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Abstract

The increasing global emphasis on sustainability has prompted significant advancements in the field of Green
Analytical Chemistry (GAC), especially in pharmaceutical analysis. Traditional analytical methods often involve
toxic reagents, high energy consumption, and substantial waste generation. GAC aims to reduce or eliminate
hazardous substances and minimize environmental impact while maintaining the analytical performance necessary
for pharmaceutical quality control. This review explores recent sustainable approaches, including the use of
environmentally friendly solvents, miniaturized and solvent-free techniques, and waste-reducing instrumental
methods such as spectrophotometry, chromatography with greener mobile phases, and electrochemical sensors.
Special attention is given to techniques like supercritical fluid chromatography (SFC), microwave-assisted
extraction, and microextraction methods (e.g., solid-phase microextraction, SPME), which align with the principles
of GAC. Additionally, it is addressed how to assess the greenness of analytical procedures by using green metrics
like the Analytical Eco-Scale and Green Analytical Procedure Index (GAPI). Incorporating GAC principles into
pharmaceutical analysis promotes cost-effectiveness and regulatory compliance in addition to improving
environmental stewardship. Future perspectives on automation, digitisation, and Al-assisted technique development
to further promote sustainable pharmaceutical analysis are discussed in the paper's conclusion.

Introduction

Pharmaceutical analysis plays a critical role in ensuring the safety, efficacy, and quality of medicinal products throughout their
lifecycle. Traditionally, analytical methods in this domain have relied heavily on organic solvents, hazardous reagents, and
energy-intensive techniques, raising significant concerns about their environmental and human health impacts (Armenta et al.,
2008). In response to these challenges, Green Analytical Chemistry (GAC) has emerged as a paradigm shift aimed at
minimizing the ecological footprint of analytical processes while maintaining scientific rigor and accuracy. The concept of
GAC was formalized through the development of the 12 principles of green analytical chemistry, which emphasize aspects
such as the reduction of sample size, elimination of derivatization, use of safer solvents and reagents, energy efficiency, and
automation (Gatuszka et al., 2013).
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In recent years, pharmaceutical laboratories have begun integrating GAC principles by adopting alternative

techniques such as supercritical fluid_chromatography (SFC), microwave-assisted extraction, solid-phase
microextraction (SPME), and capillary electrophoresis, which offer reduced solvent consumption and lower waste
generation (Pena-Pereira et al., 2020).
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Moreover, green metrics tools such as the Analytical Eco-Scale, GAPI (Green Analytical Procedure Index), and
AGREE provide quantitative measures to assess the environmental impact of analytical procedures and guide the
selection of greener alternatives (Pena-Pereira et al., 2020) This paper explores recent sustainable approaches in
pharmaceutical analysis within the framework of GAC, focusing on emerging techniques, solvent alternatives, and
assessment tools that contribute to eco-friendly, cost-effective, and regulatory-compliant analytical practices.

Keywords
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laboratories

Sustainable Approaches in Pharmaceutical Analysis

Reducing environmental effect while preserving good analytical performance and guaranteeing regulatory
compliance is the focus of sustainability in pharmaceutical analysis. Many environmentally friendly analytical
techniques have been developed and adopted as a result of the application of Green Analytical Chemistry (GAC)
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concepts. In order to reduce the environmental impact of analytical processes, these sustainable alternatives include

the use of green solvents, miniaturised procedures, energy-efficient instruments, and waste-reducing strategies.
1.Use of Green Solvents and Solvent-Free Techniques

A key step in achieving sustainability is substituting more ecologically friendly alternatives to conventional organic solvents,
such as ethanol, ethyl lactate, glycerol, or water-based systems (Plotka-Wasylka, 2018). Supercritical fluids, especially
supercritical carbon dioxide (scCOz), are increasingly being used in Supercritical Fluid Chromatography (SFC) as a non-toxic
and recyclable alternative to traditional solvents (Berthod et al., 2021). Additionally, solvent-free techniques like infrared
spectroscopy and direct solid analysis fully do away with the need for solvents, reducing environmental hazards.

