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ABSTRACT

Pharmaceutical manufacturing is a cornerstone of modern medicine but it’s also one
of the most resource-intensive and environmentally burdensome industrial sectors.
Traditional synthesis and formulation processes consume massive amounts of
energy, water, and toxic solvents, generating significant waste and greenhouse
emissions. The concept of green pharmaceutical manufacturing has emerged as a
transformative framework that integrates sustainability principles into every stage
of the drug lifecycle as from raw material sourcing and process development to
formulation and packaging. This review discusses the major sustainable approaches
in pharmaceutical production, including green chemistry, solvent substitution,
biocatalysis, continuous manufacturing, renewable feedstocks and eco-friendly
formulation technologies. It also explores Life Cycle Assessment (LCA), regulatory
initiatives and industrial case studies which demonstrates shift toward cleaner, safer
and more efficient drug production systems.
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The pharmaceutical industry, for all its life-saving breakthroughs, has carried a not-so-pretty
environmental footprint for decades. Traditional batch manufacturing methods rely heavily on
organic solvents, high-temperature reactions, and energy-intensive purification steps. This
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approach doesn’t just consume massive resources, it leaves behind mountains of hazardous
waste. In fact, for every single kilogram of active pharmaceutical ingredient (API) produced,
an estimated 100-500 kilograms of waste can be generated . Much of this waste contains toxic
chemicals, residual solvents, and by-products that pose serious risks to ecosystems and public
health if not properly managed. And it doesn’t stop there, the carbon footprint skyrockets
further with the energy demands of manufacturing facilities, transportation logistics, packaging
materials, and the disposal of unused drugs 2. In an era where environmental accountability is
no longer optional, the pharmaceutical sector is under increasing pressure from regulators,
consumers, and global sustainability goals to clean up its act. In the last decade, “going green”
has evolved from a trendy catchphrase into a strategic industry-wide movement . The
principles of green chemistry, first articulated by Anastas and Warner, have become
foundational pillars for modern pharmaceutical R&D. These principles encourage reducing or
eliminating hazardous substances at the source, improving efficiency, and using more
environmentally benign processes. Major players like Pfizer, GSK, and Novartis have
introduced green scorecards quantitative systems for evaluating the environmental
performance of their processes *. These scorecards assess key metrics like E-factor (mass of
waste per mass of product), atom economy (efficiency of material use), and carbon intensity
(total greenhouse gas emissions). As a result, green manufacturing isn’t just about reducing
harm but also about driving innovation, cutting costs, and future-proofing the industry against
tightening regulations °. The ultimate aim of sustainable pharmaceutical manufacturing goes
far beyond basic compliance. It’s about designing sustainability into every step of the process,
from molecule to market. This includes minimizing or eliminating hazardous substances,
improving energy and water efficiency, shifting toward renewable feedstocks instead of
petroleum-based sources, and promoting material recyclability wherever possible . Many
companies are now embedding circular economy principles into their operations, ensuring that
by-products are not simply discarded but repurposed or reintegrated into the production cycle.
This approach not only lowers the environmental burden but also enhances economic
resilience. As the pharmaceutical landscape evolves, green manufacturing isn’t just a “nice-to-
have” anymore becoming a core pillar of responsible and competitive pharma sector ’.

2. Green Chemistry Principles in Drug Synthesis

Sustainable drug synthesis isn’t just about swapping out a few nasty chemicals it’s about
rethinking the entire process from the molecular level up. Green chemistry provides a strategic
roadmap to achieve this transformation ®. By emphasizing atom economy, safer solvents, and
catalytic efficiency, the pharmaceutical industry can minimize waste, lower energy
consumption, and create cleaner, more responsible manufacturing pathways. Let’s break it
down a bit. Atom economy is basically the “efficiency scorecard” of a chemical reaction °. It
calculates how much of the starting materials actually end up in the final product rather than
going down the drain as by-products. Reactions with high atom economy like catalytic
hydrogenations or click chemistry to maximize resource utilization and drastically reduce the
volume of unwanted waste. Unlike traditional stoichiometric processes, these methods aim to
keep nearly every atom in play, making the production of APIs cleaner, leaner, and cheaper.
This shift doesn’t just save moneys; it also lightens the environmental burden, cutting down the
need for downstream purification and disposal. Solvents are the unsung villains of
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pharmaceutical manufacturing. While they make reactions smoother, they also account for
most of the waste and toxicity generated '°. Conventional solvents such as dichloromethane,
toluene, and acetonitrile are volatile, hazardous, and environmentally persistent. Green
chemistry flips this script by encouraging safer, more sustainable options:

