,21]

 

 

6.1 Green Electrochemical Sensors 

Green Innovations: Advances in electrochemical sensors include the development of green 

and sustainable electrode materials. Researchers are exploring materials such as carbon 

nanotubes, graphene, and conducting polymers that reduce the need for hazardous electrode 

materials. 

 

Applications: Green electrochemical sensors find applications in environmental monitoring 

for the detection of pollutants, in biomedical applications for point-of-care diagnostics, and in 

food safety analysis. 

 

6.2 Micro fabricated Electroanalytical Devices 

Green Innovations: Miniaturized and micro fabricated electroanalytical devices reduce 

sample and reagent volumes, energy consumption, and waste generation. These devices are 

often used for in situ and on-site analysis. 

 

Applications: Micro fabricated electroanalytical devices have applications in environmental 

monitoring, clinical diagnostics, and food quality assessment, contributing to sustainability 

by reducing the need for sample transportation and centralized laboratory analysis. 
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6.3 Solar-Powered Electroanalytical Devices 

Green Innovations: Electroanalytical devices that utilize solar power for energy have been 

developed. These devices harness renewable energy sources, reducing the environmental 

impact of energy consumption. 

 

Applications: Solar-powered electroanalytical devices are employed in remote and resource-

limited settings for water quality monitoring, ensuring sustainable and environmentally 

friendly analytical practices. 

 

6.4 Green Sample Preparation in Electro analysis 

Green Innovations: Sample preparation techniques that align with green principles, such as 

microextraction methods (e.g., solid-phase microextraction, liquid-phase microextraction), 

are integrated with electroanalytical methods. These techniques reduce the need for 

hazardous solvents and minimize waste. 

 

Applications: Green sample preparation in electro analysis is applied in pharmaceutical 

quality control, environmental monitoring, and food safety analysis, contributing to eco-

conscious analytical practices. 

 

6.5 Paper-Based Electroanalytical Devices 

Green Innovations: Paper-based electroanalytical devices are cost-effective, require 

minimal energy for operation, and are made from biodegradable materials. They provide 

sustainable solutions for resource-limited settings. 

 

Applications: Paper-based electroanalytical devices are employed in clinical diagnostics, 

environmental monitoring, and point-of-care testing in underserved regions, addressing the 

need for environmentally friendly, portable, and low-cost analytical tools.
[20,21]

 

 

7. GREEN MASS SPECTROMETRY 

Mass spectrometry (MS) is a powerful analytical technique, and recent innovations in mass 

spectrometry have focused on making it more environmentally friendly and sustainable. 

Green mass spectrometry aims to reduce the environmental impact associated with traditional 

mass spectrometry practices, emphasizing efficiency, waste reduction, and the use of eco-

friendly solvents and reagents. Here, we explore some of the recent innovations and 

applications in green mass spectrometry methods.
[25]
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7.1 Green Ionization Techniques 

Green Innovations: Recent developments in ionization techniques have led to more eco-

friendly approaches. For instance, ambient ionization methods, such as desorption 

electrospray ionization (DESI) and paper spray ionization, minimize the need for sample 

preparation and reduce the consumption of hazardous solvents. 

 

Applications: Green ionization techniques are applied in various fields, including 

environmental analysis, clinical diagnostics, and forensic science, where rapid analysis with 

minimal sample preparation is essential. 

 

7.2 Miniaturization and Portability 

Green Innovations: Portable mass spectrometers have been developed, reducing the need for 

large, energy-intensive instruments and allowing for on-site or in-field analysis. Miniaturized 

mass spectrometers often use smaller amounts of energy and can operate on battery power. 

 

Applications: Portable mass spectrometers are employed in environmental monitoring, food 

safety analysis, and pharmaceutical research, where on-site or point-of-care testing is 

required. 

 

7.3 Green Sample Preparation in Mass Spectrometry 

Green Innovations: Sample preparation techniques in mass spectrometry have been 

developed to minimize waste generation and the use of hazardous solvents. Solid-phase 

microextraction (SPME) and liquid-phase microextraction (LPME) are often integrated with 

mass spectrometry to reduce environmental impact. 