2 Miniaturization and Microscale Methods

Miniaturized techniques such as solid-phase microextraction (SPME) and dispersive liquid—liquid microextraction (DLLME)
offer high extraction efficiency with minimal sample and solvent volumes. These methods not only enhance analytical
sensitivity but also reduce energy and material consumption (Rezaee et al., 2006)

3 Energy-Efficient Instrumentatio

Adopting energy-efficient equipment—such as microwave-assisted extraction (MAE) and ultrasound-assisted extraction
(UAE)—contributes to greener analysis by decreasing the energy input and time required for sample preparation (Ajay et al.,
2012). Capillary electrophoresis (CE) is another energy- and resource-saving technique increasingly applied in pharmaceutical
analysis due to its low solvent and reagent requirements (Poole, 2003).

4 Green Chromatography

Sustainable chromatography focuses on reducing the amount and toxicity of solvents used in liquid chromatography.
Techniques such as High-Performance Thin-Layer Chromatography (HPTLC) and micellar liquid chromatography employ
greener mobile phases and lower solvent volumes (Khaskheli et al., 2020).

5 Analytical Greenness Assessment Tools

To quantitatively evaluate the greenness of analytical procedures, tools like the Analytical Eco-Scale, Green Analytical
Procedure Index (GAPI), and AGREE have been developed. These tools help researchers select and design analytical methods
with minimal environmental impact (Pena-Pereira et al., 2020).

These sustainable strategies are not only environmentally friendly but also align with quality-by-design (QbD) approaches,
reduce operational costs, and support compliance with global green regulations.

Principles of Green Analytical Chemistry in Pharmaceutical Analysis

Green Analytical Chemistry (GAC) is guided by a set of 12 principles that aim to reduce the environmental impact of analytical
processes while maintaining their accuracy, reliability, and safety. These principles provide a framework for designing eco-
friendly methods in pharmaceutical analysis, where environmental and health concerns are particularly relevant due to the high
volume and frequency of analytical testing. The 12 principles of GAC, adapted from Gatuszka et al. (2013), Include:

1. Direct analytical techniques: Prefer direct methods without sample pretreatment to minimize reagent and time consumption.
2. Minimal sample size and number of samples: Use the smallest amount of sample necessary to obtain accurate results.

3. Minimal generation of waste: Design methods that reduce the production of waste.

4. Multi-analyte or multi-parameter methods: Use techniques that allow simultaneous determination of multiple compounds.
5. In situ analysis: Perform analysis at the sample’s location to eliminate the need for transport and preservation.

6. Integration of analytical processes: Combine sample preparation and measurement in a single step.

7. Avoidance of derivatization: Minimize or eliminate chemical modification of analytes.
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8. Reduction of energy consumption: Favor energy-efficient techniques and instrumentation.

9. Use of safer solvents and reagents: Replace hazardous chemicals with less toxic, biodegradable alternatives.
10. Use of renewable materials: Opt for reagents and materials from renewable sources whenever possible.
11. Minimal operator exposure: Enhance laboratory safety by reducing exposure to hazardous substances.

12. Real-time analysis for process control: Implement real-time monitoring tools in pharmaceutical manufacturing for better
control and less waste.
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Green Solvents and Reagents in Pharmaceutical Analysis

1.Importance of Green Solvents

Green solvents are essential for reducing the environmental footprint of analytical procedures. Traditional solvents
like acetonitrile, dichloromethane, and methanol are effective but toxic, volatile, and non-biodegradable. Green
solvents, in contrast, are selected based on their low toxicity, biodegradability, renewability, and low environmental
impact (Capello et al., 2007).

2. Common Green Solvents
a) Water

Water is the most sustainable and widely available solvent. It is non-toxic, non-flammable, and ideal for green
analytical chemistry, especially in aqueous two-phase systems, micellar electrokinetic chromatography, and green
HPLC (GAC). However, its polarity limits the solubility of non-polar compounds (Kammerer et al., 2011).

b) Ethanol

Ethanol is a renewable, biodegradable solvent, derived from fermentation processes. It has lower toxicity compared

to methanol and is commonly used in liquid chromatography, plant extraction, and spectroscopic analysis (Capello
et al., 2007).

