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Abstract: Granulation is a critical process in the pharmaceutical industry, significantly influencing the manufacturing and
quality of solid dosage forms such as tablets and capsules. Traditional granulation methods, including wet and dry granulation,
have been widely employed for decades. However, modern pharmaceutical demands necessitate advanced granulation
technologies that offer enhanced process control, scalability, product uniformity, and compliance with regulatory expectations
such as Quality by Design (QbD) and Process Analytical Technology (PAT). This study explores the latest advancements in
granulation techniques used for solid dosage forms, emphasizing their principles, applications, advantages, and challenges.
Techniques such as high shear granulation, fluidized bed granulation, twin-screw granulation, melt granulation, spray drying,
and moisture-activated dry granulation (MADG) are discussed in depth. The integration of PAT and continuous manufacturing
systems into granulation processes is also evaluated to highlight how modern pharmaceutical manufacturing is evolving toward
automation, real-time monitoring, and continuous improvement. Comparative evaluations provide insights into process
efficiency, granule properties, scalability, and regulatory compliance. This thesis aims to provide a comprehensive understanding
of modern granulation techniques and their pivotal role in advancing pharmaceutical manufacturing practices, enhancing
product quality, and ensuring patient safety. The study concludes with an analysis of current challenges and the future scope of
research in pharmaceutical granulation.
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L. INTRODUCTION
Granulation is a fundamental step in the formulation and manufacturing of solid dosage forms in the pharmaceutical industry. It
involves the aggregation of fine powders into larger, free-flowing granules, enhancing compressibility, reducing dust generation, and
improving the uniformity of drug distribution. Historically, granulation has been performed using conventional wet and dry
granulation methods. However, with the advancement in pharmaceutical sciences and the increasing complexity of drug
formulations, there is a growing need for more sophisticated and controlled granulation techniques=.
Modern granulation technologies have emerged to overcome the limitations of traditional methods, offering enhanced control over
critical process parameters, better scalability, and compliance with regulatory expectations such as QbD (Quality by Design) and
PAT (Process Analytical Technology). These modern techniques include high shear granulation, fluidized bed granulation, spray
drying, and twin-screw granulation, melt granulation, moisture-activated dry granulation (MADG), and foam granulation. Each
technique brings unique advantages suited to specific formulation requirements and manufacturing settings>>.
Furthermore, the implementation of continuous manufacturing has revolutionized the granulation process, allowing for improved
efficiency, consistency, and real-time monitoring. These innovations not only improve the quality and stability of the final product
but also enable more sustainable and cost-effective production processes®?®.
This Review aims to provide a comprehensive overview of modern granulation techniques, their underlying principles, process
parameters, advantages, limitations, and applications in pharmaceutical solid dosage forms. Special emphasis will be placed on the
integration of PAT tools and continuous manufacturing, reflecting the current and future trends in pharmaceutical production®°.

A. Classification of Granulation Techniques

Granulation is an essential pharmaceutical process used to convert fine powders into granules to enhance their flow ability,
compressibility, and uniformity, thereby improving the efficiency of solid dosage form manufacturing. Granulation techniques can
be broadly classified into two major categories: dry granulation and wet granulation, each with sub-variants that are tailored to
specific drug and process needs. Additionally, emerging methods have evolved to meet modern formulation challenges™.
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1) Dry Granulation: Dry granulation is employed when moisture and heat-sensitive drugs are involved. It involves compaction of
powder blends into large aggregates which are then milled into granules'.

2) Wet Granulation: The most widely used granulation method, it involves addition of a liquid binder to powder blend, forming a

wet mass which is sieved and dried to obtain granules. The binder solution enhances inter-particle adhesion. Key parameters

include binder concentration, mixing time, and drying technique.

Conventional Wet Granulation: Uses high-shear or low-shear mixers and a drying phase.

Reverse Wet Granulation: The liquid is prepared first, and powders are added to it, improving uniformity.

Steam Granulation: Steam is used instead of conventional binder solution, leading to rapid granule formation and drying®.
Moisture-Activated Dry Granulation (MADG): MADG is a hybrid method where a small amount of water activates a binder,
but the product is not dried. It reduces energy usage and processing time, and is suitable for moderately moisture-sensitive
drugsl4.

4) Melt Granulation: This technique uses a melt able binder that liquefies upon heating, binding the powder particles. After
cooling, solidified granules are obtained without a drying phase. It's ideal for water-sensitive APIs and enables controlled
release profiles15.

5) Pneumatic Dry Granulation: A newer technique combining aspects of dry granulation with pneumatic conveying, aiding in
improved granule quality and process efficiency. It enhances mixing and offers continuous production capabilities®.