 

Applications: Green sample preparation in mass spectrometry is applied in environmental 

analysis, food safety testing, and clinical diagnostics, where minimizing the use of hazardous 

solvents is of utmost importance. 

 

7.4 Sustainable Mass Spectrometry Instrumentation 

Green Innovations: Advances in mass spectrometry instrumentation include energy-efficient 

designs, such as the use of ion mobility spectrometry (IMS) or differential mobility 

spectrometry (DMS) as pre-separation techniques, reducing the need for extensive sample 

clean-up and solvents. 
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Applications: Sustainable mass spectrometry instrumentation is used in pharmaceutical 

research, environmental monitoring, and food quality control, where sustainability and 

energy efficiency are priorities. 

 

7.5 Data Analysis and Software Efficiency 

Green Innovations: Efficient data analysis and software tools have been developed to reduce 

the need for extensive computational power, leading to faster data processing and lower 

energy consumption. 

 

Applications: Efficient data analysis tools are employed in metabolomics, proteomics, and 

environmental analysis, streamlining the analysis process and reducing energy consumption. 

 

7.6 Education and Training in Green Mass Spectrometry 

Promoting green practices in mass spectrometry includes incorporating sustainability 

principles into education and training programs. This ensures that the next generation of mass 

spectrometrists are well-equipped to employ eco-friendly techniques. Green mass 

spectrometry emphasizes sustainability, reduced energy consumption, and eco-friendly 

materials, contributing to environmentally responsible and efficient analytical practices. By 

adopting these green principles, mass spectrometrists can address environmental concerns 

and promote sustainability in a wide range of applications, from environmental monitoring to 

clinical diagnostics and beyond.
[22]

 

 

8. ADVANCES AND CHALLENGES IN GREEN ANALYTICAL TECHNIQUES 

In recent years, green analytical techniques have made significant strides in addressing 

environmental and sustainability concerns while maintaining analytical rigor. These advances 

are characterized by the reduction of hazardous materials, the promotion of energy efficiency, 

the use of green solvents, and innovative sample preparation methods. However, there are 

still challenges to overcome in the broader adoption and optimization of these techniques.
[22]

 

 

8.1 Advances in Green Analytical Techniques 

Miniaturization and Portability: Advances in miniaturized and portable analytical 

instruments allow for on-site and in-field analysis, reducing the need for sample 

transportation and centralized laboratory analysis. 
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Automation and Robotics: The integration of automation and robotics in analytical 

workflows improves precision, minimizes human intervention, and reduces errors, making 

processes more efficient and eco-friendly. 

 

Energy-Efficient Instruments: The development of energy-efficient instruments and 

techniques lowers energy consumption and reduces the carbon footprint associated with 

analytical practices. 

 

8.2 Green Solvents and Reagents 

Renewable and Biodegradable Solvents: The use of renewable and biodegradable solvents, 

such as terpenes and natural oils, offers more environmentally friendly alternatives to 

traditional solvents. 

 

Deep Eutectic Solvents (DES): DES are a type of green solvent derived from natural sources 

and used in various extraction and separation techniques, reducing the use of hazardous 

solvents. 

 

8.3 Sustainable Sample Preparation 

Solid-Phase Microextraction (SPME): SPME is an efficient and green sample preparation 

technique that reduces solvent usage and waste generation. 

 

Paper-Based Sample Preparation: Eco-friendly sample preparation methods using paper-

based devices minimize waste and the need for hazardous solvents. 

 

8.4. Sustainable Packaging and Disposal 

Reduced Waste Packaging: Eco-conscious sample containers and packaging materials are 

introduced, promoting recyclability and minimizing waste. 

 

Green Disposal Strategies: The development of sustainable disposal strategies, such as the 

recycling and safe disposal of laboratory waste, contributes to overall sustainability. 

