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PREFACE

Pharmaceutical Engineering is an essential component of pharmaceutical education, providing 
students with the scientific and engineering principles required to understand the processing, 
manufacturing, and handling of pharmaceutical products. The subject forms an important bridge 
between fundamental pharmaceutical sciences and their practical application in modern 
pharmaceutical manufacturing.

A Textbook of Pharmaceutical Engineering has been prepared specifically for B. Pharm. Third 
Semester students under the BP307T course, in accordance with the latest Pharmacy Council of 
India (PCI) syllabus 2026 and the National Education Policy (NEP) 2020. The book is designed to 
present pharmaceutical engineering concepts in a clear, systematic, and student-friendly manner while 
maintaining appropriate scientific depth.

The contents cover the major principles and unit operations involved in pharmaceutical processing, 
including size reduction, size separation, mixing, material handling, filtration, crystallization, 
centrifugation, heat transfer, evaporation, drying, distillation, and fluid flow. Emphasis is also 
placed on the construction, working principles, advantages, limitations, and pharmaceutical 
applications of important equipment and processes. The book further connects engineering concepts 
with practical pharmaceutical manufacturing and industrial applications.

To facilitate effective learning, the topics have been organized logically with appropriate 
explanations, examples, classifications, and important points for examination and revision. The 
authors have attempted to make complex engineering principles easier to understand without 
compromising their scientific significance.

We sincerely hope that this textbook will serve as a useful academic resource for B. Pharm. students, 
teachers, and pharmacy professionals, and will help learners develop a strong conceptual 
foundation in pharmaceutical engineering and its applications in the pharmaceutical industry.
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DETAILED SYLLABUS

BP307T – PHARMACEUTICAL ENGINEERING

Unit Topic

I
Unit Operations Associated with Solids – Principle, construction, working, 
advantages, disadvantages, and pharmaceutical applications of size reduction, 
size separation, and mixing equipment.

II
Unit Operations Associated with Liquids – Principle, construction, working, 
advantages, disadvantages, and pharmaceutical applications of filtration, 
crystallization, and centrifugation equipment.

III
Unit Operations Associated with Heat Transfer – Principle, construction, 
working, advantages, disadvantages, and pharmaceutical applications of 
evaporation, drying, distillation, and heat-transfer equipment.

IV

Materials and Material Handling – Introduction to material-handling 
equipment and techniques; conveyors, hoists, and Automated Guided Vehicles 
(AGVs); storage systems including bins and silos in warehouses; safety 
considerations in material handling and waste management; types of corrosion 
and their impact on pharmaceutical processes and the environment.

V
Flow of Fluids – Types and measurement of flow; manometers, Reynolds 
number and its significance, Bernoulli’s theorem and its applications, orifice 
meter, venturimeter, Pitot tube, and rotameter.
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UNIT I
Unit operations associated 

with solids
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Chapter 1: Introduction to Unit Operations Associated with Solids

1.1 Introduction and Definition of Unit Operations

Pharmaceutical manufacturing involves a series of physical and chemical processes that convert raw 
materials into safe, effective, stable, and high-quality pharmaceutical products. These processes are 
broadly classified into unit operations and unit processes. Unit operations are fundamental physical 
operations employed in pharmaceutical industries to transform materials from one physical state, size, 
or form into another without necessarily changing their chemical composition.

In pharmaceutical technology, unit operations associated with solids play an important role in the 
processing of powders, granules, crystals, and other solid materials. These operations are essential for 
preparing raw materials, improving their physical properties, ensuring uniform distribution of 
ingredients, and producing suitable dosage forms such as tablets, capsules, powders, and granules.

Solid materials are widely used in pharmaceutical formulations as active pharmaceutical ingredients 
(APIs), diluents, binders, disintegrants, lubricants, glidants, and other excipients. However, their 
physical characteristics, including particle size, shape, density, flowability, moisture content, and 
surface properties, significantly influence the quality of the final product. Therefore, appropriate unit 
operations are required to control and optimize these characteristics.

Definition: Unit operations associated with solids are the fundamental physical processes used in 
pharmaceutical manufacturing to modify, classify, combine, or process solid materials to obtain the 
desired physical and functional properties without altering their chemical identity.

The major unit operations associated with solids include:

1. Size reduction
2. Size separation
3. Mixing of solids

These operations are generally performed sequentially or in combination during pharmaceutical 
manufacturing. For example, particle size reduction may be followed by size separation to obtain 
particles of a desired size range, and the resulting materials may subsequently undergo mixing to 
achieve uniform distribution of ingredients.

The selection of appropriate equipment and operating conditions depends on the nature of the 
material, desired product characteristics, production capacity, and specific requirements of the 
pharmaceutical formulation.

1.2 Importance of Solid Processing in Pharmaceutical Industries

Solid processing is an essential part of pharmaceutical manufacturing because most pharmaceutical 
dosage forms are prepared using solid materials. The physical characteristics of powders and granules 
directly affect manufacturing operations, product quality, stability, and therapeutic performance.

The major importance of solid processing in pharmaceutical industries is discussed below.
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1.2.1 Improvement in Particle Size and Surface Area

Size reduction decreases the particle size of solid materials and increases their specific surface area. 
This may improve the dissolution rate of poorly soluble drugs and facilitate uniform distribution of 
ingredients during formulation development.

For example, micronization of certain poorly water-soluble drugs can improve their dissolution 
characteristics, provided that other formulation and processing factors are appropriately controlled.

1.2.2 Improvement in Mixing Uniformity

Mixing is required to achieve uniform distribution of active pharmaceutical ingredients and excipients 
throughout a formulation. Proper mixing helps maintain content uniformity, particularly in low-dose 
formulations where even minor variations in drug distribution may affect the quality of the final 
dosage form.

1.2.3 Control of Particle Size Distribution

Different pharmaceutical manufacturing processes require specific particle size ranges. Size 
separation helps classify powders into different fractions according to their particle dimensions.

A controlled particle size distribution improves powder handling, blending, granulation, compression, 
and capsule filling operations.

1.2.4 Improvement in Powder Flow Properties

Particle size, particle shape, surface characteristics, and size distribution influence the flow behaviour 
of powders. Appropriate size reduction and size separation can help achieve more consistent powder 
characteristics, thereby supporting uniform die filling during tablet compression and accurate filling 
during capsule manufacturing.

1.2.5 Enhancement of Manufacturing Efficiency

Proper solid processing facilitates smooth material handling and improves the efficiency of 
pharmaceutical manufacturing operations. It helps reduce processing difficulties such as poor flow, 
non-uniform blending, particle segregation, and inconsistent product formation.

1.2.6 Maintenance of Product Quality

Solid processing contributes to the quality of pharmaceutical products by controlling critical material 
attributes such as particle size distribution, blend uniformity, and powder characteristics. These 
attributes influence the consistency, stability, and performance of the finished dosage form.

1.2.7 Reduction of Material Wastage

Appropriate selection and operation of processing equipment can reduce material losses during 
manufacturing. Effective size separation, controlled milling, and uniform mixing help minimize 
rejected batches and improve the utilization of raw materials.
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1.2.8 Support for Different Pharmaceutical Dosage Forms

Solid processing operations are widely used in the preparation of different pharmaceutical dosage 
forms, including:

• Tablets
• Hard gelatin capsules
• Dry powder formulations
• Granules
• Oral powders
• Sachets
• Dry suspensions
• Pharmaceutical pellets

Thus, solid processing forms the foundation of several pharmaceutical manufacturing activities and 
contributes significantly to the production of consistent and high-quality medicines.

1.3 Classification of Unit Operations Associated with Solids

Unit operations associated with solids can be classified according to their primary purpose in 
pharmaceutical manufacturing. The three major categories are size reduction, size separation, and 
mixing of solids.

1.3.1 Size Reduction

Size reduction is the process of decreasing the particle size of solid materials by applying mechanical 
forces such as impact, compression, cutting, and attrition.

It is also known as comminution or milling.

The main objectives of size reduction are:

• To decrease the particle size of materials.
• To increase the specific surface area.
• To improve dissolution characteristics of suitable drugs.
• To facilitate mixing and blending.
• To obtain particles of suitable size for further processing.
• To improve the efficiency of certain extraction and formulation processes.

Examples of size reduction equipment:

1. Hammer mill
2. Ball mill
3. Fluid energy mill
4. Cutter mill
5. Roller mill
6. Edge runner mill
7. End runner mill



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 5

1.3.2 Size Separation

Size separation is the process of separating solid particles into different fractions based on their 
particle size using suitable mechanical or physical methods.

It is also known as screening, sieving, or classification, depending on the technique employed.

The main objectives of size separation are:

• To obtain particles of a desired size range.
• To remove oversized and undersized particles.
• To improve particle size uniformity.
• To classify powders for further processing.
• To maintain consistency in pharmaceutical formulations.
• To facilitate uniform mixing and processing.

Examples of size separation equipment:

1. Sieve shaker
2. Mechanical sieve shaker
3. Vibrating screen
4. Cyclone separator
5. Air separator

1.3.3 Mixing of Solids

Mixing of solids is the process of combining two or more solid materials to achieve a uniform 
distribution of individual components throughout the mixture.

In pharmaceutical manufacturing, mixing is particularly important for ensuring the uniform 
distribution of active pharmaceutical ingredients and excipients.

The main objectives of solid mixing are:

• To achieve uniform distribution of drug and excipients.
• To ensure content uniformity in pharmaceutical formulations.
• To improve the consistency of powder blends.
• To facilitate tablet compression and capsule filling.
• To minimize variations in the composition of the final product.
• To improve the efficiency of subsequent manufacturing operations.

Examples of solid mixing equipment:

1. Double cone blender
2. V-blender
3. Ribbon blender
4. Tumbling mixer
5. Planetary mixer
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6. Sigma blade mixer

Summary of Classification

Unit Operation Definition Major Objective Common Equipment

Size Reduction
Decreasing the 
particle size of solids

To obtain smaller 
particles and increase 
surface area

Hammer mill, Ball mill, 
Fluid energy mill

Size Separation
Separating particles 
according to size

To obtain a desired 
particle size range

Sieve shaker, Vibrating 
screen, Cyclone separator

Mixing of Solids
Combining two or 
more solid materials

To achieve uniform 
distribution of ingredients

Double cone blender, V-
blender, Ribbon blender

1.4 Factors Affecting Solid Processing

The efficiency of solid processing depends on several physical, chemical, mechanical, and operational 
factors. Understanding these factors is essential for selecting appropriate equipment and optimizing 
pharmaceutical manufacturing processes.

1.4.1 Particle Size

Particle size is one of the most important factors affecting solid processing. It influences surface area, 
dissolution rate, powder flowability, mixing behaviour, and separation efficiency.

Smaller particles generally possess a higher specific surface area than larger particles. However, 
excessively fine particles may exhibit poor flow properties, increased cohesiveness, and a greater 
tendency towards aggregation.

1.4.2 Particle Shape

The shape of particles affects their flowability, packing behaviour, mixing characteristics, and 
handling properties.

Particles may be spherical, irregular, elongated, needle-shaped, or plate-like. Spherical particles 
generally exhibit better flow characteristics than irregularly shaped particles, although actual flow 
behaviour also depends on particle size, surface roughness, and other material properties.

1.4.3 Moisture Content

Moisture content significantly influences the physical behaviour of pharmaceutical powders. Excess 
moisture may cause particle adhesion, aggregation, caking, and poor flowability. In some cases, 
moisture can also promote chemical degradation or microbial growth. On the other hand, excessively 
dry powders may generate dust and develop electrostatic charges during processing. Therefore, 
appropriate moisture control is necessary for efficient solid processing.

1.4.4 Density
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Density influences particle movement, segregation, packing, and mixing efficiency. Differences in the 
bulk density and true density of formulation components may cause segregation during transportation, 
handling, or blending. Materials with substantially different densities may require careful selection of 
mixing conditions to achieve uniform distribution.

1.4.5 Hardness and Brittleness

The mechanical strength of solid materials determines their response to applied forces during size 
reduction. Hard materials generally require greater mechanical energy for size reduction, whereas 
brittle materials may fracture easily under impact or compression. The hardness and brittleness of a 
material influence the selection of milling equipment and operating conditions.

1.4.6 Flow Properties

Powder flowability determines how easily solid materials move through processing equipment. Poor 
flowability may result in irregular feeding, inconsistent mixing, improper die filling, and variations in 
tablet weight. Factors influencing powder flow include particle size, particle shape, moisture content, 
surface roughness, and interparticle forces.

1.4.7 Electrostatic Properties

Some pharmaceutical powders develop electrostatic charges during handling, milling, and mixing. 
Electrostatic attraction may cause particles to adhere to equipment surfaces or one another, leading to 
poor flow, material loss, and difficulties in achieving uniform mixing. Appropriate grounding, 
environmental control, and equipment design may help minimize electrostatic problems.

1.4.8 Temperature

Temperature generated during mechanical processing may affect the physical and chemical stability 
of pharmaceutical materials. Heat-sensitive substances may undergo melting, degradation, or changes 
in physical properties during size reduction or mixing. Therefore, temperature monitoring and suitable 
cooling arrangements may be necessary during processing.

1.4.9 Processing Time

Processing time directly influences the extent of size reduction, separation, and mixing. Insufficient 
processing may result in incomplete size reduction or non-uniform mixing, whereas excessive 
processing may cause particle damage, overheating, agglomeration, or segregation. Thus, optimum 
processing time should be established for each material and equipment combination.

1.4.10 Equipment Design and Operating Conditions

The design and operating parameters of processing equipment significantly influence process 
efficiency.

Important parameters include:

• Rotational speed
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• Feed rate
• Screen opening size
• Mixing speed
• Equipment capacity
• Impeller design
• Residence time
• Material loading
• Equipment surface characteristics

Proper equipment selection and optimization of operating conditions are essential for achieving 
consistent processing performance.

1.4.11 Environmental Conditions

Environmental factors such as relative humidity, temperature, and dust levels can influence the 
behaviour of solid materials.

Humidity-sensitive powders may absorb moisture from the surrounding atmosphere, whereas 
hygroscopic materials require special storage and handling conditions.

Controlled environmental conditions help maintain material quality and improve processing 
reliability.

1.5 Pharmaceutical Applications of Solid Processing

Solid processing operations have extensive applications in pharmaceutical manufacturing, particularly 
in the production of solid dosage forms. Size reduction, size separation, and mixing are frequently 
integrated into manufacturing processes to achieve the desired physical and functional characteristics 
of pharmaceutical materials.

1.5.1 Tablet Manufacturing

Solid processing is essential in tablet manufacturing, where raw materials undergo various operations 
before compression.

• Size reduction is used to obtain suitable particle sizes of APIs and excipients.
• Size separation is performed to remove oversized and undersized particles.
• Mixing ensures uniform distribution of APIs, diluents, binders, disintegrants, and lubricants.

These operations contribute to consistent tablet weight, content uniformity, and manufacturing 
performance.

1.5.2 Capsule Manufacturing

In capsule manufacturing, powders and granules must possess suitable flow properties and uniform 
composition.
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Size reduction helps obtain the required particle characteristics, while size separation helps maintain a 
suitable particle size distribution. Mixing ensures uniform distribution of the drug throughout the 
formulation.

These operations are important for achieving consistent capsule filling and drug content.

1.5.3 Powder Formulations

Pharmaceutical powders are used as oral powders, topical powders, dusting powders, and sachet 
formulations.

Solid processing helps achieve the required particle size, uniformity, and flow characteristics.

Size separation is particularly important in the preparation of powders requiring specific particle size 
ranges.

1.5.4 Granule Preparation

Granulation involves the formation of larger particles or aggregates from smaller powder particles.

Solid processing operations are used before and after granulation to ensure appropriate material 
characteristics.

• Size reduction may be used for preparing starting materials.
• Mixing is essential for uniform distribution of ingredients before granulation.
• Size separation is used to classify granules according to particle size.

1.5.5 Preparation of Dry Suspensions

Dry powder formulations for reconstitution are widely used when the drug exhibits limited stability in 
aqueous solutions.

Size reduction and size separation help achieve suitable particle characteristics, while mixing ensures 
uniform distribution of the active ingredient and other excipients.

1.5.6 Preparation of Topical Formulations

Solid processing is also employed in the preparation of topical powders and semisolid formulations 
containing dispersed solid ingredients.

Particle size reduction may improve the uniformity and texture of dispersed materials, while size 
separation helps remove coarse particles.

1.5.7 Preparation of Inhalation Powders

Inhalation powders require carefully controlled particle size and distribution to support appropriate 
aerosolization and deposition within the respiratory tract.
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Micronization and classification techniques are used to obtain the required aerodynamic and physical 
properties of drug particles.

The performance of inhalation formulations depends not only on particle size but also on particle 
shape, density, surface properties, and formulation design.

1.5.8 Pharmaceutical Blending and Formulation Development

Mixing of solids is a fundamental operation during formulation development and industrial 
production.

It is used for blending APIs with excipients, preparing premixes, incorporating lubricants, and 
producing homogeneous powder mixtures.

Proper blending conditions are particularly important for low-dose formulations to minimize 
variations in drug distribution.

1.5.9 Preparation of Pharmaceutical Granules and Pellets

Solid processing operations are used in the preparation of granules and pellets for immediate-release, 
sustained-release, and controlled-release dosage forms.

Particle classification and uniform mixing help achieve reproducible processing and consistent 
formulation characteristics.

1.5.10 Quality Control and Process Optimization

Solid processing is closely associated with pharmaceutical quality control and process optimization.

The physical properties of powders and granules are evaluated using parameters such as:

• Particle size distribution
• Bulk density
• Tapped density
• Angle of repose
• Flow rate
• Moisture content
• Blend uniformity
• Granule size distribution

These evaluations help determine whether materials are suitable for further processing and whether 
the manufacturing process is producing materials with the desired characteristics.

                                                                     Unit operations associated with solids are fundamental 
physical processes used in pharmaceutical manufacturing to modify, classify, and combine solid 
materials. The three major operations include size reduction, size separation, and mixing of solids. 
Size reduction decreases particle size and increases surface area, size separation classifies particles 
according to their dimensions, and mixing ensures uniform distribution of formulation components. 
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The efficiency of these operations depends on several factors, including particle size, shape, density, 
moisture content, hardness, flow properties, temperature, processing time, and equipment design. 
These operations are extensively applied in the manufacturing of tablets, capsules, powders, granules, 
pellets, and inhalation formulations. Proper understanding and control of solid processing operations 
are essential for maintaining pharmaceutical product quality, consistency, and manufacturing 
efficiency.
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Chapter 2: Size Reduction

2.1 Introduction and Definition of Size Reduction

Size reduction is one of the most important unit operations in pharmaceutical manufacturing. It 
involves reducing large particles of solid materials into smaller particles by applying mechanical 
forces. The process is also known as comminution, grinding, pulverization, or milling, depending on 
the degree of size reduction and the equipment employed.

In pharmaceutical industries, size reduction is commonly performed on active pharmaceutical 
ingredients (APIs), excipients, crude drugs, and other solid materials to obtain particles of the desired 
size. The particle size of pharmaceutical materials significantly influences their physical, chemical, 
and pharmaceutical properties, including dissolution rate, bioavailability, flowability, mixing 
behaviour, content uniformity, and stability.

The process of size reduction is generally carried out by applying different mechanical forces such as 
cutting, compression, impact, and attrition. Depending on the nature of the material and the required 
particle size, suitable equipment is selected.

For example, a hammer mill is commonly used for size reduction by impact, whereas a ball mill 
utilizes impact and attrition mechanisms. Similarly, a cutter mill primarily works through cutting 
forces, and a roller mill reduces particle size mainly by compression.

Definition: Size reduction is the process of decreasing the average particle size of solid materials into 
smaller particles by applying mechanical forces such as cutting, compression, impact, and attrition.

The extent of size reduction depends on the properties of the material, the type of equipment, 
operating conditions, and the desired particle size distribution.

Terminology Associated with Size Reduction

1. Comminution: The process of reducing large solid particles into smaller particles.
2. Grinding: Reduction of particle size by mechanical forces, generally producing relatively fine 

particles.
3. Pulverization: Conversion of solid materials into fine powder.
4. Micronization: Reduction of particle size to the micrometre range.
5. Milling: Size reduction using mechanical equipment such as hammer mills, ball mills, and 

roller mills.
6. Particle Size: The dimension of an individual particle, usually expressed in micrometres (µm) 

or millimetres (mm).

2.2 Objectives and Importance of Size Reduction

Size reduction is performed in pharmaceutical manufacturing to achieve specific physical and 
functional properties of solid materials. The major objectives and importance of size reduction are 
described below.

2.2.1 To Increase Surface Area
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When the particle size of a solid material decreases, its total exposed surface area generally increases. 
This increased surface area may improve the rate of dissolution, chemical reactions, and extraction 
processes. For example, finely divided drug particles may dissolve faster than larger particles when 
other conditions remain constant.

2.2.2 To Improve Dissolution Rate

The dissolution rate of a drug is influenced by its available surface area. According to the Noyes–
Whitney equation, the dissolution rate is directly related to the surface area exposed to the dissolution 
medium. Size reduction is particularly useful for poorly water-soluble drugs where an increase in 
surface area may enhance dissolution. However, the actual improvement depends on factors such as 
wettability, particle aggregation, crystallinity, and formulation composition.

2.2.3 To Improve Bioavailability

For certain poorly soluble drugs, reducing particle size may increase the dissolution rate and 
consequently improve drug absorption and bioavailability. Micronization is commonly used to 
improve the dissolution characteristics of drugs such as griseofulvin and other poorly water-soluble 
compounds.

2.2.4 To Facilitate Uniform Mixing

Smaller particles can be distributed more uniformly throughout a powder mixture under suitable 
conditions. Size reduction helps prepare materials with particle dimensions appropriate for blending 
with other pharmaceutical ingredients. However, excessive differences in particle size may also 
promote segregation; therefore, particle size distribution must be properly controlled.

2.2.5 To Improve Extraction Efficiency

Size reduction increases the contact surface area between solid materials and extraction solvents. This 
facilitates the penetration of solvents into the material and improves the extraction of active 
constituents. It is particularly important in the processing of crude drugs and medicinal plants.

2.2.6 To Facilitate Tablet and Capsule Manufacturing

Appropriate particle size is necessary for efficient powder flow, mixing, granulation, tablet 
compression, and capsule filling.

Size reduction helps prepare materials suitable for further processing and may improve the 
consistency of manufacturing operations.

2.2.7 To Improve Content Uniformity

In pharmaceutical formulations containing low concentrations of active ingredients, suitable particle 
size reduction may facilitate more uniform distribution of the drug throughout the formulation. 
However, content uniformity also depends on particle density, shape, surface properties, mixing 
conditions, and the tendency of particles to segregate.
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2.2.8 To Improve Drying Efficiency

Size reduction may increase the surface area available for heat and mass transfer, thereby facilitating 
moisture removal during drying. The effect depends on the material properties and drying conditions.

2.2.9 To Facilitate Handling and Processing

Size reduction may convert large lumps and coarse materials into smaller particles that are easier to 
transport, mix, sieve, granulate, and process.

2.2.10 To Obtain Desired Particle Size

Different pharmaceutical formulations require different particle sizes. Size reduction helps achieve the 
desired particle size range for tablets, capsules, suspensions, topical preparations, and inhalation 
formulations.

2.2.11 To Improve Uniformity of Pharmaceutical Preparations

Appropriate particle size reduction contributes to better uniformity in pharmaceutical products by 
minimizing excessively large particles and facilitating controlled distribution of solid ingredients.

2.2.12 To Facilitate Preparation of Suspensions

In pharmaceutical suspensions, smaller and appropriately controlled particles may improve physical 
uniformity and reduce sedimentation-related problems. However, suspension stability also depends on 
viscosity, particle density, wetting properties, and the formulation system.

2.3 Principles of Size Reduction

Size reduction is achieved by applying mechanical forces to solid materials. When an external force is 
applied to a particle, internal stresses develop within the material. When these stresses exceed the 
strength of the material, the particle undergoes deformation, fracture, or fragmentation.

The selection of a particular mechanism depends on the physical properties of the material, including 
hardness, brittleness, toughness, elasticity, and moisture content.

The four major principles of size reduction are:

1. Cutting
2. Compression
3. Impact
4. Attrition

2.3.1 Cutting

Cutting involves reducing particle size by applying a sharp-edged force that separates the material 
into smaller pieces. In this mechanism, sharp blades or knives exert a shearing force on the material. 
The applied force produces localized stress, resulting in the separation of the material along a 
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particular plane. Cutting is particularly suitable for fibrous, soft, and tough materials that may not 
fracture easily under impact.

Examples:

• Cutter mill
• Knife mill
• Cutting machines

Pharmaceutical applications:

• Size reduction of fibrous crude drugs.
• Processing of leaves, roots, and plant materials.
• Preparation of herbal powders.
• Size reduction of tough and elastic materials.

2.3.2 Compression

Compression involves reducing the particle size by applying pressure between two solid surfaces. 
When a material is subjected to compressive forces, internal stress develops within the particle. If the 
applied pressure exceeds the mechanical strength of the material, the particle fractures into smaller 
pieces. Compression is particularly suitable for brittle and moderately hard materials.

Examples:

• Roller mill
• Edge runner mill
• Crushing rolls

Pharmaceutical applications:

• Crushing of crystalline materials.
• Size reduction of brittle pharmaceutical substances.
• Processing of coarse granules.
• Preparation of materials for subsequent milling operations.

2.3.3 Impact

Impact involves reducing particle size by the application of a sudden force or blow. In this 
mechanism, particles collide with rapidly moving components such as hammers, blades, or other 
particles. The impact force produces fracture when the applied energy exceeds the strength of the 
material. Impact is suitable for brittle materials that break easily under sudden mechanical force.

Examples:

• Hammer mill
• Ball mill
• Fluid energy mill
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Pharmaceutical applications:

• Grinding of crystalline drugs.
• Pulverization of brittle materials.
• Preparation of fine powders.
• Processing of pharmaceutical excipients.

2.3.4 Attrition

Attrition is the process of reducing particle size by frictional forces generated between particles or 
between particles and equipment surfaces. During attrition, particles rub against one another or 
against a solid surface, resulting in gradual removal of material from their surfaces and reduction in 
particle size. This mechanism is particularly useful for fine grinding and the production of smaller 
particles.

Examples:

• Ball mill
• Fluid energy mill
• Attrition mill

Pharmaceutical applications:

• Fine grinding of pharmaceutical powders.
• Preparation of micronized materials.
• Reduction of particle size of crystalline substances.
• Processing of materials requiring fine particle distribution.

Comparison of Principles of Size Reduction

Principle Mechanism Suitable Materials Common Equipment

Cutting Shearing by sharp blades
Fibrous and tough 
materials

Cutter mill

Compression Crushing by applied pressure
Brittle and hard 
materials

Roller mill

Impact Sudden force or collision Brittle materials Hammer mill

Attrition
Friction between particles or 
surfaces

Materials requiring fine 
grinding

Ball mill

Note: Many size reduction machines operate through a combination of two or more mechanisms 
rather than a single mechanism.

2.4 Factors Affecting Size Reduction

The efficiency of size reduction depends on several physical, chemical, and operational factors. These 
factors determine the selection of suitable equipment, energy requirements, particle size distribution, 
and overall processing performance.
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2.4.1 Hardness of Material

Hardness refers to the resistance of a material to scratching, indentation, or mechanical deformation. 
Hard materials require greater energy for size reduction than soft materials. Hardness influences the 
selection of milling equipment and the amount of mechanical energy required. Example: Hard 
crystalline substances generally require more energy for grinding than soft materials.

2.4.2 Toughness of Material

Toughness is the ability of a material to withstand mechanical stress without breaking. Tough and 
fibrous materials are difficult to reduce by impact alone and may require cutting or shearing 
mechanisms. Example: Fibrous plant materials are commonly processed using cutter mills.

2.4.3 Brittleness of Material

Brittle materials fracture easily when subjected to impact or compression. Therefore, they can 
generally be reduced more easily than tough or elastic materials. Example: Certain crystalline 
pharmaceutical substances are suitable for impact-based size reduction.

2.4.4 Stickiness of Material

Sticky materials tend to adhere to the surfaces of milling equipment and may cause clogging, 
accumulation, and reduced processing efficiency. Such materials may require special equipment, 
controlled temperature, or suitable preprocessing techniques. Example: Materials containing oils, 
resins, or excessive moisture may create difficulties during milling.

2.4.5 Moisture Content

Moisture content plays an important role in size reduction.

• Excess moisture may make materials sticky and promote agglomeration.
• Wet materials may adhere to equipment surfaces.
• Very dry materials may generate dust and electrostatic charges.
• Some materials become brittle under controlled drying conditions.

Therefore, optimum moisture content should be maintained before processing.

2.4.6 Temperature Sensitivity

Some pharmaceutical substances are sensitive to heat generated during milling. Excessive temperature 
may cause melting, degradation, decomposition, or changes in physical properties. For heat-sensitive 
materials, suitable cooling arrangements or low-temperature milling techniques may be required.

2.4.7 Feed Size

Feed size refers to the initial size of the material supplied to the milling equipment. Large particles 
generally require greater energy and may need preliminary crushing before fine grinding. The feed 
size should be compatible with the capacity and design of the selected equipment.



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 18

2.4.8 Feed Rate

Feed rate is the quantity of material introduced into the milling equipment per unit time. An 
excessively high feed rate may reduce the efficiency of size reduction and cause overloading, whereas 
an excessively low feed rate may decrease production efficiency. Therefore, an optimum feed rate 
should be maintained.

2.4.9 Speed of Equipment

The speed of rotating components influences the intensity of mechanical forces applied to the 
material. Increasing the speed may increase the frequency and intensity of particle collisions. 
However, excessive speed may generate heat, increase energy consumption, and produce unwanted 
fine particles.

2.4.10 Nature of Material

The physical properties of the material, such as elasticity, crystalline structure, porosity, and internal 
structure, influence its response to mechanical forces. Different materials may require different 
mechanisms of size reduction.

2.4.11 Desired Particle Size

The required final particle size determines the type of equipment and operating conditions. Coarse 
grinding may be achieved using crushing or cutting equipment, whereas fine grinding and 
micronization require specialized equipment.

2.4.12 Milling Time

Milling time refers to the duration for which the material is subjected to mechanical forces. 
Insufficient milling may result in incomplete size reduction, whereas excessive milling may produce 
unwanted fines, increase heat generation, and cause particle aggregation.

2.4.13 Equipment Design

The construction and design of milling equipment influence its performance. Important design 
parameters include:

• Type and arrangement of grinding elements.
• Screen size and opening.
• Rotor speed.
• Grinding chamber design.
• Feed opening.
• Discharge arrangement.
• Cooling system.
• Material of construction.

2.4.14 Energy Input
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Size reduction requires mechanical energy to overcome the cohesive forces within solid materials. 
The energy requirement depends on the initial particle size, final particle size, material hardness, and 
equipment efficiency. Higher energy consumption may be necessary when producing very fine 
particles.

2.4.15 Environmental Conditions

Temperature and relative humidity of the surrounding environment may affect the physical properties 
of pharmaceutical materials. Hygroscopic materials may absorb moisture, whereas certain powders 
may generate electrostatic charges under low-humidity conditions. Suitable environmental control is 
therefore important during size reduction.

Summary: Factors Affecting Size Reduction

Factor Effect on Size Reduction
Hardness Hard materials require greater energy.
Toughness Tough materials resist fracture.
Brittleness Brittle materials fracture easily.
Stickiness Causes adhesion and equipment blockage.
Moisture content Influences flow, adhesion, and fracture behaviour.
Temperature sensitivity Determines the need for cooling arrangements.
Feed size Influences energy requirement and equipment selection.
Feed rate Affects milling efficiency and production capacity.
Equipment speed Influences grinding intensity and heat generation.
Milling time Determines the extent of size reduction.

2.5 Classification of Size Reduction Equipment

Size reduction equipment can be classified according to the mechanism of size reduction, nature of 
the material, and degree of fineness required.

2.5.1 Classification Based on Mechanism of Size Reduction

Mechanism Equipment
Cutting Cutter mill
Compression Roller mill, Edge runner mill
Impact Hammer mill, Ball mill
Attrition Ball mill, Fluid energy mill

2.5.2 Classification Based on Degree of Size Reduction

Size reduction equipment may also be classified according to the approximate size of the particles 
produced.

A. Coarse Size Reduction

Coarse size reduction involves breaking large solid materials into relatively smaller pieces.
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Examples:

• Crusher
• Roller mill
• Edge runner mill

B. Intermediate Size Reduction

Intermediate size reduction produces smaller particles from coarse materials.

Examples:

• Hammer mill
• Cutter mill
• End runner mill

C. Fine Size Reduction

Fine size reduction involves producing small particles suitable for pharmaceutical formulation and 
further processing.

Examples:

• Ball mill
• Fluid energy mill
• Fine grinding mills

D. Ultrafine Size Reduction

Ultrafine size reduction involves reducing particles to very small dimensions, often in the micrometre 
or submicrometre range, depending on the technology.

Examples:

• Fluid energy mill
• Specialized micronization equipment

2.5.3 Classification Based on Material Properties

Type of Material Suitable Equipment
Fibrous materials Cutter mill
Brittle crystalline materials Hammer mill, Ball mill
Hard materials Ball mill, Roller mill
Heat-sensitive materials Fluid energy mill with suitable operating conditions
Sticky materials Specially designed mills with suitable temperature control
Soft materials Cutter mill, Roller mill
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Important: The selection of size reduction equipment should be based on the combined consideration 
of material characteristics, desired particle size, production capacity, heat sensitivity, and 
contamination risk.

2.6 Size Reduction Equipment

Size reduction equipment is used in pharmaceutical industries to reduce the particle size of raw 
materials and obtain powders with desired physical characteristics. Different types of equipment are 
employed depending on the mechanism of size reduction and the properties of the material.

The major equipment used in pharmaceutical size reduction includes:

1. Hammer mill
2. Ball mill
3. Fluid energy mill (Jet mill)
4. Cutter mill
5. Roller mill
6. Edge runner mill
7. End runner mill

Each equipment is discussed under the following headings:

• Principle
• Construction
• Working
• Advantages
• Disadvantages
• Pharmaceutical applications

2.6.1 Hammer Mill
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A. Principle

A hammer mill works mainly on the principle of impact. The material is reduced in size by the 
repeated impact of rapidly rotating hammers against the feed material and the internal surfaces of the 
milling chamber.

The particles are reduced to the required size and discharged through a perforated screen.

B. Construction

A hammer mill consists of the following major components:

1. Feed Hopper: It is the inlet through which the material is introduced into the milling chamber. It 
helps in controlled feeding of the material.

2. Grinding Chamber: It is the main enclosed chamber in which size reduction takes place. It houses 
the rotating hammers and screen.

3. Rotor: A rotor is a rotating shaft mounted centrally inside the grinding chamber. It carries the 
hammers and rotates at high speed.

4. Hammers: These are metallic components attached to the rotor. They may be fixed or freely 
suspended and are responsible for producing impact forces.

5. Screen: A perforated screen is fitted around the lower or peripheral portion of the grinding 
chamber. It controls the size of particles leaving the chamber.

6. Motor: An electric motor provides the mechanical energy required to rotate the rotor.



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 23

7. Discharge Outlet: It allows the processed material to leave the milling chamber.

8. Casing: The outer body encloses the internal components and provides mechanical protection.

C. Working

1. The material to be reduced is introduced through the feed hopper.
2. The material enters the grinding chamber.
3. The motor rotates the rotor at a predetermined speed.
4. The hammers move rapidly and strike the particles.
5. The particles undergo repeated impact and are broken into smaller pieces.
6. The material may also undergo secondary size reduction due to collision with the chamber 

walls and other particles.
7. The reduced particles pass through the screen openings when they attain a suitable size.
8. The final product is collected through the discharge outlet.

The particle size of the final product can be influenced by the screen opening, rotor speed, feed rate, 
and material characteristics.

D. Advantages

1. Simple construction and operation.
2. High production capacity.
3. Suitable for continuous operation.
4. Can process a wide variety of brittle materials.
5. Easy replacement of screens and hammers.
6. Particle size can be controlled by selecting suitable screen openings.
7. Relatively easy to clean and maintain.
8. Suitable for pharmaceutical and food-processing applications.

E. Disadvantages

1. Generates considerable heat during operation.
2. Not suitable for highly sticky or plastic materials.
3. May produce excessive fines.
4. High-speed operation may generate noise and vibration.
5. Wear of hammers and screens may cause product contamination.
6. Not ideal for heat-sensitive materials without suitable cooling arrangements.
7. May cause dust generation during processing.

F. Pharmaceutical Applications

1. Size reduction of brittle crystalline pharmaceutical substances.
2. Grinding of pharmaceutical excipients.
3. Pulverization of crude drugs.
4. Preparation of powders for tablet and capsule manufacturing.
5. Size reduction of dry granules.
6. Processing of herbal and botanical materials.
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7. Preparation of intermediate powders for further pharmaceutical processing.

Example: Hammer mills may be used for reducing the particle size of brittle pharmaceutical materials 
before sieving and blending.

2.6.2 Ball Mill

A. Principle

A ball mill works mainly on the principles of impact and attrition.

It consists of a hollow cylindrical vessel containing grinding media such as steel, ceramic, or 
porcelain balls. When the cylinder rotates, the balls move and collide with the material, producing 
impact and frictional forces that reduce particle size.

B. Construction

The major components of a ball mill are described below.

1. Cylindrical Shell: It is a hollow cylindrical vessel that holds the material and grinding media. It is 
generally constructed from metal or other suitable materials.

2. Grinding Media: These are balls made of steel, ceramic, porcelain, or other suitable materials. They 
are responsible for size reduction.

3. Rotating Mechanism: The cylindrical shell is mounted on supporting rollers or bearings and 
connected to a motor-driven mechanism.

4. Motor: It supplies the energy required for the rotation of the cylindrical shell.
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5. Feed Opening: It is used to introduce the material and grinding media into the mill.

6. Discharge Opening: It allows the ground material to be removed after processing.

7. Internal Lining: The inner surface may be lined with suitable material to protect the shell and 
minimize contamination.

C. Working

1. The material to be ground is introduced into the cylindrical shell along with the grinding 
media.

2. The cylinder is rotated by means of a motor.
3. During rotation, the grinding balls are lifted along the inner wall of the cylinder.
4. The balls fall or roll over one another depending on the operating speed.
5. The falling balls produce impact forces, whereas rolling and sliding movements produce 

attrition.
6. Repeated impact and attrition reduce the particle size of the material.
7. The grinding process continues until the desired particle size is achieved.
8. The processed material is collected through the discharge arrangement.

The grinding efficiency depends on rotational speed, ball size, ball loading, milling time, and material 
characteristics.

D. Advantages

1. Simple construction.
2. Suitable for both dry and wet grinding.
3. Produces fine particles.
4. Can be used for continuous or batch processing, depending on design.
5. Suitable for grinding hard and brittle materials.
6. Provides effective size reduction through combined impact and attrition.
7. Can be used for mixing and grinding simultaneously in certain applications.
8. Suitable for processing different types of materials by selecting appropriate grinding media.

E. Disadvantages

1. Requires relatively long processing time.
2. High energy consumption may occur during prolonged grinding.
3. Heat may be generated during operation.
4. Wear of grinding media and internal lining may cause contamination.
5. Not suitable for certain sticky or heat-sensitive materials without modification.
6. Cleaning may be difficult in some designs.
7. The process may produce a broad particle size distribution.
8. Equipment may occupy considerable space depending on capacity.

F. Pharmaceutical Applications

1. Fine grinding of pharmaceutical powders.
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2. Micronization of suitable crystalline materials.
3. Grinding of pharmaceutical excipients.
4. Preparation of fine suspensions.
5. Processing of medicinal plant materials.
6. Wet grinding of poorly soluble drugs for formulation development.
7. Preparation of materials for further size separation and mixing.

Example: Ball milling can be employed in the preparation of fine drug suspensions and in the particle 
size reduction of selected pharmaceutical compounds.

2.6.3 Fluid Energy Mill (Jet Mill)

A. Principle

A fluid energy mill works on the principle of impact and attrition produced by high-velocity streams 
of compressed air, nitrogen, or another suitable gas.

The material particles collide with one another at high velocity, resulting in particle fracture and 
reduction in size.

In this equipment, particle size reduction occurs mainly due to interparticle collisions rather than 
direct contact with mechanical grinding elements.

B. Construction

The major components of a fluid energy mill include:

1. Grinding Chamber: It is the main chamber in which particle size reduction occurs. It is generally 
designed to promote high-velocity particle movement.
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2. Feed Hopper: It is used to introduce the material into the grinding chamber.

3. Feed Injector: It introduces the material into the high-velocity gas stream.

4. Nozzles: These are specially designed openings through which compressed gas enters the grinding 
chamber at high velocity.

5. Compressed Gas Supply: It provides the energy required for particle movement and collision.

6. Classifier: It separates particles according to their size and allows suitable fine particles to move 
towards the collection system.

7. Product Collection System: It collects the micronized particles after separation.

8. Exhaust or Gas Outlet: It provides an outlet for the gas after the separation process.

C. Working

1. The material is introduced through the feed hopper.
2. The material enters the grinding chamber through a suitable feed injector.
3. Compressed gas is introduced through the nozzles at high velocity.
4. The gas stream accelerates the particles and causes them to collide with one another.
5. Repeated particle-to-particle collisions produce impact and attrition.
6. The particles undergo size reduction and move within the grinding chamber.
7. Fine particles are carried towards the classifier.
8. Particles of suitable size pass through the classification zone and enter the collection system.
9. Coarser particles remain in the grinding chamber for further size reduction.

The final particle size depends on gas pressure, feed rate, classifier conditions, and the physical 
properties of the material.

D. Advantages

1. Suitable for producing very fine particles.
2. Useful for micronization of pharmaceutical substances.
3. No conventional mechanical grinding media are required.
4. Reduced risk of contamination from grinding media.
5. Suitable for certain heat-sensitive materials because the expanding gas can provide cooling 

effects.
6. Can produce relatively narrow particle size distributions under optimized conditions.
7. Suitable for pharmaceutical materials requiring fine particle sizes.
8. Can be used for sterile or specialized processing with suitable equipment design and controls.

E. Disadvantages

1. High energy consumption.
2. Requires compressed gas supply.
3. Equipment is relatively expensive.
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4. Operation and maintenance require specialized knowledge.
5. Not suitable for all types of materials.
6. Fine particles may undergo aggregation.
7. Dust control and containment are necessary.
8. Performance may be affected by moisture and material feeding characteristics.

F. Pharmaceutical Applications

1. Micronization of poorly water-soluble drugs.
2. Preparation of fine pharmaceutical powders.
3. Processing of inhalation-grade drug particles.
4. Particle size reduction of heat-sensitive substances.
5. Preparation of materials for dry powder inhaler formulations.
6. Processing of pharmaceutical ingredients requiring controlled particle size distribution.
7. Production of fine powders for advanced drug delivery systems.

Example: Jet milling is used for micronization of selected active pharmaceutical ingredients intended 
for inhalation and other formulations where fine particle size is required.

2.6.4 Cutter Mill

A. Principle

A cutter mill works on the principle of cutting and shearing.

The material is reduced in size by the action of sharp rotating blades against stationary blades or 
cutting surfaces. The particles are separated into smaller pieces through shearing forces.
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It is particularly suitable for tough, fibrous, and elastic materials that are difficult to reduce by impact 
alone.

B. Construction

A cutter mill consists of the following components:

1. Feed Hopper: It is used to introduce the material into the cutting chamber.

2. Cutting Chamber: It is the enclosed space in which size reduction takes place.

3. Rotating Blades: These are sharp metallic blades attached to a rotating shaft. They produce cutting 
and shearing forces.

4. Stationary Blades: These are fixed blades positioned inside the chamber. They work in combination 
with rotating blades to cut the material.

5. Rotor: It supports the rotating blades and is connected to the motor.

6. Screen: A perforated screen is used to control the size of the discharged particles.

7. Motor: It provides the mechanical energy required to rotate the blades.

8. Discharge Outlet: It allows the reduced material to leave the cutting chamber.

C. Working

1. The material is introduced through the feed hopper.
2. It enters the cutting chamber containing rotating and stationary blades.
3. The motor drives the rotor and rotates the cutting blades.
4. The rotating blades cut the material against the stationary blades.
5. Repeated cutting and shearing reduce the material into smaller pieces.
6. The processed particles move towards the screen.
7. Particles of suitable size pass through the screen openings.
8. The final product is collected through the discharge outlet.

D. Advantages

1. Particularly suitable for fibrous materials.
2. Effective for tough and elastic substances.
3. Produces relatively uniform particles under suitable conditions.
4. Simple construction and operation.
5. Easy to clean and maintain in suitable designs.
6. Particle size can be controlled by selecting appropriate screens.
7. Requires comparatively less force for materials suitable for cutting.
8. Useful for processing crude drugs and botanical materials.

E. Disadvantages
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1. Not suitable for extremely hard materials.
2. Cutting blades may become blunt with prolonged use.
3. Blade replacement and maintenance are required.
4. May generate heat during continuous operation.
5. Excessive moisture may cause sticking and blockage.
6. Wear of blades may introduce contamination.
7. Not generally suitable for producing ultrafine particles.

F. Pharmaceutical Applications

1. Size reduction of crude drugs.
2. Cutting of medicinal plant leaves and roots.
3. Processing of fibrous pharmaceutical materials.
4. Preparation of herbal powders.
5. Size reduction of tough and elastic materials.
6. Processing of cellulose-based materials.
7. Preliminary size reduction before fine grinding.

2.6.5 Roller Mill

A. Principle

A roller mill works on the principle of compression and, in some designs, shear.

The material is passed between two rotating rollers that move towards each other. The pressure 
exerted by the rollers causes the material to fracture into smaller particles.
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The distance between the rollers determines the approximate size of the resulting particles.

B. Construction

A roller mill consists of the following major components:

1. Feed Hopper: It is used to supply the material to the rollers.

2. Rollers: Two cylindrical rollers are mounted parallel to each other. They rotate in opposite 
directions and exert compressive forces on the material.

3. Adjustable Roller Gap: The distance between the rollers can be adjusted to control the degree of 
size reduction.

4. Drive Mechanism: It consists of gears, belts, or other mechanical arrangements that transmit power 
to the rollers.

5. Motor: It provides the power required for roller rotation.

6. Frame: It supports the rollers and other components of the equipment.

7. Discharge Chute: It collects and directs the processed material after size reduction.

C. Working

1. The solid material is introduced through the feed hopper.
2. The material moves towards the gap between the two rollers.
3. Both rollers rotate in opposite directions.
4. The material is drawn into the space between the rollers.
5. Compressive forces are applied to the material.
6. The particles undergo fracture and are reduced in size.
7. The processed material passes through the gap and is collected through the discharge chute.
8. The roller gap and speed can be adjusted according to the desired particle size and material 

characteristics.

D. Advantages

1. Simple construction and operation.
2. Suitable for continuous processing.
3. Provides controlled size reduction.
4. Produces relatively uniform particles under optimized conditions.
5. Suitable for brittle and crystalline materials.
6. Roller gap can be adjusted according to processing requirements.
7. Comparatively low dust generation in enclosed systems.
8. Suitable for large-scale processing.

E. Disadvantages
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1. Not suitable for highly fibrous and elastic materials.
2. Roller surfaces may undergo wear.
3. Maintenance is required to maintain proper roller alignment.
4. May produce heat during prolonged operation.
5. Fine particle production may require multiple passes.
6. Uneven feeding may affect product uniformity.
7. Excessive moisture may cause material sticking.

F. Pharmaceutical Applications

1. Size reduction of brittle pharmaceutical materials.
2. Crushing of crystalline substances.
3. Processing of coarse pharmaceutical granules.
4. Preparation of powders for further milling.
5. Size reduction of selected excipients.
6. Processing of materials requiring controlled particle dimensions.

2.6.6 Edge Runner Mill

A. Principle

An edge runner mill works mainly on the principles of compression and attrition.

The material is placed in a circular pan and subjected to the pressure and rubbing action of heavy 
rollers or wheels rotating over its surface.

The combined crushing and rubbing actions reduce the material into smaller particles.
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B. Construction

An edge runner mill consists of the following components:

1. Circular Pan: It is a strong circular vessel in which the material is placed for size reduction.

2. Heavy Rollers or Wheels: Two large and heavy rollers are mounted vertically or in a suitable 
arrangement over the pan. They exert pressure on the material.

3. Central Shaft: It supports the rotating mechanism and transmits motion to the rollers.

4. Scraper: A scraper may be provided to move the material from the sides of the pan towards the 
grinding region.

5. Motor: It provides the mechanical energy required to operate the equipment.

6. Supporting Frame: It holds the pan, rollers, shaft, and other components in position.

7. Discharge Arrangement: It allows the processed material to be removed from the pan.

C. Working

1. The material to be reduced is placed in the circular pan.
2. The motor activates the rotating mechanism.
3. The heavy rollers move over the material within the pan.
4. The weight of the rollers exerts compressive force on the material.
5. The rolling action produces additional frictional and attrition forces.
6. The particles undergo repeated crushing and rubbing.
7. The material is continuously moved beneath the rollers.
8. Size reduction continues until the desired degree of fineness is obtained.
9. The processed material is removed from the pan.

D. Advantages

1. Simple construction.
2. Suitable for grinding hard and tough materials.
3. Can handle relatively large quantities of material.
4. Produces size reduction through combined compression and attrition.
5. Suitable for wet and dry processing in appropriate designs.
6. Can be used for grinding and mixing simultaneously in certain applications.
7. Requires comparatively simple operating procedures.

E. Disadvantages

1. Occupies considerable floor space.
2. Processing may be relatively slow.
3. Cleaning may be difficult due to the heavy rollers and pan.
4. Not suitable for producing very fine particles efficiently.
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5. May generate heat during prolonged operation.
6. Wear of rollers and pan may cause contamination.
7. Requires regular maintenance.

F. Pharmaceutical Applications

1. Grinding of crude drugs.
2. Processing of hard pharmaceutical materials.
3. Size reduction of coarse powders.
4. Grinding of certain mineral and inorganic pharmaceutical materials.
5. Preparation of materials for subsequent mixing and formulation.
6. Processing of materials requiring combined crushing and rubbing action.

2.6.7 End Runner Mill

A. Principle

An end runner mill works mainly on the principles of compression and attrition.

The material is reduced in size by the combined action of a heavy pestle or runner rotating inside a 
mortar or grinding vessel.

The pressure exerted by the pestle and the frictional movement between the pestle and the material 
produce particle size reduction.

B. Construction

An end runner mill consists of the following components:

1. Mortar or Grinding Pan: It is a strong circular vessel in which the material is placed.

2. Pestle or Runner: It is a heavy grinding component positioned inside the mortar. It applies pressure 
and rubbing action to the material.
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3. Vertical Shaft: It supports the pestle and transmits rotational movement from the motor.

4. Motor: It provides the mechanical energy required for the rotation of the pestle.

5. Supporting Frame: It holds the mortar, shaft, and motor assembly.

6. Scraper: A scraper may be provided to move material towards the grinding region.

7. Discharge Arrangement: It is used to remove the processed material from the grinding vessel.

C. Working

1. The material is introduced into the mortar or grinding pan.
2. The motor rotates the shaft connected to the pestle.
3. The pestle moves over the material and applies compressive pressure.
4. The movement of the pestle also generates frictional forces.
5. The material undergoes repeated compression and attrition.
6. The particles gradually break into smaller sizes.
7. The material is continuously moved within the grinding vessel.
8. Grinding is continued until the required degree of fineness is achieved.
9. The processed material is collected from the mortar.

D. Advantages

1. Simple construction and operation.
2. Suitable for grinding certain hard and brittle materials.
3. Provides combined compression and attrition.
4. Can be used for small-scale pharmaceutical processing.
5. Suitable for certain wet and dry grinding operations.
6. Can be used for mixing and grinding simultaneously.
7. Relatively easy to understand and operate.

E. Disadvantages

1. Comparatively low production capacity.
2. Not suitable for large-scale continuous processing.
3. Requires more processing time for fine grinding.
4. Cleaning may be difficult in some designs.
5. Wear of grinding components may cause contamination.
6. Not suitable for all types of materials.
7. Particle size uniformity may depend on operating conditions.

F. Pharmaceutical Applications

1. Grinding of crude drugs.
2. Preparation of fine pharmaceutical powders on a small scale.
3. Processing of hard and brittle substances.
4. Grinding of certain mineral and inorganic materials.
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5. Preparation of materials for pharmaceutical formulations.
6. Laboratory-scale grinding and preliminary processing.

2.6.8 Comparative Study of Size Reduction Equipment

The following table summarizes the major differences among the commonly used pharmaceutical size 
reduction equipment.

Equipment Principle Suitable Material Major Application

Hammer Mill Impact Brittle materials
General powder 
preparation

Ball Mill Impact and attrition
Hard and brittle 
materials

Fine grinding and 
micronization

Fluid Energy Mill
Interparticle impact 
and attrition

Materials requiring fine 
grinding

Micronization of APIs

Cutter Mill Cutting and shearing
Fibrous and tough 
materials

Crude drug processing

Roller Mill Compression and shear Brittle materials
Controlled particle size 
reduction

Edge Runner Mill
Compression and 
attrition

Hard and coarse 
materials

Grinding of crude 
drugs and minerals

End Runner Mill
Compression and 
attrition

Hard and brittle 
materials

Small-scale grinding

Selection of Size Reduction Equipment

The selection of suitable equipment is an important consideration in pharmaceutical manufacturing. 
The following factors should be considered before selecting a particular mill:

1. Nature and physical properties of the material.
2. Initial particle size.
3. Desired final particle size.
4. Required production capacity.
5. Sensitivity of the material to heat.
6. Moisture content and stickiness.
7. Possibility of contamination.
8. Energy consumption.
9. Ease of cleaning and maintenance.
10. Requirement for batch or continuous processing.

                                                Size reduction is an important pharmaceutical unit operation involving 
the conversion of coarse solid materials into smaller particles through mechanical forces. It is also 
known as comminution or milling. The major mechanisms involved in size reduction include cutting, 
compression, impact, and attrition. The efficiency of size reduction depends on several factors, such 
as hardness, toughness, brittleness, moisture content, stickiness, feed size, equipment speed, milling 
time, and desired particle size. Various types of equipment are used in pharmaceutical industries, 
including hammer mills, ball mills, fluid energy mills, cutter mills, roller mills, edge runner mills, and 
end runner mills. Each equipment operates through specific mechanisms and is selected according to 
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the physical characteristics of the material and the required degree of fineness. Size reduction is 
widely employed in the preparation of powders, tablets, capsules, suspensions, inhalation products, 
herbal extracts, and advanced drug delivery systems. Although it offers several advantages, including 
increased surface area and improved dissolution characteristics, it may also produce heat, dust, 
aggregation, contamination, and changes in material properties.