~00O0
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B. Modern Techniques of Granulations

Granulation is a vital step in pharmaceutical solid dosage form production, designed to improve powder flow ability,
compressibility, and content uniformity. Traditional granulation methods such as dry and wet granulation have certain limitations in
terms of scalability, process control, and efficiency. Therefore, modern granulation techniques have emerged to meet the increasing
demands of the pharmaceutical industry, enabling faster production, consistent quality, and realtime monitoring.

One widely adopted modern technique is High-Shear Granulation. In this process, powder blends are mixed at high speeds using an
impeller and chopper inside a closed container. The high mechanical energy helps in the rapid formation of uniform granules with
excellent flow and compression characteristics. It significantly reduces processing time and is ideal for formulations requiring
precise granule size'’.

Fluidized Bed Granulation is another modern method that integrates mixing, granulating, and drying in one unit. Powders are
fluidized using a stream of air, while binder solutions are sprayed onto the fluidized mass. This leads to uniform granules and
improved moisture control. It is particularly suited for heat-sensitive drugs, due to the gentle drying process.

Twin-Screw Granulation (TSG) is a continuous wet granulation process that employs two corotating screws to mix powders and
liquid binders. This technique offers excellent mixing efficiency, scalability, and reduced batch-to-batch variability. The continuous
nature of TSG also minimizes material handling and is ideal for real-time quality control.

Hot-Melt Extrusion (HME) involves melting a polymer matrix and incorporating the drug substance before extruding it into strands
and converting them into granules. HME is particularly beneficial for poorly soluble drugs, as it enhances dissolution and
bioavailability. It also eliminates the need for solvents, making it environmentally friendly.

Foam Granulation represents a novel adaptation of wet granulation. Instead of spraying liquid binder, a foamed binder is used,
which allows for better distribution of the binder, resulting in improved granule consistency. It also reduces the amount of binder
needed, leading to shorter drying times and reduced risk of over-wetting.

Spray Drying is another advanced technique that involves converting liquid feed into dry granules through atomization in a hot
drying chamber. It is well suited for thermally labile drugs and enables precise control over particle size and moisture content.
Supercritical Fluid Granulation employs supercritical fluids like carbon dioxide for granule formation. The process provides control
over particle morphology and size and can be used for solvent-free applications. This technique is still in developmental stages but
shows promise in pharmaceutical applications.

Microwave-Assisted Granulation uses microwave energy to selectively heat binder-containing regions within the powder mass. This
localized heating accelerates granule formation and drying, offering energy-efficient and faster processing.

Moisture-Activated Dry Granulation (MADG) uses a small amount of water to activate binders in the formulation. Unlike traditional
wet granulation, MADG does not require a drying step, making it suitable for moisture- and heat-sensitive compounds.

Reverse Wet Granulation is a variation where powders are added to a prepared binder solution, rather than vice versa. This method
provides better granule density and reduces over-wetting, improving final product quality'®2°.
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C. Process Analytical Technology (PAT) in Granulation?®

Process Analytical Technology (PAT) is a regulatory initiative by the FDA designed to ensure consistent quality in pharmaceutical
manufacturing through continuous monitoring and control. In the context of granulation, PAT tools allow real-time monitoring of
critical process parameters (CPPs) and critical quality attributes (CQAS) such as moisture content, particle size, and blend
uniformity.

PAT implementation begins with identifying the critical variables in granulation. During wet granulation, the amount of binder

added and the duration of granulation significantly affect granule size and compressibility. PAT tools like Near-Infrared

Spectroscopy (NIR) and Raman Spectroscopy are frequently used to monitor these attributes in real-time without destroying the

sample.

NIR spectroscopy is particularly useful for measuring moisture content during granulation. Realtime NIR monitoring during the

addition of binder helps to determine the endpoint of granulation, ensuring uniformity and avoiding over- or under-granulation. This

data can be fed into control systems to automatically adjust process parameters.

Raman spectroscopy provides detailed chemical information and is often used for blend uniformity assessment. When implemented

in granulation processes, Raman ensures that each granule contains the correct ratio of API and excipients, reducing batch failure.

Focused Beam Reflectance Measurement (FBRM) is another PAT tool that offers in-line particle size analysis. It is used to track

granule growth kinetics and endpoint detection, especially in highshear granulators and fluid bed systems.

Dielectric Spectroscopy is used for moisture measurement and detection of phase changes during granulation. It offers insights into

binder activation and drying efficiency.

D. Comparative Evaluation?®?’

Comparative evaluation of granulation techniques is essential for selecting the most appropriate method based on drug properties,

desired granule characteristics, and production scale. Traditional methods like wet and dry granulation are widely used, but modern

techniques offer improved control, efficiency, and applicability for complex formulations.

Wet granulation, involving the use of a liquid binder, is known for producing uniform, dense granules with good compressibility. It

is suitable for poorly flowing powders and ensures homogeneity in low-dose formulations. However, it requires drying steps,

increasing processing time and energy consumption.

