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Abstract

The increasing demand for sustainable practices in pharmaceutical chemistry has led to the development of green 
analytical chemistry, which minimizes environmental impact while ensuring analytical precision. This review 
explores key advancements in green chromatographic and spectroscopic techniques, emphasizing the reduction 
of hazardous solvents, the use of eco-friendly reagents, and energy-efficient analytical methods. Miniaturization 
and automation have further enhanced efficiency by reducing sample volume, reagent consumption, and waste 
generation. The regulatory landscape is also evolving, with international agencies such as the International 
Council for Harmonisation, Environmental Protection Agency, and European Medicines Agency promoting 
greener analytical methodologies. Despite challenges, such as high initial costs and validation complexities, the 
future of green pharmaceutical analysis is promising, driven by artificial intelligence integration, solvent-free 
techniques, and real-time monitoring technologies. The adoption of sustainable analytical practices will not only 
improve environmental safety but also enhance operational efficiency in the pharmaceutical industry.
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INTRODUCTION

Pharmaceutical chemistry has witnessed a 
transformative shift toward sustainability, 
driven by environmental concerns and 

regulatory pressures. Conventional analytical 
techniques, although effective, often rely 
on hazardous solvents, excessive energy 
consumption, and generate large amounts of 
waste.[1] Green analytical chemistry (GAC) 
emerges as a paradigm shift, promoting 
environmentally friendly methodologies that 
minimize toxicity, enhance efficiency, and reduce 
resource utilization. This review highlights key 
principles of GAC, the role of green solvents and 
reagents, and eco-friendly sample preparation 
techniques in pharmaceutical analysis. 
Chemists and researchers strive to minimize 
adverse effects on human health, including 
environmental pollution, the use of hazardous 
reagents and solvents, and waste production. 
Advancements in analytical techniques have 
introduced new challenges centered on practical 

aspects such as methodology, analysis time, cost efficiency, 
safety, and environmental impact. Consequently, laboratories 
have started assessing their analytical processes by reducing 
scale and limiting the quantities of solvents, reagents, 
solutions, and chemicals used, thereby enhancing safety and 
sustainability, as illustrated in Figure 1.[2]

PRINCIPLES OF GAC

GAC is built upon a set of principles that emphasize 
sustainability while maintaining analytical efficacy. These 
principles, as outlined by Anastas and Warner, include:
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1.	 Prevention of waste: Analytical procedures should aim 
to minimize waste generation rather than manage it 
post-analysis.

2.	 Use of safer solvents and reagents: Toxic solvents should 
be replaced with environmentally benign alternatives 
such as supercritical fluids (SCFs) and ionic liquids 
(ILs).

3.	 Energy efficiency: Analytical processes should be 
designed to consume minimal energy, integrating room-
temperature reactions and renewable energy sources.

4.	 Automation and miniaturization: Smaller-scale 
procedures reduce solvent usage and waste, making 
them more sustainable.

5.	 Reduction in sample and reagent consumption: 
Techniques should require minimal quantities of samples 
and reagents while maintaining analytical precision.

6.	 Renewable and biodegradable materials: Use of reagents 
and materials derived from renewable sources enhances 
sustainability.

7.	 Real-time analysis and process control: In-line and 
online monitoring techniques eliminate redundant steps, 
reducing waste.

8.	 Derivatization-free techniques: Avoiding additional 
chemical modifications in sample preparation prevents 
extra reagent use and by-products.[4]

GREEN SOLVENTS AND SUSTAINABLE 
REAGENTS IN PHARMACEUTICAL 

ANALYSIS

Traditional organic solvents, such as methanol, acetonitrile, 
and chloroform pose significant environmental and health 
risks due to their volatility, toxicity, and persistence in 

nature.[5] Green solvents offer safer alternatives without 
compromising analytical performance [Table 1].

Categories of Green Solvents

1.	 SCFs: CO₂ is a widely used SCF, providing high 
solvating power with minimal toxicity.

2.	 ILs: Non-volatile and thermally stable, ILs serve as 
green extraction and chromatographic solvents.

3.	 Deep eutectic solvents (DESs): Composed of natural 
compounds, such as choline chloride and urea, DESs 
provide a biodegradable alternative.

4.	 Water-based solvents: Aqueous micellar systems and 
buffer solutions reduce organic solvent dependency.[6]

Role of Sustainable Reagents

Reagents used in analytical chemistry should be chosen based 
on sustainability and safety. Some key alternatives include:
•	 Enzyme-based catalysis for selective and eco-friendly 

reactions
•	 Biosurfactants instead of synthetic surfactants in 

chromatography
•	 Renewable plant extracts as natural reagents for 

colorimetric assays.[8]

ECO-FRIENDLY SAMPLE PREPARATION 
TECHNIQUES

Sample preparation is a critical step in pharmaceutical 
analysis, and its greening can significantly reduce 
solvent consumption and waste generation. Conventional 

Figure 1: Progression Steps of analytical laboratories toward environmentally conscious practices[3]
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techniques, such as liquid-liquid extraction and solid-
phase extraction, often require large amounts of solvents 
and generate hazardous waste. Green sample preparation 
methods aim to enhance efficiency while reducing 
environmental impact.[9]

Green Sample Preparation Techniques

1.	 Microwave-assisted extraction: Uses microwave energy 
to enhance solvent penetration and extraction efficiency, 
reducing time and solvent consumption.