 

8.5 Challenges in Green Analytical Techniques 

Standardization and Validation - The adoption of green analytical techniques often lacks 

standardized methodologies and validation processes. Establishing these standards is crucial 

to ensure data reliability and comparability. 
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Accessibility and Cost - Green analytical instruments, especially portable and miniaturized 

ones, may be expensive, limiting their accessibility to certain sectors and regions. 

 

Education and Training - Incorporating green principles into education and training 

programs is essential. Preparing the next generation of scientists to understand and employ 

eco-friendly techniques is crucial. 

 

Regulatory problem - Regulatory authorities may not have established guidelines for the 

adoption of green analytical techniques, which can pose challenges for their widespread 

acceptance and application in industry and research.  

 

Compatibility with Complex Matrices - Some green techniques may face challenges in 

complex sample matrices, where traditional methods may still be more reliable. Overcoming 

these limitations is an ongoing area of research. 

 

Balancing Analytical Diligence with Sustainability - Striking a balance between analytical 

rigor and sustainability is challenging. Ensuring that green techniques meet the high 

standards required in analytical chemistry is an ongoing endeavour. 

 

Development of Green Analytical Chemistry Workflows - The integration of various 

green techniques into complete analytical workflows is necessary. Combining green sample 

preparation, sustainable solvents, and energy-efficient instrumentation requires method 

development and optimization. Advances in green analytical techniques demonstrate 

significant progress in reducing the environmental footprint of analytical chemistry. 

However, addressing challenges related to standardization, accessibility, cost, education, and 

regulatory compliance is vital for the broader adoption of green practices. The ongoing 

commitment to sustainability and the development of comprehensive, eco-friendly analytical 

workflows will continue to drive innovation in the field of green analytical chemistry.
[21,22]

 

 

9. GREEN INSTRUMENTATION AND AUTOMATION 

9.1 Microscale and Nanoscale Analytical Instruments 

Microscale and nanoscale analytical instruments represent a significant advancement in green 

analytical techniques. These miniaturized instruments are characterized by their reduced 

sample and reagent consumption, as well as their increased analytical precision. Their green 

attributes include:
[22]
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Reduced Waste Generation: Miniaturized instruments require smaller sample volumes, 

leading to less waste generation and lower environmental impact. 

 

Energy Efficiency: These instruments often consume less energy due to their reduced size, 

promoting sustainability in analytical practices. 

 

Applications: Microscale and nanoscale instruments find applications in a wide range of 

fields, including pharmaceuticals, environmental monitoring, and materials science. 

 

9.2. Lab-on-a-Chip and Miniaturization 

Lab-on-a-chip (LOC) technology involves integrating multiple analytical processes onto a 

single microchip or miniaturized platform. It offers several green advantages: 

Minimal Sample and Reagent Consumption: LOC devices use tiny volumes of samples 

and reagents, reducing waste and conserving resources. 

 

On-Site and Point-of-Care Testing: LOC systems enable on-site and point-of-care testing, 

reducing the need for sample transportation and centralized laboratory analysis. 

 

Applications: LOC technology is widely employed in clinical diagnostics, environmental 

monitoring, and biological research.
[23]

 

 

9.3. Robotics and Automation in Green Analytical Chemistry (GAC) 

The integration of robotics and automation in GAC processes enhances precision, minimizes 

human intervention, and reduces errors. The green benefits include: 

Efficiency: Automation streamlines workflows, leading to time and resource savings. 

 

Energy Efficiency: Many automated systems are designed for energy efficiency, further 

promoting sustainability. 

 

Applications: Automation is used in pharmaceutical quality control, clinical diagnostics, and 

environmental monitoring, among other fields. 

 

9.4 Integration of Renewable Energy Sources 

Incorporating renewable energy sources into analytical instrumentation and laboratory 

facilities is a sustainable approach. This includes using solar panels, wind turbines, or other 

renewable energy solutions to power instruments and labs. 
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Sustainability: The integration of renewable energy reduces the carbon footprint of 

analytical laboratories, making them more environmentally friendly. 