¢) Ethyl Lactate

Ethyl lactate is derived from lactic acid and ethanol, both of which can be obtained from biomass. It has good

solvating properties, is biodegradable, and is used in sample preparation and cleaning in analytical labs (Kerton &
Marriott, 2013)
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d) Deep Eutectic Solvents (DES)

DES are formed by mixing two or more components, typically a hydrogen bond donor and acceptor, to form a
eutectic mixture. DESs are non-volatile, biodegradable, and customizable. They are applied in extraction and green
sample prep for pharmaceutical compounds (Paiva et al., 2014).

e) Supercritical Carbon Dioxide (scCO2)

scCO: is an excellent solvent for non-polar compounds. It is non-toxic, inexpensive, and recyclable, widely used in
supercritical fluid extraction (SFE) and chromatography (SFC). It reduces solvent usage and offers rapid extraction
with high efficiency (Sapkale et al., 2010).

f) Ionic Liquids (ILs)

ILs are salts that remain liquid below 100°C. They have tunable physicochemical properties and are useful in sample
extraction, chromatography, and electrochemical analysis. However, some ILs are toxic and non-biodegradable,
prompting research into more environmentally friendly variants (Plechkova & Seddon, 2008).

1.Green Reagents

Green reagents include biocatalysts, photocatalysts, and solid-supported reagents that reduce waste and improve
atom economy. For example, enzyme-based reactions minimize toxic byproducts and often occur under mild
conditions, aligning with green chemistry principles (Anastas & Warner, 1998).

2.Evaluation Tools for Green Solvent Selection
GSK Solvent Sustainability Guide

CHEM21 Toolkit

Green Analytical Procedure Index (GAPI)
Analytical GREEnness Metric (AGREE)

These tools help assess solvent safety, environmental impact, and energy consumption during analytical method
development (Plotka-Wasylka, 2018).

Key Considerations for Green Solvent and Reagent Selection

Selecting solvents and reagents in green analytical methods requires a holistic view that balances analytical
performance, safety, sustainability, and regulatory compliance. Below are the most important factors:

1.Toxicity and Safety
e Human health: Choose solvents and reagents with low acute and chronic toxicity.
e Environmental toxicity: Avoid compounds that are harmful to aquatic or terrestrial ecosystems.

Safety profile: Prefer non-flammable, non-explosive, and non-carcinogenic substances.
e Example: Replace dichloromethane with ethyl acetate or ethanol for extract

2. Biodegradability and Environmental Fate

e Solvents should be easily biodegradableand not persist in the environment.
e Consider degradation products—some may be more harmful than the parent compound.
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3. Volatility and Flammability

e Low volatility solvents reduce air emissions and inhalation risk.
e Lower flammability improves laboratory safety.
o Example: Ethyl lactate is preferred over diethyl ether due to lower flammability.

4. Renewability of Source

e Use solvents derived from renewable biomass (e.g., ethanol from sugarcane, ethyl lactate from corn).
e Supports the circular economy and reduces dependence on petroleum-based solvents.

5. Energy Requirements

e Prefer solvents/reagents that enable low-temperature and low-pressure operations.
e Minimize the need for energy-intensive evaporation or recovery processes.

6. Analytical Performance Compatibility

e Solvent/reagent should not interfere with:

e Detection systems (e.g., UV, MS).

e Chromatographic separation

e Should provide adequate selectivity, solubility, and reproducibility.

7. Waste Generation and Recovery

e Choose solvents that produce minimal waste and are easily recoverable or recyclable.
e Evaluate disposal requirements and associated costs/environmental impact.

8. Regulatory Acceptance

e Ensure compatibility with pharmacopoeial standards (e.g., USP, EP).
e Must comply with ICH Q3C guidelines on residual solvents.

9. Cost and Availability

e Economic feasibility is key for scalability and routine use.
e Should be readily available with consistent quality.

10. Use of Green Chemistry Metrics

e Apply quantitative tools to assess greenness:

e GAPI (Green Analytical Procedure Index)

e AGREE (Analytical GREEnness metric)

e CHEM21 Solvent Selection Guide

e E-Factor and Atom Economy for reagent efficiency

Miniaturized and Automated Techniques

Miniaturization and automation are key pillars of green analytical chemistry (GAC), offering solutions that reduce
reagent consumption, waste generation, and energy use, while maintaining or even improving analytical
performance. These techniques align with the 12 principles of green chemistry by promoting efficiency, safety, and
sustainability in pharmaceutical analysis.
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1 Microextraction Techniques

Miniaturized sample preparation methods, such as solid-phase microextraction (SPME) and dispersive liquid-
liquid microextraction (DLLME), have emerged as powerful green alternatives to traditional liquid—liquid
extraction.

o SPME uses a fiber coated with an extracting phase that can adsorb analytes directly from the sample
matrix, reducing solvent use to near-zero levels. This method is ideal for volatile and semi-volatile
compounds in biological and pharmaceutical samples (Pawliszyn, 2012).

e DLLME, on the other hand, employs microliter volumes of solvent, offering high enrichment factors and
rapid phase separation, which makes it efficient and eco-friendly (Rezaee et al., 2006).