Therefore, appropriate equipment selection, process optimization, and quality control are essential for 
achieving efficient and reproducible size reduction in pharmaceutical manufacturing.
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Chapter 3: Size Separation

3.1 Introduction and Definition of Size Separation

Size separation is an important unit operation in pharmaceutical manufacturing that involves the 
separation of solid particles into different fractions according to their particle size. It is commonly 
performed after size reduction to obtain particles within a specified size range and to remove 
oversized or undersized particles from a powder mixture.

In pharmaceutical industries, particle size distribution plays an important role in determining the 
physical, chemical, and functional properties of powders and granules. It influences powder 
flowability, dissolution rate, mixing uniformity, sedimentation behaviour, compressibility, and the 
performance of pharmaceutical dosage forms.

Size separation is generally achieved by using sieves, screens, air classification systems, and 
sedimentation techniques. The selection of a suitable method depends on particle size, particle shape, 
density, moisture content, and the desired degree of separation.

For example, sieving is commonly used for separating particles according to their dimensions, 
whereas air separation is useful for classifying particles based on their aerodynamic behaviour.

Definition: Size separation is the process of dividing a mixture of solid particles into different 
fractions according to their particle size by using suitable mechanical or physical methods.

The process is also known as screening, sieving, or classification, depending on the method 
employed.

Basic Concept of Size Separation

A mixture of solid particles generally contains particles of different sizes. During size separation, the 
mixture is passed through suitable equipment that allows particles of particular dimensions to pass 
through while retaining larger particles.

For example, when a powder mixture is passed through a sieve:

• Particles smaller than the sieve openings pass through the screen.
• Particles larger than the sieve openings remain on the screen.
• The resulting fractions can be collected separately.
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Important Terminology

1. Screening: The process of separating particles using a screen or sieve.

2. Sieve: A device containing a woven wire mesh or perforated surface used to separate particles 
according to size.

3. Mesh Number: The number of openings present per linear inch of a sieve.

4. Aperture Size: The dimension of an individual opening in a sieve.

5. Oversize Particles: Particles that are larger than the sieve openings and are retained on the sieve.

6. Undersize Particles: Particles that are smaller than the sieve openings and pass through the sieve.
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7. Screen Analysis: A method used to determine the particle size distribution of a powder by passing 
it through a series of standard sieves.

8. Particle Size Distribution: The relative proportion of particles present in different particle size 
ranges within a sample.

9. Classification: The separation of particles into different groups based on their physical 
characteristics, particularly size.

3.2 Objectives and Importance of Size Separation

Size separation is essential in pharmaceutical manufacturing because the particle size distribution of 
raw materials and intermediate products directly affects processing efficiency and final product 
quality.

The major objectives and importance of size separation are described below.

3.2.1 To Obtain Uniform Particle Size

The primary objective of size separation is to obtain particles within a specified size range. Uniform 
particle size helps maintain consistent material characteristics during pharmaceutical manufacturing.

3.2.2 To Remove Oversized Particles

Oversized particles may cause difficulties during mixing, granulation, compression, and capsule 
filling. Size separation helps remove these particles and improves the suitability of materials for 
further processing.

3.2.3 To Remove Undersized Particles

Excessively fine particles may produce dust, show poor flowability, and undergo aggregation. Size 
separation helps remove unwanted fines when required by the formulation or manufacturing process.

3.2.4 To Improve Powder Flowability

Particle size distribution influences the flow properties of pharmaceutical powders. Appropriate size 
classification may improve powder handling and reduce variations during material feeding.

However, powder flow also depends on particle shape, surface roughness, moisture content, and 
interparticle forces.

3.2.5 To Improve Mixing Uniformity

Differences in particle size may cause segregation during mixing and handling. Size separation helps 
obtain more consistent particle size distributions, which may support uniform blending of 
pharmaceutical ingredients.

3.2.6 To Improve Dissolution Characteristics
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Particle size influences the surface area available for dissolution. Size separation helps obtain the 
required particle size fraction for formulations where dissolution performance is important.

3.2.7 To Improve Tablet Manufacturing

In tablet manufacturing, particle size distribution affects powder flow, granule uniformity, die filling, 
and compression behaviour.

Size separation is commonly used to classify granules before tablet compression.

3.2.8 To Improve Capsule Filling

Appropriate particle size distribution supports uniform powder flow and filling operations during 
capsule manufacturing.

3.2.9 To Improve Granule Quality

Size separation helps classify granules into suitable fractions and removes excessively large or small 
granules.

This improves the consistency of granules used in tablet compression and capsule filling.

3.2.10 To Improve Product Appearance

In certain pharmaceutical preparations, uniform particle size contributes to a consistent appearance 
and texture.

3.2.11 To Facilitate Quality Control

Size separation is used to determine particle size distribution and evaluate the consistency of 
pharmaceutical powders and granules.

It is an important quality control tool for monitoring raw materials and intermediate products.

3.2.12 To Improve Manufacturing Efficiency

Proper size classification reduces processing difficulties and helps maintain consistent material 
characteristics during production.

It may also reduce wastage by allowing the recovery and reprocessing of suitable material fractions.

3.3 Principles of Size Separation

Size separation is based on differences in the physical behaviour of particles when subjected to 
mechanical or fluid forces.

The major principles used in pharmaceutical size separation include:
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1. Sieving
2. Sedimentation
3. Air elutriation

3.3.1 Sieving

Principle

Sieving is based on the difference in particle size and the ability of particles to pass through openings 
of a specified dimension.

When a powder mixture is passed over a sieve, particles smaller than the sieve openings pass through 
the mesh, whereas larger particles are retained.

The efficiency of sieving depends on particle size, shape, sieve aperture, vibration, feed rate, and 
processing time.

Working Mechanism

1. The powder mixture is placed on a sieve.
2. The sieve is subjected to shaking, vibration, or mechanical movement.
3. Smaller particles pass through the openings.
4. Larger particles remain on the sieve surface.
5. The separated fractions are collected separately.

Applications

• Classification of pharmaceutical powders.
• Separation of granules according to size.
• Removal of oversized particles.
• Evaluation of particle size distribution.
• Quality control of raw materials.
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3.3.2 Sedimentation

Principle

Sedimentation is based on the difference in settling velocities of particles suspended in a fluid under 
the influence of gravity.

Particles with different sizes and densities settle at different rates. Under suitable conditions, larger or 
denser particles generally settle faster than smaller or less dense particles.

The settling velocity depends on particle diameter, density difference between the particle and fluid, 
fluid viscosity, and gravitational acceleration.

For small spherical particles settling under laminar flow conditions, the settling velocity can be 
described by Stokes' law:

Where:

• v = Settling velocity
• d= Particle diameter
• ρp= Density of particle
• ρf = Density of fluid
• g = Acceleration due to gravity
• μ= Dynamic viscosity of fluid
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Working Mechanism

1. The powder is dispersed in a suitable liquid medium.
2. The suspension is introduced into a sedimentation vessel.
3. Particles begin to settle under gravitational force.
4. Larger particles generally settle faster than smaller particles under comparable conditions.
5. The suspension is allowed to stand for a predetermined period.
6. Different particle fractions are collected or analysed according to their settling behaviour.

Applications

• Particle size analysis of pharmaceutical suspensions.
• Evaluation of fine powders.
• Separation of particles based on settling behaviour.
• Characterization of pharmaceutical dispersions.
• Study of sedimentation properties of suspended particles.

Note: Sedimentation depends on both particle size and density. Therefore, it is not a pure size 
separation method unless particle density and other conditions are controlled.

3.3.3 Air Elutriation

Principle

Air elutriation is based on the difference in terminal settling velocities of particles in an upward-
moving stream of air.

When a mixture of particles is introduced into an upward airflow, particles having sufficiently low 
terminal settling velocities are carried upwards, whereas particles with higher settling velocities tend 
to settle downwards.

Under suitable operating conditions, fine and coarse particles can therefore be separated according to 
their aerodynamic behaviour.

Working Mechanism
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1. The powder mixture is introduced into an elutriation chamber.
2. Air is supplied from the bottom of the chamber.
3. The upward airflow interacts with the particles.
4. Fine particles with lower terminal settling velocities are carried upwards.
5. Coarser particles settle downwards under gravity.
6. The separated fractions are collected through suitable outlets.

Applications

• Separation of fine and coarse pharmaceutical powders.
• Removal of dust and fines.
• Classification of dry powdered materials.
• Processing of materials requiring air-based classification.
• Preliminary classification before further pharmaceutical processing.

Comparison of Principles of Size Separation

Principle Basis of Separation Medium Used Common Application

Sieving
Particle dimensions relative to 
sieve openings

Solid screen
Powder and granule 
classification

Sedimentation Difference in settling velocity Liquid Particle size analysis

Air Elutriation
Difference in terminal settling 
velocity

Air
Separation of fine and coarse 
powders

3.4 Standards of Sieves and Screen Analysis
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Sieves are widely used in pharmaceutical industries for separating solid particles according to their 
size. To obtain reliable and reproducible results, standard sieves are used for particle size analysis and 
classification.

Standard sieves are manufactured according to established specifications that define their aperture 
size, wire diameter, mesh arrangement, and permissible dimensional variations.

3.4.1 Definition of Standard Sieve

A standard sieve is a device consisting of a woven wire mesh or perforated plate having openings of 
specified dimensions, used for separating particles according to their size.

Standard sieves are commonly used in pharmaceutical quality control laboratories to determine 
particle size distribution and classify powders and granules.

3.4.2 Classification of Sieves

Sieves may be classified based on their construction and opening arrangement.

A. Woven Wire Mesh Sieves

These sieves consist of metallic wires woven together to produce uniform square openings. They are 
commonly used for pharmaceutical powder analysis.

B. Perforated Plate Sieves

These sieves consist of metal plates containing regularly arranged openings. They are generally used 
for screening relatively coarse materials.

C. Standard Test Sieves

These are sieves manufactured according to recognized standards, such as ISO, ASTM, and 
pharmacopoeial specifications.

3.4.3 Mesh Number

Mesh number refers to the number of openings present per linear inch of a sieve.

For example, a sieve having 40 openings per linear inch is designated as a 40-mesh sieve.

Generally, a higher mesh number indicates smaller sieve openings. However, the exact aperture size 
also depends on the diameter of the wires used in the mesh.

3.4.4 Aperture Size

Aperture size is the dimension of an individual opening in a sieve.

It is generally expressed in millimetres (mm) or micrometres (µm).
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The aperture size determines the approximate particle size that can pass through the sieve, although 
particle shape and orientation may influence the actual passage of particles.

3.4.5 Standard Sieve Series

Standard sieve series are used to provide uniform particle size classification.

Some commonly used sieve standards include:

1. Indian Pharmacopoeia (IP)
2. British Pharmacopoeia (BP)
3. United States Pharmacopeia (USP)
4. International Organization for Standardization (ISO)
5. American Society for Testing and Materials (ASTM)

Different standards may use different designations and specifications. Therefore, sieve aperture size 
should be considered when comparing sieve numbers from different standards.

3.4.6 Commonly Used Sieve Apertures

The following table presents commonly encountered sieve aperture sizes used in laboratory and 
industrial screening.

Approximate Aperture 
Size (µm)

Equivalent Size 
(mm)

Typical Application

4000 4.00 Coarse granule separation
2000 2.00 Granule classification
1000 1.00 Coarse powder separation
850 0.85 Powder classification
710 0.71 Granule and powder analysis
500 0.50 Intermediate particle classification
355 0.355 Powder analysis
250 0.25 Fine powder classification
180 0.18 Fine pharmaceutical powders
125 0.125 Fine particle classification
90 0.090 Very fine powder analysis
63 0.063 Fine particle analysis
45 0.045 Very fine powder analysis
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Note: The table represents illustrative aperture sizes rather than a complete official pharmacopoeial 
sieve series. For regulatory testing, the applicable pharmacopoeial or standard specification should be 
followed.

3.4.7 Screen Analysis

Screen analysis is a method used to determine the particle size distribution of a powder by passing a 
known quantity of material through a series of standard sieves arranged in descending order of 
aperture size.

The method helps determine the proportion of particles present within different size ranges.

Principle

Screen analysis is based on the ability of particles to pass through sieve openings of specified 
dimensions.

A series of sieves having progressively smaller openings is arranged vertically. The powder sample is 
placed on the top sieve and subjected to mechanical shaking for a specified period.

Larger particles are retained on the upper sieves, whereas smaller particles pass through the lower 
sieves.

Apparatus Required

1. Standard test sieves of different aperture sizes.
2. Mechanical sieve shaker.
3. Weighing balance.
4. Collection pan.
5. Brush for cleaning sieves.
6. Powder sample.

Procedure

1. Select a suitable series of standard sieves according to the expected particle size range.
2. Clean and dry all sieves before use.
3. Arrange the sieves vertically in descending order of aperture size, with the largest aperture at 

the top.
4. Place a collection pan below the smallest sieve.
5. Weigh a known quantity of powder sample accurately.
6. Place the sample on the top sieve.
7. Close the sieve assembly and place it in the mechanical sieve shaker.
8. Operate the shaker for a predetermined period under suitable conditions.
9. Remove the sieves carefully after completion of shaking.
10. Collect and weigh the material retained on each sieve.
11. Calculate the percentage retained and percentage passing.
12. Determine the particle size distribution of the sample.
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3.5 Classification of Size Separation Equipment

Size separation equipment is classified according to the method used for separating particles and the 
physical forces involved.

The major categories include mechanical screening equipment, air classification equipment, and 
filtration-based particle collection systems.

3.5.1 Mechanical Screening Equipment

Mechanical screening equipment separates particles according to their dimensions using sieves or 
screens.

Examples:

• Sieve shaker
• Mechanical sieve shaker
• Vibrating screen

Applications: Classification of powders, separation of granules, and removal of oversized particles.

3.5.2 Air Classification Equipment

Air classification equipment separates particles according to their aerodynamic properties using 
controlled airflow.

Examples:

• Cyclone separator
• Air separator
• Air classifier

Applications: Separation of fine and coarse particles, dust removal, and powder classification.
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3.5.3 Sedimentation-Based Equipment

Sedimentation equipment separates particles according to differences in their settling velocities in a 
liquid medium.

Examples:

• Sedimentation cylinder
• Andreasen pipette
• Sedimentation apparatus

Applications: Particle size analysis and characterization of fine pharmaceutical powders and 
suspensions.

3.5.4 Filtration-Based Particle Collection Equipment

These systems separate suspended solid particles from an air stream by passing the air through a 
porous filtering medium.

Examples:

• Bag filter
• Fabric filter
• Dust collection filter

Applications: Collection of airborne pharmaceutical powder, dust control, and recovery of fine 
particles.

3.5.5 Classification According to Equipment Function

Category Equipment Main Function
Mechanical screening Sieve shaker Particle size classification
Mechanical screening Mechanical sieve shaker Standardized screen analysis

Mechanical screening Vibrating screen
Continuous powder and granule 
separation

Air separation Cyclone separator
Separation and collection of 
particles from air

Air separation Air separator
Classification according to 
aerodynamic behaviour

Particle collection Bag filter
Collection of fine particles from 
air

Sedimentation Sedimentation apparatus
Separation based on settling 
velocity
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Important: A cyclone separator and a bag filter are primarily used for particle separation and 
collection from air streams. They do not classify particles exclusively according to geometric size; 
their performance also depends on particle density, shape, airflow, and equipment design.

3.6 Size Separation Equipment

Size separation equipment is used to classify pharmaceutical powders and granules according to 
particle dimensions or aerodynamic characteristics.

The selection of equipment depends on the material properties, required particle size range, 
processing capacity, and method of separation.

The following equipment is commonly discussed in pharmaceutical engineering.

3.6.1 Sieve Shaker

A. Principle

A sieve shaker works on the principle of sieving. It separates particles according to their ability to 
pass through sieve openings of specified dimensions.

The apparatus produces mechanical movement that facilitates the passage of smaller particles through 
the sieve openings while retaining larger particles.

B. Construction

A sieve shaker consists of the following components:

1. Sieve Assembly: It consists of a set of standard sieves having different aperture sizes. The sieves 
are arranged vertically according to their opening dimensions.

2. Supporting Frame: It holds the sieve assembly in a fixed position during operation.

3. Shaking Mechanism: It produces the required movement to separate particles.
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4. Clamping Arrangement: It holds the sieves securely and prevents displacement during shaking.

5. Collection Pan: It is placed below the smallest sieve to collect particles passing through all the 
sieves.

6. Cover: It prevents the escape of powder during operation.

C. Working

1. A suitable series of standard sieves is selected.
2. The sieves are arranged in descending order of aperture size.
3. The collection pan is placed below the smallest sieve.
4. A known quantity of powder is placed on the top sieve.
5. The sieve assembly is securely fitted into the shaker.
6. Mechanical movement is applied to the sieve assembly.
7. Smaller particles pass through the openings, whereas larger particles remain on the respective 

sieves.
8. After completion of shaking, the material retained on each sieve is collected and weighed.
9. The results are used to determine particle size distribution.

D. Advantages

1. Simple construction and operation.
2. Suitable for routine particle size analysis.
3. Requires relatively small quantities of sample.
4. Provides information about particle size distribution.
5. Can be used for different types of pharmaceutical powders and granules.
6. Easy to clean and maintain.
7. Standard sieves provide reproducible aperture dimensions.

E. Disadvantages

1. Not suitable for very fine or highly cohesive powders without suitable adaptations.
2. Excessive shaking may damage fragile particles.
3. Particle blockage may occur in fine sieves.
4. Results may vary with shaking time and intensity.
5. Irregular particles may show variations in passage through sieve openings.
6. It is generally less suitable for very large-scale continuous production.

F. Pharmaceutical Applications

1. Determination of particle size distribution of pharmaceutical powders.
2. Classification of granules before tablet compression.
3. Removal of oversized particles from powder mixtures.
4. Evaluation of raw materials during quality control.
5. Separation of coarse and fine pharmaceutical particles.
6. Assessment of powder uniformity.
7. Routine laboratory testing of pharmaceutical materials.
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3.6.2 Mechanical Sieve Shaker

A. Principle

A mechanical sieve shaker works on the principle of mechanical sieving through controlled vibration, 
oscillation, tapping, or a combination of these movements.

The mechanical movement facilitates the separation of particles according to their size by promoting 
their movement across the sieve surfaces.

B. Construction

A mechanical sieve shaker consists of the following components:

1. Motor: It provides the power required for the shaking mechanism.

2. Sieve Holding Assembly: It holds a series of standard sieves in a vertical arrangement.

3. Eccentric Mechanism: It converts rotary movement into oscillatory or reciprocating movement in 
certain designs.

4. Tapping Mechanism: It provides vertical tapping movements to improve particle passage through 
sieve openings.

5. Vibrating Mechanism: It produces controlled vibration of the sieve assembly.

6. Timer: It allows the operator to set the required shaking duration.

7. Clamping Arrangement: It secures the sieve assembly during operation.

8. Collection Pan: It collects the particles passing through the smallest sieve.

9. Outer Housing: It protects the internal components and reduces exposure to moving parts.
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C. Working

1. The standard sieves are selected according to the required particle size range.
2. The sieves are arranged in descending order of aperture size.
3. The powder sample is placed on the top sieve.
4. The complete assembly is fitted into the mechanical sieve shaker.
5. The required shaking time and operating conditions are selected.
6. The motor activates the mechanical movement.
7. Vibration, oscillation, or tapping facilitates particle movement across the sieve surfaces.
8. Smaller particles pass through the openings, whereas larger particles remain on the upper 

sieves.
9. The separated fractions are collected and weighed.
10. The results are used for particle size distribution analysis.

D. Advantages

1. Provides controlled and reproducible shaking.
2. Reduces manual effort.
3. Suitable for routine laboratory analysis.
4. Can accommodate multiple sieves simultaneously.
5. Improves the efficiency of particle separation.
6. Reduces operator-dependent variation.
7. Useful for quality control of powders and granules.

E. Disadvantages

1. Requires electricity.
2. Equipment may be more expensive than manual sieving arrangements.
3. Requires regular maintenance.
4. Excessive vibration may cause particle breakage.
5. Fine powder may clog sieve openings.
6. Improper loading may affect separation efficiency.
7. Requires appropriate selection of shaking time and intensity.

F. Pharmaceutical Applications

1. Particle size analysis of pharmaceutical raw materials.
2. Classification of granules used in tablet manufacturing.
3. Determination of powder size distribution.
4. Quality control of excipients and APIs.
5. Removal of oversized particles.
6. Evaluation of milling performance.
7. Comparison of particle size distributions between different batches.

3.6.3 Vibrating Screen
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A. Principle

A vibrating screen works on the principle of sieving assisted by mechanical vibration.

The screen is subjected to controlled vibratory movement, which causes particles to move across its 
surface. Smaller particles pass through the screen openings, whereas larger particles are retained and 
discharged separately.

B. Construction

A vibrating screen consists of the following components:

1. Screen Mesh: It is the main separation surface containing openings of specified dimensions.

2. Screen Frame: It supports and holds the screen mesh.

3. Vibrating Motor: It produces the vibration required for particle movement.

4. Spring Supports: These support the screen assembly and help control its vibration.

5. Feed Inlet: It allows the powder or granules to enter the screening chamber.

6. Discharge Outlets: Separate outlets are provided for collecting oversize and undersize particles.

7. Screen Housing: It encloses the screening assembly and minimizes dust escape.

8. Base Frame: It provides mechanical support to the equipment.

C. Working

1. The material is introduced through the feed inlet.
2. The vibrating motor generates controlled mechanical vibrations.
3. The vibrations are transmitted to the screen assembly.
4. The material moves across the screen surface.
5. Smaller particles pass through the screen openings.
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6. Larger particles remain on the screen surface and move towards the oversize discharge outlet.
7. The separated fractions are collected independently.
8. The process continues as long as material is supplied to the screen.

The screening efficiency depends on screen aperture, vibration intensity, feed rate, material 
properties, and residence time.

D. Advantages

1. Suitable for continuous operation.
2. High processing capacity.
3. Effective for classification of powders and granules.
4. Can separate particles into different size fractions using multiple screens.
5. Requires comparatively less manual labour.
6. Enclosed designs help reduce dust exposure.
7. Screen meshes can be replaced according to processing requirements.
8. Suitable for industrial pharmaceutical applications.

E. Disadvantages

1. Excessive vibration may cause noise and mechanical wear.
2. Fine particles may block the screen openings.
3. Sticky materials may reduce screening efficiency.
4. Requires regular inspection and maintenance.
5. Improper feed distribution may affect separation.
6. Fragile particles may undergo breakage.
7. Screen damage may cause unwanted particle contamination or mixing of fractions.

F. Pharmaceutical Applications

1. Classification of granules before tablet compression.
2. Screening of pharmaceutical powders.
3. Separation of oversized and undersized granules.
4. Removal of lumps from powdered materials.
5. Processing of excipients and APIs.
6. Continuous screening in pharmaceutical production.
7. Classification of dry granules after milling.

3.6.4 Cyclone Separator
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A. Principle

A cyclone separator works on the principle of centrifugal separation.

It separates solid particles from a moving gas stream by generating a swirling motion inside a 
cylindrical or conical chamber.

The centrifugal force causes particles to move towards the outer wall, while the cleaned gas moves 
towards the central region and exits through the gas outlet.

The separation efficiency depends on particle size, particle density, gas velocity, chamber dimensions, 
and operating conditions.

B. Construction

A cyclone separator consists of the following major components:

1. Cylindrical Body: It forms the upper portion of the separator and provides space for the swirling 
movement of the gas-particle mixture.

2. Conical Section: It forms the lower tapered portion of the cyclone and helps direct separated 
particles towards the collection outlet.

3. Tangential Inlet: It is located near the upper part of the cylindrical body. It introduces the particle-
laden gas tangentially, producing a swirling motion.

4. Vortex Finder: It is a central vertical outlet pipe through which the separated gas exits.

5. Dust Outlet: It is provided at the lower end of the conical section for collecting separated solid 
particles.
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6. Gas Outlet: It allows cleaned gas to leave the separator.

7. Collection Hopper: It collects the separated particles discharged from the cyclone.

C. Working

1. The mixture of air and solid particles enters the cyclone through the tangential inlet.
2. The incoming gas produces a high-speed swirling movement inside the cylindrical chamber.
3. Centrifugal force acts on the suspended particles.
4. Particles move towards the outer wall of the cyclone.
5. The particles lose momentum and move downwards along the conical section.
6. The separated particles are collected through the dust outlet.
7. The gas containing fewer particles moves upwards through the central region.
8. The cleaned gas exits through the vortex finder.

D. Advantages

1. Simple construction with no moving mechanical parts.
2. Suitable for continuous operation.
3. Relatively low maintenance requirements.
4. Can handle large volumes of gas.
5. Useful for recovering valuable pharmaceutical powders.
6. Can operate at elevated temperatures, depending on design and material selection.
7. Compact compared with some other dust collection systems.
8. Can be used as a preliminary particle collection device.

E. Disadvantages

1. Less efficient for collecting extremely fine particles compared with high-efficiency filtration 
systems.

2. Performance depends strongly on particle size and gas velocity.
3. May require considerable pressure drop.
4. Fine particles may escape with the outgoing gas.
5. Not suitable for all types of cohesive powders.
6. Abrasion may occur due to high-velocity particle movement.
7. Dust leakage may occur if the system is not properly sealed.

F. Pharmaceutical Applications

1. Recovery of powders from milling operations.
2. Separation of solid particles from air streams.
3. Dust collection in pharmaceutical processing plants.
4. Preliminary separation before bag filtration.
5. Collection of particles during drying and powder handling.
6. Recovery of valuable pharmaceutical intermediates.
7. Reduction of particulate load in industrial exhaust systems.
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Example: A cyclone separator may be installed after a hammer mill to collect powder particles 
transported by an air stream.

3.6.5 Air Separator

A. Principle

An air separator works on the principle of aerodynamic classification.

It separates particles according to differences in their terminal settling velocities and aerodynamic 
behaviour in a controlled airflow.

Fine particles with lower settling velocities are carried by the air stream, whereas larger or denser 
particles are separated and collected through a different outlet.

The classification process depends on particle size, density, shape, air velocity, and the design of the 
separator.

B. Construction

An air separator generally consists of the following components:

1. Feed Hopper: It supplies the powder material to the separation chamber.

2. Separation Chamber: It is the main region in which particles interact with the airflow.
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3. Air Inlet: It supplies air at a controlled velocity.

4. Classifying Wheel or Blades: In some designs, a rotating classifier is used to control the particle 
size of the material passing through the classification zone.

5. Fan or Blower: It provides the airflow required for particle separation.

6. Fine Particle Outlet: It collects fine particles carried by the airflow.

7. Coarse Particle Outlet: It allows coarse particles to be discharged separately.

8. Dust Collection System: It collects fine particles from the air stream.

9. Control System: It regulates airflow and other operating conditions.

C. Working

1. The powder mixture is introduced through the feed hopper.
2. Air is supplied through the air inlet at a controlled velocity.
3. The particles enter the separation chamber.
4. The airflow acts on the particles and produces aerodynamic forces.
5. Fine particles are carried along with the airflow due to their lower settling velocities.
6. Coarser particles are separated because their settling velocities are comparatively higher.
7. The fine fraction moves towards the fine particle collection system.
8. The coarse fraction is discharged through a separate outlet.
9. In systems containing a rotating classifier, the classifier speed helps control the separation cut 

size.

D. Advantages

1. Suitable for fine particle classification.
2. Can operate continuously.
3. Useful for separating fine and coarse powder fractions.
4. Can be integrated with milling systems.
5. Allows controlled classification through airflow adjustment.
6. Suitable for processing dry powders.
7. Can reduce unwanted coarse particles in fine powder products.

E. Disadvantages

1. Requires a controlled airflow system.
2. Equipment design and operation may be complex.
3. Separation efficiency depends on particle density and shape as well as size.
4. High airflow may cause excessive dust generation.
5. Sticky or moist materials may cause operational difficulties.
6. Requires appropriate dust collection arrangements.
7. Energy consumption may be significant in certain designs.
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F. Pharmaceutical Applications

1. Classification of fine pharmaceutical powders.
2. Separation of micronized particles from coarse particles.
3. Processing of inhalation-grade powders.
4. Classification of pharmaceutical excipients.
5. Integration with milling equipment for controlled particle size production.
6. Removal of coarse particles from finely ground pharmaceutical materials.
7. Processing of dry powders requiring controlled aerodynamic characteristics.

3.6.6 Bag Filter

A. Principle

A bag filter works on the principle of filtration.

It separates suspended solid particles from an air or gas stream by passing the particle-laden gas 
through porous fabric bags.

The fabric allows air to pass through while retaining solid particles on its surface or within the filter 
medium.

The accumulated particles are periodically removed from the filter bags by mechanical shaking, 
reverse airflow, or pulse-jet cleaning, depending on the design.

B. Construction
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A bag filter consists of the following components:

1. Housing: It is the outer enclosure that contains the filter bags and internal components.

2. Filter Bags: These are porous fabric elements that retain solid particles while allowing air to pass 
through.

3. Support Cages: They support the filter bags and prevent their collapse under airflow pressure.

4. Dust Inlet: It introduces particle-laden air into the filter housing.

5. Clean Air Outlet: It allows filtered air to leave the system.

6. Dust Collection Hopper: It collects particles removed from the filter bags.

7. Cleaning Mechanism: It removes accumulated dust from the filter surface. It may operate through 
shaking, reverse air, or compressed-air pulses.

8. Discharge Valve: It facilitates the removal of collected powder from the hopper.

9. Fan or Blower: It provides the airflow required for filtration.

C. Working

1. Dust-laden air enters the filter housing through the inlet.
2. The air passes through the filter bags.
3. Solid particles are retained on the surface or within the fabric medium.
4. The filtered air passes through the fabric and exits through the clean air outlet.
5. As filtration continues, dust accumulates on the filter bags.
6. The pressure drop across the filter gradually increases.
7. The cleaning mechanism is activated to remove the accumulated dust.
8. The detached particles fall into the collection hopper.
9. The collected powder is discharged through the outlet.
10. The filtration process continues after cleaning.

D. Advantages

1. High collection efficiency for many fine particulate materials.
2. Suitable for continuous industrial operation.
3. Helps control dust emissions.
4. Allows recovery of valuable pharmaceutical powders.
5. Can handle large volumes of air.
6. Different filter materials can be selected according to operating conditions.
7. Can be integrated with milling and powder handling systems.
8. Helps maintain a cleaner manufacturing environment.

E. Disadvantages
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1. Filter bags require periodic cleaning and replacement.
2. High moisture may cause dust accumulation and clogging.
3. Some filter materials may not withstand high temperatures.
4. Pressure drop may increase during operation.
5. Requires regular maintenance.
6. Improper cleaning may reduce filtration efficiency.
7. Filter selection must consider chemical compatibility and pharmaceutical product safety.
8. Not primarily designed to classify particles into precise size fractions.

F. Pharmaceutical Applications

1. Dust collection during milling and grinding operations.
2. Recovery of pharmaceutical powders from exhaust air.
3. Control of airborne particles in powder processing areas.
4. Dust collection in granulation and drying operations.
5. Environmental control in pharmaceutical manufacturing facilities.
6. Collection of fine particles from air streams.
7. Prevention of powder loss during material handling.

Important: In pharmaceutical manufacturing, bag filters are generally used for dust collection and 
powder recovery rather than precise particle size classification.

3.6.7 Comparative Study of Size Separation Equipment

Equipment Principle Separation Basis
Major 
Pharmaceutical 
Application

Sieve Shaker Sieving Particle dimensions
Laboratory particle size 
analysis

Mechanical Sieve 
Shaker

Controlled mechanical 
sieving

Particle dimensions
Quality control of 
powders and granules

Vibrating Screen
Vibration-assisted 
sieving

Particle dimensions
Industrial granule 
classification

Cyclone Separator Centrifugal separation
Aerodynamic and 
centrifugal behaviour

Powder recovery from 
air streams

Air Separator
Aerodynamic 
classification

Terminal settling 
velocity

Fine powder 
classification

Selection of Size Separation Equipment

The selection of appropriate equipment depends on several important factors:

1. Particle size range of the material.
2. Particle shape and density.
3. Moisture content and cohesiveness.
4. Required separation efficiency.
5. Processing capacity.
6. Nature of the pharmaceutical material.
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7. Possibility of particle breakage.
8. Requirement for batch or continuous operation.
9. Ease of cleaning and maintenance.
10. Dust control and containment requirements.

Size separation is an important unit operation in pharmaceutical manufacturing that involves 
separating solid particles into different fractions according to their particle size or aerodynamic 
behaviour. It is commonly performed after size reduction to obtain particles within a specified size 
range and remove unwanted coarse or fine particles.

The major principles of size separation include sieving, sedimentation, and air elutriation. Sieving 
separates particles according to their ability to pass through standard sieve openings, sedimentation is 
based on differences in settling velocities, and air elutriation utilizes differences in terminal settling 
velocities in an upward-moving air stream.

Standard sieves are widely used for particle size analysis. Screen analysis is performed using a series 
of sieves arranged in descending order of aperture size. The results are expressed as percentage 
retained, cumulative percentage retained, and percentage passing.

Different types of equipment are employed in pharmaceutical size separation, including sieve shakers, 
mechanical sieve shakers, vibrating screens, cyclone separators, air separators, and bag filters. 
Mechanical screening equipment is primarily used for particle classification, whereas cyclone 
separators and bag filters are mainly used for particle collection and dust control.

Size separation is extensively applied in tablet manufacturing, capsule filling, powder preparation, 
granule classification, inhalation formulations, and pharmaceutical quality control. Its efficiency 
depends on factors such as particle size, shape, density, moisture content, feed rate, screen aperture, 
vibration intensity, air velocity, and equipment design.

Proper selection and operation of size separation equipment are essential for obtaining consistent 
particle size distribution and maintaining the quality of pharmaceutical products.
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Chapter 4: Mixing of Solids

4.1 Introduction and Definition of Mixing

Mixing is an important unit operation in pharmaceutical manufacturing in which two or more 
components are distributed throughout one another to obtain a product of uniform composition. In 
solid mixing, powders or granules of different materials are combined to achieve a specified degree of 
uniformity.

Pharmaceutical powders often differ in particle size, shape, density, surface properties and flow 
characteristics. These differences influence the ease of mixing and the stability of the final blend. 
Proper mixing is essential because the active pharmaceutical ingredient (API) must be uniformly 
distributed in the formulation to help ensure consistent drug content in each tablet, capsule or powder 
dose.

Definition: Solid mixing is the unit operation in which two or more solid particulate materials are 
intermingled to produce a blend with the required degree of homogeneity.

A perfectly homogeneous powder blend is an ideal condition. In practice, mixing is evaluated by 
measuring the variation in composition among samples collected from different locations in the blend.

4.2 Objectives and Importance of Solid Mixing

The major objectives of solid mixing are:

1. Uniform distribution of API: To distribute the drug uniformly throughout the excipients.
2. Dose uniformity: To reduce variation in drug content among individual tablets, capsules or 

powder doses.
3. Uniform distribution of excipients: To ensure consistent distribution of diluents, disintegrants, 

lubricants, glidants, colours and other formulation ingredients.
4. Improved product quality: To obtain a blend with consistent physical and chemical 

characteristics.
5. Improved processing: To support uniform die filling during tablet compression and consistent 

filling of capsules and sachets.
6. Reproducibility: To achieve consistent batch-to-batch product quality.
7. Uniform distribution of low-dose drugs: To help distribute small quantities of potent drugs 

throughout a larger mass of excipients.

Importance in Pharmaceutical Manufacturing

Solid mixing is used in the manufacture of tablets, capsules, dry powder preparations, granules and 
other solid dosage forms. Inadequate mixing may cause content non-uniformity, variation in tablet 
weight or potency, inconsistent dissolution and batch rejection. Excessive mixing may also be 
undesirable, particularly when it causes segregation, particle attrition or changes in powder flow.

Therefore, the objective is not simply to mix for the longest possible time, but to achieve the required 
uniformity using suitable equipment and controlled operating conditions.
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4.3 Principles and Mechanisms of Solid Mixing

Solid mixing occurs through the movement and redistribution of particles. Three principal 
mechanisms are recognised: convective mixing, shear mixing and diffusive mixing. In practical 
equipment, more than one mechanism generally operates at the same time.

4.3.1 Convective Mixing

Convective mixing involves the movement of relatively large groups of particles from one region of 
the powder bed to another. The movement may occur through rotating blades, paddles, ribbons or 
other mixing elements.

Example: In a ribbon blender, the inner and outer helical ribbons move powder in different directions, 
producing bulk transfer of material.

Characteristics:

• Produces relatively rapid movement of large powder masses.
• Helps distribute components throughout the mixing vessel.
• Is commonly observed in ribbon and paddle-type mixers.
• May not eliminate small-scale concentration differences unless accompanied by other 

mechanisms.

4.3.2 Shear Mixing

Shear mixing occurs when adjacent layers or groups of particles move at different velocities, 
producing relative displacement between them. This movement breaks down powder layers and 
promotes redistribution of particles.

Shear may be generated by rotating blades, paddles or the movement of powder against the wall of a 
vessel.

Characteristics:

• Helps break up powder agglomerates.
• Produces relative movement between adjacent particle layers.
• Is important in high-intensity and blade-type mixers.
• Excessive shear may generate heat, damage fragile particles or cause particle-size changes.

4.3.3 Diffusive Mixing

Diffusive mixing occurs when individual particles or small groups of particles move randomly from 
one position to another within the powder bed. It is promoted by repeated lifting, falling, rolling and 
rearrangement of particles.

Example: In a tumbling blender, powder is repeatedly lifted and allowed to cascade, resulting in 
particle-level redistribution.
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Characteristics:

• Promotes mixing at the particle level.
• Is important in tumbling mixers such as double-cone and V-blenders.
• Generally depends on repeated particle rearrangement.
• May be slow when particles are cohesive or have poor flow properties.

Comparison of Mixing Mechanisms

Mechanism Nature of movement Main effect Common equipment

Convective
Movement of large groups of 
particles

Bulk redistribution
Ribbon blender, paddle 
mixer

Shear
Relative movement between 
adjacent layers

Layer displacement 
and agglomerate 
breakdown

Ribbon blender, 
planetary mixer

Diffusive
Random movement of 
individual particles or small 
groups

Particle-level 
redistribution

Double-cone blender, 
V-blender

4.4 Factors Affecting Mixing of Solids

The efficiency of solid mixing depends on the properties of the materials, the design of the equipment 
and the operating conditions.

4.4.1 Particle Size

Differences in particle size may cause segregation. Fine particles may move through spaces between 
larger particles, while larger particles may migrate towards particular regions of the powder bed. 
Similar particle-size distributions generally improve mixing stability.

4.4.2 Particle Shape

Spherical particles usually flow more readily than irregular or elongated particles. Irregular particles 
may interlock and resist movement, reducing mixing efficiency.

4.4.3 Particle Density

Differences in particle density may promote segregation during mixing, transfer or discharge. Dense 
particles may move differently from lighter particles under vibration or gravitational movement.

4.4.4 Powder Flow Properties

Free-flowing powders are generally easier to mix than cohesive powders. Poor flow may result from 
fine particle size, moisture, electrostatic charge or surface interactions.

4.4.5 Moisture Content
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Excessive moisture may cause particles to adhere and form agglomerates. Very dry powders may 
develop electrostatic charges. Both conditions can interfere with uniform mixing.

4.4.6 Proportion of Ingredients

Mixing a small quantity of API with a large quantity of excipient may be difficult, particularly when 
the API is highly potent. Geometric dilution or staged addition may be used to improve distribution.

4.4.7 Mixing Time

Insufficient mixing may produce an uneven blend. However, excessive mixing may cause 
segregation, particle attrition or over-lubrication in formulations containing lubricants such as 
magnesium stearate.

4.4.8 Mixer Design and Operating Speed

The shape of the vessel, type of mixing element, fill volume, rotation speed and direction of 
movement influence mixing performance. The optimum conditions depend on the equipment and 
formulation.

4.4.9 Order of Addition

The sequence in which ingredients are added can influence the distribution of minor components. 
Premixing a low-dose ingredient with a portion of the diluent may improve uniformity.

4.4.10 Electrostatic Charge

Electrostatic attraction may cause fine particles to adhere to equipment surfaces or to one another. 
This can lead to non-uniform distribution and material loss.

4.5 Types of Solid Mixing

Solid mixing may be classified into positive, negative and neutral mixing according to the nature of 
the materials and the stability of the mixture.

4.5.1 Positive Mixing

Positive mixing occurs when two or more materials are readily miscible and tend to form a uniform 
mixture. Once mixed, the components generally remain distributed unless external forces disturb the 
mixture.

Example: Mixing two freely flowing powders with similar particle size and density.

Characteristics:

• Usually occurs readily.
• Requires comparatively less energy.
• Produces a stable mixture under suitable conditions.
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• Is commonly associated with materials having compatible physical properties.

4.5.2 Negative Mixing

Negative mixing refers to systems in which components have a tendency to separate after mixing 
because of differences in particle size, density, shape or flow behaviour.

Example: A blend containing large, dense granules and very fine, light particles may segregate during 
handling.

Characteristics:

• Requires careful selection of equipment and operating conditions.
• May need continuous or repeated agitation to maintain uniformity.
• Is more likely when the components have markedly different physical properties.
• May lead to content non-uniformity if segregation occurs.

4.5.3 Neutral Mixing

Neutral mixing occurs when the components do not mix readily on their own but also do not show a 
strong tendency to separate after mixing. The final mixture may remain reasonably stable under 
suitable handling conditions.

Example: Certain powders with moderate differences in physical properties may form a stable blend 
when an appropriate mixing process is used.

Note: Positive, negative and neutral mixing are descriptive classifications. Actual mixing behaviour 
depends on the material properties, formulation and processing conditions.

4.6 Solid Mixing Equipment

Solid mixing equipment is selected according to the physical properties of the materials, batch size, 
required uniformity, processing time and whether the process is intended for dry powders or wet 
masses.

4.6.1 Double Cone Blender
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Principle: The double cone blender operates mainly by diffusive mixing. As the vessel rotates, the 
powder is lifted, divided and allowed to cascade, resulting in repeated particle rearrangement.

Construction: It consists of two conical sections joined at their bases to form a double-cone-shaped 
vessel. The vessel is mounted on a horizontal rotating shaft and supported by a frame. A motor and 
gearbox provide rotation. Charging and discharge openings are provided, and some designs include 
internal baffles to improve mixing.

Working:

1. The required quantities of powders are loaded into the vessel.
2. The charging opening is closed securely.
3. The vessel rotates at a suitable speed.
4. Powder is lifted along the vessel wall and falls under gravity.
5. Repeated cascading and rearrangement produce mixing.
6. After the required mixing time, the blender is stopped and the mixture is discharged.

Advantages:

• Simple construction and operation.
• Suitable for gentle mixing of free-flowing powders.
• Relatively low power consumption.
• Limited mechanical stress on particles.
• Can be designed for enclosed operation.

Disadvantages:

• May be unsuitable for highly cohesive powders.
• Mixing may be slow for certain formulations.
• Segregation may occur during discharge or subsequent handling.
• Not ideal for materials requiring intensive deagglomeration.
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Pharmaceutical applications:

• Blending of tablet and capsule excipients.
• Mixing of dry granules.
• Preparation of free-flowing powder blends.
• Blending of powders before packaging.

4.6.2 V-Blender

Principle: The V-blender works mainly through diffusive mixing. Rotation of the V-shaped vessel 
repeatedly divides and recombines the powder bed, promoting particle-level redistribution.

Construction: It consists of two cylindrical sections joined at an angle to form a V-shaped vessel. 
The vessel is mounted on a rotating shaft and driven by a motor. Charging and discharge ports are 
provided. Some models contain an intensifier bar to assist in breaking soft agglomerates.

Working:

1. Powder ingredients are loaded into the vessel.
2. The vessel is rotated around its horizontal axis.
3. At each rotation, the powder moves towards the two arms of the V.
4. The powder streams recombine near the junction of the arms.
5. Repeated division and recombination promote uniform mixing.
6. The mixture is discharged through the outlet.

Advantages:

• Provides gentle mixing.
• Suitable for free-flowing powders and granules.
• Relatively easy to clean.
• Enclosed design reduces dust generation.
• Can provide good blending when materials have compatible properties.
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Disadvantages:

• Less suitable for cohesive or sticky powders.
• May require longer mixing time for some formulations.
• Overfilling may reduce mixing efficiency.
• Differences in particle size and density may cause segregation.

Pharmaceutical applications:

• Blending of dry tablet and capsule ingredients.
• Mixing of granules with lubricants or glidants.
• Preparation of dry powder blends.
• Mixing of excipients before compression or encapsulation.

4.6.3 Ribbon Blender

Principle: The ribbon blender operates mainly by convective and shear mixing. Its rotating helical 
ribbons move powder in different directions and produce bulk transfer and relative movement of 
particles.

Construction: It consists of a horizontal U-shaped trough containing a central shaft fitted with inner 
and outer helical ribbons. The shaft is connected to a motor through a gearbox. A cover, charging 
opening and discharge valve are provided.

Working:

1. The powder ingredients are charged into the trough.
2. The motor rotates the central shaft.
3. The outer ribbon moves powder in one direction, while the inner ribbon moves powder in the 

opposite direction.
4. This produces axial and radial movement of the powder.
5. Repeated movement and shear promote mixing.
6. The blend is discharged through the bottom outlet.

Advantages:
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• Suitable for medium- and large-scale batches.
• Provides relatively rapid bulk mixing.
• Can handle a range of powder and granule formulations.
• Can be used for blending minor ingredients after suitable premixing.
• Available in different capacities.

Disadvantages:

• May produce more mechanical stress than tumbling blenders.
• Cleaning may be difficult around ribbons and shaft.
• Not ideal for very fragile particles.
• Dead zones may occur if the equipment is poorly designed or incorrectly filled.
• Heat generation may occur during prolonged operation.

Pharmaceutical applications:

• Blending of dry granules.
• Mixing of excipients for tablets and capsules.
• Preparation of powder mixtures.
• Blending of flavours, colours and other minor ingredients, where appropriate.

4.6.4 Planetary Mixer

Principle: A planetary mixer operates by combining rotation of the mixing tool about its own axis 
with movement around the vessel. This produces intensive movement and shear within the material.

Construction: It generally consists of a mixing bowl, one or more mixing blades, a drive system and 
a mechanism that moves the blade around the bowl. The bowl may be fixed or removable, depending 
on the design. Some models include vacuum or temperature-control arrangements.

Working:

1. The ingredients are placed in the mixing bowl.
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2. The mixing tool rotates about its own axis while moving around the bowl.
3. Material is continuously moved, folded and sheared.
4. Mixing continues until the required consistency or uniformity is achieved.
5. The material is removed from the bowl.

Advantages:

• Provides intensive mixing and kneading.
• Suitable for cohesive materials and wet masses.
• Can handle materials that are difficult to mix in free-flowing powder blenders.
• Some designs permit vacuum mixing.
• Useful for small- and medium-scale preparation.

Disadvantages:

• May generate heat during intensive mixing.
• Cleaning can be time-consuming.
• Generally requires more power than simple tumbling blenders.
• May be unsuitable for fragile particles.
• It is primarily used for cohesive or wet materials rather than routine blending of large 

quantities of free-flowing dry powder.

Pharmaceutical applications:

• Preparation of wet granulation masses.
• Mixing of pastes and semisolid pharmaceutical materials.
• Preparation of cohesive powder mixtures.
• Mixing of certain high-viscosity pharmaceutical formulations.

4.6.5 Tumbling Mixer

Principle: A tumbling mixer works mainly by diffusive mixing. The vessel rotates and causes the 
powder bed to tumble, cascade and rearrange.
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Construction: It consists of a rotating container that may be cylindrical, cubic, double-cone, V-
shaped or another suitable geometry. The vessel is mounted on a frame and driven by a motor. 
Charging and discharge openings are provided.

Working:

1. The material is loaded into the vessel.
2. The vessel rotates at a selected speed.
3. The powder is carried upward by the rotating wall.
4. It then falls or cascades under gravity.
5. Repeated tumbling redistributes the particles.
6. The mixture is discharged after the desired mixing time.

Advantages:

• Simple operating principle.
• Provides gentle mixing.
• Suitable for free-flowing powders and granules.
• Generally causes limited particle damage.
• Enclosed operation can reduce dust exposure.

Disadvantages:

• May be unsuitable for cohesive powders.
• Mixing may be slow.
• Overfilling can reduce powder movement.
• Segregation may occur during discharge or transport.
• The term “tumbling mixer” includes several vessel designs; performance varies with 

geometry.

Pharmaceutical applications:

• Blending of dry powders.
• Mixing of granules.
• Preparation of tablet and capsule blends.
• Mixing of free-flowing excipients.

4.6.6 Sigma Blade Mixer
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Principle: The sigma blade mixer operates through intensive shearing, folding and kneading. It is 
particularly suitable for cohesive, plastic and highly viscous masses.

Construction: It consists of a horizontal mixing trough fitted with two sigma-shaped blades. The 
blades rotate, often at different speeds and in opposite directions, to produce strong shearing and 
kneading action. The trough may be jacketed for heating or cooling. Some designs have a tilting 
discharge arrangement.

Working:

1. The ingredients are introduced into the trough.
2. The sigma blades rotate and move the material through the mixing chamber.
3. The material is repeatedly compressed, stretched, folded and sheared.
4. Mixing continues until the required uniformity or consistency is obtained.
5. The product is discharged by tilting the trough or through a suitable outlet.

Advantages:

• Suitable for highly cohesive and viscous materials.
• Produces intensive kneading and shearing.
• Can handle wet masses and pastes.
• Jacketed designs allow temperature control.
• Useful where ordinary powder blenders are ineffective.

Disadvantages:

• High power requirement.
• Cleaning may be difficult.
• May generate heat.
• Not generally preferred for free-flowing dry powder blending.
• Batch discharge may be slower than in some continuous systems.

Pharmaceutical applications:
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• Preparation of wet granulation masses.
• Mixing of cohesive pharmaceutical pastes.
• Preparation of certain ointment bases and other viscous materials.
• Mixing of materials used in selected granulation processes.

Comparison of Solid Mixing Equipment

Equipment
Main mixing 
mechanism

Suitable materials Major limitation

Double cone blender Diffusive
Free-flowing powders 
and granules

Less suitable for 
cohesive powders

V-blender Diffusive
Free-flowing powders 
and granules

May segregate 
dissimilar particles

Ribbon blender Convective and shear Powders and granules
Cleaning and possible 
particle damage

Planetary mixer Shear and folding
Cohesive materials and 
wet masses

Not ideal for routine 
free-flowing powder 
blending

Tumbling mixer Diffusive Free-flowing powders
Limited effectiveness 
with cohesive powders

Sigma blade mixer
Intensive shear and 
kneading

Highly cohesive 
masses and pastes

High power and 
difficult cleaning

Important distinction: Double-cone, V-type and other tumbling blenders are commonly used for dry 
powder blending. Planetary and sigma blade mixers are more commonly associated with cohesive 
materials, wet masses and pastes. Their suitability for dry solid mixing depends on the formulation 
and equipment design.

                             Solid mixing is a critical unit operation used to distribute APIs and excipients 
uniformly in pharmaceutical formulations. The main mechanisms are convective, shear and diffusive 
mixing. Mixing efficiency depends on particle size, shape, density, flow properties, moisture, mixing 
time, equipment design and order of addition. Double-cone and V-blenders are commonly used for 
free-flowing powders, while ribbon blenders provide bulk movement and shear. Planetary and sigma 
blade mixers are more suitable for cohesive materials and wet masses. Segregation, agglomeration, 
overmixing and incomplete mixing are common challenges. Mixing uniformity is evaluated through 
appropriate sampling and analytical testing.
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Chapter 5: Comparative Study and Pharmaceutical Applications

5.1 Comparison of Size Reduction Equipment

Size reduction is the process of reducing the size of solid particles by mechanical means. Different 
equipment is selected according to the properties of the material, required particle size, production 
capacity and sensitivity to heat or mechanical stress.

Comparison of Common Size Reduction Equipment

Equipment
Main 
principle

Suitable 
materials

Major 
advantages

Major 
limitations

Common 
pharmaceutical 
applications

Hammer mill Impact
Brittle and 
moderately 
hard materials

Simple, 
versatile and 
relatively high 
capacity

May generate 
heat and fines

Size reduction 
of drugs, 
excipients and 
dried granules

Ball mill
Impact and 
attrition

Hard, brittle 
and abrasive 
materials

Can produce 
fine powders; 
suitable for 
batch 
processing

Long 
processing 
time; possible 
contamination 
from media

Fine grinding 
and selected 
formulation 
processes

Fluid energy 
mill

Particle-to-
particle 
impact and 
attrition by 
high-velocity 
gas

Hard, brittle 
and heat-
sensitive 
materials

Produces very 
fine particles; 
limited 
moving parts 
in the 
grinding zone

High energy 
and 
compressed-
gas 
requirement

Micronisation 
of APIs

Cutter mill
Cutting and 
shearing

Fibrous, 
tough and 
elastic 
materials

Effective for 
materials that 
resist impact 
grinding

Not ideal for 
producing 
very fine 
powders

Cutting of plant 
materials and 
fibrous 
substances

Roller mill
Compression 
and shear

Brittle and 
moderately 
hard materials

Controlled 
size reduction 
and relatively 
uniform 
product

Less suitable 
for sticky or 
highly fibrous 
materials

Milling of 
granules and 
selected 
powders

Edge runner 
mill

Crushing and 
attrition

Tough, paste-
like or coarse 
materials

Strong 
grinding 
action

Bulky, 
relatively slow 
and may 
generate heat

Grinding and 
mixing of 
selected 
pharmaceutical 
materials

End runner 
mill

Crushing and 
shearing

Coarse and 
cohesive 
materials

Combines 
grinding and 
mixing

Batch 
operation and 
possible heat 
generation

Small-scale 
grinding and 
preparation of 
masses
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Factors for Comparison

1. Required particle size: Hammer and cutter mills are commonly used for coarse or intermediate size 
reduction, whereas fluid energy mills are used when very fine particles are required.

2. Material properties: Fibrous materials are more suitably processed in cutter mills, while brittle 
materials may be processed by impact or compression equipment.

3. Heat sensitivity: Heat-sensitive materials require careful selection of equipment and operating 
conditions. Fluid energy milling may be useful for certain heat-sensitive materials because the process 
can limit temperature rise, although cooling and process conditions still require control.

4. Contamination risk: Equipment with grinding media or contacting surfaces may introduce 
contamination through wear. Material compatibility and cleaning procedures must be considered.

5. Production capacity: The choice between batch and continuous equipment depends on the scale and 
manufacturing requirements.