= Water: It is being embraced as a reaction medium for many organic transformations, and
in some cases, solvent-free systems are proving even more efficient.

* Supercritical CO:: It is used for eco-friendly extractions and particle engineering,
offering recyclability and minimal toxicity.

* Jonic liquids and deep eutectic solvents: Use act as biodegradable and tunable
alternatives to conventional solvents.

= Bio-based solvents: Such as, ethyl lactate and glycerol derivatives, derived from
renewable resources, further shrink the carbon footprint. By reengineering solvent use, the
pharma sector can significantly slash emissions and improve worker and environmental
safety.

Catalysis is the beating heart of green synthesis. By lowering activation energies and enhancing
reaction selectivity, catalysts minimize side products and energy demands ''"'>. Enzyme-
catalyzed processes using lipases, oxidoreductases, and transaminases that are now replacing
many harsh chemical steps, making synthesis gentler and more sustainable. Meanwhile, metal-
organic frameworks (MOFs) are gaining attention as reusable heterogeneous catalysts,
reducing the need for excess reagents and simplifying purification. These innovations not only
streamline the production pipeline but also push the pharmaceutical industry toward truly
circular chemistry, where efficiency and responsibility go hand in hand 3.

Table 1. Comparative Overview of Traditional vs. Green Synthetic Approaches.

Parameters | Traditional Synthesis Green Synthesis References
ter, ethanol
Solvent Use Chlorinated Solvents Wa er., © : ar%o & 14
Ionic liquids
Waste 100-500 Kg/Kg API <50 Kg/Kg API 15
Generation Fhe ghe
E Moderate to L
nergy‘ High (Thermal) © el'rae (.) o 16
Consumption (Enzymatic, Microwave)
-toxic, Bi 1
Safety Toxic Reagents Non tOXlC,’ iodegradable 17
Inputs

3. Rationale to Develop Sustainable for Choosing Green Formulation

As we know, within the world steadily moving towards sustainability, even the pharmaceutical
industry is required to develop formulations that are safe, effective and sustainable in nature.
Here, green chemistry principles, biodegradable excipients, minimization of waste and
biocompatibility are the basic aspects that contribute in making sustainable and green
formulations of choice for the development as follows !8:
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= Reduce Environmental Impact: The primary reason for opting for green formulation is to
reduce the environmental effect. Traditional pharmaceutical manufacturing processes
routinely employ toxic chemicals, solvents and packaging materials that promote pollution
and the depletion of resources .

* Enhanced Regulatory Pressure: The increasing pressure from governments and regulatory
bodies across the globe, includes pharmaceuticals, for transition greener processes in the
wake of climate change and environmental degradation. Many countries have adopted or
are transitioning to stricter environmental regulations. Both the European Medicines
Agency (EMA) and Food and Drug Administration (FDA) are increasingly prioritizing
sustainability. Where, EMA has also developed scientific guidelines on Environmental risk
assessment of medicinal products for human use 2.

= Eco-friendly Products as per Consumers Demand: As environmental awareness grows
among consumers, the demand for sustainable, eco-friendly pharmaceutical products is
enhancing. Here, patients, healthcare providers and stakeholders are becoming more
conscientious of how their treatment options impact the environment and this is influencing
purchasing and prescribing behavior 1.

= Sustainability and Environmental Impact: As compared to conventional products,
sustainable materials generally have a lower environmental footprint and supports green
practices. Creating “green” materials which can be more environmentally friendly due to
their biodegradable and derived natural products (lower toxicity with safer profile) are
essential.

