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 Abstract 
Green analytical chemistry (GAC) has emerged as a transformative approach in pharmaceutical analysis, 

addressing the growing need for environmentally sustainable and safer analytical practices. Conventional 

analytical techniques often involve extensive solvent consumption, hazardous chemicals, and significant 

waste generation, raising concerns regarding environmental and human health (1,2). This review critically 

evaluates recent advances in GAC with a focus on miniaturization techniques, solvent reduction strategies, 

and sustainability assessment tools such as Analytical Eco-Scale, Green Analytical Procedure Index (GAPI), 

and Analytical Greenness (AGREE) (3–5). Miniaturized analytical systems, including microextraction 

techniques and lab-on-chip devices, significantly reduce reagent consumption while enhancing analytical 

efficiency (6,7). Additionally, the use of green solvents and solvent-free methodologies contributes to 

minimizing environmental impact (8,9). This review provides a comprehensive insight into sustainable 

analytical strategies in pharmaceutical analysis. 
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Introduction 

 

The pharmaceutical industry is increasingly focusing on sustainability due to stringent regulatory 

requirements and growing environmental concerns. Traditional analytical methods often involve large 

volumes of organic solvents and generate hazardous waste, posing risks to environmental and human health 

(1,8). 

Green analytical chemistry (GAC) aims to minimize the environmental footprint of analytical processes 

while maintaining analytical performance. It emphasizes reduced chemical consumption, energy efficiency, 

and waste minimization (2,6). The adoption of GAC in pharmaceutical analysis supports environmentally 

responsible drug development and quality control. 

In addition to environmental benefits, sustainable analytical practices also improve laboratory efficiency. 

Green methods often involve simplified sample preparation, shorter analysis times, and reduced reagent 

consumption, which contribute to higher productivity and cost effectiveness. Furthermore, regulatory 

agencies and scientific organizations increasingly encourage the use of environmentally friendly analytical 

methods. Tools such as Green Analytical Procedure Index (GAPI) and AGREE metrics, developed by Plotka-

Wasylka and co-workers, are now used to evaluate the greenness of analytical methods and guide researchers 

toward more sustainable practices. 
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Literature review 

2.1 Miniaturization in Analytical Techniques 

Miniaturization has emerged as an important strategy in modern analytical chemistry ⁷⁸ to improve 

efficiency while reducing environmental impact. It refers to the development of analytical systems that require 

smaller instruments, reduced sample sizes, and minimal reagent consumption. Several studies have 

highlighted the application of miniaturized techniques such as solid phase microextraction (SPME), 

microextraction by packed sorbent (MEPS)⁹¹⁰, micro solid phase extraction (µ-SPE), and microfluidic or lab-

on-a-chip systems¹¹. These techniques significantly decrease the volume of solvents and samples required for 

analysis, thereby contributing to greener analytical practices. Literature reports indicate that miniaturized 

analytical methods offer multiple advantages including faster analysis time, improved sensitivity, reduced 

energy consumption, and the 

possibility of portable or on-site analysis. In pharmaceutical analysis, miniaturization has been applied for 

drug determination in biological fluids, trace level impurity detection, and high-throughput screening of 

pharmaceutical compounds. Moreover, the reduction in solvent and reagent usage minimizes laboratory waste 

generation and lowers the environmental burden associated with conventional analytical methods. Despite 

these advantages, certain challenges such as the requirement for specialized instrumentation, potential issues 

with reproducibility, and difficulties in method scalability for routine laboratory analysis have been reported. 

Nevertheless, ongoing research suggests that integration of miniaturized systems with automation, advanced 

detection techniques, and portable analytical devices will further enhance their applicability in sustainable 

pharmaceutical analysis. 