5.2 Comparison of Size Separation Equipment

Size separation classifies particles according to their size or their behaviour in a fluid. Equipment 
selection depends on particle-size range, material properties, required separation efficiency and 
whether the process is dry or wet.

Equipment Principle
Main 
function

Advantages Limitations
Pharmaceutical 
applications

Sieve shaker
Mechanical 
sieving

Separation 
according to 
particle size

Simple and 
useful for 
particle-size 
analysis

May be less 
effective with 
very fine or 
cohesive 
powders

Quality control 
and granule 
classification

Mechanical 
sieve shaker

Repeated 
mechanical 
movement 
through 
stacked sieves

Particle-size 
distribution 
analysis

Reproducible 
when properly 
operated

Requires 
suitable 
sample 
quantity and 
sieve 
maintenance

Routine powder 
and granule 
analysis

Vibrating 
screen

Vibration-
assisted 
sieving

Screening and 
classification

Suitable for 
continuous or 
large-scale 
screening

Blinding may 
occur with 
cohesive or 
moist powders

Screening of 
granules and 
powders

Cyclone 
separator

Centrifugal 
and inertial 
effects

Separation of 
particles from 
a gas stream

No filter 
medium; 
relatively 
simple 
construction

Collection 
efficiency 
varies with 
particle size 
and operating 
conditions

Dust collection 
and powder 
recovery

Air separator Differences in Classification Useful for fine Sensitive to Air 
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aerodynamic 
behaviour

by settling or 
entrainment

particle 
classification

airflow and 
particle 
properties

classification of 
powders

Bag filter
Filtration of 
dust-laden air

Collection of 
airborne 
particles

Effective dust 
collection 
when 
correctly 
designed

Requires filter 
cleaning or 
replacement

Dust control and 
powder 
recovery

Important Distinction

A sieve separates particles primarily according to their geometric dimensions. Air separators classify 
particles according to aerodynamic behaviour, which is influenced by particle size, density and shape. 
Cyclone separators and bag filters are mainly used to remove or collect particles from air streams; 
they should not automatically be considered equivalent to precision particle-size classifiers.

5.3 Comparison of Solid Mixing Equipment

Equipment
Main 
mechanism

Suitable 
material

Advantages Limitations
Typical 
pharmaceutical 
use

Double cone 
blender

Diffusive
Free-flowing 
powders and 
granules

Gentle mixing 
and simple 
design

Less effective 
for cohesive 
powders

Dry blending

V-blender Diffusive
Free-flowing 
powders

Gentle mixing 
and easy 
cleaning

May be 
affected by 
particle-
property 
differences

Tablet and 
capsule blends

Ribbon 
blender

Convective 
and shear

Powders and 
granules

Good bulk 
movement and 
relatively 
rapid mixing

Cleaning may 
be difficult; 
possible 
particle 
attrition

Large-scale 
powder 
blending

Planetary 
mixer

Shear and 
folding

Cohesive 
materials and 
wet masses

Intensive 
mixing and 
kneading

High power 
and not ideal 
for routine dry 
blending

Wet mass and 
paste 
preparation

Tumbling 
mixer

Diffusive
Free-flowing 
powders

Gentle action 
and enclosed 
operation

May be slow 
for cohesive 
materials

Dry powder 
blending

Sigma blade 
mixer

Intensive 
shear and 
kneading

Highly 
cohesive 
masses and 
pastes

Effective for 
viscous 
materials

High power 
and difficult 
cleaning

Wet granulation 
masses and 
pastes
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UNIT II
Unit operations associated 

with liquids
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Chapter 1: Introduction to Unit Operations Associated with Liquids

1.1 Introduction and Definition of Unit Operations Associated with Liquids

Pharmaceutical manufacturing involves several physical and chemical processes that convert raw 
materials into safe, effective, stable, and suitable dosage forms. These processes are broadly classified 
as unit operations. A unit operation is a basic step in a manufacturing process in which a material 
undergoes a physical change, such as mixing, separation, heating, cooling, or size reduction, without 
necessarily changing its chemical identity.

Unit operations associated with liquids are physical processes used for handling, processing, 
separating, purifying, and modifying liquid materials or liquid-containing systems. These operations 
are essential in the preparation of pharmaceutical solutions, suspensions, emulsions, injections, 
syrups, extracts, and other liquid formulations. They are also used in the recovery and purification of 
active pharmaceutical ingredients (APIs), excipients, and biological products.

Liquid-processing operations may involve a single liquid phase, a mixture of two or more liquid 
phases, or a system containing solid particles dispersed in a liquid. Depending on the nature of the 
material and the desired product, different equipment and operating conditions are selected.

Important unit operations associated with liquids include:

• Filtration: Separation of suspended solid particles from a liquid by passing the mixture 
through a porous medium.

• Crystallization: Formation of solid crystals from a solution or melt under suitable conditions 
of supersaturation.

• Centrifugation: Separation of suspended particles or immiscible phases by applying 
centrifugal force.

• Mixing: Uniform distribution of two or more liquid components or the dispersion of one 
phase in another.

• Evaporation: Removal of a solvent from a solution by vaporization to increase the 
concentration of the dissolved material.

• Distillation: Separation of liquid components based on differences in their volatility.
• Extraction: Transfer of a soluble component from one phase into another suitable solvent.

The present chapter introduces the importance, classification, and physical properties relevant to 
liquid-processing operations, with particular emphasis on filtration, crystallization, and centrifugation.

1.2 Importance of Liquid Processing in Pharmaceutical Industries

Liquid processing plays an important role in pharmaceutical manufacturing because many raw 
materials, intermediates, and finished products are handled in liquid form. The selection and control 
of appropriate unit operations directly influence product quality, process efficiency, yield, and 
consistency.

The major importance of liquid-processing operations is described below.

1.2.1 Preparation of Pharmaceutical Dosage Forms
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Liquid-processing operations are required for manufacturing solutions, syrups, elixirs, suspensions, 
emulsions, eye drops, oral liquids, and parenteral preparations. Proper processing helps achieve 
uniformity, suitable viscosity, physical stability, and acceptable product appearance.

1.2.2 Purification of Pharmaceutical Materials

Filtration and centrifugation are commonly used to remove unwanted suspended particles, cellular 
debris, precipitates, and other impurities from process liquids. These operations help improve the 
clarity and purity of pharmaceutical solutions and intermediates.

1.2.3 Recovery of Active Pharmaceutical Ingredients

Crystallization is frequently used to recover APIs from solutions and to obtain solid materials with 
controlled crystal properties. The process can influence crystal size, shape, purity, and solid-state 
characteristics, which may affect subsequent manufacturing and product performance.

1.2.4 Separation of Solids from Liquids

During pharmaceutical manufacturing, solids may be produced by precipitation, crystallization, 
fermentation, or chemical reactions. Filtration and centrifugation help separate these solids from the 
mother liquor or process liquid.

1.2.5 Improvement of Product Quality

Appropriate liquid-processing methods help control contamination, particle content, concentration, 
and physical properties. For example, clarification by filtration can improve the appearance of a liquid 
preparation, while controlled crystallization can contribute to consistent solid-state properties.

1.2.6 Process Efficiency and Product Yield

Efficient separation and recovery operations reduce material losses and improve production yield. 
Selection of suitable equipment, operating conditions, and process parameters can also reduce 
processing time and energy consumption.

1.2.7 Processing of Biological Products

Liquid-processing operations are important in biotechnology and pharmaceutical fermentation 
processes. Centrifugation and filtration may be used to separate microbial cells, remove cell debris, 
clarify fermentation broth, and process biological materials.

1.2.8 Support for Quality and Regulatory Requirements

Pharmaceutical processes must be designed and controlled to produce materials of consistent quality. 
Equipment selection, cleaning, maintenance, process monitoring, and validation are important for 
ensuring reproducibility and minimizing the risk of contamination or process variation.

1.3 Classification of Unit Operations Associated with Liquids
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Unit operations associated with liquids can be classified according to the physical process involved 
and the purpose of the operation. Some operations involve the transfer of heat or mass, while others 
primarily involve mechanical separation or fluid movement.

1.3.1 Classification Based on the Purpose of Operation

Category Unit operation Main purpose
Pharmaceutical 
examples

Separation of solids 
from liquids

Filtration
Removal of suspended solids 
using a porous medium

Clarification of 
solutions; recovery of 
crystalline APIs

Separation by 
centrifugal force

Centrifugation
Separation of suspended solids 
or liquid phases using 
centrifugal force

Separation of cells 
from fermentation 
broth

Formation of solid 
crystals

Crystallization
Recovery and purification of 
solids from a solution or melt

Crystallization of APIs 
and pharmaceutical 
intermediates

Mixing and 
blending

Liquid mixing
Uniform distribution of 
components

Preparation of syrups, 
solutions, and 
suspensions

Concentration Evaporation
Removal of solvent to increase 
concentration

Concentration of 
extracts and solutions

Separation of liquid 
components

Distillation
Separation based on 
differences in volatility

Solvent recovery and 
purification

Transfer of a 
component between 
phases

Extraction
Separation based on 
differences in solubility

Extraction of 
pharmaceutical 
constituents

1.3.2 Classification Based on the Nature of the Process

A. Mechanical operations

Mechanical operations use physical forces to move, mix, or separate materials. Examples include 
filtration, centrifugation, and liquid mixing.

B. Heat-transfer operations

These operations involve the transfer of heat to or from a liquid system. Examples include heating, 
cooling, and evaporation.

C. Mass-transfer operations

Mass-transfer operations involve the movement of a component from one phase to another or within a 
phase due to a concentration difference or other driving force. Examples include extraction, 
distillation, and certain crystallization processes.

D. Phase-change operations
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These operations involve the formation or disappearance of a phase. Crystallization involves the 
formation of a solid phase from a liquid, whereas evaporation involves conversion of liquid into 
vapour.

In practice, a single pharmaceutical process may involve more than one type of operation. For 
example, crystallization may be followed by filtration or centrifugation to separate the crystals from 
the mother liquor.

1.4 Physical Properties of Liquids Affecting Processing

The physical properties of liquids influence equipment selection, operating conditions, processing 
time, separation efficiency, and final product quality. Understanding these properties is necessary for 
the proper design and operation of liquid-processing equipment.

1.4.1 Density and Viscosity

A. Density

Density is defined as the mass of a substance per unit volume. It is commonly expressed in kilograms 
per cubic metre (kg/m³) or grams per millilitre (g/mL).

Density influences the movement and separation of materials in liquid systems. In centrifugation, the 
density difference between suspended particles and the surrounding liquid contributes to the 
separation process. A greater density difference generally favours faster separation, provided other 
operating conditions remain constant.

Density is also important in crystallization, liquid mixing, and the preparation of pharmaceutical 
solutions. Changes in temperature or concentration may alter liquid density and consequently affect 
process behaviour.

B. Viscosity

Viscosity is the resistance offered by a fluid to flow. It represents the internal friction between 
adjacent layers of a moving liquid. The SI unit of dynamic viscosity is pascal-second (Pa·s), although 
millipascal-second (mPa·s) and centipoise (cP) are also commonly used.

Viscosity affects the flow of liquid through pipes, filter media, and equipment. Highly viscous liquids 
generally flow more slowly and may require greater pressure or longer processing time during 
filtration. Increased viscosity may also reduce the settling or centrifugal separation rate of suspended 
particles.

In pharmaceutical formulations, viscosity is important for controlling pourability, suspension stability, 
spreading behaviour, and ease of administration. For example, the viscosity of syrups and suspensions 
must be suitable for their intended use.
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Factors affecting viscosity include:

• Temperature
• Molecular structure and molecular weight
• Concentration of dissolved substances
• Presence of suspended particles
• Nature of the liquid system

In general, the viscosity of many liquids decreases with an increase in temperature, although the exact 
relationship depends on the material.

1.4.2 Surface Tension

Surface tension is the force acting per unit length at the surface of a liquid, arising from 
intermolecular attractive forces. It causes the liquid surface to behave as though it were covered by a 
stretched elastic membrane. Surface tension is commonly expressed in newtons per metre (N/m).

Surface tension influences the formation of droplets, wetting of solid surfaces, spreading of liquids, 
and dispersion of one liquid in another. It is particularly important in the preparation of emulsions, 
suspensions, and other dispersed pharmaceutical systems.

A liquid with high surface tension may not spread readily over a solid surface. Surfactants are often 
used to reduce interfacial or surface tension and improve wetting and dispersion.

Pharmaceutical significance:

• Influences wetting of powders during formulation.
• Affects the formation and stability of droplets in emulsions.
• Influences liquid penetration into porous materials.
• Plays a role in coating, granulation, and cleaning processes.
• May affect the behaviour of liquids during filtration through porous media.

1.4.3 Solubility and Miscibility

A. Solubility

Solubility is the maximum amount of a solute that can dissolve in a specified quantity of solvent 
under defined conditions of temperature and pressure to form a saturated solution.

Solubility is an important property in pharmaceutical processing because it determines how much of a 
substance can be dissolved in a solvent. It influences solution preparation, crystallization, extraction, 
and purification.

In crystallization, the solubility of a substance determines the conditions under which a solution 
becomes supersaturated and crystals can form. Changes in temperature, solvent composition, or 
concentration may alter solubility and affect crystal formation.

Factors affecting solubility include:
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• Nature of the solute and solvent
• Temperature
• Pressure, particularly for gases dissolved in liquids
• pH and ionization of the solute
• Presence of other dissolved substances

B. Miscibility

Miscibility refers to the ability of two or more liquids to mix and form a single homogeneous liquid 
phase. Liquids that mix in all proportions are described as completely miscible, whereas liquids that 
form separate layers over a range of compositions are partially miscible or immiscible.

Miscibility is important in the preparation of pharmaceutical solutions, solvent systems, and 
emulsions. For example, water and ethanol are miscible, whereas oil and water are generally 
immiscible under ordinary conditions.

Pharmaceutical significance:

• Helps in selecting suitable solvents and co-solvents.
• Influences the preparation of homogeneous liquid formulations.
• Determines the need for emulsifying agents in immiscible liquid systems.
• Affects solvent selection during extraction and crystallization.
• Influences phase separation during processing and storage.

1.4.4 Particle Size and Suspension Characteristics

A suspension is a heterogeneous system in which finely divided insoluble solid particles are dispersed 
in a liquid medium. The size, shape, density, and surface properties of suspended particles influence 
the physical stability and processing behaviour of the system.

Particle size is generally expressed in micrometres (µm). Smaller particles may remain dispersed for 
longer periods under certain conditions, but their behaviour also depends on aggregation, wetting, 
viscosity, and interactions between particles.

The important suspension characteristics are described below.

A. Particle Size

Particle size affects sedimentation rate, filtration behaviour, and separation efficiency. Larger particles 
generally settle faster than smaller particles under similar conditions. Very fine particles may pass 
through certain filter media or form a compact filter cake that reduces filtration rate.

B. Particle Shape

Particle shape influences particle packing, flow, and cake formation. Irregular particles may form a 
more porous or less uniform cake than spherical particles, depending on their size distribution and 
surface properties.
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C. Particle Density

The difference between the density of suspended particles and that of the liquid medium influences 
sedimentation. Particles with a greater density difference from the liquid may separate more readily 
under gravity or centrifugal force.

D. Particle Concentration

The concentration of suspended solids affects the total amount of material to be separated and may 
influence the rate of filtration or centrifugation. High solid concentrations can increase resistance to 
liquid flow and may lead to the formation of a thicker filter cake.

E. Sedimentation and Stability

Sedimentation is the settling of suspended particles under the influence of gravity or centrifugal force. 
The rate of sedimentation depends on particle size, density difference, liquid viscosity, and the applied 
force.

Suspension stability is influenced by particle size distribution, viscosity, wetting, aggregation, and the 
presence of stabilizing agents. Pharmaceutical suspensions are formulated to minimize undesirable 
changes such as hard caking and irreversible aggregation.

F. Pharmaceutical Significance

Particle and suspension characteristics are important in:

• Filtration of process suspensions.
• Centrifugal separation of solids from liquids.
• Recovery of precipitated or crystallized materials.
• Preparation of oral and topical suspensions.
• Control of sedimentation and redispersibility.
• Maintaining uniformity and consistency during manufacturing.

1.5 Pharmaceutical Applications of Liquid Processing

Liquid-processing operations are used at different stages of pharmaceutical manufacturing, from raw-
material preparation to final product processing. Their applications depend on the nature of the 
material, the desired product, and the required quality attributes.

1.5.1 Preparation of Pharmaceutical Solutions

Liquid mixing and dissolution are used to prepare homogeneous solutions containing APIs, 
excipients, preservatives, sweeteners, and other ingredients. These operations are used in the 
manufacture of oral solutions, syrups, elixirs, and topical preparations.

1.5.2 Clarification and Purification of Liquids
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Filtration is used to remove suspended particles from pharmaceutical solutions and process liquids. It 
may be applied during the preparation of oral liquids, ophthalmic preparations, and other products 
where particle control is required. The type and grade of filter depend on the product, process, and 
required level of clarification.

1.5.3 Sterile Filtration

Membrane filtration may be used to remove microorganisms from suitable heat-sensitive liquid 
preparations. Sterile filtration must be performed using an appropriately validated process and 
compatible filter system. It does not replace other required controls, such as aseptic processing and 
environmental monitoring.

1.5.4 Recovery of Crystalline APIs

Crystallization is used to obtain solid APIs and intermediates from solutions. Controlled 
crystallization can influence crystal size, morphology, purity, and polymorphic form. The resulting 
crystals are generally separated from the mother liquor by filtration or centrifugation and may 
subsequently be washed and dried.

1.5.5 Separation of Solids from Process Liquids

Filtration and centrifugation are used to separate precipitates, crystals, and other suspended solids 
from liquids. These processes are important in chemical synthesis, fermentation, and purification of 
pharmaceutical intermediates.

1.5.6 Processing of Fermentation Broths

Fermentation broths may contain microbial cells, suspended solids, dissolved products, and other 
components. Centrifugation and filtration are used for cell separation, broth clarification, and recovery 
of desired products, depending on the characteristics of the process.

1.5.7 Manufacture of Suspensions and Emulsions

Liquid-processing methods are used to disperse insoluble solids or immiscible liquids in a continuous 
phase. Suitable mixing, wetting, and homogenization conditions help achieve the required uniformity 
and physical stability.

1.5.8 Solvent Recovery and Reuse

Distillation and evaporation may be used to recover solvents from pharmaceutical processes. 
Appropriate solvent recovery can reduce material consumption and support efficient manufacturing, 
provided the recovered solvent meets the required quality specifications.

1.5.9 Processing of Biological and Protein-Based Products

Filtration and centrifugation are used in the processing of biological materials, including cell cultures 
and fermentation-derived products. Because biological materials may be sensitive to shear, 



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 90

temperature, and interfaces, processing conditions must be selected carefully to minimize product 
damage.

1.5.10 Waste Treatment and Process Effluent Management

Liquid-processing operations may be used to remove suspended solids and other process residues 
from wastewater before further treatment or disposal. The treatment method depends on the nature of 
the waste and applicable environmental requirements.

                               Unit operations associated with liquids are essential physical processes used in 
pharmaceutical manufacturing for handling, mixing, separating, purifying, concentrating, and 
recovering materials. Important operations include filtration, crystallization, centrifugation, mixing, 
evaporation, distillation, and extraction. The selection and performance of liquid-processing 
equipment depend on the physical properties of the liquid system. Density and viscosity influence 
flow and separation, while surface tension affects wetting and dispersion. Solubility and miscibility 
determine the behaviour of solutes and liquid mixtures, whereas particle size and suspension 
characteristics influence filtration, sedimentation, and centrifugal separation. These operations are 
widely applied in the preparation of pharmaceutical dosage forms, purification of process liquids, 
recovery of APIs, processing of fermentation broths, and manufacture of suspensions and emulsions. 
A clear understanding of their principles and the properties of liquid systems is necessary for efficient 
and reproducible pharmaceutical processing.
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Chapter 2: Filtration

2.1 Introduction and Definition of Filtration

Filtration is one of the most widely used unit operations in pharmaceutical manufacturing. It is a 
separation process in which suspended solid particles are removed from a fluid by passing the fluid 
through a porous medium that retains the solid particles while allowing the fluid to pass through. The 
fluid passing through the filter medium is called the filtrate, whereas the retained solids are referred to 
as the filter cake or residue.

Filtration is used for clarification of liquids, recovery of valuable solids, removal of particulate matter, 
and purification of pharmaceutical intermediates and products. It is applicable to liquid–solid systems 
and, in certain specialized applications, to gas–solid systems.

The effectiveness of filtration depends on the characteristics of the suspension, the properties of the 
filter medium, the pressure difference across the filter, and the resistance offered by the filter cake.

Definition: Filtration is a mechanical separation process in which suspended solid particles are 
separated from a fluid by passing the suspension through a porous medium that permits the fluid to 
pass while retaining the solids.

In pharmaceutical industries, filtration may be performed to obtain a clear liquid, recover a solid 
product, or remove unwanted particulate matter. Depending on the purpose and process requirements, 
different types of filtration equipment are employed.

2.2 Objectives and Importance of Filtration

The major objectives of filtration in pharmaceutical manufacturing are as follows:

2.2.1 Removal of Suspended Particles

Filtration removes insoluble particles from liquids to obtain a clear or clarified filtrate. This is 
important in the preparation of pharmaceutical solutions and process intermediates.

2.2.2 Recovery of Valuable Solids

Filtration is used to recover precipitated materials, crystalline APIs, and other valuable solids from 
liquid suspensions. The recovered solids may undergo washing and drying before further processing.

2.2.3 Purification of Pharmaceutical Solutions

Unwanted particulate impurities can be removed by suitable filtration methods. This improves the 
physical quality of process solutions and may support subsequent purification steps.

2.2.4 Preparation of Pharmaceutical Products
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Filtration is used during the manufacture of oral liquids, topical preparations, ophthalmic products, 
and other liquid dosage forms. The required filtration method depends on the formulation and product 
specifications.

2.2.5 Sterile Filtration

Suitable membrane filters are used to remove microorganisms from certain heat-sensitive liquid 
preparations. Sterile filtration must be performed using a validated process and compatible equipment. 
It does not eliminate the need for appropriate aseptic processing controls.

2.2.6 Improvement of Product Quality

Filtration helps control particulate contamination, improve clarity, and maintain consistent product 
quality. It may also protect downstream equipment from blockage or damage caused by suspended 
solids.

2.2.7 Process Efficiency

Appropriate filtration equipment can reduce processing time, facilitate recovery of materials, and 
improve manufacturing efficiency. The choice of equipment depends on the volume of suspension, 
solid concentration, particle characteristics, and required filtrate quality.

2.3 Principles of Filtration

Filtration occurs when a fluid is forced through a porous medium under the influence of a driving 
force, usually a pressure difference. The filter medium retains solid particles according to its pore 
structure, particle characteristics, and filtration mechanism.

The driving force may be produced by applying pressure above the suspension, creating a vacuum on 
the filtrate side, or allowing the liquid to flow under gravity.

The rate of filtration depends mainly on:

• Pressure difference across the filter medium.
• Viscosity of the liquid.
• Area of the filter medium.
• Resistance of the filter medium.
• Resistance of the filter cake.
• Thickness and porosity of the filter cake.

For an idealized filtration system, the rate of filtration can be expressed as:

Where:
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• dV/dt = rate of filtration
• ΔP = pressure difference across the filter
• A = filtration area
• μ = viscosity of the filtrate
• Rm = resistance of the filter medium
• Rc = resistance of the filter cake

This relationship indicates that the filtration rate increases with an increase in pressure difference or 
filtration area and decreases with an increase in liquid viscosity or filtration resistance.

2.3.1 Pressure Filtration

Pressure filtration is a process in which pressure is applied to the suspension to force the liquid 
through the filter medium. The pressure may be generated by a pump, compressed air, or another 
suitable pressure source.

In this method, the suspension is supplied to a closed filtration unit, and the liquid passes through the 
filter medium due to the applied pressure. The solid particles are retained on the filter medium and 
gradually form a filter cake.

Characteristics:

• Suitable for suspensions requiring a relatively high filtration driving force.
• Can be used for recovery of solids and clarification of liquids.
• Commonly employed in plate and frame filter presses and pressure leaf filters.
• The filtration rate depends on pressure, cake resistance, and liquid viscosity.

2.3.2 Vacuum Filtration

Vacuum filtration involves creating a reduced pressure on the filtrate side of the filter medium. 
Atmospheric pressure or the pressure within the feed system drives the liquid through the filter 
medium toward the vacuum side.

The solid particles remain on the filter medium, while the filtrate is collected in a receiver. Vacuum 
filtration is widely used for continuous or batch filtration, depending on the equipment design.

Characteristics:

• The driving force is created by a pressure difference produced through vacuum.
• It is useful for filtration of suitable suspensions at relatively low pressure.
• It may be used for continuous filtration in rotary drum vacuum filters.
• The achievable pressure difference is limited by the operating vacuum and system design.

2.3.3 Gravity Filtration

Gravity filtration uses the hydrostatic pressure generated by the height of the liquid column to move 
the suspension through the filter medium. The liquid flows through the medium under the influence of 
gravity, while suspended solids are retained.
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This method is simple and does not require a pump or vacuum system. It is generally suitable for 
small-scale operations and suspensions that can be filtered without a large pressure difference.

Characteristics:

• Simple equipment and operation.
• No external pressure or vacuum source is required.
• Usually slower than pressure or vacuum filtration.
• Commonly used for laboratory-scale clarification and simple separation processes.

2.3.4 Cake Filtration

Cake filtration is a process in which suspended solid particles are retained on the surface of the filter 
medium and accumulate to form a porous layer called the filter cake.

Initially, the filter medium provides the main resistance to fluid flow. As filtration continues, the 
deposited solids form a cake, and the resistance offered by the cake becomes increasingly important.

Cake filtration is commonly used when the solid concentration in the suspension is sufficient to form 
a recoverable cake.

Characteristics:

• Solids accumulate on the surface of the filter medium.
• The cake may be removed and processed further.
• Filtration rate generally decreases as cake thickness increases, under constant-pressure 

conditions.
• Cake washing may be performed to remove residual mother liquor or soluble impurities.

2.3.5 Depth Filtration

Depth filtration is a process in which particles are retained within the thickness of a porous filter 
medium rather than only on its surface. The filter medium contains a network of interconnected pores 
through which the liquid flows.

Particles are captured by mechanisms such as interception, adsorption, and entrapment within the 
filter structure.

Depth filtration is useful for removing particles from liquids when the solids are present in relatively 
low concentrations or when a broad range of particle sizes must be retained.

Characteristics:

• Particle retention occurs throughout the depth of the medium.
• Commonly used for clarification and prefiltration.
• Filter media may include fibrous materials and porous matrices.
• The medium may become progressively loaded with retained particles.
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Comparison of Filtration Principles

Type
Driving force or 
mechanism

Main feature Common application

Pressure filtration Applied pressure
Suspension is forced 
through the filter 
medium

Recovery of solids 
from process 
suspensions

Vacuum filtration
Reduced pressure on 
filtrate side

Liquid is drawn 
through the filter 
medium

Continuous filtration 
and clarification

Gravity filtration Hydrostatic pressure
Liquid flows under 
gravity

Simple laboratory 
filtration

Cake filtration
Surface deposition of 
solids

A filter cake forms on 
the medium

Recovery and washing 
of solids

Depth filtration
Retention within the 
filter medium

Particles are captured 
within the medium

Clarification and 
prefiltration

2.4 Factors Affecting Filtration

The efficiency and rate of filtration are influenced by several factors related to the suspension, filter 
medium, equipment, and operating conditions.

2.4.1 Pressure Difference

The pressure difference across the filter medium is the principal driving force in pressure and vacuum 
filtration. Increasing the pressure difference generally increases the filtration rate. However, excessive 
pressure may compress the filter cake, increase its resistance, or damage the filter medium.

2.4.2 Viscosity of the Liquid

The viscosity of the liquid directly affects its ability to flow through the filter medium and filter cake. 
Highly viscous liquids generally require more time for filtration. Increasing the temperature may 
reduce the viscosity of many liquids and improve filtration, provided the product remains stable.

2.4.3 Particle Size and Particle Size Distribution

Particle size influences the structure and permeability of the filter cake. Fine particles may block the 
pores of the filter medium or form a dense cake with high resistance. A broad particle size distribution 
may also affect cake packing and filtration behaviour.

2.4.4 Nature of the Filter Cake

The porosity, thickness, compressibility, and permeability of the filter cake influence the rate of 
filtration. A porous cake generally allows easier passage of liquid, whereas a compact or compressible 
cake offers greater resistance.

2.4.5 Filter Medium
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The pore size, thickness, porosity, chemical compatibility, and mechanical strength of the filter 
medium affect filtration performance. The filter medium must retain the required particles while 
allowing adequate liquid flow.

2.4.6 Filtration Area

An increase in the effective filtration area generally increases the total filtration rate, provided other 
conditions remain unchanged. Equipment with a larger filtration area may therefore be selected for 
processing larger volumes.

2.4.7 Solid Concentration

A high concentration of suspended solids can result in rapid cake formation and increased filtration 
resistance. It may also require more frequent cake removal or a larger filtration capacity.

2.4.8 Temperature

Temperature may influence liquid viscosity, solubility, and the physical properties of the solids. In 
some cases, increasing temperature improves filtration by reducing viscosity. However, temperature 
must be controlled to prevent degradation, unwanted crystallization, or changes in product quality.

2.4.9 Filter Aid

Filter aids improve filtration by producing a more porous cake or preventing fine particles from 
blocking the filter medium. Their effectiveness depends on the nature of the suspension and the type 
and quantity of filter aid used.

2.4.10 Operating Time and Cake Thickness

During cake filtration, the cake becomes thicker as solids accumulate. This increases resistance to 
fluid flow and may reduce the filtration rate, particularly under constant-pressure conditions.

2.5 Filter Media and Filter Aids

2.5.1 Filter Media

A filter medium is a porous material through which a fluid passes during filtration while suspended 
particles are retained. It may be made of woven fabrics, non-woven fibres, porous rigid materials, 
membranes, or other suitable materials.

The selection of a filter medium depends on the particle size to be retained, liquid properties, 
operating pressure, temperature, chemical compatibility, and required filtrate quality.

A. Characteristics of an Ideal Filter Medium

An ideal filter medium should possess the following characteristics:

1. It should retain the required solid particles.
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2. It should allow adequate flow of the liquid.
3. It should have sufficient mechanical strength to withstand operating pressure.
4. It should be chemically compatible with the product and cleaning agents.
5. It should not release fibres, particles, or extractable substances into the filtrate.
6. It should be easy to install, clean, or replace, as appropriate.
7. It should maintain its performance during the intended operating conditions.

B. Types of Filter Media

1. Woven fabrics: These are made by interlacing fibres or yarns. They are used in filter presses and 
other filtration equipment. Their performance depends on the material, weave, and pore structure.

2. Non-woven fabrics: These consist of fibres bonded or arranged without a regular woven pattern. 
They may be used in filter sheets, bags, and cartridges.

3. Paper and cellulose media: These are commonly used for laboratory and small-scale filtration. 
Different grades are available according to retention and flow requirements.

4. Metallic screens and meshes: These are made from metal wires or perforated sheets. They are used 
where mechanical strength and resistance to elevated temperatures are required.

5. Porous ceramic media: These provide a rigid porous structure and may be used in specialized 
filtration applications.

6. Membrane filters: These are thin polymeric or other porous materials with defined pore-size 
characteristics. They are used for fine filtration, clarification, and, where appropriately validated, 
microbial retention.

Common Filter Media and Their Uses

Filter medium General characteristics Typical applications

Woven fabric Flexible and mechanically strong
Filter presses and industrial 
filtration

Non-woven fabric Fibrous structure with variable retention
Filter sheets, bags, and 
cartridges

Cellulose paper Available in different grades
Laboratory and small-scale 
filtration

Metallic mesh Strong and reusable in suitable processes Coarse filtration and screening

Porous ceramic
Rigid and chemically resistant in suitable 
conditions

Specialized filtration

Membrane Defined pore-size characteristics
Fine filtration and validated 
microbial removal

2.5.2 Filter Aids

Filter aids are finely divided, porous, and generally inert materials added to a suspension or applied as 
a precoat to improve filtration. They help produce a more permeable filter cake and reduce the risk of 
fine particles blocking the filter medium.



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 98

Filter aids are particularly useful when the suspension contains very fine, slimy, or compressible 
solids that are difficult to filter directly.

A. Functions of Filter Aids

• Increase the porosity of the filter cake.
• Reduce resistance to liquid flow.
• Prevent fine particles from blocking the filter medium.
• Improve the clarity of the filtrate.
• Facilitate filtration of difficult suspensions.

B. Common Filter Aids

1. Diatomaceous earth: A porous material obtained from the fossilized remains of diatoms. It is 
widely used as a filter aid because of its porous structure.

2. Perlite: A processed volcanic material used in filtration to improve cake permeability.

3. Cellulose fibres: These may be used to improve cake structure and filtration performance in 
suitable applications.

4. Activated carbon: It is primarily used as an adsorbent for removing certain dissolved impurities, 
colour, or odour. It may also be used in conjunction with filtration, but its adsorption function should 
be distinguished from that of conventional filter aids.

C. Methods of Using Filter Aids

1. Precoating: A suspension of filter aid is passed through the filter medium before the main filtration 
process. A porous layer forms on the surface of the medium, helping prevent direct blockage by fine 
particles.

2. Body feeding: Filter aid is mixed directly with the suspension before or during filtration. It 
becomes incorporated into the filter cake and improves its permeability.

3. Combined method: Both precoat and body-feed methods may be used when the suspension is 
difficult to filter.

Note: Filter aids must be selected for compatibility with the product and the intended downstream 
process. Their use must also be controlled to avoid unacceptable contamination or product loss.

2.6 Classification of Filtration Equipment

Filtration equipment may be classified according to the driving force, operating mode, and design of 
the filter medium.

2.6.1 Based on the Driving Force

• Gravity filters
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• Pressure filters
• Vacuum filters
• Centrifugal filters

2.6.2 Based on the Operating Mode

A. Batch filters: The filtration process is performed in separate batches. The equipment is charged 
with suspension, filtration is carried out, and the cake is removed before the next batch.

B. Continuous filters: The suspension is supplied continuously, and filtration and cake discharge 
occur as part of a continuous operation.

2.6.3 Based on the Nature of the Filter Medium

• Surface filters
• Depth filters
• Membrane filters
• Cartridge filters

2.6.4 Based on the Form of the Filter Cake

• Cake-forming filters
• Non-cake-forming or clarification filters

2.6.5 Common Filtration Equipment

The major filtration equipment used in pharmaceutical and related industries includes:

1. Plate and frame filter press
2. Filter leaf
3. Rotary drum vacuum filter
4. Cartridge filter
5. Membrane filter
6. Nutsche filter
7. Centrifugal filter

2.7 Filtration Equipment: Principle, Construction, Working, Advantages, Disadvantages and 
Pharmaceutical Applications

2.7.1 Plate and Frame Filter Press
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Principle

The plate and frame filter press works on the principle of pressure filtration. A suspension is pumped 
into chambers formed between plates and frames. The liquid passes through filter cloths, while the 
solid particles are retained and accumulate as a filter cake.

Construction

A plate and frame filter press consists of the following components:

1. Frame: A supporting structure that holds the plates and frames in position.
2. Filter plates: Flat plates with drainage channels or grooves that support the filter cloth and 

allow filtrate to flow.
3. Frames: Hollow sections placed between the plates to provide space for the formation of filter 

cake.
4. Filter cloth: A porous fabric placed over the plates to retain suspended solids.
5. Feed inlet: A passage through which the suspension enters the filter press.
6. Filtrate outlet: Channels through which the filtered liquid is collected.
7. Closing mechanism: A screw, hydraulic, or mechanical arrangement that presses the plates 

and frames together.
8. Pumping system: Supplies the suspension under pressure.

Working

1. The filter cloths are positioned over the filter plates.
2. The plates and frames are assembled and tightly compressed.
3. The suspension is pumped into the chambers formed by the frames.
4. The liquid passes through the filter cloth and drainage channels.
5. The filtrate is collected through the outlet passages.
6. Suspended solids accumulate within the frames and form a filter cake.
7. When the required filtration endpoint or capacity is reached, feeding is stopped.
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8. The press is opened, and the filter cake is removed.
9. The filter cloths and equipment are cleaned before the next cycle.

Advantages

• Simple and well-established design.
• Suitable for recovery of solids from suspensions.
• Produces relatively dry cakes compared with some simple filtration methods.
• Large filtration area can be provided by increasing the number of plates.
• Cake washing can be performed in suitable designs.
• Can be used for a wide range of suspensions.

Disadvantages

• Batch operation requires downtime for cake discharge and cleaning.
• Manual handling may be required in conventional designs.
• Filter cloths may become blocked or damaged.
• Labour and cleaning requirements may be considerable.
• Compressible cakes may reduce filtration efficiency at high pressure.

Pharmaceutical Applications

• Recovery of crystalline APIs and intermediates.
• Filtration of process suspensions.
• Clarification of suitable pharmaceutical solutions.
• Separation of precipitated products from mother liquor.
• Filtration of herbal extracts and other process liquids, where compatible.

2.7.2 Filter Leaf

Principle
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A filter leaf operates on the principle of pressure filtration. The suspension flows around a porous 
filter element, while solids are retained on the outer surface of the leaf. The filtrate passes through the 
filter medium and is collected through an internal drainage system.

Construction

A filter leaf generally consists of:

1. Filter element or leaf: A rigid supporting structure covered with a suitable filter medium.
2. Filter medium: A porous fabric or mesh that retains solid particles.
3. Drainage channels: Internal passages that collect and convey the filtrate.
4. Filtrate outlet: A connection through which the filtered liquid is discharged.
5. Pressure vessel: An enclosed vessel that accommodates the filter leaves and suspension.
6. Feed inlet: A port through which the suspension is introduced.
7. Cake discharge arrangement: A system for removing the accumulated filter cake, depending 

on the design.

Filter leaves may be arranged vertically or horizontally according to the equipment design.

Working

1. The filter leaves are placed inside the pressure vessel.
2. The vessel is closed, and the suspension is introduced.
3. Pressure is applied to force the liquid through the filter medium.
4. The solid particles are retained on the outer surface of the leaves.
5. The filtrate passes through the drainage channels and exits through the filtrate outlet.
6. As filtration proceeds, the filter cake increases in thickness.
7. After filtration, the feed is stopped and the vessel is depressurized.
8. The cake is removed by a suitable discharge method, such as vibration, backwashing, or 

manual removal, depending on the design.

Advantages

• Provides a relatively large filtration area in a compact vessel.
• Suitable for pressure filtration of process suspensions.
• Can be used for clarification and solid recovery.
• Multiple leaves can be arranged in one vessel.
• Some designs permit cake washing and drying.

Disadvantages

• Cake removal may be difficult in certain designs.
• Filter media may require frequent cleaning or replacement.
• Not suitable for every type of highly compressible or sticky cake.
• Inspection and maintenance may be more complex than simple open filters.
• Operation requires careful control of pressure and vessel integrity.

Pharmaceutical Applications
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• Filtration of pharmaceutical intermediates.
• Recovery of solids from process suspensions.
• Clarification of suitable liquids.
• Filtration of crystallization slurries.
• Processing of bulk liquids in chemical and pharmaceutical manufacturing.

2.7.3 Rotary Drum Vacuum Filter

Principle

The rotary drum vacuum filter works on the principle of vacuum filtration. A partially submerged 
rotating drum covered with filter medium is connected to a vacuum system. As the drum rotates, the 
pressure difference draws liquid through the filter medium, while solids are retained on the drum 
surface as a cake.

Construction

The main components include:

1. Rotating drum: A cylindrical drum with a perforated or grooved outer surface.
2. Filter medium: A cloth or other suitable material covering the drum.
3. Slurry tank: A vessel containing the suspension in which the drum is partially immersed.
4. Vacuum system: Creates reduced pressure inside the drum.
5. Internal compartments: Divide the drum into sections to control filtration, drying, and 

discharge zones.
6. Rotary valve: Regulates the connection of different drum compartments to vacuum, wash, and 

discharge lines.
7. Cake discharge mechanism: A scraper, belt, or other arrangement for removing the cake.
8. Drive system: Rotates the drum at a controlled speed.
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9. Filtrate receiver: Collects the liquid passing through the filter medium.

Working

1. The suspension is maintained in the slurry tank.
2. The drum rotates slowly while partially immersed in the suspension.
3. Vacuum is applied to the internal compartments of the drum.
4. Liquid is drawn through the filter cloth into the drum, and solids are retained on its surface.
5. As the drum rotates out of the slurry, the deposited cake may be washed if required.
6. Continued vacuum removes additional liquid from the cake.
7. The cake reaches the discharge zone, where it is removed by a scraper or another suitable 

mechanism.
8. The cleaned filter medium returns to the slurry tank for another cycle.

Advantages

• Continuous operation.
• Suitable for processing large volumes of suspension.
• Filtration, cake washing, and partial dewatering can occur in one unit.
• Requires relatively little manual handling during normal operation.
• Provides a large filtration area.

Disadvantages

• Requires a vacuum system and associated controls.
• Not suitable for all fine or highly compressible solids.
• Cake thickness and moisture content may be difficult to control for certain suspensions.
• Equipment may require considerable floor space.
• Cleaning and maintenance of the drum, filter cloth, and rotary valve can be complex.

Pharmaceutical Applications

• Continuous filtration of suitable process suspensions.
• Recovery of solid intermediates from large-volume slurries.
• Filtration in bulk pharmaceutical chemical manufacturing.
• Processing of compatible herbal or fermentation-derived suspensions.
• Applications where continuous solid–liquid separation is required.

2.7.4 Cartridge Filter
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Principle

A cartridge filter operates by passing liquid through a replaceable porous cartridge that retains 
suspended particles. Depending on its construction, the cartridge may function by surface filtration, 
depth filtration, or a combination of both.

Construction

A cartridge filtration system generally consists of:

1. Filter housing: A pressure-resistant enclosure that contains the cartridge.
2. Filter cartridge: A replaceable filter element made from materials such as cellulose, 

polypropylene, polyester, or other compatible media.
3. Support core: Provides mechanical support to the cartridge.
4. Sealing arrangement: Prevents unfiltered liquid from bypassing the filter element.
5. Inlet and outlet connections: Allow liquid to enter and leave the housing.
6. Pressure monitoring arrangement: May be used to monitor pressure drop across the filter.
7. Drain and vent connections: Facilitate safe operation and maintenance.

Working

1. The cartridge is installed inside the filter housing.
2. The housing is closed and checked for proper sealing.
3. Liquid enters through the inlet and flows through the cartridge.
4. Suspended particles are retained on the surface or within the depth of the filter medium.
5. The filtered liquid passes through the cartridge support structure and exits through the outlet.
6. As particles accumulate, the pressure drop across the cartridge may increase.
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7. When the specified replacement or process endpoint is reached, the system is isolated and 
depressurized.

8. The used cartridge is removed and replaced according to the established procedure.

Advantages

• Compact design.
• Easy installation and replacement.
• Available in different materials and retention ratings.
• Suitable for clarification and prefiltration.
• Can be arranged in series or parallel.
• Enclosed systems can reduce exposure to the environment.

Disadvantages

• Cartridges require periodic replacement.
• Operating cost may be high for large-volume or high-solids applications.
• Cartridges may block rapidly when the suspension contains a high concentration of solids.
• Incorrect installation or sealing may permit bypass.
• Used cartridges require suitable disposal or handling.

Pharmaceutical Applications

• Prefiltration and clarification of pharmaceutical solutions.
• Removal of particulate matter from process liquids.
• Protection of downstream membrane filters.
• Filtration of compatible solvents and formulation ingredients.
• Use in liquid-processing systems where replaceable filter elements are preferred.

2.7.5 Membrane Filter
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Principle

Membrane filtration uses a thin porous barrier to separate particles, microorganisms, or 
macromolecules from a liquid. Separation occurs primarily through size exclusion, although 
adsorption and other interactions may also contribute, depending on the membrane material and 
process.

Membrane filters are commonly characterized by their nominal or absolute retention characteristics, 
pore size, material, and intended application. The selected membrane must be compatible with the 
liquid and the operating conditions.

Construction

A membrane filtration system may consist of:

1. Membrane: A thin porous sheet or hollow-fibre structure made from a suitable polymer or 
other material.

2. Support layer: Provides mechanical strength to the membrane.
3. Housing or module: Holds the membrane in position.
4. Feed inlet: Supplies the liquid to be filtered.
5. Filtrate outlet: Collects the liquid that has passed through the membrane.
6. Retentate outlet: Present in cross-flow systems to remove retained material.
7. Pressure control system: Maintains the required pressure difference.
8. Sealing components: Prevent leakage and bypass.

Membrane filtration may be performed in dead-end or cross-flow mode.

Working

A. Dead-end membrane filtration

1. The liquid is directed toward the membrane surface.
2. The liquid passes through the membrane under a pressure difference.
3. Particles larger than the effective retention size are retained on the membrane.
4. The retained material accumulates on the upstream surface.
5. Filtration continues until the specified endpoint or pressure limit is reached.

B. Cross-flow membrane filtration

1. The feed flows tangentially across the membrane surface.
2. A portion of the liquid passes through the membrane as permeate.
3. Retained particles and larger components remain in the flowing feed stream.
4. The retentate is collected, recycled, or further processed.
5. Tangential flow may reduce the accumulation of deposits on the membrane surface compared 

with dead-end operation.

Advantages
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• Can provide fine particle retention.
• Available in a range of pore sizes and membrane materials.
• Suitable for clarification and specialized separation processes.
• Can be used in validated microbial-retention processes.
• Cross-flow systems may be suitable for processing certain dilute or concentrated streams.
• Compact modules are available.

Disadvantages

• Membrane fouling can reduce filtration performance.
• Membranes may be sensitive to certain solvents, pH conditions, temperatures, or cleaning 

agents.
• Pressure drop or transmembrane pressure must be controlled.
• Membranes may require cleaning, sanitization, or replacement.
• Product loss may occur through adsorption or retention within the system.
• Validation and integrity testing may be required for critical applications.

Pharmaceutical Applications

• Clarification of pharmaceutical solutions.
• Prefiltration and final filtration of suitable liquid products.
• Sterile filtration of compatible heat-sensitive preparations using validated processes.
• Processing of biological products and fermentation-derived liquids.
• Concentration or fractionation of macromolecules using suitable membrane processes.

Important note: Membrane filtration does not necessarily remove dissolved substances, endotoxins, or 
all viruses. The actual removal capability depends on the membrane type, pore characteristics, process 
conditions, and validation.

2.7.6 Nutsche Filter
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Principle

A Nutsche filter operates on the principle of pressure or vacuum filtration. The suspension is placed in 
a closed vessel fitted with a porous filter plate or support. The liquid passes through the filter medium 
under an applied pressure difference, while solids are retained in the vessel as a filter cake.

Some Nutsche filters are equipped with an agitator and are designed to perform filtration, cake 
washing, and drying in the same vessel. These are commonly known as agitated Nutsche filter dryers.

Construction

A typical Nutsche filter consists of:

1. Cylindrical vessel: A closed vessel that contains the suspension.
2. Filter plate or support: A porous support located near the bottom of the vessel.
3. Filter medium: A suitable cloth or membrane placed over the support.
4. Feed inlet: Allows the suspension to enter the vessel.
5. Filtrate outlet: Collects liquid passing through the filter medium.
6. Pressure or vacuum connections: Provide the driving force for filtration.
7. Agitator: Present in agitated designs to assist cake resuspension, washing, or drying.
8. Discharge arrangement: Allows the filter cake to be removed.
9. Heating or drying arrangement: Present in some designs for controlled drying of the cake.

Working

1. The filter medium is placed over the support plate.
2. The suspension is introduced into the vessel.
3. Pressure or vacuum is applied to drive the liquid through the filter medium.
4. The solid particles are retained above the filter medium and form a cake.
5. The filtrate is collected through the bottom outlet.
6. If required, washing liquid is added to the cake to remove residual mother liquor or soluble 

impurities.
7. In agitated designs, the cake may be mixed or resuspended according to the process 

requirement.
8. If the equipment includes a drying facility, the cake may be dried under controlled conditions.
9. The dried or wet cake is discharged through the designated outlet.

Advantages

• Enclosed operation helps reduce exposure to the environment.
• Filtration and cake washing can be performed in one vessel.
• Agitated designs may allow filtration, washing, and drying in a single unit.
• Suitable for batch processing.
• Can be designed for containment of potent or hazardous materials.
• Reduces the need for transferring wet solids between separate vessels.

Disadvantages
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• Batch operation may limit throughput.
• Equipment can be relatively expensive.
• Cake discharge and cleaning may be challenging for sticky materials.
• Agitator operation requires careful control to avoid damaging the cake or product.
• Scale-up and validation may require detailed process evaluation.

Pharmaceutical Applications

• Recovery of crystalline APIs and intermediates.
• Filtration and washing of pharmaceutical precipitates.
• Processing of potent or sensitive compounds in contained systems.
• Isolation of solids from crystallization slurries.
• Combined filtration, washing, and drying of suitable pharmaceutical materials.

2.7.7 Centrifugal Filter

Principle

A centrifugal filter uses centrifugal force to drive liquid through a porous filter medium while 
retaining solid particles. The suspension is placed in a perforated basket or filter chamber lined with a 
suitable filter medium. During rotation, centrifugal force moves the liquid outward through the 
medium, while the solids are retained and form a cake.

Construction

A typical centrifugal filter consists of:
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1. Rotating basket: A perforated or porous basket that supports the filter medium.
2. Filter medium: A cloth, mesh, or other porous material that retains solids.
3. Casing: An outer enclosure that collects the separated liquid.
4. Drive system: A motor and transmission arrangement that rotate the basket.
5. Feed arrangement: Supplies the suspension to the basket.
6. Filtrate outlet: Removes the liquid passing through the filter medium.
7. Cake discharge arrangement: Allows removal of the retained solids.
8. Control and safety system: Regulates speed and provides protection during operation.

Working

1. The filter medium is fitted inside the rotating basket.
2. The suspension is introduced into the basket.
3. The basket rotates at the required speed.
4. Centrifugal force drives the liquid outward through the filter medium and perforated basket.
5. Solid particles are retained on the filter medium and form a cake.
6. The cake may be washed by introducing a suitable washing liquid while rotation continues.
7. Additional rotation may remove some residual liquid from the cake.
8. The equipment is stopped or operated at a suitable discharge condition, and the cake is 

removed according to the design.

Advantages

• Combines filtration with centrifugal force.
• Can provide effective separation of solids from liquids.
• Cake washing may be performed in suitable designs.
• May produce a relatively low-moisture cake, depending on the material and operating 

conditions.
• Suitable for recovery of crystalline solids.

Disadvantages

• Equipment requires careful balancing and maintenance.
• Not suitable for all particle sizes or cake characteristics.
• High rotational speed requires appropriate safety controls.
• Filter media may become blocked or damaged.
• Sticky or highly compressible solids may be difficult to handle.

Pharmaceutical Applications

• Recovery of crystalline APIs and intermediates.
• Separation of solids from crystallization slurries.
• Washing of crystalline pharmaceutical materials.
• Processing of suitable precipitates and granular solids.
• Solid–liquid separation in pharmaceutical chemical manufacturing.

2.8 Pharmaceutical Applications of Filtration
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Filtration is used throughout pharmaceutical manufacturing for clarification, purification, recovery, 
and particulate control. The major applications are described below.

2.8.1 Clarification of Pharmaceutical Solutions

Filtration removes suspended particles from solutions used in the preparation of oral, topical, and 
other liquid dosage forms. It improves clarity and helps control particulate matter.

2.8.2 Sterile Filtration of Liquid Preparations

Appropriate membrane filters may be used to remove microorganisms from compatible heat-sensitive 
liquid preparations. The filtration process must be validated for the specific product and must be 
integrated with suitable aseptic manufacturing controls.

2.8.3 Recovery of Crystalline APIs

After crystallization, the crystals are separated from the mother liquor by filtration or centrifugation. 
Filtration equipment such as Nutsche filters and filter presses may be used depending on the material 
and scale of production.

2.8.4 Washing of Pharmaceutical Solids

Filter cakes may be washed with a suitable liquid to remove residual mother liquor, soluble 
impurities, or unwanted process components. The washing method must be selected to minimize 
dissolution or loss of the desired product.

2.8.5 Filtration of Herbal Extracts

Filtration is used to remove plant particles and other insoluble materials from extracts. Coarse 
filtration may be followed by finer filtration depending on the intended use of the extract.

2.8.6 Filtration in Biotechnology

Filtration is used for clarification of fermentation broths, removal of cell debris, and processing of 
biological products. The filter medium and operating conditions must be selected according to the 
size, sensitivity, and properties of the biological material.

2.8.7 Protection of Downstream Equipment

Prefilters and cartridge filters may be used to remove particles that could block or damage 
downstream equipment, including membrane systems, pumps, and processing units.

2.8.8 Removal of Particulate Contamination

Suitable filtration systems are used to control particulate matter in process liquids. The required 
filtration level depends on the product type, manufacturing stage, and applicable quality 
specifications.
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2.9 Problems Associated with Filtration

Several problems may occur during filtration and can affect process efficiency, product recovery, and 
filtrate quality.

2.9.1 Filter Medium Blockage

Fine particles may enter and block the pores of the filter medium, reducing the filtration rate. This 
problem may be minimized by selecting an appropriate filter medium, using a suitable prefilter, or 
applying a filter aid where appropriate.

2.9.2 Formation of a Highly Compressible Cake

Some solids form a cake that becomes compact under pressure. The reduced porosity increases 
filtration resistance and slows the process. Operating pressure and filter selection should be optimized 
for such materials.

2.9.3 Low Filtration Rate

Low filtration rates may result from high liquid viscosity, low pressure difference, small filtration 
area, fine particles, or high cake resistance. Process conditions and equipment capacity should be 
reviewed to identify the cause.

2.9.4 Poor Filtrate Clarity

Poor clarity may occur due to unsuitable filter media, damaged filter cloth, incorrect installation, or 
particles passing through the filter. Proper filter selection and integrity checks help prevent this 
problem.

2.9.5 Filter Cake Cracking

Cracks may develop in the filter cake due to uneven cake formation, excessive drying, or changes in 
pressure. Cracks may allow unfiltered liquid to pass through, reducing separation efficiency.

2.9.6 Leakage and Bypass

Improper sealing, damaged gaskets, or incorrect assembly may allow suspension to bypass the filter 
medium. This can result in contamination of the filtrate and reduced product quality.

2.9.7 Excessive Product Loss

Product may be lost through adsorption on the filter medium, retention within the equipment, 
dissolution during washing, or incomplete cake recovery. Process development should consider these 
losses.