Dry granulation, via roller compaction or slugging, eliminates the need for solvents and drying. It is ideal for moisture- and heat-

sensitive drugs but may result in weaker granules and more fines. It also has limitations in achieving uniform distribution of low-

dose actives.

Modern techniques like high-shear granulation offer rapid processing and uniform granule formation. The impeller and chopper

create intense shear, ensuring effective binder distribution. Fluidized bed granulation combines granulation and drying, reducing

process steps and improving efficiency.

Twin-screw granulation in continuous mode provides consistent granule quality with lower variation. It handles a wide range of

formulations and supports real-time monitoring. This makes it suitable for quality-critical applications.

Hot-melt granulation uses melt able binders, avoiding solvents and enhancing granule strength. However, it requires thermal

stability of APIs. Foam granulation, using foamed binders, achieves more uniform distribution and reduced binder usage.

Moisture-activated dry granulation (MADG) uses minimal water to activate binders without drying, saving time and energy. It suits

moisture-sensitive formulations while producing strong granules.

E. Applications of Modern Granulation®*

Modern granulation techniques have revolutionized pharmaceutical manufacturing by improving product quality, enhancing

efficiency, and supporting regulatory compliance. These advancements have extended the application of granulation beyond

conventional solid dosage forms to include complex drug delivery systems and specialized therapeutic formulations.

1) Improved Tablet Uniformity: One of the primary applications of modern granulation methods is to ensure uniformity in tablet
weight and content. Continuous granulation, twin-screw granulation, and high-shear granulation offer better blend homogeneity;,
leading to consistent dosage units.

2) Enhanced Flow ability and Compressibility: Granules produced by fluidized bed and foam granulation possess superior flow
properties, which are critical in high-speed tablet presses. This reduces weight variation and tablet rejection during
manufacturing.
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3) Controlled Release Formulations: Techniques like hot-melt extrusion and spray drying are widely used for developing
controlled and sustained release drug delivery systems. These processes allow for the inclusion of polymer matrices and
coatings that control the drug release rate.

4) Improved Bioavailability: Modern granulation, particularly nano-granulation and spray drying, enables the formation of
granules with a higher surface area, enhancing the solubility and bioavailability of poorly soluble drugs.

5) Continuous Manufacturing: Continuous granulation integrates seamlessly into continuous manufacturing lines. This reduces
batch-to-batch variability and downtime, ensuring consistent quality and streamlined operations.

F. Challenges & Future scope of study®"

1) Complex Equipment and High Initial Investment: Most modern granulation technologies require specialized equipment with
advanced control systems, which demand substantial capital investment. For small to medium-scale pharmaceutical industries,
this cost can be prohibitive.

2) Process Optimization and Scale-Up: Although continuous and automated granulation processes offer numerous benefits,
achieving optimal processing parameters—such as spray rate, air flow, temperature, binder viscosity, and residence time—
requires extensive process understanding and validation. Scaling up from lab to production scale without compromising product
quality remains a persistent challenge.

3) Regulatory Challenges: Regulatory bodies like the USFDA, EMA, and CDSCO demand stringent documentation, validation,
and justification for process changes. The implementation of newer granulation techniques often requires detailed risk
assessments and validation studies, leading to longer approval timelines.

4) Raw Material Variability: Modern granulation processes are often sensitive to the properties of raw materials such as particle
size distribution, moisture content, and compressibility. Variations in these parameters can lead to poor granule quality or batch
failures, making raw material standardization crucial.

5) Energy Consumption and Environmental Impact: Techniques like spray drying and fluid bed granulation are energy-intensive.
Managing their environmental impact while maintaining process efficiency poses a dual challenge, particularly in countries
with strict environmental regulations.

1. CONCLUSION
The advancement of modern granulation techniques marks a transformative phase in pharmaceutical solid dosage form
development. As traditional batch processes give way to more efficient, scalable, and environmentally sustainable methods, the
pharmaceutical industry stands at the cusp of an era defined by innovation and precision.
Despite the numerous advantages—such as improved process control, reduced variability, and higher throughput—modern
granulation is not without challenges. High capital investment, regulatory hurdles, material compatibility, and the demand for skilled
manpower represent significant barriers to widespread adoption. However, these challenges also provide fertile ground for
innovation.
Future research and development efforts will likely center on integrating granulation processes with automation, Al, and real-time
analytics to enable smart, continuous manufacturing. The use of green technologies, novel binder systems, and flexible modular
equipment will further drive efficiency and sustainability. Personalized medicine, micro-granulation, and Nano-formulations will
benefit significantly from advancements in granulation science.
In conclusion, while the journey toward universal adoption of modern granulation techniques is complex, the long-term benefits—in
terms of product quality, regulatory compliance, and patientcentric design—make it a crucial area of focus for pharmaceutical
scientists and engineers. By embracing these innovations and addressing associated challenges head-on, the industry can ensure the
production of safer, more effective, and economically viable drug products for future generations.
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