The biocompatible and biodegradable excipients prevent accumulation of the formulation
in the body, which further mitigates adverse effects. This is particularly critical in longer-
term therapies that requires for sustained engagement 22,

4. Sustainable Pharmaceutical Formulations

Pharmaceutical formulation isn’t just about making drugs effective as it’s about making them
responsibly. The old “formulate now, worry later” model is being replaced by an approach that
considers environmental impact from the very beginning. With green chemistry setting the
tone, modern formulation science is shifting toward renewable materials, solvent-free
processing, and eco-friendly particle engineering techniques 3. This shift not only minimizes
waste but also improves product safety, scalability, and regulatory compliance.

One of the most impactful changes happening in the pharmaceutical world is the move away
from synthetic, petroleum-based excipients toward biodegradable and renewable materials.
For example, cellulose derivatives, chitosan, and starch-based polymers are now widely
used to create safer and more sustainable dosage forms ?*. Biodegradable polymers like PLA
(polylactic acid), PCL (polycaprolactone), and PHBV (poly(3-hydroxybutyrate-co-3-
hydroxyvalerate)) are finding their place in nanoparticle and controlled-release
formulations, where they naturally degrade in the body without leaving harmful residues.
Additionally, natural surfactants such as lecithin are replacing synthetic surfactants in
emulsions, liposomes, and nano-emulsions, offering a cleaner toxicity profile and improved
biocompatibility 242°. This pivot toward greener excipients not only reduces environmental
load but also enhances patient safety as win-win benefit. Solvents have always been the messy
middle child of drug formulation as needed necessary but also problematic. To address this,
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modern manufacturing is turning to solvent-free and dry processing methods like dry
granulation, hot-melt extrusion (HME), and 3D printing 272, HME stands out as a game-
changer because it allows for continuous processing, superior product uniformity, and minimal
waste generation. By eliminating the need for volatile organic solvents, these techniques reduce
both environmental emissions and production costs 2%,

Plus, 3D printing enables precise dose customization with minimal material loss, aligning
perfectly with the principles of green manufacturing and personalized medicine. Particle
engineering is another frontier where sustainability is making its mark. Techniques involving
supercritical CO, such as supercritical CO:-assisted spray drying and rapid expansion of
supercritical solutions (RESS), provide solvent-free and efficient alternatives for
micronization and nanoparticle production %°.

These methods improve drug solubility and bioavailability while cutting down on toxic solvent
use. Because CO: can be recycled and doesn’t produce harmful residues, it’s a clear favorite
for future-forward pharmaceutical processes. In essence, sustainable formulation isn’t just a
trend—it’s a strategic evolution. By embracing biodegradable materials, solvent-free
manufacturing, and green engineering, the pharmaceutical industry is taking meaningful steps
toward cleaner, safer, and more efficient drug production 3°-3! as shown in Figure 1.

Figure 1: Workflow of Green Formulation Process.
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4. Continuous Manufacturing and Process Intensification

Traditional batch manufacturing in the pharmaceutical industry is slow, energy-hungry, and not
exactly eco-friendly. Imagine making soup one bowl at a time heating, cooling, cleaning, and
starting over for each serving. That’s basically how batch processing works. In contrast,
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continuous manufacturing functions more like a modern assembly line, where reactions flow
in a seamless, uninterrupted manner 2. This not only saves energy and time but also improves
product consistency and minimizes waste generation, making it a powerful tool for sustainable
pharma.

Continuous flow systems allow chemical reactions to occur in compact reactors where raw
materials are fed and products are collected without interruptions. This eliminates the
downtime associated with batch processes and ensures steady-state operation, leading to better
control over reaction parameters >°.