2.9.8 Foaming
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Certain liquid systems may foam during pumping or filtration. Excessive foaming can interfere with 
operation, cause handling difficulties, and affect process consistency.

2.9.9 Filter Medium Damage

Excessive pressure, chemical incompatibility, incorrect handling, or mechanical wear may damage the 
filter medium. Damaged media may permit particle breakthrough or leakage.

2.9.10 Microbial Contamination

In processes requiring microbial control, contamination may occur through unsuitable filter handling, 
inadequate cleaning, poor connections, or failure to maintain aseptic conditions. Appropriate 
procedures, equipment design, and validation are essential.

Common Filtration Problems and Corrective Measures

Problem Possible cause Corrective measure

Low filtration rate High viscosity or cake resistance
Review temperature, pressure, 
filter area, and cake properties

Filter blockage Fine particles or unsuitable medium
Use suitable prefiltration or 
filter aid

Poor filtrate clarity Incorrect or damaged filter medium
Verify filter grade, installation, 
and integrity

Cake cracking
Uneven cake formation or excessive 
drying

Optimize operating conditions

Leakage Faulty seals or incorrect assembly Inspect gaskets and connections

Excessive product losss Adsorption or incomplete recovery
Evaluate material compatibility 
and recovery procedure

High pressure drop Medium blockage or cake buildup
Replace or clean the medium as 
appropriate

Microbial contamination Inadequate process control
Review cleaning, handling, and 
aseptic procedures

2.10 Filter Cake Formation and Washing

2.10.1 Filter Cake Formation

During cake filtration, suspended solid particles are retained on the filter medium and gradually 
accumulate to form a porous layer known as the filter cake.

At the beginning of filtration, the resistance of the filter medium is the major resistance to liquid flow. 
As filtration continues, the cake becomes thicker, and its resistance increases. Consequently, the 
filtration rate may decrease under constant-pressure conditions.

The characteristics of the filter cake depend on:

• Particle size and size distribution.
• Particle shape.
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• Solid concentration in the suspension.
• Pressure difference.
• Compressibility of the solids.
• Nature of the liquid.
• Presence of flocculating agents or filter aids.

A cake with high porosity generally offers lower resistance to liquid flow. In contrast, a compact cake 
with small interconnected pores may offer high resistance and reduce the filtration rate.

2.10.2 Types of Filter Cake

A. Compressible cake: A compressible cake changes its structure when pressure is applied. Its 
porosity may decrease, resulting in increased resistance to liquid flow.

B. Incompressible cake: An incompressible cake retains a relatively stable structure under the applied 
pressure. Its resistance is less affected by pressure changes compared with a compressible cake.

2.10.3 Filter Cake Washing

Filter cake washing is the process of passing a suitable washing liquid through the formed cake to 
remove residual mother liquor or soluble impurities.

Washing is particularly important when the retained solid product must meet specified purity 
requirements.

Objectives of Cake Washing

• Remove residual mother liquor.
• Reduce soluble impurities.
• Improve the purity of recovered solids.
• Remove unwanted process reagents or by-products.
• Prepare the cake for subsequent drying or processing.

Methods of Cake Washing

1. Displacement washing: Washing liquid is passed through the cake and displaces the residual 
mother liquor. The effectiveness depends on uniform flow and the structure of the cake.

2. Reslurry washing: The filter cake is mixed with a suitable washing liquid to form a suspension. The 
solids are then filtered again. This method may improve contact between the washing liquid and the 
particles but requires additional handling.

3. Multistage washing: Washing is performed in more than one stage to improve impurity removal 
while controlling the quantity of washing liquid used.

Factors Affecting Cake Washing

• Volume and composition of washing liquid.
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• Solubility of impurities.
• Cake thickness and porosity.
• Flow distribution through the cake.
• Washing time and pressure difference.
• Compatibility of the washing liquid with the product.

The washing liquid should be selected so that it removes impurities without causing unacceptable 
dissolution, degradation, or transformation of the desired product.

2.11 Evaluation of Filtration Efficiency

Filtration efficiency is evaluated by assessing the rate of filtration, quality of the filtrate, recovery of 
solids, and performance of the filter medium.

2.11.1 Filtration Rate

The filtration rate is the volume of filtrate collected per unit time.

It is commonly expressed in units such as mL/min or L/h. Filtration rate may be measured at different 
stages to determine the effect of cake formation and increasing filtration resistance.

2.11.2 Filtration Capacity

Filtration capacity refers to the amount of suspension or filtrate that can be processed by the 
equipment under specified operating conditions. It may be expressed as volume per unit time or 
volume per unit filtration area.

2.11.3 Filtrate Clarity

Filtrate clarity is assessed by determining the amount or number of particles remaining in the filtrate. 
Depending on the application, visual inspection, turbidity measurement, particle counting, or other 
suitable analytical methods may be used.

2.11.4 Solid Recovery

Solid recovery indicates the proportion of the initial solid material recovered after filtration.

This parameter is important when the retained solid is a valuable API, intermediate, or excipient.

2.11.5 Moisture Content of Filter Cake
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The moisture content of the cake indicates the amount of liquid retained in the recovered solids. It 
may be determined by a suitable drying or analytical method. The required moisture level depends on 
the next processing step.

2.11.6 Pressure Drop

Pressure drop is the difference in pressure between the feed and filtrate sides of the filter. An increase 
in pressure drop during operation may indicate cake buildup, filter blockage, or fouling.

2.11.7 Filter Medium Integrity

The integrity of the filter medium is assessed to confirm that it is suitable for the intended filtration 
process. Depending on the filter type and application, inspection or validated integrity tests may be 
required.

2.11.8 Filterability Studies

Filterability studies are performed to evaluate the behaviour of a suspension during filtration and to 
support equipment selection and process design. These studies may assess filtration rate, cake 
resistance, filtrate quality, and the effect of pressure or filter medium.

Parameters Used for Evaluation of Filtration

Parameter Purpose Common method
Filtration rate Measures the speed of filtration Volume collected per unit time

Filtration capacity Assesses processing capacity
Volume processed per unit time 
or area

Filtrate clarity Evaluates particle removal
Turbidity, particle count, or 
visual assessment

Solid recovery Measures recovery of retained solids Mass balance
Cake moisture Assesses liquid retained in the cake Suitable moisture determination
Pressure drop Indicates resistance to flow Pressure measurement

Filter integrity Checks filter suitability and condition
Inspection or appropriate 
integrity test

Filterability Supports process and equipment selection
Laboratory or pilot-scale 
filtration study

Filtration is a mechanical separation process in which suspended solid particles are removed from a 
fluid using a porous medium. It is widely used in pharmaceutical manufacturing for clarification, 
purification, recovery of solids, cake washing, and particulate control.

The driving force for filtration may be generated by pressure, vacuum, or gravity. In cake filtration, 
solids accumulate on the surface of the filter medium, whereas in depth filtration, particles are 
retained within the filter structure. The filtration rate is influenced by pressure difference, liquid 
viscosity, filtration area, filter-medium resistance, and filter-cake resistance.

Filter media are selected according to particle retention, flow characteristics, chemical compatibility, 
and mechanical strength. Filter aids improve cake permeability and help prevent blockage of the filter 
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medium. Major filtration equipment includes the plate and frame filter press, filter leaf, rotary drum 
vacuum filter, cartridge filter, membrane filter, Nutsche filter, and centrifugal filter.

Filtration performance is assessed through filtration rate, filtrate clarity, solid recovery, cake moisture, 
pressure drop, and filter integrity. Proper equipment selection and process control are necessary to 
achieve consistent pharmaceutical product quality.
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Chapter 3: Crystallization

3.1 Introduction and Definition of Crystallization

Crystallization is an important unit operation used in pharmaceutical and chemical industries for the 
separation, purification, and recovery of solid substances from solutions, melts, or other suitable 
liquid systems. During crystallization, a dissolved substance is converted into a solid crystalline form 
under controlled conditions.

Crystals are solid particles in which the constituent molecules, atoms, or ions are arranged in a regular 
and ordered three-dimensional structure. The controlled formation of crystals is important because 
crystal properties such as size, shape, purity, polymorphic form, and surface characteristics can 
influence the subsequent processing and performance of pharmaceutical materials.

Crystallization generally involves two major stages: nucleation and crystal growth. Nucleation is the 
formation of small stable crystal nuclei from a supersaturated system, while crystal growth involves 
the deposition of dissolved molecules onto the surfaces of existing nuclei.

Definition: Crystallization is a separation and purification process in which a dissolved substance is 
converted into a crystalline solid by creating suitable conditions of supersaturation.

In pharmaceutical manufacturing, crystallization may be used to isolate APIs, purify intermediates, 
control polymorphic forms, and obtain crystals with desired particle-size characteristics.

A typical crystallization process can be represented as:

Solution → Supersaturation → Nucleation → Crystal Growth → Crystal Separation → 
Washing → Drying

3.2 Objectives and Importance of Crystallization

Crystallization has several important applications in pharmaceutical manufacturing.

3.2.1 Purification of Pharmaceutical Substances

Crystallization is one of the important methods for purifying APIs and pharmaceutical intermediates. 
Differences in solubility between the desired substance and impurities can be exploited to obtain a 
purer crystalline product.

3.2.2 Recovery of Active Pharmaceutical Ingredients

An API dissolved in a suitable solvent can be recovered as a crystalline solid by changing 
temperature, solvent composition, or concentration to produce supersaturation.

3.2.3 Control of Crystal Properties

The operating conditions of crystallization can be controlled to obtain crystals with desired:
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• Particle size
• Crystal shape
• Surface characteristics
• Bulk density
• Flow properties
• Filtration characteristics

3.2.4 Control of Polymorphism

Many pharmaceutical substances can exist in more than one crystalline form. These forms are called 
polymorphs and may differ in solubility, melting point, stability, dissolution behaviour, and other 
properties. Controlled crystallization can therefore be important in obtaining the desired solid form.

3.2.5 Removal of Impurities

Impurities may remain dissolved in the mother liquor while the desired substance crystallizes. 
Appropriate solvent selection and process control can therefore improve product purity.

3.2.6 Recovery of Solids from Solutions

Crystallization provides an efficient method for converting dissolved materials into recoverable 
solids. The crystals can subsequently be separated by filtration or centrifugation.

3.2.7 Improvement of Downstream Processing

Crystals with appropriate size and morphology may be easier to filter, wash, dry, transport, and 
formulate than amorphous or poorly defined solids.

3.2.8 Economical Large-Scale Processing

Crystallization can provide high-purity products without requiring excessively complex separation 
systems. It is therefore widely used in large-scale pharmaceutical and chemical manufacturing.

3.3 Principles of Crystallization

The fundamental principle of crystallization is the generation of supersaturation, followed by 
nucleation and crystal growth.

A solution is normally capable of dissolving a specific amount of solute at a given temperature and 
solvent composition. When the concentration of solute exceeds its equilibrium solubility, the solution 
becomes supersaturated. Supersaturation provides the driving force for crystal formation.

The major principles involved in crystallization are described below.

3.3.1 Solubility and Supersaturation

A. Solubility
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Solubility is the maximum amount of a solute that can dissolve in a specified amount of solvent under 
defined conditions of temperature and pressure.

Solubility is affected by:

• Temperature
• Nature of solute
• Nature of solvent
• Solvent composition
• pH
• Presence of other dissolved substances
• Pressure, where relevant

The relationship between solubility and temperature is particularly important in cooling 
crystallization.

B. Saturated Solution

A saturated solution contains the maximum amount of solute that can remain dissolved under 
specified conditions.

C. Unsaturated Solution

An unsaturated solution contains less dissolved solute than the equilibrium solubility at the specified 
conditions.

D. Supersaturated Solution

A supersaturated solution contains more dissolved solute than would normally be present at 
equilibrium under the same conditions.

Supersaturation is the thermodynamic driving force for crystallization.

It may be represented conceptually as:

Unsaturated solution → Saturated solution → Supersaturated solution → Crystallization

3.3.2 Metastable and Labile Zones

The supersaturated region of a crystallization system can be considered in terms of metastable and 
labile zones.

Metastable zone: The solution is supersaturated but may not spontaneously produce a large number 
of nuclei. Existing crystals can grow in this region.

Labile zone: Supersaturation is sufficiently high that spontaneous nucleation becomes likely.
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The exact boundaries depend on the substance, solvent, temperature, impurities, agitation, and 
operating conditions.

Controlled crystallization generally aims to generate sufficient supersaturation for desired nucleation 
and growth while avoiding uncontrolled formation of excessive fine crystals.

3.3.3 Nucleation

Nucleation is the initial formation of stable crystal nuclei from a supersaturated solution.

A nucleus must reach a critical size before it becomes sufficiently stable to continue growing. If 
nuclei remain below the critical size, they may dissolve again.

Nucleation can be classified as primary and secondary nucleation.

3.3.4 Primary Nucleation

Primary nucleation occurs when new crystals form in a system where pre-existing crystals are absent.

It may be:

A. Homogeneous primary nucleation: Nuclei form spontaneously within the bulk solution.

B. Heterogeneous primary nucleation: Nuclei form on foreign surfaces or impurities present in the 
system.

Primary nucleation is influenced by the degree of supersaturation, temperature, impurities, solvent 
properties, and mixing conditions.

3.3.5 Secondary Nucleation

Secondary nucleation occurs in the presence of existing crystals. New nuclei may be generated 
through crystal–crystal collisions, crystal–equipment interactions, local supersaturation, or mechanical 
effects associated with agitation.

Secondary nucleation can be useful for maintaining crystal production in continuous or seeded 
crystallization processes. However, excessive secondary nucleation may generate too many fine 
crystals.

3.3.6 Crystal Growth

Once stable nuclei are formed, dissolved molecules or ions move from the bulk solution toward the 
crystal surface and become incorporated into the crystal lattice.

Crystal growth generally involves:

1. Transport of solute through the bulk solution.
2. Movement of solute toward the crystal surface.
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3. Adsorption at the crystal surface.
4. Surface diffusion or rearrangement.
5. Incorporation into the crystal lattice.

Crystal growth rate is affected by supersaturation, temperature, solvent properties, agitation, crystal 
surface characteristics, and impurities.

3.3.7 Primary and Secondary Nucleation Compared

Feature Primary nucleation Secondary nucleation
Existing crystals Usually absent Present

Main mechanism
Formation of new nuclei from 
supersaturated solution

Formation of new nuclei associated 
with existing crystals

Importance Initiates crystallization
Maintains or increases crystal 
population

Major influencing 
factors

Supersaturation, impurities, solvent, 
temperature

Agitation, crystal concentration, 
collisions, supersaturation

Potential problem Excessive spontaneous nucleation Excessive formation of fine crystals

3.4 Methods of Generating Supersaturation

Supersaturation is essential for initiating and maintaining crystallization. It can be generated by 
several methods.

3.4.1 Cooling

In cooling crystallization, the solubility of the substance decreases as the solution is cooled. The 
excess dissolved material then becomes available for crystal formation.

Process:

Hot solution → Controlled cooling → Supersaturation → Nucleation → Crystal growth

Cooling crystallization is particularly suitable when the solubility of the desired substance changes 
significantly with temperature.

Advantages:

• Simple principle.
• Does not necessarily require removal of solvent.
• Useful for temperature-sensitive systems when controlled cooling is possible.

Limitations:

• Not suitable when solubility changes only slightly with temperature.
• Excessively rapid cooling may produce many fine crystals.
• Temperature control is important for obtaining the desired crystal characteristics.
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3.4.2 Evaporation

In evaporative crystallization, solvent is removed from a solution, thereby increasing the 
concentration of dissolved material until supersaturation is achieved.

Process:

Solution → Solvent evaporation → Increased concentration → Supersaturation → 
Crystallization

Evaporative crystallization is useful when solubility is relatively insensitive to temperature or when 
solvent removal is desirable.

Advantages:

• Useful for substances with small temperature-dependent solubility changes.
• Can be combined with concentration processes.
• Suitable for large-scale production.

Limitations:

• Requires energy for solvent evaporation.
• Heat-sensitive materials may undergo degradation.
• Excessive evaporation may cause uncontrolled nucleation or fouling.

3.4.3 Addition of Antisolvent

An antisolvent is a liquid in which the desired solute has low solubility but which is sufficiently 
miscible with the original solvent. Addition of an antisolvent decreases the effective solubility of the 
solute and generates supersaturation.

For example:

Solvent + dissolved solute + antisolvent → reduced solubility → supersaturation → 
crystallization

Antisolvent crystallization is also called precipitation crystallization in appropriate contexts.

Advantages:

• Useful when cooling produces insufficient supersaturation.
• Can provide control over crystal size and morphology.
• Suitable for compounds with appropriate solvent–antisolvent systems.

Limitations:

• Requires careful solvent selection.
• Residual solvent or antisolvent may need to be controlled.
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• Rapid addition may generate excessive fine particles.
• Mixing conditions strongly influence the process.

3.4.4 Chemical Reaction

Supersaturation may also be generated through a chemical reaction that produces a sparingly soluble 
product.

For example, two soluble substances may react to form a poorly soluble compound that crystallizes 
from the reaction mixture.

General process:

Reactants → Chemical reaction → Reduced-solubility product → Supersaturation → 
Nucleation → Crystal growth

This approach may be used for the preparation or isolation of certain pharmaceutical intermediates 
and inorganic or organic compounds.

Important considerations include:

• Reaction rate
• Reactant concentration
• Mixing
• Temperature
• pH
• Product solubility
• Nucleation and crystal-growth rates

Methods of Generating Supersaturation

Method Basic principle Major application

Cooling Decrease in solubility with temperature
Temperature-dependent 
crystallization

Evaporation
Removal of solvent increases solute 
concentration

Concentration and 
crystallization

Antisolvent addition Reduction of solute solubility
Organic and pharmaceutical 
crystallization

Chemical reaction
Formation of a sparingly soluble 
product

Reactive crystallization

3.5 Factors Affecting Crystallization

The quality and efficiency of crystallization are influenced by numerous process and material 
variables.

3.5.1 Solubility
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Solubility determines how much material can remain dissolved and how readily supersaturation can 
be generated. An appropriate solvent should provide adequate solubility at the processing temperature 
and sufficient crystallization potential when conditions are changed.

3.5.2 Degree of Supersaturation

Supersaturation provides the driving force for nucleation and crystal growth. Very low supersaturation 
may result in slow crystallization, whereas excessive supersaturation may produce uncontrolled 
nucleation and numerous fine crystals.

3.5.3 Temperature

Temperature influences solubility, nucleation rate, crystal-growth rate, and viscosity. Controlled 
temperature changes are therefore important for reproducible crystallization.

3.5.4 Cooling Rate

Rapid cooling may generate high supersaturation and excessive nucleation. Slow, controlled cooling 
may favour crystal growth and larger crystals, although the optimum profile depends on the material.

3.5.5 Solvent Selection

The solvent should dissolve the desired material appropriately and allow controlled crystallization. It 
should also be compatible with the product, equipment, and downstream processing.

3.5.6 Antisolvent Addition Rate

In antisolvent crystallization, the rate and method of antisolvent addition affect local supersaturation. 
Rapid addition can cause localized high supersaturation and excessive nucleation.

3.5.7 Agitation

Agitation promotes heat and mass transfer and helps maintain a relatively uniform suspension. 
Excessive agitation, however, may cause crystal breakage and secondary nucleation.

3.5.8 Seeding

Seed crystals may be added to initiate crystallization at a controlled stage. Seeding can reduce 
uncontrolled primary nucleation and improve control over crystal size and polymorphic form.

3.5.9 Impurities

Impurities may inhibit or promote crystal nucleation and growth. They may also become incorporated 
into crystals or remain in the mother liquor. Appropriate purification and process control are therefore 
necessary.

3.5.10 Residence Time
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Adequate residence time is required for nuclei to grow to the desired size. Insufficient time may result 
in very small crystals, whereas excessive residence time may increase the possibility of unwanted 
crystal transformation or agglomeration.

3.5.11 pH

For ionizable pharmaceutical substances, pH can strongly influence solubility and therefore 
crystallization behaviour. Controlled pH may be used to promote crystallization of the desired form.

3.5.12 Crystal Concentration

The concentration of crystals in a crystallizer affects secondary nucleation, growth rate, suspension 
characteristics, and mixing.

3.5.13 Viscosity

High viscosity can reduce mass transfer and molecular movement, thereby affecting nucleation and 
crystal growth.

3.5.14 Equipment Geometry

The design of the crystallizer influences mixing, heat transfer, residence time, crystal suspension, and 
product removal.

3.6 Classification of Crystallization Equipment

Crystallizers can be classified according to their operating principle, method of supersaturation 
generation, and mode of operation.

3.6.1 Based on Method of Generating Supersaturation

• Cooling crystallizers
• Evaporative crystallizers
• Vacuum crystallizers
• Antisolvent crystallizers
• Reactive crystallizers

3.6.2 Based on Mode of Operation

A. Batch crystallizers: The feed is charged into the crystallizer, processed for a specified period, and 
discharged as a batch.

B. Continuous crystallizers: Feed enters continuously and crystals or slurry are continuously or 
periodically removed.

3.6.3 Based on Crystal Suspension

• Mixed-suspension crystallizers
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• Circulating magma crystallizers
• Fluidized-bed crystallizers

3.6.4 Major Pharmaceutical Crystallizers

The important crystallization equipment discussed in this chapter includes:

1. Tank crystallizer
2. Swenson–Walker crystallizer
3. Oslo crystallizer
4. Draft Tube Baffle (DTB) crystallizer
5. Evaporative crystallizer
6. Vacuum crystallizer

3.7 Crystallization Equipment: Principle, Construction, Working, Advantages, Disadvantages 
and Pharmaceutical Applications

3.7.1 Tank Crystallizer

Principle

A tank crystallizer operates by generating supersaturation through controlled cooling, evaporation, or 
a combination of processes. The solution is maintained in a vessel and subjected to controlled 
conditions that promote nucleation and crystal growth.

Construction

A typical tank crystallizer consists of:
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1. Crystallization tank: A vessel that holds the solution.
2. Agitator: Provides controlled mixing.
3. Heating/cooling jacket: Controls the temperature of the solution.
4. Feed inlet: Allows addition of solution or solvent.
5. Sampling arrangement: Allows monitoring of the process.
6. Outlet: Used for removal of the crystal slurry.
7. Temperature-control system: Maintains the desired thermal profile.
8. Baffles: May be provided to improve mixing and reduce vortex formation.

Working

1. The solution is charged into the crystallizer.
2. The solution may be heated to dissolve the required amount of material.
3. The temperature is adjusted to initiate supersaturation.
4. Controlled cooling or evaporation is performed.
5. Nucleation occurs when suitable supersaturation is achieved.
6. Agitation maintains uniform conditions and promotes crystal growth.
7. The system is maintained for the required crystallization period.
8. The crystal slurry is discharged for filtration or centrifugation.

Advantages

• Simple construction.
• Suitable for batch processing.
• Easy to operate and control.
• Suitable for relatively small and moderate production quantities.
• Can be used for cooling crystallization.
• Flexible for development and manufacturing applications.

Disadvantages

• Batch operation can reduce productivity.
• Crystal size distribution may be relatively broad if conditions are not well controlled.
• Heat transfer may be slower than in specialized crystallizers.
• Manual handling may be required for some operations.

Pharmaceutical Applications

• Crystallization of APIs and intermediates.
• Laboratory and pilot-scale crystallization studies.
• Recovery of pharmaceutical solids from solutions.
• Preparation of crystals for subsequent filtration and drying.

3.7.2 Swenson–Walker Crystallizer
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Principle

The Swenson–Walker crystallizer operates mainly by cooling a solution to generate supersaturation 
and promote crystal formation. It is a continuous crystallizer consisting of a long trough with a 
cooling surface and a slowly moving agitator or scraper.

Construction

The main components include:

1. Long horizontal trough: Contains the crystallizing solution.
2. Cooling jacket: Provides cooling along the outer surface of the trough.
3. Scraper or agitator: Moves the material and prevents excessive deposition on the cooling 

surface.
4. Drive mechanism: Operates the scraper at controlled speed.
5. Feed inlet: Introduces the hot or concentrated solution.
6. Product outlet: Removes the crystal slurry.
7. Support structure: Holds the trough and associated equipment.

Working

1. The concentrated solution enters through the feed inlet.
2. Cooling water or another suitable cooling medium circulates through the jacket.
3. The solution gradually loses heat as it moves through the trough.
4. Supersaturation develops as the solubility of the material decreases.
5. Nucleation and crystal growth occur.
6. The scraper moves the material slowly along the trough and helps maintain contact with the 

cooling surface.
7. The resulting crystal slurry is collected at the outlet.
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8. Crystals are separated from the mother liquor by filtration or centrifugation.

Advantages

• Continuous operation.
• Relatively simple construction.
• Good contact between the solution and cooling surface.
• Suitable for materials with favourable cooling-solubility relationships.
• Provides a relatively long crystallization residence time.

Disadvantages

• Requires considerable floor space.
• Not suitable for all types of crystallizing materials.
• Crystal breakage may occur due to mechanical scraping.
• Cleaning may be difficult for some pharmaceutical products.
• Limited flexibility compared with more advanced crystallizer designs.

Pharmaceutical Applications

• Continuous crystallization of suitable pharmaceutical intermediates.
• Production of crystalline solids where cooling provides adequate supersaturation.
• Processing of selected APIs and excipients.
• Recovery of crystalline materials from concentrated solutions.

3.7.3 Oslo Crystallizer

Principle
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The Oslo crystallizer, also known as a classified-bed crystallizer, promotes crystal growth by 
circulating a supersaturated solution through a bed of crystals. The system is designed to provide 
controlled crystal growth while minimizing excessive nucleation.

Construction

A typical Oslo crystallizer consists of:

1. Crystallizer vessel: Contains the crystal bed and circulating solution.
2. Crystal growth zone: Region containing suspended or fluidized crystals.
3. Circulation pipe: Transfers solution between the growth zone and the circulation system.
4. Heater or heat exchanger: Used to generate supersaturation.
5. Circulation pump: Maintains movement of the solution.
6. Feed inlet: Supplies fresh solution.
7. Crystal withdrawal arrangement: Removes crystals of the desired size.
8. Clarification or classification zone: Helps separate larger crystals from fines.

Working

1. The feed solution enters the crystallization system.
2. Supersaturation is generated, often through controlled heating and cooling or evaporation.
3. The supersaturated solution is circulated through the crystal bed.
4. Existing crystals act as surfaces for crystal growth.
5. Larger crystals grow preferentially while fines may be dissolved or separated depending on 

operating conditions.
6. The classified crystal bed provides control over crystal size.
7. Product crystals are withdrawn when the desired size is reached.
8. Mother liquor may be recirculated through the system.

Advantages

• Produces relatively large crystals.
• Good control of crystal size.
• Lower tendency toward excessive nucleation under suitable operating conditions.
• Suitable for continuous operation.
• High crystal quality can be obtained with appropriate control.

Disadvantages

• More complex than a simple tank crystallizer.
• Requires careful control of circulation and supersaturation.
• Equipment and instrumentation may be relatively expensive.
• Scale-up requires consideration of hydrodynamics and crystal classification.

Pharmaceutical Applications

• Production of APIs requiring controlled crystal size.
• Crystallization of pharmaceutical intermediates.
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• Processes where large, easily filterable crystals are desirable.
• Controlled crystal-growth applications in pharmaceutical manufacturing.

3.7.4 Draft Tube Baffle (DTB) Crystallizer

Principle

The Draft Tube Baffle (DTB) crystallizer uses controlled circulation of crystal slurry to promote 
crystal growth while limiting unwanted secondary nucleation. A draft tube and baffle arrangement 
directs the circulation pattern within the crystallizer.

Construction

The major components include:

1. Crystallizer vessel: Contains the solution and crystals.
2. Draft tube: Directs internal circulation of the slurry.
3. Baffle: Controls the flow pattern and separates circulation zones.
4. Agitator or circulation system: Maintains controlled movement of the suspension.
5. Heat exchanger: Generates the required supersaturation.
6. Feed inlet: Introduces solution.
7. Product outlet: Removes crystals or slurry.
8. Fines removal/classification system: May be incorporated depending on the design.

Working

1. The feed solution enters the crystallizer.
2. Supersaturation is generated through controlled cooling or evaporation.
3. The agitator or circulation system establishes a controlled circulation pattern.
4. The slurry moves through the draft tube and around the baffle.
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5. Supersaturated solution contacts existing crystals.
6. Crystal growth occurs on the existing crystal surfaces.
7. Controlled circulation reduces excessive local supersaturation.
8. Crystals of the desired characteristics are withdrawn from the system.

Advantages

• Good control of crystal growth.
• Suitable for large-scale continuous processing.
• Can produce relatively uniform crystals.
• Reduced excessive nucleation under suitable operating conditions.
• Efficient internal circulation and heat/mass transfer.

Disadvantages

• More complex construction.
• Requires careful control of circulation and agitation.
• Higher capital and maintenance requirements.
• Scale-up may require detailed understanding of fluid dynamics.

Pharmaceutical Applications

• Large-scale crystallization of APIs and pharmaceutical intermediates.
• Processes requiring controlled crystal size distribution.
• Production of crystals suitable for downstream filtration and drying.
• Continuous pharmaceutical crystallization processes.

3.7.5 Evaporative Crystallizer

Principle



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 135

An evaporative crystallizer generates supersaturation by removing solvent from a solution. As solvent 
evaporates, the concentration of dissolved material increases until the solution becomes 
supersaturated and crystals begin to form.

Construction

A typical evaporative crystallizer consists of:

1. Crystallization vessel: Holds the solution and crystal slurry.
2. Heating surface or heat exchanger: Supplies heat for solvent evaporation.
3. Vapour outlet: Removes generated solvent vapour.
4. Agitator or circulation system: Maintains suspension and improves heat and mass transfer.
5. Feed inlet: Introduces solution.
6. Crystal slurry outlet: Removes the product.
7. Vapour condenser: May be provided for recovery of solvent vapour.
8. Temperature and pressure controls: Regulate operating conditions.

Working

1. The solution is introduced into the crystallizer.
2. Heat is supplied to evaporate part of the solvent.
3. Solvent vapour is removed.
4. The solute concentration increases.
5. Supersaturation is generated.
6. Nucleation and crystal growth occur.
7. Agitation maintains a relatively uniform crystal suspension.
8. The crystal slurry is withdrawn and sent for solid–liquid separation.

Advantages
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• Useful when solubility is relatively insensitive to temperature.
• Can combine concentration and crystallization.
• Suitable for large-scale processing.
• Solvent recovery may be incorporated.
• Can operate continuously in appropriate designs.

Disadvantages

• Energy is required for evaporation.
• Heat-sensitive materials may be degraded.
• Fouling or scaling may occur on heating surfaces.
• Solvent vapour handling is required.
• Excessive evaporation can cause uncontrolled nucleation.

Pharmaceutical Applications

• Crystallization of pharmaceutical materials from concentrated solutions.
• Recovery of APIs and intermediates.
• Concentration and crystallization of suitable process streams.
• Recovery of solvent in integrated pharmaceutical processes.

3.7.6 Vacuum Crystallizer

Principle
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A vacuum crystallizer operates under reduced pressure. The reduction in pressure lowers the boiling 
point of the solvent, allowing evaporation and cooling to occur at relatively low temperatures. The 
resulting cooling and solvent removal can generate supersaturation and promote crystallization.

Construction

A typical vacuum crystallizer consists of:

1. Vacuum vessel: A closed vessel designed to withstand vacuum conditions.
2. Feed inlet: Introduces the solution.
3. Vacuum system: Maintains reduced pressure.
4. Vapour outlet: Removes solvent vapour.
5. Condenser: Condenses vapour when solvent recovery is required.
6. Agitator or circulation system: Maintains uniform conditions.
7. Crystal slurry outlet: Removes the product slurry.
8. Temperature and pressure monitoring systems: Control operating conditions.

Working

1. The solution is introduced into the vacuum crystallizer.
2. The vessel is brought to the required reduced pressure.
3. The reduced pressure lowers the boiling temperature of the solvent.
4. A portion of the solvent evaporates.
5. Evaporation produces cooling and increases the solute concentration.
6. Supersaturation develops.
7. Nucleation and crystal growth occur.
8. Solvent vapour is removed and may be condensed for recovery.
9. The crystal slurry is discharged for subsequent filtration or centrifugation.

Advantages

• Crystallization can occur at relatively low temperatures.
• Suitable for heat-sensitive pharmaceutical materials.
• Combines evaporative concentration with cooling.
• Solvent recovery can be incorporated.
• Useful for materials with favourable vacuum-crystallization characteristics.

Disadvantages

• Requires vacuum equipment and controls.
• Capital and maintenance costs can be relatively high.
• Foaming may occur in some systems.
• Pressure control is important.
• Vacuum leaks can affect process performance.

Pharmaceutical Applications

• Crystallization of heat-sensitive APIs and intermediates.
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• Recovery of pharmaceutical materials from solutions.
• Solvent removal and crystallization under reduced temperature conditions.
• Processing of compounds susceptible to thermal degradation.

Comparison of Crystallization Equipment

Equipment Main principle Operation
Major 
advantage

Major 
limitation

Typical 
application

Tank 
crystallizer

Cooling/evaporation Usually batch
Simple and 
flexible

Lower 
productivity

API and 
intermediate 
crystallization

Swenson–
Walker

Cooling Continuous
Simple 
continuous 
operation

Large space 
requirement

Cooling 
crystallization

Oslo
Classified crystal 
growth

Continuous
Good 
crystal-size 
control

Complex 
operation

Large, easily 
filterable 
crystals

DTB
Controlled 
circulation

Continuous

Good 
crystal-
growth 
control

Higher 
complexity

Large-scale 
API 
crystallization

Evaporative 
crystallizer

Solvent evaporation Batch/continuous

Useful when 
solubility is 
weakly 
temperature-
dependent

Energy and 
fouling 
issues

Concentration 
and 
crystallization

Vacuum 
crystallizer

Vacuum 
evaporation/cooling

Batch/continuous
Lower-
temperature 
operation

Requires 
vacuum 
system

Heat-
sensitive 
materials

3.8 Pharmaceutical Applications of Crystallization

Crystallization is extensively used in pharmaceutical research, development, and manufacturing.

3.8.1 Isolation of APIs

Crystallization is commonly used to isolate APIs from reaction mixtures or purified solutions. The 
process can simultaneously provide purification and conversion of the API into a manageable solid 
form.

3.8.2 Purification of Pharmaceutical Intermediates

Intermediate compounds can be crystallized to remove soluble impurities and obtain a material of 
suitable purity for subsequent synthesis.

3.8.3 Control of Polymorphic Form
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Controlled crystallization can be used to obtain a specific polymorphic form when multiple solid 
forms are possible. This is important because different polymorphs may have different 
physicochemical properties.

3.8.4 Control of Particle Size

Crystallization conditions can be adjusted to obtain crystals within a desired particle-size range. 
Particle size can influence filtration, drying, flow, dissolution, and formulation behaviour.

3.8.5 Preparation of Crystalline Excipients

Certain excipients and pharmaceutical ingredients may be produced or purified by crystallization.

3.8.6 Resolution of Enantiomers

Specialized crystallization approaches can be used for separation or resolution of enantiomeric 
substances, including processes involving diastereomeric salt formation or preferential crystallization.

3.8.7 Recovery from Mother Liquor

After a primary crystallization, additional material may sometimes be recovered from the mother 
liquor by changing process conditions or performing a secondary crystallization.

3.8.8 Preparation of Stable Solid Forms

Crystallization can help produce solid materials with controlled physical properties and improved 
handling characteristics compared with poorly crystalline or amorphous materials.

3.8.9 Pharmaceutical Process Development

Crystallization is an important part of process development because parameters such as solvent, 
temperature, seeding, cooling rate, agitation, and supersaturation can affect the critical quality 
attributes of the final crystalline product.

3.9 Problems Associated with Crystallization

Improper control of crystallization may result in poor product quality, low yield, difficult downstream 
processing, or undesirable solid forms.

3.9.1 Excessive Nucleation

Excessive supersaturation may produce a large number of nuclei, resulting in very fine crystals.

Effect: Fine crystals may be difficult to filter and dry and may have a broad particle-size distribution.

3.9.2 Inadequate Nucleation
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Insufficient nucleation may result in a small number of crystals that grow excessively large or may 
cause a long induction period.

3.9.3 Slow Crystal Growth

Low supersaturation, high viscosity, unsuitable solvent, or unfavourable temperature conditions may 
result in slow crystal growth.

3.9.4 Formation of Fine Crystals

Rapid cooling or rapid antisolvent addition can generate localized high supersaturation and excessive 
nucleation, producing fine crystals.

3.9.5 Agglomeration

Individual crystals may attach to one another and form larger aggregates. Agglomeration can alter 
particle size, morphology, flow, and dissolution behaviour.

3.9.6 Crystal Breakage

Excessive agitation or mechanical forces can break crystals into smaller particles, increasing the 
number of fines.

3.9.7 Oil Formation

Some substances may separate as a liquid phase rather than crystallizing directly. This phenomenon 
can complicate isolation and may lead to poor product recovery.

3.9.8 Impurity Incorporation

Impurities may become incorporated into the crystal lattice or become trapped within the crystal mass. 
This can reduce product purity.

3.9.9 Uncontrolled Polymorphism

Different polymorphic forms may be produced depending on solvent, temperature, supersaturation, 
impurities, and seeding conditions. Formation of an undesired polymorph may affect product 
performance.

3.9.10 Scaling and Fouling

Crystals may deposit on heat-transfer surfaces or equipment walls, reducing heat-transfer efficiency 
and interfering with operation.

3.9.11 Poor Crystal Suspension

Inadequate agitation may cause crystals to settle, resulting in non-uniform conditions and inconsistent 
crystal growth.
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 Crystallization is an important pharmaceutical unit operation used for the separation, purification, 
recovery, and controlled production of crystalline materials. It is based on the generation of 
supersaturation followed by nucleation and crystal growth. Supersaturation can be generated by 
cooling, evaporation, addition of an antisolvent, or chemical reaction. The rate and degree of 
supersaturation must be carefully controlled because excessive supersaturation can cause uncontrolled 
nucleation and formation of fine crystals, whereas insufficient supersaturation can result in slow 
crystallization. Important crystallization equipment includes the tank crystallizer, Swenson–Walker 
crystallizer, Oslo crystallizer, Draft Tube Baffle crystallizer, evaporative crystallizer, and vacuum 
crystallizer. Each type differs in its method of generating supersaturation, mode of operation, 
construction, and suitability for particular pharmaceutical processes. Crystal size distribution and 
polymorphism are important pharmaceutical considerations because crystal properties can influence 
filtration, drying, dissolution, stability, and overall product performance. Crystallization efficiency is 
evaluated through yield, purity, crystal size, morphology, polymorphic form, moisture content, 
residual solvent, and other relevant quality parameters.
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Chapter 4: Centrifugation

4.1 Introduction and Definition of Centrifugation

Centrifugation is an important mechanical unit operation used for the separation of solid particles 
from liquids or for the separation of two immiscible liquid phases by applying centrifugal force. It is 
particularly useful when gravitational sedimentation is too slow or when rapid and efficient separation 
is required.

In pharmaceutical manufacturing, centrifugation is commonly used for the recovery of crystalline 
active pharmaceutical ingredients (APIs), separation of precipitates, clarification of process liquids, 
removal of cells from fermentation broths, and separation of immiscible liquid phases.

During centrifugation, a suspension or liquid mixture is rotated at high speed. The resulting 
centrifugal field causes components of different density to move at different rates. Dense particles 
generally migrate outward toward the wall of the rotating vessel, while the less dense liquid remains 
closer to the axis of rotation.

Definition: Centrifugation is a separation process in which centrifugal force is used to separate 
suspended particles from a liquid or to separate phases having different densities.

Centrifugation may be used as an alternative to filtration or as a complementary operation. The choice 
between filtration and centrifugation depends on particle size, concentration, density difference, 
viscosity, cake characteristics, required throughput, and desired product recovery.

4.2 Objectives and Importance of Centrifugation

The major objectives of centrifugation in pharmaceutical processing are as follows.

4.2.1 Separation of Suspended Solids

Centrifugation is used to separate suspended solid particles from liquids. It is particularly useful for 
fine particles that settle slowly under gravity.

4.2.2 Recovery of Crystalline Products

Crystals produced by precipitation or crystallization can be separated from their mother liquor using 
suitable centrifuges. The recovered crystals may subsequently be washed and dried.

4.2.3 Clarification of Liquids

Centrifugation can remove suspended particles from process liquids and fermentation broths, 
producing a clarified liquid for subsequent processing.

4.2.4 Separation of Biological Materials

Centrifuges are widely used in biotechnology and pharmaceutical processing to separate microbial 
cells, cellular debris, and other biological materials from liquid media.
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4.2.5 Separation of Immiscible Liquids

Centrifugation can enhance the separation of immiscible liquids having different densities. This is 
useful when gravitational separation is slow.

4.2.6 Reduction of Processing Time

The high centrifugal field generated by a centrifuge can significantly accelerate sedimentation 
compared with gravitational settling.

4.2.7 Washing of Recovered Solids

Some centrifuges permit washing of the retained solid cake. Washing can remove residual mother 
liquor and soluble impurities, thereby improving product purity.

4.2.8 Partial Dewatering of Solids

Centrifugation can remove a substantial portion of the liquid associated with a solid cake. This can 
reduce the subsequent drying load.

4.2.9 Protection of Downstream Processes

Removal of suspended solids by centrifugation can protect downstream filters, membranes, pumps, 
and other processing equipment from excessive fouling or blockage.

4.3 Principles of Centrifugation

Centrifugation is based on the principle that particles suspended in a fluid experience a centrifugal 
effect when the system is rotated. The magnitude of this effect increases with the mass of the particle, 
the rotational speed, and the distance from the axis of rotation.

During rotation, particles with a greater density than the surrounding liquid generally move outward, 
whereas particles with a lower density tend to move toward the axis of rotation.

The main principles involved in centrifugation are centrifugal force, relative centrifugal force, and 
sedimentation under a centrifugal field.

4.3.1 Centrifugal Force

When a particle rotates around an axis, a radial force is required to maintain its circular motion. In the 
rotating frame, this is commonly described as centrifugal force acting outward.

The centrifugal force can be expressed as:

Where:
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• Fc = centrifugal force
• m = mass of the particle
• ω = angular velocity
• r = radial distance from the axis of rotation

Angular velocity is related to rotational speed by:

Where N is the rotational speed in revolutions per minute (rpm).

Thus, increasing the rotational speed or increasing the distance of the particles from the axis increases 
the centrifugal field.

4.3.2 Relative Centrifugal Force (RCF)

Relative centrifugal force expresses the centrifugal acceleration generated by a centrifuge relative to 
gravitational acceleration.

Where:

• RCF= relative centrifugal force
• ω = angular velocity
• r = radius of rotation
• g = acceleration due to gravity

For practical centrifuge calculations, RCF is commonly expressed as a multiple of gravitational 
acceleration, such as 1,000×g1,000 \times g, 5,000×g5,000 \times g, or 10,000×g10,000 \times g.

A commonly used relationship between RCF, radius, and rotational speed is:

where rr is in centimetres and NN is in rpm.

Example: If a centrifuge operates at a higher rotational speed, the centrifugal field increases 
substantially because RCF is proportional to the square of the rotational speed.

Therefore, centrifuge speed must be carefully controlled because even a moderate increase in rpm can 
produce a significant increase in centrifugal force.

4.3.3 Sedimentation Under Centrifugal Force
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Sedimentation is the movement of suspended particles relative to a fluid under the influence of an 
external force. In ordinary settling, gravity provides the driving force. In centrifugation, the 
centrifugal field provides a much stronger driving force.

The rate of sedimentation is influenced by:

• Particle size
• Particle density
• Liquid density
• Liquid viscosity
• Centrifugal acceleration
• Distance travelled by the particle
• Particle shape

For particles that are approximately spherical and under conditions where Stokes-type behaviour 
applies, the sedimentation velocity increases with particle size and density difference and decreases 
with liquid viscosity.

The general relationship may be represented as:

Where:

• v = sedimentation velocity
• d = particle diameter
• ρp = density of particle
• ρl = density of liquid
• a = applied acceleration
• μ= liquid viscosity

This relationship demonstrates why centrifugation is particularly useful for separating small particles 
that settle slowly under gravity.

4.3.4 Mechanism of Separation in a Centrifuge

The basic sequence of centrifugal separation can be described as follows:

Feed suspension → Rotation → Generation of centrifugal field → Particle migration → Solid or 
dense phase collection → Clarified liquid removal

When the suspension enters the centrifuge, the centrifugal field causes the denser component to move 
outward. In a solid–liquid system, the solids accumulate in a designated region while the liquid moves 
toward the appropriate outlet. The exact flow pattern depends on the centrifuge design.

4.4 Factors Affecting Centrifugation
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The efficiency of centrifugation depends on the properties of the material and operating conditions.

4.4.1 Particle Size

Larger particles generally sediment more rapidly than smaller particles under comparable conditions. 
Very fine particles may require a higher centrifugal field or longer residence time.

4.4.2 Density Difference

The difference between particle density and liquid density affects the rate of separation. A greater 
density difference generally promotes faster sedimentation.

4.4.3 Liquid Viscosity

High viscosity opposes particle movement and reduces sedimentation velocity. Consequently, highly 
viscous liquids may require higher centrifugal force or longer processing time.

4.4.4 Centrifugal Speed

Increasing rotational speed increases the centrifugal field. However, excessive speed may damage 
sensitive materials, increase energy consumption, or impose excessive mechanical stress on the 
equipment.

4.4.5 Radius of Rotation

The radial distance of the particle from the axis influences the centrifugal acceleration. A greater 
radius at the same rotational speed results in a greater centrifugal field.

4.4.6 Feed Concentration

The concentration of suspended solids influences separation behaviour. Very high solid 
concentrations may increase interactions between particles and reduce the efficiency of ideal free 
settling.

4.4.7 Particle Shape

Particle shape affects drag and sedimentation behaviour. Spherical particles generally behave 
differently from irregular or elongated particles.

4.4.8 Temperature

Temperature influences liquid viscosity, density, and solubility. Changes in temperature may 
therefore affect centrifugal separation and the physical state of the product.

4.4.9 Feed Rate
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The feed rate affects the residence time available for separation. Excessively high feed rates may 
reduce separation efficiency because particles may not have sufficient time to migrate to the desired 
region.

4.4.10 Cake Characteristics

In filtering centrifuges, the properties of the deposited cake influence liquid flow through the cake. 
Cake permeability, thickness, compressibility, and particle size distribution are important factors.

4.4.11 Centrifuge Geometry

The design of the bowl, basket, filter area, flow path, and discharge mechanism affects the separation 
performance.

4.4.12 Differential Speed

In continuous centrifuges such as certain decanter designs, the differential speed between the bowl 
and conveying mechanism affects solids residence time and discharge.

Factors Affecting Centrifugation

Factor General effect on separation
Particle size Larger particles generally separate more readily
Density difference Greater difference generally improves separation
Liquid viscosity Higher viscosity generally reduces sedimentation rate
Centrifugal speed Higher speed increases centrifugal acceleration
Radius Larger radius increases centrifugal acceleration at a given speed
Feed concentration High concentration may reduce ideal settling behaviour
Feed rate Excessive feed rate may reduce separation efficiency
Temperature Alters viscosity, density, and solubility
Particle shape Influences drag and sedimentation
Cake permeability Affects liquid removal in filtering centrifuges

4.5 Classification of Centrifuges

Centrifuges can be classified according to several criteria.

4.5.1 Based on the Principle of Separation

A. Sedimentation Centrifuges

In sedimentation centrifuges, particles settle toward the wall or a designated collection region under 
centrifugal force. There is generally no porous filter medium.

Examples:

• Tubular bowl centrifuge
• Disc-stack centrifuge
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• Decanter centrifuge

B. Filtering Centrifuges

In filtering centrifuges, the rotating basket or chamber is provided with a porous filter medium. The 
liquid passes through the medium, while solids are retained.

Examples:

• Perforated basket centrifuge
• Suspended basket centrifuge
• Horizontal peeler centrifuge

4.5.2 Based on Operation

A. Batch Centrifuges

The material is charged, processed, and discharged in separate cycles.

Examples include many basket-type centrifuges.

B. Continuous Centrifuges

Feed and discharge occur continuously or semi-continuously.

Examples include decanter and certain continuous filtration centrifuges.

4.5.3 Based on the Orientation of the Rotating Element

• Vertical centrifuges
• Horizontal centrifuges

4.5.4 Based on the Nature of Material Separated

• Solid–liquid centrifuges
• Liquid–liquid centrifuges
• Solid–liquid–liquid centrifuges

Classification of Centrifuges

Basis Type Examples
Separation principle Filtering Basket, peeler centrifuge

Separation principle Sedimentation
Tubular bowl, disc-stack, 
decanter

Operation Batch Suspended basket, peeler
Operation Continuous Decanter
Orientation Vertical Basket-type centrifuges
Orientation Horizontal Horizontal peeler, decanter
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Material separated Solid–liquid Basket, peeler, decanter

Material separated Liquid–liquid
Disc-stack and suitable 
separators

4.6 Centrifugation Equipment: Principle, Construction, Working, Advantages, Disadvantages 
and Pharmaceutical Applications

4.6.1 Perforated Basket Centrifuge

Principle

A perforated basket centrifuge operates on the principle of centrifugal filtration. The basket contains 
perforations and is lined with a suitable filter medium. When the basket rotates, centrifugal force 
drives the liquid through the filter medium and perforations, while the solid particles are retained as a 
cake.

Construction

The major components include:

1. Perforated basket: A cylindrical rotating basket containing numerous openings.
2. Filter medium: A filter cloth, mesh, or other suitable porous material attached to the inner 

surface.
3. Casing: An outer enclosure that collects the separated liquid.
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4. Drive motor: Provides rotational motion to the basket.
5. Feed arrangement: Introduces the suspension into the basket.
6. Filtrate outlet: Removes the liquid collected in the casing.
7. Cake discharge arrangement: Provides a means for removing the retained solids.
8. Safety enclosure: Prevents exposure to the rotating basket and provides containment.

Working

1. The filter medium is properly fitted inside the basket.
2. The suspension is introduced into the rotating basket.
3. The basket rotates at the required speed.
4. Centrifugal force drives the liquid outward through the filter medium.
5. Solid particles are retained on the inner surface and form a cake.
6. Additional liquid may be removed by continued rotation.
7. The cake may be washed if required.
8. After completion, the basket is stopped or brought to a suitable discharge condition.
9. The cake is removed and the equipment is prepared for the next batch.

Advantages

• Simple operating principle.
• Effective separation of solids from liquids.
• Suitable for crystalline products.
• Cake washing can be performed.
• Centrifugal force can provide effective dewatering.
• Relatively simple construction compared with more complex continuous centrifuges.

Disadvantages

• Many designs operate as batch systems.
• Cake discharge may require manual intervention.
• Fine particles may block the filter medium.
• Sticky or highly compressible cakes may be difficult to handle.
• High-speed rotation requires appropriate safety controls.

Pharmaceutical Applications

• Recovery of crystalline APIs.
• Separation of pharmaceutical intermediates from mother liquor.
• Washing of crystals.
• Dewatering of suitable pharmaceutical solids.
• Solid–liquid separation following crystallization or precipitation.

4.6.2 Non-Perforated Basket Centrifuge
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Principle

A non-perforated basket centrifuge operates primarily on the principle of centrifugal sedimentation. 
Unlike a perforated basket centrifuge, the basket does not contain a porous filter medium through 
which liquid passes. Instead, centrifugal force causes the denser suspended particles to settle against 
the wall of the rotating basket.

Construction

The equipment generally consists of:

1. Non-perforated rotating basket: A solid-walled cylindrical bowl.
2. Motor and drive system: Rotates the basket.
3. Casing: Encloses the rotating assembly and collects separated material.
4. Feed arrangement: Introduces the suspension.
5. Liquid removal system: Provides a means for withdrawing clarified liquid.
6. Solids collection region: Accommodates the sediment deposited against the basket wall.
7. Discharge arrangement: Used for removal of accumulated solids.

Working

1. The suspension is introduced into the rotating basket.
2. The basket is rotated at the specified speed.
3. Centrifugal force causes dense particles to migrate toward the basket wall.
4. A layer of sediment gradually forms along the wall.
5. The clarified liquid remains closer to the axis of rotation.
6. The separated liquid is withdrawn through the appropriate outlet.
7. The accumulated solids are removed after the required processing period.

Advantages

• No filter cloth is required.
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• Suitable for sedimentation-based separation.
• Can handle certain fine particles that may be difficult to filter directly.
• Relatively simple filtration-free separation mechanism.
• Useful for clarification of suitable suspensions.

Disadvantages

• Solid discharge may be difficult in batch designs.
• Separation depends strongly on particle size and density difference.
• Not ideal for producing a highly dewatered solid cake.
• High-speed operation requires appropriate mechanical safety measures.
• Very fine particles may require long residence time or high centrifugal force.

Pharmaceutical Applications

• Clarification of suitable process liquids.
• Separation of suspended pharmaceutical solids.
• Removal of cells or particulate material in selected processes.
• Separation of precipitates where a filter medium is undesirable.

4.6.3 Suspended Basket Centrifuge

Principle

A suspended basket centrifuge is a filtering centrifuge in which a perforated basket is suspended from 
a drive shaft. The basket is lined with a suitable filter medium. Centrifugal force drives the liquid 
through the filter medium while the solid particles remain as a cake.

The suspended arrangement provides flexibility during operation and may help accommodate minor 
imbalance in the load, depending on the equipment design.

Construction
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The main components include:

1. Suspended basket: A perforated cylindrical basket supported from above.
2. Filter medium: Covers the inner surface of the basket.
3. Drive shaft: Connects the basket to the motor.
4. Motor and drive mechanism: Provides rotation.
5. Outer casing: Contains the rotating basket and separated liquid.
6. Feed pipe: Introduces the suspension.
7. Filtrate outlet: Removes the separated liquid.
8. Cake discharge arrangement: Allows removal of the solid cake.
9. Safety enclosure: Provides protection from the rotating assembly.

Working

1. The filter medium is fitted to the basket.
2. The suspension is introduced into the basket.
3. The basket is rotated at the desired speed.
4. Centrifugal force causes the liquid to pass through the filter medium.
5. Solid particles are retained and form a cake on the basket wall.
6. The cake may be washed by introducing an appropriate washing liquid.
7. Continued rotation removes additional liquid from the cake.
8. The basket is stopped or brought to the appropriate discharge condition.
9. The cake is removed using the designed discharge method.

Advantages

• Suitable for batch filtration.
• Effective recovery of crystalline products.
• Cake washing can be performed.
• Centrifugal force provides good dewatering.
• Suspended design can accommodate certain operating conditions effectively.
• Suitable for pharmaceutical solid–liquid separation.