 

Cost Savings: While the initial investment in renewable energy infrastructure can be 

substantial, it often leads to long-term cost savings. 

 

Applications: Renewable energy sources are used to power various analytical instruments 

and laboratory facilities. 

 

9.5. Case Studies Highlighting Sustainable Instrument Design 

Case studies of sustainable instrument design showcase successful efforts to reduce the 

environmental impact of analytical techniques. Some examples include: 

Energy-Efficient Mass Spectrometers: The development of mass spectrometers with 

reduced energy consumption, such as the use of LED-based ion sources, showcases green 

instrument design. 

 

Portable Environmental Sensors: Portable analytical instruments for environmental 

monitoring, powered by renewable energy sources, enable on-site analysis without relying on 

grid electricity. 

 

Eco-Friendly Laboratory Facilities: The construction and operation of green analytical 

laboratories, using sustainable building materials and renewable energy sources, 

demonstrates a holistic approach to sustainability. These case studies illustrate how 

sustainable instrument design can contribute to environmentally responsible and efficient 

analytical practices. 

 

Incorporating microscale and nanoscale instruments, lab-on-a-chip technology, robotics, 

automation, renewable energy sources, and sustainable instrument design into analytical 

workflows is essential for addressing environmental concerns and promoting sustainability in 

the field of Green Analytical Chemistry (GAC). These advances and initiatives not only 

reduce the environmental impact of analytical practices but also lead to more efficient and 

cost-effective analytical processes.
[22,23] 
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10. APPLICATIONS OF GREEN ANALYTICAL CHEMISTRY 

Green Analytical Chemistry (GAC) finds applications in various fields, offering sustainable 

and environmentally responsible solutions to analytical challenges. Some key application 

areas include: 

10.1 Environmental Monitoring and Analysis 

Green Principles Applied 

Reduction of hazardous materials and waste 

Energy efficiency 

Minimizing the environmental footprint 

 

Applications 

Monitoring and analysis of water quality for pollutants, heavy metals, and organic 

contaminants. Soil and sediment analysis for the detection of pollutants and contaminants. 

Air quality monitoring for pollutants and particulate matter monitoring of biodiversity and 

ecosystem health. Climate change research through the analysis of greenhouse gases. 

 

10.2. Food Safety and Quality Control 

Applications 

Detection of food contaminants, including pesticides, mycotoxins, and foodborne pathogens. 

Quality control in the food industry, ensuring accurate labelling and nutritional content. 

Traceability and authentication of food products. 

Monitoring of food spoilage and shelf life. 

Analysis of food additives and preservatives. 

 

10.3. Pharmaceutical and Clinical Analysis 

Applications 

Analysis of active pharmaceutical ingredients (APIs) in drug development and quality 

control. 

Clinical diagnostics, including the detection of biomarkers and disease indicators. 

Pharmacokinetics and pharmacodynamics studies in drug research. 

Drug formulation and bioavailability studies. 

Detection of counterfeit pharmaceuticals. 
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10.4. Green Chemistry and Industrial Applications 

Applications 

Green chemistry principles are applied in chemical synthesis to reduce waste and hazardous 

by-products. Industrial process monitoring for efficiency and environmental compliance. 

Monitoring and control of emissions and pollutants in industrial settings. 

Analysis of sustainable and green product formulations. 

 

10.5. Promising Future Applications 

As Green Analytical Chemistry continues to evolve, promising future applications include: 

Renewable Energy Development: Analysing and monitoring renewable energy sources, 

such as solar, wind, and biofuels, for improved sustainability and efficiency. 

Nanotechnology and Nanomaterials Analysis: Characterizing nanomaterials and nanoscale 

structures with an emphasis on reduced waste and energy-efficient techniques. 

Waste Management and Circular Economy: Analysing and tracking materials in the 

circular economy, including recycling and waste reduction efforts. 

Sustainable Agriculture: Analysing soil quality, pesticides, and crop health to promote 

sustainable agricultural practices. 