2.2 Solvent Reduction in Analytical Chemistry 

Solvent reduction is another key aspect of green analytical chemistry¹² aimed at minimizing the 

environmental and health hazards associated with the extensive use of organic solvents in conventional 

analytical procedures. Traditional analytical techniques, particularly chromatographic methods, often require 

large volumes of toxic organic solvents, which contribute to environmental pollution and increase the cost of 

solvent handling and disposal. Recent research has therefore focused on developing strategies to reduce or 

replace these solvents with greener alternatives. Approaches reported in the literature include the use of 

environmentally friendly solvents such as water, ethanol, and ethyl lactate¹², as well as the application of 

hydrotropic solubilization techniques, micellar solutions, and surfactant-based systems. Additionally, 

advanced sample preparation techniques such as solid phase extraction and microextraction methods help to 

significantly reduce solvent consumption while maintaining analytical performance¹³. Studies have 

demonstrated that solvent reduction not only decreases chemical waste and environmental hazards but also 

improves laboratory safety and reduces operational costs. In pharmaceutical analysis, solvent-minimized 

methods have been widely applied in UV-visible spectrophotometry using aqueous solvents, as well as in 

chromatographic techniques with reduced organic solvent composition. These developments align closely 

with the principles of green analytical chemistry, promoting sustainability in analytical laboratories. However, 

some challenges remain, including solubility limitations of certain pharmaceutical compounds in green 

solvents and the need for careful optimization of analytical conditions. Continued research in this area is 

expected to lead to the development of solvent-free analytical methods and the increased adoption of aqueous 

and bio-based solvent systems in pharmaceutical analysis. 
 

Principles of Green Analytical Chemistry 

1. Direct Analytical Techniques- Whenever possible, analytical methods should avoid sample preparation 

steps. Direct analysis reduces reagent use, solvent consumption, and waste generation. 

2. Minimal Sample Size and Minimal Number of Samples- Analytical procedures should use the smallest 

possible sample quantity and avoid unnecessary repeated analyses to reduce waste and resource consumption. 

3. In-situ Measurements- Performing analysis directly at the sampling site (in situ) prevents sample 

transport, storage, and additional processing, which reduces environmental impact. 

4. Integration of Analytical Processes- Combining multiple analytical steps (sampling, extraction, 

separation, and detection) into a single system minimizes reagent use, energy consumption, and analysis time. 

5. Automation and Miniaturization- Miniaturized analytical systems and automated techniques reduce 

solvent consumption, reagent usage, and energy requirements while improving efficiency and reproducibility. 

6. Avoid Derivatization- Chemical derivatization steps often require additional reagents and generate 

waste. Therefore, analytical methods should avoid or minimize derivatization whenever possible. 

7. Generation of Minimal Waste- Analytical methods should be designed to generate the smallest possible 

amount of chemical waste during the analytical process. 
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8. Multi-analyte or Multi-parameter Methods- Methods capable of analyzing multiple analytes 

simultaneously reduce the number of analyses required, saving time, energy, and reagents. 

9. Use of Safer Solvents and Reagents- Hazardous chemicals should be replaced with environmentally 

benign alternatives such as water, ethanol, or other green solvents. 

10. Energy Efficiency- Analytical methods should reduce energy consumption by using low-energy 

instruments and shorter analysis times. 

11. Use of Renewable Materials- Whenever possible, renewable materials and environmentally sustainable 

reagents should be used in analytical procedures. 

12. Real-time Analysis for Pollution Prevention- Analytical techniques that enable real-time monitoring 

help detect pollutants early and prevent environmental contamination. 
 

Miniaturization in Pharmaceutical Analysis- 

Miniaturization is a key strategy in GAC, involving the reduction of sample and reagent volumes without 

compromising analytical performance. Techniques such as solid-phase microextraction (SPME) and 

dispersive liquid-liquid microextraction (DLLME) have gained significant attention (7,10). 

Microfluidic and lab-on-chip technologies further enhance analytical efficiency by integrating multiple 

steps into a single platform (6). 

However, challenges such as technical complexity and high initial investment limit their widespread 

application. 
 

4.1 Micro-scale sample preparation 

 

Micro-scale sample preparation refers to analytical sample preparation techniques that are performed using 

very small volumes of samples and solvents, typically in the microliter (µL) or nanoliter (nL) range. It is an 

important component of miniaturization in pharmaceutical analysis, as it reduces reagent consumption, 

minimizes waste generation, and improves the overall efficiency of analytical procedures. Common micro-

scale sample preparation techniques include solid-phase microextraction (SPME), micro-solid phase 

extraction (µ-SPE), dispersive liquid–liquid microextraction (DLLME), and microfluidic-based sample 

preparation. 
 