2.	 Supercritical fluid extraction: Employs CO₂ as an 
extraction solvent, eliminating organic solvents.

3.	 Ultrasound-assisted extraction: Utilizes ultrasonic waves 
to improve extraction efficiency and reduce solvent 
volume.

4.	 Solid-phase microextraction: Eliminates solvent use by 
directly adsorbing analytes onto a fiber coating.

5.	 Dispersive liquid-liquid microextraction: Minimizes 
solvent usage by employing dispersing agents to enhance 
phase separation.[10]

Table 2 represents the comparative analysis of green sample 
preparation techniques.

Advantages of Green Sample Preparation

•	 Reduction in hazardous waste due to decreased solvent 
use

•	 Lower energy consumption due to efficient extraction 
techniques

•	 Improved selectivity and sensitivity in analytical 
methods.[12]

GREEN CHROMATOGRAPHIC AND 
SPECTROSCOPIC TECHNIQUES

Analytical techniques play a crucial role in pharmaceutical 
chemistry by ensuring drug quality, safety, and efficacy. 
However, conventional methods often involve hazardous 
solvents, excessive reagent consumption, and high energy 
demands. The shift toward Green Chromatographic 
and Spectroscopic Techniques is crucial in minimizing 
environmental impact while maintaining analytical 
precision.[13]

Green Chromatographic Techniques

Chromatographic methods, such as high-performance liquid 
chromatography (HPLC) and gas chromatography (GC), are 
widely used in pharmaceutical analysis. To align with GAC 
principles, efforts have been made to:
•	 Reduce solvent consumption by using ultra-HPLC 

(UHPLC)
•	 Employ eco-friendly solvents such as water-based 

mobile phases
•	 Integrate miniaturized and automated systems to lower 

waste production.[14]

Green HPLC and UHPLC

HPLC is one of the most commonly used separation 
techniques in pharmaceuticals. Traditional HPLC uses large 
volumes of organic solvents, such as acetonitrile, methanol, 
and tetrahydrofuran, which pose environmental hazards. The 
greener alternatives include:
•	 Use of UHPLC: This technique operates at higher 

pressures, reducing solvent use and improving resolution.

Table 2: Comparative analysis of green sample preparation techniques[11]

Technique Solvent 
requirement

Advantages Applications in pharma

Microwave‑assisted extraction Minimal Rapid extraction, energy efficient Herbal and natural products

Supercritical fluid extraction No organic solvents High‑purity extracts, non‑toxic Drug formulation analysis

Ultrasound‑assisted extraction Low solvent usage Fast process, mild conditions Bioactive compound extraction

Solid‑Phase microextraction No solvents Solvent‑free, automated Pharmaceutical residue analysis

Dispersive liquid‑liquid 
microextraction

Very low High enrichment factor Trace drug analysis

Table 1: Comparison of traditional and green solvents[7]

Solvent type Examples Environmental impact Green alternative
Organic solvents Acetonitrile, Methanol High toxicity, volatile Supercritical CO₂

Chlorinated solvents Chloroform, Dichloromethane Ozone depletion, carcinogenic Ionic Liquids

Petroleum‑based solvents Hexane, Toluene Non‑renewable, hazardous Deep Eutectic Solvents

Aqueous solvents Water, Buffers Low toxicity, biodegradable Eco‑Friendly Micelles
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•	 Hydrophilic interaction liquid chromatography: Uses 
water-rich mobile phases, reducing organic solvent 
usage.

•	 Supercritical fluid chromatography: Utilizes supercritical 
CO₂ as a mobile phase, replacing organic solvents.[15]

Green GC

GC is an essential technique for volatile compound analysis. 
Advances in green GC include:
•	 Use of hydrogen as a carrier gas instead of helium, which 

is a non-renewable resource
•	 Thermal desorption techniques to reduce solvent 

consumption
•	 Miniaturization of columns to decrease energy 

consumption.[16]

Green Spectroscopic Techniques

Spectroscopic techniques are widely used for qualitative 
and quantitative pharmaceutical analysis. Conventional 
spectroscopic methods often require sample derivatization 
and hazardous reagents. Green alternatives focus on:
•	 Reducing reagent usage with direct analysis techniques
•	 Enhancing efficiency through automation and real-time 

monitoring
•	 Using eco-friendly sample preparation (e.g., direct solid 

or liquid analysis without solvents).[17]

Some greener spectroscopic techniques include:

Ultraviolet-visible spectroscopy

•	 Micellar media: Using surfactant-based aqueous systems 
instead of organic solvents

•	 Direct analysis techniques to eliminate excessive sample 
processing.[18]

Infrared and Raman spectroscopy

•	 Fourier transform infrared spectroscopy allows direct 
sample analysis, eliminating solvent use

•	 Portable Raman spectrometers enable real-time, in situ 
analysis, reducing waste.[19]

Nuclear magnetic resonance (NMR) spectroscopy

•	 Solvent-free sample preparation allows direct drug 
characterization

•	 Cryogen-efficient NMR systems reduce energy 
consumption.[20]

Table 3 represents the comparison of conventional and green 
chromatographic and spectroscopic techniques.