Disadvantages

• Generally requires batch operation.
• Manual cake removal may be necessary in some designs.
• Filter cloth inspection and replacement are required.
• Not suitable for every type of fine or sticky solid.
• High-speed rotating components require strict safety precautions.

Pharmaceutical Applications

• Recovery of crystalline APIs.
• Separation and washing of pharmaceutical intermediates.
• Recovery of precipitated products.
• Dewatering of suitable crystalline materials.
• Solid–liquid separation following chemical synthesis.
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4.6.4 Horizontal Peeler Centrifuge

Principle

A horizontal peeler centrifuge operates by centrifugal filtration. The suspension is introduced into a 
horizontally oriented rotating basket fitted with a filter medium. Centrifugal force drives the liquid 
through the filter medium while solids form a cake on the inner surface. A mechanical peeler knife 
subsequently removes the cake.

Construction

The major components include:

1. Horizontal rotating basket: A perforated cylindrical basket mounted horizontally.
2. Filter medium: Covers the internal surface of the basket.
3. Drive motor: Rotates the basket at a controlled speed.
4. Feed pipe: Introduces the suspension.
5. Peeler knife: A mechanical device that removes the cake from the basket wall.
6. Cake discharge chute: Directs the removed solids out of the centrifuge.
7. Filtrate collection system: Collects the liquid passing through the filter medium.
8. Wash system: Introduces washing liquid when required.
9. Casing: Provides containment and collects separated materials.
10. Control system: Regulates rotational speed, feed, washing, and discharge.

Working

The operation generally consists of the following stages:

1. Basket acceleration:
The basket is accelerated to the required operating speed.

2. Feeding:
The suspension is introduced into the rotating basket.
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3. Cake formation:
Centrifugal force drives the liquid through the filter medium while solids accumulate on the basket 
wall.

4. Cake washing:
A suitable washing liquid may be introduced to remove residual mother liquor or soluble impurities.

5. Dewatering:
Continued rotation removes additional liquid from the cake.

6. Cake discharge:
The peeler knife moves across the cake surface and removes the cake from the basket.

7. Collection:
The discharged solid falls through the discharge arrangement and is collected for further processing.

Advantages

• Efficient solid–liquid separation.
• Mechanical cake discharge reduces manual handling.
• Cake washing can be performed.
• Good dewatering capability for suitable crystalline products.
• Suitable for repeated batch processing.
• Can be designed for contained pharmaceutical processing.
• Automation can reduce operator intervention.

Disadvantages

• Relatively complex equipment.
• Higher initial cost than simple basket centrifuges.
• Requires careful control of the peeler mechanism.
• Not suitable for all fragile or highly compressible cakes.
• Maintenance requirements are higher.
• Improper peeling can damage the filter medium or affect cake discharge.

Pharmaceutical Applications

• Recovery of crystalline APIs.
• Isolation of pharmaceutical intermediates.
• Washing of crystals.
• Separation of precipitated pharmaceutical compounds.
• Dewatering of crystalline products before drying.
• Processing of materials requiring controlled and contained cake discharge.

4.7 Pharmaceutical Applications of Centrifugation

Centrifugation is used in pharmaceutical industries at laboratory, pilot, and manufacturing scales. 
Major applications include the following.
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4.7.1 Recovery of Crystalline APIs

Crystallization is commonly followed by centrifugation to separate crystals from the mother liquor. 
Basket and peeler centrifuges are particularly useful when the product is present as a filterable 
crystalline solid.

4.7.2 Separation of Pharmaceutical Intermediates

Centrifugation can separate precipitated or crystallized intermediates from reaction mixtures. The 
recovered solid may subsequently be washed and dried.

4.7.3 Clarification of Process Liquids

Suspended particles can be removed from process liquids using suitable sedimentation centrifuges.

4.7.4 Processing of Fermentation Broths

Centrifugation is widely used for separating microbial cells from fermentation broth. Depending on 
the process, the desired product may be present in the liquid phase or associated with the cells.

4.7.5 Separation of Cell Debris

After cell disruption, centrifugation may be used to separate insoluble cell debris from a liquid 
containing soluble biological components.

4.7.6 Separation of Immiscible Liquid Phases

Suitable centrifuges can accelerate the separation of immiscible liquids with different densities. This 
may be useful during extraction and other liquid–liquid processing operations.

4.7.7 Washing of Crystalline Solids

Some centrifuges permit washing of the retained cake. Washing can remove residual mother liquor 
and soluble impurities without requiring transfer of the wet solids to another vessel.

4.7.8 Dewatering of Pharmaceutical Solids

Centrifugation can remove a significant proportion of liquid from a wet solid, thereby reducing the 
load on subsequent drying equipment.

4.7.9 Processing of Suspensions

Centrifugation may be used to separate suspended solids from liquid vehicles during process 
development and manufacturing.

4.7.10 Biotechnology and Biological Product Processing
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Centrifuges are used in various stages of bioprocessing for cell harvesting, clarification, and 
separation of biological materials. The operating conditions must be selected carefully to minimize 
damage to shear-sensitive products.

4.8 Problems Associated with Centrifugation

Although centrifugation is an efficient separation technique, several problems may affect its 
performance.

4.8.1 Poor Separation Efficiency

Poor separation may occur when particles are very small, the density difference is low, viscosity is 
high, or the operating speed is insufficient.

Corrective measures:

• Optimize rotational speed.
• Reduce feed rate where appropriate.
• Control temperature and viscosity.
• Select a centrifuge with suitable geometry.
• Optimize residence time.

4.8.2 Imbalance of the Rotating System

Uneven loading can produce mechanical imbalance and vibration. This can damage equipment and 
create significant safety hazards.

Prevention:

• Ensure proper loading.
• Follow manufacturer-specified balancing procedures.
• Inspect the basket and drive assembly regularly.
• Use appropriate safety interlocks.

4.8.3 Excessive Vibration

Vibration may result from imbalance, mechanical wear, improper installation, or damage to rotating 
components.

Excessive vibration should be treated as a serious operating abnormality, and the centrifuge should be 
inspected according to the established safety procedure.

4.8.4 Filter Medium Blockage

In filtering centrifuges, fine particles may block the filter medium and reduce liquid flow.

Possible measures:
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• Select an appropriate filter medium.
• Optimize particle characteristics.
• Use suitable prefiltration where appropriate.
• Avoid excessive cake compression.

4.8.5 Cake Cracking

Cracks in the cake can create preferential flow channels, reducing washing efficiency and allowing 
residual mother liquor to remain in portions of the cake.

4.8.6 Incomplete Cake Discharge

Sticky, cohesive, or highly compressible solids may be difficult to remove completely.

4.8.7 Excessive Product Loss

Product may be lost in the mother liquor, retained within the equipment, dissolved during washing, or 
discharged with unwanted material.

4.8.8 Product Degradation

Heat generation, prolonged processing, shear, or exposure to air may adversely affect sensitive 
pharmaceutical products.

4.8.9 Foaming

Certain suspensions or biological liquids may foam during centrifugal processing. Excessive foam can 
interfere with feed control and separation.

4.8.10 Mechanical Failure

High-speed centrifuges are subjected to significant mechanical stresses. Failure of the basket, shaft, 
bearings, or other rotating components can present serious safety risks.

Therefore, regular inspection, preventive maintenance, appropriate operating procedures, and safety 
interlocks are essential.

                                                      Centrifugation is an important mechanical separation operation in 
which centrifugal force is used to separate suspended solids from liquids or phases having different 
densities. It provides a much greater driving force than gravity and is therefore particularly useful for 
the rapid separation of fine particles and for the recovery of crystalline pharmaceutical materials. The 
fundamental principles of centrifugation include centrifugal force, relative centrifugal force (RCF), 
and sedimentation under a centrifugal field. Centrifugation efficiency is affected by particle size, 
density difference, liquid viscosity, rotational speed, radius of rotation, feed concentration, 
temperature, feed rate, and cake characteristics. Centrifuges may be classified into filtering and 
sedimentation centrifuges and may operate in batch or continuous modes. Important pharmaceutical 
centrifugation equipment includes the perforated basket centrifuge, non-perforated basket centrifuge, 
suspended basket centrifuge, and horizontal peeler centrifuge. Centrifugation is widely used for API 
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recovery, crystal washing, solid–liquid separation, clarification of process liquids, fermentation 
processing, cell separation, and dewatering. Problems such as poor separation, vibration, filter 
blockage, cake cracking, product loss, and mechanical failure must be controlled through appropriate 
equipment selection, process optimization, preventive maintenance, and safety procedures. The 
efficiency of centrifugation can be evaluated using separation efficiency, solid recovery, cake 
moisture, centrate clarity, throughput, processing time, wash efficiency, product purity, and other 
relevant process parameters.
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Chapter 5: Comparative Study and Pharmaceutical Applications

5.1 Comparison of Filtration Equipment

Filtration equipment is selected according to the nature of the material, required degree of 
clarification, solids concentration, operating pressure, batch size, and desired product recovery. The 
major filtration equipment used in pharmaceutical processing are compared below.

Comparison of Major Filtration Equipment

Equipmen
t

Operatin
g 
Principle

Feed 
Type

Operation
Major 
Advantage

Major 
Limitatio
n

Pharmaceutic
al 
Applications

Plate and 
Frame 
Filter 
Press

Pressure 
filtration 
through 
filter 
cloth

Slurries 
with 
appreciabl
e solids

Batch
High clarification 
and good solid 
recovery

Labour-
intensive 
cake 
discharge

API recovery, 
crystal 
washing, 
clarification

Filter 
Leaf

Pressure 
or 
vacuum 
filtration 
over filter 
leaves

Slurries 
and 
suspensio
ns

Batch
Large filtration 
area and good 
cake formation

Cake 
removal 
may 
require 
manual 
handling

API and 
intermediate 
filtration

Rotary 
Drum 
Vacuum 
Filter

Continuo
us 
vacuum 
filtration

High-
volume 
slurries

Continuous
Continuous 
operation and 
high throughput

Less 
suitable 
for very 
fine 
particles

Bulk chemical 
and 
pharmaceutica
l processing

Cartridge 
Filter

Depth or 
surface 
filtration 
through 
cartridge 
elements

Low-solid 
liquids

Continuous/
batch

Easy replacement 
and compact 
design

Rapid 
blockage 
with high 
solids

Final 
clarification, 
water and 
solvent 
filtration

Membran
e Filter

Separatio
n by 
membran
e pores

Low-solid 
liquids 
and 
solutions

Continuous/
batch

Very fine and 
microbiological 
filtration

Membran
e fouling

Sterile 
filtration, 
biological 
products, 
injectable 
preparations

Nutsche 
Filter

Pressure 
or 
vacuum 
filtration 
in a 
closed 

Slurries 
containing 
valuable 
solids

Batch

Filtration, 
washing and 
drying can be 
integrated

Batch 
operation

API isolation, 
crystallization 
and washing
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vessel

Centrifug
al Filter

Filtration 
aided by 
centrifuga
l force

Slurries
Batch/conti
nuous

Rapid filtration 
and dewatering

Higher 
mechanic
al 
complexit
y

Crystal 
recovery and 
solid-liquid 
separation

Selection Considerations

The selection of filtration equipment depends on:

1. Nature and concentration of solids – High-solid slurries generally require equipment 
capable of forming and handling a filter cake.

2. Particle size – Fine particles may require depth filters or membrane filters.
3. Required clarity – Membrane and cartridge filters are preferred where high clarity is 

required.
4. Batch or continuous processing – Filter presses and nutsche filters are commonly used for 

batch operations, whereas rotary drum vacuum filters are suitable for continuous processing.
5. Product value – For expensive APIs, closed systems such as nutsche filters can minimize 

product loss and contamination.
6. Sterility requirements – Membrane filtration is particularly important for sterile and 

microbiological applications.
7. Ease of cleaning and validation – Pharmaceutical equipment should permit effective 

cleaning, sanitization and validation.
8. Scale of operation – Equipment should provide adequate filtration area and capacity for the 

intended production scale.

5.2 Comparison of Crystallization Equipment

Crystallization equipment is selected according to the solubility characteristics of the material, method 
of supersaturation generation, desired crystal size, crystal purity, viscosity, heat-transfer requirements 
and production capacity.

Comparison of Major Crystallization Equipment

Equipme
nt

Operating 
Principle

Method of 
Supersaturatio
n

Operation
Major 
Advanta
ge

Major 
Limitatio
n

Pharmaceut
ical 
Applications

Tank 
Crystalliz
er

Crystallizati
on by 
controlled 
cooling

Cooling Batch

Simple 
constructi
on and 
operation

Poor 
control of 
crystal 
size 
distributi
on

Small-scale 
API and 
laboratory 
crystallizatio
n

Swenson–
Walker 
Crystalliz
er

Continuous 
cooling of 
solution 
through a 

Cooling Continuous

Simple 
continuou
s 
operation

Requires 
considera
ble floor 
space

Crystallizatio
n of heat-
sensitive and 
moderately 
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long trough soluble 
materials

Oslo 
Crystalliz
er

Circulation 
and 
controlled 
crystal 
growth

Cooling/evapor
ation

Continuous

Produces 
relatively 
large and 
uniform 
crystals

More 
complex 
design

Controlled 
API and 
intermediate 
crystallizatio
n

DTB 
Crystalliz
er

Circulation 
through a 
draft tube 
with 
controlled 
supersaturat
ion

Cooling/evapor
ation

Continuous

Good 
crystal-
size 
control 
and low 
secondary 
nucleatio
n

Higher 
capital 
cost

High-purity 
pharmaceutic
al and fine-
chemical 
products

Evaporat
ive 
Crystalliz
er

Solvent 
evaporation 
increases 
solute 
concentratio
n

Evaporation
Batch/continu
ous

Suitable 
for 
substance
s with 
strong 
temperatu
re-
dependent 
solubility 
or limited 
cooling 
effect

Energy-
intensive

Recovery 
and 
purification 
of APIs and 
pharmaceutic
al chemicals

Vacuum 
Crystalliz
er

Solvent 
evaporation 
under 
reduced 
pressure 
causes 
cooling and 
supersaturat
ion

Vacuum 
evaporation

Batch/continu
ous

Suitable 
for heat-
sensitive 
materials

Requires 
vacuum 
system 
and 
control

Heat-
sensitive 
APIs and 
pharmaceutic
al 
intermediates

Selection Considerations

The selection of a crystallizer depends on:

• Solubility-temperature relationship of the material
• Required crystal size and crystal-size distribution
• Desired purity
• Heat sensitivity of the product
• Viscosity of the solution
• Rate of nucleation and crystal growth
• Batch or continuous production requirements
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• Solvent characteristics
• Ease of crystal recovery
• Energy consumption
• Cleaning and contamination-control requirements

For pharmaceutical manufacturing, crystallization should provide high purity, reproducible crystal 
characteristics, controlled polymorphic form and acceptable crystal-size distribution.

5.3 Comparison of Centrifugation Equipment

Centrifuges separate solid particles or immiscible liquid phases by applying centrifugal acceleration. 
Equipment selection depends on particle characteristics, solids concentration, required separation 
efficiency, cake moisture, washing requirements and method of solids discharge.

Comparison of Major Centrifugation Equipment

Equipme
nt

Operating 
Principle

Main 
Feature

Oper
ation

Major 
Advan
tage

Major 
Limitation

Pharmaceuti
cal 
Applications

Perforate
d Basket 
Centrifug
e

Centrifugal 
filtration through 
perforated basket

Filter 
medium 
supported 
by basket

Batch

Rapid 
solid-
liquid 
separat
ion

Not ideal for very 
fine solids

Crystal 
recovery, 
washing and 
dewatering

Non-
Perforate
d Basket 
Centrifug
e

Sedimentation 
under centrifugal 
force

Solid 
deposits on 
bowl wall

Batch

Suitabl
e for 
fine 
solids

Difficult solid 
recovery in some 
applications

Clarification 
and fine-
particle 
separation

Suspende
d Basket 
Centrifug
e

Centrifugal 
filtration with 
vertically 
suspended basket

Flexible 
suspension 
and high-
speed 
operation

Batch

Good 
separat
ion 
efficien
cy

Requires careful 
balancing

API and 
intermediate 
recovery

Horizont
al Peeler 
Centrifug
e

Centrifugal 
filtration 
followed by 
mechanical cake 
removal

Horizontal 
basket with 
peeler 
knife

Batch/
semic
ontinu
ous

Autom
ated 
cake 
dischar
ge and 
washin
g

Higher 
mechanical 
complexity

Large-scale 
API crystal 
recovery

Selection Considerations

Centrifuge selection depends on:

1. Particle size and density
2. Solid concentration



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 164

3. Difference in density between phases
4. Required separation efficiency
5. Cake permeability
6. Desired cake moisture
7. Washing requirements
8. Batch or continuous processing
9. Product sensitivity to mechanical stress
10. Required degree of containment

For pharmaceutical applications, closed and contained centrifuges are particularly useful when 
processing potent APIs, sterile products or materials requiring protection from environmental 
contamination.

5.4 Comparison of Filtration, Crystallization and Centrifugation

Filtration, crystallization and centrifugation are different unit operations, although they are frequently 
used sequentially during pharmaceutical manufacturing. Crystallization primarily produces or 
purifies solid crystals from a solution, whereas filtration and centrifugation primarily separate solids 
from liquids.

Comparison of Filtration, Crystallization and Centrifugation

Parameter Filtration Crystallization Centrifugation

Basic purpose
Separation of solids 
from liquids

Formation and 
purification of crystals

Rapid separation of 
phases or suspended 
solids

Main driving force Pressure difference Supersaturation
Centrifugal 
acceleration

Major mechanism
Passage of liquid 
through a porous 
medium

Nucleation and crystal 
growth

Sedimentation or 
centrifugal filtration

Starting material Suspension/slurry Solution or melt
Suspension or 
multiphase liquid

Product obtained Filtrate and filter cake
Crystals and mother 
liquor

Solid cake/pellet and 
liquid centrate, or 
separated liquid phases

Particle formation
Does not normally 
form particles

Produces crystals
Does not normally 
form particles

Particle-size control Limited High potential Limited
Purification 
capability

Moderate to high 
depending on method

Generally high Moderate to high

Solid recovery
Good with appropriate 
equipment

High when 
crystallization is 
optimized

Generally rapid and 
efficient

Liquid clarification Excellent
Not the primary 
purpose

Excellent in suitable 
centrifuges

Sterile processing Membrane filtration is Generally not a Generally not a 
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widely used sterilization method sterilization method
Energy requirement Low to moderate Moderate to high Moderate to high
Typical operation Batch or continuous Batch or continuous Batch or continuous

Major 
pharmaceutical use

Clarification, sterile 
filtration and solid 
recovery

API purification and 
crystal formation

Crystal recovery, 
clarification and 
dewatering

Relationship Between the Three Operations

These operations are often integrated into a single pharmaceutical manufacturing process. A typical 
sequence may be:

Dissolution → Crystallization → Filtration/Centrifugation → Washing → Drying → Milling

For example, during API manufacture, the drug substance may first be dissolved in a suitable solvent. 
Controlled cooling or antisolvent addition can generate supersaturation and produce purified crystals. 
The crystals can subsequently be recovered using a nutsche filter, filter press or centrifuge, 
followed by washing and drying.

Key Differences

1. Filtration:
Filtration separates suspended solids from liquids by passing the liquid through a porous medium. It is 
particularly useful for clarification, solid recovery and sterile filtration.

2. Crystallization:
Crystallization is primarily a particle-generation and purification operation. It is especially 
important in pharmaceutical manufacturing because crystal properties can influence purity, 
flowability, filtration behavior, dissolution and sometimes bioavailability.

3. Centrifugation:
Centrifugation uses centrifugal acceleration to achieve rapid separation. It is especially advantageous 
when filtration is slow, when fine particles are present, or when rapid dewatering is required.

Selection of Unit Operation According to Processing Requirement

Processing Requirement Preferred Unit Operation
Removal of suspended particles from a liquid Filtration
Sterile filtration of pharmaceutical solutions Membrane filtration
Formation of purified API crystals Crystallization
Recovery of crystals from mother liquor Filtration or centrifugation
Rapid dewatering of crystalline solids Centrifugation
Clarification of fermentation broth Filtration or centrifugation
Control of crystal size and polymorphic form Crystallization
Separation of very fine suspended particles Centrifugation or depth filtration
Washing of pharmaceutical crystals Nutsche filtration or centrifugation
Large-scale continuous solid-liquid separation Continuous filtration or centrifugation
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Filtration, crystallization and centrifugation are important liquid-processing operations in 
pharmaceutical manufacturing. Filtration primarily achieves solid-liquid separation using a porous 
medium, crystallization generates and purifies solid crystals through controlled supersaturation, and 
centrifugation provides rapid separation using centrifugal acceleration. Selection of equipment 
depends on material properties, production scale, desired product quality, operating mode, 
containment requirements, cleaning, validation and economic considerations. Proper integration of 
these operations can improve product purity, recovery, process efficiency and reproducibility in 
pharmaceutical manufacturing.
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UNIT III
Unit operations associated 

with heat transfer



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 168

Chapter 1: Introduction to Heat Transfer

1.1 Introduction to Heat Transfer

Heat transfer is an important unit operation in pharmaceutical industries. It involves the movement of 
thermal energy from a region of higher temperature to a region of lower temperature. Heat transfer is 
essential for heating, cooling, evaporation, drying, distillation, sterilization and temperature 
control of pharmaceutical products and processes.

1.2 Definition of Heat Transfer

Heat transfer is the transfer of thermal energy from a body or system at a higher temperature to 
another body or system at a lower temperature due to a temperature difference.

Heat transfer continues until thermal equilibrium is approached. The rate of heat transfer depends on 
the temperature difference, properties of the materials and characteristics of the heat-transfer system.

1.3 Importance of Heat Transfer in Pharmaceutical Industries

Heat transfer is important for:

1. Heating pharmaceutical solutions and suspensions.
2. Cooling products and process streams.
3. Evaporating solvents.
4. Drying pharmaceutical materials.
5. Distillation and solvent recovery.
6. Sterilization of pharmaceutical products and equipment.
7. Temperature control during manufacturing.
8. Maintaining product stability and quality.
9. Processing heat-sensitive materials under controlled conditions.
10. Energy-efficient pharmaceutical manufacturing.

1.4 Modes of Heat Transfer

Heat is transferred mainly by conduction, convection and radiation.

1.4.1 Conduction

Conduction is the transfer of heat through a material or between materials in direct contact without 
bulk movement of the material.

It is particularly important in solids and across the walls of heat exchangers.

For one-dimensional steady-state conduction:
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where:

• Q = rate of heat transfer
• k = thermal conductivity
• A = area of heat transfer
• T1−T2 = temperature difference
• L = thickness of material

Pharmaceutical applications: heat transfer through vessel walls, heat exchangers, drying surfaces 
and sterilization equipment.

1.4.2 Convection

Convection is the transfer of heat between a solid surface and a moving fluid such as a liquid or gas.

It may be:

• Natural convection, caused by density differences.
• Forced convection, produced by pumps, fans or mechanical agitation.

The basic relationship is:

where h is the convective heat-transfer coefficient.

Pharmaceutical applications: heating and cooling of liquids, jacketed vessels, evaporators and heat 
exchangers.

1.4.3 Radiation

Radiation is the transfer of heat through electromagnetic waves without requiring direct physical 
contact between the bodies. Radiation becomes particularly important at high temperatures. 
Pharmaceutical applications: infrared drying, thermal processing and selected heating operations.

1.5 Basic Principles of Heat Transfer

The basic principles of heat transfer are:

1. Heat flows naturally from higher temperature to lower temperature.
2. A temperature difference is required for heat transfer.
3. The rate of heat transfer depends on the temperature driving force.
4. The physical properties of the material influence heat transfer.
5. Larger effective heat-transfer areas generally increase heat-transfer capacity.
6. Proper fluid movement can improve convective heat transfer.
7. Fouling or deposits on heat-transfer surfaces can reduce efficiency.
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The general heat-transfer relationship can be expressed as:

where U represents the overall heat-transfer coefficient.

1.6 Temperature Difference as Driving Force

Temperature difference is the principal driving force for heat transfer. Heat moves from the hotter 
medium to the colder medium.

For example, in a heat exchanger, hot steam transfers heat to a colder pharmaceutical solution. A 
greater effective temperature difference generally provides a greater driving force for heat transfer.

However, the actual temperature difference may vary throughout the equipment. Therefore, the 
logarithmic mean temperature difference (LMTD) is often used in heat-exchanger calculations.

where ΔT1 and ΔT2 are the temperature differences at the two ends of the heat exchanger.

1.7 Heat Transfer Coefficient

The heat-transfer coefficient represents the ability of a system to transfer heat between a surface and 
a fluid or between two fluids through a heat-transfer surface.

A higher heat-transfer coefficient generally indicates more effective heat transfer.

The overall heat-transfer relationship is:

where:

• Q = heat-transfer rate
• U = overall heat-transfer coefficient
• A = heat-transfer area
• ΔT = effective temperature difference

The value of UU is affected by fluid properties, flow conditions, material properties, surface 
characteristics and fouling.

1.8 Factors Affecting Heat Transfer

The major factors affecting heat transfer include:
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1. Temperature difference – greater temperature difference generally increases heat transfer.
2. Heat-transfer area – larger area allows greater heat transfer.
3. Thermal conductivity – materials with higher thermal conductivity transfer heat more readily.
4. Fluid velocity – increased fluid movement can improve convection.
5. Viscosity – high viscosity may reduce fluid movement and heat transfer.
6. Surface condition – deposits and fouling reduce heat-transfer efficiency.
7. Material thickness – greater thickness generally increases resistance to conduction.
8. Nature of heating medium – steam, hot water, thermal oil and other media have different heat-

transfer characteristics.
9. Agitation – mixing can improve temperature uniformity and heat transfer.
10. Operating pressure – pressure can influence boiling and condensation behaviour.

1.9 Direct and Indirect Heat Transfer

Direct Heat Transfer

In direct heat transfer, the heating medium comes into direct contact with the material being 
heated.

Examples:

• Direct steam heating
• Injection of steam into a liquid

Advantages

• Rapid heat transfer
• Simple operation
• High heating efficiency

Disadvantages

• Heating medium may contaminate the product
• Difficult to separate the heating medium from the product

Indirect Heat Transfer

In indirect heat transfer, the heating and product streams are separated by a heat-transfer surface.

Examples:

• Shell-and-tube heat exchanger
• Double-pipe heat exchanger
• Jacketed vessel
• Plate heat exchanger

Advantages
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• Prevents direct contact between product and heating medium
• Better control of product quality
• Suitable for pharmaceutical processing

Disadvantages

• Greater equipment complexity
• Heat-transfer resistance through the separating surface

1.10 Pharmaceutical Applications of Heat Transfer

Heat transfer is extensively used in pharmaceutical manufacturing for:

1. Heating of pharmaceutical solutions and suspensions.
2. Cooling of products and process streams.
3. Evaporation and concentration of solutions.
4. Drying of pharmaceutical powders and granules.
5. Distillation and solvent recovery.
6. Sterilization of pharmaceutical products and equipment.
7. Melting of waxes, bases and other pharmaceutical materials.
8. Temperature control during formulation and processing.
9. Heating and cooling in reaction vessels.
10. Maintenance of controlled processing temperatures.

Heat transfer is the movement of thermal energy from a higher-temperature region to a lower-
temperature region. The three principal modes are conduction, convection and radiation. Temperature 
difference acts as the driving force, while the heat-transfer coefficient, surface area, material 
properties and fluid movement influence the rate of heat transfer. In pharmaceutical industries, heat 
transfer is essential for heating, cooling, evaporation, drying, distillation, sterilization and controlled 
processing of pharmaceutical products.
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Chapter 2: Heat Transfer Equipment

2.1 Introduction to Heat Transfer Equipment

Heat transfer equipment is used to transfer thermal energy from one fluid or material to another for 
heating, cooling, condensation, evaporation, temperature control and thermal processing. In 
pharmaceutical manufacturing, precise control of temperature is essential because temperature can 
influence the stability, solubility, viscosity, reaction rate, crystallization, drying and overall quality of 
pharmaceutical products.

Heat transfer equipment generally transfers heat between a heating medium and a process material 
without necessarily allowing the two materials to mix. Common heating or cooling media include 
steam, hot water, chilled water, thermal fluids and refrigerants. The selection of equipment depends 
on the required heat-transfer rate, temperature range, nature of the product, viscosity, fouling 
tendency, hygienic requirements and production scale.

Pharmaceutical heat-transfer equipment is commonly constructed from stainless steel, particularly 
grades suitable for hygienic processing, because these materials provide corrosion resistance, smooth 
surfaces and ease of cleaning and sanitization.

The major heat-transfer equipment discussed in this chapter includes double-pipe heat exchangers, 
shell-and-tube heat exchangers, plate heat exchangers, jacketed vessels and scraped-surface 
heat exchangers.

2.2 Classification of Heat Transfer Equipment

Heat-transfer equipment can be classified according to construction, flow arrangement and method of 
heat transfer.

2.2.1 Classification Based on Construction

1. Double-pipe heat exchangers
2. Shell-and-tube heat exchangers
3. Plate heat exchangers
4. Jacketed vessels
5. Scraped-surface heat exchangers

2.2.2 Classification Based on Contact Between Fluids

1. Direct-contact heat exchangers:
The heating and cooling fluids come into direct contact with each other.

2. Indirect-contact heat exchangers:
Heat is transferred through a separating wall or surface. Most pharmaceutical heat exchangers belong 
to this category because direct mixing of the product and heating/cooling medium is generally 
undesirable.

2.2.3 Classification Based on Flow Arrangement
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• Parallel-flow arrangement: Both fluids flow in the same direction.
• Counter-current arrangement: The two fluids flow in opposite directions.
• Cross-flow arrangement: The fluids flow approximately perpendicular to each other.

Counter-current operation is often preferred because it can provide a greater effective temperature 
driving force.

2.3 Double-Pipe Heat Exchanger

A double-pipe heat exchanger is one of the simplest types of indirect heat-transfer equipment. It 
consists essentially of one pipe placed concentrically inside another pipe. One fluid flows through 
the inner pipe while the second fluid flows through the annular space between the two pipes.

Principle

The double-pipe heat exchanger works on the principle of indirect heat transfer through a solid 
wall separating two fluids at different temperatures. Heat flows from the hot fluid to the cold fluid 
because of the temperature difference.

The heat-transfer path can be represented as:

Hot fluid → pipe wall → cold fluid

The fluids may be operated in parallel flow or counter-current flow. Counter-current operation 
generally provides more effective heat transfer.

Construction

A double-pipe heat exchanger consists of:

1. Inner pipe – carries one of the process fluids.
2. Outer pipe – surrounds the inner pipe and forms the annular passage.
3. Inlet and outlet connections – allow entry and exit of the two fluids.
4. Pipe fittings and supports – maintain proper alignment and provide mechanical stability.
5. Insulation, where required – reduces heat loss to the surroundings.
6. Temperature and pressure connections – may be provided for process monitoring.
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Pharmaceutical versions may be fabricated from suitable stainless steel and designed with smooth, 
cleanable surfaces.

Working

The hot and cold fluids are introduced through their respective passages. One fluid flows through the 
inner pipe, while the other flows through the annular space. Heat passes through the wall of the inner 
pipe from the fluid at higher temperature to the fluid at lower temperature.

Depending on the process requirement, the fluids may flow in the same direction or in opposite 
directions. During operation, the temperature of the hot fluid decreases while that of the cold fluid 
increases.

The heated or cooled process fluid is then collected at the outlet and directed to the next processing 
stage.

Advantages

1. Simple construction and operation.
2. Relatively low initial cost.
3. Easy to understand and operate.
4. Suitable for small-scale processing.
5. Can be arranged for counter-current flow.
6. Individual sections can be added to increase heat-transfer area.
7. Suitable for heating and cooling relatively low-viscosity fluids.

Disadvantages

1. Limited heat-transfer area compared with large shell-and-tube units.
2. Requires considerable space for large heat-transfer duties.
3. Not generally economical for very large-scale applications.
4. Cleaning may become difficult when the annular space is narrow.
5. Pressure drop may become significant at high flow rates.
6. Less suitable for highly viscous or heavily fouling materials.

Pharmaceutical Applications

Double-pipe heat exchangers may be used for:

• Heating or cooling pharmaceutical solutions.
• Temperature control of liquid formulations.
• Heating purified water or process water.
• Cooling solvents and pharmaceutical intermediates.
• Temperature adjustment before crystallization.
• Small-scale preparation and pilot-scale pharmaceutical processing.
• Heating or cooling liquid streams in laboratory and development facilities.

2.4 Shell-and-Tube Heat Exchanger
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The shell-and-tube heat exchanger is one of the most widely used industrial heat-transfer systems. It 
consists of a bundle of tubes enclosed within a cylindrical shell. One fluid flows through the tubes 
while the other flows through the shell side.

Principle

Heat is transferred indirectly between two fluids through the walls of tubes. One fluid flows through 
the tubes and the other flows around the tubes within the shell.

Hot fluid → tube wall → cold fluid

The fluids can be arranged in parallel flow, counter-current flow or cross-flow configurations, 
depending on the equipment design.

Construction

The major components include:

1. Shell – cylindrical outer vessel enclosing the tube bundle.
2. Tube bundle – contains numerous tubes through which one fluid flows.
3. Tube sheets – hold and support the tubes.
4. Baffles – direct shell-side fluid across the tubes and support the tube bundle.
5. Inlet and outlet nozzles – provide fluid connections.
6. Front and rear heads – provide access to the tube side.
7. Supports – provide mechanical stability.
8. Gaskets and seals – prevent leakage where applicable.

Pharmaceutical systems may incorporate hygienic design, drainability, appropriate surface finishing 
and clean-in-place capability.

Working

One fluid enters the tube side while the second fluid enters the shell side. As the fluids move through 
the equipment, heat passes through the tube walls.
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Baffles direct the shell-side fluid across the tubes, increasing turbulence and improving heat transfer. 
The hot fluid transfers heat to the colder fluid during heating operations. During cooling operations, 
heat flows from the process fluid to the cooling medium.

The two fluids leave through separate outlets without mixing.

Advantages

1. Large heat-transfer area.
2. Suitable for large-scale operations.
3. Can handle relatively high temperatures and pressures.
4. Suitable for heating and cooling.
5. Can be designed for counter-current flow.
6. Wide range of materials and configurations are available.
7. Suitable for many industrial pharmaceutical processes.
8. Can accommodate multiple tube passes.

Disadvantages

1. Relatively large and heavy equipment.
2. Higher initial cost than simple heat exchangers.
3. Cleaning of the shell side may be difficult.
4. Fouling can reduce heat-transfer efficiency.
5. Gaskets and seals may require periodic inspection or replacement.
6. Conventional designs may require more space than compact plate heat exchangers.

Pharmaceutical Applications

Shell-and-tube heat exchangers are used for:

• Heating and cooling of pharmaceutical process liquids.
• Heating of purified water and process water.
• Cooling of solvents.
• Temperature control of pharmaceutical intermediates.
• Heating and cooling of bulk liquid preparations.
• Condensation of vapours.
• Heat recovery from process streams.
• Large-scale manufacturing operations.

2.5 Plate Heat Exchanger
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A plate heat exchanger consists of a series of thin metal plates arranged parallel to each other. 
Alternate channels are formed between the plates, through which the hot and cold fluids flow.

Principle

The plate heat exchanger operates by indirect heat transfer through thin plates separating hot and 
cold fluid channels. The large surface area and thin separating walls facilitate rapid heat transfer.

Hot fluid → thin plate → cold fluid

The fluids are commonly arranged in counter-current flow to obtain efficient heat transfer.

Construction

A plate heat exchanger generally consists of:

1. Heat-transfer plates – thin metal plates providing the heat-transfer surface.
2. Gaskets – seal the spaces between plates and direct fluid flow.
3. Fixed frame plate – provides structural support.
4. Movable pressure plate – allows opening and closing of the unit.
5. Tie rods – hold the plate assembly together.
6. Fluid inlet and outlet ports – provide process connections.
7. Flow channels – formed between adjacent plates.
8. Plate corrugations – increase turbulence and heat-transfer efficiency.

For pharmaceutical processing, suitable stainless-steel plates with hygienic surface finishes are 
commonly used.

Working

The hot and cold fluids enter through separate inlet ports. The arrangement of the gaskets directs the 
fluids through alternate channels.
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As the fluids pass through the narrow channels, heat is transferred through the thin plates from the 
hotter fluid to the colder fluid. Corrugations promote turbulence, increasing the heat-transfer 
coefficient.

The heated or cooled fluids then leave through separate outlet ports.

Advantages

1. High heat-transfer efficiency.
2. Compact design.
3. Large heat-transfer area relative to equipment volume.
4. Easy expansion by adding plates in suitable designs.
5. Relatively easy inspection and cleaning after opening.
6. Requires less floor space.
7. Suitable for heating and cooling operations.
8. Good temperature control.

Disadvantages

1. Gaskets may limit the operating temperature and chemical compatibility.
2. Narrow channels may become blocked by suspended solids.
3. Fouling can reduce heat-transfer performance.
4. Not suitable for all highly viscous or particulate-containing fluids.
5. Requires proper gasket maintenance.
6. Pressure drop can increase at high flow rates.

Pharmaceutical Applications

Plate heat exchangers are widely useful for:

• Heating and cooling pharmaceutical solutions.
• Heating and cooling purified water.
• Temperature control of liquid formulations.
• Preheating process streams.
• Cooling of pharmaceutical products.
• Heat recovery.
• Temperature control in biotechnology and fermentation processes.
• Hygienic processing of liquid pharmaceutical products.

2.6 Jacketed Vessel
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A jacketed vessel is a process vessel surrounded by an outer chamber called a jacket through which a 
heating or cooling medium is circulated. It is commonly used when the product must be mixed while 
its temperature is controlled.

Principle

Heat is transferred indirectly between the process material inside the vessel and a heating or cooling 
medium circulating through the jacket.

Heating/cooling medium → vessel wall → process material

The process material does not directly contact the heating or cooling medium.

Construction

A jacketed vessel consists of:

1. Process vessel – contains the pharmaceutical material.
2. Jacket – surrounding space through which the heating or cooling medium flows.
3. Heating/cooling medium inlet – supplies the thermal medium.
4. Heating/cooling medium outlet – removes the thermal medium.
5. Agitator – promotes mixing and uniform temperature distribution.
6. Motor and drive assembly – operates the agitator.
7. Temperature sensor – monitors product temperature.
8. Insulation – minimizes heat loss where required.
9. Bottom outlet – permits discharge of the processed material.

Working

The pharmaceutical material is charged into the vessel. A suitable heating or cooling medium is 
introduced into the jacket.
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For heating, steam, hot water or another suitable thermal fluid may be circulated through the jacket. 
Heat passes through the vessel wall into the product. For cooling, chilled water or another cooling 
medium is circulated through the jacket, allowing heat to move from the product into the cooling 
medium.

The agitator continuously mixes the product and reduces temperature gradients. Temperature is 
monitored using suitable sensors, and the heating or cooling medium is controlled to achieve the 
desired processing temperature.

Advantages

1. Simple construction.
2. Suitable for batch processing.
3. Allows simultaneous mixing and temperature control.
4. Suitable for viscous pharmaceutical products.
5. Good control of processing temperature.
6. Can be designed as a closed system.
7. Easy integration with other processing operations.
8. Suitable for heating and cooling.

Disadvantages

1. Heat-transfer area is limited by vessel surface area.
2. Heat transfer may be slower than in specialized heat exchangers.
3. Dead zones may occur if agitation is inadequate.
4. Scaling or fouling on the vessel wall can reduce heat transfer.
5. Not always suitable for continuous high-throughput operations.
6. Large vessels may require significant heating or cooling capacity.

Pharmaceutical Applications

Jacketed vessels are commonly used for:

• Preparation of syrups and oral liquids.
• Manufacturing of creams and ointments.
• Preparation of suspensions and emulsions.
• Heating and cooling of pharmaceutical solutions.
• Dissolution of ingredients.
• Temperature control during mixing.
• Preparation of semisolid formulations.
• Controlled heating during manufacturing processes.
• Maintaining temperature during crystallization or other formulation steps.

2.7 Scraped-Surface Heat Exchanger
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A scraped-surface heat exchanger is designed for heat transfer involving viscous, sticky, crystallizing 
or fouling materials. It contains a rotating shaft fitted with scraper blades that continuously remove 
material from the heat-transfer surface.

Principle

The equipment works by indirect heat transfer through a heated or cooled surface while rotating 
scraper blades continuously remove deposited material from the surface.

The scraping action:

• Maintains a relatively clean heat-transfer surface.
• Reduces fouling.
• Improves mixing.
• Promotes more uniform heat transfer.

Construction

The main components include:

1. Heat-transfer cylinder or vessel – provides the heated or cooled surface.
2. Rotating shaft – located within the heat-transfer chamber.
3. Scraper blades – attached to the rotating shaft.
4. Heating/cooling jacket – surrounds the product chamber.
5. Motor and drive assembly – rotates the shaft.
6. Product inlet – introduces the material.
7. Product outlet – removes the processed material.
8. Heating/cooling medium connections – permit circulation of the thermal medium.
9. Seals and bearings – support shaft rotation and prevent leakage.

Working

The process material enters the heat-transfer chamber. A heating or cooling medium circulates around 
the product chamber.
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The rotating shaft moves the scraper blades along the heat-transfer surface. The blades continuously 
remove material that tends to adhere to the surface and promote mixing of the product.

Heat is transferred through the equipment wall between the process material and the thermal medium. 
Because the scraper keeps the surface relatively clean, heat transfer remains more consistent, 
particularly with viscous or fouling products.

The processed material is discharged continuously or in batches, depending on equipment design.

Advantages

1. Suitable for highly viscous materials.
2. Effective for fouling and sticky products.
3. Continuous removal of material from the heat-transfer surface.
4. Improves heat-transfer efficiency.
5. Provides good product mixing.
6. Suitable for heating and cooling.
7. Can process materials that are difficult to handle in conventional heat exchangers.

Disadvantages

1. More complex construction.
2. Higher capital and maintenance cost.
3. Moving parts require regular maintenance.
4. Mechanical seals and scraper blades may require replacement.
5. Power consumption is higher because of mechanical agitation.
6. Not necessary for low-viscosity, non-fouling liquids.

Pharmaceutical Applications

Scraped-surface heat exchangers may be used for:

• Processing viscous pharmaceutical formulations.
• Heating and cooling creams and ointments.
• Processing waxy or sticky materials.
• Temperature control of concentrated pharmaceutical products.
• Processing products with a high tendency to foul heat-transfer surfaces.
• Controlled cooling or heating of semisolid products.
• Processing formulations where uniform temperature is important.

2.8 Comparison of Heat Transfer Equipment

Parameter Double-Pipe
Shell-and-
Tube

Plate
Jacketed 
Vessel

Scraped-
Surface

Basic 
construction

Pipe within 
pipe

Tubes inside 
shell

Series of 
plates

Vessel with 
outer jacket

Heat-transfer 
surface with 
scraper

Heat-transfer Low to High High Moderate Moderate to high
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area moderate

Compactness Moderate
Relatively 
low

High Moderate Moderate

Best suited for
Small-scale 
liquid streams

Large-scale 
processing

Clean liquid 
streams

Batch mixing 
and 
temperature 
control

Viscous/fouling 
materials

Flow operation Continuous Continuous Continuous Mainly batch Batch/continuous

Viscous 
products

Limited 
suitability

Moderate
Limited in 
narrow 
channels

Good Excellent

Fouling control Moderate Moderate Moderate Moderate Excellent

Cleaning Moderate Moderate
Good when 
opened

Generally 
good

More complex

Capital cost Low
Moderate to 
high

Moderate Moderate High

Typical 
pharmaceutical 
use

Heating/cooling 
liquids

Large-scale 
heat transfer

Hygienic 
liquid 
processing

Formulation 
and mixing

Viscous and 
fouling 
formulations

2.9 Selection of Heat Transfer Equipment for Pharmaceutical Processing

The selection of suitable heat-transfer equipment is an important aspect of pharmaceutical process 
design. The equipment should provide efficient heat transfer while maintaining product quality, 
safety, hygiene and reproducibility.

The following factors should be considered.

2.9.1 Nature of the Product

The viscosity, particle content, corrosiveness, thermal sensitivity and fouling tendency of the 
pharmaceutical material should be considered.

2.9.2 Required Temperature Range

The equipment should be capable of achieving and maintaining the required process temperature 
without causing degradation of the product.

2.9.3 Heat-Transfer Requirement

The required heating or cooling load determines the heat-transfer area and equipment capacity.

2.9.4 Viscosity

Highly viscous materials may require jacketed vessels or scraped-surface heat exchangers, whereas 
low-viscosity liquids can generally be processed efficiently in plate or shell-and-tube heat exchangers.

2.9.5 Fouling Tendency
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Materials that deposit on heat-transfer surfaces may require equipment with improved fouling control, 
such as scraped-surface heat exchangers.

2.9.6 Batch or Continuous Operation

Jacketed vessels are particularly suitable for batch processing, whereas shell-and-tube and plate heat 
exchangers are commonly used for continuous processing.

2.9.7 Hygienic Requirements

Pharmaceutical equipment should have smooth, cleanable and corrosion-resistant surfaces and should 
minimize areas where product can accumulate.

2.9.8 Cleaning and Maintenance

Equipment should permit effective cleaning, inspection, maintenance and, where required, cleaning-
in-place or sanitization procedures.

2.9.9 Material Compatibility

The construction material must be compatible with the pharmaceutical product, solvents and heating 
or cooling media.

2.9.10 Cost and Energy Consumption

Initial investment, operating cost, maintenance requirements, energy efficiency and expected service 
life should be considered during equipment selection.

2.10 Pharmaceutical Applications of Heat Transfer Equipment

Heat-transfer equipment has extensive applications throughout pharmaceutical manufacturing and 
formulation.

2.10.1 Heating of Pharmaceutical Solutions

Heat exchangers and jacketed vessels are used to heat solutions during dissolution, mixing and 
formulation.

2.10.2 Cooling of Pharmaceutical Products

Controlled cooling is used after heating processes and during preparation of temperature-sensitive 
formulations.

2.10.3 Preparation of Syrups and Oral Liquids

Jacketed vessels may provide controlled heating during dissolution and mixing of sugars, active 
ingredients and excipients.
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2.10.4 Manufacturing of Semisolid Preparations

Creams, ointments and gels may require controlled heating and cooling. Jacketed and scraped-surface 
systems are useful for maintaining uniform temperature during processing.

2.10.5 Purified Water and Process Water

Heat exchangers may be used to heat or cool water used in pharmaceutical manufacturing processes.

2.10.6 Sterilization and Thermal Processing

Heat-transfer systems may be incorporated into processes requiring controlled thermal treatment. The 
temperature and exposure time must be appropriately controlled to achieve the intended process 
objective.

2.10.7 Crystallization

Controlled heating and cooling are important during crystallization because temperature influences 
solubility, supersaturation, nucleation and crystal growth.

2.10.8 Fermentation and Biotechnology

Heat exchangers and jacketed vessels can maintain the temperature required for microbial and cell-
based processes.

2.10.9 Solvent Processing

Heating and cooling of solvents and pharmaceutical intermediates are required in several 
manufacturing stages.

2.10.10 Heat Recovery

Heat exchangers can transfer heat from a hot process stream to a colder stream, reducing energy 
consumption and improving overall process efficiency.

2.10.11 Temperature Control During Mixing

Jacketed mixing vessels can maintain a desired temperature while pharmaceutical materials are 
blended, dissolved, emulsified or dispersed.

2.10.12 Process Scale-Up

Heat-transfer equipment is important during scale-up because heat-transfer characteristics can change 
with equipment size, flow rate, surface area and mixing conditions. Appropriate equipment selection 
helps maintain reproducible processing conditions from laboratory to industrial scale.

                                                          Heat-transfer equipment is essential for controlling temperature 
during pharmaceutical manufacturing. Double-pipe heat exchangers are simple and suitable for 
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relatively small-scale applications, whereas shell-and-tube heat exchangers are appropriate for larger 
heat-transfer duties. Plate heat exchangers provide efficient and compact heat transfer for suitable 
liquid streams. Jacketed vessels are particularly useful when heating or cooling must occur 
simultaneously with mixing, while scraped-surface heat exchangers are advantageous for viscous and 
fouling materials.

Selection of equipment should consider the nature of the pharmaceutical product, required 
temperature, heat-transfer area, viscosity, fouling tendency, batch or continuous operation, hygienic 
design, cleaning requirements, material compatibility, energy consumption and production scale. 
Proper selection and operation of heat-transfer equipment contribute significantly to pharmaceutical 
product quality, process efficiency and manufacturing consistency.
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Chapter 3: Evaporation

3.1 Introduction and Definition of Evaporation

Evaporation is an important unit operation in pharmaceutical manufacturing in which a volatile 
solvent is removed from a solution by vaporization, usually by supplying heat, to increase the 
concentration of the non-volatile components. The process is generally carried out by heating a 
solution to its boiling point under controlled conditions.

The principal purpose of evaporation is not merely to remove a liquid but to concentrate a solution 
while retaining the desired non-volatile material in the concentrated product. Water is the most 
commonly evaporated solvent in pharmaceutical processing, although other volatile solvents may also 
be removed when appropriate process and safety controls are provided.

During evaporation, heat is transferred from a heating medium, commonly steam, through a heat-
transfer surface to the solution. The solvent absorbs sufficient energy to vaporize and is subsequently 
removed as vapour. The concentrated solution is collected separately.

Basic Process

Feed solution → Heating → Solvent vaporization → Vapour removal → Concentrated product

Evaporation is widely used in the manufacture of pharmaceutical preparations, extracts, biological 
products, intermediates and active pharmaceutical ingredients (APIs).

3.2 Objectives and Importance of Evaporation

The major objectives of evaporation are:

1. Concentration of solutions by removing excess solvent.
2. Reduction in product volume, thereby facilitating subsequent processing.
3. Recovery of dissolved solids in a concentrated form.
4. Preparation of pharmaceutical extracts and concentrates.
5. Reduction of transportation and storage volume of liquid products.
6. Preparation of feed materials for crystallization.
7. Recovery of solvents, where suitable recovery systems are incorporated.
8. Adjustment of product concentration to the desired specification.
9. Removal of excess water from pharmaceutical solutions.
10. Improvement of downstream processing efficiency.

Importance in Pharmaceutical Manufacturing

Evaporation is particularly important where a pharmaceutical process begins with a dilute solution 
and the desired product must be obtained at a substantially higher concentration. Properly controlled 
evaporation can improve process efficiency while minimizing thermal degradation and product loss.

For heat-sensitive pharmaceutical materials, evaporation may be carried out under reduced pressure, 
which lowers the boiling temperature and can help reduce thermal exposure.
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3.3 Principle of Evaporation

Evaporation is based on the principle that when a solution is supplied with sufficient heat, the volatile 
solvent undergoes vaporization while the non-volatile solute remains in the solution.

The heat required for evaporation is primarily used to:

1. Raise the temperature of the solution to the required boiling condition.
2. Supply the latent heat necessary to convert the solvent from liquid to vapour.

A simplified heat-transfer relationship is:

where:

• Q = rate of heat transfer
• U = overall heat-transfer coefficient
• A = heat-transfer area
• ΔT = effective temperature difference between heating medium and solution

The rate of solvent removal depends on the heat supplied, temperature difference, heat-transfer area, 
solution properties and operating pressure.

Boiling of a Solution

The presence of dissolved substances generally causes the boiling point of a solution to be higher than 
that of the pure solvent at the same pressure. This phenomenon is called boiling-point elevation.

Therefore, an evaporator must provide sufficient temperature difference to overcome both the normal 
boiling requirement and the boiling-point elevation of the solution.

3.4 Difference Between Evaporation and Vaporization

Evaporation and vaporization both involve conversion of a liquid into vapour, but the terms are not 
completely interchangeable in pharmaceutical unit operations.

Table 3.1 Difference Between Evaporation and Vaporization

Parameter Evaporation Vaporization

Definition

Removal of a volatile solvent from a 
solution by heating, usually to 
concentrate the non-volatile 
components

General conversion of a liquid 
into vapour

Main purpose Concentration of a solution Conversion of liquid to vapour

Starting material
Usually a solution containing a non-
volatile solute

Pure liquid or mixture
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Operating condition Commonly involves boiling
May occur below or at boiling 
temperature

Product objective
Concentrated solution and solvent 
vapour

Vapour or gaseous phase

Typical equipment Evaporator Various vaporization systems
Pharmaceutical 
importance

Concentration of solutions and extracts
General thermal phase-change 
operation

Thus, evaporation is a specific industrial operation involving vaporization of a solvent from a 
solution, generally with the objective of concentrating the remaining non-volatile material.

3.5 Factors Affecting Evaporation

The rate and efficiency of evaporation depend on several process and material-related factors.

3.5.1 Temperature

Increasing the temperature generally increases the rate of evaporation because it increases the vapour 
pressure of the solvent and provides a greater temperature driving force for heat transfer.

However, excessively high temperatures may cause:

• Thermal degradation
• Colour changes
• Loss of volatile components
• Chemical reactions
• Reduction in product potency

Therefore, temperature must be carefully controlled, particularly for heat-sensitive pharmaceutical 
products.

3.5.2 Pressure

Reduction in pressure lowers the boiling point of the solvent. Vacuum evaporation is therefore useful 
for temperature-sensitive materials.

Operating under reduced pressure can:

• Lower the boiling temperature
• Reduce thermal degradation
• Facilitate solvent removal
• Improve processing of heat-sensitive products

However, vacuum systems increase equipment complexity and require proper control of pressure and 
vapour removal.

3.5.3 Surface Area
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Greater heat-transfer area generally increases the amount of heat that can be transferred to the 
solution. Consequently, evaporators are designed to provide adequate heat-transfer surfaces for the 
desired processing capacity.

The effective area may decrease during operation if deposits or scale accumulate on the heat-transfer 
surface.

3.5.4 Heat-Transfer Coefficient

The overall heat-transfer coefficient determines how efficiently heat passes from the heating medium 
to the solution.

It is influenced by:

• Fluid velocity
• Viscosity
• Nature of the heat-transfer surface
• Thermal conductivity
• Fouling
• Flow pattern
• Agitation

A high heat-transfer coefficient generally results in more efficient evaporation.

3.5.5 Viscosity

As concentration increases, the viscosity of many solutions increases. High viscosity reduces 
circulation and convection, thereby decreasing heat transfer.

Highly viscous solutions may also:

• Require greater pumping power
• Produce thicker films
• Increase fouling
• Reduce evaporation rate

Specialized evaporators may therefore be required for highly concentrated or viscous products.