By maintaining a constant flow, companies can achieve higher yields, improved
reproducibility, and fewer impurities, making the entire process more efficient and
environmentally responsible. The benefits of continuous manufacturing are both environmental
and economic. It reduces energy use by eliminating repeated heating and cooling cycles, which
are common in batch
processes >*3°. With Process Analytical Technology (PAT) integrated into the system,
companies can monitor and adjust reaction conditions in real time, ensuring product quality
and minimizing errors. Perhaps the most attractive benefit is easy scalability instead of
redesigning the entire process for larger production, manufacturers can simply extend the run
time, avoiding costly revalidation steps. Major pharmaceutical companies have already
embraced this approach. For instance, Janssen’s Prezista® (Darunavir) became the first FDA-
approved drug produced through continuous manufacturing, paving the way for others to
follow system. Similarly, the Novartis—MIT collaboration developed an end-to-end continuous
manufacturing plant that reduced production time from weeks to just a few hours **37. These
real-world based examples proves that continuous flow technology is not just an experimental
idea but a practical, scalable, and sustainable manufacturing solution.

5. Green Manufacturing Practices

Green manufacturing practices are necessary to minimize the overall environmental impact of
pharmaceutical products. Such practices include energy consumption, waste management, and
minimizing hazardous emissions during production in steps as follows 3-3%:

= Energy-Efficient Production: Energy-saving technologies are also being applied in drug
manufacturing operations to save fossil fuel usage and its correlated carbon emissions. For
instance, microwave-driven reactions, ultrasonic synthesis, and Pulsed Electric Field (PEF)
technology are more widely adopted in the manufacture of APIs, markedly reducing the
amount of energy used. Drug firms also move toward alternative renewable sources, e.g.,
solar, wind, or bioenergy, for power at production plants to wean off the usage of non-
renewable resources.

= Waste Minimization and Recycling-Zero-waste production: It is the aim of most
pharmaceutical firms. Hereby, optimal production processes can be achieved through
improved material efficiency, and manufacturers can reduce the generation of waste.
Closed-loop systems, for instance, recycle solvents and other raw materials, and thereby
drastically minimize the environmental impact. By-product reuse is another sustainable
practice. Waste pharmaceuticals, like residual chemicals and solvents, can be reused for
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other industrial processes or in the manufacturing of other chemicals, minimizing landfills
waste.

= Water Usage and Management: Water use in pharmaceutical production is a major
environmental concern. Environmentally friendly formulations concentrate on reducing
water consumption in the production process. Firms are spending money on recycling water
systems as well as employing waterless technologies (i.e., solvent-free products) to keep
water usage in manufacturing low.

6. Green Packaging and Disposal Solutions

Green packaging and environmentally responsible means of disposal are crucial elements of
an environmentally friendly drug product. They are divided into two kinds 04!

= Eco-Friendly Packaging: Biodegradable packaging materials, such as plant-based plastics
(such as polylactic acid or PLA) and paper products, are substituting for conventional
petroleum-derived plastic packaging. These products decompose faster and do not
contribute to perennial waste stockpiling in nature. Less-is-more packaging is another
strategy, which entails minimizing the volume of material employed in drug packaging and
encouraging the utilization of recyclable materials.

= Disposal and Take-Back Programs: Proper drug disposal is essential. Take-back
initiatives, where unused or expired medications are brought back to pharmacies for proper
disposal, keep drugs out of the environment from improper disposal. Moreover, educating
consumers on drug disposal educates them on the environmental harm that results from
improper drug disposal and prompts them to use proper disposal methods. In order to
efficiently design and market environmentally friendly drug products, there is a need for
cooperation among pharmaceutical firms, regulatory bodies, and research institutions to
address environmental standards, guidelines, and incentives for green practices.

= Regulatory Standards: Governments and regulatory agencies are increasingly
implementing policies to encourage the environmental safety of drugs. For example, the
European Medicines Agency (EMA) and the U.S. Food and Drug Administration (USFDA)
are integrating environmental factors into their approval processes for new medicines.

= Incentives for Green Practices: Most regulatory systems now provide financial rewards
(e.g., tax credits or grants) to firms that use green manufacturing technologies or engage in
sustainable production practices. Such programs promote the creation of green drugs and
their formulations.