These approaches significantly reduce environmental impact while providing high sensitivity and selectivity.

2 Lab-on-a-Chip and Microfluidics

Microfluidic devices and lab-on-a-chip (LOC) systems represent the forefront of miniaturization in analytical
chemistry. These systems integrate multiple steps—such as sample preparation, separation, and detection—into a
single platform. They operate with microliter or nanoliter volumes, resulting in dramatic reductions in reagent use
and waste generation (Mark et al., 2010).

Applications in pharmaceutical analysis include:

e Drug screening
e Quality control
e Pharmacokinetic studies

Moreover, microfluidics supports high-throughput analysis, enabling simultaneous processing of multiple
samples, which enhances productivity while maintaining environmental sustainability.

3 Automation and Green Instrumentation

Automation in pharmaceutical analysis not only improves reproducibility and throughput but also supports green
practices. Modern automated systems:

« Precisely dispense microliter quantities of reagents

e Use on-demand mixing to avoid excess waste

« Integrate with real-time data collection tools (Process Analytical Technology - PAT) to minimize
reanalysis and material usage (Simon et al., 2015)

Automation also facilitates the adoption of green chromatographic methods, such as ultra-high-performance
liquid chromatography (UHPLC), which uses shorter columns, faster run times, and lower solvent volumes
compared to conventional HPLC.

4 Advantages and Limitations

Advantages:

« Minimal use of solvents and reagents

e Reduced exposure to hazardous chemicals
e Lower operational costs

o Enhanced portability and on-site analysis
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Limitations:

« Initial investment in technology
o Limited sample capacity (especially for microfluidics)
« Need for specialized training and method development

Nonetheless, the integration of miniaturized and automated techniques in pharmaceutical analysis continues to
grow, driven by regulatory pressures and sustainability goals.

Waste management and energy efficiency in green analytical chemistry for pharmaceutical
analysis, :

Waste Management and Energy Efficiency

Incorporating effective waste management and energy-efficient practices is central to green analytical chemistry (GAC),
especially in the pharmaceutical sector, where large volumes of solvents, reagents, and energy are consumed. By minimizing
waste and optimizing energy usage, analytical processes become not only more sustainable but also more cost-effective and
compliant with environmental regulations.

1 Minimization of Chemical Waste

Traditional analytical procedures, especially in chromatographic and spectroscopic methods, often involve significant volumes
of hazardous solvents and reagents. GAC emphasizes: Reducing solvent volumes by using techniques like ultra-high
performance liquid chromatography (UHPLC), which employs shorter columns and smaller particle sizes, leading to faster
runs and less solvent use (Ebele et al., 2021). Switching to safer, biodegradable solvents, including ethanol, ethyl lactate, and
water-based mobile phases (Capello et al., 2007). Adopting solid-phase and microextraction methods, which drastically lower
waste generation during sample preparation (Plotka-Wasylka, 2018).Waste generated from pharmaceutical analysis can often
be toxic, making source reduction the most effective strategy over post-treatment.

2 Energy-Efficient Analytical Instrumentation

Modern green analytical laboratories prioritize instruments and workflows that **consume less energy. Examples include:
Miniaturized equipment such as microfluidic devices that use less power and materials (Gatluszka et al., 2013).Batch analysis
consolidation, where multiple analytes or samples are processed simultaneously, improving throughput and reducing overall
energy needs. Automation and real-time analysis, as seen in Process Analytical Technology (PAT) frameworks, allow for in-
line monitoring without repeated off-line analysis, thus saving both energy and material (Simon et al., 2015)Additionally,
replacing older instruments with energy-efficient models, or retrofitting with smart energy control systems, contributes
significantly to overall lab sustainability.

3 Waste Treatment and Recycling

In cases where waste is unavoidable, safe disposal and recycling strategies should be implemented: Solvent recycling through
distillation and reuse, particularly for commonly used solvents like acetonitrile and methanol. Neutralization of acidic or basic
waste before disposal to reduce environmental impact. Waste segregation (e.g., separating halogenated and non-halogenated
solvents) to enhance treatment and recovery options (Armenta et al., 2008). Encouraging green design of analytical methods
from the start considering the end-of-life of all chemicals and materials used is the most sustainable route.