3.5.6 Concentration of Solution

As solvent is removed, the concentration of the dissolved material increases. This can alter:

• Viscosity
• Boiling point
• Heat-transfer characteristics
• Foaming tendency
• Crystallization behaviour
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The final concentration must therefore be carefully controlled.

3.5.7 Boiling-Point Elevation

Dissolved solutes can increase the boiling point of the solution compared with the pure solvent. As 
concentration increases, this effect may become more significant.

Boiling-point elevation reduces the effective temperature difference available for heat transfer and can 
decrease evaporation efficiency.

3.5.8 Foaming

Some pharmaceutical solutions, particularly those containing proteins, surfactants or other surface-
active materials, may produce foam during evaporation.

Excessive foaming can:

• Reduce effective evaporation capacity
• Cause product carryover
• Contaminate vapour lines
• Cause loss of product
• Create difficulties in downstream condensation

Foam control may involve appropriate operating conditions, mechanical design or approved 
antifoaming strategies where compatible with the product.

3.5.9 Scaling

Scaling refers to the deposition of solid material on heat-transfer surfaces. It may occur when 
dissolved substances become concentrated near the heating surface or when poorly soluble 
components precipitate.

Scaling results in:

• Reduced heat-transfer efficiency
• Increased energy consumption
• Increased pressure drop
• Reduced evaporation capacity
• More frequent cleaning requirements

Proper control of concentration, temperature, flow and cleaning helps minimize scaling.

3.6 Classification of Evaporators

Evaporators can be classified according to several criteria.

3.6.1 Based on Circulation
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1. Natural-circulation evaporators
2. Forced-circulation evaporators

3.6.2 Based on Film Formation

1. Falling-film evaporators
2. Rising-film evaporators
3. Thin-film evaporators

3.6.3 Based on Heating Surface

1. Pan evaporators
2. Tubular evaporators
3. Plate-type evaporators

3.6.4 Based on Number of Effects

1. Single-effect evaporators
2. Multiple-effect evaporators

3.6.5 Based on Operating Pressure

1. Atmospheric evaporators
2. Vacuum evaporators

3.7 Evaporation Equipment

3.7.1 Open-Pan Evaporator

Principle

An open-pan evaporator operates by heating a solution in an open vessel until the volatile solvent 
evaporates. The non-volatile components remain in the vessel and become progressively concentrated.
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Construction

The main components include:

1. Evaporating pan – holds the solution.
2. Heating arrangement – supplies heat to the bottom or surrounding surface.
3. Steam or heating-medium inlet, where applicable.
4. Vapour outlet – permits removal of solvent vapour.
5. Feed inlet – introduces the solution.
6. Concentrate outlet – allows removal of the concentrated product.
7. Agitator, where required – improves mixing and heat transfer.
8. Temperature monitoring system – controls the process temperature.

The pan is generally made from a corrosion-resistant material suitable for pharmaceutical processing.

Working

The solution is charged into the pan. Heat is supplied through the heating surface. As the solution 
temperature increases, the volatile solvent begins to vaporize.

The vapour escapes through the upper portion of the equipment while the non-volatile material 
remains in the pan. Continued heating increases the concentration of the solution until the desired 
concentration is achieved.

The concentrated product is then removed from the vessel.

Advantages

1. Simple construction.
2. Easy operation.
3. Relatively low initial cost.
4. Suitable for small-scale and batch processing.
5. Easy visual observation of the process.
6. Suitable for solutions that are not highly heat sensitive.

Disadvantages

1. Relatively low heat-transfer efficiency.
2. Large heat loss to surroundings.
3. Long processing time.
4. Limited control of vapour removal.
5. Not ideal for highly heat-sensitive materials.
6. Open operation may increase contamination risk.
7. Foaming and splashing may occur.

Pharmaceutical Applications

• Concentration of pharmaceutical solutions.
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• Preparation of extracts and herbal concentrates.
• Concentration of syrups.
• Small-scale pharmaceutical processing.
• Laboratory and pilot-scale evaporation.
• Concentration of non-sensitive aqueous preparations.

3.7.2 Horizontal-Tube Evaporator

Principle

A horizontal-tube evaporator operates by transferring heat through horizontal tubes to the solution 
surrounding the tubes. The heating medium generally flows through the tubes while the solution is 
present on the outer side.

Construction

The main components are:

1. Evaporating chamber
2. Horizontal tube bundle
3. Steam inlet
4. Condensate outlet
5. Feed inlet
6. Vapour outlet
7. Concentrate outlet
8. Support structure
9. Temperature and pressure controls

The tubes provide the heat-transfer surface.

Working

The pharmaceutical solution enters the evaporator and comes into contact with the outer surface of the 
heated tubes. Steam or another heating medium passes through the tubes.
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Heat is transferred through the tube walls to the solution. The solvent vaporizes and the vapour rises 
toward the vapour outlet. The concentrated liquid remains in the evaporator and is removed through 
the concentrate outlet.

Advantages

1. Relatively simple design.
2. Good heat-transfer surface.
3. Suitable for moderately concentrated solutions.
4. Can operate continuously.
5. Relatively easy to construct.
6. Useful where natural circulation is adequate.

Disadvantages

1. Tube surfaces may develop scale.
2. Not ideal for highly viscous solutions.
3. Cleaning may be difficult.
4. Heat-transfer efficiency may decrease with fouling.
5. May have limited circulation at high concentrations.

Pharmaceutical Applications

• Concentration of aqueous pharmaceutical solutions.
• Concentration of extracts.
• Processing of relatively low-viscosity pharmaceutical liquids.
• Concentration of intermediate solutions.
• Selected applications in bulk pharmaceutical processing.

3.7.3 Short-Tube Vertical Evaporator
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Principle

A short-tube vertical evaporator operates by natural circulation of the solution around a vertical 
bundle of short heating tubes. Heating causes the solution to become less dense and rise, establishing 
circulation.

Construction

The main components include:

1. Vertical heating tubes
2. Calandria
3. Central downcomer
4. Steam chamber
5. Feed inlet
6. Vapour outlet
7. Concentrate outlet
8. Condensate outlet
9. Supporting structure

Working

The feed solution enters the evaporator and circulates around the heating tubes. Steam flows on the 
heating side of the tubes.

As the solution is heated, solvent begins to evaporate and vapour bubbles are formed. The heated 
liquid-vapour mixture rises through the tubes, while cooler and more concentrated liquid returns 
through the downcomer.

This natural circulation continues during operation. Vapour is removed from the upper section and the 
concentrated product is withdrawn.

Advantages
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1. Simple construction.
2. Natural circulation reduces mechanical pumping requirements.
3. Suitable for relatively low-viscosity solutions.
4. Provides reasonable heat-transfer performance.
5. Suitable for continuous operation.
6. Robust and widely applicable.

Disadvantages

1. Requires adequate density difference for circulation.
2. Not suitable for highly viscous materials.
3. Scaling can reduce efficiency.
4. Larger liquid holdup than some film evaporators.
5. Longer residence time may be unsuitable for heat-sensitive materials.

Pharmaceutical Applications

• Concentration of pharmaceutical solutions.
• Concentration of aqueous extracts.
• Processing of relatively dilute solutions.
• Concentration before crystallization.
• Selected large-scale pharmaceutical liquid-processing applications.

3.7.4 Long-Tube Vertical Evaporator

Principle

A long-tube vertical evaporator uses long vertical tubes to provide a large heat-transfer surface. The 
solution flows through the tubes while heat is supplied externally, causing rapid evaporation.

Long-tube evaporators may operate with rising-film or falling-film flow, depending on design.

Construction

The major components include:

1. Long vertical tubes
2. Heating chamber or shell
3. Feed inlet
4. Heating-medium inlet
5. Condensate outlet
6. Vapour-liquid separator
7. Vapour outlet
8. Concentrate outlet
9. Supporting structure

Working
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The feed solution enters the heating tubes. Heat from steam or another heating medium passes 
through the tube walls.

As the solution is heated, solvent vaporizes within the tubes. In a rising-film design, vapour formation 
assists upward movement of the liquid film. In suitable designs, the concentrated liquid and vapour 
are subsequently separated in a vapour-liquid separator.

The vapour is removed while the concentrated solution is collected separately.

Advantages

1. Large heat-transfer area.
2. High evaporation capacity.
3. Relatively compact for its processing capacity.
4. Shorter residence time than some conventional evaporators.
5. Suitable for continuous operation.
6. Efficient heat transfer under appropriate conditions.

Disadvantages

1. Requires relatively tall equipment.
2. Cleaning and inspection of long tubes may be difficult.
3. Scaling can reduce performance.
4. Not ideal for very viscous materials.
5. Operating conditions require careful control.

Pharmaceutical Applications

• Concentration of pharmaceutical solutions.
• Concentration of extracts.
• Large-scale liquid processing.
• Concentration of intermediates.
• Preparation of concentrated solutions for subsequent crystallization or drying.

3.7.5 Falling-Film Evaporator

Principle

A falling-film evaporator operates by allowing the feed solution to form a thin film that flows 
downward along the inner surface of heated tubes. Heat supplied through the tube walls causes 
rapid vaporization of the solvent.

Construction

The major components include:

1. Vertical heating tubes
2. Feed distribution system
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3. Heating chamber
4. Steam inlet
5. Condensate outlet
6. Vapour-liquid separator
7. Vapour outlet
8. Concentrate outlet
9. Circulation or feed-control system

An important feature is the feed-distribution arrangement, which ensures relatively uniform 
distribution of liquid over the tube surfaces.

Working

The feed solution enters the upper section of the evaporator and is distributed uniformly over the 
internal surfaces of the vertical tubes.

The liquid flows downward as a thin film under the influence of gravity. Steam or another heating 
medium surrounds the tubes and transfers heat through the tube walls.

As the liquid film moves downward, solvent evaporates rapidly. The resulting vapour and 
concentrated liquid leave the tubes and enter a separator. The vapour is removed separately, while the 
concentrated product is collected.

Advantages

1. High heat-transfer efficiency.
2. Large heat-transfer area.
3. Short residence time.
4. Suitable for heat-sensitive materials when appropriately operated.
5. Low liquid holdup.
6. Suitable for continuous operation.
7. Can provide high evaporation capacity.
8. Lower product exposure time compared with some conventional evaporators.

Disadvantages

1. Requires effective feed distribution.
2. Not ideal for highly viscous materials.
3. Tube surfaces may foul or scale.
4. Uneven liquid distribution can reduce performance.
5. More complex than simple pan evaporators.
6. Requires careful control of operating conditions.

Pharmaceutical Applications

Falling-film evaporators are particularly useful for:

• Concentration of pharmaceutical solutions.
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• Concentration of heat-sensitive aqueous products.
• Concentration of extracts.
• Concentration of biological or fermentation-derived liquids where appropriate.
• Concentration before crystallization.
• Large-scale pharmaceutical liquid processing.
• Recovery or concentration of valuable dissolved pharmaceutical materials.

3.8 Pharmaceutical Applications of Evaporation

Evaporation has numerous applications in pharmaceutical manufacturing.

3.8.1 Concentration of Pharmaceutical Solutions

Evaporation is used to increase the concentration of active ingredients or excipients by removing 
excess solvent.

3.8.2 Concentration of Extracts

Plant, herbal and biological extracts may initially contain substantial quantities of solvent. 
Evaporation can produce concentrated extracts for subsequent formulation or processing.

3.8.3 Preparation of Syrups

Controlled evaporation may be used during the preparation and concentration of pharmaceutical 
syrups.

3.8.4 Preparation for Crystallization

A solution may be concentrated to achieve the required supersaturation before crystallization. Thus, 
evaporation may serve as an important preparatory step for API crystallization.

3.8.5 Solvent Recovery

Suitable evaporation systems can facilitate recovery of volatile solvents for reuse or controlled 
disposal.

3.8.6 Reduction of Product Volume

Removal of excess solvent reduces the volume of pharmaceutical solutions and may facilitate storage, 
transportation and subsequent processing.

3.8.7 Concentration of Fermentation Products

Evaporation may be used for concentrating selected products obtained from fermentation or 
biotechnology processes when the product is sufficiently stable under the selected thermal conditions.

3.8.8 Preparation of Concentrates for Drying
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Evaporation can reduce the solvent load before spray drying or other drying operations, thereby 
improving downstream processing efficiency.

3.9 Problems Associated with Evaporation

Several operational problems may occur during evaporation.

3.9.1 Foaming

Foaming can cause product carryover and reduce effective evaporator capacity.

Control: Appropriate operating conditions, vapour-space design and suitable foam-control strategies.

3.9.2 Scaling

Deposits on heating surfaces reduce heat-transfer efficiency.

Control: Proper temperature and concentration control, adequate circulation and regular cleaning.

3.9.3 Fouling

Organic or inorganic material may accumulate on heat-transfer surfaces.

Control: Appropriate flow velocity, process control and cleaning procedures.

3.9.4 Product Degradation

Excessive temperature or prolonged residence time can degrade heat-sensitive pharmaceutical 
materials.

Control: Vacuum operation, reduced residence time and accurate temperature control.

3.9.5 Boiling-Point Elevation

Increasing solute concentration raises the boiling point and reduces the effective temperature driving 
force.

Control: Appropriate evaporator selection and operating conditions.

3.9.6 Increased Viscosity

Concentration may increase viscosity and decrease circulation and heat transfer.

Control: Selection of suitable circulation or film evaporators and control of final concentration.

3.9.7 Product Carryover

Droplets may become entrained in the vapour stream and result in product loss.
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Control: Proper vapour-liquid separation and use of suitable separators.

3.9.8 Uneven Concentration

Poor circulation or inadequate mixing can result in non-uniform concentration.

Control: Appropriate circulation, agitation and feed distribution.

3.9.9 Vacuum Instability

In vacuum evaporators, fluctuations in pressure can alter the boiling temperature and evaporation rate.

Control: Proper vacuum-system design and pressure monitoring.

Summary of Major Evaporators

Evaporator Main Principle
Major 
Advantage

Major 
Limitation

Pharmaceutical 
Application

Open-Pan
Direct heating of 
solution in a pan

Simple and 
inexpensive

Low efficiency 
and long 
residence time

Small-scale 
concentration

Horizontal-Tube
Heat transfer 
through horizontal 
tubes

Simple 
continuous 
operation

Limited suitability 
for viscous 
products

Concentration of 
pharmaceutical 
solutions

Short-Tube 
Vertical

Natural 
circulation around 
short vertical 
tubes

Simple and robust
Long residence 
time for some 
products

Concentration of 
relatively low-
viscosity solutions

Long-Tube 
Vertical

Evaporation 
through long 
vertical tubes

High capacity and 
heat-transfer area

Requires tall 
equipment

Large-scale 
concentration

Falling-Film
Thin liquid film 
flows downward 
over heated tubes

Short residence 
time and efficient 
heat transfer

Requires uniform 
feed distribution

Heat-sensitive 
pharmaceutical 
solutions and 
extracts

Evaporation is an important heat-transfer operation used primarily for concentrating pharmaceutical 
solutions by removing a volatile solvent. Its performance depends on temperature, pressure, heat-
transfer area, heat-transfer coefficient, viscosity, concentration, boiling-point elevation, foaming and 
scaling. Evaporators may be classified according to circulation, film formation, heating arrangement, 
number of effects and operating pressure.

The open-pan evaporator provides simple batch operation, while horizontal-tube and short-tube 
vertical evaporators are useful for conventional concentration processes. Long-tube vertical 
evaporators provide greater heat-transfer capacity, whereas falling-film evaporators offer efficient 
heat transfer and short residence time and are therefore particularly useful for suitable heat-sensitive 
pharmaceutical materials.
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Proper control of evaporation is essential to achieve the desired concentration while minimizing 
thermal degradation, product loss, fouling, scaling and energy consumption. Evaluation of evaporator 
performance includes evaporation capacity, steam economy, heat-transfer rate, final concentration, 
product recovery, product quality, energy consumption and residence time.
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Chapter 4: Drying

4.1 Introduction and Definition of Drying

Drying is an important unit operation in pharmaceutical manufacturing in which moisture or another 
volatile liquid is removed from a wet solid, semisolid, solution, suspension or other material by 
vaporization. The process generally involves simultaneous transfer of heat to the material and mass 
transfer of moisture from the material to the surrounding drying medium.

The principal objective of drying is to reduce the moisture content of a material to a predetermined 
level suitable for further processing, storage, packaging or use. Removal of excess moisture can 
improve the stability, flowability, handling, compressibility, microbial quality and shelf life of 
pharmaceutical materials.

Drying is different from evaporation in that evaporation generally concentrates a liquid solution, 
whereas drying commonly involves removal of moisture from a solid or particulate material. 
However, both operations involve vaporization of a volatile liquid.

Basic Drying Process:

Wet material → Heat supply → Moisture vaporization → Moisture removal → Dried product

The drying process may be carried out using hot air, heated surfaces, vacuum, microwave energy or 
other suitable energy sources.

In pharmaceutical manufacturing, drying conditions must be carefully controlled because excessive 
temperature, prolonged exposure or improper moisture removal may adversely affect the physical and 
chemical properties of the product.

4.2 Objectives and Importance of Drying

The major objectives of drying are:

1. To reduce the moisture content of pharmaceutical materials.
2. To improve the stability of products during storage.
3. To reduce microbial growth and deterioration.
4. To improve the flow properties of powders and granules.
5. To facilitate handling and transportation.
6. To improve the compressibility of pharmaceutical granules.
7. To prepare materials for subsequent processing.
8. To reduce the weight and volume of wet materials.
9. To improve the shelf life of suitable pharmaceutical products.
10. To achieve a specified residual moisture content.
11. To improve the physical properties of powders and granules.
12. To prevent undesirable chemical and physical changes caused by excess moisture.

Importance in Pharmaceutical Manufacturing
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Drying is commonly required after processes such as:

• Wet granulation
• Crystallization
• Filtration
• Centrifugation
• Extraction
• Precipitation
• Fermentation
• Preparation of herbal extracts
• Production of powders and particulate materials

The final moisture content is an important quality attribute for many pharmaceutical materials. 
Excessive moisture may promote degradation, microbial growth, sticking and poor flow, whereas 
excessive drying may sometimes cause undesirable changes in crystal form, product structure or 
stability.

4.3 Principle of Drying

Drying involves the simultaneous transfer of heat and mass.

4.3.1 Heat Transfer

Heat is transferred from the heating medium to the wet material. The heat provides the energy 
required to raise the temperature of the material and vaporize the moisture.

Heat may be transferred by:

• Convection
• Conduction
• Radiation
• Electromagnetic heating, such as microwave heating

4.3.2 Mass Transfer

After moisture is vaporized, the resulting water vapour or solvent vapour moves from the material 
into the surrounding drying medium.

Thus, the overall drying process involves:

Heat transfer to material → Moisture vaporization → Moisture movement within material → 
Vapour removal

4.3.3 Moisture Movement

Moisture present in a material may exist as free moisture or may be associated with the solid matrix. 
During drying, moisture moves from the interior toward the surface and then evaporates into the 
surrounding drying medium.
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The rate of drying is influenced by the difference in moisture concentration or vapour pressure 
between the wet material and the drying environment.

4.3.4 Drying Rate

The drying rate can be expressed as:

The drying process commonly includes:

1. Initial heating period
2. Constant-rate period
3. Falling-rate period

During the constant-rate period, the material surface remains sufficiently wet and evaporation occurs 
mainly from the surface. During the falling-rate period, internal moisture movement becomes 
increasingly important and the rate of drying decreases.

4.3.5 Moisture Content

Moisture content may be expressed on either a wet basis or dry basis.

Wet-basis moisture content:

where:

• Wm= mass of moisture
• W= total mass of wet material

Dry-basis moisture content:

where:

• WmW_m = mass of moisture
• WsW_s = mass of dry solid

4.4 Factors Affecting Drying
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The rate and efficiency of drying depend on several factors related to the material, drying medium and 
equipment.

4.4.1 Temperature

Increasing the temperature generally increases the rate of moisture evaporation. However, excessive 
temperature can cause:

• Thermal degradation
• Discoloration
• Loss of volatile components
• Chemical decomposition
• Changes in physical properties

Therefore, drying temperature must be carefully controlled, especially for heat-sensitive 
pharmaceutical materials.

4.4.2 Relative Humidity of Drying Air

Low relative humidity provides a greater driving force for moisture removal. High humidity reduces 
the capacity of air to accept additional moisture and may slow the drying process.

4.4.3 Air Velocity

Increasing air velocity can improve heat and mass transfer between the drying air and material 
surface. However, excessively high velocity may cause:

• Dust formation
• Particle entrainment
• Product loss
• Uneven drying

The optimum air velocity depends on the dryer and product characteristics.

4.4.4 Surface Area

Greater exposed surface area generally increases the rate of moisture transfer. Reduction in particle 
size can increase surface area, although excessive size reduction may affect flowability, dust 
generation and product properties.

4.4.5 Particle Size

Smaller particles generally dry faster because moisture has a shorter distance to travel to reach the 
surface.

However, very fine particles may produce:

• Dust
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• Agglomeration
• Poor flow
• Product loss through entrainment

4.4.6 Moisture Content

The initial moisture content affects the total drying time. Materials with high moisture content 
generally require more drying time or energy.

4.4.7 Nature of Moisture

Free moisture is generally easier to remove than moisture strongly associated with the material. 
Bound moisture may require greater energy or longer drying time for removal.

4.4.8 Thickness of Material

A thick bed of material generally increases the distance through which moisture must move. 
Therefore, thick layers may dry more slowly than thin layers under similar conditions.

4.4.9 Pressure

Reduction in pressure lowers the boiling point of the solvent and can facilitate drying at lower 
temperatures. Vacuum drying is therefore useful for heat-sensitive pharmaceutical materials.

4.4.10 Drying Time

Drying time must be sufficient to achieve the desired residual moisture content. Excessive drying time 
may increase energy consumption and potentially cause degradation.

4.4.11 Material Properties

Drying behaviour depends on:

• Porosity
• Hygroscopicity
• Thermal conductivity
• Particle size
• Bulk density
• Moisture-binding characteristics
• Viscosity
• Crystal structure

4.4.12 Method of Heat Transfer

The rate of drying depends on whether heat is transferred by convection, conduction, radiation or 
electromagnetic energy.

4.5 Drying Equipment
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4.5.1 Tray Dryer

Principle

A tray dryer operates mainly on the principle of convective heat transfer. Hot air is circulated over 
or through wet material placed on trays. Heat from the air causes moisture to evaporate, and the 
resulting vapour is carried away by the air stream.

Construction

A tray dryer generally consists of:

1. Insulated drying chamber – provides an enclosed space for drying.
2. Trays – hold the wet pharmaceutical material.
3. Heating system – heats the drying air.
4. Air-circulation fan or blower – circulates air through the chamber.
5. Air inlet – introduces fresh or conditioned air.
6. Air outlet – removes moisture-laden air.
7. Temperature control system – regulates drying temperature.
8. Trolley or tray support system – facilitates loading and unloading.
9. Exhaust arrangement – removes humid air.

The chamber and product-contact components are generally constructed from suitable corrosion-
resistant materials for pharmaceutical applications.

Working

The wet material is spread uniformly on trays and the trays are placed inside the drying chamber.

Air is heated to the required temperature and circulated over the material. Heat is transferred from the 
hot air to the wet material, causing moisture to vaporize.

The moisture-laden air is continuously removed through the exhaust system, while fresh or 
recirculated air is introduced.
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Drying is continued until the desired moisture content is achieved. The trays are then removed and the 
dried material is collected.

Advantages

1. Simple construction.
2. Easy operation.
3. Suitable for batch processing.
4. Relatively low initial cost.
5. Suitable for powders, granules and crystals.
6. Drying conditions can be controlled.
7. Useful for small- and medium-scale production.

Disadvantages

1. Relatively long drying time.
2. High labour requirement in conventional designs.
3. Uneven drying may occur if air circulation is poor.
4. Large floor space may be required.
5. Heat-sensitive materials may undergo degradation.
6. Loading and unloading may increase handling and contamination risk.

Pharmaceutical Applications

• Drying of granules after wet granulation.
• Drying of pharmaceutical powders.
• Drying of crystals.
• Drying of herbs and plant materials.
• Drying of excipients.
• Drying of selected pharmaceutical intermediates.
• Small- and medium-scale pharmaceutical production.

4.5.2 Fluidized-Bed Dryer

Principle
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A fluidized-bed dryer operates by passing heated air upward through a bed of particles at sufficient 
velocity to suspend and fluidize them. The intense contact between the hot air and particles provides 
efficient heat and mass transfer.

Construction

A fluidized-bed dryer consists of:

1. Product container or drying chamber
2. Perforated air-distribution plate
3. Air inlet
4. Air heater
5. Blower
6. Filter system
7. Exhaust outlet
8. Temperature sensors and controls
9. Product-retaining arrangement

Working

Wet granules or particles are placed in the product container. Air is drawn through a filter, heated to 
the desired temperature and introduced beneath the perforated distribution plate.

The upward air stream passes through the particles. At an appropriate velocity, the particles become 
suspended and behave in a fluid-like manner.

Continuous contact between the heated air and particles promotes rapid moisture removal. Moisture-
laden air leaves through the exhaust system. Drying is continued until the desired moisture content is 
reached.

Advantages

1. Rapid drying.
2. Excellent heat and mass transfer.
3. Relatively uniform drying.
4. Suitable for pharmaceutical granules.
5. Good control of drying conditions.
6. Reduced drying time.
7. Suitable for batch and some continuous applications.

Disadvantages

1. Not suitable for all particle sizes and shapes.
2. Very fine particles may become entrained.
3. Attrition of particles may occur.
4. Requires careful control of air velocity.
5. Higher energy consumption than some simple drying methods.
6. Filter blockage may affect operation.
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Pharmaceutical Applications

• Drying of granules after wet granulation.
• Drying of powders and particulate materials.
• Drying of pellets.
• Pharmaceutical intermediate drying.
• Preparation of directly compressible or further-processable granules.
• Drying in solid-dosage manufacturing operations.

4.5.3 Vacuum Dryer

Principle

A vacuum dryer removes moisture under reduced pressure. Lowering the pressure reduces the 
boiling point of the solvent, allowing moisture to evaporate at a lower temperature than would 
normally be required at atmospheric pressure.

Construction

A vacuum dryer generally consists of:

1. Vacuum drying chamber
2. Shelves or trays
3. Heating arrangement
4. Vacuum pump
5. Condenser or solvent-recovery system
6. Vacuum gauge
7. Temperature-control system
8. Product inlet and outlet arrangements
9. Seals and gaskets

Working

The wet material is placed on trays or shelves inside the drying chamber.

The chamber is closed and a vacuum is applied using a vacuum pump. Heating is then supplied 
through shelves, walls or another suitable heat-transfer surface.



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 214

Because of the reduced pressure, moisture or solvent evaporates at a lower temperature. The 
generated vapour is removed from the chamber and may be condensed for recovery.

Drying continues until the required residual moisture or solvent level is reached.

Advantages

1. Suitable for heat-sensitive materials.
2. Drying can occur at relatively low temperatures.
3. Reduced oxidation due to limited air exposure.
4. Suitable for recovery of volatile solvents.
5. Closed operation reduces environmental exposure.
6. Useful for materials that require controlled drying conditions.

Disadvantages

1. Higher equipment cost.
2. Requires a vacuum system.
3. More complex operation.
4. Longer drying time may occur for some materials.
5. Leakage can reduce vacuum efficiency.
6. Requires careful control of temperature and pressure.

Pharmaceutical Applications

• Drying of heat-sensitive APIs.
• Drying of pharmaceutical intermediates.
• Drying of crystals.
• Removal of residual organic solvents.
• Drying of hygroscopic materials.
• Processing of oxygen-sensitive materials.
• Drying of materials requiring low-temperature processing.

4.5.4 Rotary Dryer
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Principle

A rotary dryer operates by continuously bringing wet material into contact with a heated gas while the 
material moves through a rotating cylindrical chamber.

Construction

The main components include:

1. Rotating cylindrical drum
2. Drive motor
3. Supporting rollers
4. Internal flights or lifters
5. Feed hopper
6. Hot-air or heating-gas inlet
7. Exhaust outlet
8. Discharge arrangement
9. Temperature-control system

Working

Wet material is introduced into the rotating drum. As the drum rotates, internal flights lift and 
distribute the material.

Heated air passes through the drum and comes into contact with the material. Heat is transferred to the 
wet material, causing moisture to evaporate.

The rotating action continually exposes fresh surfaces of the material to the hot air. Moisture-laden air 
leaves through the exhaust system, while dried material moves toward the discharge end.

Advantages
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1. Continuous operation.
2. High processing capacity.
3. Suitable for large quantities of material.
4. Good material mixing during drying.
5. Relatively robust construction.
6. Suitable for free-flowing particulate materials.

Disadvantages

1. Relatively large equipment.
2. Not ideal for delicate particles.
3. Particle attrition may occur.
4. Dust formation may occur.
5. Heat-sensitive pharmaceutical products may be unsuitable.
6. Cleaning can be more difficult than in simple batch dryers.

Pharmaceutical Applications

• Drying of pharmaceutical crystals.
• Drying of relatively robust particulate materials.
• Drying of bulk pharmaceutical intermediates.
• Drying of selected excipients.
• Large-scale processing where continuous drying is desirable.

4.5.5 Spray Dryer

Principle

A spray dryer converts a liquid feed such as a solution, suspension or emulsion into a dry powder by 
atomizing the liquid into fine droplets and contacting the droplets with a hot drying gas. Because the 
droplets have a large surface-area-to-volume ratio, moisture evaporates rapidly.
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Construction

A spray dryer generally consists of:

1. Feed tank
2. Feed pump
3. Atomizer or spray nozzle
4. Drying chamber
5. Hot-air supply system
6. Air heater
7. Air distributor
8. Cyclone separator or powder collection system
9. Exhaust system
10. Temperature-control system

Working

• The liquid feed is pumped from the feed tank to the atomizer. The atomizer converts the 
liquid into fine droplets.

• Heated air enters the drying chamber and comes into contact with the droplets. Due to the 
large surface area of the droplets, moisture evaporates rapidly.

• The resulting dry particles are separated from the drying air using a cyclone separator, filter 
or other collection system. The dried powder is then collected.

Advantages

1. Converts liquids directly into powders.
2. Very rapid drying.
3. Suitable for continuous operation.
4. Produces relatively uniform particles under controlled conditions.
5. Short residence time.
6. Suitable for solutions, suspensions and emulsions.
7. Drying conditions can be precisely controlled.

Disadvantages

1. High capital and operating cost.
2. High energy consumption.
3. Product loss may occur through exhaust air.
4. Very fine particles may require efficient separation systems.
5. Atomizer maintenance is necessary.
6. Heat-sensitive materials require careful process optimization.

Pharmaceutical Applications

• Production of pharmaceutical powders.
• Drying of solutions and suspensions.
• Preparation of solid dispersions.
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• Production of powdered extracts.
• Drying of biological materials where suitable conditions can be maintained.
• Preparation of inhalation and other specialized powder systems.
• Microencapsulation and particle engineering.

4.5.6 Drum Dryer

Principle

A drum dryer operates by applying a thin layer of wet material to the surface of a heated rotating 
drum. Heat is transferred by conduction from the hot drum surface to the material, causing moisture 
to evaporate.

Construction

A drum dryer consists of:

1. Heated rotating drum
2. Drive motor
3. Feed arrangement
4. Heating-medium inlet
5. Condensate outlet
6. Scraper knife
7. Product collection system
8. Supporting structure
9. Temperature-control system

Working

• The wet material is fed onto the outer surface of the heated rotating drum. A thin film of 
material adheres to the hot surface.

• Heat passes through the drum wall by conduction and causes the moisture in the film to 
evaporate.

• As the drum rotates, the material becomes progressively dry. A scraper knife removes the 
dried film from the drum surface. The dried material is collected for further processing.
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Advantages

1. Rapid heat transfer.
2. High drying rate.
3. Relatively compact equipment.
4. Suitable for continuous operation.
5. Dried product can be removed continuously.
6. Effective for suitable liquid or slurry feeds.

Disadvantages

1. Product is exposed to a heated surface.
2. Not suitable for highly heat-sensitive products.
3. Product may adhere excessively to the drum.
4. Cleaning may be required between products.
5. Limited suitability for certain pharmaceutical formulations.
6. Excessive heating may cause degradation.

Pharmaceutical Applications

• Drying of suitable pharmaceutical suspensions.
• Drying of extracts.
• Processing of pharmaceutical slurries.
• Preparation of certain powdered or flaked products.
• Concentration and drying of selected formulations.

4.5.7 Freeze Dryer/Lyophilizer

Principle

Freeze drying, or lyophilization, removes water from a previously frozen product by sublimation of 
ice under reduced pressure. The frozen water changes directly from solid ice to vapour without 
passing through the liquid phase.
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The process generally consists of:

Freezing → Primary drying (sublimation) → Secondary drying (desorption)

Construction

A freeze dryer generally consists of:

1. Drying chamber
2. Product shelves
3. Refrigeration system
4. Vacuum system
5. Condenser
6. Heating system
7. Temperature sensors
8. Pressure monitoring system
9. Control system
10. Stoppering arrangement, where applicable

Working

The pharmaceutical product is filled into suitable containers or placed on trays and frozen at a 
controlled temperature.

After freezing, the chamber pressure is reduced using a vacuum system. Controlled heat is supplied to 
the product shelves.

During primary drying, ice sublimes directly from the frozen product. The water vapour travels 
toward the condenser, where it is captured as ice.

During secondary drying, additional heat is supplied under vacuum to remove moisture that remains 
more strongly associated with the product.

After achieving the required moisture level, the product is sealed or stoppered under controlled 
conditions.

Advantages

1. Excellent for many heat-sensitive materials.
2. Operates at low product temperatures during primary drying.
3. Produces a porous dried product that can often be readily reconstituted.
4. Can provide good long-term stability for suitable products.
5. Suitable for many biological and pharmaceutical materials.
6. Reduced structural collapse when properly optimized.
7. Useful for products requiring high-quality preservation.

Disadvantages
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1. High capital cost.
2. High energy consumption.
3. Long processing time.
4. Complex operation.
5. Requires effective vacuum and refrigeration systems.
6. Product may be sensitive to freezing conditions.
7. Requires careful cycle development and control.

Pharmaceutical Applications

Freeze drying is extensively used for:

• Vaccines.
• Certain biological products.
• Peptide and protein formulations.
• Injectable preparations.
• Thermolabile pharmaceutical products.
• Certain diagnostic and biotechnology products.
• Products requiring improved storage stability.
• Materials requiring rapid reconstitution before administration.

4.5.8 Microwave Dryer

Principle

A microwave dryer uses electromagnetic microwave energy to heat the material internally. 
Microwave energy causes molecules within the material, particularly polar molecules such as water, 
to oscillate, generating heat throughout the material.

Unlike conventional surface heating, microwave energy can provide volumetric heating.

Construction

A microwave dryer generally consists of:

1. Microwave-generating unit
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2. Drying chamber
3. Waveguide
4. Product container or conveyor
5. Air-circulation system
6. Temperature and moisture sensors
7. Control system
8. Exhaust system
9. Microwave shielding

Working

The wet pharmaceutical material is placed inside the drying chamber.

Microwave energy generated by the microwave source is directed into the chamber through a 
waveguide. The electromagnetic energy interacts with water molecules within the material and 
generates heat.

The internally generated heat causes moisture to vaporize. Air circulation or vacuum may assist in 
removing the generated moisture vapour.

Drying is continued under controlled microwave power and temperature until the desired moisture 
content is achieved.

Advantages

1. Rapid heating and drying.
2. Volumetric heating can reduce drying time.
3. Potentially more efficient moisture removal.
4. Can reduce processing time.
5. Suitable for selected pharmaceutical materials.
6. Can be combined with vacuum drying.
7. Reduced dependence on surface heat transfer.

Disadvantages

1. High equipment cost.
2. Uneven heating may occur if the material is not uniformly exposed.
3. Local overheating may damage sensitive products.
4. Requires careful control of microwave power.
5. Scale-up can be challenging.
6. Equipment requires appropriate electromagnetic shielding.
7. Not suitable for all pharmaceutical materials.

Pharmaceutical Applications

• Drying of pharmaceutical powders.
• Drying of granules.
• Drying of herbal materials and extracts.
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• Drying of selected heat-sensitive materials under controlled conditions.
• Rapid drying of pharmaceutical intermediates.
• Microwave-assisted drying of formulations.
• Combined microwave-vacuum drying processes.

Comparison of Major Drying Equipment

Dryer Main Principle
Major 
Advantage

Major 
Limitation

Typical 
Pharmaceutical 
Application

Tray Dryer
Convective hot-
air drying

Simple and 
versatile

Long drying time
Granules, 
powders and 
crystals

Fluidized-Bed 
Dryer

Hot air fluidizes 
particles

Rapid and 
uniform drying

Fine particles may 
be entrained

Pharmaceutical 
granules

Vacuum Dryer
Drying under 
reduced pressure

Suitable for heat-
sensitive materials

Higher cost and 
complexity

APIs and 
residual-solvent 
removal

Rotary Dryer
Heated gas 
contacts rotating 
material

High capacity Particle attrition
Bulk particulate 
materials

Spray Dryer
Atomized droplets 
dried by hot gas

Direct liquid-to-
powder 
conversion

High energy 
requirement

Powders, extracts 
and specialized 
formulations

Drum Dryer
Conductive 
heating from hot 
drum

Rapid drying
Surface heating 
may damage 
product

Suitable slurries 
and extracts

Freeze Dryer
Sublimation under 
vacuum

Excellent 
preservation of 
suitable 
thermolabile 
products

Long and 
expensive process

Vaccines, 
biologics and 
injectables

Microwave 
Dryer

Electromagnetic 
volumetric 
heating

Rapid drying
Possible uneven 
heating

Selected powders, 
granules and 
extracts

Pharmaceutical Selection of Drying Equipment

The choice of dryer should be based on the characteristics of the pharmaceutical material and the 
required product quality. Important considerations include:

1. Heat sensitivity – Heat-sensitive materials may require vacuum or freeze drying.
2. Physical form – Powders, granules, crystals, liquids and slurries require different drying 

systems.
3. Required moisture content – The dryer should achieve the specified residual moisture level.
4. Particle characteristics – Particle size, density and flow properties influence fluidization and 

drying behaviour.
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5. Solvent characteristics – Flammable or organic solvents require appropriate containment 
and recovery systems.

6. Production scale – Batch and continuous dryers should be selected according to 
manufacturing requirements.

7. Drying time – Rapid processes may favour fluidized-bed, spray or microwave systems.
8. Product stability – Temperature, oxygen exposure and residence time should be controlled.
9. Cleaning and containment – Pharmaceutical dryers should facilitate cleaning, maintenance 

and prevention of cross-contamination.
10. Energy consumption – Energy efficiency should be considered during equipment selection.

Drying is an important pharmaceutical unit operation used to remove moisture or another volatile 
liquid from pharmaceutical materials. It involves simultaneous heat and mass transfer, with the 
drying rate being influenced by temperature, humidity, air velocity, surface area, particle size, 
moisture characteristics, pressure, material properties and drying time.

The tray dryer is a simple and versatile batch dryer, while the fluidized-bed dryer provides rapid 
drying of suitable particulate materials. Vacuum dryers are useful for temperature-sensitive materials 
and residual-solvent removal. Rotary dryers are suitable for large quantities of relatively robust 
materials, whereas spray dryers convert suitable liquid feeds directly into powders. Drum dryers 
use conductive heating, freeze dryers remove frozen water by sublimation and are particularly 
important for suitable biological and thermolabile products, while microwave dryers use 
electromagnetic energy for rapid volumetric heating.

Proper selection and control of drying equipment are essential to obtain the desired moisture content, 
product stability, physical characteristics, yield and quality while minimizing thermal 
degradation, energy consumption and processing time.
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Chapter 5: Distillation

5.1 Introduction and Definition of Distillation

Distillation is an important mass-transfer and heat-transfer unit operation used for the separation and 
purification of liquid mixtures based on differences in the volatility of their components. In this 
process, a liquid mixture is heated to produce vapour, and the vapour is subsequently condensed to 
obtain a liquid product enriched in the more volatile component.

Distillation is widely used in pharmaceutical industries for the purification and recovery of solvents, 
separation of liquid mixtures, preparation of distilled water, recovery of volatile substances and 
processing of heat-sensitive materials under reduced pressure.

The basic sequence of distillation is:

Liquid mixture → Heating → Vaporization → Vapour enrichment → Condensation → 
Distillate

The remaining liquid in the boiling vessel is called the residue or bottoms, while the condensed 
vapour collected from the condenser is called the distillate.

Definition

Distillation is a separation process in which components of a liquid mixture are separated by partial 
vaporization followed by condensation, based primarily on differences in their volatility or boiling 
points.

The efficiency of separation depends on factors such as relative volatility, vapour–liquid equilibrium, 
operating pressure, temperature, reflux and the design of the distillation equipment.

5.2 Objectives and Importance of Distillation

The major objectives of distillation are:

1. Separation of liquid mixtures based on differences in volatility.
2. Purification of solvents used in pharmaceutical manufacturing.
3. Recovery and reuse of valuable solvents.
4. Removal of volatile impurities from pharmaceutical materials.
5. Preparation of purified water and other distilled liquids.
6. Separation of components with significantly different boiling points.
7. Processing of heat-sensitive materials using vacuum or molecular distillation.
8. Recovery of volatile pharmaceutical intermediates.
9. Concentration and purification of selected liquid products.
10. Separation of essential oils and other volatile substances using steam distillation.

Importance in Pharmaceutical Manufacturing
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Distillation plays an important role in pharmaceutical manufacturing because many pharmaceutical 
processes involve organic solvents and volatile liquids. Recovery of these solvents can reduce 
material costs and minimize solvent waste.

Distillation is also important in the production of purified process water, solvent purification and 
downstream processing of pharmaceutical intermediates.

For temperature-sensitive substances, vacuum distillation and molecular distillation can reduce the 
temperature required for vaporization and thereby minimize thermal degradation.

5.3 Principle of Distillation

Distillation is based on the principle that the components of a liquid mixture generally have different 
volatilities. When a mixture is heated, the vapour formed is richer in the more volatile component 
than the original liquid.

The vapour is then condensed to produce a liquid phase called the distillate.

For a binary mixture containing components A and B, if component A is more volatile than 
component B, the vapour phase will generally contain a higher proportion of A than the liquid phase.

The separation can therefore be represented as:

Liquid mixture → Partial vaporization → Vapour enriched in volatile component → 
Condensation → Distillate

Relative Volatility

The ease with which two components can be separated by distillation is related to their relative 
volatility.

For a binary mixture:

where:

• α= relative volatility
• xA and xB= mole fractions of components A and B in the liquid phase
• yA and yB = mole fractions of components A and B in the vapour phase

A greater difference in volatility generally facilitates separation by distillation.

Vapour–Liquid Equilibrium
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Distillation depends on the relationship between the liquid and vapour phases at equilibrium. When a 
liquid mixture is heated, the composition of the vapour differs from that of the liquid according to the 
volatility of the components.

Repeated vaporization and condensation, particularly in fractional distillation, can progressively 
enrich the more volatile component.

Effect of Pressure

The boiling temperature of a liquid decreases when the external pressure is reduced. Therefore, 
vacuum distillation can be used to distil substances at lower temperatures.

This is particularly useful for:

• Heat-sensitive substances
• High-boiling liquids
• Materials susceptible to decomposition at atmospheric pressure

5.4 Classification of Distillation

Distillation can be classified according to the method of operation and the properties of the material 
being separated.

5.4.1 Based on Degree of Separation

1. Simple distillation
2. Fractional distillation

5.4.2 Based on Addition of Steam

1. Steam distillation
2. Water or hydro-distillation

5.4.3 Based on Operating Pressure

1. Atmospheric distillation
2. Vacuum distillation

5.4.4 Based on Molecular Separation

1. Molecular distillation
2. Short-path distillation

5.4.5 Based on Mode of Operation

1. Batch distillation
2. Continuous distillation
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5.5 Types of Distillation

5.5.1 Simple Distillation

Principle

Simple distillation is based on the difference in boiling points or volatility between the components of 
a liquid mixture. The mixture is heated, the more volatile component preferentially enters the vapour 
phase, and the vapour is condensed to form the distillate.

It is most suitable when the components have a substantial difference in volatility or when a volatile 
solvent is being separated from a relatively non-volatile substance.

Construction

A simple distillation system generally consists of:

1. Distillation flask or still – contains the liquid mixture.
2. Heating arrangement – supplies heat to the mixture.
3. Thermometer – monitors vapour temperature.
4. Distillation head – directs vapour toward the condenser.
5. Condenser – cools and condenses the vapour.
6. Cooling-water inlet and outlet – circulate cooling water through the condenser.
7. Receiver – collects the distillate.
8. Connecting tubes and joints – provide a closed path for vapour movement.

Working

• The liquid mixture is charged into the distillation flask. Heat is supplied gradually. As the 
temperature approaches the boiling range of the mixture, the more volatile component 
preferentially vaporizes.

• The vapour passes through the distillation head into the condenser. Cooling water circulates 
through the condenser, removing heat from the vapour and converting it back into liquid.

• The condensed liquid is collected as the distillate, while the less volatile material remains 
primarily in the distillation flask as residue.

Advantages

1. Simple construction.
2. Easy to operate.
3. Relatively low equipment cost.
4. Suitable for batch processing.
5. Effective when boiling points differ substantially.
6. Useful for solvent recovery.
7. Easy to monitor.

Disadvantages
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1. Not suitable for components with very close boiling points.
2. Limited separation efficiency compared with fractional distillation.
3. Repeated operation may be required for high-purity products.
4. Heating may cause degradation of heat-sensitive materials.
5. Energy consumption may be relatively high.

Pharmaceutical Applications

• Purification of solvents.
• Recovery of volatile solvents.
• Preparation of distilled water in appropriate systems.
• Separation of volatile solvents from non-volatile pharmaceutical materials.
• Laboratory-scale purification of liquid materials.
• Removal of volatile impurities.

5.5.2 Fractional Distillation

Principle

Fractional distillation is used to separate liquid mixtures whose components have relatively close 
boiling points. It involves repeated vaporization and condensation within a fractionating column.

The fractionating column provides multiple opportunities for vapour and liquid phases to come into 
contact. Consequently, the rising vapour becomes progressively enriched in the more volatile 
component.

Construction

The major components include:

1. Distillation flask or reboiler
2. Fractionating column
3. Packing or trays, depending on column design
4. Distillation head
5. Condenser
6. Reflux arrangement
7. Receiver
8. Heating system
9. Temperature monitoring system

The fractionating column may contain trays or packing materials that increase contact between rising 
vapour and descending liquid.

Working

• The liquid mixture is introduced into the still or reboiler and heated. Vapour rises through the 
fractionating column.
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• As the vapour passes through the column, it repeatedly contacts cooler descending liquid. 
During these repeated vaporization-condensation steps, the more volatile component becomes 
progressively enriched in the vapour.

• A portion of the condensed liquid is returned to the column as reflux, while the remaining 
portion is collected as distillate.

• The less volatile component becomes enriched in the liquid remaining in the lower part of the 
column.

Advantages

1. Provides better separation than simple distillation.
2. Suitable for mixtures with relatively close boiling points.
3. Can produce high-purity fractions.
4. Suitable for continuous industrial operation.
5. Reflux allows improved separation.
6. Useful for solvent purification.

Disadvantages

1. More complex than simple distillation.
2. Higher equipment and operating cost.
3. Requires greater energy input.
4. Column pressure drop may occur.
5. Requires careful control of reflux and operating conditions.
6. Not suitable for all azeotropic mixtures by conventional operation.

Pharmaceutical Applications

• Purification of pharmaceutical solvents.
• Separation and recovery of organic solvents.
• Production of high-purity solvent fractions.
• Purification of volatile pharmaceutical intermediates.
• Solvent recovery systems in API manufacturing.
• Separation of liquid mixtures during pharmaceutical processing.

5.5.3 Steam Distillation

Principle

Steam distillation is based on the principle that certain water-immiscible volatile substances can be 
distilled at a temperature lower than their normal boiling point by passing steam through the material.

When two immiscible liquids are heated together, their vapour pressures contribute to the total vapour 
pressure. Boiling occurs when the combined vapour pressure reaches the operating pressure.

This allows certain volatile substances to be distilled without heating them to their normal boiling 
temperature.
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Construction

A steam-distillation system consists of:

1. Steam generator
2. Distillation vessel
3. Steam inlet
4. Material chamber
5. Vapour outlet
6. Condenser
7. Receiver or separator
8. Cooling-water system
9. Collection arrangement

Working

Steam is generated and introduced into the material containing the volatile component. The steam 
carries the volatile substance into the vapour phase.

The mixture of steam and volatile vapour passes into the condenser, where it is cooled and condensed.

The resulting condensate generally contains water and the volatile substance. If the product is 
immiscible with water, the phases can subsequently be separated using a suitable separator.

Advantages

1. Suitable for many volatile, water-immiscible substances.
2. Allows distillation at lower temperatures.
3. Reduces thermal degradation.
4. Useful for natural products and essential oils.
5. Relatively simple process.
6. Suitable for substances with high normal boiling points.

Disadvantages

1. Not suitable for substances that decompose in the presence of water or steam.
2. Requires a steam-generation system.
3. Product may require additional separation from water.
4. Not suitable for all volatile compounds.
5. Condensate handling may be required.

Pharmaceutical Applications

• Extraction of essential oils.
• Isolation of volatile constituents from medicinal plants.
• Processing of aromatic pharmaceutical materials.
• Recovery of selected volatile substances.
• Preparation of certain natural-product fractions.
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• Separation of volatile compounds that are immiscible with water.

5.5.4 Vacuum Distillation

Principle

Vacuum distillation is performed under reduced pressure. Reduction in pressure lowers the boiling 
temperature of liquids, allowing high-boiling or heat-sensitive substances to be distilled at lower 
temperatures.

Construction

A vacuum-distillation system consists of:

1. Distillation flask or still
2. Heating system
3. Vacuum-tight distillation vessel
4. Distillation head
5. Condenser
6. Receiver
7. Vacuum pump
8. Pressure-control system
9. Temperature monitoring system
10. Suitable valves and seals

Working

The liquid mixture is placed in the distillation vessel. The system is closed and connected to a vacuum 
source.

Pressure is gradually reduced to the desired operating level. The reduced pressure lowers the boiling 
temperature of the liquid. Controlled heating then causes the volatile component to vaporize.

The vapour passes to the condenser, where it is condensed and collected in the receiver.

Advantages

1. Lowers boiling temperature.
2. Suitable for heat-sensitive substances.
3. Useful for high-boiling liquids.
4. Reduces thermal exposure.
5. Can improve product quality when thermal degradation is a concern.
6. Useful for solvent recovery.

Disadvantages

1. Requires vacuum equipment.
2. Equipment must be properly sealed.
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3. Higher equipment complexity.
4. Vacuum instability can affect the process.
5. Vapour losses may occur if the condenser capacity is inadequate.
6. Requires careful pressure and temperature control.

Pharmaceutical Applications

• Purification of heat-sensitive solvents.
• Recovery of high-boiling pharmaceutical solvents.
• Purification of thermolabile pharmaceutical intermediates.
• Removal of volatile components at reduced temperatures.
• Concentration and purification of selected pharmaceutical materials.
• Solvent recovery during API manufacturing.

5.5.5 Molecular/Short-Path Distillation

Principle

Molecular distillation is a specialized form of distillation performed under very high vacuum and with 
a very short distance between the evaporating surface and condensing surface.

The mean free path of vapour molecules becomes sufficiently large under high vacuum that molecules 
can travel from the heated surface to the condenser with minimal intermolecular collision.

Short-path distillation is therefore particularly useful for high-boiling, heat-sensitive and low-
volatility substances.

Construction

The major components include:

1. Feed inlet
2. Heated evaporating surface
3. Wiper or distributor system, where applicable
4. Internal condenser
5. High-vacuum system
6. Distillate collector
7. Residue collector
8. Drive mechanism
9. Temperature-control system

In many designs, the condenser is positioned very close to the heated evaporating surface.

Working

• The feed material is introduced onto the heated evaporating surface and forms a thin film.
• A high vacuum is established inside the equipment. The material is heated to the required 

temperature, causing the more volatile molecules to evaporate.
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• Because the condenser is positioned close to the evaporating surface, the vapour molecules 
travel a short distance before condensing.

• The condensed distillate is collected separately from the less volatile residue.

Advantages

1. Very low operating pressure.
2. Low distillation temperature compared with conventional atmospheric distillation.
3. Very short residence time.
4. Suitable for heat-sensitive substances.
5. Useful for high-boiling materials.
6. Reduced thermal degradation.
7. Can provide effective separation of selected high-value materials.

Disadvantages

1. High equipment cost.
2. Requires a high-vacuum system.
3. More complex operation.
4. Relatively low throughput in some designs.
5. Requires careful control of feed-film formation.
6. Equipment maintenance can be demanding.

Pharmaceutical Applications

• Purification of thermolabile pharmaceutical materials.
• Processing of high-boiling pharmaceutical substances.
• Purification of natural products.
• Separation of valuable lipophilic compounds.
• Purification of selected vitamins and pharmaceutical intermediates.
• Processing of materials susceptible to thermal degradation.

5.6 Distillation Equipment
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5.6.1 Still

A still is the vessel in which the liquid feed is heated to generate vapour. It may be operated in batch 
or continuous systems.

Main Functions

• Holds the liquid mixture.
• Provides heating.
• Generates vapour.
• Provides initial separation between vapour and residual liquid.

Pharmaceutical Applications

Stills are used for:

• Solvent recovery.
• Purification of liquids.
• Distillation of process solvents.
• Laboratory and production-scale distillation.

5.6.2 Distillation Column
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A distillation column is a vertical vessel used to provide repeated contact between vapour and liquid 
phases, thereby improving separation.

Construction

A typical column contains:

• Column shell
• Trays or packing
• Liquid distributors
• Vapour passages
• Feed inlet
• Distillate outlet
• Bottoms outlet
• Reflux return

Working

Vapour rises through the column while liquid flows downward. Contact between the two phases 
allows mass transfer. The vapour becomes enriched in the more volatile component, while the liquid 
becomes enriched in the less volatile component.

Pharmaceutical Applications

• Solvent purification.
• Continuous solvent recovery.
• Separation of liquid mixtures.
• Purification of pharmaceutical intermediates.

5.6.3 Fractionating Column

A fractionating column is specifically designed to improve separation during fractional distillation.

Construction

It may contain:

• Trays
• Packing
• Vapour passages
• Liquid distributors
• Reflux arrangement

Working

As vapour rises and liquid descends through the column, repeated contact causes successive 
vaporization and condensation. This results in progressive enrichment of the more volatile 
component.
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Pharmaceutical Applications

Fractionating columns are particularly useful for:

• Solvent purification.
• Separation of volatile pharmaceutical processing liquids.
• Recovery of solvent fractions.
• Production of high-purity liquid fractions.