7. Life Cycle Assessment (LCA) and Circular Economy

When it comes to making pharmaceutical production greener, focusing only on the
manufacturing step isn’t enough. The real game changer is looking at the entire life cycle of a
drug from raw material extraction to production, packaging, distribution, and even disposal.
This is where Life Cycle Assessment (LCA) comes into play **. ISO describes the LCA to
quantitatively determine the impact on environmental at all stages of product life cycle ¥*. LCA
gives a full picture of the environmental footprint of every stage of a product’s life, helping
companies make data-driven decisions for sustainability. LCA acts as an environmental
evaluation tool that measures critical factors like carbon footprint, water consumption, global
warming potential, and ecotoxicity. By identifying the most resource-intensive or polluting
steps, companies can redesign their processes to reduce impact. Instead of reacting to problems
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after they arise, LCA promotes proactive planning, ensuring that sustainability is built into the
foundation of pharmaceutical
production *#°. A truly sustainable pharmaceutical model isn’t linear, it’s circular.

The circular economy approach focuses on reusing, recycling, and regenerating resources
instead of discarding them. In pharma, this can be achieved by recycling solvent waste through
distillation and reusing it in future batches, revalorizing pharmaceutical by-products into useful
industrial chemicals, and using biodegradable packaging to minimize landfill burden #¢#”. This
approach transforms waste from a liability into a valuable resource, creating a closed-loop
system that supports both environmental health and economic efficiency. By integrating
continuous manufacturing with LCA and circular economy principles, the pharmaceutical
industry can move toward a future that is smarter, cleaner, and more sustainable, ensuring that
innovation and environmental responsibility go hand in hand *®.

Table 2. Environmental Metrics in LCA for Pharmaceuticals.

Indicators Unit Goal of Reduction References
Carbon Footprint Kg CO: eq. <50% baseline 50
E-factor Kg waste/ Kg API <20 51
Water Consumption L/Kg API <500 52
Energy Demand MJ/ Kg Product -40% minimum 53
Hazard Score Dimensionless <3 (green score-card 54
target)

6. Renewable Energy and Resource Optimization

Sustainability in the pharmaceutical sector isn’t just about cleaner chemical processes about
rethinking the entire infrastructure. Energy and resource consumption make up a huge
chunk of pharma’s environmental footprint, and optimizing these areas can lead to massive
gains in both efficiency and eco-friendliness >°. That’s why modern pharmaceutical plants are
turning to renewable energy, smart resource management, and innovative feedstock solutions
to make production cleaner, leaner, and greener. Traditional pharmaceutical plants rely heavily
on fossil fuels and outdated equipment, which are both energy-intensive and environmentally
damaging. But things are changing fast, °*°7. Solar-assisted distillation units are being
introduced to cut down on conventional fuel use, while heat recovery loops capture and reuse
waste heat, significantly lowering overall energy demand. Even LED-based photochemical
reactors are replacing older mercury-lamp systems, slashing power consumption and
improving reaction efficiency **°. These design innovations don’t just reduce costs as they
shrink the plant’s carbon footprint in a big way. Water plays a critical role in pharmaceutical
production, from synthesis to cleaning to formulation. Unfortunately, it’s also one of the most
wasted resources in conventional setups. To tackle this, modern facilities are adopting Zero-
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Liquid Discharge (ZLD) systems, which ensure that no wastewater leaves the plant. Instead,
every drop is treated and reused *-!. Membrane bioreactors add another layer of purification
efficiency, while rainwater harvesting systems supplement the supply and reduce
dependency on external sources. Together, these measures create a closed-loop water system
that conserves resources and minimizes environmental harm. A truly sustainable
pharmaceutical industry also needs to rethink where its raw materials come from 2. Instead of
relying solely on petrochemicals, companies are increasingly turning to biomass-derived
intermediates like levulinic acid and glycerol, which are renewable and biodegradable.
Carbon capture technologies are being integrated into production lines to generate CO:-based
chemical precursors, reducing greenhouse gas emissions at the source. Additionally,
fermentation-based routes for producing vitamins, antibiotics, and amino acids offer a
cleaner, bio-based alternative to traditional synthetic pathways ®-%*. By combining renewable
energy systems, efficient water management, and green feedstocks, pharmaceutical
companies can drastically cut their environmental impact while maintaining productivity and
quality. This shift is not just good for the planet but also becoming a strategic advantage in a
world that increasingly rewards sustainable innovation .