Micro-scale Sample Preparation provides-solvent consumption 

Reduced solvent consumption 

Lower sample requirement 

Environment friendly 

Improved sensitivity and efficiency 

Faster analysis 

High throughput capability 

 

4.2 Microfluidics and Lab-on-chip- 

Microfluidics refers to the science and technology of manipulating very small volumes of fluids (usually 

microliters to nanoliters) through tiny channels fabricated on micro-scale devices. These channels are 

typically etched or molded into materials such as glass, silicon, or polymers. In pharmaceutical analysis, 

microfluidic systems enable precise control of fluid movement, mixing, separation, and chemical reactions at 

a very small scale. 

Lab-on-Chip (LOC) is an advanced application of microfluidics in which multiple laboratory functions—

such as sample preparation, reaction, separation, and detection—are integrated onto a single small chip. This 

miniaturized platform can perform complex analytical procedures that traditionally require several 

instruments and larger laboratory setups. Lab-on-chip systems are widely used for rapid pharmaceutical 

testing, drug screening, and biomedical analysis. 

Microfluidics and Lab-on-Chip advances with- 

Portability 

Integration of multiple processes 

Automation and high throughput 

Lower operational cost 

Minimal sample and reagent consumption 
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4.3 Miniaturized Chromatography- 

Miniaturized chromatography refers to chromatographic techniques that are designed to operate on a 

smaller scale by using reduced column dimensions, smaller sample volumes, and lower solvent consumption 

while maintaining high analytical performance. In pharmaceutical analysis, miniaturized chromatographic 

systems are developed to improve efficiency, reduce analysis time, and minimize the use of organic solvents. 

Miniaturized chromatography overcomes these limitations by employing smaller columns, micro-scale 

stationary phases, and advanced instrumentation. Examples include capillary liquid chromatography, nano-

liquid chromatography (nano-LC), micro-LC, and microchip-based chromatography. 

Miniaturized chromatography provides 

Higher separation efficiency 

Compatibility with advanced detection system 

Compact instrumentation 

Ease with bioanalytical studies 

High- throughput drug screening 

 

 

 
 

 

 

Technique Key Benefits Challenges/ Limitations 

Micro- scale sample 

preparation 

 Very low solvent consumption 

 Requires small sample 

volumes 

 Faster extraction and 

preparation 

 Reduced chemical waste 

 Improved sensitivity due to 

analyte preconcentration  

 Compatible with modern 

analytical instruments 

 Handling extremely small 

volumes requires high 

precision 

•⁠ Some techniques may require 

specialized micro-devices 

•⁠ Method optimization can be 

complex 

•⁠ Risk of sample loss or 

contamination at very small 

scale 

Microfluidics and Lab-on-

chip 

•⁠ ⁠Integration of multiple analytical 

steps on a single chip 

•⁠ Very rapid analysis 

•⁠ High automation and portability 

•⁠ Suitable for point-of-care and 

field analysis 

•⁠ ⁠High throughput screening 

capability 

•⁠ Fabrication of microchips can 

be expensive 

•⁠ Device clogging due to small 

channels 

•⁠ Limited sample capacity 

•⁠ Integration with conventional 

detectors may be difficult 

•⁠ ⁠Requires specialized 

expertise and instrumentation 

Miniaturized 

Chromatography 

•⁠ ⁠Reduced mobile phase 

consumption 

•⁠ Faster separation and analysis 

time 

•⁠ High sensitivity and resolution 

•⁠ Lower operational cost 

•⁠ Easily coupled with advanced 

detectors like mass spectrometry 

•⁠ Requires precise 

instrumentation and skilled 

operation 

•⁠ Higher initial equipment cost 

•⁠ Column clogging can occur 

due to small dimensions 

•⁠ Limited loading capacity 

compared to conventional 

columns 
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5. Solvent Reduction Approaches- 

Solvent reduction plays a crucial role in minimizing environmental impact. The use of green solvents such 

as water and ethanol has been widely encouraged (8,9). 