MINIATURIZATION AND AUTOMATION IN 
GAC

Miniaturization and automation are at the forefront of GAC. 
By reducing sample volume, reagent consumption, and 
energy usage, these advancements significantly decrease 
environmental impact.[22]

Miniaturization in Analytical Techniques

Miniaturization focuses on scaling down analytical 
instruments and procedures, making them more efficient 
while reducing waste. Some key benefits include:
•	 Lower sample and reagent consumption (microliter to 

nanoliter scale)
•	 Faster analysis times due to reduced diffusion distances
•	 Lower energy requirements, making instruments more 

sustainable.

Examples of miniaturization in pharmaceutical analysis include:
•	 Microfluidic devices (lab-on-a-chip): Portable and 

capable of real-time drug testing
•	 Nano-liquid chromatography: Uses nano-sized columns, 

reducing solvent consumption
•	 Capillary electrophoresis: Requires minimal buffer and 

sample volumes.[23]

Automation in GAC

Automation enhances sustainability by optimizing processes, 
reducing errors, and improving reproducibility. Key aspects 
of automation include:

Table 3: Comparison of conventional and green chromatographic and spectroscopic techniques[21]

Technique Conventional approach Green alternative Environmental benefits
HPLC Uses toxic organic solvents UHPLC, SFC, HILIC Reduces solvent consumption

GC Uses helium, solvent‑based 
derivatization

Hydrogen carrier gas, 
thermal desorption

Minimizes solvent use, 
sustainable carrier gas

Ultraviolet‑Vis Organic solvents required Micellar media Lowers solvent toxicity

FTIR Requires sample dissolution Direct solid‑state analysis No solvent required

Raman Often lab‑based, high energy Portable, real‑time analysis Reduces energy use
UHPLC: Ultra high‑performance liquid chromatography, GC: Gas chromatography, FTIR: Fourier transform infrared spectroscopy, SFC: 
Supercritical fluid chromatography, HILIC: Hydrophilic interaction liquid chromatography
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•	 Online monitoring and real-time analysis, eliminating 
unnecessary sample handling

•	 Automated liquid-handling systems, reducing human 
intervention and reagent wastage

•	 Robotic-assisted chromatography, improving precision 
and reducing resource consumption.

Some modern pharmaceutical applications include:
•	 Flow injection analysis: Automates sample introduction, 

minimizing solvent usage
•	 Automated dissolution testing: Reduces solvent and 

sample waste in drug release studies.[24]

REGULATORY PERSPECTIVES AND 
INDUSTRY ADOPTION

Regulatory agencies and industries are increasingly 
advocating for GAC to ensure sustainability and safety.

Regulatory Guidelines on GAC

•	 International Council for Harmonisation Q14 and Q2 
(R2): Encourages green analytical methods

•	 U.S. Environmental Protection Agency: Supports green 
solvent usage in pharmaceutical analysis

•	 European Medicines Agency: Promotes environmentally 
friendly analytical techniques.[25]

Industry Adoption of Green Analytical Methods

Pharmaceutical companies are integrating GAC into their 
quality control and drug development processes [Table 4]. 
Key initiatives include:
•	 Pfizer’s green chemistry program: Focuses on sustainable 

synthesis and analysis
•	 Merck’s green analytical toolbox: Implements 

miniaturized and solvent-free techniques
•	 GSK’s solvent selection guide: Promotes greener 

solvents in pharmaceutical analysis.[26]

FUTURE PROSPECTS AND CHALLENGES 
IN GREEN PHARMACEUTICAL ANALYSIS

Despite significant progress, several challenges remain in the 
adoption of green analytical techniques.

Future Prospects

•	 Advancements in green solvents: Development of more 
eco-friendly solvent alternatives such as bio-based 
solvents

•	 Integration of artificial intelligence (AI) and machine 
learning: AI-driven automation for optimized green 
analytical methods

•	 Expansion of portable and on-site analysis: Reducing 
sample transport and waste generation.[28]

Challenges in Implementing GAC

1.	 High initial cost: Transitioning to greener methods 
requires investment in new instrumentation

2.	 Regulatory hurdles: Validation and approval of green 
methods take time

3.	 Limited awareness and training: Need for industry-wide 
education ongreen techniques.[29]

CONCLUSION

GAC is revolutionizing pharmaceutical analysis by reducing 
environmental impact while maintaining analytical accuracy. 
The adoption of green chromatographic and spectroscopic 
techniques, miniaturization, and automation has significantly 
minimized solvent usage, waste generation, and energy 
consumption. Regulatory bodies are promoting sustainable 
practices, encouraging industry-wide implementation. 
Despite challenges, such as validation complexities and high 
initial costs, advancements in AI-driven automation and 
eco-friendly solvents offer promising solutions. Embracing 
green analytical methods will ensure a sustainable, efficient, 
and environmentally responsible future for pharmaceutical 
chemistry.
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