7. Regulatory and Industrial Framework

Sustainability in pharma isn’t just a feel-good slogan anymore as becoming a regulated
expectation and a competitive edge. Governments, global organizations, and the
pharmaceutical industry itself are setting strict frameworks to ensure that green manufacturing
isn’t optional, but standard . These frameworks help companies align their operations with
environmental goals, reduce compliance risks, and build a future-ready, responsible brand
image. Environmental regulations are tightening worldwide, pushing the pharma sector toward
cleaner, safer practices. In the U.S., the EPA’s Green Chemistry Program encourages
companies to adopt safer chemicals and more efficient processes through awards, grants, and
public recognition %76, Meanwhile, the EU REACH Regulation (Registration, Evaluation,
Authorization, and Restriction of Chemicals) enforces strict guidelines on chemical safety,
requiring industries to minimize environmental impact and ensure traceability of hazardous
substances. On a global scale, the United Nations Sustainable Development Goals (SDG 12)
emphasize responsible consumption and production, encouraging pharmaceutical companies
to cut waste, lower emissions, and make sustainability a core business strategy *7°. Beyond
regulatory pressure, many pharmaceutical giants are taking proactive steps to lead the green
transition. Pfizer’s Green Chemistry Metrics Toolkit provides standardized methods to
assess and improve process sustainability. GSK’s Solvent Selection Guide helps scientists
choose safer, more eco-friendly solvents during formulation and synthesis. Similarly,
AstraZeneca’s Sustainable Product Design Framework ensures that sustainability
principles are embedded right from the R&D stage to full-scale production. These initiatives
show that going green is not just about compliance about innovating smarter and staying
ahead of the curve 7172,

To build trust and transparency, companies are increasingly seeking third-party certifications
that validate their environmental practices. ISO 14001 certification sets global standards for
environmental management systems, helping organizations minimize their ecological
footprint. LEED certification focuses on sustainable building and plant design, promoting
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energy efficiency and resource conservation. Meanwhile, B Corp certification reflects a
company’s commitment to broader environmental and social impact goals 7>”74. Together, these
certifications serve as badges of credibility, signaling to regulators, investors, and consumers
that a company is serious about sustainability. By aligning regulatory compliance, industry
innovation, and certification standards, the pharmaceutical sector is creating a solid
foundation for green transformation. This isn’t just about avoiding fines or winning award
that it’s about building a resilient, future-proof industry that can thrive in a world where
environmental responsibility is no longer optional 7>7¢.

8. Case Studies in Green Pharmaceutical Manufacturing Industry

The best way to understand the impact of green pharmaceutical manufacturing is to look at
companies that are already walking the talk. Across the globe, major players like Pfizer, GSK,
Novartis, Roche, and AstraZeneca are proving that sustainability isn’t just a buzzword i.e. a
practical approach with profitable strategy 7’. These case studies highlight how targeted
green initiatives can dramatically cut waste, lower emissions, and improve operational
efficiency, all while maintaining product quality and regulatory compliance. Pfizer
revolutionized its production of sertraline (the active ingredient in Zoloft™) by switching to an
enzyme-catalyzed synthesis
route 737, This green process significantly reduced the use of hazardous reagents and
simplified downstream purification. As the result, an 80% reduction in waste generation and
a cleaner, more cost-effective production cycle. This also reduced solvent use Sildenafil/Viagra
by 75% cutting 1,000 Tons hazardous waste annually. This case is often cited as one of the
earliest large-scale examples of green chemistry in action within the pharmaceutical industry
80-81