Supercritical fluid extraction (SFE) and solvent-free analytical techniques provide sustainable alternatives 

by significantly reducing or eliminating solvent usage (9,11). These methods enhance safety and reduce waste 

generation. 

Despite these advantages, compatibility issues with certain analytical methods remain a limitation. 

5.1 Low-volume & Eco-friendly Solvents- 

Low-volume and eco-friendly solvents refer to the use of very small quantities of safer and environmentally 

benign solvents in analytical procedures. This approach is widely used in Green Analytical Chemistry to 

minimize environmental impact, reduce laboratory hazards, and lower the cost of analysis. Instead of using 

large volumes of toxic organic solvents, modern analytical methods are designed to either reduce solvent 

consumption or replace harmful solvents with greener alternatives. 

Examples of eco-friendly solvents commonly used in Pharmaceutical Analysis include 

Water – the safest and most environmentally friendly solvent used in many analytical methods. 

Ethanol – a biodegradable and relatively less toxic solvent often used as a green alternative to organic 

solvents. 

Ethyl lactate – a biodegradable solvent derived from renewable resources. 

Supercritical carbon dioxide (CO₂) – used in supercritical fluid chromatography as a green alternative to 

organic solvents. 

5.2 Solvent-free / Solvent-minimized Techniques- 

Solvent-free or solvent-minimized techniques are analytical methods designed to eliminate or significantly 

reduce the use of organic solvents during sample preparation and analysis. These approaches are an important 

component of Green Analytical Chemistry, as they help decrease chemical waste, reduce environmental 

pollution, and improve laboratory safety. 

Solvent-free or solvent-minimized techniques aim to overcome these limitations by using solid sorbents, 

micro-scale devices, or physical extraction processes that either avoid solvents completely or use only trace 

amounts. 

Examples include- 

Solid-Phase Microextraction (SPME)- SPME uses a coated fiber to directly adsorb analytes from a sample 

without the need for organic solvents. After extraction, the analytes are desorbed into an analytical instrument 

such as gas chromatography for analysis. 

Headspace Analysis- In this technique, volatile compounds present in the vapor phase above a sample are 

analyzed directly, avoiding the need for solvent extraction. 

Supercritical Fluid Extraction (SFE)- This technique uses supercritical carbon dioxide instead of traditional 

organic solvents to extract analytes from samples. 

Direct Solid Sample Analysis- Some analytical instruments allow direct analysis of solid samples without 

any solvent-based sample preparation. 
 

 

5.3 Replacement of Conventional Solvents- 

The replacement of conventional solvents is an important strategy used to achieve sustainable analytical 

methods in Green Analytical Chemistry. Conventional solvents such as benzene, chloroform, hexane, and 

acetonitrile are widely used in analytical procedures but are often toxic, volatile, flammable, and harmful to 

the environment. To reduce these risks, safer and more environmentally friendly solvents are used as 

substitutes while maintaining analytical efficiency. Green solvents are typically less toxic, biodegradable, 

renewable, and safer for human health. 
 

 

 

 

 

 

 

 

 

 

 

http://www.ijcrt.org/


www.ijcrt.org                                                       © 2026 IJCRT | Volume 14, Issue 3 March 2026 | ISSN: 2320-2882 

IJCRT2603975 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org i111 
 

Conventional 

Solvents 

Limitations Green/ Alternative 

solvents 

Advantages 

Benzene Highly toxic and 

carcinogenic 

Ethanol Less toxic, 

biodegradable, safer 

to handle 

Chloroform Toxic and harmful 

to environment 

Ethyl acetate Lower toxicity and 

better environmental 

profile 

Acetonitrile Expensive and toxic Methanol/Ethanol: 

water mixture  

Lower cost and 

relatively safer 

Hexane Flammable and 

harmful to 

environment 

Ethyl lactate or 

supercritical CO2 

Renewable, 

biodegradable, and 

environmentally 

friendly 

 

 

Green Analytical Technique 

 

 

 

 

 

 

 

 

 

 

5.4 Impact on Analytical Performance- 

These techniques improve speed, sensitivity, sustainability, and efficiency of analytical methods while 

reducing environmental impact. 