5.6.4 Reboiler

A reboiler is a heat-transfer device located at the bottom of a distillation column. It supplies heat to 
generate vapour that rises through the column.

Construction

A reboiler may be designed as a kettle-type vessel or as a heat exchanger connected to the bottom of 
the column.

Working

The bottom liquid from the distillation column enters or remains in the reboiler. Heat is supplied 
through a heating medium. Part of the liquid vaporizes and the generated vapour returns to the 
column.

The remaining liquid becomes enriched in the less volatile component and is removed as the bottom 
product.

Advantages

• Provides controlled vapour generation.
• Improves column separation.
• Can handle continuous operation.
• Allows independent control of heat input.

Disadvantages

• Requires additional heating equipment.
• May cause thermal degradation if operated at excessive temperatures.
• Fouling can reduce heat-transfer efficiency.

Pharmaceutical Applications

• Solvent recovery.
• Continuous distillation.
• Purification of pharmaceutical solvents.
• Processing of pharmaceutical intermediates.



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 238

5.6.5 Condenser

A condenser converts vapour into liquid by removing heat from the vapour.

Construction

Common condenser components include:

1. Heat-transfer surface
2. Vapour inlet
3. Condensate outlet
4. Cooling-medium inlet
5. Cooling-medium outlet
6. Shell or housing
7. Supports and connections

Working

Vapour enters the condenser and comes into indirect contact with a cooled heat-transfer surface. Heat 
flows from the vapour to the cooling medium.

As the vapour loses latent heat, it condenses into liquid. The condensate is directed toward the 
receiver or reflux system.

Advantages

1. Efficient recovery of vapour.
2. Reduces loss of volatile materials.
3. Allows collection of purified distillate.
4. Can be designed for continuous operation.
5. Provides controlled condensation.

Disadvantages

1. Fouling can reduce heat transfer.
2. Inadequate cooling can cause vapour losses.
3. Requires a reliable cooling medium.
4. Pressure drop may occur in some designs.

Pharmaceutical Applications

• Condensation of pharmaceutical solvents.
• Solvent recovery.
• Distillate collection.
• Reflux operations.
• Recovery of volatile pharmaceutical intermediates.

5.6.6 Receiver
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A receiver is the vessel used to collect the condensed distillate.

Construction

A receiver generally consists of:

• Collection vessel
• Inlet connection
• Outlet connection
• Vent or pressure connection, where appropriate
• Level indicator
• Drain arrangement

Working

• The condensed liquid from the condenser flows into the receiver. The receiver temporarily 
stores or continuously transfers the distillate to the next processing stage.

• In fractional distillation, part of the condensed liquid may be returned to the column as reflux 
while the remaining fraction is collected as the final distillate.

Pharmaceutical Applications

• Collection of purified solvents.
• Collection of distilled water or process liquids.
• Solvent recovery.
• Fraction collection.
• Temporary storage of distillate during batch distillation.

Comparison of Major Distillation Methods

Parameter
Simple 
Distillation

Fractional 
Distillation

Steam 
Distillation

Vacuum 
Distillation

Molecular/Short
-Path 
Distillation

Main basis
Difference 
in volatility

Repeated 
vapour-
liquid 
contact

Co-
distillation 
with steam

Reduced pressure
Molecular 
transport under 
high vacuum

Best suited for

Large 
boiling-
point 
differences

Relatively 
close 
boiling 
points

Volatile 
water-
immiscible 
substances

High-boiling/heat-
sensitive materials

High-boiling and 
highly heat-
sensitive 
materials

Operating 
pressure

Usually 
atmospheri
c

Usually 
atmospheri
c or 
controlled

Usually 
near 
atmospheri
c

Reduced
Very high 
vacuum

Separation 
efficiency

Moderate High
Moderate 
to high for 
suitable 

High for suitable 
systems

High for suitable 
systems
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materials

Thermal 
exposure

Relatively 
high

Relatively 
high

Lower than 
direct 
boiling for 
suitable 
materials

Reduced Very low

Equipment 
complexity

Low
Moderate 
to high

Moderate High Very high

Typical 
pharmaceutica
l use

Solvent 
purification

Solvent 
separation

Essential 
oils and 
volatile 
materials

Heat-sensitive 
solvent/intermediat
e recovery

Thermolabile, 
high-boiling 
materials

Distillation is an important pharmaceutical unit operation based on differences in volatility and 
vapour–liquid equilibrium. It involves vaporization of a liquid mixture followed by condensation of 
the vapour. Simple distillation is suitable when components have substantially different volatilities, 
whereas fractional distillation provides improved separation through repeated vapour-liquid contact. 
Steam distillation is useful for suitable volatile, water-immiscible substances, particularly essential 
oils. Vacuum distillation lowers the boiling temperature and is valuable for heat-sensitive or high-
boiling materials, while molecular/short-path distillation provides very low thermal exposure for 
selected high-value and thermolabile materials.

The major components of a distillation system include the still, distillation or fractionating column, 
reboiler, condenser and receiver. Proper control of temperature, pressure, reflux, vapour flow, 
condensation and feed composition is necessary for efficient operation. In pharmaceutical 
manufacturing, distillation is particularly important for solvent purification and recovery, 
preparation of suitable process water, purification of intermediates, essential-oil processing and 
handling of heat-sensitive materials.
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Chapter 6: Comparative Study and Pharmaceutical Applications

6.1 Comparison of Heat Transfer Equipment

Heat-transfer equipment is selected according to the nature of the product, required temperature, heat-
transfer area, viscosity, processing capacity and cleaning requirements.

Equipment Main Feature
Major 
Advantage

Major 
Limitation

Pharmaceutical 
Application

Double-Pipe 
Heat Exchanger

Heat transfer 
between fluids in 
two concentric 
pipes

Simple 
construction

Limited capacity
Small-scale liquid 
heating/cooling

Shell-and-Tube 
Heat Exchanger

Tubes enclosed 
within a shell

High capacity and 
robust design

Larger and more 
complex

Process 
heating/cooling

Plate Heat 
Exchanger

Heat transfer 
through thin 
plates

Compact and 
efficient

Not ideal for 
highly 
viscous/particulate 
fluids

Sterile liquid 
processing, 
heating and 
cooling

Jacketed Vessel
Heating/cooling 
through vessel 
jacket

Simple and 
versatile

Lower heat-
transfer efficiency

Mixing, 
formulation and 
batch processing

Scraped-Surface 
Heat Exchanger

Scraper 
continuously 
removes material 
from surface

Suitable for 
viscous products

Higher cost and 
mechanical 
complexity

Viscous creams, 
ointments and 
concentrated 
products

6.2 Comparison of Evaporators

Evaporators differ mainly in circulation pattern, heat-transfer efficiency, residence time and suitability 
for heat-sensitive materials.

Evaporator Circulation/Flow Main Advantage Main Limitation
Pharmaceutical 
Application

Open-Pan
Natural 
evaporation from 
open vessel

Simple and 
inexpensive

Low efficiency
Small-scale 
concentration

Horizontal-Tube
Liquid around 
horizontal heated 
tubes

Simple operation
Limited for 
viscous liquids

Solution 
concentration

Short-Tube 
Vertical

Natural 
circulation

Robust 
construction

Longer residence 
time

Concentration of 
aqueous solutions

Long-Tube 
Vertical

Flow through 
long vertical tubes

High capacity Tall equipment
Large-scale 
concentration

Falling-Film
Thin liquid film 
flows downward

Short residence 
time and efficient 
heat transfer

Requires uniform 
feed distribution

Heat-sensitive 
solutions and 
extracts
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6.3 Comparison of Dryers

Drying equipment is selected according to the moisture content, physical nature and heat sensitivity of 
the pharmaceutical material.

Dryer Main Feature
Major 
Advantage

Major 
Limitation

Pharmaceutical 
Application

Tray Dryer
Hot air passes 
over material in 
trays

Simple and 
economical

Longer drying 
time

Powders, granules 
and crude drugs

Fluidized-Bed 
Dryer

Heated air 
suspends particles

Rapid and 
uniform drying

Not suitable for 
all materials

Granules and 
powders

Vacuum Dryer
Drying under 
reduced pressure

Suitable for heat-
sensitive materials

Higher equipment 
cost

Thermolabile 
materials

Spray Dryer
Liquid feed 
converted into dry 
powder

Rapid continuous 
drying

High energy 
requirement

Extracts and 
pharmaceutical 
powders

Freeze Dryer
Sublimation of 
frozen water

Excellent for 
thermolabile 
products

Expensive and 
time-consuming

Biological 
products and 
vaccines

6.4 Comparison of Distillation Methods

Distillation 
Method

Main Principle
Major 
Advantage

Major 
Limitation

Pharmaceutical 
Application

Simple 
Distillation

Difference in 
volatility

Simple operation
Limited 
separation 
efficiency

Solvent 
purification

Fractional 
Distillation

Repeated vapour-
liquid contact

Better separation More complex
Solvent separation 
and recovery

Steam 
Distillation

Co-distillation 
with steam

Lower processing 
temperature

Requires steam
Essential oils and 
volatile materials

Vacuum 
Distillation

Distillation under 
reduced pressure

Suitable for heat-
sensitive materials

Requires vacuum 
system

High-boiling 
solvents and 
intermediates

Molecular/Short-
Path Distillation

Molecular 
evaporation under 
high vacuum

Very low thermal 
exposure

Expensive and 
complex

Thermolabile and 
high-value 
materials

6.5 Comparison of Evaporation, Drying and Distillation

Although evaporation, drying and distillation involve heat transfer and removal of volatile 
components, their objectives and products are different.

Parameter Evaporation Drying Distillation

Main objective
Concentration of a 
solution

Removal of 
moisture/solvent from 

Separation and 
purification of liquid 
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a solid or wet material mixtures
Main material 
processed

Liquid solution
Wet solid, powder, 
granules or liquid feed

Liquid mixture

Main mechanism Solvent vaporization
Moisture removal by 
heat and mass transfer

Vaporization followed 
by condensation

Major product Concentrated solution Dry product Distillate and residue

Typical equipment
Falling-film, long-tube 
and open-pan 
evaporators

Tray, fluidized-bed, 
vacuum and spray 
dryers

Still, fractionating 
column and vacuum 
distillation unit

Major 
pharmaceutical use

Concentration of 
solutions/extracts

Drying powders, 
granules and 
thermolabile products

Solvent purification 
and recovery

Important control 
parameters

Temperature, pressure, 
concentration and heat 
transfer

Temperature, humidity, 
air flow and drying 
time

Temperature, pressure, 
reflux and vapour-
liquid equilibrium

Heat-transfer equipment, evaporators, dryers and distillation systems are essential for pharmaceutical 
manufacturing. Heat exchangers primarily transfer thermal energy between fluids or between a 
heating/cooling medium and the product. Evaporators remove solvent to concentrate solutions, while 
dryers remove moisture or solvent to produce a dry pharmaceutical material. Distillation separates 
liquid components according to differences in volatility. Proper equipment selection depends on 
product properties, heat sensitivity, required capacity, desired product quality, energy consumption, 
cleaning requirements and process control.
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UNIT IV
Materials and material 

handling
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Chapter 1: Introduction to Material Handling

1.1 Introduction to Material Handling

Material handling refers to the systematic movement, transportation, storage, protection, and control 
of materials, raw materials, intermediates, finished products, packaging materials, and waste within a 
manufacturing or storage facility. In the pharmaceutical industry, material handling is an essential part 
of manufacturing operations because materials must be transferred safely and efficiently while 
maintaining their identity, quality, purity, and physical integrity.

Pharmaceutical manufacturing involves the movement of a wide variety of materials, including 
powders, granules, tablets, capsules, liquids, semisolids, chemicals, excipients, active pharmaceutical 
ingredients (APIs), packaging components, and finished products. Improper handling may result in 
material loss, contamination, cross-contamination, product damage, mix-ups, or occupational hazards. 
Therefore, suitable material handling systems are required to ensure controlled and hygienic 
movement of materials.

Material handling may be performed manually, mechanically, or automatically. Manual handling 
involves the use of human effort for lifting, carrying, loading, unloading, and transferring materials. 
Mechanical handling uses equipment such as conveyors, hoists, elevators, lifts, and trucks. Automated 
systems use technologies such as automated guided vehicles (AGVs), robotic systems, sensors, and 
computerized control systems.

The selection of a material handling method depends on the nature and quantity of the material, 
distance of movement, frequency of handling, production requirements, available space, hygienic 
requirements, safety considerations, and cost. In pharmaceutical facilities, the material handling 
system should also be compatible with Good Manufacturing Practices (GMP) and should minimize 
the possibility of contamination and product mix-up.

The major objectives of material handling are:

• To ensure safe movement of materials.
• To reduce manual effort and handling time.
• To minimize material damage and product loss.
• To prevent contamination and cross-contamination.
• To improve the efficiency of manufacturing operations.
• To facilitate proper storage and retrieval of materials.
• To reduce handling costs.
• To improve workplace safety.
• To maintain the quality and identity of pharmaceutical materials.
• To support continuous and organized production operations.

Thus, an efficient material handling system contributes significantly to the safety, productivity, 
quality, and overall efficiency of pharmaceutical manufacturing and warehouse operations.

1.2 Material Handling Equipment
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Material handling equipment comprises mechanical, electrical, or automated devices used for lifting, 
moving, transferring, loading, unloading, positioning, and storing materials. These equipment reduce 
manual handling and facilitate the safe and efficient movement of materials between different 
processing and storage areas.

In pharmaceutical manufacturing, material handling equipment is selected according to the physical 
properties of the material, required capacity, movement distance, process requirements, hygiene, 
safety, and environmental conditions.

Material handling equipment may be broadly classified into the following categories:

1.2.1 Conveying Equipment

Conveyors are used for continuous or intermittent movement of materials from one location to 
another. They are particularly useful when materials need to be transported along a predetermined 
path.

Examples include:

• Belt conveyors
• Screw conveyors
• Roller conveyors
• Chain conveyors
• Pneumatic conveyors

Conveyors may be used for transporting containers, cartons, packages, powders, granules, and other 
pharmaceutical materials.

1.2.2 Lifting Equipment

Lifting equipment is used to raise and lower materials or equipment vertically. Such equipment is 
useful when materials have to be transferred between different levels.

Examples include:

• Hoists
• Lifts
• Elevators
• Cranes

Hoists are commonly used for lifting heavy equipment, containers, drums, and other loads.

1.2.3 Transporting Equipment

Transporting equipment is used for moving materials over short or long distances within a 
manufacturing plant or warehouse.

Examples include:
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• Trolleys
• Hand trucks
• Pallet trucks
• Forklift trucks
• Automated guided vehicles (AGVs)

These systems are useful for transferring raw materials, packaging materials, finished products, and 
waste.

1.2.4 Storage and Handling Equipment

Storage equipment provides organized and accessible storage of materials while minimizing damage 
and unnecessary handling.

Examples include:

• Bins
• Storage racks
• Shelves
• Silos
• Pallets
• Containers

In pharmaceutical warehouses, storage systems should facilitate proper identification, segregation, 
and controlled movement of materials.

1.2.5 Automated Material Handling Equipment

Automated material handling equipment uses sensors, computerized controls, navigation systems, or 
robotic technologies to move materials with limited human intervention.

Examples include:

• Automated guided vehicles (AGVs)
• Robotic handling systems
• Automated storage and retrieval systems
• Automated conveyors

Automated systems can improve accuracy, reduce manual handling, and provide better control over 
material movement.

1.2.6 Selection of Material Handling Equipment

The selection of suitable material handling equipment depends on several factors:

1. Nature of material: Powder, granule, liquid, solid, or packaged product.
2. Material quantity: Small, medium, or large quantities.
3. Distance of movement: Short-distance or long-distance transportation.
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4. Frequency of handling: Occasional, intermittent, or continuous movement.
5. Weight and dimensions: Size, shape, and weight of the material.
6. Hygiene requirements: Particularly important for pharmaceutical products.
7. Safety requirements: Risk of spillage, breakage, exposure, or accidents.
8. Available space: Floor area, ceiling height, and layout of the facility.
9. Cost: Initial investment, operating cost, maintenance, and energy consumption.
10. Automation requirements: Need for manual, semi-automatic, or automatic operation.

Proper selection of material handling equipment improves productivity and reduces material losses 
while maintaining safety and product quality.

1.3 Material Handling Techniques

Material handling techniques refer to the methods and procedures used for the safe, efficient, and 
controlled movement and storage of materials. The appropriate technique depends on the 
characteristics of the material, process requirements, equipment available, and safety considerations.

The major material handling techniques include the following.

1.3.1 Manual Material Handling

Manual material handling involves the use of human effort for lifting, carrying, pushing, pulling, 
loading, unloading, and positioning materials.

It is suitable for small quantities and short-distance movement. However, excessive manual handling 
may result in worker fatigue, musculoskeletal injuries, material damage, and reduced productivity.

Proper lifting techniques and suitable protective measures should therefore be followed during manual 
handling.

1.3.2 Mechanical Material Handling

Mechanical handling uses equipment to reduce human effort and improve the efficiency of material 
movement. Examples include conveyors, hoists, forklifts, pallet trucks, and mechanical lifts.

Mechanical handling is particularly useful for heavy, bulky, or frequently transported materials.

1.3.3 Continuous Material Handling

In continuous handling, materials are moved continuously from one location to another using a 
predetermined path.

Conveyors are common examples of continuous material handling systems. They are useful in 
manufacturing processes where materials must be transferred regularly between processing stages.

1.3.4 Intermittent Material Handling
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In intermittent handling, materials are moved at specific intervals according to production or storage 
requirements. Trolleys, forklifts, pallet trucks, and AGVs may be used for this purpose.

This technique provides flexibility because materials can be transferred according to changing 
operational requirements.

1.3.5 Vertical Material Handling

Vertical handling involves movement of materials between different levels of a building or processing 
facility. Hoists, lifts, elevators, and vertical conveyors may be used.

This technique is important in multilevel pharmaceutical manufacturing facilities and warehouses.

1.3.6 Horizontal Material Handling

Horizontal handling involves movement of materials across the same floor or level. Conveyors, 
trolleys, forklifts, pallet trucks, and AGVs are commonly used.

Horizontal transportation helps connect different manufacturing, packaging, storage, and dispatch 
areas.

1.3.7 Automated Material Handling

Automated material handling uses computerized systems and automated equipment for material 
movement with minimal manual intervention. AGVs, automated conveyors, robotic systems, and 
automated storage systems are examples.

Automation can improve consistency, reduce human errors, increase productivity, and provide better 
control over material movement.

1.3.8 Safe Material Handling Practices

Safe material handling is particularly important in pharmaceutical manufacturing because materials 
may include chemicals, powders, solvents, fragile containers, and potentially hazardous substances. 
Important practices include:

• Proper identification and labeling of materials.
• Use of suitable containers and packaging.
• Avoidance of overloading equipment.
• Proper lifting and transportation procedures.
• Use of appropriate personal protective equipment.
• Prevention of material spillage.
• Maintenance of clean and unobstructed pathways.
• Segregation of incompatible materials.
• Regular inspection and maintenance of handling equipment.
• Proper handling and disposal of damaged or rejected materials.
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An effective material handling technique should provide a balance between safety, efficiency, 
economy, hygiene, and product quality. In pharmaceutical manufacturing, the handling system should 
be designed to minimize unnecessary movement and manual intervention while maintaining the 
integrity and traceability of materials throughout the manufacturing and storage process.

                                    Material handling is an essential part of pharmaceutical manufacturing and 
warehouse operations. It involves the movement, transportation, storage, protection, and control of 
materials. Material handling equipment such as conveyors, hoists, forklifts, storage systems, and 
automated guided vehicles helps reduce manual effort and improve operational efficiency. 
Appropriate material handling techniques ensure safe and controlled movement of materials while 
minimizing contamination, damage, material loss, and occupational hazards.
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Chapter 2: Conveyors

2.1 Introduction to Conveyors

A conveyor is a mechanical material handling device used for the continuous or intermittent 
transportation of materials from one location to another. Conveyors are widely used in pharmaceutical 
industries for transferring raw materials, containers, packaging materials, intermediate products, and 
finished products within manufacturing and storage areas.

Conveyors provide a predetermined path for material movement and reduce the need for manual 
handling. They can be designed for horizontal, inclined, or vertical transportation depending on the 
requirements of the manufacturing facility. The material may be transported as individual units, such 
as bottles, cartons, bags, and containers, or as bulk materials such as powders and granules.

In pharmaceutical manufacturing, conveyors are particularly useful because they provide controlled 
and organized movement of materials between different processing stages. Properly designed 
conveyor systems can reduce material damage, improve productivity, minimize handling time, and 
reduce the possibility of contamination caused by excessive manual handling.

The basic components of a conveyor system generally include a conveying surface or carrying 
element, supporting structure, drive mechanism, motor, and material loading and discharge 
arrangements. Depending on the type of conveyor, additional components such as rollers, pulleys, 
chains, belts, screws, guides, sensors, and control systems may be present.

Functions of Conveyors

The major functions of conveyors are:

• To transport materials from one location to another.
• To reduce manual material handling.
• To provide continuous movement of materials.
• To improve the efficiency of production operations.
• To reduce material handling time.
• To minimize material damage and loss.
• To facilitate organized movement between processing stages.
• To improve workplace safety.
• To support automated manufacturing operations.

Advantages of Conveyors

• Provide efficient transportation of materials.
• Reduce manual labour.
• Can operate continuously.
• Reduce handling time.
• Provide a predetermined material flow.
• Can be integrated with automated systems.
• Reduce the possibility of material damage.
• Improve production efficiency.
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• Can be designed according to available space and process requirements.

Limitations of Conveyors

• Initial installation cost may be high.
• Fixed conveyors may provide limited flexibility.
• Breakdown can interrupt material flow.
• Regular cleaning and maintenance are required.
• Improper selection may result in material damage.
• Some conveyor systems require considerable floor or installation space.

In pharmaceutical plants, conveyor systems should be designed and operated in a manner that 
maintains cleanliness, prevents contamination, and protects the identity and quality of materials.

2.2 Types of Conveyors

Conveyors can be classified according to their construction, operating mechanism, conveying 
element, and type of material being transported. Common conveyors used for material handling 
include belt conveyors, screw conveyors, roller conveyors, chain conveyors, and pneumatic 
conveyors.

2.2.1 Belt Conveyor

A belt conveyor consists of a continuous flexible belt supported by rollers or a suitable supporting 
surface. The belt moves over pulleys and transports materials from the loading point to the discharge 
point.

Principle:
The material is transported by the movement of a continuous belt driven by a motor.

Construction:
A belt conveyor generally consists of an endless belt, drive pulley, tail pulley, idler rollers, frame, 
motor, and loading and discharge arrangements.

Working:
The motor rotates the drive pulley, which causes the belt to move continuously. Material placed on 
the belt at the loading point is carried along the belt and discharged at the required location.

Advantages:

• Simple construction.
• Continuous operation.
• Suitable for different material sizes.
• Can be used for horizontal and inclined transportation.
• Requires relatively low manual effort.

Disadvantages:
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• Belt may wear during prolonged operation.
• Not suitable for every type of material.
• Spillage may occur if the system is improperly designed.
• Requires regular belt inspection and maintenance.

Pharmaceutical applications:

Belt conveyors are used for transporting cartons, bottles, containers, packages, bags, and other unit 
materials in pharmaceutical manufacturing and packaging areas.

2.2.2 Screw Conveyor

A screw conveyor is a mechanical conveyor in which material is transported by a rotating helical 
screw or flight inside a trough or cylindrical housing.

Principle:
Material moves forward due to the axial movement produced by the rotation of a helical screw.

Construction:
It consists of a screw or helical flight mounted on a rotating shaft, trough or casing, drive motor, 
bearings, inlet, and outlet.

Working:
Material enters through the inlet and comes into contact with the rotating screw. Rotation of the screw 
pushes the material along the trough until it reaches the discharge point.

Advantages:

• Compact construction.
• Suitable for powders and granules.
• Can handle materials over relatively short distances.
• Can be enclosed to reduce exposure of material.
• Can be used for horizontal or inclined transportation.

Disadvantages:

• Friction may cause material degradation.
• Not suitable for some fragile materials.
• Power requirement increases with material load.
• Cleaning may be difficult if the design is not suitable for hygienic operation.

Pharmaceutical applications:

Screw conveyors may be used for transferring powders, granules, and other bulk pharmaceutical 
materials between processing and storage equipment.
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2.2.3 Roller Conveyor

A roller conveyor consists of a series of rollers mounted on a supporting frame. Materials are 
transported over the rollers either by gravity or by powered rotation of the rollers.

Principle:
Materials move through rolling motion over a series of rollers.

Construction:
It consists of rollers, supporting frame, bearings, drive mechanism in powered systems, and loading 
and discharge sections.

Working:
The material is placed on the rollers. In gravity systems, the material moves due to a slight inclination. 
In powered systems, motor-driven rollers provide the required movement.

Advantages:

• Simple construction.
• Suitable for cartons, containers, trays, and packages.
• Easy loading and unloading.
• Can be used for accumulation of products.
• Requires relatively simple maintenance.

Disadvantages:

• Mainly suitable for materials with a stable base.
• Not suitable for loose powders.
• Rollers require regular cleaning and inspection.
• Material movement may be affected by improper alignment.

Pharmaceutical applications:

Roller conveyors are used for transporting cartons, bottles, containers, packaging units, and other rigid 
materials in packaging and warehouse operations.

2.2.4 Chain Conveyor

A chain conveyor uses one or more continuous chains to transport materials along a predetermined 
path.

Principle:
Material is transported by the movement of a continuously driven chain.

Construction:
It consists of chains, sprockets, supporting frame, drive motor, shafts, and material-supporting 
surfaces or attachments.



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 255

Working:
The motor rotates the drive sprocket, causing the chain to move. Materials placed on the chain or 
suitable supports are carried to the discharge point.

Advantages:

• Suitable for heavy loads.
• Can handle materials over predetermined paths.
• Robust construction.
• Suitable for continuous operation.
• Can be adapted to different layouts.

Disadvantages:

• Chain requires regular lubrication and maintenance where appropriate.
• May produce noise during operation.
• Not ideal for delicate products without suitable supports.
• Improper maintenance may cause chain failure.

Pharmaceutical applications:

Chain conveyors may be used for transporting heavy containers, pallets, packaging units, and other 
materials requiring controlled mechanical movement.

2.2.5 Pneumatic Conveyor

A pneumatic conveyor transports powders, granules, or particulate materials through a pipeline using 
a controlled flow of air or another suitable gas.

Principle:
Material particles are carried through a closed pipeline by the movement of air or gas.

Construction:
A pneumatic conveying system generally consists of a material feeding arrangement, conveying 
pipeline, air blower or compressor, valves, filters, separators, and receiving equipment.

Working:
Material is introduced into the conveying line. A controlled air stream carries the particles through the 
pipeline to the receiving point, where the material is separated from the conveying air.

Advantages:

• Enclosed material transportation.
• Suitable for powders and granules.
• Reduces direct manual handling.
• Can transport materials over complex routes.
• Reduces exposure of material to the surrounding environment.
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Disadvantages:

• Relatively high energy requirement.
• Equipment and control systems may be complex.
• Particle attrition may occur with some materials.
• Requires proper filtration and cleaning.
• Moisture control may be necessary for moisture-sensitive powders.

Pharmaceutical applications:

Pneumatic conveyors are used for transferring pharmaceutical powders and granules between 
processing equipment while minimizing manual handling and environmental exposure.

2.3 Conveyor Equipment and Techniques

A conveyor system consists of several mechanical and operational components that work together to 
provide controlled transportation of materials. The selection and arrangement of these components 
depend on the type of conveyor, material characteristics, required capacity, distance of transportation, 
and pharmaceutical processing requirements.

2.3.1 Conveyor Equipment

1. Conveyor Belt

The conveyor belt is the continuous carrying element of a belt conveyor. It receives the material and 
transports it from the loading point to the discharge point. The belt material should be compatible with 
the product and cleaning requirements.

2. Rollers and Idlers

Rollers support the conveyor belt or directly transport unit materials. Idlers are commonly used to 
support the belt and maintain its proper movement.

3. Drive Pulley

The drive pulley transfers motion from the drive system to the conveyor belt. It is generally connected 
to the motor through a suitable transmission mechanism.

4. Tail Pulley

The tail pulley is positioned at the opposite end of the conveyor and helps support and guide the belt.

5. Motor and Drive System

The motor provides the mechanical power required to operate the conveyor. The drive system may 
include gears, chains, couplings, and speed-control arrangements.
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6. Frame

The frame provides structural support for the conveyor and maintains the alignment of its 
components.

7. Feed Hopper

A feed hopper is used to introduce bulk material into a conveyor, particularly in systems used for 
powders and granules.

8. Discharge Arrangement

The discharge arrangement allows the transported material to leave the conveyor at the desired 
location. It may include discharge chutes, outlets, or transfer arrangements.

9. Guards and Safety Devices

Guards protect operators from moving parts. Emergency stop switches, sensors, interlocks, and other 
safety devices may be incorporated into the conveyor system.

2.3.2 Conveyor Handling Techniques

The efficiency of conveyor operation depends on proper handling techniques. Important techniques 
include:

Continuous Conveying

In continuous conveying, materials are transported continuously at a predetermined speed. It is 
suitable for processes requiring a regular and uninterrupted flow of materials.

Intermittent Conveying

In intermittent conveying, the conveyor operates according to a defined cycle or production 
requirement. It is useful when materials must be transferred in batches or at specific intervals.

Horizontal Conveying

Materials are transported along a horizontal path. Belt, roller, chain, and screw conveyors are 
commonly used for this purpose.

Inclined Conveying

Materials are transported upward or downward along an inclined path. Suitable belts, cleats, or other 
retaining arrangements may be required to prevent material from sliding.



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 258

Enclosed Conveying

In enclosed conveying, the material remains within a closed system during transportation. This 
technique is particularly useful for pharmaceutical powders and other materials requiring protection 
from environmental contamination.

Automated Conveying

Automated conveyor systems use sensors, control systems, programmable controllers, and other 
automation technologies to regulate material movement. Automated conveying can reduce manual 
intervention and improve consistency.

2.3.3 Factors Affecting Selection of Conveyors

The following factors should be considered when selecting a conveyor for pharmaceutical material 
handling:

• Nature and physical properties of the material.
• Particle size and shape.
• Bulk density.
• Material flow characteristics.
• Material quantity and required capacity.
• Distance and direction of transportation.
• Required conveying speed.
• Fragility of the material.
• Possibility of dust generation.
• Cleaning and sanitation requirements.
• Risk of contamination and cross-contamination.
• Available installation space.
• Energy requirements.
• Maintenance requirements.
• Safety requirements.
• Initial and operating costs.

2.3.4 Cleaning and Maintenance of Conveyors

Regular cleaning and maintenance are essential for reliable conveyor operation in pharmaceutical 
facilities. Conveyors should be inspected for belt damage, loose components, misalignment, excessive 
wear, and abnormal noise. Product-contact surfaces should be cleaned according to established 
procedures to prevent accumulation of material and cross-contamination.

Where pharmaceutical powders or potent materials are handled, appropriate containment and cleaning 
procedures should be followed. Moving components should be maintained according to the equipment 
manufacturer's requirements, and safety guards and emergency stop systems should be checked 
regularly.

2.3.5 Pharmaceutical Applications of Conveyors
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Conveyors are widely used in pharmaceutical manufacturing and packaging operations. Their 
applications include:

• Transportation of raw materials and packaging materials.
• Movement of bottles and containers.
• Transfer of cartons and packages.
• Transportation of tablets and capsules in suitable systems.
• Movement of granules and powders using appropriate enclosed conveyors.
• Transfer of materials between processing stages.
• Movement of filled containers during packaging.
• Transportation of finished products to storage areas.
• Movement of materials within warehouses.
• Integration with automated manufacturing and packaging systems.

Conveyors therefore provide an efficient and organized method of material transportation. Proper 
selection, installation, cleaning, maintenance, and operation of conveyor systems are essential for 
maintaining material quality, worker safety, hygiene, and productivity in pharmaceutical 
manufacturing facilities.
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Chapter 3: Hoists

3.1 Introduction to Hoists

A hoist is a mechanical material handling device used for lifting, lowering, and positioning heavy 
materials or equipment. Hoists are commonly used where materials need to be moved vertically from 
one level to another or positioned at a particular height. They reduce manual effort and provide safer 
handling of heavy loads.

In pharmaceutical industries, hoists may be used for handling drums, containers, equipment 
components, processing vessels, machine parts, and other heavy materials. They are particularly 
useful during equipment installation, maintenance, manufacturing operations, and transfer of materials 
between different levels.

A hoist generally consists of a lifting mechanism, lifting element, load-handling device, drive 
mechanism, supporting structure, and control arrangement. Depending on the design, the lifting 
element may be a rope, wire rope, chain, or similar flexible member.

The basic operation of a hoist involves applying mechanical power to a lifting mechanism. The lifting 
mechanism raises or lowers the load through a controlled movement. Hoists may be operated 
manually, electrically, pneumatically, or through other mechanical systems.

Functions of Hoists

The major functions of hoists are:

• To lift heavy materials vertically.
• To lower materials in a controlled manner.
• To position loads accurately.
• To reduce manual lifting effort.
• To improve workplace safety.
• To facilitate movement of materials between different levels.
• To assist in equipment installation and maintenance.
• To handle heavy containers and processing equipment.

Advantages of Hoists

• Reduce manual lifting effort.
• Suitable for heavy loads.
• Provide controlled lifting and lowering.
• Improve workplace safety.
• Can be installed in areas with limited floor space.
• Available in different capacities and designs.
• Can be manually or automatically operated.

Limitations of Hoists

• Require suitable supporting structures.
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• Regular inspection and maintenance are necessary.
• Improper operation may result in accidents.
• Initial installation cost may be significant for powered systems.
• Lifting capacity is limited by the design and rated load.
• Improperly balanced loads may create safety hazards.

In pharmaceutical facilities, hoists should be selected according to the load characteristics, lifting 
height, frequency of use, operating environment, and applicable safety requirements.

3.2 Types of Hoists

Hoists may be classified according to their power source, lifting mechanism, construction, and 
method of operation. The commonly used types include manual hoists, electric hoists, pneumatic 
hoists, chain hoists, and wire-rope hoists.

3.2.1 Manual Hoist

A manual hoist is operated by human effort. A chain, lever, or similar mechanism is used to raise and 
lower the load.

Principle:
Mechanical advantage is used to multiply the force applied by the operator, allowing a heavy load to 
be lifted with relatively low manual effort.

Construction:
A manual hoist generally consists of a hand chain or operating lever, gears, lifting chain or wire rope, 
load chain, hooks, gears, brake mechanism, and housing.

Working:
The operator pulls the hand chain or operates the lever. The motion is transmitted through the gear 
mechanism to the lifting mechanism, causing the load chain or rope to move and raise or lower the 
load.

Advantages:

• Simple construction.
• Does not require electrical power.
• Relatively low operating cost.
• Suitable for occasional lifting operations.
• Easy to operate.

Disadvantages:

• Requires manual effort.
• Slower than powered hoists.
• Not suitable for frequent lifting of very heavy loads.
• Operator fatigue may occur during prolonged use.
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Pharmaceutical applications:

Manual hoists may be used for occasional lifting of containers, small equipment components, drums, 
and maintenance materials.

3.2.2 Electric Hoist

An electric hoist uses an electric motor as the power source for lifting and lowering loads.

Principle:
Electrical energy is converted into mechanical energy by an electric motor, which drives the lifting 
mechanism.

Construction:
It consists of an electric motor, gearbox, lifting drum or chain mechanism, wire rope or load chain, 
hook, brake, control system, and supporting arrangement.

Working:
When the lifting control is activated, the electric motor rotates the lifting mechanism. The chain or 
wire rope is wound or unwound, causing the load to move upward or downward. A braking system 
controls and holds the load when required.

Advantages:

• Requires less manual effort.
• Suitable for frequent lifting.
• Provides controlled lifting and lowering.
• Can handle relatively heavy loads.
• Higher operating speed than manual hoists.

Disadvantages:

• Requires electrical power.
• Higher initial cost.
• Electrical components require maintenance.
• Not suitable for every operating environment without appropriate design.

Pharmaceutical applications:

Electric hoists may be used for lifting heavy processing equipment, drums, containers, machinery 
components, and other materials in manufacturing and maintenance areas.

3.2.3 Pneumatic Hoist

A pneumatic hoist uses compressed air to operate the lifting mechanism.

Principle:
Compressed air provides the energy required to operate the lifting mechanism.
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Construction:
A pneumatic hoist generally consists of an air motor, control valve, lifting chain or wire rope, hook, 
brake, air supply connection, and control system.

Working:
Compressed air is supplied to the air motor through a control system. The motor drives the lifting 
mechanism, which raises or lowers the load according to the operator's control.

Advantages:

• Does not depend on electrical power for the lifting drive.
• Suitable for certain hazardous or specialized environments.
• Provides controlled operation.
• Can be used for frequent lifting operations.

Disadvantages:

• Requires a compressed-air supply.
• Air consumption may be relatively high.
• Requires proper air-system maintenance.
• Installation can be more complex.

Pharmaceutical applications:

Pneumatic hoists may be used in specialized pharmaceutical processing areas where compressed air is 
available and the operating environment requires suitable non-electric lifting equipment.

3.2.4 Chain Hoist

A chain hoist uses a chain as the lifting element. It may be manually or mechanically powered.

Principle:
The movement of the chain through a gear or lifting mechanism raises or lowers the load.

Construction:
It consists of a lifting chain, load hook, hand chain or drive mechanism, gears, sprocket, brake, 
housing, and supporting hook.

Working:
Operation of the hand chain or drive mechanism rotates the lifting sprocket. The load chain moves 
through the mechanism and raises or lowers the load.

Advantages:

• Compact construction.
• Suitable for vertical lifting.
• Relatively simple design.
• Suitable for different load capacities.
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• Easy to install in suitable locations.

Disadvantages:

• Chain requires inspection and maintenance.
• Manual versions require operator effort.
• Limited by rated lifting capacity.
• Improper loading can damage the chain.

Pharmaceutical applications:

Chain hoists may be used for lifting drums, containers, machine components, and equipment during 
manufacturing, maintenance, and installation operations.

3.2.5 Wire-Rope Hoist

A wire-rope hoist uses a wire rope wound around a drum for lifting and lowering loads.

Principle:
Rotation of a lifting drum winds or unwinds the wire rope, producing controlled vertical movement of 
the load.

Construction:
It consists of a motor, gearbox, drum, wire rope, hook block, brake, limit mechanism, and control 
system.

Working:
The motor rotates the drum through a transmission mechanism. The wire rope is wound onto or 
unwound from the drum, thereby raising or lowering the attached load.

Advantages:

• Suitable for heavy loads.
• Provides relatively smooth lifting.
• Suitable for considerable lifting heights.
• Can be electrically operated.
• Suitable for industrial applications.

Disadvantages:

• Wire rope requires regular inspection.
• More complex than simple manual hoists.
• Requires proper lubrication and maintenance.
• Damaged wire rope may create serious safety hazards.

Pharmaceutical applications:
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Wire-rope hoists may be used for lifting heavy pharmaceutical processing equipment, machinery, 
vessels, and other large components.

3.3 Hoist Equipment and Techniques

Hoist equipment consists of various components that work together to safely lift, lower, and position 
materials. Proper operating techniques are necessary to ensure safe and efficient handling.

3.3.1 Hoist Equipment

1. Lifting Mechanism

The lifting mechanism provides the mechanical movement required to raise and lower the load. It may 
include gears, drums, sprockets, or other mechanical components.

2. Motor

In powered hoists, the motor supplies the energy required for lifting and lowering the load. Electric or 
pneumatic motors may be used depending on the hoist design.

3. Chain

A chain is used as the lifting element in chain hoists. It transfers the lifting force between the 
mechanism and the load.

4. Wire Rope

Wire rope is used in wire-rope hoists to lift and lower heavy loads. It is wound around a drum during 
operation.

5. Hook

The hook connects the load to the lifting mechanism. Hooks should be suitable for the rated load and 
should be inspected regularly.

6. Brake

The brake controls the movement of the load and helps hold the load in the required position.

7. Gear Mechanism

Gears transmit and modify mechanical power to provide the required lifting force and speed.

8. Control System

The control system allows the operator to start, stop, raise, lower, or otherwise control the hoist.
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9. Supporting Structure

The supporting structure carries the hoist and the load. It must have adequate strength and stability for 
the intended operation.

3.3.2 Hoist Handling Techniques

Vertical Lifting

The primary technique involves lifting or lowering materials along a vertical path. The load should be 
lifted smoothly without sudden acceleration.

Load Positioning

Hoists may be used to position heavy equipment or materials accurately at a required location. The 
load should remain stable during positioning.

Equipment Installation

Hoists are useful for raising equipment during installation, assembly, and maintenance operations.

Controlled Lowering

Loads should be lowered gradually using the appropriate control mechanism to prevent sudden 
movement and impact.

Safe Load Handling

The load should remain within the rated capacity of the hoist. Loads should be properly balanced and 
securely attached before lifting.

3.3.3 Safety Precautions for Hoist Operation

• Do not exceed the rated lifting capacity.
• Inspect the hoist before use.
• Check chains and wire ropes for wear or damage.
• Inspect hooks and attachment devices.
• Ensure that the load is properly secured.
• Keep personnel away from suspended loads.
• Avoid sudden starting and stopping.
• Do not drag loads using a hoist.
• Ensure adequate supporting structure.
• Maintain brakes and control systems properly.
• Follow established operating procedures.
• Perform periodic inspection and maintenance.

3.3.4 Pharmaceutical Applications of Hoists
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Hoists are used in pharmaceutical facilities for:

• Lifting heavy processing equipment.
• Handling drums and containers.
• Moving machinery components.
• Equipment installation and removal.
• Maintenance operations.
• Transfer of heavy materials between levels.
• Handling vessels and other process equipment.
• Supporting manufacturing and warehouse operations.

Hoists provide an efficient method for lifting and positioning heavy materials while reducing manual 
effort. Proper selection, operation, inspection, and maintenance are essential for safe and reliable 
performance.
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Chapter 4: Automated Guided Vehicles (AGVs)

4.1 Introduction to Automated Guided Vehicles (AGVs)

An Automated Guided Vehicle (AGV) is a mobile material handling system that transports materials 
from one location to another without requiring continuous direct operation by a human driver. AGVs 
follow predefined or controlled routes using guidance, navigation, sensing, and control systems.

AGVs are increasingly used in modern manufacturing and warehouse environments because they can 
automate repetitive material transportation tasks. In pharmaceutical industries, AGVs can be used for 
transporting raw materials, packaging materials, containers, intermediate products, finished products, 
and other materials between manufacturing, storage, packaging, and dispatch areas.

An AGV generally consists of a vehicle platform, drive system, power source, navigation or guidance 
system, sensors, control system, safety devices, and material-carrying arrangement. Depending on the 
application, the vehicle may carry pallets, bins, containers, racks, or other loads.

The movement of an AGV is controlled by an onboard or centralized control system. The vehicle 
receives information regarding its destination and follows a designated route. Sensors and safety 
systems help the AGV detect obstacles and control its movement.

AGVs can be integrated with automated production systems, warehouse management systems, 
conveyors, elevators, and other material handling equipment. This allows materials to be transported 
with reduced manual intervention.

Functions of AGVs

The major functions of AGVs are:

• To transport materials automatically.
• To reduce manual material handling.
• To provide controlled movement of materials.
• To improve material flow within manufacturing facilities.
• To reduce repetitive manual transportation.
• To improve handling efficiency.
• To support automated warehouse operations.
• To provide organized movement between different workstations.
• To improve traceability when integrated with computerized systems.

Advantages of AGVs

• Reduce manual material handling.
• Provide consistent transportation.
• Can operate according to programmed routes.
• Reduce repetitive labour requirements.
• Can be integrated with automated systems.
• Improve material flow.
• Can operate in warehouses and manufacturing areas.
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• Provide controlled and predictable movement.

Limitations of AGVs

• Initial investment may be high.
• Require suitable navigation and control systems.
• Battery charging or power management is required for many systems.
• System operation may be affected by obstacles or changes in the working environment.
• Regular maintenance is required.
• Implementation may require modification of facility layout and workflow.

In pharmaceutical facilities, AGVs should be selected and operated according to material 
requirements, facility layout, safety requirements, hygiene requirements, and the level of automation 
required.

4.2 Types of AGVs

AGVs may be classified according to their construction, load-handling mechanism, navigation 
system, and intended application.

4.2.1 Automated Guided Cart

An automated guided cart is a compact AGV designed to transport materials, containers, trays, bins, 
or small loads along predetermined routes.

Principle:
The vehicle automatically follows a programmed or guided route while carrying the required load.

Construction:
It consists of a vehicle platform, wheels, drive motor, battery, guidance system, sensors, control unit, 
and load-carrying platform.

Working:
The load is placed on the vehicle platform. The control system directs the vehicle along the designated 
route. Sensors and navigation systems help the vehicle maintain its path and respond to obstacles.

Advantages:

• Compact design.
• Suitable for repetitive transportation.
• Requires limited operator intervention.
• Can be integrated with automated systems.
• Suitable for indoor material movement.

Disadvantages:

• Limited load capacity compared with heavy-duty AGVs.
• Requires proper route planning.
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• Battery charging may be required.
• Performance may be affected by obstacles.

Pharmaceutical applications:

Automated guided carts can transport bins, containers, packaging materials, and other loads between 
manufacturing and storage areas.

4.2.2 Forklift AGV

A forklift AGV is an automated vehicle equipped with forks for lifting and transporting pallets or 
other unit loads.

Principle:
The AGV automatically navigates to the required location, lifts the load using its fork mechanism, and 
transports it to the designated destination.

Construction:
It consists of a vehicle chassis, drive wheels, motor, battery, fork mechanism, lifting system, sensors, 
navigation system, and control unit.

Working:
The vehicle moves automatically to the loading position. The fork mechanism is positioned under the 
pallet or load, raises it to the required height, and transports it to the destination. The load is then 
lowered and released.

Advantages:

• Suitable for pallet handling.
• Reduces manual forklift operation.
• Useful for warehouse automation.
• Can perform repetitive transport operations.
• Provides controlled material movement.

Disadvantages:

• Higher complexity.
• Requires adequate operating space.
• Higher initial investment.
• Requires regular maintenance and battery management.

Pharmaceutical applications:

Forklift AGVs may be used for automated transportation of pallets containing raw materials, 
packaging materials, or finished pharmaceutical products in warehouses.

4.2.3 Towing AGV
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A towing AGV is designed to pull one or more trailers carrying materials.

Principle:
The AGV automatically follows a designated route while pulling attached carts or trailers.

Construction:
It consists of a vehicle chassis, drive system, battery, navigation system, sensors, control system, and 
towing mechanism.

Working:
The AGV is connected to one or more material-carrying trailers. It follows the programmed route and 
transports the trailers to the required destination.

Advantages:

• Can transport multiple loads.
• Suitable for repetitive long-distance transportation.
• Reduces manual movement of material carts.
• Efficient for high-volume material transportation.

Disadvantages:

• Requires sufficient turning space.
• Trailer movement must be controlled.
• Route planning is important.
• May not be suitable for congested areas.

Pharmaceutical applications:

Towing AGVs may be used for transporting multiple carts containing packaging materials, containers, 
or other pharmaceutical materials within large facilities.

4.2.4 Unit Load AGV

A unit load AGV is designed to carry individual loads such as pallets, containers, trays, or bins.

Principle:
The AGV automatically receives, transports, and delivers a unit load according to programmed 
instructions.

Construction:
It consists of a vehicle platform, drive system, lifting or load-transfer mechanism, sensors, navigation 
system, battery, and control unit.

Working:
The AGV approaches the loading station and receives the unit load. It transports the load to the 
specified destination and transfers or releases it at the unloading station.
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Advantages:

• Suitable for automated production systems.
• Provides controlled unit-load transportation.
• Can be integrated with conveyors.
• Reduces manual movement.

Disadvantages:

• Requires appropriate loading and unloading stations.
• Initial cost may be high.
• Requires programmed control and monitoring.

Pharmaceutical applications:

Unit load AGVs can be used for transportation of containers, bins, pallets, and packaging units 
between different production and storage areas.

4.3 Applications of AGVs in Material Handling

AGVs are used in material handling to automate repetitive transportation activities. Their applications 
extend across manufacturing areas, warehouses, packaging areas, and distribution operations.

4.3.1 Transportation of Raw Materials

AGVs can transport raw materials from receiving and storage areas to designated manufacturing 
areas. Automated movement can reduce manual transportation and improve material flow.

4.3.2 Transportation of Packaging Materials

Packaging components such as bottles, containers, cartons, labels, and other materials can be 
transported from storage areas to packaging departments using AGVs.

4.3.3 Movement of Intermediate Products

AGVs can transfer intermediate products between different stages of manufacturing. This provides a 
controlled route for movement and reduces unnecessary manual handling.

4.3.4 Movement of Finished Products

Finished pharmaceutical products can be transported from packaging areas to designated storage or 
dispatch locations using AGVs.

4.3.5 Warehouse Operations

AGVs can assist in the movement of pallets, bins, containers, and other loads within warehouses. 
They may be integrated with storage and retrieval systems to improve warehouse efficiency.
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4.3.6 Connection Between Manufacturing Areas

AGVs can provide automated transportation between different manufacturing sections. They may 
transport materials between weighing, processing, packaging, and storage areas according to 
predetermined routes.

4.3.7 Integration with Conveyors

AGVs can work together with conveyor systems. Materials may be transferred from a conveyor to an 
AGV and subsequently transported to another processing or storage location.

4.3.8 Waste and Rejected Material Handling

Suitable AGV systems can be used to transport waste containers, rejected materials, or other 
designated loads to appropriate collection areas while reducing unnecessary manual movement.

4.3.9 Automated Warehouse Transportation

AGVs can support automated warehouse operations by transporting pallets and containers between 
receiving, storage, picking, and dispatch areas.

4.3.10 Material Traceability

When integrated with computerized manufacturing or warehouse management systems, AGVs can 
support controlled material movement and provide information regarding the location and movement 
of loads.

4.3.11 Safety Considerations for AGVs

Safe operation of AGVs requires suitable safety measures, including:

• Obstacle detection systems.
• Emergency stop mechanisms.
• Audible or visual warning systems.
• Controlled operating speeds.
• Clearly defined travel routes.
• Proper segregation of pedestrian and vehicle movement where required.
• Regular inspection and maintenance.
• Battery and charging-system safety.
• Appropriate operator training.
• Routine testing of safety sensors and control systems.

4.3.12 Pharmaceutical Applications of AGVs

AGVs have several applications in pharmaceutical manufacturing and warehousing, including:

• Movement of raw materials.
• Transportation of packaging materials.
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• Transfer of intermediate products.
• Movement of finished products.
• Pallet transportation.
• Warehouse material movement.
• Connection of manufacturing and storage areas.
• Automated movement between processing stations.
• Transportation of designated waste containers.
• Integration with automated storage and retrieval systems.

AGVs provide an important method of automated material handling by reducing repetitive manual 
transportation and improving the organization of material flow. Their effective use requires 
appropriate vehicle selection, route planning, safety systems, facility design, maintenance, and 
integration with manufacturing and warehouse operations.
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Chapter 5: Storage Systems

5.1 Introduction to Storage Systems

Storage is an essential part of material handling in pharmaceutical manufacturing and warehouse 
operations. A storage system refers to the organized arrangement of facilities, equipment, containers, 
and procedures used for keeping raw materials, packaging materials, intermediates, finished products, 
and other materials until they are required for further processing or distribution.

An effective storage system protects materials from physical damage, contamination, deterioration, 
moisture, temperature variations, and unauthorized access. It also facilitates proper identification, 
segregation, retrieval, and movement of materials.

In pharmaceutical industries, storage conditions are particularly important because the quality and 
stability of pharmaceutical materials may be affected by environmental conditions. Materials should 
therefore be stored under suitable conditions according to their physical and chemical characteristics 
and specified storage requirements.

Storage systems may include bins, shelves, racks, pallets, containers, silos, and specialized storage 
facilities. The selection of a suitable storage system depends on the type, quantity, size, shape, weight, 
flow properties, and storage requirements of the material.

Objectives of Storage Systems

The major objectives of storage systems are:

• To protect materials from damage and deterioration.
• To maintain the quality and identity of materials.
• To provide systematic storage and retrieval.
• To utilize available storage space efficiently.
• To facilitate inventory control.
• To prevent contamination and cross-contamination.
• To provide appropriate environmental conditions.
• To reduce unnecessary material movement.
• To improve warehouse efficiency.
• To support safe and organized material handling.

Requirements of Pharmaceutical Storage

Pharmaceutical storage areas should be appropriately designed and maintained. Important 
considerations include:

• Clean and suitable storage conditions.
• Adequate space for material segregation.
• Proper identification and labeling.
• Protection against moisture, dust, pests, and contamination.
• Appropriate temperature and humidity control where required.
• Proper arrangement of materials for easy retrieval.
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• Safe movement of personnel and material handling equipment.
• Suitable procedures for receiving, storage, and dispatch.
• Controlled access to materials.
• Regular inspection of stored materials.

A properly designed storage system improves material management and supports the quality and 
efficiency of pharmaceutical manufacturing operations.

5.2 Bins

A bin is a container or storage unit used for storing and handling materials, particularly bulk solids, 
powders, granules, and small individual components. Bins are commonly used in pharmaceutical 
manufacturing and warehouses because they provide organized storage and facilitate easy 
identification and retrieval of materials.

Bins may be made from stainless steel, plastic, polymeric materials, or other suitable construction 
materials depending on the nature of the material being stored.

Construction of Bins

A typical bin consists of:

• Storage body or container.
• Top opening or cover.
• Bottom outlet, where required.
• Supporting structure.
• Lid or closure.
• Identification or labeling arrangement.
• Wheels or casters in mobile bins, where required.

The internal surface of bins used for pharmaceutical materials should be smooth and easy to clean. 
The material of construction should be compatible with the stored material.

Types of Bins

Bins may be classified according to their construction and use as:

• Fixed bins.
• Mobile bins.
• Open bins.
• Closed bins.
• Stainless-steel bins.
• Plastic bins.
• Bulk material bins.

Working and Use of Bins



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 277

Materials are introduced into the bin through the upper opening or designated loading arrangement. 
The material remains stored until it is required for processing or transfer. The stored material may be 
removed manually or through a bottom outlet or other discharge arrangement.

Mobile bins can be moved between different areas using wheels or suitable material handling 
equipment.