GSK (GlaxoSmithKline) tackled the environmental impact of its ibuprofen manufacturing
process by replacing conventional toxic solvents with greener alternatives provides
sustainability metrics in Research & Development (R&D). Through careful solvent
selection and recovery strategies, the company achieved a 50% solvent recovery rate,
dramatically cutting down on emissions and disposal costs 32. This shift not only reduced the
carbon footprint of production but also improved worker safety and compliance with
environmental regulations. Novartis embraced continuous flow reactors hydrogenation to
replace batch reactors in one of its key synthesis steps of anti-hypertensive dugs. This
innovation allowed for more controlled reactions, better heat management, and reduced energy
demand. Most impressively, it resulted in a 70% reduction in CO: emissions, showcasing
how process intensification and green chemistry can go hand in hand *. Roche turned its
attention to the often-overlooked environmental burden of pharmaceutical packaging. By
adopting biodegradable packaging materials, the company achieved a 40% reduction in
plastic waste. This move not only lessened environmental pollution but also improved the
company’s sustainability credentials with regulators and consumers alike. AstraZeneca
installed an advanced energy recovery system in its pilot plants to capture and reuse waste
heat from various processes 3. This investment led to 25% total energy savings, significantly
cutting operational costs and carbon emissions. Merck & Codexis hereby won the Presidential
Green Chemistry Challenge Award for the manufacturing of Sitagliptin drugs as bio-
catalytically route by the U.S. Environmental Protection Agency, 2010. Hereby, Indian brands
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such as Cipla as for reduces emissions in solvent recovery systems and Dr. Reddy’s effluent
treatment plants possess
Zero-liquid discharge. As these industries adopts batch flow hybrids approaches for safe and
robust manufacturer ability for the green chemistry cover in processing mass intensity, atom
efficiency, effluent water and hazardous waste management *.

It’s a clear example of how energy efficiency measures can deliver both environmental and
financial benefits. These case studies prove that green pharmaceutical manufacturing is
more than just theory but it’s a working reality 36. By integrating enzyme catalysis, solvent
recovery, continuous processing, biodegradable packaging, and energy optimization, these
companies are not only shrinking their environmental footprint but also gaining a competitive
advantage in an industry increasingly shaped by sustainability standards *.

8. Applications of Green Chemistry to Adapt Sustainable Pharmaceutical Formulation

Sustainable pharmaceutical formulation involves creating drug products that are not only safe
and effective for patients but also environmentally friendly. This approach considers the entire
lifecycle of a drug, from the sourcing of raw materials to manufacturing, supplying, usage and
disposal. Sustainable practices aim to minimize waste, reduce energy consumption and limit
the use of hazardous substances while ensuring the quality and efficiency of pharmaceutical
products. There are various applications for adopting sustainable formulations as follows 38-87;

= Use of Eco-friendly Excipients: Excipients play an important role in pharmaceutical
formulations affecting drug stability, release and bioavailability. The excipients choice
can significantly impact the environmental footprint of the formulation. The
development of eco-friendly excipients derived from renewable resources is gaining traction.
For example, natural polymers such as chitosan, alginate and cellulose derivatives can replace
synthetic polymers in formulations offering biodegradable options that align with sustainable
goals.

= Green Solvents in Formulation Processes: Traditional organic solvents often pose
environmental and health risks. The shift towards using green solvents is an essential
strategy for sustainable pharmaceutical formulation development. Solvents such as ethanol,
isopropyl alcohol and even supercritical CO2 are being explored as alternatives to toxic
solvents (like chloroform or benzene). These green solvents not only reduce environmental
harm but also improve safety for pharmaceutical workers.

= Continuous Manufacturing Techniques: The traditional batch manufacturing processes
in pharmaceutical formulation can generate significant waste and require bulk quantities of
raw materials. These techniques will integrate the production processes into a seamless flow
that can enhance efficiency and reduce waste. By optimizing reaction conditions in real-time,
continuous processes can yield higher-quality products with less resource consumption,
supporting the principles of green chemistry.

= Optimization of Formulation Processes: Implementing Process Analytical Technology
(PAT) can significantly improve the efficiency and sustainability of pharmaceutical
formulation development. PAT involves the use of real-time monitoring and control of
manufacturing processes, allowing for the identification of inefficiencies and waste. This
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optimization can lead to reduced material use and lower energy consumption while ensuring
product quality.

= Recycling and Reuse of Materials: The incorporation recycling and reuse strategies into
pharmaceutical formulation development can further enhance sustainability. For instance,
solvents and other materials used in manufacturing can be recovered and purified for reuse,
minimizing waste and reducing the demand for new raw materials. Additionally, promoting
the take-back of unused medications can help to minimize the environment impact of
pharmaceuticals after their use.