I’ve shown a pie chart illustrating how miniaturized and solvent-reduction techniques impact analytical 

performance. 

 

 

                    
                                                  

     Fig no:1, Impact of miniaturized techniques and solvent reduction on analytical performance 

 

 

 

 

 

Technique Solvent Usage Environment 

impact 

Application 

SPME Very low Low Drug analysis 

DLLME Low Moderate Bioanalysis 

SPE Minimal Low Extraction 
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  Sustainability Assessment Tools 

The evaluation of analytical method greenness is essential for implementing GAC. Several tools have 

been developed 

Analytical Eco-Scale provides a quantitative evaluation based on penalty points (3) 

GAPI offers a visual representation of greenness (4) 

AGREE integrates all GAC principles into a unified metric (5) 

These tools enable comparison and optimization of analytical methods, significantly improving 

sustainability assessment. 
 

Sustainability Tools 

 

Tool Type Advantage Limitation 

Eco-scale Quantitative Simple Limited scope 

GAPI Visual Easy interpretation Semi-quantitative 

AGREE Comprehensive Holistic Requires software 

 

 

                                                         7. Applications in Pharmaceutical Analysis- 

 

                        

Analytical 

Technique 

Miniaturization 

approach 

Solvent reduction 

approach 

Application  

UV-Visible 

spectroscopy 

Use of micro-

volume cuvettes, 

microplate readers, 

and micro-scale 

sample preparation 

techniques. 

Reduction of 

reagent and sample 

volumes; use of 

aqueous or ethanol-

based solvents 

instead of toxic 

organic solvents. 

Rapid quantitative 

analysis of 

pharmaceutical 

drugs, dissolution 

testing, and quality 

control of 

formulations. 

HPLC/UHPLC Use of narrow-bore 

columns, micro-LC, 

nano-LC systems, 

and micro-scale 

sample preparation 

techniques such as 

SPME and µ-SPE. 

Reduced mobile 

phase flow rates, 

shorter columns, 

and replacement of 

toxic solvents (e.g., 

acetonitrile) with 

greener alternatives 

like ethanol or 

water-based 

systems. 

High-sensitivity 

analysis of drugs, 

impurities, 

metabolites, and 

stability studies in 

pharmaceutical 

formulations. 
 

HPTLC Miniaturized sample 

application using 

micro-syringes or 

automated 

applicators and use 

of smaller plate 

formats. 

Reduced mobile 

phase volume, 

optimized chamber 

saturation, and use 

of greener solvents 

like ethanol–water 

mixtures. 

Simultaneous 

analysis of multiple 

pharmaceutical 

compounds, herbal 

drug analysis, and 

routine quality 

control. 

 

                                                                    7. Future Perspectives 

Future advancements in GAC include integration with artificial intelligence and automation, enabling 

optimized analytical processes and enhanced sustainability. 

The combination of GAC with digital technologies will further strengthen pharmaceutical quality systems 

and enable real-time analytical monitoring. 
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8. Conclusion- 

The present review highlights the growing importance of miniaturization and solvent reduction strategies 

in modern Pharmaceutical Analysis, particularly within the framework of Green Analytical Chemistry. The 

key findings indicate that the implementation of micro-scale analytical techniques, including micro-scale 

sample preparation, microfluidics and lab-on-chip systems, and miniaturized chromatographic methods, 

significantly reduces sample and solvent consumption while maintaining high analytical efficiency and 

sensitivity. 

Miniaturization enables the use of smaller sample volumes, shorter analysis times, and improved 

automation, which enhances analytical throughput and reproducibility. Similarly, solvent reduction 

approaches such as the use of low-volume solvent systems, eco-friendly solvents, and solvent-free extraction 

techniques contribute to minimizing environmental impact and reducing laboratory waste. These strategies 

not only support sustainable laboratory practices but also improve safety for analysts by limiting exposure to 

hazardous chemicals. 

Overall, miniaturization and solvent reduction represent essential components in the advancement of 

sustainable analytical methodologies. Their continued development and adoption will play a crucial role in 

promoting environmentally responsible pharmaceutical research while maintaining high standards of 

analytical performance. 
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