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ABSTRACT :

Sustainable manufacturing is now a global priority, driving the need for innovative strategies that reduce environmental impact while maintaining quality and
efficiency. Quality by Design (QbD), traditionally used in regulated industries, is emerging as a key tool in green manufacturing. This review explores how QbD
principles support eco-friendly raw materials, waste reduction, process optimization, and regulatory compliance to enable sustainable production. It highlights real-
world applications in industries like green chemistry, pharmaceuticals, and renewable energy. However, widespread adoption faces challenges, including high costs,
regulatory complexities, and the need for cross-disciplinary expertise. To overcome these barriers, technologies like artificial intelligence, digital process modeling,
and life cycle assessment are proposed as future solutions. This study offers valuable insights for researchers, industries, and policymakers working to integrate

QbD into sustainable manufacturing

Keywords: Quality by Design, Green Manufacturing, Process Optimization, Life Cycle Assessment, Waste Reduction, Digital Process Modelling

1. Introduction

Maintaining high quality while reducing environmental impact is a top priority in the chemical and pharmaceutical industries. By incorporating quality
into the process from the beginning rather than relying on final testing, Quality by Design (QbD) makes sure of this. According to the ICH Q8 guidelines,
QbD makes sure that product development starts with predetermined goals and places a strong emphasis on process control, risk management, and
scientific understanding.[2] QbD is now a fundamental component of contemporary manufacturing, having been first proposed by Dr. Joseph M. Juran
and subsequently embraced by authorities such as the FDA and ICH. In line with the ideas of green chemistry and environmental sustainability, QbD has
drawn attention recently for its function in sustainable manufacturing. In order to maintain high product quality and regulatory compliance, sustainable
manufacturing seeks to minimize waste, reduce energy consumption, and optimize resource utilization. Businesses can guarantee productivity, product
safety, and a lower environmental impact by combining QbD with sustainable manufacturing.'?

2. Relevance of QbD in green and sustainable manufacturing
QbD supports sustainable manufacturing by:
2.1 IMPROVING PROCESS EFFICIENCY

* Reducing raw material consumption through process analytical technology (PAT) and real-time monitoring.
* Reducing variances that result in waste and enhancing process robustness and control.

2.2 REDUCING THE IMPACT ON THE ENVIRONMENT

* Promoting environments Endorsing the 12 Principles of Green Chemistry, which include maximizing atom economy, minimizing the use of hazardous
chemicals, and employing safer solvents.
ally friendly analytical methods, like stability-indicating RP-HPLC techniques with green solvents.

2.3 MAINTAINING SUSTAINABILITY GOALS AND REGULATORY COMPLIANCE

* To improve pharmaceutical quality and lessen environmental impact, regulatory bodies (such as the FDA and EMA) promote the use of QbD.
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* Adherence to International Conference on Harmonization (ICH) and Good Manufacturing Practices (GMP) guidelines guarantees adherence to
environmentally friendly production techniques.

2.4 MINIMIZING RESOURCE CONSUMPTION AND MANUFACTURING WASTE

* Applying Six Sigma and Lean Manufacturing concepts to reduce deviations and batch failures.
« Using green engineering techniques to reduce energy demands, such as process intensification and solvent recovery.

Businesses can create high-quality products with increased productivity, lower costs, and less environmental impact by integrating QbD into
sustainable and green manufacturing frameworks.>

3. Overview of green and sustainable manufacturing principles

The goal of green and sustainable manufacturing is to reduce environmental damage while increasing productivity and social responsibility. Among the
core ideas of green manufacturing are:

3.1 EFFICACY OF RESOURCES:

cutting waste, optimizing energy use, and minimizing the use of raw materials through sophisticated process design.?

3.2 POLLUTION PREVENTION:

Using cleaner production methods, cutting emissions, and properly handling hazardous waste.*

3.3 LIFECYCLE APPROACH:

A cradle-to-cradle sustainability model that takes into account the environmental impact from the sourcing of raw materials to disposal.’
3.4 PROCESS OPTIMIZATION:

Reducing errors and improving quality through automation, real-time monitoring, and lean manufacturing concepts.®

4. Green synthetic pathways with quality by design (QbD)

Green synthetic routes that incorporate Quality by Design (QbD) increase sustainability, decrease waste, and improve the efficiency of pharmaceutical
and chemical manufacturing. The following are some innovative approaches that align with these principles:

4.1 DRUG SYNTHESIS ENZYMATIC CATALYSIS

* EXAMPLE: Utilizing transaminases to manufacture the diabetes medication sitagliptin.”
* REASONS IT IS EFFECTIVE AND GREEN:

Enzyme conditions are optimized for increased yield and selectivity.

Instead of using hazardous solvents, water-based systems are used.

Because of the high enzyme specificity, fewer purification steps are required.

4.2 GREEN SYNTHESIS FLOW CHEMISTRY

* As an illustration, consider the production of active pharmaceutical ingredients (APIs) through continuous flow hydrogenation.
* REASONS IT IS EFFECTIVE AND GREEN:

Offers precise control over mixing, pressure, and temperature.

Enhances safety while using less solvent.