9. Upcoming Challenges and Future Perspectives

While the promise of green pharmaceutical manufacturing is exciting, the road to full-scale
adoption isn’t exactly a smooth ride. Behind every eco-friendly success story lies a series of
practical, regulatory, and technological hurdles that the industry must address head-on. The
shift toward sustainability demands not just new tools and processes but also a complete
rethink of how pharma operates from R&D to packaging to post-consumer waste
management **!. One of the biggest roadblocks to implementing green technologies is the
high upfront investment. Transitioning from conventional batch processing to continuous,
green-compatible systems often requires new reactors, advanced monitoring equipment,
upgraded waste treatment units, and comprehensive validation studies. For smaller companies,
these costs can seem intimidating. However, the flip side is that these investments pay off in
the long run, through reduced energy consumption, lower waste management costs, improved
regulatory compliance, and a stronger market reputation °>°3. In fact, many early adopters have
already seen net savings over time, proving that going green isn’t just good for the planet as a
good for business. Another major challenge is the regulatory lag. Green technologies are
advancing at breakneck speed think bio-based solvents, continuous flow systems, and novel
excipients while regulatory frameworks are still catching up **. Agencies like the FDA and
EMA are beginning to adapt, but there’s still a gap between innovation and policy. Companies
often face uncertainty over how new processes will be evaluated, which can slow down
adoption. Faster regulatory adaptation, clearer guidelines, and global harmonization of green
manufacturing standards will be crucial to overcoming this barrier. The future of sustainable
pharma lies in deep tech integration and systemic redesign. Emerging trends point toward
the integration of AI and Interest of Things (IoT) technologies to monitor energy use,
emissions, and waste in real time, making sustainability data-driven and
transparent 9596,

Another promising direction is green-by-design APIs, where sustainability metrics are built
into the molecular design phase itself minimizing environmental impact before a single reactor
is even fired up. And ultimately, the vision is to build circular pharmaceutical ecosystems,
where what was once considered “waste” is repurposed as feedstock for new processes,
closing the loop entirely. In short, the challenges are real, but so are the opportunities *’%. By
embracing innovation, adapting regulatory frameworks, and thinking sustainably from the
ground up, the pharmaceutical industry can transform itself from a major environmental
contributor to a model of green innovation *°. Additionally, the upfront costs associated with
transitioning to sustainable practices can deter companies from making the necessary
investments. Thus, looking forward, collaboration between pharmaceutical formulative
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companies, academics and regulatory agencies will be crucial to overcoming these
challenges. Continued research into new sustainable materials and processes, coupled with
the development of supportive regulatory policies, will be essential for driven adoption of
sustainable practices in the pharmaceutical industry '®°. The next decade will be less about
asking “if” and more about “how fast” we can make that transition.

10. Conclusions

Green pharmaceutical manufacturing has moved from being a niche initiative to a strategic
imperative for the modern pharmaceutical industry. It is no longer sufficient to focus solely
on efficacy, safety, and profitability; environmental responsibility has become equally critical.
Companies that integrate green chemistry principles, adopt continuous and energy-efficient
processing, utilize renewable feedstocks, and implement circular economy practices are not
just complying with regulations that they are setting the benchmark for global sustainability
standards. The path forward envisions a pharmaceutical sector that can deliver life-saving
medicines while minimizing environmental impact. From enzyme-catalyzed synthesis and
solvent-free formulations to real-time monitoring using Al and IoT, the tools and technologies
for sustainable manufacturing are already available. While challenges such as high transition
costs, regulatory uncertainty, and technological adaptation remain, the combination of
scientific innovation, ethical responsibility, and forward-thinking policy makes a
sustainable pharmaceutical future achievable. Ultimately, the goal is clear with a world where
the industry’s mission to heal humanity does not come at the expense of the planet. By
embedding sustainability at every stage from drug design to production, packaging, and waste
management in the pharmaceutical sector can thrive responsibly, transforming itself into a
model of innovation that balances human health with environmental stewardship. The journey
may be complex, but the direction is unmistakable towards a truly green, resilient, and
sustainable pharmaceutical ecosystem.
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