Case Studies in Pharmaceutical Analysis

The practical application of Green Analytical Chemistry (GAC) in pharmaceutical analysis has gained significant momentum,
with numerous studies demonstrating how environmentally friendly methods can replace traditional protocols without
compromising efficiency or regulatory compliance. This section highlights selected case studies that showcase the application
of green methodologies in pharmaceutical quality control, drug formulation, and routine testing.
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1 Green High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography (HPLC) is a mainstay in pharmaceutical analysis but is traditionally associated with
high solvent consumption and toxic reagents. Green adaptations of HPLC focus on:

Use of ethanol and water as mobile phases instead of acetonitrile or methanol. For instance, Dores et al. (2014) developed a
fully aqueous HPLC method for the determination of ibuprofen in pharmaceutical formulations using water and ethanol as
mobile phase components, significantly reducing environmental toxicity.

Miniaturized column formats (UHPLC), which reduce solvent volumes and energy use. Capelo-Martinez et al. (2016) reported
a UHPLC method for simultaneous analysis of antihypertensive drugs with reduced run time and solvent use by over 8§0%.

2 Spectroscopic Methods

Spectroscopic techniques such asUV-Vis, FTIR, and NIR spectroscopy offer rapid, non-destructive, and solvent-free analysis,
making them inherently green.

FTIR for Drug Identification: Pauli et al. (2013) validated FTIR spectroscopy for the qualitative analysis of pharmaceutical
compounds without any sample pretreatment or reagents, reducing environmental impact while maintaining accuracy.

NIR in Process Monitoring: Near-infrared spectroscopy is increasingly integrated into Process Analytical Technology (PAT)
frameworks for real-time monitoring of tablet content uniformity, thus avoiding off-line testing and waste generation (Rantanen
et al., 2002).

3 Green Sample Preparation
Sample preparation often contributes significantly to waste. Green approaches include:

Microwave-Assisted Extraction (MAE) and Ultrasound-Assisted Extraction (UAE): These techniques have been used for
isolating active pharmaceutical ingredients (APIs) from complex matrices using water or ethanol as solvents (Kaufmann &
Christen, 2002).

Solid-phase microextraction (SPME): Applied for bioanalysis of drugs like diazepam and carbamazepine in plasma,
replacing traditional liquid-liquid extraction and drastically reducing solvent use (Pawliszyn, 2012).

4 In-Line and At-Line PAT Tools

The implementation of Process Analytical Technology (PAT) tools has transformed pharmaceutical manufacturing by
minimizing waste and enhancing energy efficiency through real-time monitoring.

Raman spectroscopy was used for in-line monitoring of blend uniformity in tablet production, replacing traditional off-line
HPLC testing and reducing sampling waste (Pérez-Rafols et al., 2017).

NIR sensorsm in granulation processes eliminate the need for offline testing, reducing energy use and improving batch
consistency (FDA, 2004).

5. Metrics and Assessment Tools

To effectively implement and measure the “greenness” of analytical methods, several qualitative and quantitative assessment
tools have been developed. These metrics allow analysts and researchers to evaluate the environmental impact, safety, and
efficiency of a method, guiding improvements and standardization across the pharmaceutical industry.

1 Analytical Eco-Scale :- The Analytical Eco-Scale, introduced by Galuszka et al. (2012), is a semi-quantitative tool that
assigns penalty points based on:

e Amount and hazard level of reagents,
e Energy consumption,

e Waste generation,

e  Occupational risk.
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A method scoring above 75 is considered excellent green; 50—75 indicates acceptable green, and below 50 suggests the method

is not green. This scale has been widely applied to compare HPLC, spectrophotometric, and electrochemical methods in
pharmaceutical analysis.

2 Green Analytical Procedure Index (GAPI) :- The GAPI tool, proposed by Plotka-Wasylka (2018), offers a visual
pentagram assessment using color-coded fields representing sample preparation, reagents, instrumentation, and waste. It
assesses the entire analytical workflow from sample collection to final determination.

e Green: low environmental impact
e Yellow: moderate concern
e Red: high concern

GAPI has been praised for its holistic view and user-friendly graphic output, making it suitable for evaluating complex
pharmaceutical procedures.