Advantages of Bins

• Simple construction.
• Easy to use.
• Suitable for different materials.
• Facilitate organized storage.
• Can be labeled for identification.
• Mobile bins can be easily transferred.
• Suitable for small and moderate quantities.
• Easy cleaning when appropriately designed.

Disadvantages of Bins

• Storage capacity may be limited.
• Improperly designed bins may cause material retention.
• Manual handling may be required.
• Overloading may create handling difficulties.
• Some materials may require special environmental protection.

Pharmaceutical Applications of Bins

Bins are used for:

• Storage of powders and granules.
• Storage of excipients.
• Temporary storage of intermediates.
• Collection and transfer of materials.
• Storage of packaging components.
• Transfer of materials between processing areas.
• Storage of rejected or designated materials.

5.3 Silos

A silo is a large storage vessel used primarily for storing bulk solid materials such as powders, 
granules, grains, and other particulate materials. Silos are commonly used when large quantities of 
bulk material must be stored and supplied continuously or periodically to a processing system.

In pharmaceutical and allied industries, silos may be used for suitable bulk powders, granules, 
excipients, and other materials where the material properties and process requirements permit bulk 
storage.
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Construction of Silos

A typical silo consists of:

• Cylindrical or other suitable storage body.
• Top filling arrangement.
• Conical or suitable bottom section.
• Discharge outlet.
• Supporting structure.
• Vent or air-handling arrangement.
• Level measurement system.
• Access arrangement.
• Cleaning arrangement.

The internal surface should be appropriately designed to minimize material retention and facilitate 
cleaning.

Principle of Operation

The material is stored in bulk within the silo and discharged through an outlet when required. Gravity 
generally assists the movement of material toward the discharge opening.

Working of Silos

Bulk material is introduced through the top loading arrangement. The material accumulates within the 
storage vessel. When material is required, the discharge outlet is opened or operated through a 
suitable control system. Material flows toward the outlet, generally under the influence of gravity.

Flow-control devices may be used to regulate discharge. Appropriate monitoring systems may be used 
to determine the quantity or level of material in the silo.

Advantages of Silos

• Suitable for large quantities of bulk materials.
• Efficient utilization of vertical space.
• Reduces manual material handling.
• Provides centralized storage.
• Can be connected directly to processing systems.
• Suitable for automated material transfer.
• Can support continuous material supply.

Disadvantages of Silos

• High initial installation cost.
• Require considerable structural support.
• Cleaning may be difficult for large systems.
• Material bridging or blockage may occur.
• Some powders may segregate during filling or discharge.
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• Environmental control may be required for sensitive materials.

Pharmaceutical Applications of Silos

Silos may be used for:

• Bulk storage of suitable pharmaceutical powders.
• Storage of granulated materials.
• Storage of large quantities of excipients.
• Bulk material supply to processing equipment.
• Automated transfer of bulk materials.
• Storage of materials before further processing.

Proper design of the silo is essential to minimize contamination, material retention, segregation, and 
uncontrolled discharge.

5.4 Storage Systems in Warehouses

A warehouse storage system is an organized arrangement of storage areas and equipment used for 
receiving, storing, protecting, identifying, retrieving, and dispatching materials.

Pharmaceutical warehouses generally handle raw materials, packaging materials, finished products, 
rejected materials, returned products, and other items. Proper segregation and identification are 
essential to prevent material mix-ups and contamination.

Common Warehouse Storage Systems

1. Shelving

Shelving systems are used for storing small containers, packages, cartons, and other materials. They 
provide easy access and identification.

2. Racking

Racking systems provide structured storage for pallets, cartons, containers, and larger loads. They 
improve vertical utilization of warehouse space.

3. Pallet Storage

Pallets provide a stable base for storing and transporting materials. Palletized materials can be moved 
using forklifts or pallet-handling equipment.

4. Bin Storage

Bins are used for storing smaller quantities of materials or individual components. They facilitate 
organized identification and retrieval.
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5. Bulk Storage

Bulk storage systems are used for large quantities of suitable materials. Silos and large storage 
containers may be used for bulk solids.

Principles of Warehouse Storage

An effective pharmaceutical warehouse should provide:

• Proper material identification.
• Appropriate segregation.
• Adequate storage space.
• Suitable environmental conditions.
• Protection from contamination and deterioration.
• Organized material movement.
• Controlled access.
• Efficient stock rotation.
• Proper documentation and inventory control.

Materials should be arranged so that identification, inspection, sampling, movement, and retrieval can 
be performed efficiently.

Pharmaceutical Applications of Warehouse Storage Systems

Warehouse storage systems are used for:

• Storage of active pharmaceutical ingredients.
• Storage of excipients.
• Storage of packaging materials.
• Storage of finished pharmaceutical products.
• Storage of rejected and returned materials.
• Temporary storage of materials awaiting processing or dispatch.
• Inventory management and material distribution.

An efficient warehouse storage system reduces material losses, improves space utilization, facilitates 
inventory management, and supports safe and organized pharmaceutical operations.
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Chapter 6: Safety Considerations in Material Handling and Waste 
Management

6.1 Safety Considerations in Material Handling

Safety is an essential consideration in material handling because workers may be exposed to risks 
associated with lifting, moving, loading, unloading, storage, machinery, chemicals, powders, and 
heavy materials. In pharmaceutical industries, safety is also closely associated with prevention of 
contamination, product damage, chemical exposure, and environmental release.

Material handling operations should therefore be planned and performed using appropriate equipment, 
procedures, training, and protective measures.

Common Hazards in Material Handling

The major hazards include:

• Manual lifting injuries.
• Falling materials.
• Crushing or trapping injuries.
• Slipping and tripping.
• Equipment-related accidents.
• Collision with moving equipment.
• Exposure to chemicals.
• Exposure to pharmaceutical powders.
• Material spillage.
• Fire and explosion hazards where applicable.
• Electrical hazards.
• Improper storage of materials.

Safety Measures

1. Proper Material Identification

Materials should be correctly identified and labeled before movement or storage. This helps prevent 
mix-ups and incorrect handling.

2. Use of Suitable Equipment

Material handling equipment should be selected according to the weight, dimensions, physical 
properties, and handling requirements of the material.

3. Safe Lifting Practices

Workers should use appropriate lifting techniques. Heavy materials should be moved using suitable 
mechanical equipment rather than excessive manual effort.
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4. Load Capacity

Equipment should never be loaded beyond its rated capacity. Overloading can result in equipment 
failure, material falling, or worker injury.

5. Proper Packaging

Materials should be adequately packed and secured before transportation to prevent leakage, 
breakage, and spillage.

6. Personal Protective Equipment

Appropriate personal protective equipment may include:

• Safety gloves.
• Safety footwear.
• Protective clothing.
• Eye protection.
• Face protection.
• Respiratory protection where required.

7. Safe Movement of Equipment

Routes used by forklifts, AGVs, conveyors, and other equipment should be properly maintained and 
controlled. Pedestrian movement should be appropriately managed.

8. Equipment Inspection and Maintenance

Material handling equipment should be regularly inspected and maintained. Defective equipment 
should not be used until the required corrective action has been completed.

9. Prevention of Spillage

Materials should be handled carefully to prevent leakage and spillage. Spilled materials should be 
managed according to established procedures.

10. Training

Personnel involved in material handling should receive appropriate training in equipment operation, 
safe handling procedures, emergency response, and use of protective equipment.

Pharmaceutical Safety Considerations

Pharmaceutical material handling requires additional attention because certain materials may be 
potent, sensitizing, irritant, toxic, volatile, or otherwise hazardous. Appropriate containment, 
segregation, cleaning, and handling procedures should therefore be followed.
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Material movement should also be organized to reduce the possibility of cross-contamination and 
material mix-up. Clean and contaminated materials should be appropriately segregated, and 
designated routes and containers should be used where necessary.

6.2 Waste Management

Waste management refers to the systematic collection, segregation, handling, storage, treatment, 
transportation, and disposal of waste generated during manufacturing, processing, packaging, 
cleaning, and other pharmaceutical operations.

Pharmaceutical facilities may generate several types of waste, including solid waste, liquid waste, 
chemical waste, rejected materials, contaminated materials, packaging waste, and other process-
related waste. Proper waste management is necessary to protect workers, products, facilities, and the 
environment.

Objectives of Waste Management

The major objectives are:

• To minimize waste generation.
• To prevent environmental contamination.
• To protect workers and the surrounding community.
• To prevent cross-contamination.
• To ensure proper segregation of waste.
• To facilitate safe collection and storage.
• To promote appropriate treatment and disposal.
• To comply with applicable environmental and safety requirements.

Types of Waste

1. Solid Waste

Solid waste may include rejected materials, packaging materials, disposable items, filters, 
contaminated materials, and other solid residues.

2. Liquid Waste

Liquid waste may include process solutions, cleaning liquids, wastewater, solvents, and other liquid 
residues.

3. Chemical Waste

Chemical waste may include expired chemicals, unwanted reagents, solvents, and chemical residues.

4. Pharmaceutical Waste

Pharmaceutical waste may include rejected, damaged, expired, or otherwise unusable pharmaceutical 
products and materials.
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5. Packaging Waste

Packaging waste may include cartons, plastics, labels, containers, and other packaging components.

Waste Management Techniques

Segregation

Waste should be separated according to its nature and hazard characteristics. Different waste streams 
should be placed in appropriately identified containers.

Collection

Waste should be collected using suitable containers that prevent leakage, exposure, and accidental 
mixing.

Storage

Waste should be temporarily stored in designated areas that are appropriately controlled and 
protected.

Treatment

Where required, waste may undergo suitable treatment to reduce its hazardous or environmentally 
harmful characteristics.

Disposal

Waste should be disposed of through appropriate and authorized methods according to its 
characteristics and applicable requirements.

Recycling and Recovery

Where feasible, suitable materials such as packaging materials may be recovered or recycled after 
appropriate segregation and processing.

Safe Waste Handling Practices

• Use properly identified waste containers.
• Segregate waste at the point of generation.
• Avoid mixing incompatible wastes.
• Use suitable protective equipment.
• Keep waste containers closed where necessary.
• Prevent leakage and spillage.
• Maintain designated waste storage areas.
• Follow established procedures for hazardous waste.
• Train personnel involved in waste handling.
• Maintain appropriate records of waste movement and disposal.
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Proper waste management reduces occupational hazards, prevents contamination, protects the 
environment, and promotes efficient pharmaceutical manufacturing operations.
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Chapter 7: Corrosion

7.1 Introduction to Corrosion

Corrosion is the gradual deterioration or destruction of a material, particularly a metal, as a result of 
chemical or electrochemical reactions with its surrounding environment. Corrosion is an important 
consideration in pharmaceutical industries because processing equipment, storage vessels, pipelines, 
tanks, pumps, and other components may be exposed to water, chemicals, acids, alkalis, salts, 
solvents, cleaning agents, and atmospheric conditions.

Corrosion can alter the physical and chemical properties of equipment surfaces and may reduce the 
strength, service life, and reliability of equipment. In pharmaceutical processing, corrosion can also 
affect product quality by introducing metallic contaminants or corrosion products into pharmaceutical 
materials.

The rate and extent of corrosion depend on several factors, including the nature of the metal, 
temperature, moisture, pH, chemical composition of the environment, oxygen availability, surface 
condition, and contact between dissimilar metals.

Importance of Corrosion Control

Corrosion control is important because it:

• Increases equipment service life.
• Maintains structural integrity.
• Prevents contamination of pharmaceutical products.
• Reduces equipment failure.
• Maintains hygienic processing conditions.
• Reduces maintenance costs.
• Improves operational reliability.
• Helps maintain process efficiency.
• Reduces environmental contamination.

Materials such as stainless steel and other corrosion-resistant materials are commonly selected for 
pharmaceutical equipment where compatibility with the process environment is required.

7.2 Types of Corrosion

Corrosion can occur through different mechanisms and may produce different forms of material 
deterioration. Important types include uniform corrosion, galvanic corrosion, pitting corrosion, 
crevice corrosion, intergranular corrosion, erosion corrosion, and stress corrosion cracking.

7.2.1 Uniform Corrosion

Uniform corrosion occurs relatively evenly over a large surface area of a metal.
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Mechanism:
The exposed metal surface undergoes chemical or electrochemical reaction with the surrounding 
environment, resulting in relatively uniform loss of material.

Impact:
It gradually reduces the thickness and strength of equipment.

Pharmaceutical significance:
It may affect tanks, pipelines, vessels, and other equipment exposed to corrosive processing or 
cleaning conditions.

7.2.2 Galvanic Corrosion

Galvanic corrosion occurs when two dissimilar metals are electrically connected in the presence of an 
electrolyte.

Mechanism:
The difference in electrochemical potential between the two metals causes one metal to behave as the 
anode and undergo accelerated corrosion.

Impact:
Localized or accelerated deterioration may occur at one of the connected metals.

Pharmaceutical significance:
It may occur where different metals are joined in pharmaceutical processing equipment or utility 
systems.

7.2.3 Pitting Corrosion

Pitting corrosion is a localized form of corrosion that produces small cavities or pits on the metal 
surface.

Mechanism:
Breakdown of a protective surface layer allows localized electrochemical attack to continue at specific 
points.

Impact:
Although the overall metal loss may be small, deep pits can weaken equipment and may eventually 
result in leakage.

Pharmaceutical significance:
Pitting is particularly important in stainless-steel equipment because surface damage and unsuitable 
chemical conditions may promote localized corrosion.

7.2.4 Crevice Corrosion

Crevice corrosion occurs in confined areas where stagnant liquid can accumulate, such as gaps, joints, 
seals, and under deposits.



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 288

Mechanism:
Differences in chemical conditions within the crevice promote localized electrochemical corrosion.

Impact:
Localized deterioration can develop in difficult-to-clean areas.

Pharmaceutical significance:
Crevice corrosion is undesirable because affected areas may also become difficult to clean and 
sanitize.

7.2.5 Intergranular Corrosion

Intergranular corrosion occurs preferentially along the grain boundaries of a metal.

Mechanism:
Changes in the composition or structure at grain boundaries can make these regions more susceptible 
to corrosion.

Impact:
The material may lose mechanical strength even when the external surface appears relatively intact.

Pharmaceutical significance:
It may affect welded or heat-treated stainless-steel equipment when unsuitable material conditions or 
processing practices are present.

7.2.6 Erosion-Corrosion

Erosion-corrosion results from the combined action of mechanical erosion and chemical or 
electrochemical corrosion.

Mechanism:
High-velocity fluids or suspended particles remove protective surface layers, exposing fresh metal to 
the corrosive environment.

Impact:
Accelerated material loss may occur, particularly in pipelines, pumps, valves, and bends.

Pharmaceutical significance:
It may occur in systems handling high-velocity liquids or particulate-containing streams.

7.2.7 Stress Corrosion Cracking

Stress corrosion cracking involves the development of cracks in a material due to the combined effect 
of tensile stress and a corrosive environment.

Impact:
Cracks can grow progressively and may ultimately cause equipment failure.



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 289

Pharmaceutical significance:
It is important in equipment subjected to mechanical stresses and corrosive chemicals.

7.3 Impact of Corrosion on Pharmaceutical Processes

Corrosion can adversely affect pharmaceutical manufacturing processes, equipment performance, 
product quality, and operational safety.

1. Product Contamination

Corrosion may release metallic ions or corrosion products into pharmaceutical materials. Such 
contamination can affect product quality and may be unacceptable for pharmaceutical manufacturing.

2. Equipment Damage

Corrosion can reduce the thickness, strength, and structural integrity of tanks, vessels, pipelines, and 
other equipment.

3. Leakage

Severe corrosion may produce holes, cracks, or weak points that result in leakage of process 
materials, water, chemicals, or pharmaceutical products.

4. Reduced Equipment Life

Continuous corrosion gradually reduces the useful life of equipment and may require premature 
replacement.

5. Process Interruption

Equipment failure caused by corrosion can interrupt manufacturing operations and increase 
production downtime.

6. Cleaning and Sanitation Problems

Corroded or damaged surfaces may become rough, irregular, or difficult to clean. Such surfaces may 
increase the possibility of material retention and microbial contamination.

7. Change in Product Quality

Corrosion products or metal ions may alter the physical or chemical properties of pharmaceutical 
formulations or raw materials.

8. Increased Maintenance Cost

Corrosion requires inspection, repair, replacement, surface treatment, and maintenance, thereby 
increasing operational costs.
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9. Reduced Process Efficiency

Corrosion-related deposits, surface deterioration, or equipment damage may reduce heat transfer, fluid 
flow, or overall process efficiency.

10. Safety Hazards

Structural deterioration of equipment may create safety hazards, particularly when vessels, pipelines, 
pressure systems, or lifting and processing equipment are affected.

Corrosion Control in Pharmaceutical Processes

Corrosion can be controlled by:

• Selection of suitable corrosion-resistant materials.
• Proper equipment design.
• Appropriate surface finishing.
• Control of process conditions.
• Proper cleaning procedures.
• Avoidance of incompatible materials.
• Regular inspection and maintenance.
• Appropriate protective coatings where suitable.
• Control of moisture and corrosive contaminants.
• Prompt repair of damaged surfaces.

Proper corrosion control helps maintain equipment integrity, product quality, process reliability, and 
pharmaceutical manufacturing safety.

7.4 Impact of Corrosion on the Environment

Corrosion can also have environmental consequences. Deterioration of industrial equipment may 
result in the release of metals, chemicals, process fluids, or other contaminants into wastewater, soil, 
or surrounding areas.

1. Release of Metal Ions

Corrosion may release metal ions into process streams or wastewater. If improperly controlled, these 
substances may contribute to environmental contamination.

2. Chemical Leakage

Corroded tanks, pipelines, and containers may develop leaks, resulting in the release of chemicals or 
process materials.

3. Water Contamination

Corrosion products and leaked chemicals may enter wastewater streams and increase the contaminant 
load requiring treatment.
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4. Soil Contamination

Leakage from damaged storage tanks or pipelines may result in contamination of surrounding soil.

5. Increased Waste Generation

Frequent replacement of corroded equipment generates additional metal and industrial waste.

6. Increased Resource Consumption

Replacement and repair of corroded equipment require additional raw materials, energy, and 
manufacturing resources.

7. Environmental and Occupational Hazards

Corrosion-related leakage of hazardous substances can create risks for workers and the surrounding 
environment.

Environmental Control Measures

The environmental impact of corrosion can be reduced through:

• Selection of suitable corrosion-resistant materials.
• Regular inspection of storage and processing equipment.
• Prevention and rapid control of leakage.
• Proper collection and treatment of wastewater.
• Appropriate waste segregation and disposal.
• Preventive maintenance.
• Monitoring of corrosive process conditions.
• Recycling and responsible disposal of damaged metal components.
• Implementation of appropriate environmental management practices.

Corrosion is an important material-related problem in pharmaceutical manufacturing because it can 
affect equipment integrity, product quality, process efficiency, safety, and environmental protection. 
Different forms of corrosion, including uniform, galvanic, pitting, crevice, intergranular, erosion-
corrosion, and stress corrosion cracking, may occur under different conditions. Proper material 
selection, equipment design, process control, cleaning, inspection, and maintenance are essential for 
minimizing corrosion and its effects on pharmaceutical processes and the environment.
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UNIT V
Flow of fluids
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Chapter 1: Types and Measurement of Flow

1.1 Types of Flow

Introduction

Flow of fluids refers to the movement of a liquid or gas from one location to another due to a pressure 
difference, gravitational force, or other driving force. The study of fluid flow is important in 
pharmaceutical engineering because liquids and gases are continuously transported through pipelines, 
pumps, processing vessels, filters, heat exchangers, dryers, evaporators, and other pharmaceutical 
equipment.

Fluid flow can be classified in different ways depending on the nature of fluid motion and the 
variation of flow properties with time and position. The important types of flow are described below.

1.1.1 Steady Flow

A flow is said to be steady flow when the fluid properties at a particular point do not change with 
time. Properties such as velocity, pressure, density, and temperature remain constant at a given 
location.

For steady flow:

where,

V = velocity of fluid.

Example: Continuous flow of water through a pipeline at a constant flow rate.

1.1.2 Unsteady Flow

A flow is called unsteady flow when the fluid properties at a particular point change with time. The 
velocity, pressure, density, or other properties may increase or decrease with time.

For unsteady flow:

Example: Flow of liquid through a pipeline while a pump is being started or stopped.

1.1.3 Uniform Flow
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In uniform flow, the velocity and other flow characteristics remain the same from one point to 
another along the direction of flow at a particular instant.

Thus, there is no variation of velocity with distance.

where,

s = distance measured along the direction of flow.

Example: Flow through a long, straight pipe having constant diameter under suitable steady 
conditions.

1.1.4 Non-Uniform Flow

In non-uniform flow, the velocity or other flow characteristics vary from one location to another 
along the direction of flow.

Example: Flow through a pipe whose diameter gradually changes along its length.

1.1.5 Laminar Flow

Laminar flow is a type of fluid flow in which the fluid particles move in smooth and orderly layers or 
streams. The layers generally move parallel to one another with very little mixing between adjacent 
layers. Laminar flow is commonly observed at relatively low fluid velocities and with highly viscous 
fluids. The Reynolds number is used to characterize the flow regime. In a circular pipe, laminar flow 
generally occurs when:

Re<2000

Laminar flow is particularly important in pharmaceutical processing where controlled and predictable 
fluid movement is required.

Example: Flow of a highly viscous liquid through a narrow pipe at low velocity.

1.1.6 Turbulent Flow

Turbulent flow is characterized by irregular and fluctuating movement of fluid particles. There is 
considerable mixing within the fluid, and the velocity at a particular point may fluctuate with time. 
For flow through a circular pipe, turbulent flow generally occurs when:

Re>4000
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Turbulent flow promotes mixing and heat and mass transfer but may also produce greater energy 
losses because of increased friction.

Example: High-velocity flow of water through a large-diameter pipeline.

1.1.7 Transitional Flow

The flow regime between laminar and turbulent flow is known as transitional flow. For flow through 
a circular pipe, it is generally considered to occur approximately within:

2000<Re<4000

In this region, the flow may change from laminar to turbulent depending on disturbances and 
operating conditions.

1.1.8 Compressible Flow

A flow is considered compressible flow when the density of the fluid changes appreciably during 
flow. Gases are generally treated as compressible fluids because their density can change significantly 
with pressure and temperature.

Compressible flow is important in pharmaceutical industries for the movement of gases such as 
compressed air, nitrogen, and other process gases.

1.1.9 Incompressible Flow

In incompressible flow, the density of the fluid remains approximately constant during flow. Most 
liquids can be treated as incompressible under ordinary pharmaceutical processing conditions.

Example: Flow of water, aqueous solutions, and many liquid pharmaceutical formulations through 
pipelines.

1.2 Measurement of Flow

Introduction

Flow measurement is the determination of the quantity of fluid passing through a specified cross-
section of a pipeline per unit time. Accurate flow measurement is important for controlling and 
monitoring pharmaceutical manufacturing processes. Flow rate is generally expressed as either mass 
flow rate or volumetric flow rate.

1.2.1 Volumetric Flow Rate

Volumetric flow rate is the volume of fluid passing through a cross-sectional area per unit time. It is 
represented by Q.
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where,

Q = volumetric flow rate
V = volume of fluid
t = time.

The SI unit of volumetric flow rate is:

m3/s

If a fluid flows through a pipe having cross-sectional area AA with an average velocity uu, then:

Q=Au

where,

A = cross-sectional area of pipe
u= average velocity of fluid.

For a circular pipe:

Therefore,

where,

D = internal diameter of the pipe.

1.2.2 Mass Flow Rate

Mass flow rate is the mass of fluid passing through a particular cross-section per unit time.

It is represented by m˙.

where,



A Textbook of Pharmaceutical Engineering                                Mantra Publication 2026

Sakarkar, S. N., Ballarpure, N. A., Matere, R., Choukesy, K., & Pustode, N. K Page 297

m˙ = mass flow rate
m = mass of fluid
t = time.

The SI unit of mass flow rate is:

kg/s

The relationship between mass flow rate and volumetric flow rate is:

m˙=ρQ

where,

ρ = density of fluid
Q = volumetric flow rate.

1.2.3 Methods of Flow Measurement

Different devices and methods are used for measuring the flow of liquids and gases. The selection of a 
flow-measuring device depends on the type of fluid, flow rate, pressure, temperature, viscosity, 
accuracy required, and process conditions.

Common methods include:

1. Differential-pressure methods
2. Variable-area methods
3. Velocity-based methods
4. Positive-displacement methods
5. Mass-flow measurement methods

In pharmaceutical engineering, commonly encountered flow-measuring devices include orifice 
meters, venturimeters, Pitot tubes, and rotometers. These devices are based on different principles 
of fluid flow and are discussed in detail in subsequent chapters.

1.2.4 Differential-Pressure Method

In differential-pressure flow measurement, the flow rate is determined by measuring the pressure 
difference produced when fluid passes through a restriction or change in flow geometry. The basic 
principle is based on the relationship between pressure, velocity, and flow rate.Orifice meters and 
venturimeters are important examples of differential-pressure flow-measuring devices.

1.2.5 Variable-Area Method

In the variable-area method, the flow rate is measured by allowing a float to move within a tapered 
tube. As the flow rate increases, the float rises until the upward force produced by the fluid balances 
the effective weight of the float.
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A rotometer is a commonly used variable-area flow meter.

1.2.6 Velocity-Based Measurement

In velocity-based measurement, the velocity of the flowing fluid is determined and used to calculate 
the flow rate.

The relationship is:

Q=Au

A Pitot tube is an example of a device used to determine fluid velocity, particularly in flowing streams 
and ducts.

Importance of Flow Measurement in Pharmaceutical Engineering

Accurate flow measurement is essential for maintaining consistent pharmaceutical manufacturing 
conditions. It helps in:

• Controlling the movement of liquids and gases through process pipelines.
• Maintaining accurate material flow during manufacturing.
• Monitoring process conditions.
• Controlling the rate of addition of liquids and solutions.
• Improving process reproducibility.
• Supporting efficient operation of pumps and processing equipment.
• Maintaining uniformity and quality of pharmaceutical products.

Thus, understanding the types of fluid flow and the methods used for its measurement forms an 
essential foundation for the study of fluid-flow operations in pharmaceutical engineering.
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Chapter 2: Manometers

2.1 Introduction to Manometers

A manometer is a device used for measuring pressure or pressure difference in a fluid system. It 
generally consists of a transparent tube containing a liquid of known density, called the manometric 
liquid. The pressure exerted by the fluid causes the manometric liquid to move, and the resulting 
difference in liquid levels is used to determine the pressure.

Manometers are based on the principle of hydrostatic pressure. The pressure exerted by a liquid at 
rest depends on its density, gravitational acceleration, and vertical height.

P=ρgh

where,

P = pressure
ρ= density of liquid
g = acceleration due to gravity
h= height of liquid column.

For pressure difference between two points, the difference in pressure can be related to the difference 
in levels of the manometric liquid.

Principle of Manometer

The operation of a manometer is based on the principle that pressure at the same horizontal level in 
a continuous fluid at rest is equal. When pressure is applied to one side of a manometer, the 
manometric liquid moves until hydrostatic equilibrium is established. The pressure difference can 
then be calculated from the difference in height of the liquid columns.

Manometric Liquids

The liquid used in a manometer should have suitable physical properties. Common manometric 
liquids include:

• Mercury
• Water
• Carbon tetrachloride
• Other liquids of known density

Mercury is particularly useful for measuring relatively high pressures because of its high density and 
low vapour pressure.

Uses of Manometers

Manometers are used for:
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• Measurement of fluid pressure.
• Measurement of pressure difference between two points.
• Measurement of pressure in pipelines.
• Determination of pressure drop across equipment.
• Monitoring pressure conditions in fluid-processing systems.
• Experimental studies of fluid flow.

2.2 Types of Manometers

Manometers can broadly be classified into simple manometers and differential manometers.

2.2.1 Simple Manometer

A simple manometer is used to measure the pressure at a particular point in a fluid system with 
reference to atmospheric pressure.

The main types include:

(a) Piezometer

A piezometer is one of the simplest devices used for measuring the pressure of liquids.

It consists of a vertical transparent tube connected to the point where pressure is to be measured. 
When the valve or connection is opened, the liquid rises in the tube to a height corresponding to the 
pressure at that point.

The pressure is given by:

P=ρgh

Advantages:

• Simple construction.
• Easy to operate.
• No special calibration is generally required.
• Suitable for measuring relatively low pressures.

Limitation:

It is not suitable for measuring high pressures or the pressure of gases.

(b) U-Tube Manometer

A U-tube manometer consists of a U-shaped transparent tube partially filled with a manometric 
liquid. One limb is connected to the system in which pressure is to be measured, while the other limb 
may be open to the atmosphere. The pressure causes a difference in the levels of the manometric 
liquid. This difference is used to determine the pressure. U-tube manometers are widely used because 
of their simple construction and reliable operation.
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(c) Well-Type Manometer

A well-type manometer consists of a large reservoir or well connected to a narrow vertical tube 
containing the manometric liquid. The change in liquid level in the narrow tube is used for pressure 
measurement. The well-type arrangement provides greater convenience when the movement of liquid 
in the well is relatively small compared with the movement in the narrow tube.

2.2.2 Differential Manometer

A differential manometer is used to determine the pressure difference between two points in a fluid 
system. The two limbs of the manometer are connected to the two points between which the pressure 
difference is required. Common types include:

(a) U-Tube Differential Manometer

A U-tube differential manometer consists of a U-shaped tube containing a suitable manometric liquid. 
Both limbs are connected to different points of the fluid system. The difference in pressure between 
the two points produces a difference in the levels of the manometric liquid. It is useful for measuring 
pressure differences across pipes and equipment.

(b) Inverted U-Tube Manometer

An inverted U-tube manometer consists of an inverted U-shaped tube containing a light manometric 
liquid. It is commonly used for measuring relatively small pressure differences between two points 
containing liquids.

Applications of Manometers

Manometers are used in pharmaceutical and chemical processing systems for measuring:

• Pressure in fluid pipelines.
• Pressure difference across filters.
• Pressure difference across flow-measuring devices.
• Pressure drop in piping systems.
• Pressure conditions in process equipment.
• Laboratory fluid-flow experiments.
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Chapter 3: Reynolds Number and Its Significance

3.1 Reynolds Number

The Reynolds number is a dimensionless number used to predict the nature of fluid flow. It indicates 
whether the flow through a pipe or other conduit is likely to be laminar, transitional, or turbulent.

The Reynolds number represents the relative importance of inertial forces and viscous forces in a 
flowing fluid.

It is represented by:

where,

Re= Reynolds number
ρ= density of fluid
u= average velocity of fluid
D = characteristic diameter
μ = dynamic viscosity of fluid.

Since kinematic viscosity is:

the Reynolds number can also be written as:

where,

ν\nu = kinematic viscosity.

Physical Significance

The Reynolds number compares the tendency of fluid motion to remain orderly with the tendency of 
the flow to become disturbed.

• Low Reynolds number: Viscous forces dominate and the flow tends to remain orderly.
• High Reynolds number: Inertial forces dominate and the flow tends to become irregular and 

turbulent.

For flow through a circular pipe, the approximate classification is:
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Reynolds Number Type of Flow
Re<2000 Laminar flow
2000<Re<4000 Transitional flow
Re>4000 Turbulent flow

These limits are approximate and may vary depending on the geometry and conditions of the flow 
system.

3.2 Significance of Reynolds Number

The Reynolds number is an important parameter in fluid mechanics and pharmaceutical engineering 
because it helps in understanding and predicting flow behaviour.

3.2.1 Prediction of Flow Regime

The primary importance of Reynolds number is the identification of the flow regime. It helps 
determine whether the fluid is flowing under laminar, transitional, or turbulent conditions.

3.2.2 Selection of Equipment

Knowledge of the flow regime assists in the selection and design of fluid-processing equipment such 
as pipes, pumps, mixers, filters, and heat exchangers.

3.2.3 Pressure-Drop Estimation

The flow regime affects frictional losses in pipelines. Reynolds number is therefore important in 
determining the friction factor and estimating pressure drop.

3.2.4 Mixing and Heat Transfer

Turbulent flow generally produces greater fluid mixing and enhances heat and mass transfer 
compared with laminar flow. Reynolds number helps engineers assess the expected flow conditions 
during process design.

3.2.5 Scale-Up of Processes

Reynolds number is useful during scale-up because maintaining comparable flow conditions between 
laboratory and industrial equipment may require consideration of Reynolds number.

3.2.6 Pharmaceutical Applications

In pharmaceutical processing, Reynolds number is relevant to the movement of:

• Purified water and other process liquids.
• Liquid pharmaceutical formulations.
• Solvent systems.
• Cleaning solutions.
• Compressed gases.
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• Process fluids through pipelines and equipment.

Thus, Reynolds number provides a convenient quantitative means of characterizing fluid flow and is 
an essential parameter in the design and analysis of fluid-processing operations.
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Chapter 4: Bernoulli’s Theorem and Its Applications

4.1 Bernoulli’s Theorem

Bernoulli’s theorem states that for steady, incompressible, frictionless flow along a streamline, the 
total mechanical energy per unit weight of the fluid remains constant.

The theorem is based on the principle of conservation of energy.

The Bernoulli equation is:

where,

P = pressure of fluid
ρ = density of fluid
g = acceleration due to gravity
u= velocity of fluid
z= elevation above a selected reference level.

The three terms represent different forms of mechanical energy per unit weight:

is the pressure head,

is the velocity head, and

z

is the elevation head.

Therefore,

For two points in a flowing fluid:
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Assumptions of Bernoulli’s Theorem

The basic Bernoulli equation is applicable under the following assumptions:

1. The flow is steady.
2. The fluid is incompressible.
3. The fluid is non-viscous or frictional losses are negligible.
4. The equation is applied along a streamline.
5. There is no energy added to or removed from the system between the points considered.
6. The gravitational acceleration remains constant.

In actual pharmaceutical processing systems, friction and other energy losses may occur. In such 
cases, additional terms are incorporated into the energy equation.

Physical Interpretation

Bernoulli’s theorem demonstrates that an increase in one form of mechanical energy is accompanied 
by a corresponding decrease in another form, provided the total mechanical energy remains constant.

For example, when the velocity of an incompressible fluid increases in a horizontal pipe, the pressure 
may decrease.

4.2 Applications of Bernoulli’s Theorem

Bernoulli’s theorem has several important applications in fluid-flow operations and pharmaceutical 
engineering.

4.2.1 Measurement of Flow Rate

Bernoulli’s theorem forms the theoretical basis for several flow-measuring devices. The relationship 
between pressure and velocity is used to determine the flow rate of a fluid.

Important examples include:

• Orifice meter
• Venturimeter
• Pitot tube

These devices are discussed in subsequent chapters.

4.2.2 Orifice Meter

An orifice meter measures fluid flow by creating a pressure difference when fluid passes through a 
restricted opening. The pressure difference is related to the change in velocity, and Bernoulli’s 
theorem is used in deriving the flow-rate relationship.
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4.2.3 Venturimeter

A venturimeter consists of a converging section, throat, and diverging section. As fluid passes through 
the narrower throat, its velocity increases and its pressure decreases. The pressure difference between 
the inlet and throat can be used to determine the flow rate.

4.2.4 Pitot Tube

A Pitot tube measures the velocity of a flowing fluid by converting kinetic energy into pressure 
energy at a stagnation point. Bernoulli’s theorem is used to relate the pressure difference to fluid 
velocity.

4.2.5 Flow Through Pipes

Bernoulli’s theorem can be applied to determine relationships between pressure, velocity, and 
elevation at different points in a pipeline.

4.2.6 Operation of Pumps

In practical fluid systems, pumps supply energy to the fluid to overcome elevation differences, 
pressure requirements, and frictional losses. The energy equation based on Bernoulli’s principle is 
useful for analysing such systems.

4.2.7 Flow Through Openings and Nozzles

The theorem can be applied to estimate the velocity of fluid leaving a tank through a small opening or 
nozzle when the pressure and elevation conditions are known.

4.2.8 Pharmaceutical Engineering Applications

Bernoulli’s theorem is useful in pharmaceutical engineering for analysing fluid movement through:

• Process pipelines
• Flow meters
• Storage tanks
• Transfer systems
• Pumps
• Nozzles
• Filtration systems
• Liquid-processing equipment

Thus, Bernoulli’s theorem provides a fundamental relationship between pressure, velocity, and 
elevation and serves as an important foundation for the analysis of fluid-flow systems and flow-
measuring devices.
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Chapter 5: Orifice Meter

5.1 Orifice Meter

An orifice meter is a device used for measuring the flow rate of liquids and gases through a pipeline. 
It works by creating a restriction in the path of fluid flow and measuring the resulting pressure 
difference. An orifice meter is relatively simple in construction, compact, economical, and widely 
used for flow measurement in industrial processing systems. In pharmaceutical engineering, it can be 
used for monitoring the flow of process liquids, water, and gases. The flow rate is determined from 
the pressure difference produced across the orifice plate.

5.2 Principle

The operation of an orifice meter is based primarily on Bernoulli’s theorem and the principle of 
conservation of mass. When a fluid flows through a restricted opening, its velocity increases at the 
restriction and its static pressure decreases. The difference in pressure between the upstream and 
downstream sides of the orifice is related to the velocity and hence to the flow rate. For an 
incompressible fluid, the continuity equation is:

where,

Q = volumetric flow rate
A1 = cross-sectional area of pipe
A2= area of orifice opening
u1 = velocity before the orifice
u2 = velocity through the orifice.

Applying Bernoulli’s theorem between two suitable points gives the relationship between pressure 
difference and fluid velocity.

The actual flow rate is generally expressed using a discharge coefficient:
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where,

Q = actual volumetric flow rate
Cd = coefficient of discharge
Ao = area of orifice opening
ΔP = pressure difference across the meter
ρ = density of fluid
β = ratio of orifice diameter to pipe diameter.

The discharge coefficient accounts for deviations from ideal flow due to friction, contraction, and 
other practical effects.

5.3 Construction

An orifice meter mainly consists of an orifice plate, pipe section, and pressure-tapping 
arrangement.

5.3.1 Orifice Plate

The orifice plate is a thin, flat metal plate containing a precisely machined circular opening. The 
opening provides a restriction to the flowing fluid. The diameter of the orifice is smaller than the 
internal diameter of the pipe. The orifice plate is generally made from a material that is mechanically 
strong and resistant to corrosion under the operating conditions.

5.3.2 Pipe Section

The orifice plate is installed between flanges in a straight section of the pipeline. The pipe should 
provide suitable flow conditions before and after the plate for reliable measurement.

5.3.3 Pressure Tappings

Pressure taps are provided upstream and downstream of the orifice plate. These taps are connected to 
a pressure-measuring device such as a differential manometer or pressure transmitter. The pressure 
difference between the two points is used to determine the flow rate.

5.3.4 Flanges and Gaskets

Flanges are used to hold the orifice plate securely between the pipe sections. Suitable gaskets are 
provided to prevent leakage.

Main Components

The principal components of an orifice meter are:
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1. Orifice plate
2. Circular orifice opening
3. Upstream pipe
4. Downstream pipe
5. Pressure taps
6. Differential pressure-measuring device
7. Flanges and gaskets

5.4 Working

• The fluid enters the pipeline and flows toward the orifice plate. As the fluid encounters the 
smaller opening, the available cross-sectional area decreases.

• According to the continuity principle, the velocity of the fluid increases as it passes through 
the restricted opening. Correspondingly, the static pressure decreases.

• A pressure difference is therefore produced between the upstream and downstream sides of 
the orifice plate.

• The pressure taps transmit this pressure difference to a differential pressure-measuring device. 
The measured pressure difference is related to the flow velocity and is used to calculate the 
flow rate.

The basic sequence of operation is:

Fluid enters the pipe → fluid approaches orifice plate → flow area decreases → velocity 
increases → pressure decreases → pressure difference is measured → flow rate is determined.

In actual operation, the fluid stream contracts after passing through the orifice, producing a region 
known as the vena contracta. The pressure and velocity conditions in this region contribute to the 
practical relationship between pressure difference and flow rate.

The coefficient of discharge is therefore incorporated into the flow equation to account for actual flow 
behaviour.

Advantages

• Simple construction.
• Compact design.
• Relatively low initial cost.
• No moving parts.
• Easy installation.
• Suitable for liquids and gases.
• Can be used over a wide range of industrial applications.

Limitations

• Produces a relatively high permanent pressure loss.
• Requires suitable upstream and downstream piping conditions.
• Accuracy can be affected by changes in flow conditions.
• The orifice plate may experience wear or damage under severe conditions.
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• Pressure taps require proper maintenance.
• Not always preferred for highly viscous fluids.

5.5 Applications

Orifice meters are used for measuring the flow of various liquids and gases.

Important applications include:

1. Measurement of liquid flow: Used for monitoring water, solvents, and other process liquids.
2. Gas-flow measurement: Used for measuring compressed air and process gases.
3. Pharmaceutical processing: Used for monitoring fluid movement through process pipelines.
4. Utility systems: Used for measuring water and other utility flows.
5. Chemical processing: Used for measuring the flow of process fluids.
6. Process control: The measured flow rate can be used to monitor and control manufacturing 

operations.
7. Laboratory applications: Used for demonstrating the relationship between pressure 

difference and fluid flow.
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Chapter 6: Venturimeter

6.1 Venturimeter

A venturimeter is a flow-measuring device used to determine the flow rate of a fluid flowing through 
a pipe. It consists of a specially shaped passage in which the cross-sectional area of the fluid stream is 
gradually reduced and then gradually increased. The device is named after Giovanni Battista 
Venturi, who investigated the behaviour of fluids flowing through varying cross-sectional passages. 
A venturimeter works by producing a pressure difference between the inlet section and the narrow 
throat section. This pressure difference is related to the velocity and flow rate of the fluid. 
Venturimeters are widely used where accurate flow measurement and relatively low permanent 
pressure loss are required.

6.2 Principle

The venturimeter operates on the principles of Bernoulli’s theorem and the continuity equation. 
When fluid flows from a larger pipe section into the narrower throat, its velocity increases because the 
available flow area decreases. According to Bernoulli’s theorem, the increase in velocity is 
accompanied by a decrease in static pressure. The pressure difference between the inlet and throat is 
therefore related to the flow rate.

The continuity equation is:

where,

Q = volumetric flow rate
A1 = cross-sectional area at inlet
A2= cross-sectional area at throat
u1= velocity at inlet
u2= velocity at throat.

For an actual venturimeter, the flow rate can be expressed as:
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where,

Cd = coefficient of discharge
A2= cross-sectional area of throat
ΔP = pressure difference between inlet and throat
ρ = density of fluid
β = ratio of throat diameter to inlet pipe diameter.

The gradual change in cross-sectional area helps reduce energy losses compared with abrupt 
restrictions.

6.3 Construction

A venturimeter consists of a specially designed passage having three main sections:

1. Converging section
2. Throat
3. Diverging section

6.3.1 Converging Section

The converging section gradually reduces the cross-sectional area of the passage. As the fluid moves 
through this section, its velocity increases and its pressure decreases.

6.3.2 Throat

The throat is the narrowest portion of the venturimeter. The fluid reaches its maximum average 
velocity and minimum static pressure at or near this section. A pressure tap is provided at the throat 
for measuring pressure.

6.3.3 Diverging Section

The diverging section gradually increases the cross-sectional area after the throat. The fluid velocity 
decreases and a substantial portion of the pressure is recovered. The gradual expansion helps 
minimize energy losses.

6.3.4 Pressure Tappings

Pressure taps are provided at the inlet and throat sections. These are connected to a differential 
pressure-measuring device, such as a manometer or pressure transmitter.

Main Components

The major components of a venturimeter are:
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• Inlet section
• Converging section
• Throat
• Diverging section
• Upstream pressure tap
• Throat pressure tap
• Differential pressure-measuring device
• Connecting pipeline

6.4 Working

• The fluid enters the venturimeter through the inlet section. It then passes through the 
gradually narrowing converging section.

• As the cross-sectional area decreases, the velocity of the fluid increases. According to 
Bernoulli’s theorem, the corresponding static pressure decreases.

• The fluid then enters the throat, where the cross-sectional area is minimum and the velocity is 
relatively high. The pressure at the throat is therefore lower than the pressure at the inlet.

• The pressure difference between the inlet and throat is measured using a differential pressure-
measuring device.

• After passing through the throat, the fluid enters the diverging section. The cross-sectional 
area gradually increases, causing the velocity to decrease and allowing pressure recovery.

• The measured pressure difference is used to calculate the flow rate.

The basic sequence is:

Fluid enters inlet → converging section reduces area → velocity increases → pressure decreases 
→ fluid passes through throat → pressure difference is measured → diverging section restores 
area → flow rate is calculated.

Advantages

• High accuracy of flow measurement.
• Relatively low permanent pressure loss.
• No moving parts.
• Suitable for continuous operation.
• Good pressure recovery.
• Suitable for many liquid-flow applications.
• Less susceptible to wear compared with devices containing moving components.

Limitations

• More expensive than an orifice meter.
• Larger and more difficult to install.
• Requires relatively more space.
• Fabrication can be more complicated.
• Not always suitable where space and installation cost are major limitations.

6.5 Applications
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Venturimeters are used for measuring the flow rate of liquids and gases in various processing systems.

Important applications include:

1. Water-flow measurement: Used for measuring water flow in pipelines and utility systems.
2. Pharmaceutical industries: Used for monitoring the flow of process liquids and utility 

fluids.
3. Chemical industries: Used for measuring process-fluid flow.
4. Water-treatment systems: Used for monitoring fluid flow through treatment pipelines.
5. Process pipelines: Used for continuous measurement of fluid flow.
6. Laboratory studies: Used for demonstrating the relationship between fluid velocity, 

pressure, and cross-sectional area.
7. Industrial process control: Used as part of systems for monitoring and controlling fluid-

flow rates.

The venturimeter is particularly useful where accurate flow measurement with relatively low 
permanent pressure loss is required.
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Chapter 7: Pitot Tube

7.1 Pitot Tube

A Pitot tube is a device used for measuring the velocity of a flowing fluid. It is commonly used for 
measuring the velocity of liquids and gases flowing through pipes, ducts, channels, and other fluid-
flow systems. The Pitot tube is based on the conversion of the kinetic energy of a flowing fluid into 
pressure energy. The pressure measured at the stagnation point is compared with the static pressure of 
the flowing fluid. The resulting pressure difference is used to determine the velocity of the fluid. The 
Pitot tube is simple in construction and has no moving parts. It is particularly useful where 
measurement of local fluid velocity is required.

7.2 Principle

The operation of a Pitot tube is based on Bernoulli’s theorem. When a flowing fluid enters the 
opening of the Pitot tube, the fluid velocity at the point where the flow comes to rest becomes zero. 
This point is called the stagnation point. The kinetic energy associated with fluid motion is converted 
into pressure energy at the stagnation point. Applying Bernoulli’s equation between a point in the 
flowing fluid and the stagnation point:

For points at approximately the same elevation:
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Therefore,

and the theoretical velocity is:

For actual flow conditions, a coefficient of the Pitot tube is introduced:

where,

u = velocity of fluid
C = coefficient of the Pitot tube
P0 = stagnation pressure
PP = static pressure
ρ = density of fluid.

Thus, the pressure difference between the stagnation pressure and static pressure provides a measure 
of fluid velocity.

7.3 Construction

A simple Pitot tube consists of a small tube with an opening facing directly into the direction of fluid 
flow. It is inserted into the fluid stream at the point where velocity is to be measured.

Main Components

The principal components of a Pitot tube are:

1. Sensing tube
2. Opening facing the fluid flow
3. Pressure connection
4. Static pressure connection, where applicable
5. Differential pressure-measuring device
6. Supporting arrangement

7.3.1 Sensing Tube

The sensing tube is a small tube inserted into the flowing fluid. Its opening faces the direction of flow.
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7.3.2 Stagnation Opening

The front opening of the tube receives the fluid directly. As the fluid enters the opening, its velocity 
becomes approximately zero at the stagnation point.

7.3.3 Pressure Connections

The pressure developed at the stagnation point is transmitted through the sensing tube to a pressure-
measuring device.

In a Pitot-static arrangement, separate openings are provided to measure stagnation and static 
pressures.

7.3.4 Differential Pressure Device

The difference between stagnation pressure and static pressure may be measured using a differential 
manometer or an appropriate pressure sensor.

7.4 Working

• The Pitot tube is positioned in the flowing fluid with its opening facing directly toward the 
direction of flow.

• As the fluid approaches the opening, it enters the tube and is brought nearly to rest at the 
stagnation point. Consequently, the kinetic energy of the fluid is converted into pressure 
energy.

• The pressure at the stagnation point is therefore higher than the static pressure of the 
surrounding flowing fluid.

• The difference between stagnation pressure and static pressure is measured using a suitable 
differential pressure-measuring device.

• The measured pressure difference is related to the velocity of the fluid by:

where,

ΔP=P0−P

The velocity obtained at the measurement point can be used to determine the flow characteristics of 
the system.

Working Sequence

Flowing fluid → fluid enters Pitot opening → velocity becomes nearly zero → kinetic energy is 
converted into pressure energy → stagnation pressure is produced → pressure difference is measured 
→ fluid velocity is calculated.

Advantages
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• Simple construction.
• No moving parts.
• Easy to install.
• Low obstruction to flow.
• Relatively low permanent pressure loss.
• Suitable for measuring local fluid velocity.
• Can be used for both liquids and gases.

Limitations

• Measures velocity at a particular location rather than directly measuring total flow rate.
• Accuracy depends on proper positioning of the tube.
• Sensitive to disturbances and turbulence.
• Not suitable where the pressure difference is extremely small.
• Requires appropriate alignment with the direction of flow.
• Dirt or deposits at the opening may affect measurement.

7.5 Applications

Pitot tubes are used for measuring fluid velocity in a variety of applications.

Important applications include:

1. Velocity measurement in pipelines: Used to determine the velocity of flowing liquids and 
gases.

2. Air-flow measurement: Used for measuring air velocity in ducts and ventilation systems.
3. Pharmaceutical industries: Useful for monitoring air and gas movement in process and 

ventilation systems.
4. HVAC systems: Used for determining air velocity in ducts.
5. Laboratory experiments: Used for demonstrating the relationship between fluid velocity 

and pressure.
6. Industrial fluid systems: Used for determining local velocity profiles and flow 

characteristics.
7. Process monitoring: Used where knowledge of local fluid velocity is required.

Chapter 8: Rotometer
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8.1 Rotometer

A rotometer, also known as a variable-area flow meter, is a device used to measure the flow rate of 
liquids and gases. It consists of a vertically mounted tapered tube containing a freely moving float. 
The fluid enters from the bottom and flows upward through the tube. As the flow rate changes, the 
float moves to a different position within the tapered tube.  The position of the float corresponds to the 
flow rate and is read from a calibrated scale. Rotometers are widely used because of their simple 
construction, direct reading, and suitability for continuous flow measurement.

8.2 Principle

The rotometer works on the principle of variable-area flow measurement. The fluid enters the 
tapered tube from the bottom and flows upward around the float. As the flow rate increases, the 
upward force exerted by the flowing fluid on the float increases. The float rises until the forces acting 
on it reach equilibrium.

At equilibrium:

Weight of float=Buoyant force+Drag force

The position of the float determines the annular flow area available around it. Since the tube is 
tapered, the available area increases as the float rises. At a particular flow rate, the float settles at a 
definite position. The position is therefore related to the flow rate and can be read from the calibrated 
scale.

Forces Acting on the Float

The three principal forces acting on the float are:

1. Weight of the float, acting downward.
2. Buoyant force, acting upward.
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3. Drag force, produced by the upward flowing fluid.

When these forces are balanced, the float remains at a stable position.

8.3 Construction

A rotometer consists of a vertically mounted tapered tube, a float, and a graduated scale.

8.3.1 Tapered Tube

The tube is wider at the top and narrower at the bottom. It provides a gradually increasing flow area as 
the float moves upward. The tube may be made of transparent glass for visual observation or from 
other suitable materials for industrial applications.

8.3.2 Float

The float is placed inside the tapered tube. It is designed to respond to changes in fluid flow. Floats 
may be manufactured from materials such as glass, metal, or other chemically compatible materials, 
depending on the application. Different float shapes can be used depending on the design and required 
measurement range.

8.3.3 Graduated Scale

A calibrated scale is provided along the tube. The position of the float is compared with the scale to 
determine the flow rate.

8.3.4 Float Guide

In some designs, a guide or suitable float geometry is used to maintain stable movement of the float 
within the tube.

Main Components

The principal components of a rotometer are:

1. Tapered tube
2. Float
3. Graduated scale
4. Fluid inlet
5. Fluid outlet
6. Float guide, where provided

8.4 Working

• The rotometer is installed vertically with the fluid inlet at the bottom and the outlet at the top.
• When fluid enters the tapered tube, it flows upward around the float. At low flow rates, the 

upward force exerted by the fluid is relatively small, so the float remains at a lower position.
• As the flow rate increases, the upward force on the float increases and the float rises.
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• Because the tube becomes wider toward the top, the available flow area around the float 
increases as it rises. The float eventually reaches a position at which the upward forces 
balance its effective weight.

• At this equilibrium position, the float remains approximately stationary.
• The flow rate is determined by observing the position of the float against the calibrated scale.

Working Sequence

Fluid enters from bottom → fluid flows upward → upward force acts on float → float rises with 
increasing flow → available flow area increases → forces become balanced → float stabilizes → flow 
rate is read from the scale.

Advantages

• Simple construction.
• Direct visual indication of flow rate.
• Easy to operate.
• No external power is required for basic operation.
• Suitable for liquids and gases.
• Relatively low cost.
• Provides continuous flow indication.
• Available in a wide range of flow capacities.

Limitations

• Must generally be installed vertically.
• Accuracy can be affected by changes in fluid density and viscosity.
• The transparent tube may be unsuitable for certain harsh conditions.
• The float and tube may require cleaning.
• Reading may be affected by improper viewing of the float position.
• Each rotometer is generally calibrated for specified fluid and operating conditions.

8.5 Applications

Rotometers are widely used for measuring and monitoring the flow of liquids and gases.

Important applications include:

1. Pharmaceutical industries: Used for monitoring the flow of process liquids and gases.
2. Gas-flow measurement: Used for measuring gases such as air and other process gases.
3. Liquid-flow measurement: Used for monitoring water, solvents, and other compatible 

liquids.
4. Laboratory applications: Commonly used for controlling and measuring gas or liquid flow 

during experiments.
5. Process control: Used for maintaining a desired flow rate during manufacturing operations.
6. Water-treatment systems: Used for monitoring the flow of water and treatment fluids.
7. Compressed-air systems: Used for monitoring air flow in industrial and laboratory systems.
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8. Utility systems: Used for continuous indication of fluid flow in various processing 
operations.

Thus, the rotometer provides a simple and convenient method of measuring fluid flow based on the 
equilibrium position of a float in a tapered tube.
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