4.3 SOLVENT-FREE OR BIO-BASED SOLVENT METHODS

* AN EXAMPLE: Ibuprofen is synthesized using Cyrene™, a bio-based alternative to a hazardous solvent.
* WHY IT IS EFFECTIVE AND GREEN:
Replaces dangerous solvents with biodegradable alternatives.
Utilizes Design of Experiments (DoE) to optimize processes. increases the reproducibility and stability of the process.®

4.4 MICROWAVE ASSISTED ORGANIC SYNTHESIS (MAOS):

« Using a microwave to synthesize a peptide is an example.’
* REASONS IT IS EFFECTIVE AND GREEN:
Accelerates processes to use less energy.
Yield and purity are enhanced by precise temperature control.

4.5 CO2 AS A SOLVENT OR GREEN REAGENT
« For instance, supercritical CO2 is used in polymer synthesis and drug processing.
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* REASONS IT IS EFFECTIVE AND GREEN:
Less post-reaction purification is required.
Uses a safer substitute for volatile organic compounds (VOCs).'

By employing these green synthetic routes, the pharmaceutical industry may be able to maintain high standards of quality while producing
safer, more sustainable medications. These advancements show that efficiency and environmental stewardship can coexist.

5. Emerging trends in QbD and sustainable manufacturing

In order to boost output, cut waste, and guarantee environmental sustainability, future advancements in green manufacturing and Quality by Design
(QbD) heavily emphasize the use of state-of-the-art technology, green chemical processes, and data-centric methodologies. Some of the primary trends
are as follows:

5.1 DIGITAL TRANSFORMATION AND INTELLIGENT MANUFACTURING

* Artificial intelligence (AI) and machine learning (ML): Al-based models improve process parameters for efficiency and sustainability.
* Process Analytical Technology (PAT): This technology uses spectroscopy, automation, and sensors to monitor in real time, ensuring quality and
reducing waste.

« Digital Twins: Virtual representations of manufacturing processes help with outcome prediction and sustainability maximization.'"!?

5.2 GREEN CHEMISTRY AND RENEWABLE RESOURCES

* Enzyme engineering and biocatalysis: employing enzymes to create greener, more productive, and less hazardous processes. '*
* Bio-based feedstocks: Substituting petroleum-based products with plant-based, biodegradable feedstocks.'*

5.3 CIRCULAR ECONOMY AND WASTE REDUCTION
« Implementing closed-loop technologies that enable the reuse of byproducts is known as "zero-waste manufacturing."'®
 Water-based and solvent-free procedures: These methods minimize the use of hazardous solvents.'®

5.4 GREEN NANOTECHNOLOGIES AND SUSTAINABLE MATERIALS

* Eco-friendly nanomaterials: creating high-effective, low-toxicity nanomaterials for applications in catalysis, medicine delivery, and electronics.!’
» Sustainable packaging: Use recyclable and biodegradable packaging materials to cut down on plastic waste.'®

5.5 GLOBAL AND REGULATORY SUSTAINABILITY GOALS

* Green certification and compliance: Conformity to ISO 14001 standards, the FDA QbD framework, and the Sustainable Development Goals (SDGs)
of the United States.

* Carbon neutral manufacturing: To meet net zero carbon emission targets, businesses use renewable energy sources. '

5.6 BIO-MANUFACTURING AND BIOTECHNOLOGY

« Synthetic biology: employing microorganisms that have been modified to sustainably produce chemicals and pharmaceuticals.?**!

* Microbial fermentation: The process of creating bio-based polymers and bioplastics by means of microorganisms.??

5.7 SUSTAINABILITY VIA ADDITIVE MANUFACTURING (3D PRINTING)

* Accurate material usage: Waste can be avoided by producing only the materials that are required in precise quantities.
* Biodegradable and recyclable printing materials: advancements in sustainable polymers and bio-based 3D printing.>**
Thanks to these new trends in QbD and green manufacturing, industries are evolving to produce high-quality goods with minimal negative

environmental effects and for long-term sustainability.?

6. Challenges

6.1 HIGH INITIAL INVESTMENT COST:

* The initial cost of implementing sustainable technology and QbD.
* The need for financial incentives and government support.
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6.2 STANDARDIZATION AND REGULATION OBSTACLES:

* The lack of international sustainability and QbD standards.
* Variations in local and industry regulations.

6.3 INTEGRATION AND MANAGEMENT OF DATA

* Challenges in handling massive datasets from PAT and IoT systems.
* Data harmonization and advanced cyber security are necessary.

6.4 WORKER TRAINING AND SKILL DEVELOPMENT

« It is necessary to have multidisciplinary knowledge of QbD and sustainability.
* Insufficient instruction on new technologies for production that is environmentally friendly.

7. Conclusion

By incorporating quality into processes from the outset, Quality by Design (QbD) is revolutionizing green manufacturing. This promotes eco-friendly

innovation, reduces waste, and increases efficiency. It supports industries' transition to low-carbon, circular practices and is inherently consistent with

sustainability goals.

The need for specialized skills, high upfront costs, and regulatory obstacles frequently prevent QbD from being used more widely, despite its benefits,

which include increased consistency and streamlined operations. However, QbD is becoming more widely available and efficient thanks to new

technologies like artificial intelligence (Al), digital twins, life cycle assessments, and advanced analytics.

With the support of common sustainability standards and improved cooperation between regulators, experts, and researchers, QbD should be implemented

in more industries to optimize its effects. QbD can spur innovation and encourage environmental responsibility if given the proper backing.
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