3 Analytical GREEnness Metric (AGREE)Developed more recently, AGREE (Analytical GREEnness) is a comprehensive
software-based tool that assesses analytical methods against the 12 principles of Green Analytical Chemistry (GAC), providing
a score between 0 and 1, with 1 being fully green (Sacie et al., 2021). It uses a radial diagram for visual interpretation and has
become a standard in recent pharmaceutical research for method validation and comparison. AGREE is often used in
combination with Eco-Scale and GAPI for multi-criteria assessment offering a more objective evaluation of sustainability.

4 Comparative Use in Pharmaceutical Studies :- Several case studies have used these tools to evaluate analytical methods
for APIs like paracetamol, diclofenac, and ibuprofen: Farhana et al. (2021) applied GAPI and Eco-Scale to compare
traditional HPLC and UV-spectrophotometry for paracetamol, concluding that spectrophotometry was greener due to less
solvent usage and lower energy requirements. AGREE was used to assess electrochemical sensors for anti-diabetic drugs,
proving their superiority in greenness compared to conventional techniques (Nasr et al., 2022

Challenges in Implementation

a) Regulatory and Validation Barriers

One of the major obstacles is the lack of regulatory guidelines specifically tailored for green analytical methods.
Most pharmacopeial standards still rely on traditional techniques like HPLC with toxic solvents, making validation
of green alternatives more complex and time-consuming (Armenta et al., 2008).

b) Limited Availability of Green Reagents and Solvents

Although greener solvents like ethanol or ethyl lactate exist, they may not be suitable for all analytes due to
differences in polarity, stability, and elution power. This limits their widespread use in routine analyses (Capello et
al., 2007).

c) Instrumental Limitations and Cost

The initial investment in automated, miniaturized, or energy-efficient instruments can be high. Smaller
laboratories or facilities in developing regions may struggle to afford or maintain such equipment (Gatuszka et al.,
2013).

d) Education and Awareness

There is a knowledge gap among analysts and researchers regarding GAC tools and practices. Training
programs and university curricula often do not include comprehensive coverage of sustainable analytical chemistry
(Ptotka-Wasylka, 2018)

Future Directions and Opportunities

a) Integration with Digital Technologies
The incorporation of Artificial Intelligence (Al), machine learning, and automation offers exciting possibilities
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for optimizing method development, reducing trial-and-error, and minimizing resource usage (Gomez-Ruiz et al.,
2021).

b) Development of Greener Solvent Systems
Research into bio-based, non-toxic solvent alternatives is expanding. Future efforts should focus on solvent
blends with high elution strength, thermal stability, and environmental compatibility (Dore et al., 2014).

c) Greener Pharmaceutical Quality Control (QC)

Future QC protocols may rely more on real-time, non-destructive analysis, integrating tools like NIR, Raman,
and portable sensors, aligned with Process Analytical Technology (PAT) and Quality by Design (QbD)
principles (Simon et al., 2015).

d) Harmonization of Green Metrics

Efforts are needed to standardize assessment tools such as Eco-Scale, GAPI, and AGREE. A harmonized global
framework would improve comparability, reproducibility, and regulatory acceptance of green methods (Sacie et
al., 2021).

e) Education and Policy Reform

Incorporating GAC principles into accreditation standards, educational syllabi, and regulatory policies will
foster a new generation of environmentally conscious scientists and promote long-term adoption.

Conclusion

Green Analytical Chemistry (GAC) represents a transformative shift in pharmaceutical analysis, aligning analytical
practices with the principles of sustainability, safety, and efficiency. By minimizing the use of hazardous reagents,
reducing waste, and optimizing energy consumption, GAC not only supports environmental protection but also
enhances the overall quality and cost-effectiveness of analytical processes.

The implementation of miniaturized, automated, and solvent-free techniques—such as spectroscopic methods,
microextractions, and green chromatography—demonstrates that eco-friendly alternatives can meet rigorous
pharmaceutical standards. Assessment tools like the Analytical Eco-Scale, GAPI, and AGREE provide critical
metrics for evaluating and improving the greenness of these methods.

However, the widespread adoption of GAC still faces barriers including regulatory inertia, limited accessibility to
green materials and instruments, and gaps in education. Addressing these challenges requires a collaborative effort
from researchers, regulatory bodies, educators, and industry stakeholders.

Looking ahead, the integration of digital technologies such as Al, machine learning, and real-time monitoring, along
with a focus on green solvent development and harmonized green metrics, will be key to mainstreaming sustainable
practices in pharmaceutical analysis. With continued innovation and policy support, Green Analytical Chemistry is
poised to become the new standard for responsible and resilient pharmaceutical science.
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