Emerging Contaminants and Nano pollutants: Detecting and monitoring emerging 

environmental contaminants, such as pharmaceuticals, personal care products, and 

nanoparticles. These applications demonstrate the versatility and potential of Green 

Analytical Chemistry in addressing environmental concerns and promoting sustainable 

practices in various scientific, industrial, and regulatory contexts.
[24,25]

 

 

11. CHALLENGES AND FUTURE DIRECTIONS 

Green Analytical Chemistry (GAC) faces several challenges and has promising future 

directions as it strives to make analytical practices more sustainable and environmentally 

responsible. Key challenges and areas of development include: 

11.1 Overcoming Analytical Limitations in GAC 

Challenge: Some green analytical techniques may have limitations in terms of sensitivity, 

selectivity, and robustness compared to traditional methods. Overcoming these limitations 

while maintaining green principles is a priority. 

 

Future Directions: Ongoing research is necessary to enhance the performance of green 

analytical techniques. The development of advanced materials and technologies can help 

address sensitivity and selectivity issues. 
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11.2. Regulatory and Industry Acceptance 

Challenge: Regulatory bodies and industries may be slow to adopt green analytical 

techniques due to the lack of established guidelines and concerns about reliability and 

comparability. 

Future Direction: Collaboration between scientists, regulators, and industry stakeholders is 

essential to establish standards for green analytical techniques. 

 

11.3. Education and Training in GAC 

Challenge: Education and training programs may not adequately incorporate green principles 

and techniques, limiting the adoption of sustainable analytical practices. 

Future Directions: Educational institutions and professional organizations should integrate 

green analytical chemistry into curricula and training programs. Continuing education and 

certification programs focused on green practices can help professionals stay current. 

 

11.4. Collaborative Efforts for Global Sustainability 

Challenge: Achieving global sustainability through green analytical chemistry requires 

international cooperation, shared data, and unified standards. 

Future Directions: Encourage international collaboration and data sharing to address global 

environmental challenges. Promote research projects and initiatives that focus on cross-

border environmental issues, such as climate change and pollution.
[25,26]

 

 

11.5. Emerging Trends in Green Analytical Chemistry 

Future Directions: 

Artificial Intelligence (AI) and Machine Learning: AI-driven analytical tools will enhance 

efficiency, data analysis, and automation while optimizing sustainability. 

Green Data Analytics: The development of eco-friendly data analysis techniques will 

complement green analytical methods. 

Sustainable Sensors and Detectors: Green principles will continue to drive innovation in 

sensor and detector design. 

Eco-Friendly Instrumentation: The development of energy-efficient and portable analytical 

instruments will expand. 

Quantum Technologies: The integration of quantum technologies in analytical chemistry 

may revolutionize sensitivity and precision in green methods. 

Circular Economy Analysis: The growth of circular economy concepts will require 

analytical methods to assess resource reuse and recycling.
[27] 
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CONCLUSIONS  

In conclusion, Green Analytical Chemistry (GAC) stands as a illuminate of sustainability and 

environmental responsibility in the realm of analytical practices. Through its emphasis on 

reducing hazardous materials and waste, enhancing energy efficiency, and promoting eco-

friendly solvents and reagents, GAC not only upholds the highest analytical standards but 

also aligns itself with the goals of sustainable development. It plays a pivotal role in 

addressing pressing challenges across diverse fields, from environmental monitoring to food 

safety and pharmaceutical analysis. The future of GAC holds the promise of even greater 

sustainability, with emerging trends in AI, sustainable sensors, and circular economy 

analysis. By continuing to innovate, fostering collaboration, and promoting green principles 

in education, GAC will remain a cornerstone of sustainable development and environmental 

stewardship in the analytical sciences, ensuring a more environmentally conscious and 

responsible future for all. 

 

ABBREVATIONS 

SPME: Solid-phase micro extraction 

LPME: Liquid-phase micro extraction 

PDA: Photodiode array detectors  

ELSD: Evaporative light scattering detectors 

CAD: Charged aerosol detectors  
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