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The application of green chemistry principles in pharmaceutical quality control (QC) and chemical laboratories offers a
systematic pathway to reduce environmental impact while maintaining analytical performance. This communication
synthesizes key concepts from green analytical chemistry (GAC), including waste minimization, reagent substitution,
energy reduction, and the use of standardized greenness metrics such as the Analytical Eco-Scale (AES), AGREE software,
and the Green Analytical Procedure Index (GAPI). Furthermore, the transition toward white analytical chemistry (WAC)
is discussed as a holistic approach that balances environmental sustainability (green), analytical quality (red), and economic
practicality (blue). Collectively, these strategies enable pharmaceutical and chemical laboratories to operate more safely,
efficiently, and sustainably without compromising data integrity.
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communication outlines how

1. INTRODUCTION This

Traditional analytical methods employed in
pharmaceutical quality control and chemical testing
laboratories are often resource intensive. Common
practices involve the use of large solvent volumes, toxic
reagents, multi-step sample preparations, and energy-
demanding instrumentation. These procedures generate
substantial hazardous waste and pose risks to both
laboratory personnel and the environment.

Green chemistry, originally formalized by
Anastas and Warner (1998), provides a set of twelve
design principles aimed at reducing or eliminating
hazardous substances. When translated into the
analytical domain, these principles form the foundation
of green analytical chemistry (GAC). Unlike synthetic
chemistry, where the product is a physical substance,
analytical chemistry produces information. Therefore,
GAC metrics must account for sample handling, energy
use, reagent toxicity, and waste generation per analysis.

pharmaceutical QC and chemical laboratories can adopt
green chemistry principles in practical terms, supported
by validated assessment tools.

2. Core Benefits of Green Chemistry in Laboratory
Settings
2.1 Waste Reduction

Conventional analytical methods generate
waste volumes often exceeding 50 mL or 50 g per
sample. Green analytical methods aim to reduce this to
<1 mL or <1 g per sample. This directly lowers disposal
costs and environmental liability.

2.2 Safer Reagents

Reagents classified wunder the Globally
Harmonized System (GHS) with hazard pictograms for
toxicity, corrosivity, or flammability are assigned
penalty points in metrics such as the Analytical Eco-
Scale. Green methods prioritize reagents with NFPA
health ratings of 0 or 1 (minimal hazard).
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2.3 Miniaturization and Automation

The use of micro-analysis (1-10 mg or uL) and
automated, miniaturized instrumentation reduces solvent
consumption, analyst exposure, and procedural error.
This aligns with GAC principles 2 (minimize sample
size) and 5 (automation and miniaturization).

2.4 Energy Efficiency
Instrument energy consumption is categorized as:
e Low:<0.1 kWh per sample (e.g., FTIR, UV-

Green methods favor low-energy instrumentation where
analytically feasible.

2.5 Direct and In-Situ Analysis

Off-line analysis requiring sample collection,
preservation, transport, and storage is the least green. In-
line or on-line measurements eliminate these steps,
reducing energy and material use while improving
turnaround time.

Vis, UPLC) 3. Tools for Assessing Greenness
e Medium: <1.5 kWh per sample (e.g., AAS, GC, Pharmaceutical QC laboratories can objectively
ICP-MS) evaluate method sustainability using validated metrics.
e High: >1.5 kWh per sample (e.g., NMR, LC- Table 1 summarizes the most widely applied tools.
MS, XRD)
Table 1: Common green analytical chemistry metrics
Metric Format Scoring Principle Interpretation
Analytical Eco- Numerical (0-100) Start at 100; subtract penalty points for >75 = excellent green
Scale (AES) hazards, waste, energy analysis
AGREE Circular pictogram + | Algorithm based on 12 GAC principles Closer to 1.00 = greener
score (0-1)
GAPI Five Pentagrams (15 | Color-coded: green (low impact), yellow Visual overview from
fields) (medium), red (high) sampling to disposal
NEMI Circular quadrants Dichotomous (green/white) based on Simple but less nuanced
PBTs, hazards, corrosivity, waste volume

4. Transition to White Analytical Chemistry (WAC)
The limitation of green-only metrics is the
exclusion of analytical quality and economic feasibility.
White analytical chemistry addresses this by integrating
three dimensions:
e Red (Analytical Performance): Accuracy,
precision, limit of detection (LOD), linearity.
e Green (Eco-friendliness): Waste, toxicity,
energy, renewability.
e Blue (Practical/Economic): Cost per sample,
throughput, simplicity, equipment availability.

A method achieving balance across all three
dimensions is considered "white” representing an
optimal compromise. Tools such as the RGBI12
algorithm and the Hexagon metric have been developed
to quantify WAC.

5. Practical Recommendations for Pharmaceutical
QC Laboratories

Based on the reviewed principles and metrics, the
following actions are recommended:

1. Replace toxic solvents (e.g., acetonitrile,
methanol) with greener alternatives (e.g.,
ethanol, water, or supercritical CO,) where
selectivity permits.

2. Reduce sample size to micro or ultra-micro
scales (<10 mg or pL) when consistent with
detection limits.

3. Prefer direct analytical techniques (e.g., FTIR,
Raman) over methods requiring derivatization.

4. Automate liquid handling and sample
preparation to minimize manual steps and
reagent volumes.

5. Select low-energy instruments for routine QC
applications when high-resolution techniques
are not required.

6. Use greenness assessment tools (AES, AGREE,
GAPI) during method development and
validation.

7. Document waste treatment (recycling,
degradation, or passivation) rather than
defaulting to "no treatment."

6. CONCLUSIONS

Green chemistry offers a practical, actionable
framework for improving the environmental footprint of
pharmaceutical QC and chemical laboratories. The
transition from traditional to green analytical methods
does not require compromise on analytical quality. On
the contrary, the adoption of miniaturization,
automation, and direct analysis often improves precision,
reduces analyst error, and lowers operating costs.

The emergence of white analytical chemistry
further refines this approach by ensuring that greenness
is not achieved at the expense of functionality or
affordability. Routine use of metrics such as AES,
AGREE, and GAPI during method development enables
objective comparison and continuous improvement.

As regulatory bodies increasingly align with the
United Nations Sustainable Development Goals

© 2026 | Published by Scholars Middle East Publishers, Dubai, United Arab Emirates 467



Prabaharan Ramachandran et a/, Saudi J Med Pharm Sci, Jul, 2026; 12(7): 466-468

(particularly SDG 12: Responsible Consumption and
Production), the adoption of green and white analytical
chemistry is transitioning from a voluntary initiative to a
competitive and regulatory necessity.
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